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ABSTRACT 

Micromagnetic analysis was employed in order predict the dynamical behavior of a 

variety of magnetic structures utilized in information storage devices. First, the 

surprising behavior of homogeneous perpendicular recording media was 

micromagnetically investigated. It is common to model recording media as interacting 

coherently rotating magnetic moments, but real materials frequently exhibit 

perpendicular switching fields less than the anisotropy field and a different angular 

dependence than theoretically expected. Micromagnetic simulations were performed, 

which included multiple elements per grain and magnetostatic interactions between 

elements. Two likely explanations have emerged from this analysis: the existence of 

low anisotropy regions within the first few atomic layers of the sputtered film or 

anisotropy gradation throughout the grain thickness. Both explanations offer 

appropriate coercivity reductions; however, grains including anisotropy gradation 

display this effect at more realistic values of intragranular exchange. Secondly, the lack 

of inclusion of spin-dependent scattering effects in most micromagnetic studies was 

addressed in this work. An analytic expression that includes the effect of multiple 

reflections within the interface of a tri-layer spin-valve composed of materials with 

partial spin polarization was obtained. Inclusion of this term in a micromagnetic 

calculation demonstrates the effect of the spin polarization of the magnetic material on 

the current induced behavior of the structure. We show that neglecting to include 

interfacial scattering events results in an underestimation of the switching current 
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compared to the method detailed in this thesis. Multiple reflections also produce a 

strong dependence of the switching current on the magnetocrystalline anisotropy of 

the fixed layer. This approach was then extended to structures consisting of more than 

two ferromagnetic layers. Micromagnetic calculations employing this method achieved 

good agreement with electrical measurements performed on Co/Cu multilayer 

nanowire arrays. 
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CHAPTER 1: MAGNETIC MATERIALS 

1.1 Introduction 

Magnetism has its origins in the atoms that comprise all materials. The 

magnetic moment of an isolated atom consists of the orbital angular momentum of 

the electrons circling the nucleus and the intrinsic spin angular momentum of the 

electrons. There is also a contribution from the change in orbital motion due to an 

applied magnetic field, known as the diamagnetic effect. All materials exhibit this 

diamagnetic contribution; however, in some materials this effect is overwhelmed by 

other stronger forms of magnetism. Visualizing electrons orbitals as tiny current 

loops, in the presence of an applied field these loops will orient themselves in a 

manner that opposes the applied field. Therefore in diamagnets, the magnetic 

moment is oriented in a direction that is opposite to the applied field. Some 

materials are also paramagnetic. In such materials, atoms or molecules can have a 

net magnetic moment. However, these moments are only weakly coupled. Thermal 

excitation precludes the possibility of a spontaneous net magnetic moment. The 

moments will tend to align only in the presence of magnetic fields.  

As opposed to paramagnets, there exists a very strong coupling between 

magnetic moments in ferromagnets, resulting in a net spontaneous magnetic 
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moment. In antiferro- and ferri-magnets, atomic moments are also strongly coupled. 

However, this interaction tends to keep moments anti-aligned. In the case of 

antiferromagnetic materials, this results in a complete cancellation of the magnetic 

moments. In ferrimagnetic materials this cancellation is only partial and the material 

retains a spontaneous magnetic moment. As far as magnetic storage applications are 

concerned, ferromagnetic materials have the greatest technological relevance. 

1.2 Ferromagnetic Materials 

1.2.1 Origin of Ferromagnetism 

The net spontaneous magnetic moment of ferromagnets has almost 

innumerable applications, not least of which is information storage. This property 

was explained phenomenologically by Weiss in 1907
1
. He postulated the existence of 

strong molecular fields that tend to magnetize certain materials, even in the absence 

of an applied field, below a certain ambient temperature. Above this temperature, 

called the Curie temperature, the material is demagnetized and behaves like a 

paramagnet. Later on, the origin of this molecular field, renamed the exchange 

interaction, was explained through a quantum mechanical treatment of the many-

body problem
2
. Incorporating Weiss's molecular field into Langevin's theory of 

localized moments
3
 can explain many properties of ferromagnetic materials. 
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However, the true nature of most ferromagnets can only be understood through 

band-structure theory. 

 

Figure 1.1: Band structure schematic of 3d transition metals. The rigid band model 

assumes that the 3d and 4s bands do not change across the first transition series. 

In isolated atoms, electrons occupy discrete energy levels. When atoms join 

to form a solid, the wavefunctions of the outermost electrons overlap and form 

continuous energy bands. The exchange interaction is usually represented by the 

shifting of the 3d band (exchange splitting) for electrons with one spin direction 

relative to the band for electrons with the opposite spin direction. For Fe, Co and Ni, 

the Fermi energy, which is the highest allowed energy level, lies within the 3d band, 

as shown in figure 1.1. This results in a larger percentage of electrons that have one 

E

D(E)

Ni
Co

Fe

Cu
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spin direction (majority) relative to the other (minority). Thus, the material has a 

spontaneous magnetic moment in the ground state. For heavier transition metals, 

such as Cu, the Fermi energy lies above the 3d band, within the 4s band which has 

negligible exchange splitting. Lighter transition metals (Mn, Cr) have spin 

arrangements that yield antiferromagnetism; this fact cannot be readily understood 

using the rigid band model. 

1.2.2 Domains 

Ferromagnetic materials oftentimes do not exhibit a large spontaneous 

macroscopic magnetic moment. This is due to the presence of domains. These are 

regions of uniformly magnetized material. When in a demagnetized state, the 

material will contain many domains oriented in different directions, exhibiting a low 

net moment. In the presence of a magnetic field, the domains oriented along the 

field direction will grow in size and eventually saturate the entire sample (figure 1.2). 

Energy minimization usually requires the formation of domains. In addition to the 

exchange energy responsible for aligning adjacent atomic moments, there are 

magnetostatic, anisotropic, exchange and magnetoelastic contributions to the total 

energy. The regions between adjacent domains are called domain walls, the widths 

of which depend on the aforementioned energetic contributions. 
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Figure 1.2: Domain structure in the presence of (a) zero field, (b) an intermediate field 

and (c) the saturation field. 

Domain size is determined by the strength of the exchange interaction and 

the magnetocrystalline anisotropy; both contributions will be explained in more 

detail in the subsequent sections. In essence, for strong exchange, the exchange 

interaction will extend over longer distances. For a long exchange length, domain 

sizes will be larger. Particles with dimensions below the exchange length are single-

domain. This means the particle will always be spontaneously magnetized. Above this 

size, the particle will begin to form multiple domains. Below this size, the volume of 

the particle is so small that it is susceptible to thermal excitations. It is 

superparamagnetic and will react incompletely to externally applied fields. These 

(a)

(b) (c)
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states are illustrated in terms of the net spontaneous magnetization as a function of 

particle size in figure 

Figure 1.3: Net magnetic moment as a function of particle size in the presence of a 

weak applied field. 

1.2.3 Magnetostatic Energy

Figure 1.4(a) 

field produced by it. Positive and negative magnetic charges are generated at the 

surfaces normal to the net magnetic moment direction. The 

represented by a vector 

material. The field is directed from the positive (north) poles to the negative (south) 

poles both within and without the magnetized sample. The internal and external 

states are illustrated in terms of the net spontaneous magnetization as a function of 

figure 1.3. 

3: Net magnetic moment as a function of particle size in the presence of a 

1.2.3 Magnetostatic Energy 

 shows a uniformly magnetized bar magnet and the magnetic 

field produced by it. Positive and negative magnetic charges are generated at the 

surfaces normal to the net magnetic moment direction. The 

represented by a vector M
r

, is the net magnetic moment per unit volume of the 

material. The field is directed from the positive (north) poles to the negative (south) 

poles both within and without the magnetized sample. The internal and external 

6 

states are illustrated in terms of the net spontaneous magnetization as a function of 

 

3: Net magnetic moment as a function of particle size in the presence of a 

uniformly magnetized bar magnet and the magnetic 

field produced by it. Positive and negative magnetic charges are generated at the 

surfaces normal to the net magnetic moment direction. The magnetization, 

, is the net magnetic moment per unit volume of the 

material. The field is directed from the positive (north) poles to the negative (south) 

poles both within and without the magnetized sample. The internal and external 
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fields are called the demagnetization and stray field, respectively. If the sample were 

to be divided into domains as illustrated in figure 1.4(b), the magnetostatic field is 

reduced, thereby reducing the magnetostatic energy. 

 

Figure 1.4: Magnetostatic field lines for (a) a uniformly magnetized material, and (b) 

a multi-domain material. 

Magnetostatic energy minimization can also promote preferred 

magnetization directions depending on the particle shape. This effect is known as 

shape anisotropy. It is energetically unfavorable for magnetic charges to occupy large 

surface areas, i.e. the magnetization is likely to be normal to the surface with the 

smallest area. Figure 1.5(a) demonstrates favorable and unfavorable states. 

Magnetization configurations for different particle shapes are shown in figure 1.5(b). 

This is assuming these shapes are small enough to promote a single-domain state.  

M
r

magnH
r

magnH
r

M
r

M
r(a) (b)
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Figure 1.5: (a) Low and high energy states based on the generation of surface 

charges. (b) Likely magnetization configurations and easy (most energetically 

favorable) directions for a cylinder, a sphere and a thin film. 

1.2.4 Magnetocrystalline anisotropy energy 

Depending on the crystal structure of the material, the magnetization will 

tend to align along certain crystallographic directions. The easy axis denotes this 

direction. The symmetry of the magnetocrystalline anisotropy follows the crystal 

symmetry. For body-centered cubic (BCC) Fe and face-centered cubic (FCC) Ni, the 

easy axes are the <100> and <111> directions, respectively. As these materials are 

cubic, they exhibit cubic anisotropy. For hexagonal close-packed (HCP) Co, the easy 

favorable

M
r

+
 +

 +

--
-

-

M
r

+ + + + + + + + + + + 

- - - - - - - - - - - - - - - -

unfavorable

(a)

Easy direction: 
along axis

(b)

Easy direction: 
any

Easy direction: in plane
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axis is the <0001> direction (c

direction is the plane perpendicular to this axis. 

Figure 1.6: Schematic 

axes for an initially demagnetized sample.

Schematic magnetization curves for a uniaxial ferromagnet when the field is 

applied both along the easy axis and the hard plane are shown in 

with strong magnetocrystalline anisotropy are called magnetically 

with weak anisotropy are called magnetically 

captured within the anisotropy constant, 

coupling. Electron spins are coupled to the orbit, and the orbit is coupled to the 

lattice, therefore the spin will resist a change in direction. The effect is not very large 

for the 3d transition metals. But when alloyed with heavier metals (which 

axis is the <0001> direction (c-axis), and it is called uniaxial anisotropy. The hard 

direction is the plane perpendicular to this axis.  

6: Schematic magnetization curves for applied fields along the easy and hard 

axes for an initially demagnetized sample. 

