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Abstract

This dissertation is structured into two main parts, dedicated to exploring potential

optimizations in read head and recording media, two integral hard disk drive (HDD)

components, for achieving reliable recording performance with high areal density.

The first part delves into the complexity of transport within Al-based Nonlocal Spin

Valves (NLSVs), particularly addressing spin relaxation induced by structural defects

in the material. This can significantly enhance the spin relaxation and is likely respon-

sible for the observed deteriorated performance of the devices, especially notable for

metallic channels thinner than 10nm. To exclusively study the spin relaxation induced

by surface and bulk defects, all the calculations are implemented at T=0K to eliminate

temperature-dependent contributions such as phonon scattering. Resistivity, spin dif-

fusion length and Elliott-Yafet constant β are determined in a simplified 3.6nm-thick

Al-system where both leads and transport channel are made of Al and embedded in

vacuum.

Utilizing the Landauer-Büttiker formalism and a recursive Green’s function tech-

nique, predictions are made regarding the effects of surface and bulk scattering on elec-

tronic and spin transport including surface roughness, grain boundaries, vacancies, and

surface reconstruction. It is demonstrated that for thin sputtered films, point vacancies

contribute dominantly to the momentum relaxation, and spin relaxation is dominated

by the combined effect of surface reconstruction and point vacancies. This yields reason-

able spin diffusion lengths and Elliott-Yafet constants. Further analysis reveals that the

presence of surface corrugations leads to a clear departure from Matthiessen’s rule and

the Elliott-Yafet prediction of β. However, this deviation is rectified in the presence

of random surface corrugations with higher vacancy concentration, as the symmetry

breaking is closely dependent on the characteristic scattering length and concentration

of random defects.

It is discovered that the spin diffusion length induced by surface roughness is pro-

portional to the inverse square root of the ratio between the root mean square height

(δh) and the lateral correlation length (ξ) of a given rough surface, i.e. (δh/ξ)−1/2, as

opposed to (δh/ξ)−1 as is the mean free path. This phenomenon is attributed to the
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interference of extended surface features. Additionally, a pronounced anisotropy of spin

relaxation is observed for spins parallel to the propagation direction, which is pertinent

to surface corrugations. Overall, these findings can potentially facilitate the realization

of magnetic recording read heads based on metallic nonlocal spin valves with sub-10nm

shield-to-shield spacing, thereby improving head resolution.

The second part of the dissertation shifts focus toward mitigating transition noise

with a novel proposed heat-assisted magnetic recording (HAMR) media in order to

achieve higher areal density of HAMR-based devices. Conventional two-layer thermally

exchange coupled composition media (ECC) exhibit robust tolerance to noise induced

by Tc variance and offer tunability of writing temperature but suffer from adjacent

track interference issue with reduced writing temperature. To inherit these merits while

addressing the thermal susceptibility, the recording performance of three-layer (3-ly)

FePt-based ECC structure with reduced Tc = 500 K for FePt is evaluated, with pre-

dictions for transition jitter, erasure-after-write (EAW), bit error rate and switching

probability distribution. The original two-layer ECC structure features a magnetic soft

writing layer with high Tc and a magnetic hard FePt-layer for long-term storage. In

contrast, the proposed three-layer structure consists of a high-Ms and moderate-Ku

writing layer, a middle layer with the same Ku as FePt but low-Ms and a FePt layer

attached at the bottom, each layer being 3nm thick. The optimized parameters at 300K

for the writing layer are Ms = 1300 emu/cm3 and Ku = 1.3 - 1.8 × 107 erg/cm 3 and

Tc = 600 K and Ms = ∼ 350 emu/cm3 and Ku = 3.3 × 107 erg/cm3 at 300 K and Tc

= 500 K for the middle layer.

Compared to the conventional 2ly-ECC, the switching mechanism for proposed 3ly-

ECC highlights the Zeeman effect that switches the writing layer and anisotropy field

gradients to switch the middle layer. By decoupling the Zeeman effect and anisotropy

field gradients, the proposed 3ly-ECCs effectively improve transition jitter by ∼ 15%

and BER by ∼ 85% in the absence of intergranular exchange, compared to 2ly-ECC

with the same total thickness. These improvements are attributed to large anisotropy

and small magnetization in the middle layer, aligning with the analytical analysis of

energy function based on a simple spin model.
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In addition, the exploration of the switching rate at a constant temperature suggests

that fast switching induced by the moderately soft writing layer can also potentially

contribute to jitter improvement at the expense of enhanced EAW. It is also observed

that the 3ly-ECC is more susceptible to EAW effect than 2ly-ECC. Calculations indicate

that the suppression of EAW in 3ly-ECCs relies on the increase in the anisotropy of

writing layer which adversely affects BER due to the loss of rapid switching. Overall,

the proposed 3ly-ECCs effectively balance fast switching and EAW and thus exhibit

superior jitters and BERs compared to the two-layer counterpart.
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Chapter 1

Part I: Spin Transport

1.1 Spintronics

Spintronics, a revolutionary paradigm in electronics, may significantly broaden the func-

tionality of electronic devices with the manipulation of the spin degree of freedom. In

contrast to electronics, spintronics devices introduce unique spin-based features, promis-

ing to reduce electronics power consumption, increase the information processing capac-

ities and speed and improve the integration density. Utilizing the spin alone or inte-

grating it with current electronic devices, the application of spintronics device has been

crucial in both scientific exploration and technological innovation. For instance, spin

valves, used to discover giant magnetoresistance (GMR), initiated the study of mag-

netotransport and boosted the storage density in hard disk drives (HDD). Magnetic

tunnel junctions (MTJ), composed of a pinned layer and a free layer separated by a

thin insulating layer, widely serve as memory/storage device such as magnetic random

access memory (MRAM) owing to its high tunneling magnetoresistance (TMR) and as

magnetic sensors to probe spin-dependent phenomena.

Compared to semiconductor devices, spintronic devices can offer distinct advantages.

Magnetic devices control the spin transport using nanometer-sized features, e.g. tun-

neling barriers, rather than using intrinsically formed depletion layers spanning from

∼ nm to ∼ µm as in semiconductors. This favors higher integration density. Moreover,

its low resistivity, typically on the order of 10−7 and 10−8 Ω · m in magnetic metals,

can significantly contribute to reduced power consumption because doping-controlled

1
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resistivity in semiconducting devices are at least three order of magnitude higher [1, 2].

Furthermore, spin states can be rapidly configured, enabling fast access, processing and

transfer of information. Additionally, electron spins are coupled by quantum mechanical

exchange and thus spin-encoded data is non-volatile: information transmitted via spin

remains intact even in the absence of power.

1.1.1 GMR

Figure 1.1: The GMR results founded by Albert Fert group: change in the resistance of

Fe/Cr superlattices at 4.2 K in an external magnetic field H⃗. The current and magnetic

field were along the same in-plane axis. Hs is saturation field (left); the GMR founded

by Peter Grünberg group at room temperature with Fe-Cr-Fe trilayer (right).

Giant magnetoresistance (GMR) is a quantum mechanical effect, first discovered in

a heterogeneous structure independently by two research groups lead by Fert [3] and

Grünberg [4] in 1988. It was observed that magnetoresistance in multiplayer structures

consisting of alternate ferromagnetic and nonmagnetic layer is dependent on the relative

magnetization of adjacent ferromagnetic layers. A simple GMR structure consists of two

ferromagnetic layers separated by a non-magnetic layer forming a stacked structure as in

Fig. 1.2, which is the prototype of spin valve. In this configuration, one of the ferromag-

netic layers is pinned by an antiferromagnetic layer beneath it, while the magnetization

of the other ferromagnetic layer is free to rotate under the external magnetic field. By
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controlling the magnetization of the one ferromagnetic layer, the resistance of the GMR

device varies accordingly: it exhibits low resistance for parallel magnetization of two

ferromagnetic layer compared to antiparallel alignments. As a result, GMR device can

generate binary output, making GMR-device promising for magnetic field sensors for

signal detection and data storage.

The GMR ratio defined below serve as a critical measure evaluating the spin trans-

port efficiency.

MR% =
∆R

R
=

(RAP −RP )

Rp
,

where RP (RAP ) denotes the resistance measured for parallel (antiparallel) orientations

of two ferromagnetic layers. Notably, at low temperatures, the output GMR ratio

exhibits a ”giant” increase, much higher compared to anisotropic magnetoresistance

(AMR).

Figure 1.2: An illustration of GMR effect in a trilayer structure with the two-current

model and circuit diagrams. a. parallel configuration with low resistance; b. anti-

parallel configuration with high resistance. [5]

Two generally accepted explanations of the origin in GMR are based on Mott’s
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two current model and the Valet-Fert model (CPP) [6, 7]. Mott’s two current model

assumed that the conduction is dominantly through the s-electron such that the spin-

mixing process is negligible (no mixing through spin-orbit coupling). This is particularly

evident at the low-temperature limit where s-d interaction is further suppressed due to

the absence of thermal agitation and hence the electron currents associated with two spin

states can be assumed to be independently transported in ferromagnetic materials. For a

magnetic transition metal, the s-d interaction generates two conduction sub-bands with

varying mixing of s and d orbitals, contributing to the ferromagnetism and exchange-

splitting of conduction bands. As a result, the density of states at the Fermi level differs

for the spin majority and minority electrons due to this exchange-splitting, Specifically,

the spin majority usually resides in the subband with less d-orbital contribution, leading

to a smaller density of states (DOS) at the Fermi level than the DOS of spin minority

in the sub-bands with higher d-orbital contribution.

Since the scattering rate depends on the density of state available for electrons to be

scattered into, the scattering associated with the spin majority is usually weaker than

that of the spin minority. Thus, for the parallel configuration, the overall resistance

is primarily determined by the spin-majority channel of low resistance, which is also

illustrated by the circuit diagram analogy as shown in Fig. 1.2. On the contrary,

for the antiparallel configuration, the spin experiences scattering to the opposite spin

direction such that the two independent scattering branches equally contribute to the

total resistivity. Hence, in a GMR structure, the parallel magnetization configuration

has a lower resistivity.

Experimentally, GMR has been observed in two different configurations: current-in-

plane (CIP) and current-perpendicular-to-plane (CPP) geometries, which refers to the

net charge current flowing in the planes of a layered structure or perpendicular to the

layer structure, respectively [8, 9, 10]. Experimental results show that GMR ratio in the

CPP geometry is usually larger than that obtained in the CIP geometry. Moreover, the

characteristic thickness of non-magnetic (NM) spacer required to maintain the CPP-

GMR is much longer than that for CIP-GMR [12].

Although the two current model effectively elucidates the fundamental transport

phenomena of transition metals, the oversimplified assumption of independent spin-

transport channels offers no insights on the spin mixing process in the bulk limit or
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explanation on the GMR threshold spacer thickness to sustain GMR. In contrast, the

Valet-Fert model provides a robust theoretically explanation of the CPP-GMR behav-

ior based on the Boltzmann equation [7]. According to this model, when currents flow

through the CPP-configuration, one spin species accumulates at the interface, resulting

in the non-equilibrium in spin density [11, 13]. Subsequently, spin-flip scattering pro-

cesses then work to restore the equilibrium between different spin channels, causing the

spin accumulation to diminish from the interface, leading to CPP-GMR decay in an

exponential-like fashion with the decay length determined by the spin-diffusion length.

1.1.2 Non-Local Spin Valve

Figure 1.3: Geometry of NLSV; F1 and F2 separated by distance L, serve as spin injector

and spin detector, respectively. Note that the charge current is designed to flow toward

the opposite direction.

A spin valve as GMR-based magnetic device can potentially address the technical chal-

lenges such as efficient spin injection, transport and detection. Johnson first demon-

strated the spin-injection into a normal metal (NM)-based spin valve [14, 15]. In 2000,

Jedema et al.vitalized spin-injection research by employing a non-local geometry [15],

as shown in Fig. 1.3.

Distinct from conventional spin valves that detect the spin and electronic signals

at the same location, a non-local spin valve (NLSV) enables detection of spin signals

at a location away from where the spin current is injected such that spin current can
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be isolated from electron current. As shown in Fig. 1.3, two ferromagnetic layers are

spatially separated but connected by non-magnetic material,in this case, a normal metal

serving as transport channel. This spatial separation introduces a novel dimension to

spintronic functionality, offering enhanced precision in manipulating spin states, such

as applications in information processing, spin-based logic devices, and quantum com-

puting. It also provides flexibility to explore efficient spin injection such as minimizing

interfacial scattering in diffusive and ballistic contacts, as well as by optimizing the junc-

tion area. Most importantly, its ability to decouple spin injection and detection sites

allows the downscaling of spintronic devices. In particular, NLSV is of great interest as

a sub-10nm read head for magnetic recording due to its potential to reduce the shield

to shield spacing and improve read head resolution.

Figure 1.4: The dependence of MR ratio on RA product of metallic and tunneling

spin valves hints the potential of metallic spin valves to meet the high areal density

requirements of HDDs.

Furthermore, the low resistance-area (RA) product for normal metals posits all-

metallic non-local spin valve as a superior candidate for integration into next-generation

magnetic read heads compared to conventional MTJ-based sensors that utilize an in-

sulating layer as spacer. The high RA product inherent to insulating materials can

unfavorably impact electronics, presenting a challenge to downsize MTJs for read head
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sensors. Illustrated in Fig. 1.4, achieving the target areal density of 2 Tbsi or higher

with an RA < 0.1Ωµm2 suggests the exclusive feasibility of all metallic-based devices,

whereas MTJs achieve a similar MR ratio (∼ 50%) with an RA of approximately 0.3

Ωµm2, more than 10 times larger than metallic-based read heads [17, 18]. However,

achieving high performance for commercialization of GMR-based read head requires

further gain in Magnetoresistance (MR) ratio with reduced RA product. This hinges

on a substantially long spin diffusion length within the Non-Magnetic (NM) channel

and efficient spin injection to ensure accurate spin detection. Therefore, it is imperative

to understand the spin relaxation mechanism in typical light metals with low spin orbit

coupling.

1.2 Elliott-Yafet theory

The experimental and theoretical studies on spin relaxation has roots dating back

to the 1950s, with a primary focus on semiconducting elements in the III-V group

[19, 20, 21, 22, 23]. Partially driven by advances in experimental techniques such as spin

resonance, ultrafast spectroscopy and the application of spintronics devices, increased

efforts have been directed towards light metals and 2D materials. Experimentally, spin

relaxaion can be studied through ultrafast magneto-optical pumping and spin transport

measurements [24, 25, 26, 27], from which the direct observations of dynamical processes

and determination of spin relaxation time, τs can be achieved. Accurate prediction of

spin lifetime and dominant relaxation mechanisms will enable the design of spin trans-

port systems using suitable materials tailored for the intended purpose, while mitigating

potential sources of degradation to enhance transport quality.

Developed independently by John H. Elliott and Y. Yafet in the 1950s [22, 23],

Elliott-Yafet theory provides a theoretical framework for understanding the spin relax-

ation mechanisms in a wide range of materials, particularly in light metals. Formulat-

ing spin relaxation process mediated by spin-orbit coupling through ordinary scatter-

ing events involving phonons, impurities and defects, Elliott-Yafet theory has become

indispensable to understanding spin dynamics for manipulating and controlling spin

transports in the fields such as quantum computing, and other emerging technologies.

Spin orbit coupling (SOC) is a relativistic interaction between electron spin and effective
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magnetic field generated by nucleus motion around it (from the perspective of electron),

which is given as

Hsoc =
1

2m2c2

(
r−1∂V

∂r

)
= ϵSOCL⃗ · S⃗

where r⃗ is position of electron with respected to the nucleus. V (r⃗) is the central potential

energy derivative of the electron at r⃗, m is the mass of electron and c is the speed of

light. L⃗ and S⃗ are orbital angular momentum and spin angular momentum, respectively.

λSOC denotes spin-orbital coupling, which is band-structure dependent.

Elliott-Yafet theory of spin relaxation originally predicted a simple linear proportion-

ality between the spin lifetime τs and the momentum relaxation time τe, i.e., τs = βτe,

where β is sometimes referred to as an Elliott-Yafet (EY) constant. β−1 can be inter-

preted as the spin-flip probability during a momentum relaxation event: on average,

every spin-flip event occurs in every β momentum relaxation events. Elliott first de-

duced this relation in a metal by using a perturbative approach which was later gen-

eralized with temperature dependence for different relaxation mechanisms by Yafet.

The original EY theory describes the system with Kramers’s degeneracy, resulting from

time-reversal and inversion symmetry [28, 29]. For a system preserving both inversion

and time-reversal symmetry, every state characterized by quantum numbers (k⃗, σ) has

a degenerate state (k⃗, -σ). Because of the spin-orbital coupling, Bloch states with well-

defined spin polarization are no longer eigenstates of the complete Hamiltonian of the

system. A general spin state |↑̃⟩ can be written as a superposition of two spin degenerate

eigenstate | ↑⟩ and | ↓⟩ . As a result, a new pair of degenerate eigenstates are given as

follows:

ψ
k⃗,↑̃,n = u

k⃗,↑̃,ne
ik⃗·r⃗ = (ak,n| ↑⟩+ bk,n| ↓⟩)ek⃗·r⃗

ψ
k⃗,↓̃ = u

k⃗,↓̃,ne
ik⃗·r⃗ = (a∗−k,n| ↑⟩ − b∗−k,n| ↓⟩)eik⃗·r⃗.

