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ABSTRACT OF THE DISSERTATION 

High Anisotropy Materials for Magnetic Nanotechnologies 

by  

Erik G. Shipton 

Doctor of Philosophy in Physics 

University of California, San Diego 2011 

Professor Eric Fullerton, Chair 

 The main content of this dissertation will be on novel magnetic materials for 

spintronics and, more precisely, for spin transfer torque based memory and spin logic 

devices. While the general concept of spin transfer torque has been clearly demonstrated 

the vast majority of research has been on “conventional” transition metal alloys (e.g. 

permalloy (NiFe) and CoFe). These materials are typically soft magnetic materials where 

the anisotropy is controlled by the device shape.  However, is clear that such materials 

are far from optimal for understanding the underlying physics of spin-torque and its 

application to spin-transfer devices. The aim of the research will be on developing novel 

magnetic films, wires and nano-elements for which the intrinsic materials parameters 

such as intrinsic defects, magnetic anisotropy, damping constant, spin polarization and 

magnetization can be tuned over a large range, controlled, optimized and utilized for 

spin-transfer devices. This will enable tests of the basic physics of spin-transfer, 

including the magnetization dynamics and switching time as well as the threshold 
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currents for current induced excitations, which depend sensitively on the intrinsic 

materials parameters. This will further allow the materials and device architectures to be 

optimized for spin-torque applications.  
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1. 

Introduction to Magnetization 

1.1 Origins of Magnetism 

 Magnetic fields are generated by moving charges and currents according the 

theBiot-Savart law given by � � �
� � ���	


� .  Electrons moving around atoms with orbital 

angular momentum about the nucleus appear as microscopic current loops.  The magnetic 

moment due to an atomic current loop is proportional to the angular momentum and 

given by � � ���� �
�where L is the angular momentum. 

 In most materials the atomic moments align randomly such that there is no 

macroscopic magnetization. Such materials are called nonmagnetic.  When a field is 

applied the there will be a macroscopic magnetization M that is proportional to the 

applied field � � �� where χ is the magnetic susceptibility.  Nonmagnetic materials can 

be described as diamagnetic or paramagnetic. 

 Diamagnetism results when the induced magnetic moment is opposite to the 

applied field in which case χ<0.  This is a result of Faraday’s law of induction.  The 

applied field changes the flux through the microscopic current loops which then induces 

an emf to oppose the change in flux.  

 Paramagnet materials have a positive susceptibility χ > 0 and will magnetize in 

the presence of an applied field.  As the field is removed thermal energy randomizes the 

magnetic moments which cause the magnetization to vanish at zero applied field.  The 
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susceptibility is thus temperature dependent as well following Curie’s law � � �
�where C 

is the material specific Curie constant and T is the temperature. 

 Ferromagnetic materials have non vanishing magnetization in the absence of an 

applied magnetic field.  The origins of ferromagnetic behavior in materials are inherently 

quantum mechanical.  Electrons have an intrinsic angular momentum which is called the 

“spin”.  The spin angular momentum gives rise to a magnetic dipole that is proportional 

to the electron spin given by �� � ���� ��
�  where �� is the spin angular momentum.   

In atoms the electron configuration that is most stable is the configuration that 

maximizes the total spin angular momentum.  This is a result of the Pauli exclusion 

principle.  The electrons with the same spin state must have different spatial part of the 

wave function which results in lowering the electrostatic Coulomb energy.  This is known 

as the exchange interaction.  In atomic systems, like the electron, the magnetic moment is 

proportional to the total angular momentum.  All isolated atoms with unfilled orbitals 

have non zero spin and thus a magnetic moment.   

 In solids the situation is far more complicated as the atomic orbitals form bands of 

electon states.   Qualitatively the exchange interaction still favors alignment of spins in 

solids but the hybridization acts to reduce the atomic moment by quenching orbital 

moment.  The simples model that takes account the band structure in ferromagnetic 

systems is the Stoner model[1].  The model assumes free electron wave functions in a 

periodic potential giving rise to a band structure.  The spin “up” and “down” bands are 

split by the exchange energy ∆ resulting in a modified free electron dispersion relation 

given by ���� � �� �
!" # $% &

!where k and σz are the electron momentum and Pauli spin 
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matrix.  The bands are filled to the Fermi energy EFwhere the majority(minority) refer to 

the larger(smaller) spin population.   

 

Figure 1   Simple band structure taking account exchange splitting of the band.  

In this model the minority spins point in the direction of the magnetization m which is 

given by the population difference of the minority and majority bands ' � ���()* �
()+�.   

 

1.2 Magnetic energies 

1.2.1 Exchange interaction 

 The exchange interaction originates from the Pauli exclusion principle.  The total 

two particle electron wavefunction which consists of spin and spatial components must 

be antisymmetric.  When the spatial component is antisymmetric the electrons are further 

apart on average which reduces the Coulomb energy.  The Heisenberg Exchange 

Hamiltonian is 

∆ exchange splitting

ε

k

m

EF
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,-).� � �2012��3 · ��! 

Where JEx, S1, and S2, are the exchange integral, spin of particle 1, and spin of particle 2 

respectively.  The magnitude and sign of JEx determine the preferred relative orientation 

of the spins.  For JEx> 0 the energy is minimized with parallel spins and with JEx< 0 anti-

parallel alignment minimizes the energy.   

 

Figure 2   Ferromagnetic order resulting from the exchange interaction.   

 

1.2.2  Zeeman energy 

 A magnetic moment in an applied magnetic field will experience a torque that 

tends to align the moment with the applied field.  The torque is proportional to the 

magnetic moment as well as the applied field and is given by 56� � 7666� � �666�.  The integral 

of the torque over the angle rotated yields the Zeeman contribution to the magnetic 

energy density is 

,8 � ��666� · �666� 
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1.2.3  Dipole energy 

 The magnetic field from a dipole will interact with other dipoles in the system by 

a Zeeman interaction.  The magnetic field a distance r has the form ��.9 � :�7·	�	;7
�

<  

where m is the magnetic dipole moment and r is the displacement from the dipole.   

 

Figure 3   Magnetic field resulting from a point dipole.  The dipole-dipole interaction 
results in the “shape” anisotropy in ferromagnetic systems.  

For a system of dipoles the sum of Zeeman energies for the entire system yields 

,�.9;�.9 � � 12�> ? 1@.A: B7. · 7A � 3 �	.A · 7.��	.A · 7A�
@.A! D

.EA
 

 

The dipole-dipole interaction results in the demagnetizing field which acts to reduce the 

total magnetic field.  The demagnetizing field is not the same in all directions resulting in 

a preferred direction for the magnetization.  This is known as shape anisotropy.  For thin 

films the dipole-dipole energy is minimized when the magnetization lies in the plane of 

the film.  As the magnetization is tilted out of the plane magnetic poles on the surface 

generate a magnetic field opposing the tilt 
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1.2.4  Magnetic Anisotropy energy 

 Magnetic anisotropy is the preferred direction for the magnetization direction.  

There are many causes of magnetic anisotropy such as crystal structure or sample shape.  

For the case of a system with uniaxial anisotropy the energy of the magnetic moment 

displaced an angle θ from the easy axis is given by 

,F � GHIJK!L 

The microscopic origin of magnetocrystalline anisotropy is due to the spin-orbit 

interaction.  The symmetry induced by bonding in solids quenches most but not all of the 

orbital moment.  Even a small increase in orbital moment can have large effects on the 

total anisotropy of the system.  We discuss the origins of the magnetic anisotropies as 

well as measurements in more detail in chapter 2. In chapter 3 we discuss our studies of 

broken symmetry in CoNi multilayers by XMCD.   

1.2.5  Micromagnetic configuration 

 The microscopicstatic equilibrium configuration will minimize the total energy of 

the system.  The exchange energy tries to align all the spins parallel, the Zeeman energy 

aligns spins with the external field, the dipolar energy aligns neighboring spins anti-

parallel, and the anisotropy energy aligns spins with the preferred axis.  The total energy 

is given by the sum of the various contributions previously mentioned 

,�MNO � ,12�POQR) # ,8))"OQ # ,�.9M) # ,OQ.�MN
M9S 

which is then minimized with respect to the local magnetization direction.  The effective 

magnetic field is a given by the �)TT � � U1VWXYZU� . 
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 Micromagnetic simulations provide numerical solutions to minimizing the energy 

as well as modeling dynamic behavior.     

1.3  Magnetic domains 

 The exchange interaction prefers that the magnetization of the sample all point in 

the same direction.  The uniform magnetization of the sample will result in stray 

magnetic fields.  The magnetization will break into smaller domains that have uniform 

magnetization but different directions to reduce the stray field energy.  The boundaries 

between the domains are called domain walls.  The physical extent of the domain wall 

depends on both the strength of the exchange energy as well as the anisotropy energy.  

For a system with uniaxial anisotropy the domain wall width is given by [ � \] F
^_where 

A andKu are the exchange stiffness and uniaxial anisotropy constants respectively.   

 When an external magnetic field is applied domains aligned with the field 

direction tend to grow at the expense of the domains aligned in other directions.  The 

process will continue until the entire sample is in a single uniform domain state. 

 

Figure 4   Magnetic domains resulting from minimizing the stray magnetic field.  a) 
drawing of magnetic domains growning at expense of domains not parallel with 
external field.  b)  Kerr microscopy of domain growth in CoNi multilayer film.     

400µm 400µm 400µm

m

m m m

m mm m m

a)

b)
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Once the magnet is saturated further increase in magnetic field does not increase the 

magnetization.  As the field is brought back to zero the magnetization doesn’t necessarily 

go back to zero.  What is left is known as the remnant magnetization.  As the field is 

reversed again domains aligned with the field grow as others shrink until again the 

magnet is saturated.  The process of cycling the applied magnetic field while measuring 

the magnetization is known as a hysteresis loop. 

 

Figure 5  Representative hysteresis loop obtained by cycling the magnetic field while 
measuring the magnetic moment at each field value.   

 

A classic example of the relative contributions of dipolar, anisotropy and exchange 

 energies on domain formation that is particularly relevant to the contents of this 

dissertation is the formation of stripe magnetic domains that form in thin films with 

perpendicular anisotropy.  The domain formation is well understood within a model of 

periodic stripe domains in an infinite plate with uniaxial perpendicular anisotropy 

originally put forth by Kittel[2, 3] and further developed by Z. Málek and V. 

Kamberský[4] as well as Kooy and Enz[5].  Within this model (shown schematically in 

Fig. 6), a periodic parallel stripe domain pattern is determined by a balance between the 
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dipole energy reduction with decreasing domain size versus increasing domain wall 

energy with decreasing domain size D. 

 

Figure 6   Schematic of stripe domains resulting from the competition between 
minimizing dipole energy vs domain wall energy.     

  We consider the magnetostatic energy of an infinitely extended, uniformly 

magnetized (magnetization MS) perpendicular thin film of thickness t.  For the case of 

strong perpendicular anisotropy, only spin up and spin down states are allowed, such that 

the anisotropy energy is constant and only needs be considered in the domain wall 

energies. Thus we are left with the demagnetization (magnetostatic) energy only. Outside 

the film the magnetic field H is zero analogous to a uniformly charged capacitor in 

electrostatics.  Inside the magnetic thin film there is a uniform demagnetization field of 

strength -4πMS that opposes the magnetization and results in the internal B field equaling 

zero.  The magnetostatic energy stored in such a uniformly magnetized configuration is 

Euniform = -Hdemag·M/2 = 2πMS
2
t, per unit area.  To lower this energy, the system can 

form perpendicular domains of average width D (figure 6) at the expense of introducing 

domain wall energy.  In the vicinity of the domain walls we now observe external stray 

fields that form the contrast as observed in the MFM images in figure 7. 

D

t
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Figure 7 Magnetic force microscope image of FeGd multilayer film that exhibits 
stripe domain configuration.   

  In Fig. X1c we plot the total magnetic energy vs. film thickness t for both, the  

uniformly magnetized case and regular parallel stripe domains. In the uniform case the 

energy increases linearly with a slope 2πMS
2 (solid straight line in Fig. X1c).  For the 

domain case (Edomain) we have to consider two energy contributions, the demagnetization 

energy (Edemag) and the domain wall energy (Ewall).  

  For the demagnetization part we have to integrate over the particular domain  

structure present in the sample. For simplicity we consider the magnetic energy of a 

magnetic film of thickness t with one-dimensional stripe domains of width D.  In that 

case the demagnetization energy can be estimated as described in Ref. [Malek]: 

 

[ ])/exp(1
116

32

2

Dtn
n

DM
E

odd

n

S
demag ⋅−−≈ ∑ π

π
                    (1) 

 

By using this expression we assume that the domain wall width is small compared to D 

and that the spins remain perpendicular to the film. This equation can be generalized to 

consider the effects of relaxation of the spins away from the surface normal [Kittel, 
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Kooy, Hubert], the formation of closure domains [Hubert, Hameed], and the explicit 

multilayer and domain wall structure [Draaisma, Suna, Berger].  However, Eqn. 1 is 

sufficient to understand our current results. The domain wall energy per unit area is 

estimated by  

 

D

tKA
E

U

wall

⋅
≈

4
     (2), 

 

Where A is the atomic exchange (~10-6 erg/cm) and KU is the uniaxial perpendicular 

anisotropy constant [Hubert].  Since Edemag decreases with decreasing D, while Ewall 

increases with decreasing D, we determine the optimum domain size by minimizing the 

total energy for each film thickness t.  Using the parameter values determined from the 

SQUID measurements of Co/Pdmultilayers (MS = 700 emu/cm3, KU=5x106 ergs/cm3, and 

t = XΛ, where Λ=11Å is the Co/Pd bi-layer period) we calculated the magnetic energy 

plot for the domain state (open symbols in Fig. X1c) with the corresponding optimum 

domain size.  From the plot we see that the domain state should be energetically preferred 

at all thicknesses.  There is a characteristic domain size D0 = σw/2πMs
2 where σw is the 

domain wall energy for t ~ D0.  For thicker films t > D0 the domain size scales as 2√(tD0).  