Schematic magnetization curves for a uniaxial ferromagnet when the field is 

the easy axis and the hard plane are shown in 

magnetocrystalline anisotropy are called magnetically 

anisotropy are called magnetically soft. The strength of this anisotropy is 

within the anisotropy constant, K. This phenomenon is due to 

lectron spins are coupled to the orbit, and the orbit is coupled to the 

the spin will resist a change in direction. The effect is not very large 

for the 3d transition metals. But when alloyed with heavier metals (which 

9 

anisotropy. The hard 

 

magnetization curves for applied fields along the easy and hard 

Schematic magnetization curves for a uniaxial ferromagnet when the field is 

the easy axis and the hard plane are shown in figure 1.6. Materials 

magnetocrystalline anisotropy are called magnetically hard, and those 

. The strength of this anisotropy is 

. This phenomenon is due to spin-orbit 

lectron spins are coupled to the orbit, and the orbit is coupled to the 

the spin will resist a change in direction. The effect is not very large 

for the 3d transition metals. But when alloyed with heavier metals (which have large 
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nuclei and therefore spin-orbit coupling is strong), the magnetocrystalline anisotropy 

can be several orders of magnitude larger. 

1.2.5 Exchange energy 

Adjacent atomic moments in ferromagnetic materials are highly exchange 

coupled. The exchange energy is proportional to the angle between adjacent spins:

1+⋅∝ iiexch sAsE , where A is the exchange constant, an intrinsic material property. 

However, the long range exchange effect is tempered by the large magnetostatic 

energy of aligned spins, in many configurations.  

 

Figure 1.7: Spin chain with domain wall width δdw. 

Figure 1.7 is a spin chain exhibiting a 180 degree change in magnetization, 

promoting the formation of a domain wall.  The domain wall width is proportional to 

the exchange and inversely proportional to the anisotropy: KAdw /∝δ . Strong 

exchange promotes long domain walls, for obvious reasons. Strong 

magnetocrystalline anisotropy favors short domain walls, owing to the spin-orbit 

coupling that discourages non-collinear spin directions relative to the easy axis. 

δdw
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1.2.6 Hysteresis 

The term hysteresis refers to the ability of a ferromagnetic material to retain 

the memory of a previous state. A hysteresis loop is a plot of the magnetization along 

the direction of the applied field versus the strength of the field.  One such plot for a 

uniaxial single domain particle is shown in figure 1.8 for different applied field angles 

α. For very large applied fields the particle magnetization will point along the 

direction of applied field (saturation). Although, for certain α, infinite field strength is 

needed for saturation. However when the field magnitude is reduced to zero, the 

magnetization will retain a component along the magnetic field direction. This 

component decreases with increasing angle between the field and the anisotropy 

axis. If the field is then increased in the opposite direction, the magnetization will 

switch abruptly at a certain critical field, especially at low field angles. For α = 0, the 

switching field (minimum field required to switch the sample and achieve closure in 

the hysteresis loop), Hs, is equal to the coercivity (field at which M = 0), Hc. For 

increasing angles, the switching field will be larger than the coercivity, as it becomes 

progressively harder to overcome the spin-orbit interaction. At α = 90 degrees, the 

coercivity will be zero; the particle cannot retain any memory if the field is applied 

perpendicular to the easy axis. The theory of magnetization dynamics for single-

domain particles was proposed
4
 by E. C. Stoner and E. P. Wohlfarth in 1948. The 
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hysteretic properties of ferromagnets are exploited in a variety of applications. Not 

least of which is magnetic recording, which will be discussed in detail in the next 

chapter. 

 

Figure 1.8: Hysteresis loops for different applied field angles, where 0 degrees is along 

the easy axis direction. Here m = M/Ms and h = H/Hk. From reference [5]. 

1.3 Micromagnetics 

Micromagnetic analysis deals with interactions between magnetic moments 

in the nanometer-scale. Exchange lengths greater than 5 nm, in hard materials such 
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as Co, make it unnecessary to treat atomic moments independently. This greatly 

reduces the computational effort required to perform magnetic modeling. The model 

most commonly used to predict the dynamical behavior of magnetic structures is the 

Landau-Lifshitz-Gilbert equation. 

1.3.1 The Landau-Lifshitz-Gilbert Equation 

Quantum mechanics postulates that electron spins will tend to precess 

around an applied magnetic field. L. D. Landau and E. M. Lifshitz proposed
6
 the first 

model for the precessional motion of the magnetization at the mesoscopic scale in 

the 1930s. It describes the change in magnetization direction given an effective field 

that phenomenologically incorporates magnetostatic and magnetocrystalline energy 

contributions: 

effHM
dt

Md v
×−= ˆ

ˆ
γ          [1] 

where M̂  is the unit vector in the magnetization direction, effH
v

 is the effective field 

and γ is the gyromagnetic ratio of the electron. 

Equation [1] is conservative. However, energy dissipation processes are an 

integral part of the magnetization dynamics in real materials. The magnetization in 

real materials will eventually converge in the direction of the effective field. Several 
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dissipative mechanisms are suspected, such as direct energy transfer to the lattice or 

indirect coupling via spin waves. However the true nature of this energy loss 

mechanism is still an active area of research. Landau, Lifshitz, and, separately, 

Thomas Gilbert
7
 included a phenomenological damping contribution in [1] that 

depends on a damping constant α. This constant is an intrinsic property that can vary 

from 0.001 to 1.0 depending on the material. The Landau-Lifshitz (LL) equation 

includes both precessional and damping contributions:  

effeff HMHM
dt

Md rr
×

+
+×

+
−= ˆ

1
ˆ

1

ˆ

22 α
γα

α
γ

.      [2a] 

The LL equation in Gilbert form, known as the Landau-Lifshitz-Gilbert (LLG) 

equation, introduces damping as a viscous force proportional to the rate of change of 

the magnetization:
 

dt

Md
MHM

dt

Md
eff

ˆ
ˆˆ

ˆ
×+×−= αγ

.        [2b] 

Figure  1.9 demonstrates the precessional and energy dissipation induced 

dynamics as dictated by [2]. The LLG equation has been shown to approximate 

empirical data to an astonishing degree. Modern computing allows the dynamics of 

complex magnetic nanostructures can be predicted by integrating equation [2] with 

minimal effort. Any particular structure can be discretized into numerous cells, 
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representing regions of uniform magnetization consistent with the exchange length 

of the material, each with a unique magnetization vector 

system and cell interactions are captured within the effective field term, which can 

include magnetostatic, anisotropy, exchange, applied field and spin current 

contributions. Each contribution to the effective field can be found by differentiating 

the corresponding energy density with respect to the magnetization vector:

Md

d
H r
r ε−=   

Figure 1.9: Magnetization dynamics including precession

relaxation mechanisms.

Each energy contribution will be discussed in subsequent sections.

representing regions of uniform magnetization consistent with the exchange length 

ach with a unique magnetization vector M̂ . The geometry of the 

system and cell interactions are captured within the effective field term, which can 

include magnetostatic, anisotropy, exchange, applied field and spin current 

contributions. Each contribution to the effective field can be found by differentiating 

the corresponding energy density with respect to the magnetization vector:

       

 

9: Magnetization dynamics including precessional and damping induced 

relaxation mechanisms. 

Each energy contribution will be discussed in subsequent sections.

15 

representing regions of uniform magnetization consistent with the exchange length 

. The geometry of the 

system and cell interactions are captured within the effective field term, which can 

include magnetostatic, anisotropy, exchange, applied field and spin current 

contributions. Each contribution to the effective field can be found by differentiating 

the corresponding energy density with respect to the magnetization vector: 

   [3] 

al and damping induced 

Each energy contribution will be discussed in subsequent sections. 
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1.3.2 Magnetocrystalline Anisotropy 

Most materials employed in modern magnetic storage applications possess 

strong magnetocrystalline anisotropy. In such structures if the magnetization is 

collinear to the easy axis, the anisotropy energy is lowest. Conversely, the anisotropy 

is highest when the magnetization is perpendicular to the easy axis. A simple way to 

represent this dependence in terms of the energy density is: 

aniani K θε 2sin= ,         [4] 

where K is the crystalline anisotropy constant (in ergs/cm
3
) and θani is the angle 

between the magnetization and the easy axis. Combining equations [3] and [4] we 

can find the anisotropy field, recalling that EAani kM ˆˆcos ⋅=θ , where EAk̂  is the easy 

axis direction. The anisotropy field acting on M due to a uniaxial anisotropy can be 

written as: 

[ ]MkMkkMMKH EAEAEAsani
ˆ)ˆˆ(ˆ)ˆˆ()/2(

2⋅−⋅⋅=
r

      [5] 

1.3.3 Magnetostatic Interactions 

As mentioned previously, magnetized bodies generate magnetic fields both 

within the body, called the demagnetization field, and outside the body, called the 

stray field. These fields are entirely dependent on the geometry and magnetization 
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state. For a uniformly magnetized structure, the field at an arbitrary observation 

point can be calculated by integrating over the surfaces where charges are 

generated: 
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where r
r

 is the observation point, r
r

’ is the location of the source charge and n̂  is the 

unit vector normal to the surfaces. In micromagnetic analysis, the most 

computationally simple way is to pre-calculate from [6] a magnetostatic tensor, N
t

, 

that captures shape effects, and the distance to the observation point, and multiply 

that tensor with the magnetization vector of the structure in question: 
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Usually only demagnetization fields or interactions between magnetic 

structures are considered in micromagnetics. A substantial portion of this thesis deals 

with magnetic recording media, which consists of small irregularly shaped grains 

(figure 1.10(a)). In that case, geometric mapping techniques are employed to 

calculate the fields generated at the irregular surfaces
8
. Other structures considered 

are cylindrical nano-pillar stacks as shown in figure 1.10(b), a common geometry for 

spin-valves. Magnetostatic demagnetization fields can be calculated from [6] for a 
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tedious; the interaction field must be averaged over the entire volume

method would be 

magnetostatic interaction tensor can be obtained from calculating the energy 

between all dipoles in one layer with all the other dipoles in the other layer. The 

dipole field approximation is given by:

R

MnnM
Hdipole 3

ˆ)ˆ(3
r

r −⋅⋅=

where R is the distance between the observation point and the dipole, 

volume of the dipole and 

observation point. This is a good approximation if the sections representing each 

dipole are much smaller than the distance between the two layers.

Figure 1.10: (a) Voronoi grain structure approximating

multi-layer nanopillars can be approximated by dividing each layer into multiple 

dipoles. 

Calculating interactions between different layers

; the interaction field must be averaged over the entire volume

 to divide each layer into many small magnetic dipoles: the 

magnetostatic interaction tensor can be obtained from calculating the energy 

between all dipoles in one layer with all the other dipoles in the other layer. The 

dipole field approximation is given by: 

V
M
r

      

is the distance between the observation point and the dipole, 

volume of the dipole and n̂  is the unit vector directed from the dipole to the 

observation point. This is a good approximation if the sections representing each 

dipole are much smaller than the distance between the two layers.

10: (a) Voronoi grain structure approximating granular recording media; (b) 

layer nanopillars can be approximated by dividing each layer into multiple 
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between different layers from [6] can be 

; the interaction field must be averaged over the entire volume. Another 

layer into many small magnetic dipoles: the 

magnetostatic interaction tensor can be obtained from calculating the energy 

between all dipoles in one layer with all the other dipoles in the other layer. The 

   [8] 

is the distance between the observation point and the dipole, V is the 

is the unit vector directed from the dipole to the 

observation point. This is a good approximation if the sections representing each 

dipole are much smaller than the distance between the two layers. 