Here, n is the band index and uk,σ,n is the Bloch function where ak,n and bk,n are the

coefficients that preserve the periodicity of the lattice. ak,n is of order 1 (min:
√

1/2)

and b is small, normally |bk,n| << 1. Now if a scattering event occurs through non-spin-

flip sources, e.g. impurity or phonons, the momenta is assumed to change between |⃗k, σ⟩
and |k⃗′, σ′⟩. The scattering probability to preserve and flip a spin state is determined by
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the matrix element ⟨ψk,σ,n|δH|ψk′,σ,n⟩ and ⟨ψk,σ,n|δH|ψk′,σ′,n⟩, respectively, based on the

a first-order perturbation theory. Assuming the scattering potential V (r⃗) varies slowly

within the length scale of several unit cells, the matrix elements can be approximately

as

⟨ψk,σ,n|δH|ψk′,σ(σ′),n⟩ ≈ Vk,k′⟨uk,σ,n|uk′,σ(σ′),n⟩

with Vk,k′ as the Fourier transform in the momentum space. The spin conserving/flip

transition elements are given as

W
(n)σσ

k⃗k⃗′
=

2π

ℏ
δ(Ek − Ek′)|Vk⃗,k⃗′ |

2|⟨uk,σ,n|uk′,σ,n⟩|2

and

W
(n)σσ′

k⃗k⃗′
=

2π

ℏ
δ(Ek − Ek′)|Vk⃗,k⃗′ |

2|⟨uk,σ,n|uk′,σ′,n⟩|2,

within approximation of Fermi’s golden rule. Note that W
(n)σσ′

k⃗k⃗′
can be related to the

change rate of number of spin-conserving and spin-flip electrons, which leads to the spin

relaxation rate. Based on Elliott theory, the spin relaxation rate, τs can be approximated

with the spin flip rate, Γsf .

Γsf =

∫
d3kd3k′

δ
(
k⃗ − k⃗F

)
4πk2F

δ
(
k⃗′ − k⃗F

)
4πk2F

2Wn
k⃗↑k⃗′↓

The momentum-relaxation rate is given as

Γ =

∫
d3kd3k′

δ
(
k⃗ − k⃗F

)
4πk2F

δ
(
k⃗ − k⃗F

)
4πk2F

(
Wn

k⃗↑k⃗′↑ +Wn
k⃗↑k⃗′↓

)
The linear proportionality between Γ and Γsf can be understood as follows. Note that

the spin-conserving and spin-flip probability P σσ
k⃗k⃗′
∝

∑
n |W

(n)σσ′

k⃗k⃗′
|2, given as below.

P ↑↑
k⃗k⃗′

=|⟨ψ
k⃗↑|δH|ψk⃗′↑⟩|

2

=|⟨a
k⃗
eik⃗r⃗|δH|a

k⃗′
eik⃗

′r⃗⟩+ |⟨b
k⃗
eik⃗r⃗|δH|b

k⃗′
eik⃗

′r⃗⟩|2

P ↑↓
k⃗k⃗′

=|⟨ψ
k⃗↑|δH|ψk⃗′↓⟩|

2

=| − ⟨a
k⃗
eik⃗r⃗|δH|b∗−k⃗′

eik⃗
′r⃗⟩+ |⟨b

k⃗
eik⃗r⃗|δH|a∗−k⃗′

eik⃗
′r⃗′⟩|2



10

Estimated by perturbation theory, the resulting Bloch state can be expressed as

ψk,↑̃ = |χn,⃗k
⟩| ↑⟩+∑

n′ ̸=n

[
⟨↑ |⟨χ

n′k⃗|ϵL⃗ · S⃗|χn,⃗k
⟩| ↑⟩

E
nk⃗
− E

n′k⃗

|χ
n′k⃗⟩| ↑⟩+

⟨↓ |⟨χ
n′k⃗|ϵL⃗ · S⃗|χn,⃗k

⟩| ↑⟩
E

nk⃗
− E

n′k⃗

|χ
n′k⃗⟩| ↓⟩

]
,

where |χ
n,⃗k
⟩ is generic eigenstate and coefficient ak,n and bk,n can be determined by

comparing with the unperturbed state. Define ∆ = min|E
nk⃗
− E

n′k⃗| as the minimum

energy difference between two adjacent bands. Because the SOC constant is small,

the coefficient associated with spin flip probability is much smaller than the coefficient

associated with spin-conserving probability. Hence, summing over all the possible k

states over the Fermi surface yields:

τe
τs

=
Γsf

Γ
≈ P ↑↓

P ↑↑ ≈ ⟨b
2⟩ ≈

(
⟨ϵ⟩
∆

)2

= β−1

where ⟨b2⟩ denote the average of bk over the entire Fermi surface. This derivation

indicates that when extrinsic sources break momentum conservation, coupled with SOI,

a spin-flip transition between the two degenerate spin states can occur through spin-

independent scattering sources modulated by SOC, such as impurities and phonons.

In a realistic system, spin relaxation is generally induced by multiple scattering

sources. The original EY formulation can be cast to a spin-relaxation form of Matthiessen’s

rule [53] to accommodate multiple sources of scattering. The total spin relaxation rate

1/τs is the sum of each individual spin scattering rate 1/τs,i , each of which follows the

EY prediction with βi as the proportionality associated to each scattering source, i.e.

1/τs =
∑
i

β−1
i /τe,i.

Such a formulation enables more direct comparison between experimental and theo-

retical works. Although precise isolation of each scattering sources could be challenging,

this formulation is instrumental in selecting the dominant contributions in each cate-

gory of scattering sources and benefits subsequent comparison with theoretical works.

For example, separating the temperature-dependent sources such as phonon and mag-

netic impurities, from temperature-independent ones, such as point defects, dislocations,

grain boundaries, and surface roughness, at low temperature can be used to extract β
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associated with structural defects. Specifically, via conduction electron spin resonance

(CESR) measurements, the temperature-independent β from simple non-magnetic met-

als such as Au, Cu, Ag, Na, and K is determined [30, 31, 42]. However, efforts to

specifically isolate defect-induced spin relaxation mechanisms are generally limited in

scope and technique resolution.

Note that the Elliott-Yafet assumptions of a spherical Fermi surface for monovalent

metals in a system with inversion symmetry is rarely satisfied simultaneously. Sur-

prisingly, the Elliott-Yafet framework remains effective in describing the SOI induced

spin relaxation mechanism for light metals and semi-conductors. As a result, interest-

ing spin-relaxation phenomena have been discovered within Elliott-Yafet picture. By

accurately determining βi for the contribution of each individual scattering source in

Cu, a wide range of β have been found for different scattering sources. The varia-

tion in β is attributed to magnetic impurity contamination even with sub-10−4% dilute

concentration. It has been found that magnetic impurity enhances substantially both

defect-induced and phonon-induced spin relaxation in Cu, yielding large variation in

β (Spin Kondo Effect) [32]. In Al, a wide range of reported β implicates the finite-

size effect of surfaces and interfaces on phonon-induced spin relaxation, addressing the

challenges to downsizing the spintronics device once again [33].

1.2.1 Challenges for Al

Among metals, aluminum is an outstanding candidate for spintronic devices due to its

low resistance, inherently long spin relaxation time, low cost and manufacturability.

However, the study of spin relaxation induced by defects in Al is not as intensive as

that in other light metals and 2D materials. It may be attributed to growth problems

and existence of spin hot spots in Al.

Al possesses a challenging growth problem characterized by ‘Hillocks’, which refers

to the small, elevated mounds or bumps on the surface of an thin metallic film or layer,

aggravating the surface roughness effect. The accumulation of hillocks may eventually

facilitate grain boundary sliding, create mechanical instability and alter the surface

topography, leading to formation of surface and bulk defects and compromising the

performance of devices [34, 35, 36].
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The formation of hillocks results from compressive and thermal expansion stress re-

laxation during deposition process. When Al is deposited on a substrate (Si or SiO2),

heating procedures induce stress arising from the mismatch of thermal expansion co-

efficients between the Al film and the substrate and incorporation of deposition by-

products. In addition, the diffusion of Al grains along with crystalline structures may

further induce the stress locally, leading to inhomogeneity in the Al grain structure and

formation of hillocks. Consequently, a large grain size distribution and stress-induced

vacancy concentration can be expected even at low temperature [37, 38, 39]. The possi-

ble strategies to mitigate hillock formation include optimizing deposition temperature,

introducing barrier layers, and implementing post-deposition annealing processes to re-

lieve stress in the aluminum film. Yet, the realization of hillock-mitigation strategies

remains challenging.

1.2.2 Spin hot spots

Figure 1.5: The schematic illustration of the locations for spin “hot spots” on Fermi

surface of polyvalent metal. Color violet, blue green, yellow and red represent the

increase in intensity of spin relaxation. Adpated from Ref. [40].
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Experimental and theoretical researchers have found that Al, along with other poly-

valent metals. e.g., Pd, Mg and Be, show unanticipated stronger spin relaxation than

other simple metals (Cu, Ag, Au, Na, K, Rb and Cs), approximately by 2 - 3 order of

magnitudes [30, 42]. The discrepancy is ascribed to an enhancement in the strength of

the spin-orbit interaction from selected ”outliers” in specific regions of the Fermi surface.

These outliers, referred to as ”spin hotspots”, emerge near Brillouin zone boundaries,

special symmetry points, or lines of accidental degeneracy where the associated energy

difference (dE) approaches zero [40, 41]. Despite occupying a tiny portion of the Fermi

surface, the presence of these spin hots pots leads to a notable enhancement in overall

spin relaxation rate even after averaging with normal k states as depicted in Fig. 1.5.

Although the presence of spin hotspots addresses the intricacies of the polyvalent-Al

Fermi surface, which can explain spin relaxation strengths up to two orders of magni-

tude stronger than those predicted in mono-valent metals, depending on the scattering

process, studies above pertain to phonon-induced spin relaxation of bulk Al. Exper-

imental measurements suggest perturbed band structures near the surface of Al can

give arise to weak surface spin relaxation [43]. In general, the effect of spin hot spots

on thin polyvalent metallic films at low temperature, particularly those with sub-10nm

thickness, remains unresolved [52]. These puzzles underscore the complexities in pre-

dicting β, even within the context of light metals and demand reliable calculations of

band structure and transport properties, capable of quantifying beta for each single

scattering sources.

1.2.3 Size effect on metallic NLSV

Downsizing spintronic devices is pivotal to next-generation technology, involving the

miniaturization of components for superior performance, efficiency and higher integra-

tion density. By reducing device dimensions, spintronic components can operate at

faster speeds, consume less power, and offer greater design and structure versatility es-

pecially in computing and data storage systems, which relies on spin dynamics that can

preserve spin information at longer period of time and distance. Non-local spin valves

(NLSV) are of great interest for their separation of pure spin currents from charge cur-

rents, which allows studying both spin injection and spin relaxation. In practice, it may

also serve as read heads for magnetic recording [44, 45, 46] by utilizing its GMR-induced



14

binary output [3, 4].

Many have been motivated to improve the head resolution and writing density by

reducing the thickness of nonmagnetic materials used as transport channels, e.g. 2D

materials [47, 48, 49] and light metals [50, 51]. Nevertheless, the size effect on metallic

NLSV presents challenges to reducing the thicknesses of metallic transport channel,

primarily due to poorly understood spin relaxation mechanisms, even in metals with

low spin-orbit interaction (SOI). In particular, for sub-10nm spin transport channel, the

metallic spin valve performance deteriorates substantially [52].

Many sources inducing spin relaxation have been intensively discussed in the liter-

ature. It has been suggested that extrinsic effects acting through SOI such as charged

impurities and surface roughness, grain boundary (GB) scattering and phonon scat-

tering can be responsible for the fast spin relaxation rates in metals. Furthermore, it

is expected that temperature-independent contributions, including surface and grain

boundary, dominate the spin relaxation in the low temperature regime. This is because

as the cross-sectional area of the transport channel decreases, the surface-to-volume ra-

tio increases, enhancing electron interaction with the channel’s surfaces leading to more

frequent backscattering. Meanwhile the reduced cross-sectional dimensions lead to a

decrease in grain size, forcing electrons to traverse a greater number of grains, thereby

stronger spin relaxation.

It has been proposed that when the mean free path is comparable to the film di-

mension, surface scattering should dominate over spin relaxation [50]. However, studies

addressing size effects on spin relaxation mechanism in metals suggested that GB scat-

tering dominates spin relaxation [55, 51, 54]. So far no consensus has been reached

because GB scattering and surface scattering are generally coupled and both surface

roughness and GB are strongly dependent on the growth and deposition conditions,

which varies among experimental groups. Therefore, the dominant contribution at low

temperature to spin relaxation remains puzzling.

In addition, the limitations in Fuchs [56] and Sondheimer (FS) model [57] and the

Mayadas and Shatzkes (MS) [59] model, which is used to quantitatively characterize mo-

mentum relaxations induced by surface roughness and GB scatterings, impose challenges

in distinguishing GB scattering from surface roughness quantitatively. Phenomenologi-

cal parameters, such as surface specularity and the grain boundary reflection coefficient,
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which are fitted as free parameters or usually assigned to indicate the extreme cases,

generally cannot be directly related to measured surface parameters or grain boundary

structures. Consequently, accurately separating surface and GB scattering based on FS

and MS model remains challenging, highlighting the necessity of theoretical work that

treat them independently.

1.3 Outline

The dissertation is structured into two parts, focusing on optimizing HAMR-device

performance and achieving higher areal through novel NLSV-based read heads and

composite media structures.

The first part, consisting of Chapters 1-3, is dedicated to identifying the dominant

contributions to electron and spin relaxation in ultra-thin Al films for NLSV-based read

heads at T = 0 K.

• Chapter 2 derives the transmission function in terms of Green’s function in a

simplified NLSV-transport system using the Landauer-Buttiker formalism and

introduces the recursive Green’s function to describe spin transport in the Al-

system, which can be used to extract relevant quantities such as resistivity, spin

diffusion length, and the EY constant β.

• Chapter 3 presents detailed simulation methods and discusses the results on the

quantitative contributions to momentum and spin relaxation from various struc-

tural defects, including surface roughness, grain boundaries, vacancies, and surface

reconstruction.



Chapter 2

Modeling Methods for Electron

and Spin Transport

2.1 Landauer-Büttiker formalism and Transmission Func-

tion

Green’s function

The Green’s function method is known as a powerful mathematical tool for solving lin-

ear partial differential equations that describe the evolution of systems of interest, thus

offering a systematic approach to understand and predict the dynamics across various

physical phenomena. In the quantum context, the Green’s function can be interpreted as

an impulse response function or correlation function from which information regarding

quantum system’s characteristics can be extracted, such as density of states, relaxation

time and response function. The Schrödinger equation, as a linear partial differential

equation can be solved by Green’s function, particularly for the systems with complex

potentials and time dependence. By treating the potential terms as a superposition

of weighted point sources, the wave-function solution can be found by convoluting the

Green’s function and the potential terms. Written in operator form, the Green’s func-

tion, G(E), is given as follows.

(E ± iδ −H)G(E) = I, (2.1)

16
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where H denotes the Hamiltonian of the system and E represents the energy matrix. To

avoid the singularity, an infinitesimal imaginary part iδ is introduced in the expression.

The plus and minus sign in the front of the imaginary part corresponds to the retarded

solution and the advanced solution, respectively.

Figure 2.1: A schematic diagram for the system sliced layer by layer, where L, R and S

stand for the left lead, the right lead and the scattering region in the Landauer-Büttiker

formalism. A principal layer consisting of two atomic layers is included in the Hamilton

of the system with second nearest neighbor interaction.

For a two-lead transport device, the one-particle Hamiltonian can be written in a

matrix form as

H = H0 + V =


HL 0 0

0 Hd 0

0 0 HR

+


0 VLd 0

VdL 0 VdR

0 VRd 0

 , (2.2)

where the HL,R, Hd are the Hamiltonians describing the left/right isolated leads and

central device region, respectively. V is the coupling between the leads and the device

regions. The retarded Green’s function can be defined for the system using eigenstates

of the Hamiltonian in the form of H|Ψm(E)⟩ = E|Ψm(E)⟩, where m is the label of

different quantum states. The Green’s function can also be written in the following

form.

G(E) = [E − iδ −H]−1 =

∫
dE′

∑
m

|Ψm(E′)⟩⟨Ψm(E′)|
E − iδ − E′ (2.3)



18

By definition, the Green’s function in the scattering can be computed from
E −HL −VLd 0

−VdL E −Hd −VdR
0 −VRd E −HR



GL GLd GLR

GdL Gd GdR

GRL GRd GR

 =


1 0 0

0 1 0

0 0 1

 (2.4)

Solving the equation above yields,

GLd = gLVLdGd (2.5)

GRd = gRVRdGd (2.6)

where gL,R = [E −HL,R]
−1 are the Green’s function of the isolated leads. Substituting

Eq. 2.5 and Eq. 2.6 into Eq. 2.4, the Green’s function of the central device is given as

Gd = [E −Hd − ΣL − ΣR]
−1, (2.7)

where

ΣL = VdLgLVLd, (2.8)

ΣR = VdRgRVRd, (2.9)

is the self-energy of left and right lead, respectively. The level-width matrices relevant

to the self-energy function, are defined as

ΓL = i(ΣL − Σ†
L) (2.10)

ΓR = i(ΣR − Σ†
R), (2.11)

where ’†’ denotes the complex conjugate operation.