For the thin film limit t < D0 the magnetic energy gain becomes small and the domain 

size diverges as t⋅exp(πD0/2t).  This typical behavior for domains in perpendicular thin 

films is well known from the literature [Kittel, Kooy, Hubert, Bochi, Seul, Bobcock] and 

describes the measured domain size in Fig. X2a accurately. 

Show and MFM or something of FeGd, etc. 
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1.4  Magnetization dynamics 

 Minimizing the total energy of the magnetic system one can determine the 

equilibrium configurations as well as the stability.  While this is necessary it does not 

give a complete understanding of the switching phenomena.  In order to estimate critical 

switching currents and how the critical current depends on material parameters it is 

necessary to consider the dynamics of the magnetization process.   

 Magnetization dynamics are governed by the Landau, Lifshitz and Gilbert(LLG) 

equation given by  

tMt S ∂
∂

×+×−=
∂

∂ M
MHM

M
eff

α
γ

 

where α, γ, M, Heff, and Ms are the damping parameter, gyromagnetic ratio, 

magnetization vector, effective magnetic field vector, and saturation magnetization 

respectively. The time rate of change of the magnetization in the absence of spin 

polarized currents is given by two terms.  The first term on the left hand side describes 

the precessional torque while the second term is a damping term that allows for the 

system to relax towards equilibrium. 
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Figure 8   Schematic of vector components in the LLG equation.  The green vector is 

the magnetic moment out of equilibrium with the effective field.  Red arrow gives 

the precessional torque while the blue arrow is the damping torque 

The damping parameter α is a very important materials property for magnetization 

dynamics as the timescale for reaching equilibrium is determined in part by the damping.    

1.5  Spin Transfer Torque 

 Spin transfer torque occurs for current flowing through two magnetic elements 

separated by a thin nonmagnetic spacer.  The current becomes spin polarized in the first 

magnetic layer, remains polarized as it passes through the non-magnetic spacer then 

interacts with the second ferromagnetic layer.  The transfer of angular momentum from 

the polarized current to the free layer magnetization is known as spintransfer torque [6-8]. 

This spin torque can oppose the intrinsic damping of the magnetic layer and even switch 

the magnetization direction.Spin transfer torque also occurs in regions where the 

magnetization is nonuniform such as a domain wall. When an electron spin traverses or 

reflects from a domain wall, it produces a torque on the magnetization moving the 

domain wall in the current direction. 

m

H
eff damping torque

precessional torque
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Figure 9   Schematic of perpendicular magnetization spin torque nanodevices.  The 

left is a nanopillar where vertical current switches the free layer.  The right depicts 

a domain wall device where the current flows left-right and moves a domain wall.  

In both devices the magnetic state is read by the final resistance value. 

 

The effects of spin-transfer on the local magnetization can be understood via the LLG 

equation modified to include spin-torque terms. For the case of the nanopillar where you 

have a free and fixed magnetic layers the dynamics of the free layer magnetization can be 

described by: 

( )fixed
B

S eV

I

tMt
MMM

M
MHM

M
eff ××+

∂
∂

×+×−=
∂

∂ µ
θη

α
γ )(    

where M and Mfixed are the magnetization direction of the free and fixed layers, Heff is the 

effective field which includes the dipolar, exchange and anisotropy fields, γ is the 

gyromagnetic ratio, α is the damping parameter, I is the current, and V is the volume of 

the free layer on which the spin torque acts.  η(θ) is the angle-dependent term that 

depends on the spin polarization of the current (p) and describes the spin-torque 

efficiency where θ is the angle between the M and Mfixed.  The first two terms are the 

standard LLG equations and the third term arises from the spin-transfer interactions.  The 

figure below depicts the different terms in the LLG equation.  The spin transfer torque 

 

e-
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counteracts the damping torque.  There are corresponding terms to describe the 

interaction between a spin polarized current and a domain wall described below. 

 

Figure 10  Schematic of LLG equation with spin transfer torque included.  The spin 

transfer torque acts in the opposite direction as the damping.  The critical current is 

determined by balancing the magnetic damping torque with the spin transfer 

torque.   

The current needed to induce spin transfer reversal assuming a macrospin and inplane 

magnetization can be estimated from the LLG equation and is given by 

( )2/)4(
2

//0 ⊥−++














= KSKsC HMHHVM
e

I π
η
α

h
     

whereH is the field applied along the easy axis (also the uniaxial anisotropy direction 

with the dipole field from the reference layer included), MS and V are the magnetization 

and volume of the free layer respectively, and HK// and HK吠 are the in-plane and 

perpendicular magnetic anisotropy fields, respectively. When the magnetization is 

perpendicular to the film the critical is given by:  ( )KsC HHVM
e

I +














=
η
α

h

2
0

 where HK 

=HK吠-4πMS. In perpendicular geometry the energy barrier of the free layer is given by 

m

H
eff damping torque

precessional torque

spin transfer torque
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HKMSV so the critical current is directly related to the thermal stability. This is a main 

advantage of the perpendicular geometry [9, 10].  

For spin-polarized current interacting with a domain wall there is an emerging 

consensus from different transport theories that an additional torque of the form

( ) MuM ad

rr& )( ∇⋅−= should enter Eq. (1)[6, 11-14].  This term is often referred to as the 

“adiabatic” contribution, as it describes the torque that arises from an exchange 

interaction between a conduction electron spin and the domain wall magnetization 

whereby the electron spin tracks perfectly the local magnetization along its passage 

through the wall. This term is parameterized by a spin-current drift velocity u = j p γ µB / 

2 e Ms, where j is the applied current density. The outstanding issues concern mostly the 

origin and magnitude of an additional “non-adiabatic” contribution, 

( ) ( ) [ ]MuMMM sadnon

rrr
& )(/ ∇⋅×=− β . The magnitude of this phenomenological term is 

characterized by a dimensionless parameter β. Its existence has an important consequence 

for domain-wall dynamics, as a non-vanishing value of β implies that there is no critical 

current for domain-wall propagation in a perfect system.  

In general, there is a close coupling of the magnetic anisotropy, magnetic dynamics 

and the spin currents in these systems. In addition, the presence of materials defects 

strongly influence the processes of magnetization dynamics under spin transfer.  It is thus 

crucial to develop high quality materials to reproducibly control the magnetic response of 

spintronic nanodevices.  The goal of this dissertation is to gain a deeper understanding 

and control of the material properties of the various terms that control the spin transfer 

torque magnetic response (i.e. α, MS, V, η, and KU).   
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2 

Magnetic Anisotropy: a tuning parameter for magnetization dynamics 

2.1 Background 

2.1.1 Introduction to magnetic anisotropy  

Magnetic anisotropy is the energy dependence of the ferromagnetic system on the 

magnetization direction.  The energy dependence of the magnetization direction leads to 

preferred directions which are called “easy axis”. 

2.1.2 Anisotropy and thermal stability 

 Magnetic anisotropy is of fundamental importance for magnetic recording 

technologies.  The thermal stability of a magnetic bit of volume V is determined by the 

anisotropy.  An energy barrier between “up” and “down” states is given by �� �
��� where Ku is the uniaxial anisotropy constant of the bit.  As the density of recording 

media increases the volume of the bits must decrease.  When the energy barrier is 

comparable to the thermal energy �� � ��� ~k�T thermal fluctuations can cause the bit 

to reverse.  In order to maintain thermal stability of bits over the lifetime of a recording 

device the required energy barrier is �� � 55k�T .  As we reduce the volume we must 

increase the anisotropy to maintain thermal stability.  

2.1.3 Origins of magnetic anisotropy 

 There are many sources of magnetic anisotropy.   Crystal structure, dipole fields, 

broken symmetry at surfaces, exchange coupling, and mechanical strain all can 

induce a preferred direction for the magnetization vector.  We will discuss the origin 

of these anisotropies below. 
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 The exchange  

 In general there will be more than one type of anisotropy present in the system.  

The effective anisotropy will be the sum of the different contributions.  A common 

example is a magnetic multilayer structure where one needs to account for both the 

inplane shape anisotropy and perpendicular surface interface anisotropy.  The 

competition between the shape and surface anisotropy will determine the spontaneous 

magnetization direction.  The energy functional for this system is 

, � G.
t IJK!L # 2\p�!uvI!L 

where θ is the angle between the magnetization and normal to the film surface.  The 

first term is the surface anisotropy while the second term is the shape.  The shape 

term has a cosine squared dependence indicating that it is an inplane anisotropy.  We 

can rewrite the shape term using the relation uvI!L � 1 � IJK!L.  Omitting the 

constant in the energy functional we obtain , � �^kN � 2\p�!�IJK!L.  The minimum 

energy depends on the sign of the prefactor, positive sign the preferred direction is 0 

degrees or normal to the plane, negative sign 90 degrees is the minimum of energy.  

For thick films or high moment materials shape anisotropy dominates while for very 

thin films the surface anisotropy can overcome the shape anisotropy driving the 

spontaneous magnetization normal to the surface of the film. 

 Much of the utility of magnetic materials in technological applications is heavily 

dependent on the anisotropy properties of the magnet.  Hard magnetic materials are 

useful for strong permanent magnets which are an essential component of generators 

and motors.  Soft magnetic materials are a critical component of the core of 
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transformers.  The ability to tune the magnetic anisotropy is highly desirable for the 

design of spintronic devices as well.  Both the thermal stability as well as the coercive 

field depend on the anisotropy.   

 We are able to control magnetic anisotropy of the system by using multilayer 

structures.  We can then tune the total anisotropy by tuning the different contributions 

of each layer in the structure.  We can tune the shape anisotropy in a given layer by 

using high or low moment material.  The surface anisotropy can easily be tuned both 

by material choice as well as the thickness of the layer.  In addition to tuning the 

anisotropy by structure it is also possible to build in temperature dependence to the 

anisotropy.  The demand for increasing storage density requires smaller and smaller 

magnetic bits.  In order to maintain thermal stability the anisotropy must be very 

large.  The higher the anisotropy the more difficult it is to write the bits as the 

coercive field is proportional to the anisotropy.  Thermal assisted magnetic recording 

is an attempt at using the temperature dependence of the anisotropy to loosen the 

requirement on the write field.  The magnetic bit would be locally heated which 

would reduce the anisotropy and the required coercive field.  The data would be 

written while at higher temperature and would be thermally stable while at normal 

operating temperature.  

2.2   Measuring anisotropy using torque magnetometry 

2.2.1 Experimental procedure 

 Experiments were performed using the torque magnetometry option of the 

commercial Quantum Design Physical Property Measurement System(PPMS).  The 

PPMS system consists of a cryostat inside a superconducting magnet.  The system is 
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anisotropy and the angle of the sample normal with respect to the applied magnetic 

field respectively.  As noted previously the energy functional for a uniaxial 

anisotropic system contains even powers of sine function.  Keeping only first and 

second order anisotropies the energy functional becomes , � G3IJK!L # G! IJKrL.  

In the high field limit the angle between M and H is 0 so the Zeeman energy term in 

the functional adds nothing but a constant offset and will be omitted.  A common 

example of a uniaxial system is CoPd multilayer.  The interface anisotropy between 

the Co and Pd will drive the magnetization perpendicular if the Co is thin 

enough(~10Å or less).  A [Co4Å/Pd7Å]x50  multilayer structure was grown as a 

standard which has perpendicular anisotropy.  Torque magnetometry was performed 

by field cooling the sample in 9T down to 2K then measuring the torque as function 

of angle from 0 to 360 degrees then back to 0 degrees.  The results were fit by taking 

the angular derivative of the energy functional resulting in 

x � 2G3IJKLuvIL # 4G! IJK:LuvIL 

.  Both the experimental data points(red) along with the fit (blue) are plotted.  The fit 

to extract K1 and K2 is excellent.   
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Figure 15  Torque magnetometry loop for a [Co4/Pd7]x50 that exhibits perpendicular 
magnetic anisotropy.  Red points are experimental data while blue line is a fit to the 
energy functional 

       

2.3  Anisotropy measurements on materials systems 

2.3.1 CoO/CoPt  

 We studied the anisotropy of Co/Pt multilayer samples periodically interleaved 

with CoO.  Sample 1: CoO(10Å){[Co(4 Å)/Pt(7 Å)]4 Co(6 Å)CoO(10 Å)}10 and 

sample 2: CoO(10Å){[Co(8 Å)/Pt(7 Å)]4 Co(6 Å)CoO(10 Å)}10 were deposited by 

magnetron sputtering where the CoO layer was formed by thermal oxidation of a Co 

layer.  Details of the deposition process can be found in Refs. [16] and [17].  Both the 

[Co(4 Å)/Pt(7 Å)] and [Co(8 Å)/Pt(7 Å)] multilayer samples have perpendicular 

anisotropy at room temperature although the perpendicular anisotropy amplitude is 
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lower for the thicker Co layers.  When field cooled to low temperature, both 

[CoO/[Co/Pt]] samples show exchange bias features.  A representative MH hysteresis 

loop is shown.   

 

Figure 16  Hysteresis loop of CoO/CoPt multilayer.  The red is measured at room 
temperature while the blue is measured at 10K after field cooling.  The blue loop 
exhibits increased coercivity as well a shift characteristic of exchange bias. 