 

granular recording media; (b) 

layer nanopillars can be approximated by dividing each layer into multiple 
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1.3.4 Exchange energy 

In micromagnetics, regions of uniform magnetization can be as long as the 

exchange length while still maintaining reasonable accuracy. The exchange energy 

between these regions can be represented by: 

1221
ˆˆ VMMJEexch ⋅−=          [9] 

where J is the exchange constant in ergs/cm
3
. Equation [9] measures the strength of 

the exchange interaction between two magnetized regions with a total volume V12. 

However, we may need to compare J, which depends on volume, to A, which is the 

strength of the exchange interaction in the continuum approximation. It is an 

intrinsic property, independent of volume, measured in ergs/cm. The exchange 

energy within a volume V, as a function of A and the change in magnetization along 

the spin chain is: 

[ ] 2222 / szyxTexch MMMMAVE ∇+∇+∇=       [10] 

Assuming a linear spin chain of length l along the z direction, that contains a 

180 degree domain wall as shown in figure 1.11, equation [10] can be rewritten as: 

V
l

AEexch

2








= π
         [11] 

 



1. Magnetic Materials 

 

 

Figure 1.11: Linear spin chain of length l.
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11: Linear spin chain of length l. 

For the case shown in figure 11, which consists of N 

J between adjacent spins, an angle ∆θ between them, and an 

containing both spins, the one dimensional approximation of the total 

can be written in terms of equation [9]: 
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intrinsic exchange constant A: 
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pins, the one dimensional approximation of the total 

   [12] 

Since equations [11] and [12] are equivalent, an approximate J in terms of the 
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         [13] 

This relationship is employed in chapter 4 in order to convert A values, which are 

intrinsic to the material, to J, where exchange fields are calculated according to [9]. 

1.3.5 Numerical Integration 

To ensure that the length of M̂  is conserved, it is best to integrate equation 

[1] in spherical coordinates. Recalling that: 

zyxM ˆcosˆsinsinˆcossinˆ θφθφθ ++=        [14] 

and consequently 

zyxM ˆ)sin(ˆ)cossinsincos(ˆ)sinsincoscos(ˆ θθφθφφθθφθφφθθ &&&&&& −++−= ,  [15] 

then the LLG equation becomes 
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where zHyHxHH zyx
ˆˆˆ ++=

r
 is the effective field, including all energetic contributions. 

Equations [16] are coupled equations that are integrated simultaneously. The 
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method used in all of our analysis is the 4
th

 order Runge Kutta Method
9
. It is an 

implicit integration method that trial steps at two midpoints to cancel out lower-

order error terms.  

Most micromagnetic analyses calculate dynamics via many magnetization 

vectors solved simultaneously through equations [16]. These vectors are coupled 

through magnetostatic and exchange interactions included in the effective field. 
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Chapter 2: Magnetic Recording 

2.1 Introduction 

The principle of hysteresis has been exploited for magnetic storage purposes 

since Valdemar Poulsen recorded a signal on a wire wrapped around a drum
10

. The 

first hard disk drive (HDD) was produced by IBM in 1956 and boasted an areal density 

of 2 Kb/in
2
. Since then, HDDs have increased exponentially in capacity. As of this 

writing, available products exceed 500 Gb/in
2
, while densities close to 800 Gb/in

2
 has 

been demonstrated
11

.  

There are three main components to a HDD. The storage medium is a 

continuous granular material that stores the information in the form of regions 

magnetized in different directions. The write head consists of a highly inductive 

material that is wrapped in a coil: applying an electric current through the coil 

magnetizes the head. The stray field from the head performs the writing function. 

Lastly, the read head senses the magnetization changes in the medium. Historically 

read heads were also inductive thin films that make use of the reciprocity principle, 

however the shift to magnetoresistive (MR) heads was completed by the mid-90's. 

Figure 2.1 shows the inside of a HDD. The read and write elements are located at the 

end of the arm that moves above the disk, which contains the recording medium. 
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When medium grains become too small, they tend to lose their magnetization 

due to thermal excitation.  This is called the superparamagnetic effect. Therefore, a 

transition from longitudinal to perpendicular recording was necessary in order to 

maintain areal density growth. The next section elaborates on this technological shift. 

 

Figure 2.1: Interior of a hard disk drive
12

 

2.2 From longitudinal to perpendicular recording 

Longitudinal magnetic recording (LMR) was the dominant type of recording 

until around the year 2005. In a longitudinal medium, the magneto-crystalline easy 
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axis lies within the plane of the medium.  Therefore, the magnetization of the written 

bits lie in the plane. Each bit is a region of uniformly magnetized material. There are 

several disadvantages with this type of recording that preclude the possibility of 

further areal density growth.  

 

Figure 2.2: Longitudinal magnetic recording (LMR) schematic. From [12]. 

 Figure 2.2 is a schematic of a typical LMR system, including the medium and 

the write head. The region between two bits magnetized in opposite directions is 

called a transition. In LMR, this means that the bits are either head to head, or tail to 

tail. This is energetically unfavorable: both bits generate either positive or negative 
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charges at the transition. Also, the LMR write head is ring shaped. The strongest field 

is produced at the gap, however only the fringing fields are available for writing. 

Perpendicular magnetic recording (PMR), on the other hand, employs a 

medium where the grain easy axes are directed out of plane (figure 2.3). There are 

two reasons why this is favorable when considering magnetostatic energy. First, the 

accumulation of charges will occur at the surface of the film; both bits will generate 

unlike charges at the transition. Also, the grain thickness is larger than the diameter. 

This means that in LMR, the easy axis is perpendicular to the shape anisotropy axis. 

However, in PMR, the crystalline anisotropy is along the same axis as the shape 

anisotropy, leading to an enhanced thermal stability. Media with smaller grains can 

therefore be used, allowing further increase in areal density. 

The writing in a PRM scheme is performed by a pole type head. Figure 2.3 

shows a perpendicular recording head and the soft underlayer (SUL) that is an integral 

part of PMR. The distance between the poles and the SUL, which is also a highly 

permeable material, acts as the gap. The medium therefore feels the full force of the 

field, as opposed to the stray field as in LMR. Producing a stronger field by simply 

redesigning the head allows smaller head structures to be used. Since 2005, products 

have featured PMR as the primary recording scheme. Therefore, from this point we 

will focus on this type of recording. 
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Figure 2.3: Longitudinal magnetic recording (LMR) schematic. From [13]. 

2.3 Recording Heads 

2.3.1 Write Heads 

In essence, the poles and the SUL comprise the recording structure in PMR. The 

trailing pole is designed to be wider such that, although the flux remains the same, the 

magnitude of the field is  weaker owing to the larger surface area. This avoids the 

overwrite of other bits. Current research focuses on tailoring the physical design of the 

main pole such that the strongest possible field and largest possible field gradient are 

simultaneously achieved (the magnitude of the field should drop quickly outside of the 
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area of the main pole).  A Tb/in
2
 design is illustrated in figure 2.4. Side shields are used 

to reduce the stray field and increase the field gradient, thereby reducing the 

probability of adjacent track erasure (ATE). Some designs featuring highly tapered 

heads are reportedly producing fields higher than the saturation magnetization of the 

material
14

.  

 

Figure 2.4: Advanced write head. From [14]. 

2.3.2 Read Heads 

Before the 1990s, the same element that produced the writing field was 

responsible for reproducing the signal. Stray fields emanating from the medium would 

induce a flux in the inductive head, inducing an electric current in the coils. As bit sizes 
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necessarily decreased at higher recording densities, the signals generated via 

electromagnetic induction were correspondingly decreased.  At the time it become 

necessary to employ magnetoresistive elements. 

Magnetoresistance (MR) is the variation in the resistance of a material when a 

magnetic field is applied. In non-magnetic metals this variation is due to the Hall 

effect, but is too small to be technologically applicable. In ferromagnets, however, this 

resistance change is of around 2%. Anisotropic magnetoresistance (AMR)
16

 depends 

on the angle between the magnetization of the material  and the current flowing 

through it. If the field is applied parallel to the current flow, the resistance is higher 

than when the field is perpendicular to the current. Spin-orbit coupling was identified 

as being the origin of this effect in the 1960s
17

. As the magnetization rotates, the 3d 

electron cloud deforms, resulting in different scattering of the conduction 4s 

electrons. 

  

Figure 2.5: GMR spin-valve structure.  
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Until recently, modern read heads exploit the giant magnetoresistive (GMR) 

effect
18

.  When two ferromagnetic (FM) layers are separated by a non-magnetic (NM) 

metallic material, the resistance of the structure changes as the relative angle 

between the two layer magnetizations changes. Such a structure is called a spin-valve 

(figure 2.5). This effect takes advantage of spin-dependent scattering, which will be 

discussed in detail in the next chapter. There are two types of GMR depending on the 

direction of current flow: current-in-plane (CIP) or current-perpendicular-to-plane 

(CPP) GMR. GMR heads in product were of the CIP type. Another similar effect is 

tunneling magneto resistance (TMR). It is observed in magnetic tunneling junctions 

(MTJ's)
19

, where instead of a metallic interlayer, there is an insulating, typically oxide, 

barrier. TMR is typically larger than CPP GMR, owing to the tunneling of only majority 

electrons relative to the opposing layer magnetization. Recently TMR-based read 

heads replaced CIP-GMR sensors in product. However a big problem facing MTJ's is 

the large junction resistance, especially at smaller sensor areas. For high density 

recording, a new technology or a shift to CPP-GMR may be necessary. 

2.4 Media 

The medium in magnetic recording system is a thin granular film. Here, the 

data bits are stored in the form of regions of uniformly magnetized material. Materials 
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used in magnetic recording media must have high coercivities, to ensure that the data 
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: (a) Large grain size results in more noise and smaller SNR; (b) Small grain 
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20
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thermally stable, the anisotropy energy to thermal energy ratio (KV/kbT) should be 

greater than 50, where K is the anisotropy constant, V is the volume, kb is Boltzmann's 

contant and T is the temperature.  

Therefore, thermal stability can be increased by engineering high K materials. 

CoPt and CoPd materials are known to meet this criteria: Pd and Pt are heavy metals, 

and exhibit strong spin-orbit coupling. Also multi-layers of Co/Pt have a large 

anisotropy due to the breaking of symmetry at the interfaces
21

. Increasing the 

anisotropy leads to greater coercivities, making it harder to write the medium with the 

available write heads. This is the dilemma that conventional recording currently faces. 

However, some ingenious solutions have been proposed in order to increase 

writability while ensuring thermal stability as grain sizes decrease. Exchange coupled 

composite (ECC) media
22-23

 are made of regions of magnetically dissimilar materials: a 

magnetically soft region that increases writability is exchange coupled to a 

magnetically hard region that maintains thermal stability. Other expansions on this 

idea include graded media
24

, where there are anisotropy variations throughout the 

grain and using a synthetic antiferromagnet as the hard layerin ECC media
25

. 