2.1.1 Landauer-Büttiker formalism

The Landauer-Büttiker (LB) formalism, a cornerstone in mesoscopic physics, provides

a powerful framework for understanding electron transport in nanoscale systems. For-

mulated in the late 20th century by R. Landauer and extended by M. Büttiker to

multi-terminal systems, this formalism offers a quantum-mechanical description of elec-

tron conducting through mesoscopic conductors such as quantum dots, quantum wires

and molecular junctions, by connecting the electron’s transmission function and con-

ductance of quantum system. LB formalism assumes coherent electron transport, i.e,
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elastic scattering, in a quantum junction with semi-infinite leads attached to the scat-

tering region, ensuring the equilibrium states of the system and reflection-free entry to

the scattering region [60, 61, 62]. The goal of this section is to determine the conducting

properties of the LB-based quantum system with transmission probability described by

the Green’s function of electrons.

For the two-lead system, there exist two sets of scattering states, each set originating

from one of the reservoirs connected to the leads. The scattering states originating from

one lead can be computed by considering the isolated eigenstates of the semi-infinite

lead and treating the interaction between the leads as a perturbation. If |U (L)⟩ is an

orthogonal eigenstate of the isolated left leads, the resulting state |Ψ(L)⟩ from |U (L)⟩
propagating into the device region can be written as

|Ψ(L)⟩ = GV |U (L)⟩+ |U (L)⟩, (2.12)

where the superscript indicates that this state originates from the left lead. In the

spatial partitioning, the states |Ψ(L⟩ and |U (L⟩ are given as

|U (L)⟩ =


|u(L)⟩
0

0

 , |Ψ(L)⟩ =


|ψ(L)

L ⟩
|ψ(L)

d ⟩
|ψ(L)

R ⟩

 (2.13)

Define projection operators P such that PL + PR + Pd = I, where PL, Pd and PR are

the projection operator for left lead, device region and right lead respectively.

PL =


1 0 0

0 0 0

0 0 0

 , Pd =


0 0 0

0 1 0

0 0 0

 , PR =


0 0 0

0 0 0

0 0 1

 (2.14)

The number of electrons in lead R is described by the projection operator PR. The op-

erator for current into the right leads can therefore be determined as the time derivative

of this operator which results in

JR =
i2e

ℏ
[H,PR]. (2.15)

The contribution to the current between the left and the right lead from the state |Ψ(L)⟩
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can be computed from

j(L) = ⟨Ψ(L)|JR|Ψ(L)⟩

=
i2e

ℏ
[⟨ψ(L)

d |VdR|ψ
(L)
R ⟩ − ⟨ψ

(L)
R |VRd|ψ

(L)
d ⟩]

=
i2e

ℏ
[⟨ψ(L)

d |VdRgRVRd|ψ
(L)
d ⟩ − ⟨ψ

(L)
d |VdRgR†VRd|ψ

(L)
d ⟩]

=
2e

ℏ
⟨ψ(L)

d |ΓR|ψ(L)
d ⟩,

(2.16)

where the commutation relation in Eq. 2.15 is expanded using the operator block

structure of G and V, based on Eq. 2.4, Eq. 2.12 and Eq. 2.13. The total current

arising from all states originating in the left lead is the sum over all scattering states

|ψ(L)
d,l ⟩, indexed by l,

I(L) = j
(L)
tot =

2e

ℏ
∑
l

⟨ψ(L)
d,l |ΓR|ψ(L)

d,l ⟩f(EL)

=
2e

ℏ
∑
l

⟨u(L)l |VLdG
†
d|ΓR|GdVdL|u

(L)
l ⟩f(EL)

=
2e

ℏ
∑
l

⟨u(L)l |ΓRGdVdLaLVLdG
†
d|u

(L)
l ⟩f(EL)

=
2e

h
Tr[ΓRGdΓLGd†]f(EL),

(2.17)

where aL = i(gL − g†L) = 2π
∑

l |u
(L)
l ⟩⟨u

(L)
l | by the definition of the spectral function

and f(EL) describes the charge populations of the left states at the energy of EL. Note

that Eq. 2.17 is derived based on Eq. 2.4, Eq. 2.8, Eq. 2.10, Eq. 2.12 and Eq. 2.13.

Transmission function

Consider a finite scattering region attached to two semi-infinite leads in the Landauer-

Büttiker formalism. The expectation value of total current induced by a general poten-

tial is

⟨I⟩ = 2e

h

∫
dE T (E)[fL(E)− fR(E)], (2.18)

where fL(E) and fR(E) are Fermi-Dirac distribution functions. Consider a bias voltage

V is applied to the system where a linear approximation suffices, the chemical potential

reads µL = µ + eV
2 and µR = µ − eV

2 , with µ as the equilibrium value. In the limit



21

of a small bias and at low temperature, the difference in the Fermi-Dirac distribution

function is reduced to a delta function.

fL(E)− fR(E) = f(E − Ef −
eV

2
)− f(E − EF +

eV

2
) = δ(E − EF )eV. (2.19)

Compared with Eq. 2.17 and Eq. 2.18, T (E) is given in terms of the Green’s function

is as follows.

T (E) = Tr[ΓRGdΓLGd†] = Tr[ΓLGdΓRGd†] (2.20)

The elastic scattering assumption justifies Eq. 2.20, because the transmission from the

left lead to the right is the same as the transmission from the right lead to the left.

Substituting Eq. 2.19 into Eq. 2.18, the conductance of the system becomes

G = I/V =
2e2

h
T (EF ) =

2e2

h
Tr[ΓRGdΓLGd†], (2.21)

where the factor 2 comes from the spin degeneracy. This equation is called the Caroli

formula [66].

2.1.2 Recursive Green’s Function Method

Recall that the inhomogeneous part of the Schrodinger equation also depends on the

wavefunction itself. Such self-consistent equations would normally need recursive pro-

cedures to find the Green’s function. Consider a system A consisting of N layers with

M atoms in one atomic layer, this MN ×MN matrix requires the steps of O(M3N3)

to obtain its Green’s function.

Fortunately, Dyson’s equation provides a way to systematically incorporate interac-

tion between two sub-systems into the Green’s function of the entire physical systems

by treating the sub-systems one by one, or in the case of LB systems,layer by layer.

Mathematically, Dyson’s equation can be written as

G = G0 +G0V G, (2.22)

where G0 is the non-perturbed or isolated Green’s function, G denotes the Green’s

function with full interaction V between any subsystems. For example, for the same

system A, to couple the Green’s function of zeroth layer g0 to that of first layer g1 with
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interaction V, G0 is defined as |0⟩g1⟨0| + |1⟩g0⟨1| and V is |0⟩t0,1⟨1| + |1⟩t1,0⟨0|, where
|0⟩ and |1⟩ are two orthornormal states for layer 0 and layer 1. Let ⟨n|G|m⟩ be Gn,m,

where n amd m are orthornormal states for the nth and mth layer, repsectively. Based

on Dyson’s equation,

G1,1 = g1 + g1t1,0G0,1 (2.23)

G0,1 = g0t0,1G1,1 (2.24)

Therefore,

G1,1 = (I − g1t1,0g0t0,1)−1g1 = (E − h1 − t1,0g0t0,1)−1 (2.25)

where g1 = (E−h1)−1 by definition and h1 is the Hamiltonian of the first layer. As shown

above, the matrix inversion operation is exclusively applied to the diagonal element of

the Green’s function and off-diagonal terms can be obtained by matrix multiplication.

Thus, it takes only N inversions of M ×M matrix, which will require approximately

steps of O(N×M3). In the transport calculations, N is typically larger than 100. Thus,

the recursive method is four orders of magnitude faster than direct inversion.

Similarly, Dyson’s equation can apply to the interface Green’s function of semi-

infinite leads. Let L and R denote the left and right lead, respectively. In this case,

Dyson’s equation is used to obtain recursive relations for the exact Green’s function

of a quasi-one dimensional system coupled to leads as an example. The basic idea is

to break up the system into independent parts and associate these parts to isolated

Green’s functions, as in Fig. 2.1. The hopping matrix elements connecting those parts

are built into the perturbation. By recursively applying Dyson’s equation, the full

Green’s function of the entire system can be constructed layer by layer.

The rightmost layer of the left lead is denoted as the zeroth slice and the leftmost

layer of the right lead is denoted as the N +1th slice. The goal is to obtain the Green’s

function, G0,N+1.

Similar to the example of coupling two layers, the Green’s function can be evaluated

recursively for n = 2, ..., N . Then Gr
0,N+1 can be found by

Gr
0,N+1 = Gr

0,N tN,N+1G
r
N+1,N+1, (2.26)

where

Gr
N+1,N+1 = (g−1

R − tN+1,NG
r
N,N tN,N+1)

−1 (2.27)
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The recursive method shown above is based on the known interface Green’s function of

both leads, i.e. gL and gR, which can be numerically evaluated following Sancho Lopez’s

paper [63]. The method works as follows. For translational-invariant semi-infinite leads,

by definition, the Green’s function obeys [(E −H)G(E)]n,m = δn,m, where H is defined

over a chain of principal layers. Assume that all these connections are represented by

operators t (hopping from left to right) and t† (hopping from right to left). The isolated

Hamiltonian is denoted by h. Then one can write that

(E − h)G0,0 = I + tG1,0, (2.28)

(E − h)G1,0 = tG2,0 + t†G0,0, (2.29)

...

(E − h)Gn,0 = tGn+1,0 + t†Gn−1,0 (2.30)

for n≥1. With Eq. 2.28, G1,0 is substituted with G0,0 and G2,0 is given as

[E − h− t(E − h)−1t†]G0,0 = I + t(E − h)−1tG2,0 (2.31)

Similarly, Gn,0 can be related toGn−2,0 andGn+2,0 by eliminatingGn−1,0 andGn+1,0.

For any value of n, one can find that

Gn+1,0 = (E − h)−1(tGn+2,0 + t†Gn,0) (2.32)

and

Gn−1,0 = (E − h)−1(t†Gn−2,0 + tGn,0). (2.33)

Combining these two equations, one find that

[E − h− t(E − h)−1t† − t†(E − h)−1t]Gn,0 =

t(E − h)−1tGn+2,0 + t†(E − h)−1t†Gn−2,0.

(2.34)

Comparing these equations above with Eq. 2.32, a new recursive series only involving

even layers can be constructed, where one can write

(E − ϵs1)G0,0 = I + α1G2,0 (2.35)
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(E − ϵ1)G2,0 = α1G4,0 + β1G0,0 (2.36)

...

(E − ϵ1)Gn,0 = α1Gn+2,0 + β1Gn−2,0. (2.37)

Here

α1 = t(E − h)−1t (2.38)

β1 = t†(E − h)−1t† (2.39)

ϵs1 = h+ t(E − h)−1t† (2.40)

and

ϵ1 = ϵs1 + t†(E − h)−1t (2.41)

Notice that Eq. 2.35 - 2.37 involve only even sites (i.e. multiples of 21) and they are

in the identical form of Eq. 2.28 - 2.32. This procedure can be repeated by eliminating

the Green’s functions related to the nearest neighbor layers and involving only layers

that are multiple of 2k. For the kth iteration,

(E − ϵsk)G0,0 = I + αkG2k,0 (2.42)

(E − ϵk)G2k,0 = αkG2k+1,0 + βkG0,0 (2.43)

...

(E − ϵk)G2kn,0 = αkG2k(n+1),0 + βkG2k(n−1),0 (2.44)

where for n ≥ 1,

αk = αk−1(E − ϵk−1)
−1αk−1 (2.45)

βk = βk−1(E − ϵk−1)
−1βk−1 (2.46)

ϵsk = ϵk−1 + αk−1(E − ϵk−1)
−1βk−1 (2.47)

and

ϵk = ϵsk + βk−1(E − ϵk−1)
−1αk−1 (2.48)

This decimation can stop when ∥αk∥ and ∥βk∥ are sufficiently small, allowing us to

approximate the surface Green’s function by G0,0 ≃ (E − ϵsk)−1.
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2.1.3 Tight-Binding Model

It is convenient to study the disordered systems with a Green’s function described by the

tight-binding model [64]. The Hamiltonian of the system is described as H = HTB +HSOC,

where HTB is the Hamiltonian in the tight-binding structure with first and second

nearest-neighbor hopping and HSOC denotes the intrinsic spin-orbit interaction. HTB

is determined by the Slater-Koster (SK) parameters for s, p and d orbitals [65]. A

principal layer consisting of two atomic layers to is incorporated in the Hamiltonian

to accommodate second-nearest-neighbor hopping given in the SK parameters. For a

Al-system with N principal layers, the general structure of HTB for a given spin state is

in the block tridiagonal form as follows:

HL tL 0 0 0 · · · 0

tL† H1 t 0 0 · · · 0

0 t† H2 t 0
... 0

...
...

. . .
. . .

. . . · · ·
...

0 · · · t† Hi t
...

0 t† HN tR

0 · · · t†R HR


(2.49)

In Eq. 2.49, HL/HR denotes the Hamiltonian of the left/right semi-infinite leads re-

spectively; tR and tL represent the interaction between the leads and layers in the

scattering regions. The on-site Hamiltonian for the ith principal layer is denoted by Hi

for 1 ≤ i ≤ N . t is the hopping matrix between two adjacent principal layers which is

identical for any two adjacent principal layers as the scattering potential only alters the

on-site Hamiltonian Hi in the simulation. Each entry in Eq. 2.49 is a submatrix, whose

dimension is determined by the number of orbitals for each Al atom and the number of

atoms in one atomic layer.

Periodic boundary conditions are applied in one transverse direction with a wave

vector ky and the other two directions are treated in real space. For an Al system

described by the Slater-Koster parameters with second-nearest neighbor hopping [65],

Hi is a 2NorbM × 2NorbM matrix given as follows, where Norb = 9 is the number of

orbitals for each Al atom and M is the number of atoms.
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Hi =

[
h0a(ky) h0ab(ky)

h0†ab(ky) h0b(ky)

]
, (2.50)

where h0a(ky) and h
0
b(ky) stand for the Hamiltonian in the first and second atomic layers

respectively and h0ab(ky) represents the interaction between the first and second atomic

layer within the principal layer.

Similarly, the structure of a hopping matrix t can be written as below.

t =

[
h1a(ky) 0

h1†ab(ky) h1b(ky)

]
(2.51)

where h1a(ky) (h
1
b(ky)) stands for the interaction between two first(second) atomic layers

in two adjacent principal layers through second nearest neighbor hopping. h1ab(ky)

represents the interaction between the second atomic layer in the first principal layer

and its adjacent first atomic layer in the second principal layer.

HSOC is the spin-orbit coupling term that can be written as

HSOC = λL̂ · Ŝ (2.52)

where λ = 0.0018Ry is the spin-orbit coupling constant for aluminum. L̂ and Ŝ are

angular momentum and spin operators of the system, respectively.

It is useful to express HSOC as

HSOC = Σi;l,mλi;l[
L̂+
i;l

ˆS−
i;m + L̂−

i;l
ˆS+
i;m

2
+ L̂z

i;l
ˆSz
i;m], (2.53)

where Ô± = Ôx±iÔy are the standard ladder operators, with Ô = L̂, Ŝ. One can distin-

guish two different contributions to the SOC Hamiltonian: the first term corresponds

to a spin-flip process, and the latter is a spin-conserving term. Including spin-orbit

coupling, the Green’s function can be written as

G(ϵ) =

[
G↑↑(ϵ) G↑↓(ϵ)

G↓↑(ϵ) G↓↓(ϵ),

]
(2.54)

where ϵ = E ± iδ. Note that all the relevant quantities are evaluated at Fermi level

with an imaginary convergent parameter of 0.002Ry which is carefully chosen to achieve
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numerical stability with fast convergence speed. ΣR/L,σ is the self-energy function of

the left or right lead for electrons with up or down spin(σ =↑, ↓), defined as

Σα,σ = t†α,σgα,σ(ϵ)tα,σ, (2.55)

where gα is the interface Green’s function of the semi-infinite left or right lead. Assuming

that the spin-flip process only occurs in the scattering region, the transmission function

is given by

T↑↑ = Tr[ΓL↑G
r
↑↑ΓR↑G

a
↑↑], (2.56)

T↑↓ = Tr[ΓL↑G
r
↑↓ΓR↓G

a
↓↑], (2.57)

where T↑↑ denotes the up-spin-conserving transmission function between the left lead

and the right lead and T↑↓ refers to the transmission function with opposite spin states

between the two leads. Γασ is the level width function for spin state σ. It broadens the

width of energy level in the lead and is defined as

Γασ = i(Σασ(ϵ)− Σ†
ασ(ϵ)). (2.58)



Chapter 3

Electron and Spin transport in

ultra-thin Al films

3.1 Introduction

Downsizing spintronic devices, which are essential for long-distance information trans-

mission, has become crucial to achieve low power consumption, high data processing

speed, and large integration densities. Decreasing spin diffusion lengths with thickness

have been experimentally found, even in light metals with high conductivity and weak

spin-orbit interaction (SOI), such as copper and aluminum [67, 16, 68, 55, 69, 70]. In

recent years, there has been increasing focus on the spin transport properties in thin

metallic Nonlocal Spin Valves (NLSVs) due to their significant potential as read heads

[44, 46, 45] for magnetic recording, utilizing the output generated from giant magne-

toresistance (GMR) effects [3, 4]. Many have been motivated to improve the head

resolution and writing density by reducing the thickness of nonmagnetic materials used

as transport channels, e.g. 2D materials [47, 48, 49] and light metals [50, 51]. However,

experimental measurements have shown that the output signal of NLSVs diminishes

rapidly, even with light metals as spin channels. In particular, for the thickness of a

channel smaller than 10nm, the metallic spin valve performance declines substantially

[52].