 

 The magnitude of the exchange bias and coercive fields versus temperature are 

shown in Fig. 1.  For sample 1 we determine TB ~ 175 K and estimate TN ~ 250K 

from the onset of the exchange bias and the upturn in the coercive field respectively 

with decreasing temperature [16].  For sample 2, both the blocking and Néel 

temperature are reduced to TB ~100 K and TN ~200 K.  The origin of this difference 
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may result from slight strain driven microstructural changes that arise with increased 

Co layer thickness that alters the oxidation of the Co layer forming the CoO. 

 

Figure 17  The loop shift Hex and coercivity Hc are measured as a function of 
temperature.  The blocking temperature TB and Neel temperature TN are estimated 
from the loop shift and coercivity respectively. 

For all torque magnetometry measurements the samples were cooled in 9-T field 

either with field the field perpendicular to the plane or in-plane and successive torque 

curves are measured with increasing temperature from 5 K to 390 K.  Representative 

torque curves for sample 1 are shown below. 
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Figure 18  Torque curve evolution as a function of temperature for sample 1.  The 
torque curves exhibit a minimum amplitude at ~245K which is the Neel temperature 
of the CoO in this system. 

 

There are a number of qualitative features that we would like to discuss prior to 

presenting the fitted anisotropy values: (i) The torque curves are dominated by two-

fold symmetry reflecting the uniaxial interfacial anisotropy of the Co/Pt multilayers 

and the thin film shape anisotropy; (ii) At low temperatures the torque curves are 

hysteretic and this hysteresis persists up to TB.  Torque hysteresis in exchange biased 

systems is believed to result from irreversible processes in the AF grains [18]; and 

(iii) the magnitude of the net anisotropy (magneto-crystalline + shape) is proportional 

to the amplitude of the torque curve.  For the exchange-biased samples the magnitude 
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of the torque signal is non-monotonic with temperature.  For sample 1 the torque 

signal amplitude initially decreases, reaches a minimum at T~245 K and then 

increases with increasing temperature.  For all temperatures the net anisotropy is 

perpendicular. 

 To quantify the anisotropy the torque loops were fitted using the following 

expression for the energy )cos()(sin)(sin 4
2

2
1 φθθθ −++= udKKKE , where K1 

and K2 are the first and second order uniaxial anisotropies and Kud is a unidirectional 

anisotropy (φ  is the angle between the anisotropy and exchange bias direction) that 

arises from the exchange-bias interaction.  K1 includes both the first-order magneto-

crystalline anisotropy (K1mc) and the shape anisotropy (-2πMs
2) such that K1 = K1mc-

2πMs
2.  The anisotropy constants were extracted as a function of temperature from the 

torque loops for both field cooling direction perpendicular and inplane.  The results 

are shown below. 
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Figure 19  First and second order anisotropies extracted from fitting the torque 
loops to the energy functional.   Red(blue) curves are cooled perpendicular(inplane) 
to the film surface.   

 The cooling field direction has little effect on uniaxial anisotropies but has a more 

dramatic effect on the unidirectional anisotropy.  However there is strong dependence 

of the uniaxial anisotropies on temperature.  For sample 1, the anisotropy at low and 

high temperatures are consistent with the Co/Pt multilayer without the CoO.  

Surprisingly there is a large decrease in K1 (and small increase in K2) for intermediate 

temperatures resulting in a minimum in K1 and a small maximum in K2 at T=245 K 

and a subsequent increase in K1 for higher temperature.  This is in contrast to the 

Co/Pt magnetic multilayer (with no CoO layers) where the anisotropy decreases 

monotonically with increasing temperatures [19-21]. 
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 Sample 2 has lower anisotropy due to the increased thickness of the Co in the 

multilayer.  The effects of the CoO are more pronounced in the lower anisotropy 

sample.   The torque curves from sample 2 again show a decrease in the torque 

amplitude as the temperature until 300K where the torque signal goes to zero.  The 

torque signal amplitude then increases as the temperature is increased up to 370K.  

 

 

 

Figure 20 Torque curve evolution with temperature for sample 2.  The torque 
vanishes at 300K.  Above 300K the sample exhibits perpendicular magnetization.  
From 300K to 100K the sample is inplane then below 100K again the magnetization 
is perpendicular to the plane.  
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Again we fit the anisotropy from the torque curves.  We see a strong decrease in K1 

and increase in K2, which peak at 205 K.  For T>205K the anisotropy K1 increases 

and changes sign at 300 K (going from in-plane to perpendicular anisotropy) and K2 

decreases to zero.  

 

Figure 21  First and second order anisotropies extracted from torque loops for 
sample 2.  The anisotropy changes sign at 300K and 100K indicating magnetic 
reorientation of the easy axis.  Below ~100K the loops are very hysteretic and 
difficult to accurately fit. 

 

 Because of hysteresis in the torque curves we were not able to extract reliable 

anisotropy values for T<80 K.  In both samples, the magnetic moment of the sample 

shows only a small monotonic decrease over the temperature range. 

Since the anisotropy of the Co/Pt multilayer changes little over these temperature 

ranges, the strong suppression of the anisotropy must originate from the CoO.  This is 
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supported by the fact that the first order anisotropy reaches a minimum for each 

sample at the estimated TN.  The reduction of the total anisotropy (which is roughly 

the same magnitude for samples 1 and 2) suggests that the CoO in our samples is 

supplying an additional in-plane contribution to the anisotropy that opposes the Co/Pt 

multilayer perpendicular anisotropy.  It is unlikely that lattice changes in the CoO 

layers below TN [22] (CoO transforms from cubic to monoclinic) and subsequent 

strain induced changes in the Co/Pt can explain our results.  Neither the temperature 

dependence nor the magnitude of the effects are consistent with this explanation 

which suggests a magnetic origin.  The temperature dependent results are 

qualitatively similar to results of Leighton et al. [23] and Grimsditch et al. [24] who 

observed enhanced coercive fields in Fe/FeF2 samples and induced anisotropy in 

Ni/FeF2, respectively.  In both cases the induced anisotropy is in the direction of the 

AF layer anisotropy direction, the effects peaked at TN and persisted for temperatures 

well above TN.  The high temperature enhancement is modeled as short-range order in 

the AF layer stabilized by the exchange interaction with the FM layer [23, 24].  A 

similar model by Stamps and Usadel [25] finds that the induced uniaxial anisotropy 

from the FM-AF interaction should scale with the AF magnetic susceptibility which 

peaks at TN as seen experimentally in Ref. [23].  In addition Ref. [24] found that there 

is both an induced first- and second-order anisotropy in the FM layer that were 

opposite in sign and the magnitude of induced K2 at TN is 1/3 K1.  These results are 

consistent with opposite trends in K1 and K2 at TN observed in the present samples 

(Fig. 3) and the ratio of the changes in K1 and K2 near TN.  
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In the models described above the effective FM anisotropy includes an AF layer 

contribution [23-25].  This suggests that the net anisotropy of the CoO layers in our 

samples is in-plane.  This is supported by measurements of the exchange bias which 

find stronger exchange bias when the cooling field is in-plane compared to out-of-

plane [16].  This is also consistent with the symmetry of the torque hysteresis loss.  

One would expect the maximum loss when the applied field is along the effective 

hard-axis of CoO.  We find maximum torque hysteresis loss when the applied field is 

normal to the film, which is again consistent with a net in-plane anisotropy of the 

CoO layers.  An in-plane anisotropy is expected for (111)-textured CoO films if you 

compare the in-plane and out-of-plane projections of the bulk CoO easy axis [16] but 

magnetostriction of the thin CoO layers may also contribute to the anisotropy 

direction [26]. 

The present results can be compared to other studies in the literature.  For 

instance, the non-monotonic dependence of anisotropy on temperature may explain 

the non-monotonic dependence of HC for similarly grown [Pd/Co]3/CoO layers grown 

onto an array of spherical nanoparticles [27].  For patterned structures the coercive 

field more directly reflects the anisotropy than in continuous films where HC is 

determined by domain wall pinning [28].  For Co/Pt multilayers interleaved with 

IrMn it is observed that the temperature range of square hysteresis loop behavior was 

extended to higher temperatures [29].  This suggests the anisotropy of the IrMn layers 

are perpendicular and support the anisotropy of the Co/Pt.  Measurements of 

CoO/NiFe multilayers observed strong decrease of the perpendicular anisotropy with 

increasing temperature and attributed this to a temperature dependent surface 
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anisotropy [30].  Finally experiments on spin-torque devices suggest that coupling of 

an AF on the sidewalls of devices can significantly alter the stability and reversal of 

the magnetic elements [31] at temperatures well above the blocking temperature.  The 

present results suggest that the AF layers could contribute to the effective anisotropy 

of these devices. 

More generally, our results show that it is possible to control the temperature 

dependence of perpendicular anisotropy by coupling to an AF layer with controlled 

anisotropy direction.  This may be particularly important for applications such as 

magnetic recording, where control of the temperature dependence of the coercive 

field is desired.  For traditional recording it is important to minimize the temperature 

dependence of HC, where the AF layer could compensate for the loss of anisotropy in 

the FM with increased temperature.  In contrast, for heat assisted magnetic recording 

it is important to maximize dHC/dT at the writing temperature [32].   
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Figure 22  Schematic of thermal assisted magnetic recording write/read head.  A 
focused laser would locally heat the recording media allowing data to be written 
with smaller magnetic field yet remain thermally stable once cooled. 

In addition we have shown that it is possible to switch the anisotropy from 

perpendicular to in-plane or in-plane to perpendicular with temperature, which may 

enable magnetic devices where anisotropies are locally tuned with temperature. 

2.4  Exchange bias measurements  

We now turn our attention to the unidirectional exchange anisotropy component 

of the energy.  Conventional measurements of exchange bias are made by measuring 

the shift of the ferromagnetic hysteresis loop after field cooling the sample below the 

Neel temperature[33, 34].  In these conventional measurements the magnetic system 

undergoes magnetic reversal which can take place through a number of mechanisms 

such as coherent rotation, domain nucleation and domain wall motion, etc.  In 

exchange biased systems it is common to have asymmetric hysteresis loops due to 

different reversal modes at different regions of the hysteresis loop[35, 36].  It remains 
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unclear if the reversal mode of the FM has any effect on the measured value for the 

exchange bias field. 

We will show that we are able using torque magnetometry to extract the exchange 

bias amplitude as well as symmetries while the sample remains completely saturated 

during the measurement process.  We will compare the exchange bias value extracted 

from torque loops to the conventional loop shift.  After reasonable agreement is 

shown between loop shift and torque magnetometry we will explore the exchange 

bias as a function of field cooling direction.  We will distinguish between the uniaxial 

and unidirectional components of the energy functional.  The angular dependence of 

the two contributions on field cooling direction will also be discussed.   

 Two antiferromagnetic systems will be explored.  The first exchange bias system 

we will explore is IrMn.  IrMn is a metallic disordered alloy showing long range 

antiferromagnetic and crystallographic order but lacking atomic order.   The second 

system exhibiting exchange bias we study is CoO, an oxide exhibiting crystalline, 

antiferromagnetic and atomic order.  We will show qualitative difference in exchange 

bias behavior as the angular dependence is explored. 

2.4.1  IrMn/CoPd 

  Samples were grown using DC magnetron sputtering.  The sample structure 

Ta30Å/[IrMn20 Å /{Co4 Å /Pd7 Å }x4]x10/Ta30 Å was deposited on a Si substrate.  

The sputtering system base pressure was better than 5×10-8 Torr and the films were 

deposited at 3mT argon pressure.  Sputtering rates during deposition were for Ta, 

IrMn, Co, and Pd were .6A/s, .8A/s, .6A/s and 1.5A/s respectively.   
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Magnetic characterization of the samples was done using a vibrating sample 

magnetometer.  Samples were mounted with the magnetic field perpendicular to the 

sample surface.  As can be seen from the MH loops the samples have perpendicular 

magnetization and are exchange biased as can be seen by the shift of the hysteresis 

loop at low temperatures.   

 

Figure 23  MH loop for IrMn/CoPd multilayer film.  The films exhibit exchange bias 
when field cooled below the blocking temperature TB ~290K. 

The blocking temperature for these samples was measured to be TB ~290K.  The 

Neel temperature of IrMn depends on the alloy composition and is around 

TN~730K[37]. 

 The energy functional consists of the first and second order anisotropies which 
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sample is field cooled at some angle θ0 the exchange bias is set along that angle.  If 

we then field cool the sample at angle θ0+180 the uniaxial first and second order 

anisotropies remain unchanged while the unidirectional exchange anisotropy HE 

changes sign to –HE.  By taking the sum of the torque curves at θ0 and θ0+180 the 

exchange bias term cancels and only the uniaxial anisotropies remain.  Likewise if we 

take the difference the uniaxial anisotropies cancel and we’re left only with the 

unidirectional exchange anisotropy.  By varying the angle θ0 we extract both uniaxial 

and unidirectional anisotropies as a function of field freezing angle.  Representative 

torque curves as well as difference and sum of the torque loops is shown for angle θ0. 

 

Figure 24  a) schematic of exchange bias subtraction.  b) Torque loops measured at 
0 and 180 degree field cooling.  c) the difference of the torque loops in b. d)  the sum 
of the torque loops shown in b.  
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To first compare the perpendicular exchange bias measured by loop shift to the 

exchange bias measured by torque magnetometry we field cool the sample from 375K 

to 10K with field direction normal to the sample surface.  Once cooled we measured a 

torque loop from 0-360°  in 5° steps.  After the measurement we reset the exchange 

bias in the opposite direction.  To reset the exchange bias the sample was heated to 

375K, rotated by 180°, and again field cooled down to 10K.  Another torque loop was 

measured.  In order to extract the unidirectional exchange bias the torque loop at 180° 

was subtracted point by point from the data measured at 0°.  The resulting curve gives 

twice the value of the exchange bias.   

 For torque curves at field freezing angles θ=0°,180° the difference is plotted for 

temperatures from 10K to 300K.   