However, perpendicular recording in its existing form is not expected to 

expand beyond 1-2 Tb/in
2
. It is necessary for the magnetic recording industry to 

undergo a shift to a new scheme in order to ensure continual areal density growth. 
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Three main schemes have been proposed so far: bit patterned media (BPM), energy 

assisted magnetic recording and shingled recording. In BPM
26

, bits are isolated 

magnetic islands. These islands will be more thermally stable than single grains in a 

continuous medium. However, patterning islands for high density recording is very 

challenging. Also, switching field variations from bit to bit have proven problematic, 

especially when the synchronization between the media and the head must be very 

exact.  Heat assisted magnetic recording
27

 (HAMR) is one of the proposed energy 

assist schemes. In HAMR, a laser would heat the medium at the time of recording in 

order to reduce the energy barrier. Switching fields could therefore be reduced, but 

not at the expense of magnetocrystalline anisotropy. The consequences of heating 

and subsequently cooling the medium are not yet known, however. Also, integrating a 

laser into the write head structure has proven difficult. The other energy assist 

scheme is microwave assisted recording
28

 (MAMR), where AC fields at microwave 

frequencies apply enough energy to the medium magnetization to reduce the energy 

barrier. However, this would require a microwave field emission element. Spin-torque-

oscillators (STOs) are envisioned for this role; however, high power STOs have yet to 

be demonstrated. Also, the field gradient of write head designs is largely inadequate. 

Finally, shingled recording
29

 can use existing writer elements and media. Unlike 

conventional recording, adjacent tracks would overlap. Bits would consist of a few 
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grains at the most. Advanced signal-processing techniques would be necessary, as 

records cannot be updated in place. 

Chapter 4 of this thesis focuses on how to understand the inconsistencies 

observed in conventional perpendicular recording. Advanced recording schemes are 

beyond the scope of this study. 
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Chapter 3: Spin Transfer Torque 

3.1 Introduction 

Spin-dependent transport has been exploited heavily since the invention of 

GMR sensors. As elucidated in the previous section, a GMR structure consists of a 

ferromagnet/non-magnet/ferromagnet (FM/NM/FM) tri-layer. One of the magnetic 

layers is fixed (its magnetization is not susceptible to magnetic fields) and the other is 

free. If the magnetizations of the two ferromagnets are aligned, the resistance is low; if 

they are anti-parallel the resistance is high. This is due to the fact that as the current is 

transmitted through the fixed layer, it becomes polarized by it. The electrons spins are 

more likely to be along the magnetization direction, given that the majority density of 

states is wider at the Fermi level. Once transmitted through the fixed layer, electrons 

conduct through the non-magnetic metal without losing their polarization, given a 

spacer thickness smaller than the spin relaxation length. At the interface between the 

NM and the free FM, spin dependent scattering will occur. If the magnetizations of the 

two FM's are parallel, then the incident spins will be mostly parallel to the free layer 

magnetization and will transmit, since there are enough majority states for the incident 

electrons to occupy. This results in a low resistance. If the magnetizations are 

antiparallel, then the incident spins will be minority in relation to the exchange-splitting 
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of the free layer. Not enough states exist, and electrons will mostly scatter, leading to a 

high resistance. The MR ratio is proportional to the difference between these states.  A 

similar mechanism is observed in TMR sensors. In this case only like-spins will tunnel 

through the oxide barrier; resulting in a higher MR ratio than with GMR sensors. 

Applied magnetic fields are enough to rotate the magnetization of the fixed layer, 

making GMR and TMR structures very efficient magnetic field sensors. 

 

Figure 3.1: Spin dependent scattering: origin of GMR 

Such sensors, typically employed as magnetic recording read heads, use a small 

sense current in order to determine which resistance state the spin-valve is in. It can be 
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said that when the electrons are polarized by the magnetic material, they acquire the 

spin angular momentum from the magnetic moments of the ferromagnet; this changes 

the direction of their spin polarization to the majority spin direction. However, the 

inverse can occur: if there are enough spin polarized electrons incident on a 

ferromagnet, they can transfer their spin angular momentum to the magnetic 

moments of the ferromagnet. This makes the magnetization of the ferromagnet rotate 

toward the direction of the current spin quantization axis. This effect is known as spin-

transfer-torque (STT). 

3.2 Spin-Transfer-Torque (STT) 

The exchange of momentum between incident of electrons and ferromagnetic 

moments was first predicted theoretically
30

 in 1996 by IBM researcher John C. 

Slonczweski. Using quantum mechanical arguments, he postulated that a transfer of 

angular momentum must take place between electron spins and the ferromagnetic 

moments.  

Figure 3.2 illustrates the STT mechanism. An electron flow is incident on a 

ferromagnetic material, with a spin direction ŝ . That incident electron flow can be 

decomposed into a certain fraction of majority spins and another certain fraction of 

minority spins relative to the ferromagnetic moment, with spin directions ↑
||ŝ  and ↓

||ŝ , 
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respectively. (Although the moment of an electron is along the magnetic moment of 

the material, its spin is anti

interchangeably.) This is a quantum mechanical fact: the spin is a quantum mechanical 

operator that can have only one of two possible values. We assume, for the moment, 

that the material is a full polarizer, i.e. only up spins are transmitted and only down 

spins are reflected.  

Figure 3.2: Spin transfer mechanism

From the law of conservation of momentum, spin angular momentum must also 

be conserved.  If the resulting spin angular momentum of the electrons is collinear to 

the magnetization, then there must be a transverse component of the incident electron 

spin angular momentum that was absorbed by the ferromagnet. As shown in the 

figure, this would exert
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: Spin transfer mechanism 

From the law of conservation of momentum, spin angular momentum must also 

be conserved.  If the resulting spin angular momentum of the electrons is collinear to 

the magnetization, then there must be a transverse component of the incident electron 

lar momentum that was absorbed by the ferromagnet. As shown in the 

exert a torque to the magnetization rotating it toward the electron 
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spin quantization axis. The torque on the magnetization, aside from depending on the 

relative angles between ŝ  and M̂ , also depends on the amount of electric current 

incident on the magnetic material: more electrons will transfer more momentum to the 

magnetization. Thicker magnetic layers will be less susceptible to spin polarized 

currents, as the effect occurs mostly at the FM/NM interface. Also, high magnetization 

materials are less affected by the incident spin currents as there are more magnetic 

moments per unit volume to transfer momentum to. An expression for the torque that 

captures all of these effects is: 

 ( )pMMHSTTSTT
ˆˆˆ ××−= γτ         [17] 

where HSTT = Jh /edMs, where J is the incident current density, h  is Plank's constant, e is 

electron charge, d is the thickness of the ferromagnet, and Ms is the saturation 

magnetization. 

The typical geometry employed for the exploration of spin torque is a tri-layer 

FM/NM/FM spin-valve, where NM is either a metallic interlayer or an oxide barrier.  As 

mentioned previously, one of the magnetic layers is a fixed layer or polarizer. It is made 

magnetically hard by affixing it to an anti-ferromagnetic layer (exchange bias principle) 

and it is also designed to be thicker given that the spin-transfer effect occurs mainly on 

the first few atomic monolayers of the material. The other layer is designed to be thin 

and magnetically soft, so that it is susceptible to the spin polarized currents entering 
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through, or being reflected from the polarizer. Most of this work described in this work 

deals with calculating spin transfer torque in tri-layers, or structures containing many 

FM/NM bi-layers.  

3.3 Applications 

Magnetic random access memory (MRAM) structures are typically arrays of 

MTJ’s where bit states are programmed to a 0 or 1 depending on the alignment of the 

free layer magnetization relative to that of the fixed layer. It is envisioned as a potential 

non-volatile replacement for flash-based RAM, due to its low speed and write 

endurance. Initial MRAM designs
31

 employed magnetic fields to vary the magnetic 

states of the spin-valve. As dimensions decrease, the fields generated are not expected 

scale proportionally with the geometry size. Another alternative
32

 involves using 

currents to switch the magnetization by exploiting the spin transfer torque effect. This 

eliminates the scaling issues from the field-driven MRAM, while lowering power 

consumption, as a separate write line is unnecessary. However, reading back the signal 

could prove troublesome as the same current used for switching is employed for 

sensing. The switching current should therefore be low, but not as low as the current 

needed for read-back. 
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Figure 3.3: MRAM array
33

. 

In certain applied current regimes, the magnetization of the free layer can be 

driven to precess around the axis of an applied field. This effect induces a varying 

magnetoresistance, and consequently a time-dependent voltage response, potentially 

at microwave frequencies. These structures are called spin torque oscillators
34,35

 

(STOs). STOs are envisioned as nanoscale GHz radiation sources for wireless 

communications. One potential barrier is the need for applied magnetic fields, 

although permanent magnets are easy to incorporate in such structures, or free layers 

with large magnetocrystalline anisotropies can be employed. Another issue is the 

power output: STO demonstrations have produced merely hundreds of picowatts. For 

practical GHz communications microwatts are needed. Arrays of coupled STOs could 
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help solve this issue. However practical realization of such structures has proven 

difficult. Also, linewidths are usually broad, especially when nanopillar geometries are 

employed, which can be an issue for wireless communications. 

For the purposes of this thesis, the practical limitations and specifications of 

MRAM or STO devices are not considered. Device optimization is not our goal. Instead 

we consider the effect of spin-dependent interface scattering in order to more 

accurately predict the dynamical magnetic behavior of multi-layer structures subjected 

to applied electric currents. 
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Chapter 4: Relationship between composite and imperfect 

materials in perpendicular recording media 

4.1 Introduction 

The recent history of magnetic recording has been dominated by the quest to 

increase areal density while maintaining the thermal stability of the grains constituent 

to each bit
36

.  Originally, this problem was addressed by simply increasing the 

longitudinal magnetic anisotropy of the recording layer with a corresponding increase 

in thermal stability.  The usefulness of this approach ended at about 100 Gbit/inch
2
 

when the limited magnetization of the head could no longer write the enhanced 

coercivity of the media. 

Perpendicular magnetic recording was widely recognized to offer several 

attributes that postpone the effects of thermal fluctuations to significantly higher 

densities
37

.  In particular, the presence of a soft underlayer beneath the recording layer 

increases the write field by almost a factor two.  Unlike longitudinal recording, thick 

perpendicular media magnetostatically favor transitions and, therefore, high densities.  

Finally, quantum mechanical exchange between grains can be used to offset the 

deleterious effects of demagnetization fields in the middle of large bits: generally, 
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intergranular exchange can be used to increase density, unlike the case in longitudinal 

recording.  Areal densities in current products approach 0.5 Tb/in
2
 and close to 0.8 

Tb/in
2
 have been demonstrated

11
.  However, perpendicular recording is approaching 

the limit of its ability to address the conflict between density and thermal stability.  

In 2004, the idea of exchange coupled composite media
38

 was introduced, in 

which each grain contains both a magnetically soft region that nucleates switching and 

a magnetically hard region that provides thermal stability.  This allows the thermal 

stability and writability issues to be partly decoupled.  The original version of this idea 

contained only two regions, but it is clear that the introduction of additional regions 

can further improve performance
39

.  For example, placement of additional regions with 

intermediate anisotropy between the hardest and softest region can, in extreme 

cases
40

, quadruple a suitably normalized ratio of the thermal stability to switching field 

relative to that found in perpendicular media perfectly aligned with the applied field.  

This requires, however, either very long grains (thick media) or a very low exchange 

field
41

 that is probably inconsistent with an adequate Curie temperature.  It also 

requires very high anisotropy fields to be present at the end of the grain providing 

thermal stability.  

Another approach to enhancing performance is to replace the material 

exhibiting high anisotropy field with a synthetic antiferromagnet
25

 composed of two 
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ferromagnets coupled antiferromagnetically.  The advantages include a higher 

performance than the original single hard region design and, perhaps more 

importantly, incorporation of better understood ferromagnetic materials for which 

significant literature on fabrication already exists.  