28
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In this work, an ultrathin Al film is used to investigate the effect on the spin re-

laxation induced by surface roughness, GB scatterings, vacancy scatterings and sur-

face reconstruction respectively, employing the Green’s function method. Based on the

Landauer-Büttiker formalism [60, 61], a 3.6nm thick Al system is connected to two semi-

infinite and translationally invariant Al leads; resistivity, mean free path, spin diffusion

length and EY constant β are determined at zero temperature using the transmission

function T(E) which is obtained from the Green’s function at the Fermi energy. Explicit

contributions from grain boundaries, surface roughness and vacancies in the thin film

regime are determined and compared with various experimental results. Our results can

potentially widen the application of nonlocal spin valves for spintronics and magnetic

recording read heads with smaller shield-shield spacing.

The section is presented by first providing the simulation details for a transport

model that includes various sources of defects, followed by discussion of the results for

momentum relaxation and spin relaxation induced by surface roughness, GB scattering,

vacancy scatterings, surface reconstruction and anisotropy in spin relaxation in Sec. 3.4.

A summary of the conclusions is in Sec. 3.5.

3.2 Methods

The simulation is conducted under the assumption that the system is in a surrounding

vacuum. Both leads and the scattering region as shown in Fig. 3.1, are made of a

thin film of Al with 3.6nm thickness. Periodic boundary conditions are applied with

wavevectors sampled along the transverse direction (in the y direction as shown in

Fig. 3.1), which achieves convergence within 6%. The other transverse direction (in

the z direction as shown in Fig. 3.1) is treated in real space. As a result, surface

roughness can be achieved with a one-dimensional surface height. For simplicity, the

1D surface height is generated by a Gaussian distribution function modulated by a

Gaussian autocorrelation function with specified RMS height δh and correlation length

ξ. First, a random Gaussian Surface is generated with a mean of 0 and standard

deviation of δh. To smooth the random surface with a correlation length ξ, a 1D

Gaussian auto-correlation function is defined as exp (−x2/2ξ2), where x is the position

along the propagation direction. The resulting surface is computed by convoluting
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the random Gaussian surface with the Gaussian auto-correlation function as a filter in

Fourier Space and transforming back to the spatial domain.

Figure 3.1: Schematic of the transport model in the presence of surface roughness

and vacancies. L denotes the left lead and R denotes the right lead. To simulate the

surface roughness, twice of δh is included in both leads and scattering region for surface

bumps. The yellow region indicates the positions with 5 Ry added to simulate the

vacuum environment. The white circles represent vacancies, which is achieved with 1.5

Ry onsite-offset potential exerted. Note that the transport model shown here is for

visualization and the actual dimensions and scales of each region may vary.

Depending on the roughness of a surface, extra atomic layers equivalent to twice δh

are preserved for atomic protrusions. A 5 Ry offset-potential is added to simulate the

vacuum environment and missing atoms on the surface as indicated in the yellow region

of Fig. 3.1. To ensure the 5 Ry offset potential effectively simulates the vacuum, without

introducing a repulsive effect on the surface scattering, a modulation of the onsite-energy

is provided at top and bottom surface layers, maintaining the electron occupancy of these

two surface layers. The surface electron occupation number is determined by integrating

the surface density of states to the Fermi level at T = 0 K in the presence of the vacuum

potential.

Grain boundary scattering is achieved by introducing grains whose size follows a

log normal distribution [71]. Vacancies are introduced by adding a 1.5 Ry potential

offset at the vacancy sites that is larger than the difference between the bottom of the

band and the Fermi level. It is assumed that vacancies are randomly and uniformly
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distributed with a probability Cvac, which denotes the vacancy concentration. Lastly,

surface reconstruction is investigated with surface corrugations with varying periods and

a random period, where a repeated pattern or random patterns of missing atoms are

placed at the surface. All the quantities are computed by averaging over the number

of defect configurations and the associated errors are determined from the standard

deviation of the relevant quantities. Note that depending on the distributions followed

by different types of defects, the number of defect configurations used in the simulations

is deliberately chosen such that doubling the number kept the error within 5%.

3.3 Preliminary Results

To test the recursive Green’s function algorithm, the transmission function for an infinite

linear chain with only one orbital is computed, where the onsite energy is set to zero

and the hopping constant t is equal to one as an energy unit.

Figure 3.2: Transmission function for the linear chain (onsite energy E = 0, coupling t

= 1) without defects and with a single defect at ϵ = 0.5 and ϵ = 0.8.
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Figure 3.3: Transmittance of an infinite plane with a groove defect at ϵ = 0.5

With the parameters given above, the energy band is between -2 and 2. As shown

in Fig. 3.2, without defects, the transmission has to be 100 % within the tight-binding

band width and zero outside the band. As the energy of the defects increase, the

transmission goes down because of the higher possibility to get reflected by defects,

which is expected.

To test the reliability of the algorithm further, a higher dimension model of an infi-

nite plane is used to compute the transmission function with a single groove, where the

on-site energy in the groove is set to be one. In the transverse direction, the infinite

linear chain is treated in momentum space. Then the infinite plane can be converted

to an infinite linear chain with an onsite energy −2t cos(ka), where a is the lattice con-

stant and t is the hopping term. Compared to the case of the linear chain, the energy

band is wider, from -4 to 4, which is expected. The transmission function is also zero

outside that range. As shown in Fig. 3.3, there exists a singularity at E = 0, which

is attributed to a Van-Hove singularity in the density of states of the infinite plane at

E = 0. As expected, the presence of defects lowers the transmission function as it does

in the linear chain.



33

Next, the density of states is calculated via the Green’s function method, which is

given by

gdos(E) = −Im[Tr(Gr(E))]

π
,

where Tr denotes the trace of the Green’s function. Fig. 3.4 shows the density of

states of Al calculated under the periodic boundary conditions by the Green’s function

method and by directly diagonalizing the Hamiltonian. As expected, both methods

produce the same result for the DOS of Al, which again indicates the reliability of the

Green’s function method and the accuracy of the code.

Figure 3.4: Density of states computed by Green’s function technique with δ = 0.002

and by counting the numbers of states at each energy level through diagonalizing the

Hamiltonian.
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3.4 Results and Discussion

3.4.1 Surface Roughness

From the transmission function predicted by the Green’s function, resistivity can be

obtained through G(E) = 2e2T(E)/h, where G is conductance. Assuming that the size

effect on the density of states and Fermi velocity can be neglected and the Drude

model for the free-electron is valid in the system with defects, then the momentum

relaxation rate τ−1
p ∝ ρ and the mean free path is given by λmfp =

√
3/ρge2vF, where

the density of states at the Fermi level g = 2.4× 1028 eV−1m−3 and Fermi velocity

vF = 2.03× 106 m/s [72]. The effective mass of a 3.6 nm-thick system with defects is

estimated to be ∼ 90% of the predicted values determined by the SK parameters and

hence the free electron assumption will be accurate to within 10%. Spin diffusion length

is determined from spin polarization P, which is defined as P = (T↑↑ − T↑↓)/(T↑↑ +T↑↓)

and P ∝ exp(−d/Lsf) in the diffusive regime, where Lsd is the spin diffusion length and

d is the channel length. The EY constant β is determined by β = τs/τp = (Lsd/λmfp)
2.

As shown in Fig. 3.5(a), the resistivity due to surface roughness ρsurf exhibits an

ohmic behavior as expected for the cases where the root mean squared height δh is

below 1.0 nm and the lateral correlation length ξ = 10 nm or 20 nm. A minor tunneling

effect occurs when δh is increased to 1.0 nm. The fact that an increase in resistivity

and a decrease in spin diffusion length correlate to the rougher surfaces demonstrates

that the surface roughness enhances the momentum and spin relaxation.

As shown in Table 3.1, the values of resistivity scale linearly with δh/ξ, i.e. ρ ∝ δh/
ξ. Note that an ∼ 10% difference in ρ is observed in Table 3.1 between the case where

δh = 0.4 nm and ξ = 10 nm and that where δh = 0.8 nm and ξ = 10 nm, which have

the identical ratio of δh/ξ. But this difference is within the uncertainty, which increases

with the surface roughness.

δh/ξ can be understood as the average slope of the surface protrusions. An increase

in δh/ξ leads to a steeper slope of the surface bumps, which will increase the backscat-

tered probability for electrons and hence a higher resistivity is expected. This result is

consistent with the model for surface roughness scattering dependent on resistivity pro-

posed in Ref. [73] (by Zhang et al.) at the sub-10nm regime of thickness. In contrast,

it has been shown that treating surface roughness perturbatively in the Kubo linear
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response theory [74, 54] brings about δh2 dependence in resistivity, i.e. ρ ∝ δh2. This

discrepancy arises because the first order perturbation treatment on surface roughness

is not well justified. In particular, at the sub-10nm regime of film thickness where sur-

face scattering dominates, the electron coherence length is comparable to the lateral

correlation length such that the resulting wave function for the electron scattering is

associated with multiple scattering events and cannot be described independently.

In order to extract the spin diffusion length, the range of the channel lengths is chosen

to consistently correspond to the values of ln(P ) between 0.6 and 1.0, which effectively

avoids a slight curvature at a small channel length in the spin diffusion plot. The slight

curvature is attributed to the contact resistivity between the leads and the scattering

channels and the transition between the ballistic and diffusive transport. As shown in

Fig. 3.5(b), the linearity is restored in the chosen range of the channel lengths. It is

observed that βsurf ranges from ∼ 300 to ∼ 1000 with the imposed surface roughness

contrary to a relative constant value based on Elliott-Yafet theory. More specifically,

βsurf shows a roughly linear dependence on δh/ξ as well. The wide range of βsurf arises

from the fact that the spin-flip scattering is more resilient to the variation of surface

roughness compared to the momentum relaxation.

It is found that the spin diffusion length is proportional to (δh/ξ)−1/2 in contrast to

the linear dependence on δh/ξ of both βsurf and ρsurf as illustrated in Fig. 3.6. Conse-

quently, the corresponding spin relaxation rate is invariant with respect to δh/ξ, and the

(δh/ξ)−1/2 dependence of spin diffusion length is completely attributed to momentum

relaxation based on Lsd =
√
Dτ s where the diffusion constant D = 1/ge2ρ according to

the Einstein relation. Considering that the spin coherence length is appreciably larger

than the characteristic size of surface bumps or dents, it is apparent that within the

channel length of interest, the effective scattering potentials are the collective outcome

of multiple surface features, which is likely to outweigh the spin flip scatterings induced

by each individual surface feature.
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Figure 3.5: (a) Resistivity of Al with 3.6 nm thickness versus channel length under

different sets of surface roughness parameters. (b) Spin diffusion lengths under the

same sets of roughness parameters as above. P is the spin polarization.
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Table 3.1: Summary of the effect of surface roughness on

electric and spin transport in a 3.6 nm-thickness Al film at

T = 0 K.

δh(nm) ξ(nm) ρ(µΩ · cm) Lsd(nm) βsurf

0.4 20 0.42 820 248

0.4 10 0.75 731 630

0.6 20 0.67 693 452

0.8 20 0.83 645 600

1.0 20 1-1.2 583 8611

0.02 0.025 0.03 0.035 0.04 0.045 0.05

 h/
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Figure 3.6: Resistivity of 3.6 nm thick film varies with δh/ξ in blue and the correspond-

ing β in red. The fitting dashed lines are used to show the linear trend. Note that the

larger error bar for δh/ξ = 0.05 is due to the weak tunneling effect.

Overall, the values of resistivity are in a reasonable range compared to the simulated

results from Ref. [54] after scaling with respect to thickness and surface roughness pa-

rameters. Note that the simulations in this article are executed with one-sided roughness

1 determined with ρ = 1.1µΩ · cm, which is the average value.
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imposed rather than double-sided as in the actual experiments. Assuming the surface

roughness of top and bottom interfaces are uncorrelated and independent, the resulting

momentum and spin relaxation rates will be approximately doubled. However, com-

pared to the experimental results [75, 76, 77, 78], in particular, to that from Ref. [55],

both resistivity and spin diffusion length are approximately one order of magnitude re-

moved from the typical values for tN < 25nm when accounting for the thickness [79, 80]

and double-sided roughness, indicating that the dominant effect on the relaxation can-

not be attributed to the surface roughness. Typically, as shown in Table 3.7, ρ is ∼ 10

µΩ·cm, Lsd is between 100 nm and 1000 nm and β is ∼ 104 for 10 nm < tN < 20 nm.

3.4.2 Grain Boundary Scattering

Several factors have been investigated for GB scattering. Grain boundary spacing fol-

lows a log-normal distribution and grain boundaries are treated as potential barriers

with heights and thickness. Two GB thicknesses tGB, 0.4 nm and 0.8 nm, are used in

our simulations since typical metallic grain boundary thickness is ∼ 0.5 nm [81]. Given

that the potential barrier height of the grain boundary strongly depends on the ma-

terial and GB structure, two types of grain boundary barrier VGB (-0.05 Ry and -0.2

Ry) are being studied, where -0.05 Ry is a potential drop for a typical GB barrier with

impurities and -0.2 Ry is a potential drop to simulate oxidized grain boundaries. The

relationship between the grain size and ρGB is also examined with average grain sizes

dGB of 50 nm and 30 nm which are realistic values measured in thin films [55]. For

simplicity, only perpendicular grain boundaries are considered in the simulation.

Table 3.2: Summary of the effect of grain boundaries on elec-

tric and spin transport in a 3.6 nm-thickness Al film at T =

0 K.

dG(nm) VGB(Ry) tGB(nm) ρ(µΩ · cm) Lsd(nm) βGB

30 -0.05 0.8 0.13 3.6× 104 4.5× 104

50 -0.2 0.4 0.23 1.6× 104 2.8× 104

30 -0.2 0.4 0.34 1.4× 104 5.5× 104

Continued on next page
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Figure 3.7: (a) Resistivity of 3.6 nm thick film versus channel length for different grain

boundary parameters. (b) Spin diffusion lengths for a 3.6 nm thick channel under the

same sets of grain boundary parameters as above.
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As shown in Table 3.3 and Fig. 3.7(a) and 3.7(b), momentum and spin relaxation

rates grow inversely with grain size and increase with increasing GB barrier and GB

thickness, suggesting that momentum and spin relaxation are both enhanced by the

grain boundaries. Note that because the spin diffusion length induced by grain bound-

aries is approximately two orders of magnitude larger compared to the surface-induced

relaxation, available computational resources make it impossible to achieve the channel-

length range corresponding to the value of ln(P) that falls between 0.6 to ∼ 1.0. To be

consistent, a fixed channel-length range is used from 110 nm to 250 nm. But compared

to the resulting spin diffusion lengths, the chosen channel-length range is too small to

confirm the linear behavior, causing a relatively large uncertainty on the spin diffusion

length. With the imposed practical GB parameters, the contribution of GB scattering

to the momentum relaxation is generally at the same order but weaker than that of

surface scattering. In addition, ρGB and LGB are found to be at least one order of mag-

nitude away from the experimental results as shown in Table 3.7. And βGB is almost

two orders of magnitude larger than βsurf in general, indicating that the contribution to

spin relaxation induced by grain boundaries is negligible compared to that induced by

surface roughness with the imposed parameters at sub-10nm thickness. Symmetry can

account for the weak momentum and spin relaxation. With the imposed grain bound-

aries, translational symmetry along the traverse and thickness directions are preserved

and thus momentum and spin relaxation are undermined as scatterings can only occur

in the propagation direction.

Overall, it is still inconclusive regarding the exact dependence of the momentum

and spin relaxation on the imposed GB parameters, given a relatively large uncertainty

involved in the spin relaxation and weakly scattered GB parameters imposed. However,

neither surface scattering nor GB scattering seem strong enough to account for the

experimental results.
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Figure 3.8: (a) Resistivity of 3.6 nm thick film versus channel length with 2% line

vacancies (with surf.1) in purple (blue) and 2% point vacancies (with surf.1) in yellow

(red); surface 1 is modulated by δh = 0.8 nm and ξ = 20 nm. Note that the case with the

2% line vacancies and surface 1 is only plotted to 250nm because the strong tunneling

effect makes the transmission function too small to acquire an accurate resistivity. (b)

Spin diffusion lengths for a 3.6 nm thick channel under the same condition as above.

3.4.3 Vacancy Scattering
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Table 3.3: Summary of the effect of 2% vacancies on spin

transport in an Al film with 3.6 nm thickness at T = 0 K.

Relaxation Mechanism ρ(µΩ · cm) Lsd(nm) β

line vacancies nonohmic 270 -

line vac. + surf.12 nonohmic 233 -

point vacancies 4.95 353 6400

point vac. + surf.1 5.83 290 6000

So far, the effects of both surface roughness and grain boundary scattering on the

properties of electron and spin transport in an Al thin film are not sufficiently strong

to explain the experimental findings. Thus, a new source of scattering from vacancies is

studied. 2% vacancies are assumed to be uniformly distributed throughout the thin film

[82]. The effects of line vacancies and point vacancies with/without surface roughness

on electronic and spin transport are simulated.

As shown in Fig. 3.8 (a), a strong tunneling effect occurs in the presence of line

vacancies. However, in the presence of point vacancies, ρ recovers ohmic behavior, which

indicates that point vacancies are a more realistic assumption, as expected. Note that

the channel length in Fig. 3.8 (a) is extended to ∼ 600nm to demonstrate the strong

tunneling effect owing to the line vacancies and the ohmic character of resistivity for

the point vacancies, i.e, resistivity is independent of channel length. For readability and

accuracy, the resistivity for the case combining 2% line vacancies and surface roughness

is only plotted to 250 nm. Hence, owing to the ohmic character of resisitvity, the

extraction of β with resistivity and spin diffusion length determined at different ranges

of channel length is well-justified for surface roughness and point vacancies used in the

simulation. Yet, one may argue that a weak tunneling effect presented in the case with

surface roughness modulated by δh = 1.0 nm and ξ = 20 nm (Fig. 3.5 (a)) can result

in channel-length dependent β. However, this case is only included as a marginal case

to show the strong scattering effect of surface roughness considering that twice of δh

could reduce the sample thickness to 1.6 nm.