41 
 

 

Figure 25  Exchange field torque for angles 0-180 degrees evolution with 
temperature.  The amplitude decreases with increasing temperature going to zero at 
the blocking temperature characteristic of exchange bias. 

 We see the amplitude decrease as the temperature increases and vanish at the 

blocking temperature which is the signature of exchange bias.  The difference of the 

torque curves were fitted to a Cosine function.  The exchange field amplitude 

extracted from the fits is plotted as a function of temperature along with the 

conventional loop shift as a function of temperature.   As can be seen from the figure 

there is close agreement between the He extracted by torque magnetometry and that 

measured by the M-H loop shift.   

-3 10
-8

-2 10-8

-1 10-8

0

1 10-8

2 10
-8

0 60 120 180 240 300 360

10K
50K
100K
150K
200K
250K
300K

E
xc

h
an

ge
 F

ie
ld

 T
or

q
u

e(
N

m
)

Sample position (deg)



42 
 

 

Figure 26  Exchange bias measured by conventional loop shift(blue) and torque 
magnetometry(red).   

After reasonable agreement was met in the perpendicular case we turned to the 

angular dependence of the exchange bias.  Samples were placed at angle θ0 between 

the magnetic field axis and the normal to the sample surface.  The samples were then 

field cooled in 9 Tesla field from 375K down to 10K to set the exchange bias.  A 

torque loop was then measured as the sample is rotated from 0 degrees to 360 degrees 

then back to 0 degrees in 5 degree steps.  The temperature was then scanned from 

10K to 300K measuring a torque loop at 50K increments.  The sample was then 

heated to 375K, sample angle set to θ0+180 degrees, and field cooled again in 9 Tesla 

down to 10K to set the exchange bias along the same axis but opposite direction.  
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This process was repeated for angle θ0 from 0 to 90 degrees in 15 degree steps.  In 

total torque loops were measured for pairs of field cooling angles (0,180), (15,195), 

(30,210), (45,225),  (60,240),  (75,255), and  (90,270). 

   We take both the sum torque loops as well as the difference of the torque loop.  

The sum of the torque loops is shown for all freezing angles.  Again we’d like to 

point out some qualitative.  First the sum torque curves are dominated by the two fold 

symmetry characteristic of the uniaxial interface and shape anisotropy contributions.  

Second the amplitude of the torque curve sum is independent of the cooling field 

direction.   

 

Figure 27  The sum of torque curves as a function of freezing angle.  The two fold 
symmetry is characteristic of uniaxial anisotropy.    
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to a Cosine function.  As the field cool direction changes from perpendicular to in 

plane we notice two important features from the exchange field curves shown below.   

 

Figure 28  The difference torque as a function of field freezing angle.  Both 
amplitude and phase are a function of freeze angle. 

First the amplitude decreases as the field direction goes from perpendicular to in 

plane suggesting a stronger exchange bias field when the sample is cooled in a 

perpendicular field.  Second the phase angle of the Cosine increases as the angle θ 

increases by nearly the same amount.  After fitting the phase angle for the angular 

dependent HE curves we see that the phase does indeed follow the field freezing 

angle. 
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Figure 29  The exchange torque as a function of field cool angle.  The amplitude 
decreases with increasing field cool angle.   
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Figure 30  Exchange field phase as a function of field cool angle.  The phase of the 
exchange torque tracks the field cool angle.  The exchange bias is set along the field 
cool direction. 

  

 The main result from the IrMn/CoPd sytem is the exchange bias amplitude and 

phase may be extracted reliably through torque magnetometry.  For IrMn the 

exchange bias direction is set nearly exactly along the applied cooling field with a 

slight preference toward perpendicular exchange bias.  One may expect this result 

from IrMn AF system because though crystalline IrMn is a disordered alloy.   

 Another important result is the ability to distinguish the uniaxial and 

unidirectional components of the anisotropy using torque magnetometry.  The 
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can perhaps be most readily seen by plotting the hysteresis as well as the hysteresis of 

the sum(uniaxial) and difference(unidirectional) of the torque curves.  We define the 

hysteresis as the difference in torque curve arising from the direction that its 

measured.  We quantify the hysteresis by subtracting the torque measured from 360-0 

from that measured from 0-360.   

 

Figure 31  Torque hysteresis as a function of sample position.  Blue is field cooled 0° 
red is field cooled 180°.   
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Figure 32  Torque hysteresis as a function of sample position.  Blue is field cooled 
45° red is field cooled 225°.   

 

-5 10
-9

0

5 10
-9

1 10
-8

1.5 10
-8

2 10
-8

2.5 10
-8

45 Hys Loss
225 Hys Loss

0 50 100 150 200 250 300 350

H
ys

te
re

si
s 

T
or

q
u

e 
(N

m
)

Sample position (deg)



49 
 

 

Figure 33  Torque hysteresis as a function of sample position.  Blue is field cooled 
90° red is field cooled 270°.   

  

 We see immediately that the hysteresis is asymmetric about 180° sample position.  

We also note the asymmetry reverses as we invert the field cooling direction.  It is 

interesting to take the sum and difference of the opposite field cooled hysteresis 

curves.  The sum/difference again decouples the uniaxial and unidirectional 

components of the hysteresis.  Remarkably the uniaxial(sum) hysteresis is the same 

for all freezing angles while the unidirectional(difference) retains information related 

to the field cooling direction. 

-5 10
-9

0

5 10
-9

1 10
-8

1.5 10
-8

2 10
-8

2.5 10
-8

0 50 100 150 200 250 300 350

90 Hys Loss
270 Hys Loss

H
ys

te
re

si
s 

T
or

q
u

e 
(N

m
)

Sample position (deg)



50 
 

 

Figure 34  The sum and difference of hysteresis as a function of field cool angle.  The 
sum is independent of field cooling angle while the difference exhibits strong 
dependence on field cool direction. 
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Figure 35  Torque loops at field cool angle 0°(red) and 180°(blue) as well as torque 
difference(purple) and torque sum(green) measured for CoO/CoPt. 

 

 We now turn to the exchange bias extracted by torque magnetometry as a function 
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Figure 36  First, second, and third order fit to the energy functional.  

The quality of the fit for 1, 2, and 3 terms odd in powers of cosine function are 

shown.   
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Figure 37  Exchange torque evolution with field cooling angle.  
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 There is clearly a qualitative difference in the angular dependence of the exchange 

bias between the CoO and IrMn antiferromagnets.  The IrMn exchange bias is set 

along the direction of the cooling field.  CoO is much more complicated   

 

  

2.4.3 TbFeCo/CoPd 

 Ferrimagnetic systems like antiferromagnets have spin sublattices that are aligned 

antiparallel.  In the case of an antiferromagnet there is complete cancellation of the 

magnetic moment.  Ferrimagnetic systems often don’t have equal moment of the 

sublattices and as a result the net moment does not completely cancel out.   

 

Figure 38  Schematic of TbFeCo ferrimagnet.   

The exchange coupling of a ferromagnet with ferrimagnet across a mutual interface is 

much like that of AF/F coupling.  The main difference is the coupling can be much 

stronger with ferrimagnetic systems as the ferromagnet directly couples to the 

sublattice.  AF/F coupling occurs through uncompensated spins at the interface which 

results in a weaker exchange coupling.  In addition the direction of the exchange 

coupling can be tuned through atomic composition as well as temperature.  

Temperature tuning of the exchange coupling is possible due to the fact that the 

magnetic moment of each sub lattice exhibits different temperature dependence.  The 

Tb moment

Fe/Co moment
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temperature where the magnetic moment of both sub lattices are equal is referred to 

as the compensation point.  At this temperature the ferromagnet has no net magnetic 

moment.  Experimentally it is actually quite difficult to get the exact compensation by 

tuning the atomic percent.  In practice one generally gets somewhat close to 

compensation by tuning alloy composition.  Once close the temperature is adjusted to 

reach the compensation point.   

 TbFeCo alloys were grown by co-sputtering Tb, Fe, and Co.  The alloy 

composition is tuned by adjusting the sputtering rates of the different elements.  The 

ratio of Fe to Co was fixed at 71% to 29%.  Terbium atomic concentration was varied 

from 9% to 70%.  Strong anisotropy in rare earth transition metal alloys originates 

from the spin-orbit interaction resulting from the high orbital moment of the 4f 

electron in Tb and the large spin moment from the FeCo.  We observe strong 

perpendicular anisotropy for Tb concentration from approximately 20% to 48%.  

Below 20% and above 48% the films exhibit inplane magnetization.  Samples were 

magnetically characterized using magneto optical kerr effect (MOKE) in 

perpendicular geometry.  Magneto optical kerr effect measures the rotation of the 

plane of polarization of a laser beam reflected from the sample.  The light tends to 

interact more strongly with conduction electrons near the Fermi surface.  This results 

in a significantly larger optical rotation for transition metals than for rare earth.  The 

atomic concentration of the alloy can be characterized as Tb rich or FeCo rich by the 

shape of the hysteresis loop.  In Tb rich films the net moment follows the applied 

field while the FeCo aligns antiparallel.  The net optical rotation will follow the FeCo 

which results in an inverted hysteresis loop when the film is Tb rich.  MOKE 
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hysteresis loops for alloy compositions resulting in inplane and perpendicularly 

magnetized films as shown below.       

 

Figure 39  Hysteresis loops of TbFeCo alloy with different atomic percent of Tb.  
Very high and very low atomic percent of Terbium results in inplane magnetization.  
Intermediate values of atomic percent ~20-50% yields perpendicular magnetization.   

 

 The coercive field for switching a magnetic bit with two stable states is inversely 

proportional to the total moment in the Stoner-Wolfarth approximation.  We can 

estimate the atomic composition needed to compensate by plotting the coercive field 

HC versus atomic percent.   
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Figure 40  Coercive field as a function of Terbium atomic percent.   

    An exchange spring magnet is composed of a hard magnet exchanged coupled 

to a soft magnet.  In this case we use TbFeCo as the hard magnet with CoPd 

multilayer as the soft magnet.  The exchange interaction between the CoPd and 

TbFeCo layers results in positive exchange between the CoPd and transition metal 

sublattice and negative exchange between the CoPd and the rare earth sublattice.  In 

the case of Tb rich TbFeCo coupled to CoPd the net moment of the TbFeCo will be 

antiparallel to that of the CoPd multilayer.  In the case of an applied field both 

moments will attempt to follow the applied field but the negative exchange coupling 

at the interface will force the spins at the interface to be antiparallel.  This results in a 

domain wall in the CoPd. 
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Figure 41  TbFeCo/CoPd exchange spring schematic.   

 

The structure of the domain wall inside the CoPd multilayer depends on both the 

anisotropy as well as the strength of the exchange interaction.  The exchange strength 

can be varied by changing the thickness of the Pd in the multilayer.   

 We perform torque magnetometry as a function of magnetic field strength on 

TbFeCo/CoPd exchange spring structures.  Two different samples were used for the 

experiments that differed only in Pd thickness.  The sample were deposited at room 

temperature onto Si substrates with the following structures  

Tb45(Fe80Co20)55245Å/[Co4Å/Pd5Å]x15 and Tb45(Fe80Co20)55245Å/[Co4Å/Pd7Å]x15 .  

Both CoPd structures exhibit perpendicular magnetic anisotropy as does the TbFeCo.  

The TbFeCo is Tb rich with net magnetization parallel to the Tb moments which is 

coupled antiparallel to the CoPd.  MHloops at room temperature are show below.     
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Figure 42  Hysteresis loop for TbFeCo/CoPd exchange springs with different Pd 
thickness Pd5A and Pd7A.   

  

 Both samples show AF coupling between TbFeCo and CoPD layers at zero 

applied field.  At large fields a domain wall forms and is compressed at the 

TbFeCo/CoPd interface[38].   

Torque loops as a function of applied magnetic field strength are shown below.  
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Figure 43  Torque curves measured with differing external magnetic field strength. 
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Figure 44  Simulated torque curves for different values of external field. 

 2.5  Summary of results 
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to the ferromagnet.  The temperature dependence of the antiferromagnet can be tuned 

through thickness and microstructure.   
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can get the dependence on cooling field angle.  This technique can provide insight 

into the complex nature of the exchange bias phenomenon that is critical to many 

nanomagnetic devices. 

I would like to acknowledge Keith Chan, Olav Hellwig, and Thomas Hauet for their 

contributions to the work found in this chapter that has been published. 

Shipton, Erik; Chan, Keith; Hauet, Thomas; Hellwig, Olav; Fullerton, Eric; 

“Suppression of the perpendicular anisotropy at the CoO Neel temperature in 

exchange biased CoO/[CoPt] multilayers” Applied Physics Letters 95 132509 2009 
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3 

X-ray Magnetic Circular Dichroism: studying atomic magnetism in complex 

systems 

 

3.1 Introduction to XMCD 

3.1.1 Circular Dichroism 

In optics the term dichroism refers to the phenomenon where light passing 

through dielectric materials experiences different absorption for different 

polarizations[39].  There many examples of this in nature as well as technological 

applications of such materials.  Polaroid film polarizers are probably the most familiar 

example of dichroism in everyday use.   

The origin of dichroism is due to some anisotropy in the system.  In linear 

polarizer films this anisotropy is introduced in by alignment of the polymers by stretching 

the film during the manufacture process.  Optical electric fields aligned parallel with the 

polymers experience different absorption than when aligned perpendicular to the 

polymer.  

Circular dichroism is the difference in absorption for left and right hand circular 

polarized electromagnetic waves.  The anisotropy in the system can originate from chiral 

nature of molecules or in the case of magnetic circular dichroism from the preferential 

alignment of the spins in the magnet.   