Thickness(nm) Diameter(nm) Ms (emu/cm
3
) Hk (kOe) 

7.0 7.0 546 11.6 

16.5 584 10.8 5.2 

Table 4.1: Medium Parameters 

This paper, instead of focusing on optimal designs, will instead consider the 

extent to which the ideas behind composite media can explain existing experimental 

media
42

 that commonly exhibit coercivities reduced relative to the anisotropy field and 

that may not present a Stoner-Wohfarth dependence on the applied field angle.  We 

will discuss a micromagnetic analysis conducted on both 7.0 nm and 16.5 nm thick 

media samples, with typical saturation magnetization and anisotropy values as shown 

in table 4.1, in order to determine a possible explanation for the experimentally 

observed coercivity reduction. We will begin by presenting the possibility of domain 

nucleation and propagation, a common solution offered by many researchers. We will 
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show, however, that simply taking into account domain wall motion by dividing each 

grain into multiple single-domain layers may not fully explain the reduced coercivity. 

Therefore, we will also consider the case of both an inadvertent low anisotropy 

region at one end of the grain and the case of an anisotropy gradient progressing from 

one end to the other.  The idea is that experimental growth conditions, presumably 

owing to an inadequate seed layer, do not allow the full anisotropy to form 

immediately in the initial layers of each grain.  In particular, it is imagined that there is 

an excess of stacking faults
43

 in that region (for a granular oxide medium) or too much 

layer interdiffusion (for a superlattice).  However, the subsequent arguments in this 

paper do not depend on the cause of the anisotropy reduction or even which end it 

occurs in.  For example, if subsequent researchers find that it is the region near the air 

bearing surface that has the low anisotropy, this will not affect the argument. 

4.2 Micromagnetic analysis for single grains 

For simplicity, we first simulated isolated single grains modeled as right irregular 

polygonal prisms, such as those produced by Voronoi construction. Each grain is 

divided into 12 layers and magnetostatic interaction fields (in addition to Zeeman 

fields, exchange fields and anisotropy fields) are calculated between all possible layer 

pairs.  The interaction between elements (spins) that are not immediately adjacent to 



4. Relationship between composite and imperfect materials in perpendicular recording media 

 

47 

 

each other is computed following our usual technique for Voronoi cells, as in regular 

micromagnetics with multiple grains
44

. However, it is critical to calculate the interaction 

between immediately neighboring elements within a single grain accurately because it 

can affect any possible reduction in coercivity owing to nucleating domains. This 

calculation of the interaction tensors between neighboring elements must avoid any 

singularities: we accomplish this by taking advantage of the conservation of energy. 

Figure 4.1 depicts one such calculation. 

To calculate the interaction tensor between elements 1 and 2, we equate the 

total self energy
45

 of a single element with dimensions equal to the sum of both the 

original elements (proportional to Ttot) to the sum of the self energies of each individual 

element (proportional to T11 and T22) and the interaction energy between the two 

elements. This latter term can be used to calculate the interaction tensor (T12) between 

elements 1 and 2. 

This effectively incorporates the variation of the demagnetization field from the 

middle of the grain to the extremes: the demagnetization field at the extremities 

encourages the magnetization to lie in plane, whereas the magnetostatic interaction 

field at the center tries to align the magnetization along its vertical axis. The Landau 

Lifshitz Gilbert (LLG) equation is solved for the time evolution of magnetization in the 

presence of the above mentioned total field assuming a damping parameter of � = 
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0.1.  The resulting coercivities as a function of intra-granular exchange are shown in 

figure 4.2 for the 16.5 nm thick sample.   Note that the high exchange switching field is 

enhanced relative to the crystalline anisotropy field Hk of table I owing to shape 

effects. 

 

Figure 4.1: Calculation of interaction tensors between neighboring elements. 

Figure 4.2 suggests that, to obtain significant reduction in coercivity, e.g., 2500 

Oe, the intra-granular exchange constant A within each grain would have to be much 

lower than 0.5 × 10
-6

 emu/cm, This is an extremely weak value of exchange that 

probably precludes an adequate Curie temperature and is, therefore, an unlikely 
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scenario. Thus, the inclusion of domain nucleation by a multi-element analysis is not 

sufficient to explain the discrepancy. 

Keeping in mind that when recording media are deposited, the first few atomic 

layers may have zero (or low) anisotropy, we simulated the 12 layer 16.5 nm thick 

single grain with the bottom-most layer (~13 angstroms) and bottom two layers (~26 

angstroms) exhibiting zero anisotropy. In doing this, we must enhance the anisotropy 

of the remaining layers such that the average anisotropy of the entire grain remains 

the same as in the constant anisotropy case discussed above. In addition, we studied 

the 7.1 nm thick media sample in the same manner.  

 

Figure 4.2: Hc versus intra-granular exchange 
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In practice, it may not be possible to obtain a perfectly constant anisotropy 

throughout the length of the grain. Therefore, another possibility that we must 

consider is the existence of an anisotropy gradient from one end of the grain to the 

other, as the media are deposited. To simulate this scenario, we linearly increased the 

media anisotropy from 0 at the bottom surface to twice the average anisotropy at the 

top, and studied the 16.5 nm thick and 7.1 nm thick media samples. The results for the 

grains including zero anisotropy regions and grains exhibiting graded anisotropy are 

shown in figure 4.3. 

Figure 4.3(a) shows that a grain containing one dead layer (13 angstroms of zero 

anisotropy) exhibits a very similar behavior to that of a grain with constant anisotropy 

throughout its length. In other words, the exchange parameter need be very small to 

significantly reduce coercivity.  However when considering a grain with twice the 

amount of dead layers, the allowable amount of exchange increases to 0.75x10
-6

 

ergs/cm, which may be a reasonable value for exchange within experimental grains. 

Whereas, for the graded anisotropy case, we find that a significant reduction in 

coercivity can be obtained at values of exchange of about 1.0 to 1.5x10
-6

 ergs/cm. This 

value is comparable to permalloy (1.0 x 10
-6

 ergs/cm) and is conceivably correct. 

Simultaneously, on considering figure 4.3(b), we find that for the thinner 7.1 nm thick 

media sample the same trend is repeated: there is a more dramatic coercivity decrease 
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when considering anisotropy gradation than when including a dead layer. The amount 

of coercivity reduction (at the above mentioned values of exchange) is lower than in 

the 16.5 nm thick sample.  We can explain this reduction by recognizing that the 

thickness of the thinner media sample is closer to the value of the exchange length (~

KA / ).  The results suggest that thinner media should behave more similarly to the 

predictions of coherent rotation than thicker media. 

 

Figure 4.3: Coercivity vs. intragranular exchange for both the low anisotropy regions 

and graded anisotropy cases. 

In the above discussion, we assumed that the anisotropy exhibited a linear 

increase from zero at the very bottom to twice the average anisotropy at the very top. 

This was the most dramatic amount of gradation, and we considered this case in order 

to show a proper contrast between this and the other non-graded cases. It is also 
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worthwhile to study how the amount of gradation affects the coercivity. To this effect, 

we varied the anisotropy field from (1 – x) ⋅ Hk at the bottom of the grain to (1 + x) ⋅ Hk 

at the top, where Hk is the average anisotropy field and x is a fraction between 0 and 1. 

Figure 4.4 shows the amount of anisotropy allocated to each layer depending on its 

location within the grain. Here, x is representative of the amount of gradation present 

in the sample: for x = 0, the anisotropy in constant throughout the grain length (Hk,bottom 

= Hk,top = Hk), and x = 1 is the case of maximum gradation (Hk,bottom = 0, Hk,top = 2Hk).  

 

Figure 4.4: Anisotropy field present in each layer where x is the amount of gradation 

present and Hk is the average anisotropy field 
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We performed this analysis for different exchange constant values (A = 0.5× 10
-

6
, 0.75 × 10

-6 
and 1.0 × 10

-6
 ergs/cm); the results of which are displayed in figure 4.5. This 

figure shows how the switching field is reduced as x increases. It is also clear from 

observing the figure that the coercivity reduction is greater as A decreases. This is 

obvious from intuition: strong exchange would prevent incoherent mechanisms 

thereby keeping the coercivity constant. A significant coercivity reduction of 2500 Oe is 

obtained at approximately x = 0.65, 0.75 and 0.9 for A = 0.5, 0.75 and 1.0 × 10
-6

 

ergs/cm, respectively. These results imply that at larger values of exchange (higher 

than 1.0 × 10
-6

 ergs/cm), more drastic gradation is required to achieve a significant 

coercivity reduction.  

 

Figure 4.5: Coercivity reduction vs. amount of gradation 
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4.3 Angular dependence and two-layer fitting 

It has previously been shown that exchange coupled composite media (ECC)
3
 

exhibit an unusual angular dependence of the switching field, where the lowest value is 

observed at zero degrees, with an increase until the applied field angle reaches 90°. 

The results discussed so far have been obtained from plotting “easy axis” hysteresis 

loops (field applied along the grain axis). In this case the experimentally observed 

coercivities are lower than theoretically expected. However, when considering “hard 

axis” loops, where the applied field is directed perpendicularly to the easy axis, the 

opposite trend can be observed. A grain containing anisotropy gradation throughout its 

length not only exhibits the expected coercivity decrease when the field is applied 

along the easy axis (0°), but also a coercivity increase when the field is applied at 90°.  

The results shown in figure 4.6(a) are for a grain with a thickness of 16.5 nm, an 

exchange A = 1.5× 10
-6

 ergs/cm and a gradation x = 1.0. The switching field is shown as 

a function of applied field angle, and it is clear that it deviates from the behavior 

described by the Stoner-Wohlfarth single particle: the easy axis switching field is much 

lower than the hard axis switching field. We have repeated this analysis for a 7.1 nm 

thick grain, as shown in figure 4.6(b). Although symmetry is much improved in this 

case, it still deviates slightly from Stoner-Wohlfarth behavior. This reflects the smaller 
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decrease in coercivity that was observed in our previous analysis involving the thinner 

grain samples. 

 

Figure 4.6: Angular dependence of (a)16.5 nm and (b) 7.0 nm media divided into 12 

regions with graded anisotropy 

The end goal is to be able to simulate the behavior of a system including many 

grains. However, to accurately model a system of grains exhibiting anisotropy 

gradation, each grain in such a system must consist of many layers. Here each layer 

would represent a single magnetic element with its own magnetization vector M that 

must be analyzed using the LLG equation. Considering the previously described twelve-

layer graded anisotropy grain, it would be computationally difficult, if not impossible, 

to include the same number of grains usually included in a single-layer simulation. It 

would therefore be advantageous to approximate the behavior of a 12 segment grain 

with an appropriate 2 layer model. We can achieve this by varying the exchange 



4. Relationship between composite and imperfect materials in perpendicular recording media 

 

56 

 

constant and average anisotropy of a two-layer grain until the angular dependence 

matches that of the more realistic twelve layer results. 