Based on the combined resistivity from 2% point vacancies and surface roughness, a

2 surface roughness modulated by δh = 0.8nm and ξ = 20nm
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3.7 nm mean free path can be obtained for the 3.6 nm thick sample in the presence of a

rough surface with δh = 0.8nm and ξ = 20 nm, which is comparable to the experimental

measurement [55]. Notice that both spin and momentum relaxation rates are smaller in

the presence of point vacancies than line vacancies, which is expected as the vacancies

along the traverse direction enhance the electron reflections and spin flip events. As

shown in Table 3.3, the resistivity with the presences of both surface roughness and point

vacancies is the sum of the resistivity from each individual source, i.e ρpt.vac.+surf. ≈
ρpt.vac. + ρsurf., which is consistent with Matthiessen’s rule within 5%. Compared to

the resistivity induced by surface roughness, under reasonable assumptions, vacancy

scattering is dominant over surface scattering for momentum relaxation.

Table 3.4: Summary of resistivity induced by vacancies at

tN= 3.6 nm and T = 0 K.

Cvac 0.1% 0.2% 0.4% 0.8% 1.0% 2.0%

ρ(µΩ · cm) 0.32 0.62 1.17 2.13 2.61 4.95

As shown in Table 3.4, a linear vacancy concentration dependence is found in ρvac

when the vacancy concentration is below 1.0%, which can also be predicted analytically

from the Green’s function method as in Ref. [83]. In the diffusive regime, resistivity

is inversely proportional to the product of the channel number M across the Fermi

level and an ensemble average transmission function T̄ , i.e. ρ ∝ 1/MT̄ . For a system

with uniformly and independently distributed vacancies of a concentration Cvac, the

correlation function for the vacancy scattering potential ∆ between any two sites is

⟨∆i,n,s∆i′,n′,s′⟩ = δi,i′δn,n′δs,s′(Cvac∆
2 − C2

vac∆
2)

+C2
vac∆

2,

where i, n and s are the indices for the position along the transverse and longitudinal

directions respectively.

Transmission amplitude tk1,k2 (from incoming wave with transverse mode k1 at one

lead to an outgoing wave with k2 at the other lead) and reflection amplitude rk1,k2 can

be written in terms of Green’s function as follows.

tk1,k2 = i
√
vk1vk2G

r
0,k1;N+1,k2 , (3.1)
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rk1,k2 = i
√
vk1vk2(G

r
0,k1;0,k2 −

δk1,k2
ivk1

), (3.2)

with Gr
m,k1;n,k2

= ⟨m, k1|Gr|n, k2⟩, where |m, k⟩ represents the generic electronic state

of mth longitudinal layer with transverse mode k. vk, group velocity of transverse mode

k is given by ∂Ef
∂k . Using Dyson’s equation,

Gr
0,k;0,k′ = gr0,k;0,k′ +

N∑
i=1

gr0,k;i,kV
i
k,k′g

r
i,k′;0,k′ (3.3)

Here V i
k,k′ =

∑
s,n ϕ

†
k(n, s)ϕk′(n, s)∆i,n,s. ϕk(n, s) denotes the wavefunction for an elec-

tron state |n, k, s⟩. Based on the expression of reflection amplitude, ivkg
r
0,k;0,k′ = δk,k′ .

Then, rk,k′ = i
∑

i

√
vkvk′g0,k;i,kV

i
k,k′g0,k′;i,k′ . Applying Dyson’s equation and collecting

the terms linear in the channel length L, the reflection amplitude

⟨|rk,k′ |2⟩ = 1/vkvk′(
∑
i

⟨V i
k,k′V

†i
k,k′⟩+

∑
i ̸=j

⟨V i
k,k′V

†j
k,k′⟩) ≈L

∑
n,s

Cvac(1− Cvac)∆
2

× [|ϕk(n, s)|2|ϕk′(n, s)|2/vkvk′ ].

In the weak scattering limit (in the system with dilute vacancies),

1/MT̄ ≈ 1/M +
∑
k,k′

⟨|rk,k′ |2⟩/M2.

Ignore the contact resistivity (first term),

ρ ∝
∑
n,s

Cvac(1− Cvac)∆
2[|ϕk(n, s)|2|ϕk′(n, s)|2/vkvk′ ].

Given that Cvac << 1,the linear dependence on Cvac can be seen. As the linear depen-

dence on the vacancy concentration is derived from the independence of the vacancy

distribution, when the vacancy concentration increase above a certain value, the as-

sociated scattering potential starts to overlap and interact, causing the deviation from

linearity. This deviation from the linear dependence is observed when Cvac is above 1.0%

as illustrated in Fig. 3.9 and the better quadratic fitting suggests that the vacancy over-

lapping matters as Cvac increases above 1.0%. Note that the quadratic fitting equation

given in the form of y = 284.2x(1 − 6.56x) rather than in the form of Cvac(1 − Cvac)
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as predicted, suggests that the interaction between vacancies is stronger than the pre-

diction and a higher order of expansion in Dyson’s equation is required to correctly

describe it.

Note that the different effects on the momentum relaxation can be attributed to the

nature of isolated defects and clustered defects. The features of surface roughness can be

understood as the clusters of multiple vacancies, forming an effective scattering potential

locally which is attenuated by the interaction of the local scattering potential associated

with each vacancy. Therefore, the resulting ρsurf is characterized by δh/ξ. In contrast,

for the system with dilute vacancies, the average inter-vacancy separation dvac is of

comparable magnitude as ξ or longer so that it is safe to consider that each scattering

event associated with each isolated vacancy is independent and additive, leading to

ρvac ∝ Cvac. Hence, momentum relaxation is more susceptible to point vacancy than

surface roughness in the thin film regime.
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Figure 3.9: Resistivity of 3.6 nm thick film varies with Cvac in blue; the linear fitting

on Cvac in a red dashed line and the quadratic fitting on Cvac in a yellow dashed line

with the fitting equation y = 284.2x(1− 6.56x).

As given in Table 3.3 and Table 3.1, the spin diffusion length due to vacancies is

generally ∼ 2 times shorter than that induced by surface roughness at tN = 3.6nm while
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the corresponding resistivity is more than 5 times larger. Consequently, βvac is one order

of magnitude larger than βsurf . This reflects the difference between bulk and surface

defects. Generally, a surface band is narrower than a bulk band within a system which

leads to a smaller electron level spacing or an energy gap ∆E. Thus, a larger βvac is

expected, following β = (∆E/λSOI)
2 as predicted by Elliott-Yafet theory. This reflects

the energy broadening due to spin flip scattering being suppressed by the surface energy

spacing.

3.4.4 Surface Reconstruction

Table 3.5: Summary of the effect of surface reconstruction on

electric and spin transport in an Al film with 3.6 nm thickness

at T = 0K.

δw(nm) Cvac% ρ(µΩ · cm) Lsd(nm) βrecon+vac
3

0.4 0 0.06 1020 7.9

0.4 0.1 0.47 377 66

0.8 0.1 0.68 332 107

0.4 0.4 1.69 198 235

0.8 0.4 2.3 202 443

0.4 0.8 3.02 175 585

0.4 1.6 5.3 166 1620

RSC4 0.0 1.39 650 1710

RSC 0.1 1.96 325 850

RSC 0.4 2.96 245 1079

RSC 0.8 3.70 210 1265

RSC 1.6 5.60 190 2371

Spin and momentum relaxation induced by surface reconstruction has also been stud-

ied. A repetitive indentation with a given period is repeatedly placed at the top surface

3 The extraction of β is based on its definition, which does not necessarily imply EY mechanism is
responsible for the derived value.

4 RSC symbolizes random surface corrugations
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to simulate the surface reconstruction, equivalent to 50% missing atoms at the surface.

To investigate the combined effect of point vacancies and surface reconstruction, 0.1%,

0.4%, 0.8% and 1.6% point vacancies are included along with surface reconstruction.

It is observed that the presence of surface reconstruction and point vacancies enhance

both spin and momentum relaxation and the simulation results become similar to the

experimental measurements. Note that constant resistivity is observed as shown in

Fig. 3.10 (a). Thus, it is accurate to use the resistivity determined at 250 nm as

representative to extract β.

As shown in Table 3.5, a nearly zero resistivity indicates that electron scattering due

to the repetitive surface corrugation is negligible owing to little symmetry breaking in the

propagation and transverse directions. The possibility of ballistic transport for periodic

surface corrugations cannot be ruled out, although the signature trend as demonstrated

in Fig. 4 in Ref.[84] is not observed. Given the nearly zero resistivity, the associated

spin relaxation can be explained by the Rashba effect [85, 86] originating from the

symmetry breaking in the thickness direction due to the surface corrugation such that

the intra-band scattering matrix element is nonzero, i.e. causing the intraband spin

scattering.

To investigate the effect of periodicity of surface reconstruction, random corruga-

tions are introduced on the surface to replace the repetitive surface corrugations such

that the resulting width of the average surface plateau is 0.8 nm without periodicity.

As shown in Table V, in the presence of 0.1% vacancies, comparing the case with 0.8

nm-width repetitive surface corrugation to that with random surface corrugations, the

resulting resistivity is increased ∼ 300% from 0.68 µΩ · cm to 1.95 µΩ · cm but the

associated spin diffusion length merely decreases ∼ 2%. This suggests that the pe-

riodicity of surface corrugation breaks the connection between momentum relaxation

and spin relaxation as indicated by the change of β in Table 3.5. Surface periodicity

effectively mitigates the momentum relaxation owing to symmetry such that the elec-

tron momentum corresponding to the width of the surface corrugation is robust against

backscattering, leading to a consistently smaller resistivity induced by periodic surface

corrugations (PSC) compared to that induced by random surface corrugations (RSC).
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Figure 3.10: (a) Resistivity of 3.6 nm thick film versus channel length in the presence

of periodic surface corrugations/random surface corrugations and 0.1%, 0.4% point

vacancies.(b) Spin diffusion lengths for a 3.6 nm thick film with varying widths of

surface corrugation and varying vacancy concentration.

In addition, a clear departure from Matthiessen’s rule of resistivity is observed. For
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example, the sum of ρvac with 0.1% vacancies (from Table 3.4) and ρ due to random sur-

face corrugation as in Line 8 of Table V mispredicts the combined resistivity by ∼ 15%.

In contrast, increasing the concentration of vacancies further breaks the symmetry along

the propagation direction, leading to the increase in resistivity and the effective removal

of the deviation from Matthiessen’s rule. For instance, Matthiessen’s rule accurately

predicts the resistivity within 5% for the case of 0.8% vacancies and RSC.

Furthermore, the introduction of point vacancies results in further amplification of

spin relaxation as shown in Fig. 3.10(b), which again is attributed to loss of inversion

symmetry along the thickness direction and propagation direction. The resulting spin

diffusion lengths for the cases with 0.4% vacancies or above are approximately 5 times

shorter than the case with periodic surface corrugations alone. Interestingly, 0.1% va-

cancies brings about a spin diffusion length 2.5 times shorter (∼ 1000 nm to ∼ 400 nm),

but doubling from 0.4% to 0.8% vacancy concentration only decreases the spin diffusion

length by ∼ 10% as shown in Table 3.5. Similar to the enhancement of momentum

relaxation owing to the induction of random corrugations, this suggests that the inef-

ficacy of periodic surface corrugations in relaxing spin momentum is easily broken by

any kind of randomness in the system, even 0.1% vacancies.

Following EY theory, Lsd =
√
3β/ρg(EF )e

2v2F . As shown in Fig. 3.11, a fairly good

fitting based on the EY theory in red with a reasonable βRSC+vac. (1434±138) suggests

that EY prediction is valid for the cases with RSC. However, for the cases with PSC and

vacancies, the presence of the positive constant term in the blue dash line violates the

EY mechanism which predicts a linear relation between Lsd and ρ−1 with a constant

β and a zero constant term. This can be attributed to the different responses to the

symmetry breaking between momentum relaxation and spin relaxation, which closely

depends on the scattering length scale and concentration of random defects. In the pres-

ence of PSC, the length scale associated with symmetry breaking is determined by the

average distance of vacancy separation, which is comparable or longer than the typical

length of momentum relaxation (∼ 10 nm) depending on the vacancy concentration.

Thus, symmetry can be better preserved at the typical scattering length of momen-

tum relaxation (∼ 10nm) than that at the typical length of spin relaxation (∼ 300nm)

such that electron transport within the typical length of momentum relaxation is nearly

ballistic owing to PSC, while the spin transport between the spin scatterings is diffusive.
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Figure 3.11: Lsd versus ρ−1 for all the cases shown in Table 3.5 except the case with

PSC alone. The fitting equations are y = 115.2x + 143 for vacancies and PSC in the

blue dash line and y = 841x - 13.3 for vacancies and RSC in the red dash line. The

associated βRSC+vac. is determined from the slope.

In contrast, the introduction of random surface corrugations breaks the translational

symmetry at a much smaller length scale such that symmetry breaking is comparable at

both length scales of momentum relaxation and spin relaxation. Note that the positive

correlation between βPSC+vac. and Cvac as shown in Table 3.5 could indicate that as

the vacancy concentration increases, a non-constant β is attributed to the reduced

contribution of surface spin-flip scattering [87], which has a larger spin-flip probability

(1/β) than that of bulk scattering. This is still inconclusive, however, as separating

surface scattering from bulk scattering cannot be achieved accurately, limited by the

departure from Matthiessen’s rule. In addition, a clear overlap is observed between PSC

and RSC at a larger vacancy concentration shown in Fig. 3.11, suggesting the Elliott-

Yafet prediction is expected to recover when the bulk scattering dominates. This is

also indicated by the relatively small difference between β1.6%,PSC (1620) and β1.6%,RSC

(2371).

Compared to the cases with the presence of both surface roughness and 2% point
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vacancies, the combined effect of point vacancies and 0.4nm-width surface corrugations

gives rise to ∼ 2 times shorter spin diffusion length and therefore ∼one order of magni-

tude smaller β when the associated resistivities are of comparable magnitude.

Although surface corrugation is a special case of surface reconstructions, it reflects

the significance of periodicity in momentum and spin relaxation, which can be extended

to other surface reconstructions that have localized periodicity.

3.4.5 Anisotropy of Spin Relaxation

So far, spin relaxation has been studied for the spins along z direction, i.e. thickness

direction as shown in Fig. 3.1. By rotating the spin basis of Hso to transverse directions,

anisotropic spin relaxation is explored with two representative cases: a system with

surface corrugations with the periodicity of 0.4 nm and 0.8% point vacancies and a

system with 2% vacancies. Defining the eigenstates σx and σy as | ± x⟩ = (1,±1)/
√
2

and | ± y⟩ = (1,±1)/
√
2, respectively, Hso can be rewritten accordingly. As shown

in Table 3.6, clearly the largest difference in spin diffusion lengths distinguishes the x

direction (direction of surface corrugation periodicity) from the others. It is traceable

to the surface corrugations: it vanishes within the film plane (x and y directions) when

the corrugation is removed. There is also a second smaller anisotropy between the

direction perpendicular to the plane (z) and parallel to the plane as one would expect

from Rashba arguments as presented in Ref. [88]. The spin diffusion length for x spins

is always found to be the largest, in qualitative agreement with the experimental Ref.

[88] which, however, has edge effects not included in the periodically connected thin

film used in this work.

Table 3.6: Summary of anisotropy of spin transport in an

3.6nm thick Al film with 0.4 nm periodicity of surface corru-

gation and 0.8% vacancies or 2% vacancies alone at T=0K.

w = 0.4nm Cvac = 0.8% Cvac = 2.0%

Lsd,x(nm) 490 492

Lsd,y(nm) 207 475
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Lsd,z(nm) 175 353

Table 3.7: Summary of the experimental results on spin

transport in Al-NLSV at T= 4K (Adapted from Ref.[52])

tN (nm) ρ(µΩ · cm) Lsd(nm) β × 104 Ref.

6 33.3 200 9.0 [75]

8.5 9.5 70 0.07 [55]

10 9.1 420 2.95 [75]

12 9.52 455 3.80 [76]

15 2.5 660 0.55 [43]

20 5.2 450 1.11 [77]

20 4 850 2.34 [78]

3.4.6 Spin Hot Spots

To check the effect of spin hot spots, the variation of spin polarization with respect to

the k vectors in the presence of surface roughness is examined. The outliers in spin

polarization appear in a ratio of 1/20. The total transmission for the outliers are about

half of that for regular k points. This implies that even for the 50% mixing of spin when

P = 0, the removal of those outliers will only increase P by ∼ 5%. Thus, the inclusion

of those outliers does not contribute much to the spin flip scattering that significantly

changes an order of magnitude of spin relaxation time. It make senses because the

presence of surface roughness breaks the space inversion symmetry and removes the

contribution of spin hot spots as it effectively lifts the degeneracy of spin states and

makes the band structure around the Fermi level smoother. Similarly, other defects

which serve to break the space inversion symmetry can also smear out the spin hot

spots, such as grain boundary, vacancies or surface corrugation.
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3.5 Conclusion

In this paper, the effects of surface roughness, GB scattering, vacancies and surface

reconstruction on the momentum and spin relaxation are investigated in a Al thin film

with tN = 3.6nm at T=0K. Point vacancies are found to be the dominant contribu-

tion to the momentum relaxation as the resulting resistivity is similar to experimental

measurements, while the resistivity induced by the other defects are at least one order

of magnitude smaller. Spin relaxation is dominated by the combined effect of surface

reconstruction and point vacancies, which leads to Lsd =∼ 200nm and β ≤ 1000 with

a reasonable assumption of vacancy concentration.