3.1.2 X-ray absorption 
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X-ray absorption spectroscopy (XAS) is a powerful technique widely used in 

science and technology.  XAS is element specific as the energy of incident X-rays can be 

tuned to the resonant absorption edge of an individual element in a complex system.  X-

ray techniques are becoming increasingly powerful tools for investigating magnetic 

materials primarily due to advancements in synchrotron technology.   

Magnetic X-ray scattering cross sections are many orders of magnitude smaller 

than charge scattering cross sections making magnetic scattering measurements much 

more difficult[40, 41].  Through improvements in X-ray beam brightness and polarization 

it is now possible to investigate magnetic scattering.  Modern synchrotron X-ray sources 

have widely tunable photon energy as well as polarization control which together provide 

a powerful tool which can be used to explore magnetic materials[42].  

3.1.3 X-ray magnetic circular dichroism 

X-ray magnetic circular dichroism refers to the difference in absorption of left and 

right circular polarized photons.  The X-ray absorption process depends on both the 

initial and final state of the excited electron.  The absorbed circular polarized photons 

tend to polarize the excited electrons due to conservation of angular momentum in the 

absorption process.  The absorption rate for a given polarization depends on the number 

of available states for the excited polarized electrons to occupy.  

In transition metals the magnetism originates from electrons in the 3D band[43, 

44].  When performing XMCD experiments it is useful to tune photon energies over the L 

absorption edge[45-47].  The absorbed photon will excite core electrons in the n=2 state 

to the n=3.  This excites a nonmagnetic electron to the magnetic 3D band.  The 
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absorption will depend on whether the spin of the excited electron is polarized parallel or 

anti-parallel to the local magnetization. 

 

Figure 45  Absorption spectrum for left and right handed circular polarized x-ray 
over the Co and Ni L3 and L2 absorption edges.   

 

Powerful sum rules relate the XAS and XMCD spectra to the number of holes in 

the 3D band, the atomic orbital magnetic moment and spin magnetic moment[48, 49].  To 

analyze the experimental data we follow the method of C.T. Chen et al[45].   

Spin-Orbit ratio is obtained by direct numerical integration of the XMCD signal 

with no corrections.  We obtain the number of holes in the 3D band NH by integration of 

the total XAS over the the L2 and L3 edges.  We first subtract the background XAS signal 

which has two abrupt jumps as we pass over the edges.   

3.2 CoNi magnetic multilayers  
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There has been much interest in using perpendicular magnetic anisotropy(PMA) 

materials for spin torque devices[50].  While the study of perpendicular anisotropy films 

is a well established field with current applications as perpendicular recording media, 

there are specific requirements for use in magneto-electronic devices.  In addition to 

controlling the anisotropy, one has to also have high spin polarization and low magnetic 

damping parameter.  In general, it is found that perpendicular anisotropy materials tend to 

have high damping making them poorly suited for most magneto-electronic applications.  

Recent experiments have found the Co/Ni multilayers are one example of perpendicular 

anisotropy materials with low damping and high polarization[50, 51]. 

The PMA arising in Co/Ni multilayers is particularly interesting because both 

materials are ferromagnetic in contrast to commonly studied Co/Pd or Co/Pt multilayers.  

The orbital moments of both Co and Ni in bulk crystals are reduced due to orbital 

quenching[52].  In thin films however the orbital moment quenching can be reduced due 

to breaking spatial symmetry.  PMA originates with the spin-orbit interaction and is thus 

strongly dependent on the spin and orbital moments of both Co and Ni in the multilayer 

stack.   

3.2.2 Co/Ni sample growth details 

In order to gain a better understanding as to the origin of the PMA in Co/Ni 

multilayer systems we conduced XMCD experiments.  Co/Ni multilayer samples were 

grown both by sputter deposition as well as molecular beam epitaxy.  A series of Co/Ni 

multilayer films were grown by DC magnetron sputtering.  The series were grown both 

(111)-textured onto oxidized Si substrates and epitaxially onto sapphire substrates.  The 
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base pressure of the chamber was ~5x10-9 Torr.  The pressure during sputter deposition 

was 3.0 x10-3 Torr.  The film composition is 

Ta(30Å)/Pd(30Å)/[Co(y)/Ni(6Å)]x10/Co(3Å)/Pd(7Å)/Ta(10Å) where y =1-4 Å.  The 

textured samples were grown at room temperature.  For the epitaxial samples the 

substrate was heated to 800 C for 30 minutes before depositing Ta/Pd seed layers.  The 

substrate was then cooled to ~100 C prior to the deposition of the Co/Ni multilayer.  

Representative hysteresis loops for both epitaxial and textured films are shown below. 

 

Figure 46  MOKE hysteresis loops measured in polar geometry.  Samples exhibit 
perpendicular magnetization for Co thickness up to 4Å. 
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3.3 Experiments at Lawrence Berkeley National Laboratory 

3.3.1 Beamline parameters 

 Experiments were conducted at the Lawrence Berkeley National Laboratory 

Advanced Light Source beam line 4.0.2.  Beam line 4.0.2 has an elliptical polarization 

undulator which can produce X-rays of vertical, horizontal, elliptical, and circular 

polarization.  The polarization efficiency P=90% for circular polarized radiation. 

 The sample was placed in a saturating magnetic field which is in the direction of 

the X-ray beam.  Experiments were conducted at fixed X-ray polarization.  As the photon 

energy was scanned the X-ray absorption was measured at each energy with both positive 

and negative field.  The XMCD spectra is the difference in the absorption for µ+ and µ- 

field values.  The total absorption was taken as the average of the two polarizations.  The 

process was repeated with both left and right handed X-ray polarization.     

The field was varied in the range ±0.5 T. The measurements were performed in total 

yield for both left and right circular polarization and magnetic field in both directions 

along the normal of the surface, leading to 4 absorption curves σij (I = +,- light 

polarization , and j = +,- magnetic field direction). Such measurements allow us to 

eliminate the asymmetry by calculating the absorption curves using σ-=σ+++σ—and σ-=σ+-

+σ-+. This measurement procedure is usual but it should be noted here that the 

asymmetries are perfectly eliminated since the difference between the absorption curves 

is exactly zero between the edges, as it should be. This means that the XMCD signal is 

obtained using raw absorption data, and is afterward integrated without any data 

correction. The ratio of Co and Ni orbital moments, which only depends onp and q area 

needed to calculate the magnetic moments, is thus not data treatment dependent. 
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Furthermore, the area r of the isotropic edges is necessary to calculate in order to 

determine the spin and orbital magnetic moments. Again we use the procedure proposed 

in REF CT Chen. For very thin Co thicknesses a baseline has to be subtracted to 

determine r. The uncertainty on the magnetic moments values is thus larger for very thin 

Co or Ni films since it depends on the baseline choice. Finally, the sum rule that gives the 

spin moment depends on the Tz contribution as : 
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The determination of the orbital moment is thus only dependent on the number of holes. 

This is however not so simple for the spin moment since it also depends on Tz which is 

not known for 3d metals. This Tz contribution is usually neglected for bulk 3d metals, but 

it is also well known that this is no more true at an interface REF Tz interface. We are 

thus typically in a situation where this Tz contribution can be strongly enhanced for Co 

and Ni at the interfaces. In the following, we thus apply the sum rules and calculate <Lz> 

and 2<Sz>eff defined in the previous equations. 

    

3.3.2 Total electron yield measurements 

 To measure the X-ray absorption cross section we use the total electron yield 

method.  This technique relies on the fact than each absorbed X-ray will create a hole in 

the n=2 level.  This hole is then filled with a lower energy electron which can either 

release its energy through fluorescence .8% or through an Auger process 99.2%[53].  By 

detecting the Auger electrons one has a direct measurement of the holes created and thus 

the absorbed X-ray photons.   
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Detecting the Auger electrons is accomplished by connecting the sample to 

ground and placing a high positive voltage cage around the grounded sample.  As Auger 

electrons are ejected they are removed from the sample by the high voltage cage.  The 

sample is now charged and will draw current from ground to neutralize the charges lost 

by the Auger process.  The total electron yield technique is essentially measuring the 

charge neutralizing current from ground which directly measures Auger electrons and 

thus the X-ray absorption. 

 

Figure 47  Schematic of total electron yield measurement.  X-rays eject 
photoelectrons leaving the sample charged.  Measuring the neutralizing current 
from ground gives an accurate measurement of the absorbed X-rays.   

 The total electron yield was measured using a Keithly picoammeter.  The sample 

connected to ground through the picoammeter.  The sample was surrounded by a 

cylindrical copper cage at +250V to ensure the Auger electrons are removed from the 

sample. 

3.4 Experimental Data 

3.4.1 X-ray absorption and XMCD for Co and Ni 

 XAS and XMCD curves were measured on the L resonance edge for both Co and 

Ni for each sample.  As the Co thickness increased the intensity of absorption at the Co 

edge increases along with a decrease in Ni intensity due to saturation effects. 
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Figure 48  Absorption spectra for .25Å(blue), 1Å(black) and 4.5Å(red) Co thickness.  
Both the Co peak increases while the Ni peak decreases with increased Co thickness.  
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Figure 49  XMCD spectra as a function of Co thickness.  The Co increases while the 
Ni edge decreases with increasing Co thickness. 

     

3.5 Summary of Results  

3.5.1 Total electron yield signal calculation for superlattice 

   The total electron yield depends not only on the absorption of X-rays but also the 

depth into the sample that the X-ray is absorbed.  Once excited the Auger electron must 

escape the sample.  The probability for the electron to escape decays exponentially as the 

distance from the surface increases.  This results in attenuation of the measured electron 

yield[54].  For a superlattice each layer will contribute to the total electron yield but the 

signal from deeper layers is attenuated by each layer the electrons have to cross before 

escaping the sample. 
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Experimentally we observe the edge absorption intensity varies for both Co and 

Ni as the thickness of Co is varied.  As the thickness of Co is increased the Co edge 

intensity increases while the Ni edge intensity decreases some.  The decrease of the Ni 

intensity is understandable because as we increase the Co thickness the electron yield is 

less sensitive to deeper layers of Ni. 

As a first test of sample quality we will compare the experimentally measured 

edge intensity to the theoretical value as a function of sample thickness.     

 In order to calculate the total electron yield for a superlattice we will take the 

following sample structure.   

 

Figure 50  CoNi multilayer sample structure consisting of N repeates Cox/Ni6 with 
Pd capping.   
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Now to calculate the Ni signal from the entire supperlattice stack we must add up 

the signal coming from each layer while taking into account the attenuation of each layer 

it must pass as the electron escapes.  Total signal will be signal from first layer attenuated 

by capping +signal from second layer attenuated by Co layer, first Ni layer, and capping 

on top+ signal from third layer attenuated by 2 Co layers, 2 Ni layers, and capping + … 

for each Ni layer in the stack. 
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.  Now for an infinite thick sample the total yield is proportional 

to the number of holes in the 3D band ie hnCI =∞ where C is a constant.  The constant C 
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 We plot the experimental intensity ration along with the calculated value. 

 

 

Figure 51  Edge absorption intensity ratio for Co and Ni absorption edge.  Blue is 
experimental data while red is calculated.   

There is good agreement for the measured values and the calculated results.  The small 

discrepancy are due to slight variation in the thickness of the Co or Ni layers and is also 

sensitive to the differences in capping layers.   
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Figure 52  Numerical integration of the raw XMCD data.  Sum rules relate 
integrated XMCD curve to spin-orbit ratio. 

The orbit to spin ratio is related to the integrals p and q through the sum rules by 

'
'� � 2~9� � 6~ 

We numerically integrated the XMCD curves for both the Co and Ni edges on all 

samples.  We apply the sum rules for the ratio of the orbital to spin magnetic moments.   

First we notice that for all samples measured there is an increase in the ratio for both Co 

and Ni over the bulk values.  The magnetic moment ratio is larger for epitaxial samples 
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Figure 53  Orbit-spin magnetic moment ratio.  Co epitaxial, textured, and bulk 
shown in red.  Ni ratio for epitaxial, textured and bulk are shown in blue.   

It may be expected that epitaxial samples would have larger spin orbit ratio than the 

textured samples due to the cleaner interface.  It is somewhat surprising though that even 

though the epitaxial samples have higher spin orbit ratio the anisotropy is less than the 

textured samples.   
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Figure 54  Total X-ray absorption(black) with two step background 
subtraction(red).   
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Figure 55  Raw absorption data(red) and data after background subtraction(black). 

The uncertainty on the magnetic moments values is thus larger for very thin Co or Ni 
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The determination of the orbital moment also depends on the number of holes. This is 

however not so simple for the spin moment since it also depends on Tz which is not 

known for 3d metals. This Tz contribution is usually neglected for bulk 3d metals, but it 

is also well known that this is no longer true for broken symmetry at the interface.  We 

are thus typically in a situation where this Tz contribution can be strongly enhanced for 

Co and Ni at the interfaces.   
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4 

Ferromagnetic resonance studies of CoFeB-MgO and CoNi systems 

4.1 Introduction to Ferromagnetic Resonance 

4.1.1 Background 

Magnetization dynamics has been studied extensively for the past 60 years due to 

the impact magnetic materials have had in electronic devices.  With experimental 

realization of spin transfer torques(STT) and recent advances in nanolithography there 

has been renewed interest into the study of magnetization dynamics.  The critical current 

for switching in STT devices is proportional to the magnetic damping parameter[56, 57].  

An understanding of magnetic damping in materials and devices is essential in order to 

realize the many potential for applications such as STT-MRAM.   

Ferromagnetic resonance is the phenomenon of resonant absorption of UHF and 

microwave electromagnetic radiation by a ferromagnetic material.  The spins precess 

around the effective magnetic field.  When the microwave field oscillates at the same 

frequency as the spins precess the RF field will drive the precession to large angles.  This 

condition is known as ferromagnetic resonance(FMR)[58].   