We find that the relationship between the magnetic properties of a twelve layer 

grain and its two layer approximation is given by K2 = aK12 and A2 = bA12, where 

1

272.01029.4000,150105

875.010917.11000010927.3

12

12

12

48

48

M

A

K

b

a

−−

−−

××
×−−×=     [18] 

Here K2 and K12 are the average anisotropy constants, and A2 and A12 are the exchange 

constants of the 2 layer and 12 layer models, and M12 is the saturation magnetization 

of the twelve layer models. 

 

Figure 4.7: Plot of K12 and A12 values that are acceptable for use in the above described 

two-layer approximation. Circles represent values that conform to model; crosses 

denote values that do not comform. 
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We have determined that this approximation is reasonably accurate for 

moderate values of K12 and A12. Figure 4.7 is a plot of the twelve-layer anisotropy and 

exchange values that can be used in equation 1. For some extreme cases it becomes 

more difficult to find an approximation to the twelve layer grain. For example, the 

combination of relatively large values of K12 (around 5.0 × 10
6
 ergs/cm

3
) and small 

values of A12 (below 0.8 × 10
-6

 ergs/cm) yield inadequate agreement. Similar 

disagreement is obtained when A12 is high (greater than 2 × 10
-6 

ergs/cm) and K12 is 

lower than 3× 10
6 

ergs/cm
3
. Probably, the latter case is not relevant for modern, high 

coercivity media where A is unlikely to be that high and K that low, but the first case 

might be reached by some media compositions.  Figure 4.8 shows two different 12 

layer cases (different anisotropy, exchange and saturation magnetization) and their 

appropriate two-layer fit. Figure 4.9 shows a case of K12 and A12 where the 

approximation fails, especially at small field angles. 
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Figure 4.8: Twelve layer angular dependence and two layer approximation for (a) K12 = 

3.86× 10
6 ergs/cm

3
, A12 = 1.5× 10

-6 
ergs/cm and (b) K12 = 4.5 × 10

6
 ergs/cm

3
, A12 = 1.0 ×

10
-6

 ergs/cm 

 

Figure 4.9: Twelve layer angular dependence and two layer approximation for K12 = 5.0

× 10
6
 ergs/cm

3
, A12 = 0.5 ×  10

-6 
ergs/cm. The two layer approximation is inadequate for 

these values. 
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4.4 Multi-grain simulations 

Finally, we incorporate a six layer grain into a multi-grain simulation. Figure 4.10(a) 

shows an out-of-plane hysteresis loop of a media sample that consists of 100 grains 

where the film thickness is 16.5 nm, Hk = 10,800 Oe, A = 1.0× 10
-6

 ergs/cm and x = 1.0. 

There is an easy axis dispersion of 5° and 5 nm grain boundaries. The medium consists 

of Voronoi cell type grains with the appropriate magnetostatic interactions between 

them. The expected drop in coercivity is apparent in the figure, as is the shear in the 

loop, approximately equal to 4πMs. This proves that anisotropy gradation adequately 

duplicates the reduced coercivity observed in the experimentally obtained results. 

  

Figure 4.10: Hysteresis loop for a 100 grain simulation (a) of the six layer model and (b) 

incorporating the two-step graded anisotropy approximation 
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Although only 100 grains are considered, filling approximately a 50 nm by 50 nm 

region, 1200 elements are necessary to model twelve layer grains, which is 

computationally intensive. However, a complete recording simulation may require a 

much larger media sample. If we incorporate our two element approximation, the 

amount of grains we can simulate can be increased to 600, which increases sample size 

by 500%. Figure 4.10(b) shows the result of such an approximation of the case 

displayed in figure 4.10(a). 

4.5 Summary 

It was found that the discrepancy between experimentally observed coercivities and 

theoretically expected coercivities (via single domain behavior) can be explained with a 

multi-element analysis employing a shape anisotropy distribution within the grain 

structure and anisotropy gradation. This was demonstrated through single-grain and 

multi-grain analyses. It is also shown that that multi-domain behavior exhibited by a 

grain containing a graded-anisotropy structure can be closely approximated within a 

two-element model that is more easily incorporated into a multi-grain simulation.  
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Chapter 5: Spin transfer torque in multilayer structures: 

including interfacial reflections 

5.1 Introduction 

The ability to excite the magnetization of a ferromagnetic material with a spin 

polarized current is known as spin transfer torque, and was first predicted theoretically 

by Slonczewski
30

. Since then, numerous experimental efforts have proven this 

prediction accurate and potentially useful in many practical applications. 

Much research has been focused on obtaining reduced switching currents in nano-

pillar structures for eventual integration with semiconductor-based memory elements, 

as required in proposed magnetic random access memory (MRAM) structures. 

Micromagnetic analysis is an ideal way of proposing optimal configurations for such 

structures and exploring previously unknown spin-current induced dynamics. However, 

most recent micromagnetic studies assume that one layer is fixed and therefore not 

susceptible to spin polarized currents
46-48

, and the effect of multiple reflections on the 

free layer is not considered. Yen et. al.
49

 include reflections, but the rotational 

symmetry of the quantum mechanical spins does not seem to be preserved. An 

approach similar to the one described in this chapter was discussed in Ref. 50, although 
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the resulting formalism may be more difficult to implement within micromagnetics for 

typical materials. Including all reflections has a considerable effect on the dynamics of 

the free layer and treating the backscattered current incident on the fixed layer 

correctly affects the switching behavior of the system. 

5.2 Tri-layer spin-valves: spin-dependent scattering 

When calculating current-induced dynamics, the spin-transfer torque term [17] 

is included in the LLG equation [2]: 

( )pMMH
dt

Md
MHM

dt

Md
stteff

ˆˆˆ
ˆ

ˆˆ
ˆ

××−×+×−= γαγ
     [19] 

Where Hstt = Jh/edMs, where J is the incident current density, h is Plank's constant, e is 

electron charge, d is the thickness of the ferromagnet, and Ms is the saturation 

magnetization.  

For a spin-valve tri-layer structure, however the spin transfer torque term 

should include a contribution from spin-dependent scattering events occurring at the 

ferromagnet/non-magnet (FM/NM) interfaces. Given a current incident on layer 1 of a 

tri-layer, as shown in figure 5.1, with a certain fraction of spin-up and spin-down 

electrons relative to 1M
r

, all spin currents in the non-magnetic spacer can be 

decomposed into spins parallel and anti-parallel to both layer magnetizations. As spin-
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dependent transmission and reflection takes place at each FM/NM interface, the 

electron spins become re-polarized along the axis collinear to either 1M
r

 or 2M
r

. For 

simplicity, when depicting electron spins we are referring to the moment of the 

electron, not the actual spin angular momentum which is anti-parallel to the magnetic 

moment.  

 

Figure 5.1: Two magnetic layers with non-collinear magnetization vectors 1M
r

 and 2M
r

, 

separated by a non-magnetic spacer. An incident current is decomposed into factors ↑
0P

and ↓
0P  collinear to 1M

r
. The spin current incident on either 1M

r
 or 2M

r
 contains spins 

parallel and anti-parallel to the opposite layer magnetization.  

The factors 
↑
→21f and 

↓
→21f  are the number of majority and minority electrons 

relative to layer 1 that are transmitted through or reflected from that layer incident 

upon layer 2, respectively. Similarly for 
↑
→12f and 

↓
→12f . The net spin polarization 

1 2f ↑
→

1 2f ↓
→

1M̂ 2M̂

1,2θ

2 1f ↑
→

2 1f ↓
→

0P↑

0P↓
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incident on layer two is 
↓
→

↑
→→ −= 212121 fff . The quantization axis of that polarized 

current will be along 1M
r

. Similarly for layer one: 
↓
→

↑
→→ −= 121212 fff . In that case, the 

magnetization dynamics of each layer can be expressed as: 

( )2111,12
1

11,1
1 ˆˆˆ

ˆ
ˆˆ

ˆ
MMMHf

dt

Md
MHM

dt

Md
stteff ××−×+×−= →γαγ

   [20a] 

( )1222,21
2

22,2
2 ˆˆˆ

ˆ
ˆˆ

ˆ
MMMHf

dt

Md
MHM

dt

Md
stteff ××−×+×−= →γαγ

   [20b] 

To determine 21→f  and 12→f must be calculated by summing over all reflections 

within the interface. To do so, we must consider the 720° symmetry of the electron 

spin. Any spin oriented at an angle with respect to the layer magnetization can be 

separated into a superposition of spins parallel to 1M̂  or 2M̂  weighed by a factor of 

cos
2
(θ1,2/2) = β and anti-parallel spins weighted by sin

2
(θ1,2/2) = 1 - β, where θ1,2 is the 

relative angle between layer magnetization vectors. The probability of these collinear 

spins being reflected or transmitted through the magnetic layer will depend on the 

polarization of that magnetic layer. Assuming unity polarization, the spin-torque pre-

factor can be obtained exactly, given that only spin-down electrons are reflected. 

Figure 5.2 shows the sequence of reflections taking place between the two FM layers.  
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Figure 5.2: Sequence of reflections at the FM/NM interfaces in a tri

assuming P = 1. 

The total number of spin up electrons incident on layer 2 consist only of the 

total number of spin-

layer:  

↑↑
→ = 021 Pf   

The number of spin down electrons incident on layer two is, in contrast, an 

infinite summation of terms, indicating the probability of an electron being repeate

reflected at the FM/NM interfaces:
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: Sequence of reflections at the FM/NM interfaces in a tri

The total number of spin up electrons incident on layer 2 consist only of the 

-up electrons that initially made it through the first ferromagnetic 

      

The number of spin down electrons incident on layer two is, in contrast, an 

infinite summation of terms, indicating the probability of an electron being repeate

reflected at the FM/NM interfaces: 
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: Sequence of reflections at the FM/NM interfaces in a tri-layer spin-valve 

The total number of spin up electrons incident on layer 2 consist only of the 

initially made it through the first ferromagnetic 

   [21a] 

The number of spin down electrons incident on layer two is, in contrast, an 

infinite summation of terms, indicating the probability of an electron being repeatedly 
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The net spin polarized current incident on layer 2 is therefore: 

ββ
β

+
=

+
−=−= ↑↑↑↑

→
↑
→→

1

1

1

1
000212121 PPPfff      [22] 

There are no spin-up electrons relative to layer 2 incident upon layer 1 given 

that there is no current entering through layer 2, and only minority electrons are 

transmitted. 

012 =↑
→f

          [23a] 

Like equation [21b], the fraction of spin-down electrons incident upon layer 1 is 

an infinite summation of all interfacial reflections: 
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The net spin polarized current acting upon layer 1 is then: 



5. Spin transfer torque in multilayer structures: including interfacial reflections

 

 

−=−= ↑
→

↑
→→ 121212 fff

The magnitude of the spin polarized current acting on either layer is the same, 

however the direction of polarization will be either parallel or anti

polarization of the opposing layer depending on which direction the electrons are 

entering the structure. From equations [21] and [22], it is clear that the fraction of spin

polarized electrons is highly dependent upon the relative angle between the two layer 

magnetizations. This fraction would be much increased if reflections were not inc

Figure 5.3: Probability that a density A of majority electrons are transmitted and 

reflected, and that a density B of minority electrons are transmitted and reflected. The 

factor ε is the density of minority electrons in the ferromagnet.
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   [24] 

The magnitude of the spin polarized current acting on either layer is the same, 

however the direction of polarization will be either parallel or anti-parallel to the spin 

polarization of the opposing layer depending on which direction the electrons are 

ering the structure. From equations [21] and [22], it is clear that the fraction of spin-

polarized electrons is highly dependent upon the relative angle between the two layer 

magnetizations. This fraction would be much increased if reflections were not included.  