It has been observed that the presence of surface corrugation results in a clear

departure from Matthiessen’s rule. The violation of the EY prediction for β is found

in the presence of periodic surface corrugations and vacancies. This is attributed to

the different responses to symmetry breaking between momentum relaxation and spin

relaxation as symmetry breaking is not comparable at both length scales of momentum

and spin. In addition, a strong anisotropy of spin relaxation for the spins parallel to

the propagation direction is found, relevant to surface corrugations.

It has been found that the spin diffusion length induced by surface roughness is

proportional to (δh/ξ)−1/2 as opposed to (δh/ξ)−1, which can be attributed to the in-

terference between multiple surface features. A linear vacancy concentration dependence

is found for resistivity when the vacancy concentration is below 1.0% and a departure

from linearity is attributed to the interaction between the vacancy scattering potentials.



Chapter 4

Part II: Micromagnetics

4.1 History of Hard Disk Drives

The history of hard disk drives (HDDs) spans several decades and is characterized by

significant technological progress that has revolutionized data storage and computing.

The initial attempt to recording information with magnetism can be dated back to the

late-19th century. In 1877, the concept of magnetic recording was first proposed by the

American engineer Oberlin Smith and later demonstrated practically by Danish engineer

Valdemar Poulsen in 1898, who developed the first magnetic wire recorder, also referred

to as the telegraphone [89]. The fundamental principle of the telegraphone became the

norm for subsequent magnetic recording and playback designs: an information-coded

electrical signal was received by a recording head, which then generated an associated

magnetic field that wrote a magnetic pattern onto a recording medium where it persisted

until demagnetized by external magnetic fields. Once recorded in the medium, the

magnetic pattern can be sensed by a read head and converted into an electrical signal.

However, limited by capacity and performance, these early-stage storage devices

were not massively commercialized until the post-war period. In 1956, IBM introduced

the IBM 350 which was included in the IBM 305 RAMAC (Random Access Method of

Accounting and Control) computer system, which is widely recognized as the world’s

first commercial hard disk drive. It featured a stack of fifty 24-inch diameter and 1/8-

inch thick disks and had a storage capacity of 5 megabytes with an areal density of

54
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2kB/in2. This innovation marked a significant milestone in magnetic recording technol-

ogy and laid the foundation for modern HDDs. The HDD soon replaced magnetic tape

drives as the dominant secondary storage in computer systems.

Figure 4.1: a. Areal density evolution of HDDs from Ref. [90]; b. the ASTC roadmap

of areal density from Ref. [91].

Although flash memory-based solid state drives (SSDs) offer superior read and write

speeds, durability, and energy efficiency compared to HDDs in mobile devices, HDDs

continue to thrive due to their low cost per bit. This cost advantage puts HDDs in a

favorable position to accommodate the demand for storing and processing more than

100 zettabytes of data in the current big data era, ten times the amount of data being

produced in 2017 [92]. Ever since the HDD was invented, consistent effort has been

devoted to improve its reliability and areal density which refers to the storage capacity

per unit area in the disk platter of HDDs. Increasing areal density is essential to meet the

growing demand for higher storage capacities, compatibility for a wider range of digital

devices, enhanced energy efficiency and cost-effective storage solutions. Until 2015, the

areal density of HDDs reached about 1TB/in2, 8 orders of magnitude larger than the

IBM 350 in 1956, driven by the introduction of giant magnetoresistance (GMR) and

perpendicular magnetic recording (PMR) and other breakthroughs in recording media

and read head designs [93, 94, 95].

However, due to the inherent limitations in magnetic recording (magnetic recording

trilemma), the current prevailing recording technology, PMR, has slowly plateaued and

reached its saturation limit of of 1Tb/in2 for areal density, as depicted in Fig. 4.1 [100].

Therefore, it is imperative to explore next-generation magnetic recording technologies
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to replace PMR for sustainable growth in the areal density of HDDs.

Among all the next-generation recording techniques, Heat-assisted magnetic record-

ing (HAMR) is usually regarded as the solution for higher areal density to succeed

contemporary PMR. This is evidenced by the roadmap of areal density projection by

Advanced Storage Technology Consortium (ASTC) in Fig. 4.1, representing the con-

sensus from industry. In 2023, Seagate, the leading company for mass-capacity storage

solutions, revealed its long-term technology roadmap, outlining plans to introduce hard

drives with capacities of approximately 50 TB by 2026 and exceeding 120 TB by 2030.

By Incorporating bit-patterned media (BPM) and other advanced recording technique,

the projection of HAMR’s areal density can reach up to approximately 10 Tb/in2, 10

times higher than what PMR can offer [96]. Thus, hard disk drives will continue to be

the predominant cost-effective data storage solution for the foreseeable future.

4.1.1 Structure of HDDs

Figure 4.2: the basic structure of an HDD [97].
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Fig. 4.2. illustrates the structure of HDDs with the key components labeled. A typical

structure of a Hard Disk Drive (HDD) consists of several key components: platters,

spindle motors, read/write heads, actuator arm and controllers. Platters are circular,

metallic disks coated with a magnetic material storing magnetic information, mounted

on a spindle driving the rotation of patters at high speeds (usually 5,400 to 15,000 revo-

lutions per minute). Each platter has a read/write head mounted on a slider controlled

by an actuator arm. The actuator arm positions the read/write heads over the cor-

rect location on the platters to read or write data, enabling read/write heads fly a few

nanometers above the surface of platters. When approaching the media, the read/write

heads read back signals from, and write information, to the platters by magnetizing

or detecting changes in the magnetic patterns. The controller is a circuit board that

manages the operation of the HDD. It communicates with the computer’s operating

system, controls the movement of the actuator arm, and handles data transfers between

the platters and the computer’s memory.

4.2 Magnetic Recording Trilemma

The magnetic information stored is binary, represented by a string of magnetization

directions of each individual grain in the media. The actual recording media consists

of grains with varying shapes and sizes and hence each bit with a given bit length has

to be stored with several grains to ensure the coded information is retrieved correctly.

To achieve high-precision readback, reducing the volume of grain enables higher signal

to noise ratio (SNR) with larger number of grains per bit, which also favors high areal

density.

However, the reduced volume of the grain compromises the thermal stability, which

is detrimental to long-term storage reliability. This is attributed to the superparam-

agnetic effect: when reaching to a critical grain size, the magnetization of each grain

is randomized due to thermal fluctuation even at room temperature, exhibiting simi-

lar properties as paramagnetism [99]. To compensate for the superparamagnetic effect,

the energy barrier associated with thermal fluctuation between two energy minimum

states demands a substantial anisotropy to balance the reduced volume. In general,

KuV/kBT > 60 is required to achieve a long term room-temperature storage of more
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than 10 years, where Ku demote anisotropy, V is the volume of grain, kB is Boltzmann

constant and T represents temperature.

Writiablity, however, may be compromised with high anisotropy. Higher writability

enables faster and more efficient data recording processes. As reliable recording requires

the switching magnetic field be approximately equal to the anisotropy field Hk, equal to

2Ku/Ms, high write field is neccessy for achieving high writablity and thermal stability,

which is largely determined by the material and other components of the write head.

The current upper limits stands at approximately 1.7 T. Furthermore, increasing head

fields also requires the re-calibration of the magnetic properties of other components in

HDDs to ensure consistent and stable performance for high writability.

This challenge to balance three key factors in magnetic recording technology (areal

density (SNR), writability, and stability) is referred to as the trilemma of magnetic

recording [98]. Addressing this trilemma for higher areal density and reliability is crucial

to the future of the HDD industry; it requires careful optimization of magnetic materi-

als, recording techniques, and device design to achieve a balance among areal density,

writability, and stability. Ongoing research and endeavor focus on various strategies

such as engineering magnetic materials with enhanced stability, using exchange-coupled

or composite structures, or employing advanced recording techniques like heat-assisted

magnetic recording (HAMR) or bit-patterned media (BPM).

4.3 From LMR to PMR to HAMR

The transition from longitudinal magnetic recording (LMR) to perpendicular magnetic

recording (PMR) was marked by Toshiba’s release of its first commercial PMR-based

HDD products in 2005 [94], primarily motivated by achieving high areal density through

the PMR design [101]. In conventional ”longitudinal” magnetic recording, the magneti-

zation of granular recording media is oriented parallel to the medium surface. A typical

ring-shaped inductive write head generates a longitudinal fringing field that magnetizes

the medium circumferentially along the down-track direction. However, at high record-

ing density where bits are closed packed, the adjacent bits with opposite polarities can

generate a strong demagnetizing field, leading to bit destabilization [102]. Additionally,

smaller bits require a thicker medium to maintain sufficient coercivity, which yields an
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even stronger unfavorable demagnetizing field.

In contrast, PMR aligns magnetic bits perpendicularly to the medium surface,

thereby reducing the undesirable demagnetization field at the transition region. To

enhance writability in PMR, a soft magnetic underlayer (SUL) is affixed beneath the

recording medium, creating a closed magnetic flux loop. The incorporation of the SUL,

coupled with the small pole-tip of the write head, enables a strong magnetic field to be

generated between the pole tip and the soft underlayer by the dense flux beneath the

small pole-tip. Consequently, materials with larger anisotropy and smaller grain size

can be used as the recording medium, favoring high areal density recording.

Figure 4.3: The basic illustration of longitudinal magnetic recording and perpendicular

magnetic recording from Ref. [103].

4.3.1 HAMR

Further increase in the areal density of HDDs demands new magnetic recording tech-

nology to surpass the saturation limit of PMR, such as heat-assisted magnetic recording

(HAMR), and microwave-assisted magnetic recording (MAMR). In particular, HAMR,

as the leading technology for next-generation magnetic recording, addresses the mag-

netic trilemma is by decoupling writing from the storage process such that the competing

requirements of writability, thermal stability and high areal density can reach consen-

sus. Achieving high writability involves temporarily and locally heating medium to a

lower coercivity. This is accomplished by a high-Ku medium that is locally heated with
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a laser to a temperature near or above its Curie temperature where the coercivity is

significantly reduced, allowing writing with a smaller head field. Within a nanosecond,

the recorded bit is cooled down to the room temperature where the restored high Ku

ensures the information is stored with long-term thermal stability. This allows reliable

writing with a sufficiently small grain volume in the presence of limited head field. Addi-

tionally, with proper matching heat source and media thermal design, HAMR can offer

larger effective field gradient, promoting higher areal density as well. The recording

process is illustrated in Fig. 4.4.

Figure 4.4: The schematic of HAMR demonstrating its recording mechanism [104].

Near-Field Transducer

To ensure reliable recording in HAMR, a novel optical system with a laser must be

integrated into the design of the HAMR write head to deliver optical energy transiently

to a narrow spot with precision. This requirement is crucial for achieving fast heating

and cooling, enabling high data rates and sharp transitions, and for accommodating high

areal densities. The high areal densities demands a narrow heating spot for smaller bit

lengths. For achieving densities of 1Tb/in2, the heat spot dimension is expected to be

less than 50 nm [105]. However, the diffraction limit of optical spot size (d) for focused

propagating light waves in the far field prevents conventional laser focus-heating to meet

this requirement, as defined by the equation λ/2NA (where λ is the wavelength and

NA denotes the numerical aperture of the focusing lens) [106].

To overcome the bottleneck of the diffraction limit, a plasmonic near-field transducer

(NFT) incorporated with a planar solid immersion mirror is utilized to confine optical

waves to a narrower spot than the incident wavelength in Fig. 4.5. As shown in Fig.
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4.5a, a typical ‘lollipop” design of NFT consists of a metallic disk and a rectangular peg.

When light is absorbed by the disk, the free electrons in the metal oscillate collectively in

response to the incident electromagnetic radiation, generating a much stronger optical

intensity of surface plasmonic current known as surface plasmon resonance. These

surface plasmons converge along the outside edge of the disk to the peg, whose width

is much narrower than the diffraction limit. This enables the tight confinement of the

enhanced field and efficient delivery of optical energy to the recording medium below.

In summary, the plasmonic NFT is integrated into the write head of the HDD. When

a laser beam is focused onto the NFT, plasmonic resonance generates a highly localized

and intense near-field hotspot at the surface of the recording medium. Thus, higher

areal density can be achieved with a narrower heat spot. To ensure a fast cooling cycle

within approximately 1 ns and efficient heat conduction, a heat sink and an interlayer

are attached to the recording medium to regulate the heat flow from the storage layer.

Figure 4.5: a. A illustration of a ”lollipop” NFT heating a HAMR media [107]; b. A

PSIM converging light waves to NFT [106].
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4.3.2 HAMR Media

Figure 4.6: A schematic drawing of HAMR media consisting of a recording layer and

functional layers from Ref. [109].

Fig. 4.6 illustrates the typical structure of HAMR media comprising a recording layer

and functional layers. The recording layer, coupled with a lubricant and overcoat layer

above it, is incorporated with an interlayer (control of magnetic property and microstruc-

ture) and a heat sink underlayer, which is supported by a substrate at the bottom. Based

on the mechanism of HAMR, a solid HAMR media should present a well-ordered granu-

lar structure with high Ku, narrowly-distributed grain size, as well as a desirable thermal

response for sharp transitions, including an efficient lateral heat flow confinement and

vertical heat conductivity.

Table 4.1 includes several high-Ku material as potential candidates for HAMR me-

dia, where Ku denotes magneto-crystalline anisotropy, Ms represents saturation mag-

netization, Hk is anisotropy field, Tc labels Curie temperature and DP is the minimum

diameter to maintain thermal stability > 60kBT . Among the materials listed in Table

4.1, SmCo5 exhibits the highest anisotropy, ∼ 20 × 107 erg/cm3, representing rare earth

transition metals. And yet rare earth materials generally present fabrication challenges

and corrosion issues at room temperature, which make it unsuitable for long-term stor-

age. Some multilayer structures also exhibit moderately large anisotropy ∼ 1 × 107
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erg/cm3 generated by the interface, yet the ∼ 6.6 nm threshold grain size diameters

make it less appealing for date storage with high areal density.

Table 4.1: A list of high-Ku magnetic materials from Ref.

[108].

Type material Ku Ms Hk(KOe) TC(K) DP (nm)

Co-alloy CoCr20Pt15 0.3 330 18.2 - 14.4

Co3Pt(L12) 2 1100 36.3 - 6.9

L10 alloys FePd 1.8 1100 33 760 5.0

FePt 6.6-10 1140 116 750 2.8-3.3

CoPt 4.9 800 123 840 3.6

MnAl 1.7 560 69 690 5.1

RE1
Fe14Nd2B 4.6 1270 73 585 3.7

SmCo5 11-20 910 240-400 1000 2.2-2.7

L10 ordered alloys generally offers high anisotropy and reasonably small critical di-

ameters for high thermal stability. In particular, L10 phase FePt exhibits the highest

anisotropy, ∼ 7× 107 erg/cm3, among all of the L10 phases material considered in Ta-

ble 4.1. Generally, however, achieving high Ku through elevated anneal temperatures

during fabrication process can compromise the grain size distribution, potentially ag-

gravating transition noise in HAMR application. Moreover, another critical parameter

for achieving reliable HAMR performance is Tc. Given that the writing process occurs

near Tc, it strongly influences the effective field gradient and largely dictates the oper-

ating temperature of the medium structure, thereby determining the recording quality.

Hence, materials used for overcoats and lubricants as well as the design of the NFT

must be tailored accordingly based on Tc.

Additionally, stronger thermal fluctuations at the writing temperature due to higher

Tc value can degrade transition quality, thus adversely affecting recording performance.

Moreover, the heat sink functional layer is also a key component to achieve high record-

ing performance by promoting high thermal gradients and efficient heat conduction in

vertical direction. Commonly used materials for heat sink layers include noble metals

1 RE: rare earth transition metals
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such as Au and Ag, as well as Al, Cu, and Cr which promote efficient vertical heat flow.

Overall, L10 phase FePt remains a promising magnetic material for HAMR application,

offering favorable properties for achieving high recording performance.

4.3.3 Noise in HAMR

Figure 4.7: Typical HAMR noise contributors; a. σTc and σHk degrade transition

jitters [113]; b. The Curie temperature dependence on grain size [114]; c. The grain

geometry induced variation of power absorption [115].

In general, the medium noise in HAMR system typically falls into two categories, tran-

sition noise and remanence noise [146, 147, 148]. Transition noise stems from the vari-

ations of opposite magnetic polarity between two adjacent bits. Transition jitter serves

as a common metric to evaluate the transition noise, representing the down-track varia-

tion of magnetic transition positions. On the other hand, remanence noise, also known

as DC noise, is dominated by the thermal fluctuation during the cooling process. It is
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crucial to understand the nature of HAMR noises and their impact on the recording

performance for effectively addressing the noise-related challenges.

The introduction of thermal effects complicates the medium noise with tempera-

ture dependence, in addition to the existing PMR noise associated with anisotropy

field variance and randomness of grain geometry. The total medium noise primarily

includes the contributions from Curie temperature variance, thermal fluctuation, struc-

tural randomness in grains and the variations in anisotropy fields [150]. Given the

HAMR mechanism, the writing process occurs near the Curie temperature where the

magnetization and anisotropy momentarily enter a superparamagnetic state, i.e. effec-

tive magnitude close to zero. As a result, the switching of grains are driven mostly by

the write head field and thermal fields. Thus, the recording quality significantly depends

on thermal fluctuation and other temperature-dependent noise sources. In particular,

variation of Tc across different grains, originating from the doping-induced chemical

and magnetic ordering variation or grain size distribution, can cause the local grain

switching at different temperatures, reducing the switching efficiency and quality.