It was first discovered experimentally by Griffiths[59] in 1946 where he saw the 

Q factor of a resonant cavity change when he inserted a thin ferromagnetic film.  Since 

his discovery there has been much work and the technique has become very powerful.  It 

is now possible using FMR to extract many magnetic parameters of interest including 
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saturation magnetization, anisotropy constants, magnetic damping parameter, and even 

magnetoelastic constants[60-62].   

4.1.2 Equations of motion  

The time rate of change of the angular momentum is given by the sum of the 

external torques 
��
�N � ∑ 5 .  In a magnetic system the magnetic moment is related to the 

angular momentum by the relationship � � �� where γ is the gyromagnetic ratio.  For a 

system subject to magnetic field H neglecting dissipative forces the resulting equation of 

motion is 

��
�t � ��� � � 

.  We will consider dissipation in a later section.  For the present case once the magnetic 

field, H, which has contributions from external, dipole, anisotropy and exchange, is 

known it is possible to solve the previous equation to extract the resonant frequency of 

the system.  We will consider samples in a saturating magnetic field in which case the 

magnetization is uniform.  In this case the exchange contribution to the total magnetic 

field vanishes.  

4.1.3 Free electron in static field   

 The first case we will consider is of a single free electron in static field H0 in the z 

direction.  The equilibrium direction for the magnetic moment is for the magnetic 

moment to point along the direction of the static field.  For any non-equilibrium situation 

the equations of motion are 
���

�N � ��>pS , 
���

�N � ���>p2,and  
���

�N � 0 .  The solution 
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of this set of equations results in both Mx, and My undergoing harmonic oscillation at 

frequency �> � ��>.  There is a 90° phase difference between X and Y components of 

the magnetization which results in constant angle precession about the applied magnetic 

field.  In this case the magnetization never aligns with the applied magnetic field due lack 

of a dissipation mechanism.  

4.1.4 Free electron in AC magnetic field 

 To understand the frequency dependence of the magnetization in an AC magnetic 

field we will begin with the calculation of the AC susceptibility.  We will consider a 

single magnetic moment in a large DC magnetic field with a small AC magnetic field at 

right angles to the DC field.   

 

Figure 56  Schematic of FMR field and moment configuration.  The RF magnetic 
field is always at right angles to the DC magnetic field.  

In order to calculate the magnetic susceptibility we will assume the magnetic field has 

two components a static field H0 and an oscillating component hRF such that � � �> #
���.  The magnetization will then have a static component in equilibrium as well as a 

small oscillating component such that � � �> # 7��.  We will assume that the RF 

components of the field and magnetization are much smaller than the static ie ��� � �> 
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and 7�� � �>.  The static magnetization is in equilibrium with the static field such that 

U�i
UN � 0 and �> � �> � 0.  Inserting the expressions for the magnetic field and 

magnetization into the equation keeping terms only first order RF terms we obtain 

�7��
�t � ���7�� � �> # �> � �
�� 

.   To solve these we assume sinusoidal time dependence so that 7��~�.�N and 

���~�.�N. 

 We assume H0 and M0 point along the Z direction while mRF and hRF both have 

only X and Y components.   Inserting into the linearized equation of motion and taking 

the time derivatives we obtain a set of coupled equations J�'2 # �'S�> � ��p>�S 

and J�'S � �'2�> � ��p>�2.  The solution will have the form 7 � �� where 

� � �� # J�O� where χs(χas) is the symmetric(asymmetric) component of the 

susceptibility tensor.  Solving for the real and imaginary components of the magnetic 

susceptibility we obtain �� � ���i-i��-i�;�� and �O� � ��i�
��-i�;��.  Both symmetric and 

antisymmetric components diverge when the RF frequency is equal to the natural 

precession frequency ie � � �> � ��>. 

4.1.5 Resonance for ferromagnet including shape anisotropy  

 The next case we will consider is the case of a ferromagnetic sample with 

arbitrary shape and demagnetization factors Nx, Ny, Nz, no magnetocrystalline 

anisotropy and an applied field which we shall take in the z direction.  In the equations of 

motion we replace the magnetic field H0, with the effective field � � �> � (.p�.  The 
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resulting equations for the X, Y, and Z components of motion are 
���

�N � ���> #

�(S � (%�p��pS , 
����N � ���> # �(2 � (%�p��p2 , and we take 

����N � 0 as the sample 

is saturated in the Z direction.  Again we assume sinusoidal time dependence to solve the 

above equations.  The resulting resonant frequency is given by  

�>! � �!��> # �(S � (%�p����> # �(2 � (%�p�� 
.  The shape of the sample determines the demag fields which has a large influence on the 

resonant frequency.  For example a sphere has Nx=Ny=Nz=4π/3 which results in shape 

anisotropy canceling out of the above equation.  The resulting resonant frequency for a 

sphere is the same for a single electron ie �> � ��>. 

In the case of a thin film magnetized tangent to the plane Nx=Nz=0 and Ny=4π the 

resonant frequency is �>! � �!�>��> # 4\p��. 

 

Figure 57  Schematic for FMR with magnetic field and magnetization in the plane of 
the film.  The resonance frequency is increased by the shape anisotropy which 
drives the spins back into the plane of the film. 

4.1.6 Resonance for ferromagnet including shape and uniaxial anisotropy 

 In order to calculate the resonant frequency ferromagnetic systems with 

magnetocrystalline anisotropy it is convenient to treat the anisotropy in terms of an 

effective field.  Following the method of Kittel we define the effective field in terms of 

H0, M0,
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hRF
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the torque that is exerted on the sample by the anisotropy energy[63].  The torque is 

given by 5 � � Uq
Uw � �� � �)TT.  If we take the easy axis to coincide with the Z axis the 

effective field can now be expressed in terms of effective demagnetization factors such 

that �)TT2 � �()TT2 p2 and �)TTS � �()TTS pS.  For uniaxial anisotropy the energy is 

given by � � G3�JK!L where K1 is the first order anisotropy constant and θ is the angle 

between the magnetization and the easy axis.  The torque 
Uq
Uw � 2G3�JKL�vIL �  �� �

�)TT which yields ()TT2 � 2 ^�� � and ()TTS � 2 ^�� �.  These can be added to the shape 

demag factors which for perpendicular magnetized sample are again Nx=Ny=0 and 

Nz=4π.  The resulting resonant condition including uniaxial anisotropy as well as shape 

anisotropy from the demag field is 

�> � � n�> # 2 G3p� � 4\p�o 

 

Figure 58  Schematic for FMR with the magnetic field and magnetization 
perpendicular to the plane of the film.  The resonance frequency is increased by the 
uniaxial anisotropy which adds to the magnetic field.  The shape anisotropy acts to 
reduce the effective field thus reducing the resonance frequency. 
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. 

4.1.7 Complicated systems 

In complicated ferromagnetic systems with many types of anisotropy it is 

convenient to change coordinates and express the magnetization in spherical coordinates.  

Following the method used by Suhl we write the energy E and the LLG equation in 

spherical coordinates.  We change variables from Mx,My,Mz to Ms, θ, and φ.  The length 

of the magnetization vector remains constant while only the angles change.  The LLG 

equation including damping is then given by two equations 

�L
�t � � �

p�JKL ���¡ � ¢�p ���L  

and 

�¡�t � � �p�JKL ���L � ¢�p�JK!L ���¡ 

.  Equilibrium is given by minimizing the energy with respect to angle ie 
Uq
Uw � Uq

U£ � 0.  

Suhl showed that when perturbed the system will precess about equilibrium at the natural 

frequency 

�> � �p�JKL ¤�!��L!
�!��¡! � ¥ �!��L�¡¦!§

3/!
 

where U is the energy functional[64]. 

 

4.1.8 Damping 
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 The equation 
U�
UN � ��� � � doesn’t include a dissipation mechanism.  The 

solution precesses indefinitely and never reaches equilibrium.  Landau, Lifshitz, and 

independently Gilbert included the damping as phenomenological term into the above 

equation.  The resulting LLG equation with damping included is 

��
�t � ��� � � # ¢

|p| � � ��
�t  

where the dimensionless parameter, α, is known as the damping parameter.  In real 

ferromagnetic systems the value of the damping parameter α has a range from α≈.001-.1.  

The range of values is due to the fact that there are many different mechanisms that can 

lead to damping of magnetization oscillations[65-69].  Depending on the details of the 

sample and experiment different mechanism will dominate the total damping of the 

system.   

Damping changes the resonance characterestics of the system.  We will show the 

damping parameter has a large effect on the resonance line width.  The damping however 

has a very small effect on the resonant frequency of the system.  We will show that the 

damping parameter enters the resonant frequency only in second order, �ª � �i
3«¬�, 

which in many cases can be neglected.   

To solve the LLG equation including damping we again write the magnetic field 

and magnetization as � � �> # ��� and � � �> # 7�� while assuming M0 and H0 are 

along the Z direction while hRF and mRF are in the X Y plane.  Inserting H and M into the 

LLG equation and keeping only first order terms we obtain J�'2 # ���> # J¢��'S �
��p>�S and J�'S � ���> # J¢��'2 � ��p>�2.  This set of equations is the same as 
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the susceptibility without damping if we replace �> � ��>  ��> # J¢�.  To find the 

resonance condition as well as width of the resonance one only needs the denominator of 

the resulting susceptibility tensor.  We obtain an expression for the denominator �!�>! �
�1 # ¢!��! # J2��>¢�.  The resonance condition when damped becomes �ª � �-i3«¬� as 

well as the full width at half maximum becomes ∆� � !¬�
� .   

The main result of this section is that the resonant line width is proportional to the 

damping parameter.  One can then estimate the damping by measuring the resonance line 

width sweeping the field if the frequency and gyromagnetic ratio are known.  In 

experiments the resonant line width has contributions that are not from damping such as 

sample inhomogeneities.  In practice one usually extracts the damping by measuring the 

line width at many frequencies.  By fitting the width vs frequency the damping can be 

extracted from the slope of the line.   

  

4.2 Experimental Setup 

4.2.1 VNA ferromagnetic resonance 

The experimental measurements were performed using conventional coplanar 

waveguide FMR[70].  The apparatus consists of vector network analyzer (VNA), 

coplanar waveguide, electromagnet, and gauss meter.  Samples were placed film side 

down on a 50 Ohm coplanar waveguide which is inside an electromagnet.  
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Figure 59  Left photograph and right schematic of 50 Ohm coplanar waveguide 
designed for high frequency FMR experiments.   

 The waveguide consists of a ground-signal-ground configuration with the signal 

line 50µm wide and distance between the signal and ground plane 32µm.  The substrate is 

low doped GaAs with permittivity ε=12.9.  The waveguide was lithographically defined 

with metallic regions consisting of Pt5nm/Au250nm/Pt5nm.  The length of the 

transmission line defining the effective sample area is 5mm.  The microwave RF 

magnetic field from the waveguide is always at right angles to the DC applied magnetic 

field.   

 

Figure 60  Magnetic field configuration.  The DC field H0 is in the direction of the 
waveguide propagation while the RF field hrf is at right angle to the direction of DC 
field.  This geometry allows the RF field to drive the spins away from equilibrium. 

This geometry allows for the RF field to drive the spins away from the 

equilibrium position along the DC field direction.  By sweeping the DC field strength we 

change the frequency that the spins are precessing and eventually pass through a field 

h εR

w w
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value where they precess at the same frequency as the RF field which is the 

ferromagnetic resonance condition.  On resonance the energy from the microwave field is 

being strongly absorbed by the precessing spins.  This is experimentally measured as a 

decrease in the transmission of the microwave signal[58, 71].   

The waveguide connections were made using a custom designed probe station 

with high frequency nonmagnetic probes.  A two port VNA Agilent model E8632B that 

operates at frequencies 10MHz- 20GHz was used to generate the microwave signal as 

well as measure both reflection and transmission of the signal.  Microwave power was 

kept below 1mW in order to avoid nonlinear oscillations of the magnetization.  

Experiments were conducted under fixed microwave frequency while sweeping the 

magnetic field and measuring both real and imaginary part of the scattering parameters 

S11 and S12.  The resonant peak field value was extracted for each frequency were found 

and fit to the Kittel equation[63].   

4.2.2 Extracting damping parameter from FMR spectra 

The ferromagnetic resonance line width measured by fixing the frequency and 

sweeping magnetic field is related to the damping parameter by 

∆� � ∆�> # 4\¢
� ¯ 

.  In order to extract the damping parameter we measured the FMR resonance curve at 

many frequencies.  We then fit each FMR curve to a Lorentzian profile to extract the 

width.  Once we have the width as a function of frequency we can extract the damping 

parameter from the slope of the ∆H vs. f line.  There is distortion of the Lorentzian line 
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shapes due to neglecting reflections as well as mixing of the real and imaginary parts 

during the measurement[72].  In order to take into account mixing we chose a fitting 

function that takes account of both parts of the resonance profile  

�33 � °> # 2±\ ∆�4�� � �
)��! # ∆�! # 2²\ 2�� � �
)��4�� � �
)��! # ∆�! 

 where y0 is an offset, H is the applied field, Hres is the resonant field value,  ∆H is the 

width of the resonance, A and B are fitting parameters to account for the mixing.                

 In order to first test the reliability of the system we used a permalloy reference 

sample 10nm in thickness.  Measurements were made from 4-16GHz with magnetic field 

swept from 0-5kOe.  A representative resonance curve measured at 9GHz is shown in the 

figure.  
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Figure 61  FMR signal from a NiFe film.  The blue is real component and red is 
imaginary component of the reflected signal S11.     

 By fitting the resonant profiles we were able to extract the magnetic damping parameter 

α=.007.   
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Figure 62  The resonant frequency vs resonant field(left) and resonance linewidth vs 
frequency (right) are plotted.  Gyromagnetic ratio as well as damping parameter 
are extracted from the data.  