: Probability that a density A of majority electrons are transmitted and 

reflected, and that a density B of minority electrons are transmitted and reflected. The 
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To properly calculate spin-transfer torques in a realistic structure, we must 

consider the effect of a partial polarization, P. This polarization can be written in terms 

of the fraction of minority electrons that are transmitted through the ferromagnet, ε : 

P = 1 – 2ε, where ε is typically a small number, however not vanishingly so in most 

materials. The intrinsic population of majority and minority electrons reflects the band 

structure of the material; however the ratio of majority to minority electrons that are 

transmitted through that material also depends on its thickness. We assume P includes 

both contributions and is identical for both layers. Contrary to the case discussed 

above, if P is less than one, then there is a finite probability that spin-up electrons are 

reflected and that spin-down electrons are transmitted, as shown in figure 5.3. Keeping 

this in mind, figure 5.4 illustrates the sequence of reflections assuming P < 1. 
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Figure 5.4: Sequence of reflections at the FM/NM interfaces in a 
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: Sequence of reflections at the FM/NM interfaces in a tri-layer spin-valve 

 turn out to be sums of 

infinite orders of e weighted by progressively more complicated functions of β: 
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Incorporating higher orders of ε naturally results in a more accurate 

determination of the spin polarized current and, as shown in figure 5.5, including up to 

a 3
rd

 order approximation can drastically reduce the error when compared to a 

numerical summation over all reflections. 

 

Figure 5.5: Angular dependence of 12→f  for 0
th

 to 3
rd

 order approximations compared to 

a numerical calculation of all reflections for P = 0.4. 
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5.3 Results: Tri-layer spin 

The effect that accurately including multiple reflections within the interface and 

the spin polarization of the material would have on a micromagnetic calculation of the 

critical switching current for a tri

all calculations a magnetic nano

5 nm, normal metal spacer thickness of 10 nm and a saturation magnetization of 1075 

emu/cm
3
. Uniaxial magnetocrystalline anisotropy is included with varying

and K2 with anisotropy axes aligned in plane (1

are calculated accurately for both layers. The damping constant 

0.01 throughout all calculations. Referring back to the geometry repr

5.1, electrons are always assumed to enter the structure through layer 1 and the 

current is assumed to be initially unpolarized (

system is shown in figure 

Figure 5.6: Geometry of the system.
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layer spin valves 

The effect that accurately including multiple reflections within the interface and 

the spin polarization of the material would have on a micromagnetic calculation of the 

critical switching current for a tri-layer structure can now be calculated. We 

all calculations a magnetic nano-pillar diameter of 60 nm, magnetic layer thicknesses of 

5 nm, normal metal spacer thickness of 10 nm and a saturation magnetization of 1075 

. Uniaxial magnetocrystalline anisotropy is included with varying

with anisotropy axes aligned in plane (1° apart). Magnetostatic interaction fields 

are calculated accurately for both layers. The damping constant 

0.01 throughout all calculations. Referring back to the geometry repr

1, electrons are always assumed to enter the structure through layer 1 and the 

current is assumed to be initially unpolarized (
↑

0P  = 
↓

0P  = 0.5).

system is shown in figure 5.6. 

 

: Geometry of the system. 
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The effect that accurately including multiple reflections within the interface and 

the spin polarization of the material would have on a micromagnetic calculation of the 

layer structure can now be calculated. We assume for 

pillar diameter of 60 nm, magnetic layer thicknesses of 

5 nm, normal metal spacer thickness of 10 nm and a saturation magnetization of 1075 

. Uniaxial magnetocrystalline anisotropy is included with varying values of K1 

agnetostatic interaction fields 

are calculated accurately for both layers. The damping constant α is assumed to be 

0.01 throughout all calculations. Referring back to the geometry represented in figure 

1, electrons are always assumed to enter the structure through layer 1 and the 

). The geometry of the 
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The dependence of switching current on the polarization of the magnetic layers 

(assumed to be equal) is demonstrated in figure 5.7. We define the switching current as 

the minimum current required to switch M2 from anti-parallel to parallel to M1. 

Unsurprisingly, the switching current increases as the polarization decreases; more 

electron flow is needed to achieve the same amount of spin polarized current. 

Including higher orders of ε in Eqs. 25 results in a higher switching current than what 

would be predicted using the lowest order approximations for materials with low spin 

polarization. 

 

Figure 5.7: Switching current as a function of layer polarization including 1
st

, 2
nd

 or 3
rd

 

orders of ε in Eq. (3). Anisotropy values are assumed to be K1 = 2.0x10
6
 and K2 = 1.0x10

6
 

ergs/cm
3
. 
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Figures 5.8(a)-(b) show that employing the method outlined in this work results 

in a higher switching current when compared to one where interface scattering is 

ignored, for all variations of magneto-crystalline anisotropy constants. By disregarding 

the backscattered current, only the effect of the electrons that are initially polarized by 

the first layer is included. Doing so may result in a significant underestimation of the 

switching current, as backscattered electrons are mainly anti-parallel to the polarizer 

magnetization and tend to diminish the overall spin transfer torque. Unsurprisingly, 

increasing K2 results in an increased switching current using both methods, as depicted 

in figure 5.8(a).  

 

Figure 5.8: Switching current as a function of (a) K2 assuming K1 = 2.0x10
6
 ergs/cm

3
, and 

(b) K1 assuming K2 = 1.0x10
6
 ergs/cm

3
. The damping constant and polarization are fixed 

at 0.01and 1.0, respectively. 



5. Spin transfer torque in multilayer structures: including interfacial reflections 

 

74 

 

A more unexpected result is the dependence on the anisotropy of the first 

layer: causing the polarizer to be magnetically softer increases the switching current 

(Fig. 5.8(b)). This demonstrates that the dynamics of the polarizer induced by the 

reflected current can aid in the switching of the other layer through the interaction 

detailed in Eqs. (25). Moreover, with decreasing K1, we find an increase in the negative 

current (where electrons enter through the second layer) required to switch the free 

layer from parallel to anti-parallel. 

A phase diagram of K2 vs. I for a geometry where t2 = 5.0 nm, t1= 6.0 nm, tspacer = 

15.0 nm, and K1 = 2.0x10
6
 ergs/cm

3
, is shown in figure 5.9. The positive current denotes 

electrons entering the structure through the fixed layer first; conversely, the negative 

current denotes electrons entering through the free layer first. The anti-parallel (AP) to 

parallel (P) transition occurs at progressively higher currents for increasing K2, as 

observed in figure 5.8(a). Also, oscillatory (O) states, where 1M̂ and 2M̂  are oscillating 

chaotically, occur for very large currents. Assuming that layers are initially parallel, at 

negative currents, the electrons reflected off the fixed layer will torque the free layer 

towards an AP alignment. The P to AP transition also occurs at higher currents for 

increasing K2. The current range where AP states are possible is narrower than for P 

states: O states occur at much weaker negative currents. Certain current magnitudes 

can promote either AP or O states depending on the direction of current flow. 
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Figure 5.9: K2 vs. I phase diagram

Plotting a similar phase diagram, as a function of 

in figure 5.8(b). Increasing the anisotropy of the fixed layer reduces the switching 

current of the free layer both tran

are also possible at higher currents. 
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vs. I phase diagram 

Plotting a similar phase diagram, as a function of K1, reveals the trend observed 

. Increasing the anisotropy of the fixed layer reduces the switching 

current of the free layer both transitions from AP to P and P to AP. Oscillatory states 

are also possible at higher currents.  
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Figure 5.10: K1 vs. I phase diagram

Increasing the thickness of the fixed layer also results in a reduced switching 

field (AP to P transition), as plotted in figu

5.10, designing the fixed layer so that it is less susceptible to spin polarized currents 

aids the switching of the free layer.

5. Spin transfer torque in multilayer structures: including interfacial reflections

vs. I phase diagram 

Increasing the thickness of the fixed layer also results in a reduced switching 

field (AP to P transition), as plotted in figure 5.11. As suggested in figures 

, designing the fixed layer so that it is less susceptible to spin polarized currents 

aids the switching of the free layer. 
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Increasing the thickness of the fixed layer also results in a reduced switching 

. As suggested in figures 5.8(b) and 

, designing the fixed layer so that it is less susceptible to spin polarized currents 
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Figure 5.11: Switching current as a function of fixed layer thickness.

Other complex behaviors, such as the coupled oscillations of figure 

geometry shown in figure 

the inclusion of interfacial reflections. We find that these coupled oscillations also 

require much larger currents if the polarizer is softer. While these behaviors may not 

be typical, their existence may have either positive or negative technological impact, 

and should not be ignored.
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: Switching current as a function of fixed layer thickness.

Other complex behaviors, such as the coupled oscillations of figure 

geometry shown in figure 5.6, can occur that would not be possible to observe without 

the inclusion of interfacial reflections. We find that these coupled oscillations also 

quire much larger currents if the polarizer is softer. While these behaviors may not 

be typical, their existence may have either positive or negative technological impact, 

and should not be ignored.  
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: Switching current as a function of fixed layer thickness. 

Other complex behaviors, such as the coupled oscillations of figure 5.12 for the 

can occur that would not be possible to observe without 

the inclusion of interfacial reflections. We find that these coupled oscillations also 

quire much larger currents if the polarizer is softer. While these behaviors may not 

be typical, their existence may have either positive or negative technological impact, 
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Figure 5.12: Magnetization of both layers along the anisotropy easy axis direction, 

which is perpendicular to the direction of current flow, for Kfixed = 2.0x10
6
 ergs/cm

3
, Kfree 

= 1.0x10
6
 ergs/cm

3
, and a constant applied current of 1.7 mA. 

5.4 Results: Multi-layer spin valves 

The method employed to take into account interfacial scattering events can be 

extended to structures with more than two magnetic layers. Figure 5.13 shows a 

structure with an arbitrary number of FM/NM interfaces. The β factors depend on the 

angles between adjacent magnetizations and the f factors represent the number of 

electrons incident on each magnetic layer polarized in the direction of the adjacent 
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equations  [21] and [23]. In this case, however, 

layer through both magnetic layers. 
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Repeating the process for layer pairs results in 4(N-1) simultaneous equations, 

where N is the number of magnetic layers. The spin-polarized current expressions 

become progressively more complex with an increasing number of FM/NM bi-layers, as 

the spin transfer torque acting on one layer magnetization will necessarily depend on 

the all the relative angles between adjacent magnetizations. 

Assuming that the electrons are initially incident upon layer 1, for a system with 

three magnetic layers the expressions for the net spin polarized current are: 

3

320
1221

=

↑

→→ ∆
=−=

N

P
ff

,β
         [27a] 

3

210
2332

=

↑

→→ ∆
=−=

N

P
ff

,β
         [27b] 

where 32213 ,, ββ +=∆ =N . 

Similarly for a structure with four magnetic layers: 

4

43320
1221

=

↑
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N

P
ff

,, ββ
        [28a] 
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where 4332214332432132213 ,,,,,,,,, βββββββββ −++=∆ =N . 

Equations [27] and [28] assume that all layers are full polarizers (P = 1.0). 