Fig. 4.7.b illustrates a significant variation in Tc, especially in the HAMR grains

smaller than 6 nm [113]. Moreover, structural randomness in HAMR media, includ-

ing variations in magnetic grain size, shape, thickness, air gaps, and grain boundaries,

can induce significant fluctuations in optical power absorption, leading to a further lo-

calized temperature variation on the media [114, 115]. In addition, the noise induced

by anisotropy field variance and grain size distribution inherent to PMR is magnified

even more with a smaller grain size in HAMR. This is because during fabrication pro-

cess, high anneal temperature introduces further randomness in the grain size. The

larger variation in recording temperature will in turn widen the Hk dispersion, further

degrading the recording performance.

4.3.4 Thermal exchange coupled composite media

Although tremendous progress has been achieved with the design and reliability in NFT,

microstructure and magnetic properties of the recording medium, yet noise mitigation

and media fabrication remains the primary challenges to improve the areal density of

HAMR [141]. Intrinsically, HAMR suffers from superparamagnetism and thermal noise

issues, such as Tc variance, Ku variance and grain size distribution. In particular,
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as the writing occurs around the Tc of the storage medium, the recording quality is

significantly affected by the Curie temperature distribution [140].

To mitigate the Tc variance of HAMR media, thermal exchange coupled composite

(ECC) media was first proposed by Victora and Liu, et.al [119]. ECC consists of two

layers: a superparamagnetic writing layer and storage layer. The recording process is

initiated in the write layer that is magnetically softer than the long-term storage layer,

commonly made of L10 FePt. Via exchange coupling between the writing layer and

storage layer, the coded information can be copied to the FePt layer during cooling

process. This usually occurs at a temperature higher than the writing temperature of

FePt whose Tc is lower. Because the recording process in the storage layer is initiated

by exchange coupling from the writing layer and write head field at lower temperature,

the dependence on the variance in Tc of the storage layer is reduced/removed. This

two-stage writing process enables ECC to exhibit a robust tolerance to Tc variance

of the storage layer and strong tunability of writing temperature, thus improving the

recording efficiency and quality [119, 120].
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Figure 4.8: Illustration of switching mechanism in thermal ECC media initiated at

different temperatures and cooled to 350 K (3rd column) [119].

Fig. 4.8 illustrates the switching mechanism of ECC medium. T0 denotes the highest

temperature without switching [119]. As shown in the top row of Fig. 4.8, when

temperature exceeds the writing temperature of the storage layer, the writing process

of the top layer is initiated while the storage layer is still in its paramagnetic states,

confining the writing process to the top layer alone. As temperature further reduces, the

information written in the top layer can be copied and transferred into the storage layer.

With properly chosen anisotropy of top layer, this process can occur at a temperature

higher than Tc of a single storage layer, thus reducing/removing the dependence of Tc

variance in the storage layer.

The second row illustrates the case when temperature lies between room temperature

and writing temperature Tsw, 350K < T < Tsw. In this case, the reversal of top layer

is attributed to its smaller anisotropy field and thus higher effective field while the

information in the storage layer is protected by its high anisotropy. This reveals the

potential of ECC design to protect the stored information from the adjacent track
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writing. The last row illustrates the stability of long-term storage in the ECC design

thanks to the high anisotropy of both layers at room temperature.

Noise Mitigation

The probability of thermal switching is one of the key parameters in understanding and

mitigating noise in HAMR. It is a statistical measure that quantifies the likelihood of

the reversal of the magnetic moment for a given bit due to thermal fluctuations over a

given period. It can serve as an alternative measure of transition jitter [119, 120]. Fig.

4.9a shows the switching performance of thermal ECC media, utilizing the Switching

Probability Distribution (SPD) curve to characterize the transition noise. SPD is im-

plemented to simulate the transitions between two adjacent bits with opposite magnetic

polarity during the HAMR recording process. It follows a Gaussian distribution and

is defined by two parameters: the switching temperature and the Full Width at Half

Maximum (FWHM) of the SPD. The switching temperature represents the mean of the

Gaussian curve, corresponding to the temperature of 50% switching, also known as the

writing temperature. The FWHM of SPD characterizes the transition quality and is

measured in term of temperature. It is imperative for a solid HAMR media to demon-

strate a sharp transition, ensuring that switching occurs within a narrower temperature

range, thus yielding a narrower FWHM.
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Figure 4.9: a. SPDs for conventional HAMR media and thermal ECC media [119]; b.

The dependence of transition jitter on grain pitch for single-layer FePt and thermal

ECC media [120].

As shown in Fig. 4.9a, the FWHM associated with thermal ECC media (red) is

42K, which exhibits a ∼ 30% improvement compared to conventional single-layer FePt

(blue). Fig. 4.9b illustrates the transition jitter comparisons between thermal ECC and

single-layer FePt with varying grain pitches and thicknesses, where better transition
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jitter occurs with thicker thermal ECC media, ∼ 0.3 nm smaller than single layer FePt

with the same thickness. This improvement can be attributed to higher thermal stability

owing to the larger volume of grains suppressing the thermal fluctuations.

4.3.5 Low-T ECC

In practice, fabricating thicker media is more challenging, involving a longer period

of sputtering and annealing, which could lead to variation in media microstructure,

e.g. larger grains, and increased cost. Moreover, the high operating temperature in the

HAMR system may result in the deterioration of lubricant and overcoat layer, overheat-

ing of NFT and the heat-induced surface roughness of the recording medium. Thus, it

is crucial to explore a new design of ECCs that presents comparable/superior recording

performance in low temperature regime with reduced thickness as alternatives. Natekar

and Victora proposed a novel design of thermal ECC with low writing temperature

that demonstrates the same superior switching and recording performance as the high

temperature thermal ECC media [121]. As shown in Table 4.2, the magnetic properties

of Tc, Ms and Ku of new bilayer ECC design are reduced compared to the previous one.

As a result, the peak temperature is reduced from 850 K to 650 K.

Table 4.2: Magnetic parameters in two different designs of

thermal ECC media at 300 K [121].

Thermal ECC media Tc,w(K)2 Tc,s(k)
3 Ms,s(emu/cm3)4 Ku,s(10

7 erg/cm3)

High-T 900 700 922.3 4.11

Low-T 600 500 856 3.1

Fig. 4.10 compares the transition jitters between the low temperature thermal ECC

and the previous design with higher writing temperature. As shown in Fig. 4.10, the

transition jitters of the two configurations are identical with varying FWHM of heat

spots, suggesting that potential comparable recording performance can be achieved

with the new design. Compared to the old design with high writing temperature, the

2 Tc,w denotes the Curie temperature of writing layer
3 Tc,w denotes the Curie temperature of storage layer
4 Ms,s denotes the magnetization of storage layer
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new design lowers the writing temperature by 34% from 738 K to 486 K while still

maintaining the same recording performance.

Figure 4.10: Transition jitters evaluated with high-T and low-T thermal ECC media at

different grain pitches.

4.3.6 Adjacent Track Erasure (ATE)

As the areal density is increased, it is expected that track pitch density continues to

increase. In HAMR, a narrower track width presents a special challenge to NFT design

to effectively confine the heating spot and to medium architecture to reduce cross-

track heat conduction for high-quality transitions over the full track width, without

compromising date integrity stored in adjacent tracks. Thus, minimizing adjacent track

erasure (ATE) is crucial for HAMR to achieve high areal density.

The ATE effect in HAMR arises from poor cross-track thermal gradients, variation

in magnetic properties of the recording media as well as narrow track spacing. To under-

stand the ATE of HAMR media in-depth, ATE is assessed with two partially overlapped

adjacent tracks. One track is written in a single-tone pattern (0101..) and the other

track is overwritten multiple times with a pseudo-random bit sequence (PRBS). ATE

is characterized with interference from the PRBS-track on the single-tone track and

evaluated by parameter ‘B’ as in the equation below.

SNR = A+Bln(N),
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where N is the number of rewrites. Table 4.3 shows the ATE of three different media:

conventional single-layer FePt, high writing temperature thermal ECC and low writing

temperature thermal ECC [122].

Table 4.3: Adjacent track erasure evaluated with different

HAMR media.

Thermal media Thickness(nm)5 RW=15nm RW=20nm

Single-layer FePt

[0, 9] -0.08dB -0.23dB

[0, 6] -0.30dB -0.39dB

[0, 7.5] -0.27dB -0.40dB

High-T ECC [3, 6] -0.19dB -0.25dB

Low-T ECC [3, 6] -0.5dB -0.46dB

Clearly, this table shows that reduced thickness of media aggravates ATE due to

low thermal stability. For the same thickness of media, thermal ECC media is more

susceptible to ATE compared to single layer-FePt. Yet, with the same thickness of

FePt layer, ATE of high temperature ECC is improved compared to conventional single

FePt layer; this is attributed to the presence of FePt stabilizing the structure despite

the writing process exclusively occurring in the top layer. It has also been found that

low-temperature ECC is more susceptible to ATE than high-temperature ECC. This

can be attributed to the reduction of anisotropy in the storage layer and the decreased

thermal gradient when lowering the Tc of the medium and the peak temperature of

heat spot. Although comparable single-track recording performance can be achieved

by low-temperature ECC, it is also necessary to address high susceptibility to ATE in

multiple track writing with other techniques, such as intergranular exchange and pulsed

laser.

4.3.7 Outline

The second part of this thesis, spanning from Chapters 4 to 6, focuses on optimizing

magnetic parameters to reduce transition jitters in composite media for HAMR.

5 Thickness for each layer is denoted in the form of [write, storage]
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• Chapter 5 explores the principles of micromagnetics and simulation models, cover-

ing topics from the LLG equation to the primary contributors to the effective field

in the recording system, effective renormalized media discretization, generation of

Voronoi media, and the recording process in micromagnetic simulation.

• Chapter 6 is dedicated to optimizing HAMR recording performance with a novel

three-layer composite media structure, characterized by transition jitters, erasure-

after-write, bit error rate, and switching probability distribution. Comparative

result and discussions with conventional two-layer ECC structures are provided,

along with analytical analysis on switching behaviors, demonstrating the supe-

riority of the novel media structure in terms of reducing transition noise and

addressing its thermal susceptibility after writing.



Chapter 5

Modeling Methods of Magnetic

Recording

Claim : CGS system of units is used in this chapter.

5.1 LLG equation

In 1935, Landau and Lifshitz first proposed a non-dissipative equation describing the

precession of the magnetization M⃗ around the effective magnetic field H⃗eff , which is

given by

dM⃗

dt
= −γM⃗ × H⃗eff . (5.1)

Later, a term of energy dissipation to the surroundings was introduced with dimension-

less damping parameter α′ to the Landau-Lifshitz equation (LL) [123] and it became:

dM⃗

dt
= −γM⃗ × H⃗eff −

γα′

Ms
M⃗ ×

(
M⃗ × ⃗Heff

)
. (5.2)

It states the variation of M⃗ with respect to time is equal to the net torque acting on

it, following Newton’s 2nd law of rotation for a rigid body. Ms denotes the saturation

magnetization. γM⃗×H⃗eff refers to the torque that initiates the energy-conserving pro-

cession (free procession) motion of M⃗ around the direction of H⃗eff with the associated

angular velocity of ω = γHeff . The second term accounts for damping, dissipating

74
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energy to the surrounding via lattice vibration or spin waves, with the strength α typ-

ically measured empirically. However, note that as α′ → ∞ in the second term, dM⃗
dt

also goes to infinity (→∞) instead of collapsing toward the direction of H⃗eff , which is

counter-intuitive. In 1955, T. L. Gilbert addressed this issue by proposing a modified

equation for magnetization dynamics as

dM⃗

dt
= −γM⃗ × H⃗eff + αM⃗ × dM⃗

dt
. (5.3)

Here, α represents the Gilbert damping constant [124]. Note that Eq. 5.3 can be recast

into the same mathematical form as LL equation (Eq. 5.2) by taking the cross product

of M⃗ to both sides of the equation, which becomes

dM⃗

dt
= − γ

1 + α2
M⃗ × H⃗eff −

γα

(1 + α2)Ms
M⃗ ×

(
M⃗ × ⃗Heff

)
. (5.4)

This is the well-known form of the Landau-Lifshitz-Gilbert (LLG) equation, commonly

used in numerical simulation of micromagnetics. Note that now when α → ∞, dM⃗
dt

reaches to its static state where M⃗ aligns with ⃗Heff as expected. Conversely, for α or

α′ → 0, both equations are simplified to the undamped form of LL equation without

dissipation [125].

5.2 Numerical Implementation of LLG equation

The fourth order Runge-Kutta method (RK4) serve as the numerical solver for the LLG

equation. Given an ordinary differential equation with initial conditions as follows.

dy

dt
= f(t, y), y(t0) = y0.

Here y is a function of t and y0 is the initial value of y(t) evaluated at the initial time

t0. Based on RK4, the value of y at the next time step tn+1 is approximated by the

value of y at the current time step tn by four estimations of slopes k. Let h = ∆t be

the discretization time step.

yn+1 = yn +
1

6
h (k1 + 2k2 + 2k3 + k4) ,

where the values of k1, k2, k3 and k4 are evaluated as follows.

k1 = f(tn, yn),
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k2 = f(tn + h/2, yn + hk1/2),

k3 = f(tn + h/2, yn + hk2/2),

k4 = f(tn + h, yn + hk3),

It is convenient to describe the procession motion of M⃗ using spherical coordinates.

Let m⃗ = M⃗
Ms

and θ and ϕ be the polar angle and the azimuthal angle respectively, then

mx = sin θ cosϕ,

my = sin θ sinϕ,

mz = cos θ.

Substituting expressions above into the LLG equation, it decomposes into two coupled

ordinary differential equations between θ and ϕ, which will be solved by RK4.

dθ

dt
=

γ

1 + α2
[− sin(ϕ)Heff,x + cos(ϕ)Heff,y]

+
γα

1 + α2
[cos(θ) cos(ϕ)Heff,x + cos(θ) sin(ϕ)Heff,y − sin(θ)Heff,z] ,

(5.5)

sin(θ)
ϕ

dt
=

γ

1 + α2
[− cos(θ) cos(ϕ)Heff,x − cos(θ) sin(ϕ)Heff,y +Heff,z]

+
γα

1 + α2
[− sin(ϕ)Heff,x + cos(θ)Heff,y]

(5.6)

5.2.1 Hamiltonian of a spin system

The effective field in Eq. 5.4 is determined by

H⃗eff = − ∂E
∂M⃗

,

where E is the total Gibbs free energy of the system. The energy contribution to a spin

system considered in the micromagnetic simulation, typically consists of the following

terms.

E = Eexchange + Ezeemann + Eanisotropy + Edemag + Ethermal

Here Eexchange denotes the exchange energy, Ezeemann refers to the Zeemann energy

from the write head field, Eanisotropy represents the cystalline anistropy energy, Edemag

is the magnetostatic interaction energy and Ethermal labels thermal agitation.
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5.2.2 Crystalline Anistropy Energy

Magneto-crystalline anisotropy refers to non-uniformity of magnetic behavior within

the crystal structure of ferromagnetic material. In other words, there is a preferred

orientation where magnetization is aligned. Magneto-crystalline anisotropy arises from

spin-orbital interaction. Due to the typically nonspherical shapes and inherent sym-

metries of atomic orbitals, when interacting with the surroundings, the orientations

and shapes of atomic orbitals are recast corresponding to the lattice symmetry. Con-

sequently, via spin-orbit interaction, magnetization establishes its favored orientations,

thereby giving rise to magnetocrystalline anisotropy characterized by certain preferred

directions.

Two types of mangetocrystalline anisotropy are discussed : uniaxial and cubic. Uni-

axial anisotropy is present in a hexagonal or tetragonal crystal structure, such as cobalt,

or in L10 ordered alloys such as FePt and CoPt. For a system with a preferred axis k,

ignoring the higher order angular dependence, Eani is approximately expressed as

Eani = KuV
(
1−

(
k⃗ · m⃗)2

))
= KuV sin2(θ),

where θ is the angle between k-axis and the unit magnetization m⃗, Ku is the energy

density of anistropy and V refers to the volume of system of interest. Depending on the

sign of Ku, the preferred direction of magnetization can either be along k axis or lie in

the plane.

H⃗ani = −
∂Eani

∂m⃗
=

2Ku

Ms

(
k⃗ · m⃗

)
k⃗ (5.7)

Cubic anisotropy is present in the cubic crystal and it can be expressed as

Eanisotropy = K0 +K1

(
α2
1α

2
2 + α2

2α
2
3 + α2

1α
2
3

)
+ higher order terms.

Here, αi are the direction cosines of magnetization for i = 1,2 and 3.

5.2.3 Exchange field

Exchange interaction is a quantum mechanical effect, which can be described by the

Heisenberg model with the Hamiltonian (H) that sums over all the neighbors spins j for

each atom i:

Eexchange = −
∑
i ̸=j

Ji,jS⃗i · S⃗j .
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Here, S⃗i and S⃗j are the unit vector for spin i and j, and Ji,j is the exchange coupling con-

stant between S⃗i and S⃗j . Assuming Ji,j is constant for the isotropic exchange coupling,

then

Eexchange =− J
∑
i ̸=j

S⃗i · S⃗j = −J
∑
i ̸=j

S⃗i ·
(
S⃗i +∆S⃗i,j

)
= −J

∑
i ̸=j

S⃗i ·
(
∆S⃗i,j

)
− J

∑
i ̸=j

S⃗2
i .