 This is within reasonable agreement with values found in the literature. 

 

4.3 Experiments on materials systems 

4.3.1 CoFeB-MgO  

 Magnetic tunnel junctions (MTJ’s) are one of the most common nanoscale 

magnetic devices in use.  The simple MTJ structure, which consists of two thin 

conducting films separated by a thin insulating layer, has many technological applications 

such as read heads, oscillators and magnetoresistive memories[73].  MTJ structure is very 

attractive for these technologies primarily because of the high tunnel magnetoresistance 

values, which often reach as high as 200% in CoFeB-MgO systems[74, 75].  Ordinarily 

CoFeB-MgO MTJ systems have inplane magnetization but recently perpendicular 

magnetized CoFeB-MgO MTJ’s have been demonstrated[76].  Perpendicular magnetized 
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MTJ’s have many advantages such as reduced critical current for switching and high 

thermal stability even for very small bits ~10nm[77].  In addition to TMR and the 

magnetization direction, the Gilbert damping parameter plays an important role in spin 

torque switching as the critical current for switching is directly proportional to the 

damping ie Ic~α [56, 57].   

 We model free layer magnetic behavior in CoFeB-MgO by depositing CoFeB on 

single crystal MgO substrates.  We study the effects of CoFeB composition, thickness, 

seed layers, capping and annealing conditions on the damping parameter.    

 Samples were deposited by DC magnetron sputtering onto single crystal MgO 

[100]substrates.  The sputtering system base pressure was ~3x10-8 Torr and the films 

were deposited at room temperature in 3mT argon atmosphere.  Sputter deposition rates 

for CoFeB were consistently .4 Å/s. 

 The dependence of magnetic damping parameter on thickness has been studied 

for many perpendicular magnetized systems.  As the perpendicular anisotropy increases 

there is an increase in the damping parameter as well.  This increase in damping has been 

seen for CoNi, CoFeB, and CoPd systems[76, 78, 79].  In CoFeB the damping increases 

dramatically below a thickness of ~20Å.  Below 20Å the CoFeB the surface anisotropy is 

strong enough to drive the system perpendicular.    

The damping parameter in CoFeB systems is very low as deposited α~.005.  To 

be used MTJ structure the device must undergo annealing during which the CoFeB 

crystallizes and the TMR increases.  During the annealing process along with an increase 
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in TMR there is an increase in the damping parameter.  We measured the damping 

parameter with CoFeB samples capped with Ta, Mg, Cr, and Ru.   

 

Figure 63  Damping parameter for different capping of CoFeB. 

The difference in damping parameter with capping is related to the crystallization 

of the CoFeB.  The capping layer affects the boron diffusion during annealing which 

determines the quality of the final crystalline state.   

4.3.2 CoFeB Coupled System 

It is known that in mechanical systems one can tune the damping as well as 

oscillation frequency by coupling oscillators[80].  We study the effects of exchange 

coupling across a nonmagnetic layer on the effective damping.  We use NiFe which has a 

damping parameter less than half of CoFeB-MgO exchange coupled across 8A of Ta.  

The RKKY exchange coupling across 8A of Ta is ~.01erg/cm2 which is an order of 

magnitude less than that across similar thickness of Cu[81].  This is in the weak coupling 

regime where each layer will show a distinct resonance peak in contrast to the strong 

coupling regime where both layers resonate together showing only a single peak.   

A series of CoFeB samples were deposited on single crystal MgO [100] substrates 

by DC magnetron sputtering.  Sample structure as follows 

sample capping damping

MgO(100)/CoFeB(20)/Ta(50) Ta .0165

MgO(100)/CoFeB(20)/Mg(9)/Ta(50) Mg .015

MgO(100)/CoFeB(20)/Cr(9)/Ta(50) Cr .041

MgO(100)/CoFeB(20)/Ru(9)/Ta(50 Ru .016
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MgO/CoFeB20Å/Ta8Å/PyXÅ/Ta50Å where x=0,15,20,25 and 30 angstroms.  The 

sputtering system base pressure was ~3x10-8 Torr and the films were deposited at room 

temperature in 3mT argon atmosphere.  Sputter deposition rates for CoFeB, Ta, and Py 

were 0.4Å/s, 0.6Å/s, and 0.3Å/s respectively.  A piece of each of the samples was then 

annealed in a magnetic field at 300C for 2 hours.  Magnetic characterization was done 

using a vibrating sample magnetometer.  Easy and hard axis hysteresis loops were 

measured for all samples.  

The CoFeB-MgO system was first characterized with no coupled layer.  The 

uncoupled CoFeB sample after annealing had a damping parameter α≈.016 which is 

characteristic of this system.  As we insert the 15Å NiFe layer exchange coupled across 

Ta we notice a few changes to the FMR spectra.  The first is the shift of the CoFeB FMR 

resonance peak to higher field.  It is interesting to note that no NiFe resonance peak is 

detected for 15Å thickness.  In addition to shifting the CoFeB peak there is a significant 

increase in damping.  The damping parameter of the CoFeB layer doubled to α≈.033.  
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Figure 64  FMR curves at 6GHz for CoFeB20Å/NiFe(x)Å where x increases from 
bottom to top 0, 15, 20, 25, and 30. 

As we increase the thickness of the NiFe coupled layer from 20-30Å there is a shift of the 

resonance peaks for both CoFeB and NiFe to lower fields.  More interesting however is 

the damping parameter for both CoFeB and NiFe oscillates as the thickness of the Py 

increases. 
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Figure 65  Effective damping parameter for CoFeB as a function of the NiFe 
thickness.  The damping oscillates as NiFe thickness is increased.   

 

 

 We perform simulation of field-induced behavior by modeling the CoFeB and 

NiFe thin film layers as macrospin magnetic moments[82]. The behavior of the spins is 

resolved through integration of the Landau-Lifshitz-Gilbert (LLG) equation[83], 
³7
³N �

��7 � �)TT # ¢7 � ³7
³N  where m is simply the magnetization of the free layer scaled 

by (1/MS), Heff the effective field seen by the free layer, γ the gyromagnetic ratio, and α 

the damping parameter of the layer. We take into account magnetocrystalline anisotropy, 
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demagnetizing field, and exchange interaction, treating each as an effective field. The 

effective fields are summed together with the applied field to produce Heff.  

With regard to the magnetocrystalline anisotropy, we take into account the first 

uniaxial anisotropy term KU1.  For the CoFeB layer, we assume that KU1 is 4.81 x 106 

erg/cc, based on CoFeB reference sample data.  For NiFe we take the anisotropy to be 

negligible. We use MS = 1100 emu/cc and 700 emu/cc for CoFeB and NiFe respectively.  

Damping is assumed to be α = 0.01 in the CoFeB layer and α = 0.005 in the NiFe layer. 

We take exchange coupling between the NiFe and CoFeB to be -2.5merg/cm2; the FMR 

behavior of the model can be shown to be very sensitive to the strength of the exchange 

coupling through our macrospin simulation.  At the thickness of 8A, Ta has been shown 

to induce very weak anti-ferromagnetic coupling between neighboring layers[81]. 

In our simulation, we configure the model to most closely reflect the experimental 

setup. We place a 20Å thick CoFeB layer, with elliptical cross-section of 80 x 40 nm2, on 

the bottom of our stack, add an 8Å non-magnetic spacer to represent the Tantalum, and 

place the NiFe atop the spacer. The NiFe thickness is varied from 5 to 30Å.  An RF 

magnetic field with maximum amplitude 2Oe is applied along the y-axis of our model, 

and a DC field, lying along the x-axis, is swept from 0 to 1,600 Oe. We observe the 

magnitude of the x-component of the magnetization. Due to the effect of the 

demagnetizing field causing the x-axis to be the magnetization’s preferred (“easy”) axis, 

deviations away from the unity suggest that the magnetization is being excited due to 

Ferromagnetic Resonance. 
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The results bear qualitative resemblance to our empirical measurements. We see 

the CoFeB peak at roughly 1125 Oe applied DC field (HX,DC). The resonance peak 

exhibits a shift towards lower field values as we increase the thickness of the NiFe. The 

NiFe peak, on the other hand, occurs at HX,DC = 950 Oe at thickness of 5A and shifts 

toward lower fields with increasing NiFe thickess, although its position is much more 

sensitive with thickness. 

 

Figure 66 Simulation results for coupled CoFeB/NiFe system.  Curves from bottom 
to top increasing NiFe thickness.  There is qualitative agreement with experimental 
data. 

 The effective damping was extracted for both the CoFeB and the NiFe layers as a 

function of the NiFe thickness.  We again see qualitative agreement with the 

experimental data.  Oscillations in the damping parameter for both NiFe and CoFeB 

layers are observed.  The thickness where the peaks occur are 5Å difference between the 

simulation and the data.  We believe this discrepancy is due to a magnetic dead layer at 

the  interface of ~4-6Å.   
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Figure 67  Damping for NiFe(red) and CoFeB(blue) as a function of NiFe thickness 

 The ability to tune the effective damping parameter through exchange coupling 

low and high damping materials  

4.3.3 CoNi 

 Ferromagnetic resonance experiments were conducted on perpendicular 

magnetized CoNi spinvalve structures.  Spin torque driven domain wall propagation in 

lithographically defined nanowires with this material structure is currently being studied 

by our group as well as our collaborators.  To better understand the spin torque domain 

wall propagation the magnetic damping parameter must be known.   

CoNi multilayer structures have large perpendicular anisotropy.  In this case the 

frequency range to characterize the hard layer is beyond our capability at UCSD.  We 

performed measurements at Andy Kent’s laboratory at New York University.  The FMR 
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system employed by the Kent group can go to 50GHz which enables measurements of 

high anisotropy perpendicular materials.     

 Samples were deposited by magnetron sputtering. The following spinvalve 

structures were deposited onto Si substrates at room temperature at 3mTorr argon 

pressure during deposition 

Ta40/Pd40/[Co3/Pd7]x2/[Co1.5/Ni6]x3/Co3/Cu40/[Co1.5/Ni6]x4/Co3/Pd7/Ta40 where all 

thicknesses are in angstroms.  Samples were characterized by MOKE, VSM, and GMR 

prior to FMR measurements.  Two layer switching is observed with ~5% GMR value. 

 

Figure 68 CoNi spinvalve MOKE hysteresis loop. 

Ferromagnetic resonance experiments were performed again under fixed frequency while 

sweeping the magnetic field.   The frequency was swept from 12GHz-50GHz in 1GHz 

steps.  The lowest frequency where the hard layer resonance could be observed was 

~30GHz which is well above the limit of the system we use at UCSD.  Resonance curves 
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were somewhat noisy due to large losses of the waveguide and cables at higher 

frequencies.    

 

Figure 69  FMR spectra for CoNi spinvalve. 

 Even though the data is noisy we can extract the peaks vs applied magnetic field 

and fit to the Kittel equation for perpendicular magnetization.  The fit is excellent 
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Figure 70  Resonant frequency vs magnetic field for fixed(red) and free (black) 
magnetic layers. 

A reliable fit for the damping parameter was not possible for the hard layer due the small 

signal and noisy data.  The damping parameter of the free layer was α~.03±.1 which is 

very low for perpendicular magnetized systems.  The very low value of damping for 

CoNi multilayers make this an excellent candidate for spin torque devices.   

4.5 Summary of Results 

We show both through simulation and experimentally that it is possible to tune 

the effective damping parameter of a given layer in a magnetic multilayer system through 

exchange coupling.  This will have an impact on spintronic devices as it gives more 

freedom toward device optimization.   
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5 

Domain Wall  

5.1 Domain Wall Structure 

When a magnetic field greater than the coercive field HC is applied to a magnetic 

material saturated in the opposite direction the system will undergo magnetic reversal.  

The process by which the magnetism reverses depends on material parameters as well as 

the size of the system.  When the all the spins in the system are homogeneous during the 

reversal process it is known as coherent reversal.  When the size of the system is small, 

such as for nanomagnets, not much energy is gained by breaking into domains and the 

system will reverse coherently.   Coherent reversal phenomena are well described by the 

Stoner-Wolfarth model.   

As the size of the sytem increases reversal can occur through domain wall nucleation 

and propagation.  Magnetic domains, regions of uniform magnetization, form as a result 

of minimizing the stray field energy.  The domains are oriented randomly within a 

sample.  In very thin films with perpendicular magnetization domains of uniform 

magnetization are separated by a thin transition called a domain wall where the 

magnetization rotates over 180°.   

Due to the small size (~5-100nm) domain walls are nano objects which can be 

manipulated with both field and current.  Much recent interest in domain wall motion has 

come from the ability to use domain walls in spintronic devices such as racetrack 

memory[84].  Currently  
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The domain wall propagation depends not only on the applied field but on the 

material properties such as the damping parameter, anisotropy, as well as film roughness.   

The structure of the domain wall region depends on the balance between the 

exchange interaction energy and the anisotropy energy.  The exchange interaction prefers 

neighboring spins have parallel alignment which maximizes the distance over which the 

magnetization changes.  The anisotropy energy prefers the spins align along the easy axis 

which will tend to minimize the distance over which the domain wall extends.  The 

balance of the two energies yields a domain wall that extends over the width [ � \] F´�
^´µµ

 

where Aex and Keff are the exchange constant and effective anisotropy of the system.   

The effective anisotropy constant is the sum of the uniaxial anisotropy and the shape 

anisotropy G)TT � GH # G�.  The shape anisotropy constant generally cited is G� �
2\p�! though this assumes uniform magnetization and doesn’t take into account local 

nonuniform magnetization.  To get a more accurate estimate of the domain wall width we 

performed micromagnetic simulations using commercial package LLG Micromagnetic 

simulator.  We simulated a domain wall in a 200nm wide by 500nm long by 3nm thick 

wire varying the anisotropy constant fixing the exchange constant and saturation 

magnetization.   