Although that is not true in practice, it is very difficult and ultimately impractical to 

obtain expressions for the net spin-polarized current including partial polarization for 

structures with more than two magnetic layers. Numerical solution of equations [26] 

for a system with only three magnetic layers yields very large errors for certain 

magnetization orientations for P < 1.0. Therefore, for all subsequent calculations we 

assume P = 1.0. 

Solving the LLG equation for a structure with three magnetic layers results in a 

switching behavior as depicted in figure 5.14. The transition from a completely parallel 

to completely anti-parallel state is undergone after a sequence of switches, with some 

layers switching back and forth more than once. This is a natural consequence of 

equations [27]: switching will be dictated by how the net spin polarized current 

changes as a function of the relative angles. 
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Figure 5.14: Switching behavior of a three 

magnetization configuration, either M2 or M3 switch. The polarity of the net spin 

current changes as the relative angles change.

A structure with four magnetic layers presents a similar set of switching events, 

as shown in figure 5.15
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: Switching behavior of a three magnetic layer structure. Depending on the 

magnetization configuration, either M2 or M3 switch. The polarity of the net spin 

current changes as the relative angles change. 

A structure with four magnetic layers presents a similar set of switching events, 

5.15. 
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magnetic layer structure. Depending on the 

magnetization configuration, either M2 or M3 switch. The polarity of the net spin 

A structure with four magnetic layers presents a similar set of switching events, 
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Figure 5.15: Switching behavior of a four magnetic layer structure. 

5.5 Spin transfer torque in Co/Cu multi-layer nanowires 

Electrodeposited Co/Cu multilayer nanowires have been proposed as easily 

fabricated CPP-GMR sensors and MRAM elements
51

. Having extended the spin transfer 

torque term to structures consisting of many magnetic layers, it is now possible to 

compare micromagnetic calculations to electrical measurements performed on 
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electrodeposited nanowires. In order to model the fabricated nanowires, we include six 

magnetic layers, as illustrated in figure 5.16. 

 

Figure 5.16: Structure consisting of multiple FM/NM bi-layers. Shows the net 

polarization acting on each magnetization. 

We followed the same procedure employed in the previous section to find the 

net spin polarized currents acting on each layer, for a six layer structure. The net spin 

polarization factors acting on the i
th

 layer from layers i-1 and i+1 are: 

∆= −
↑

→− iiii Pf ,,,,,, / 1655443322101 ββββββ        [29a] 

 ∆−= +
↑

→+ 1655443322101 iiii Pf ,,,,,, / ββββββ       [29b] 

where:  ∆ = β1,2β2,3β3,4β4,5 + β1,2β3,4β4,5β5,6 + β1,2β2,3β4,5β5,6 + β1,2β2,3β3,4β5,6 + 

β2,3β3,4β4,5β5,6 - 3β1,2β2,3β3,4β4,5β5,6. 
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In all calculations magneto-crystalline easy axes are assumed in plane. 

Magnetostatic interactions between layers are calculated numerically assuming 

cylindrically-shaped elements. 

Electrodeposited multilayer nanowires have been demonstrated to exhibit STT 

induced switching
52-53

. Figure 5.17(a) is an example of one such measurement. It is 

surprising to observe hysteretic behavior in structures designed to have uniform 

thicknesses. Directional dependence of the resistance (R) as a function of current (I) 

could only be observed in the presence of fixed layers.  

 

Figure 5.17: (a) Experimentally obtained resistance versus current curves for an array of 

electrodeposited Co/Cu multi-layer nanowires. This measurement captures several 

nanowires. From reference [54]. (b) Calculated resistance versus current loops. Positive 

current corresponds to electrons entering the structure through the fixed layer first. 
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One explanation may be that variations in microstructure could be responsible 

for layers with very large magneto-crystalline anisotropy; also, stacking faults or 

defects may give rise to pinning sites. Regardless of the cause, it is likely that certain 

layer magnetizations are insensitive to electric currents or magnetic fields. Hence, we 

assume in our calculations that the first layer magnetization in the stack never rotates.  

The calculated resistance is a measure of the mismatch between adjacent 

magnetizations and assumed to be proportional to the cosine of the angle between 

adjacent layer magnetizations. For N magnetic layers in the stack, the total resistance is 

averaged over all layer pairs
55

: 

 ∑ −
>⋅<−= +

n

nn

N

mm
R

12

1

2

1 1

))

.        [30] 

Based on measurements of current vs. contact probe pressure, it is estimated that 

the measurement in Fig. 46(a) captures the dynamics of two nanowires.  For this 

sample, 60 nm diameter nanowires were hexagonally arranged with 100 nm inter-wire 

spacing.  Co and Cu layers were estimated to be 5 and 10nm, respectively, based on the 

deposition current densities. In our calculations, we assume a single nanowire 

consisting of six magnetic layers (one fixed) with this geometry. Figure 5.17(b) shows 

the calculated resistance versus current loop assuming uniform magnetocrystalline 

anisotropy constant of 1x10
6
 ergs/cc with easy axes aligned in plane and α = 0.01. Also, 
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we assumed a saturation magnetization of 750 emu/cc. This reduced magnetization is 

plausible owing to the diffusion of Cu atoms throughout all layers during 

electrodeposition. Conversely, the presence of Co atoms is also likely within the Cu 

interlayers; however the Slater-Pauling
56

 curve suggests that a large percentage of Co is 

needed to induce any magnetic moment.  

From figure 5.17(b) we can extrapolate current densities of around -5.3x10
7
 A/cm

2
 

and 7.1x10
7
 A/cm

2
 for low R to high R and vice versa, respectively. These values are 

similar to the experimentally obtained current densities: JlowRtohighR = -1.6x10
7
 A/cm

2
 

and JhighRtolowR 3.2x10
7
 A/cm

2
. We refrain from using parallel and anti-parallel to 

describe the different resistance states, since for structures with many layers the 

magnetizations may never be completely aligned or anti-aligned. Also, we find that the 

critical current density is greater when the structure goes from a high R state to a low R 

state than the reverse, which agrees with the experimental findings. A more realistic 

approach would include a random distribution of material properties. Although the Co 

layers were grown with in-plane c-axes (perpendicular to wire axes), no attempt was 

made in this sample to align the layers in-plane to each other during growth. To include 

this effect, a normal distribution of easy axis with a standard deviation of 10 degrees 

was generated. Figures 5.18(a)-(b) are loops for two different wires with different 

anisotropy axis configurations within this distribution. Even for wires with randomly 
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oriented crystalline easy axes, STT induced switching can occur, although with varying 

resistance change and critical current values. In addition, introducing a normal 

distribution in anisotropy constant values (Kavg = 10
6
 ergs/cc, with a standard deviation 

of 20%) also results in varying hysteretic behavior, shown in figure 5.18(c)-(d). 

 

Figure 5.18: Calculated resistance versus current loops for wires with (a), (b) random 

easy axes and (c), (d) random anisotropy constants  

The current-induced behavior of a larger ensemble of nanowires within the 

same sample was also measured experimentally (figure 5.19a). The current magnitudes 

involved are higher in this case due to the larger contact area; current densities are 

comparable to those of the measurement from figure 5.17(a). For comparison, we 
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generate a nanowire array consisting of 16 wires. Magnetostatic interactions are 

calculated by numerical integration between laye

elements are treated within a mean field approximation. Magnetocrystalline 

anisotropy axis and constants are varied within the distributions discussed above. The 

result of a resistance versus current calculation is sh

experimental and theoretical curves shown, the switching mechanism is less uniform 

than in the two wire measurement and single wire calculations from figure 

shown in figure 5.18

magnetic properties. An ensemble of such wires would inevitably result in a noisy, 

though measurable and useful, signal.

Figure 5.19: (a) R vs. I measurement for a larger ensemble of nanowires, (b) R vs. I 

calculation for an array of 16 nanowires, and (c) multilayer nanowire array schematic.
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generate a nanowire array consisting of 16 wires. Magnetostatic interactions are 

calculated by numerical integration between layers within neighboring wires. All other 

elements are treated within a mean field approximation. Magnetocrystalline 

anisotropy axis and constants are varied within the distributions discussed above. The 

result of a resistance versus current calculation is shown in figure 

experimental and theoretical curves shown, the switching mechanism is less uniform 

than in the two wire measurement and single wire calculations from figure 

5.18, wires may be harder or easier to switch depending on their 

magnetic properties. An ensemble of such wires would inevitably result in a noisy, 

though measurable and useful, signal. 
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5.6 Summary 

An analytic expression that includes the effect of multiple reflections within a 

tri-layer spin-valve composed of materials with partial spin polarization was obtained. 

Inclusion of this term in a micromagnetic calculation demonstrates the effect of the 

spin polarization of the magnetic material on the current induced behavior of the 

structure. We show that neglecting to include interfacial scattering events results in an 

underestimation of the switching current compared to the method detailed in this 

Letter. Multiple reflections also produce a strong dependence of the switching current 

on the magnetocrystalline anisotropy of the fixed layer. This method was extended to 

structures consisting of multiple FM/NM bi-layers. Using this approach, a 

micromagnetic analysis of structures consisting of six magnetic layers was compared to 

electrical measurements on electrodeposited Co/Cu multi-layered nanowires. Good 

agreement with experiment was achieved if it was assumed that one of the layers is 

magnetically fixed. An array of 16 wires each consisting of 6 FM/NM bi-layers was also 

modeled micromagnetically and compared to a similar experimental measurement. 

Both results confirm that including a wide distribution of wires results in a less uniform 

switching mechanism. 
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CONCLUSION 

Micromagnetic analysis is a useful tool to predict the dynamical behavior of 

magnetic structures, as well as to optimize the performance of such structures towards 

device applications. In this work we have strived to include how the practical 

imperfections and limitations of realistic materials affects the field dependent response 

of perpendicular media for magnetic recording and the current-induced response of 

magnetic multilayers for MRAM applications.  

In the case of perpendicular media, we found through micromagnetic 

calculations that the empirical observations cannot be explained by simply considering 

domain wall nucleation through discretization of the grain and the inclusion of realistic 

intra-granular exchange. Reduced switching fields and unusual angular dependences 

were obtained if magneto-crystalline anisotropy variations are included across the 

length of the grain. This is a plausible explanation given the limitations of currently 

employed sputter-deposition techniques.  

Concerning the spin-torque-induced behavior of magnetic spin-valves, we 

obtained an analytical expression that includes spin-dependent scattering at the 

FM/NM interfaces while incorporating the effect of the reduced spin polarization likely 

in the most commonly used magnetic materials. It was shown that critical current 

values can be overestimated if reflections are ignored for typical materials (P ~ 0.4). 

The dynamics of the fixed layer become very important if interface reflections are 
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included: the switching behavior of the free layer is tied to the magnetic properties of 

the fixed layer. Extension of this approach to structures with multiple magnetic layers is 

possible and represents one of the first efforts to include spin-dependent scattering in 

spin-torque calculations on multi-layer structures. Good agreement with electrical 

measurements on electrodeposited Co/Cu nanowires was achieved. It was assumed 

that magnetically fixed layers are present, however this is a likely occurrence in 

electrodeposited nanowires. Microstructural variations from layer to layer can result in 

deviations of the magnetocrystalline anisotropy from what is expected. Nanowire array 

calculations also agreed with a similar experimental measurement.  
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