 

Figure 71 Schematic of a micromagnetic simulation of a domain wall.   

500nm

3nm
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We let the sytem relax to equilibrium after changing the anisotropy.  We fit the final 

domain wall profile to the well known Landau solution to a 180° domain wall tan�L� �
tanh �2

∆� where θ, x, and ∆ are the angle of the magnetization, position along the wire, 

and domain wall width respectively.  A representative domain wall profile along with the 

fit to the previous equation are shown in the figure below.    

 

Figure 72  The z component of the magnetization as a function of distance down the 
wire.   

We simulated domain wall both with and without including the shape anisotropy in 

the energy functional.  We found that the expression commonly used for the effective 

anisotropy actually over estimates the width of the domain wall.  While leaving the shape 

anisotropy out of the energy functional yields a domain wall that is more narrow than 

expected.  The discrepancy between these two estimates can be as much as a factor of 

two.  We plot the domain wall width vs uniaxial anisotropy with and without shape 

included. 
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Figure 73  Domain wall width as a function of uniaxial anisotropy.  Green curve is 
analytic value including full shape anisotropy.  Blue is actual curve calculated using 
micromagnetics.  Red and black are micromagnetic and analytic calculation 
neglecting shape anisotropy. 

The actual domain wall size is important as the velocity of the domain wall under 

both field and current depends on domain wall structure.   

5.2 Kerr Microscopy 

    Magneto optical Kerr effect microscopy was performed on samples in polar 

geometry.  The experimental setup consist of an ultrabright LED light source polarized, 

directed to the sample after focused through an objective.  The objective was placed 

through the poles of an electromagnet that applies a magnetic field to the sample.  The 

objective collected light from the sample which was then polarization analyzed and  the 

resulting image was measured by a CCD camera.  A schematic of the experimental setup 

is shown in the figure below.   
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Figure 74 Schematic of polar magneto optical Kerr effect microscope 

5.3 Sample Structure 

Two sample structures were chosen.  One was CoNi spinvalve with high anisotropy 

low damping and the other was TbFeCo spinvalve structure with much higher damping.  

The low damping structure is 

Ta40/Pd40/[Co3/Pd7]x2/[Co1.5/Ni6]x3/Co3/Cu40/[Co1.5/Ni6]x4/Co3/Pd7/Ta40 and the 

high damping structure is 

Ta40/(Tb20%Fe57%Co23%)50A/Co3/Cu23/Co3/(Tb16%Fe60%Co24%)50A/Ta40 

where the TbFeCo alloys in both the hard layer and soft layer are Tb rich. 

 We applied a magnetic field below the coercive field.  In this regime domains will 

nucleate from defects and propagate.  The inductance of the electromagnet gave a current 

rise time of ~3s after which the field was uniform.  In order to get a reliable estimate of 

the domain wall velocity as a function of field we applied the magnetic field for a time 
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much longer than the rise time of the magnet.  The field was pulsed for 20s intervals.  

Images were captured before and after pulsing the magnet.  The maximum magnetic field 

was limited by the domain moving out of the microscope field of view during the 20s 

pulse.   

 

Figure 75  Kerr microscope images.  T0 indicates initial condition where domains 
nucleate.  Each 20s pulse the domains grow uniformly in all directions. 

The change in the domain size was determined by subtracting the before image from the 

after image.  Lineouts were done at various positions around the domain to get an average 

of the change in size.   

T0 20s 40s

80s 100s60s

400µm 400µm 400µm

400µm400µm400µm
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Figure 76  Bright regions correspond to domain growth during the 20s pulse period.  
The field applied is Ha=120 Oe. Each image has roughly the same width indicating 
same average velocity per pulse. 

The bright region is the region where the domain grew during the pulse.  The region is on 

average the same from pulse to pulse.  We then repeated the same process with an 

increased magnetic field. 

 

Figure 77  The field is increased to Ha=130 Oe.   

The domain wall velocity is found by measuring the increase in domain size each pulse 

and dividing by the pulse duration.    
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 We next measured TbFeCo films using the same procedure outlined above.  The 

nucleation site density was much greater than with the CoNi spinvalves.  In addition the 

domains require much higher field to nucleate.   

 

 

Figure 78  Domain nucleation and propagation in TbFeCo spinvalve.  Ha=1450 Oe 
for 20s intervals.   

The applied magnetic field was then increased and again each  

 

Figure 79  Domain growth for applied magnetic field Ha=1500 Oe.  

 

 

5.4 Summary of Results 
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The domain wall mobility defined as � � Uº
U- can be estimated by finding the change in 

domain wall velocity with increased applied magnetic field.   From analyzing the domain 

growth images we estimate a domain wall mobility for CoNi of 1.5 µm/s/Oe.  The 

domain wall mobility for TbFeCo was estimated .06 µm/s/Oe, 25 times less than that of 

CoNi.  The much higher domain wall mobility of CoNi multilayers can be attributed to 

two factors.  First the damping is much smaller than for TbFeCo.  Domain wall dynamics 

depend heavily on the damping parameter.  Second the anisotropy is very high for 

TbFeCo which decreases the domain wall width.  The domain wall velocity above walker 

breakdown depends on the domain wall width. 

 CoNi has low damping and perpendicular magnetic anisotropy.  The domain wall 

mobility is also very high making CoNi multilayers ideal candidates for spin transfer 

torque devices. 
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6 

 

Extraordinary Hall Effect in CoNi multilayers 

 

 

6.1 Introduction to Extraordinary Hall Effect 

Though discovered well over 100 years ago the extraordinary Hall effect is still 

surrounded by controversy over the origin of the effect.  Even so there are many 

technological applications which have attracted research into the phenomenon recently.  

The Hall effect in magnetic materials has two contributions !" � #$% & #'"'�$(.  

The first contribution to the Hall resistivity is due to the Lorentz force acting on the 

charge carriers.  The second contribution is known as the Extraordinary Hall effect 

arises from the magnetization which induces asymmetric scattering.  In ferromagnetic 

films the Extraordinary Hall effect is generally much larger than the ordinary Hall 

effect.     

6.2 CoNi Multilayers with Perpendicular Magnetic Anisotropy 

A series of films were studied with Nickel thickness fixed while varying the 

Cobalt thickness.  Sample structures Ta40/Pd40/[Cox/Ni6]x40/Ta40 where the 

thickness are in angstrom and Cobalt thickness, x, is varied from .5 to 3 angstroms.  

The films were deposited onto thermally oxidized silicon using DC magnetron 

sputtering.  The base pressure of the sputtering system before deposition was 5e-8 

Torr.   The films were deposited at room temperature with an Argon pressure of 
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3mTorr.  Typical deposition rates were .5A/s for Co and .6A/s for Ni.  Hysteresis loops 

were measured using polar magneto optical kerr effect prior to patterning the films into 

hall cross for transport measurements.  All films exhibited perpendicular magnetic 

anisotropy except the thinnest Cobalt thickness which the magnetization was inplane.   

Samples were then patterned into hall cross geometry using optical lithography.  

Photoresist was patterned into a hall cross to protect the film then the rest of the film 

was removed using an Argon etch.  Electrical transport measurements were made 

using standard four wire geometry.  Electrical transport measurements were performed 

at room temperature with fixed current at 1mA and magnetic field perpendicular to the 

plane of the film.   

 

Figure 80 Extraordinary Hall effect measurements were carried out using the 
4-point probe.  Hall crosses were patterned using optical lithography. 

 

6.3 Extraordinary Hall Effect Data 

The magnetic anisotropy has contributions from the surface anisotropy as well as 

from the shape anisotropy which depends on the saturation magnetization.  By varying 
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the Co thickness in the stack we change both the surface anisotropy as well as the total 

moment.  The net perpendicular anisotropy increases with Co thickness to maximum at 

2A then decreases due to increased moment as well as decreasing surface anisotropy.  

The expected result is seen in the hysteresis loops measured using MOKE.   

 

Figure 81 Polar Magneto optical Kerr effect hysteresis loops for different 
thickness of Co.  a) Co .5A is inplane while b-d) Co 1,2 3A all exhibit perpendicular 
magnetic anisotropy.   

After patterning Hall measurement hysteresis loops were made.  Comparison of 

the Hall measurements with the MOKE measurements give very similar hysteresis 

loops except for two obvious distinctions.  The first distinction is the polarity reversal 

which is seen in the Hall measurement as the Co thickness is increased beyond 2 

angstroms.  No polarity reversal is seen in the MOKE data.  The second obvious 
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difference is that the hysteresis loops measured with the Hall effect have crossing 

points indicating that two different states of the magnetic system give rise to the same 

measured signal. 

 

Figure 82 Extraordinay Hall voltage measured for different thickness of 
cobalt.  A) and b) show positive voltage at positive field.  When the cobalt thickness 
is increased beyond 2A the polarity reverses and the voltage is negative for positive 
magnetic field.    

  The extraordinary Hall effect, which is caused by spin dependent scattering that 

breaks left right symmetry, has two components that contribute to the observed Hall 

voltage.  The two types of scattering are known as skew and side jump.  Skew 

scattering is where the scattered electron is deflected at a fixed angle after the 

scattering event while side jump the scattered electron is displaced laterally after each 

scattering.  Both mechanisms depend on the rate of scattering so a relationship with the 
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extraordinary Hall resistance and the electrical resistivity is assumed.  In addition to 

the electrical resistivity the electronic band structure of the electrons near the Fermi 

surface strongly affect the measured EHE voltage.   

The change in polarity extraordinary Hall voltage has also been observed in 

CoPd multilayer systems[85].  It has been argued that the change in the Hall polarity 

observed in CoPd multilayers as the thickness of Pd was changed is due changing band 

structure where the carriers changed from holes to electrons.  In Cobalt 3D band the 

spin up band is full while the spin down band is partially filled so the holes will be 

contributing to the measured voltage.  As Pd was added the Co 3D bands were shifted 

such that the electrons were the majority current carrier resulting in the polarity switch 

of the measured voltage.   

Another group found polarity reversal in CoPd multilayer systems that depends 

on both the thickness of Co and Pd layers as well as on the age of the sample[86].  

They argue that the surface scattering has opposite polarity as that of the bulk and 

becomes dominant as the age of the sample increases.   

In the case of CoNi the situation is more complicated due to the fact that both Co 

and Ni are ferromagnetic.  Co and Ni both exhibit the extraordinary Hall effect 

independently.  In addition the sign of the extraordinary Hall coefficient is opposite for 

Co and Ni.      
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6.4 Summary of Results 

We have investigated the extraordinary Hall effect in CoNi multilayer films.  We 

observe a change in polarity of the Hall voltage as the thickness of the Co is increased.  

The polarity switch occurs when there is a full monolayer of cobalt.  This may be due 

to a change in the number of holes.  The change in holes for very thin Co layers was 

also observed in XMCD experiments involving Co/Ni multilayers.  The effects of the 

change in polarity on magnetization dynamics such as domain wall motion remain to 

be investigated.   
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Appendix 

Sputter Deposition 

 Physical sputtering is when particles with large enough kinetic energy impinge on 

a solid target causing atoms from the target to be ejected into a gas phase.  The details of 

the physics involved depend heavily on the incident kinetic energy as well as the mass of 

the incident particle.  At kinetic energies well above the threshold binding energy the 

collision process is similar to billiard ball collisions. 

 Experimentally this is accomplished by placing a “target” of the material to be 

sputtered at large negative voltage (~100-1000V) in an inert atmosphere typically argon.  

An argon atom will spontaneously ionize and will be accelerated towards the target.  The 

resulting collision will eject a target atom that will travel towards the surface to be 

coated.   

 The sputtering rate will depend on the density of the plasma in the region of the 

target.  To enhance the rate an array of magnets is used to trap plasma around the sputter 

target.  The rate increases dramatically due to the magnet.   

 We use an AJA International commercial sputtering system.  We have 8 guns and 

3 gasses enabling us to grow heterostructures, oxides, and nitrides.  We can control 

substrate temperature from 25-850C allowing considerable control over the resulting 

crystal structure of deposited films.   

  Sputtering rates vary from material to material.  The sputtering rate also depends 

on the sputtering power as well as the deposition pressure.  Typical sputtering power 
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when using conducting targets is ~100W though we can adjust from 25W-500W.  It is 

found in our system the deposition rate is linear with sputtering power.   

 The deposition pressure affects both the sputtering rate as well as film roughness.  

The rate increases with pressure due to higher plasma density trapped in the target 

vicinity.  For very low yield materials or when sputtering RF it is useful to sputter at 

higher pressure to increase the deposition rate.  The roughness of the film increases with 

increasing sputter pressure.  The increase in roughness is due to collisions.   The mean 

free path between collisions is given by ½"T9 � 3
Q¾ where n is the particle density and σ is 

the collisional cross section.  As the density of particles increases, which increases with 

pressure, the mean free path between collisions decreases.  Due to the billiard ball like 

collisions the sputtered atom can lose much of its kinetic energy in a single collision prior 

to impinging on the substrate.  Atoms with large kinetic energy incident on the substrate 

can move and fill in vacancies in the film.   

 In our sputtering system we found the optimum pressure for growing magnetic 

films is ~3mT.  Below that pressure the magnetic targets will lose plasma sporadically.  

Sputtering at pressures higher than 3mT results in films with high surface roughness as 

determined by small angle x-ray reflectivity.   

 Sputtering rate calibrations were performed by sputtering the material of interest 

for a period of time T.  The thickness of the calibration film was characterized by fitting 

the small angle x-ray reflectivity curve to the function  2dsin(θ)=nλ where d is the 
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thickness of the film, λ is the wavelength of the x-ray, and n is the order of diffraction.  

The deposition rate is then R=d/T. 
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