Since

S⃗2
j =

(
S⃗i +∆S⃗i,j

)2
= S⃗2

i ⇒ S⃗i ·∆S⃗i,j = −
∆S⃗2

i,j

2
,

which is substituted into the expression of Eexchange. One can derive the following.

Eexchange =J
∑
i ̸=j

∆S⃗2
i,j

2
− J

∑
i ̸=j

S⃗2
i

≈− J
∑
i ̸=j

[
1− 1

2

(
∆r⃗ · ∇S⃗(r⃗)

)2
]

Note that in the continuum approximation, S⃗i and S⃗j are replaced by S⃗(r⃗) and S⃗(r⃗+∆r⃗),

where ∆r⃗ is the position vector between two neighboring spins, then ∆S⃗i,j can be

approximated by ∆r⃗ · ∇S⃗(r). One can rewrite Eexchange as

Eexchange =
1

2
JS2

∑
i ̸=j

[∆r⃗ · ∇m⃗(r)] =
JS2a2

2

[
(∇mx)

2 + (∇my)
2 + (∇mz)

2
]
.

Consider a simple cubic with lattice constant a and define exchange stiffness constant

as Aex = JS2/a and volume of the unit cell be V = a3. Then

Eexchange/V =
Aex

M2
s

(
|∇xM⃗ |2 + |∇yM⃗ |2 + |∇zM⃗ |2

)
.

Thus, one can derive that exchange field H⃗exchange is

H⃗exchange =
∂Eexchange

∂M⃗

=
Aex

M2
s

(
∇2

xM⃗ +∇2
yM⃗ +∇2

zM⃗
)

=− 2Aex

Msa2

∑
n,n

m⃗,

where m⃗ is the unit vector of M⃗ and ”n,n” denotes nearest neighbors.
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5.2.4 Magnetostatic Energy

The magneto-static interaction refers to a long-range dipole-dipole interaction between

magnetic moments within the system, defining the alignment and orientation of mag-

netic moments within a material and yielding various magnetic phenomena such as

magnetic ordering, domain formation, and magnetic domain wall motion. Hence, ac-

curate and efficient inclusion of the magneto-static interaction into the LLG equation

is essential to the scalability of numerical micromagnetic simulation, especially for the

systems with hundreds of thousands magnetic moments. The magneto-static interaction

is governed by the Maxwell equations :

∇ · B⃗ = 0

∇× H⃗mag = 0,

where the magnetic flux density B⃗ and the magnetostatic field H⃗mag are related by

B⃗ = H⃗mag + 4πM⃗ in CGS unit. By solving the Maxwell equations above, the total

magnetostatic field at position r⃗ is given by

H⃗mag(r⃗) =−
1

4π

∫
volume

∇′ · M⃗(r⃗′)(r⃗ − r⃗′)
|r⃗ − r⃗′|3

dV ′+

1

4π

∫
surface

n⃗ · M⃗(r⃗′)(r⃗ − r⃗′)
|r⃗ − r⃗′|3

dS⃗′.

(5.8)

where H⃗mag can be separated into the contribution from the volume poles, ∇ · M⃗(r⃗)

and the surface poles, n⃗ · M⃗(r⃗′). Note that it is numerically expensive to obtain H⃗mag

by Eq. 5.8 directly and the time complexity scale s as N2 where N is the number of

dipoles in the system.

Instead, rearranging Eq. 5.8 to the form of Eq. 5.9 allows the adoption of a Fast

Fourier Transform (FFT) algorithm to determine H⃗mag, reducing computational time

to NlnN.

H⃗mag = −
∫
volume

∇∇′
(

1

|r⃗ − r⃗′|

)
· M⃗(r⃗′)dV ′ = −

∫
volume

←→
N (r⃗ − r⃗′) · M⃗(r⃗′)dV ′, (5.9)

where
←→
N is the Green’s function, given by

←→
N = ∇∇′

(
1

|r⃗ − r⃗′|

)
.
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←→
N can be expressed in the following form as well.

←→
N =


Nxx Nxy Nxz

Nyx Nyy Nyz

Nzx Nzy Nzz

 (5.10)

A detailed description of FFT can be found in Ref. [126]. In addition to FFT, parallel-

computing in graphics processing unit (GPU) is applied to further improve the com-

putational efficiency. Nonetheless, even with the FFT and parallel computing in GPU,

the calculation of H⃗mag remains the most time-consuming part in the simulation.

5.2.5 Thermal agitation field

Accurately introducing thermal agitation is crucial for characterizing micromagnetic

dynamics, particularly in HAMR where the switching occurs near Curie temperature.

At this point, the contributions to writing from other fields are practically zero except

the write head field and thermal field. Thus, it is crucial to investigate the impact of

thermal fluctuations on magnetization dynamic for high recording quality. Based on

Brown’s work [127], thermal fluctuations and the agitation effect are characterized by

a Gaussian thermal field H⃗th. At a given temperature T and time t, thermal field H⃗th

is given as:

H⃗th(t) = h⃗(t)

√
2αkBT

γMs∆V∆t
,

where h⃗(t) is a white noise vector generated by a normal distribution with a mean of

zero, kB represents the Boltzmann constant, ∆V and ∆t are the discretization volume

and time step used to the LLG solver. The h⃗(t) is subject to the following statistical

requirements :

< hi,m(t) >= 0, < hi,m(t1)hj,n(t2) >= δi,jδm,nδ(t1 − t2). (5.11)

Here, i and j refer to the components of the Cartesian coordinate. m, n refer to the

indices of the discretized volume used in the LLG solver. Eq. 5.11 suggests that there is

no correlation between any two thermal fields component-wise and position-wise. Note

that the validity of Eq. 5.11 relies on the sufficiently small time discretization to justify

the linearization of the stochastic LLG equation.
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5.2.6 Zeeman Energy

Zeeman energy refers to the potential energy of magnetization under an external applied

field H⃗appl(r⃗).

EZeeman = −
∫
M⃗(r⃗) · H⃗appl(r⃗)dV

5.3 Renormalization method for HAMR

Figure 5.1: An illustration of the atomistic discretized (left) and coarse-grained (mid-

dle) 6-nm spin blocks with 0.3 nm and 1.5 nm-renormalized cells, respectively, along

with the mapping from the renormalized cell to Voronoi media (right).

In LLG simulations, accurately representing the dynamics of magnetic characteristics

within a single grain relies on the judicious discretization of space and time. While

atomistic-scale discretization, where each unit cell contains only one spin, can provide

the most precise depiction of spin dynamics within a grain consisting of thousands of

atoms, it becomes computationally impractical for handling large systems with hundreds

of grains, especially when magnetostatic interactions are involved. Alternatively, grain-

size discretization can offer a solid approximation for multi-grain systems in PMR at

room temperature. However, this approach inevitably neglect the contribution of high-

frequency modes on the spin dynamics within the grain size length scale, which is crucial

for the accuracy of HAMR simulations near the Curie temperature.

Victora and Huang [128] addressed this resolution issue by proposing a renormalized-

cell method in LLG simulations. As shown in Fig. 5.1, a coarse grid (∼ 1-2 nm) is

used to discretize the a grain, instead of an atomic-size grid, to ensure computational
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efficiency in handling multi-grain systems. Near Tc, it can be well-justified because the

correlation length of spin approaches infinity based on renormalization theory. At the

same time, to retrieve temperature dependent spin dynamics for short length scales, a

new set of magnetic properties are determined to ensure the spin block discretized by

atomic size (∼0.3 nm) yields the same macroscopic values of magnetic properties on

average as the coarse-grained spin block does.

Figure 5.2: The renormalized parameters determined with different grid sizes [128].

Detailed description of this method can be found in Ref. [128]. Magnetization,

Mrenorm, anisotropy Krenorm and exchange stiffness Aex,renorm are obtained base on

the following equations by trial and error methods.

⟨Matom⟩ = ⟨Mrenorm(Mrenorm,Krenorm, Arenorm)⟩

⟨Hatom
K ⟩ = ⟨Hrenorm

K (Mrenorm,Krenorm, Arenorm)⟩

⟨δHatom
K ⟩ = ⟨δHrenorm

K (Mrenorm,Krenorm, Arenorm)⟩
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The renormalized damping constant αrenorm is determined by the Green-Kubo method

developed by Feng and Visscher [129]:

αrenorm

1 + α2
renorm

=
−Mi⟨

∑block
i

dM⃗i
dt · M⃗s ×

(
M⃗i × H⃗eff

i

)
⟩t

γ⟨
∑block

i

(
M⃗i ×

(
M⃗i × H⃗eff

i

))2
⟩t

,

where the summation is performed over each atomic unit cell and ⟨· · ·⟩t denotes the

time average.

Fig. 5.2(a)-(d) shows the renormalized parameter determined for isotropic L10 FePt

with different sizes of renormalized cell [128]. Here, d refers to the size of renormalized

cell. As d increases, the value of renormalized parameters approaches to the macro-

scopic values. Note that all renormalized magnetic parameters are temperature and

size dependent rather than the constant values for atomistic-scale parameters.

5.4 Voronoi Media

Figure 5.3: An illustration of Bowyer-Watson algorithm [132].

Vononoi media is usually used for capturing the characteristics of geometric variation

in fabricating granular magnetic media. Voronoi tessellation is a method to partition a

plane into regions based on the proximity to a set of points called seeds or generators.

Given a set P of n points : P = {p1, p2, ...pn} in a plane, the Voronoi cell V (pi) associated
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with each point pi is defined as a region that contains all the points x in the plane such

that the distance between x and pi is less than or equal to the distance between x and

any other point in P [130].

V (pi) = {x : d(x, pi) ≤ d(x, pj), ∀pj ∈ P}.

The Bowyer–Watson algorithm is typically used to realize the Voronoi diagram.

The algorithm iteratively adds points to the triangulation mesh while maintaining the

Delaunay property, which ensures that no point is inside the circumcircle of any triangle

in the mesh [130, 131]. The algorithm is illustrated by Fig. 5.3. Start with an initial

triangulation covering all the points. For each new point to be added: a. Identify the

triangle in the existing mesh that contains the new point (△ABD). b. Remove this

triangle and all other triangles that share an edge with it (△ABD and △ABC). c.

Re-triangulate the resulting cavity by connecting the new point to the vertices of the

removed triangles. d. Update the triangulation to maintain the Delaunay property.

Then the each vertex of the Voronoi diagram is the circumcenter of Delaunay triangles.

The Voronoi diagram is completed by connecting all the adjacent vertices. Note that

the time complexity of this algorithm is O(n2), where n is the number of seeds. The

details of Voronoi media with grain boundaries can be found in Ref. [130, 132].

5.5 Recording Process

The recording simulation involves applying a write head field whose direction is dictated

by the designated recording pattern to a Voronoi media under a moving heat spot. The

temperature distribution on the recording media is approximated by a 2-D Gaussian

thermal distribution, assuming uniform temperature along the thickness direction, given

as:

T (x, y, t) = 300 + (Tpeak − 300) exp

(
−(x− x0 − vt)2 − (y − y0)2

2σ2

)
.

This 2-D moving temperature distribution T (x, y, t) describes a Gaussian thermal profile

at any given time t, with the peak temperature Tpeak and standard derivation σ defined

as σ = FWHM/(2
√
2 ln 2), moving at velocity v along down-track direction x from

the starting position (x0,y0). The cross-track direction is denoted by y, with room

temperature assumed to be 300 K. The transition position is approximately determined
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by the condition Heff = Happl, which can be further reduced to Hk ∼= Happl due to

the dominant contribution of anisotropy field to the total effective field. During the

recording process, the Gaussian thermal profile heats a circular region on the medium

within which the magnetization can be switched following the condition above. Thus,

for the adjacent bit with opposite polarity, the resulting recording pattern is in the

crescent-moon shape.

Fig. 5.4 demonstrates that the transition position closely depends on the down-

track thermal gradient generated by a strong thermal sink [133]. As shown in Fig. 5.4, a

strong heat sink leads to a larger down-track thermal gradient as the strong vertical heat

conduction substantially confines the in-plane heat flow, resulting in smaller transition

jitters, i.e. less variation in the transition position.

Figure 5.4: The dependence of down-track thermal gradient on heatsink (left) and the

response of transition jitters to down-track thermal gradient (right) [133].

5.6 Readback Process

The read head consists of shields and a magnetoresistive (MR) component such as

tunneling magnetoresistance (TMR) stacks positioned in between. MR elements are

responsible for sensing the magnetic fields emitted from the media while shields serve

to block the interference from the background. During the readback process, the read

head detects the magnetic field generated by recorded magnetization patterns, inducing

a readback voltage that mirrors the pattern of the media, known as the playback signal.
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Ideally, the playback signal should result from the interaction between media magnetic

field and magnetization from a read head. However, accurate generation of the media

field is practically challenging.

Fortunately, the reciprocity principal reveals that interactions between magnetic

recording medium and read/write heads are reciprocal in nature. Thus, the playback

can be determined by convoluting the magnetization of media with the read head field

which is more straightforward to generate [134]. Exerting a source of a unit field and

boundary conditions of zero potential in the shields and at the bottom of the media, the

read head field is determined by solving 3D Poisson’s equation. Based on the reciprocity

principal, the generalized three-dimensional form for the playback signal V (x) is given

by

V (x) = c

∫
medium

h⃗(r⃗′ + x) · dM⃗(r⃗′)

dz′
d3r′,

where h⃗(r⃗) refers to the normalized read head field, M⃗(r⃗) is the magnetization of media

and dM⃗(r⃗′)
dz′ represents the associated surface charge and c is a unit-dependent constant

proportionality.



Chapter 6

Reducing Transition Jitter with

Composite Media for HAMR

6.1 Introduction

In the era of big data, it is more paramount than ever to accommodate the burgeon-

ing demand for very high capacity data storage and access. Among all the magnetic

storage technologies, Heat-assisted magnetic recording (HAMR) stands out as one of

the most promising and evolutional candidates to succeed conventional perpendicular

magnetic recording (PMR) with its potential to achieve areal density above 10 Tb/in2

[135, 136, 137]. HAMR capitalizes on the fact that near the Curie temperature, mag-

netic properties of granular media become vanishingly small and yet return to their

thermally and magnetically stable values at room temperature. Thus, writing process

can be achieved with smaller switching fields, higher anisotropy and smaller volume of

grains, leading to a higher areal density (AD) [138].

To mitigate noise induced by the Tc variance of HAMR media, two-layer ther-

mal exchange coupled composite (ECC) media was first proposed by Liu, et.al [142].

This structure introduces a moderately softer writing layer with a higher Tc than the

FePt-storage layer, effectively decoupling the recording process from long-term storage

process, thus enabling the removal or reduction of the dependence on Tc variance of

the storage layer and improving the recording efficiency and quality [142, 143]. How-

ever, the conventional two-layer ECC structure encounters adjacent track-erasure issue

87
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at reduced operating temperature owing to the soft material used in the writing layer

[145]. Despite improvements in the sustainability of media structure, thermal stability

is compromised due to a lower Ku at the expense of the reduced writing temperature.

In this section, HAMR performance is evaluated with three-layer ECC which incor-

porates a middle layer between the superparamagnetic writing layer and the storage

layer. By inserting a middle layer, 3ly-ECCs exhibit higher tunability with additional

magnetic parameters introduced and therefore hold the promise to further optimize the

thermal noise and stabilize the structure after writing. The 3ly-ECCs are first optimized

based on transition jitter, followed by an analytical analysis of the switching behaviors

to identify the switching mechanism for improved transition jitters. Erasure-after-write

effect as a preliminary evaluation of ATE along with BER are determined between opti-

mized 2ly-ECC and 3ly-ECC to further gauge HAMR quality. Lastly, switching proba-

bility distribution (SPD) calculations are included as supplemental evaluation technique

for comprehensive analysis. Note that the effect of intergranular exchange coupling on

HAMR performance is thoroughly assessed across all noise measures for all 3ly-ECC

and 2ly-ECC configurations.

6.2 Methods

Figure 6.1: Sketches of the proposed 3ly-ECC and 2ly-ECC [143] structure with total

thickness of 9nm.The magnetic properties listed are evaluated at 300 K.
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In order to evaluate the recording performance, the spin dynamics of the ECC media is

first analyzed with micromagnetic simulation described by the Landau-Lifshitz-Gilbert

(LLG) equation as in 6.1, where applied external field, magnetic-crystalline anisotropy

field, exchange field, dipole interaction field and thermal fluctuation field are included

as the total effective field Heff . The LLG equation is solved with the Runge-Kutta

fourth-order method with time step (dt) set to be 10−14s. The convergence for the

given time step has been confirmed within 1% for all the simulations.

dM⃗

dt
= − γ

1 + α2
M⃗ × H⃗eff −

γα

(1 + α2)Ms
M⃗ ×

(
M⃗ × ⃗Heff

)
. (6.1)

The micromagnetic simulation is performed on 384 nm × 48 nm × 9 nm ECC me-

dia that includes 884 Voronoi grains with an average grain diameter of 4.5 nm (5.5 nm

grain pitch) and grain size distribution (GSD) of 20%. 3ly-ECC is achieved by inserting

a middle layer that separates the superparamagnetic writing layer and storage layer

(FePt), each layer being 3 nm thick with 9 nm in total. Based on the 2ly-ECC coun-

terpart [143], the magnetization, anisotropy and the Curie temperature of FePt-storage

layer in 3ly-ECC is set to be 856 emu/cm3, 3.3× 107 erg/cm3 and 500 K respectively.

The magnetizations, anisotropies and Curie temperatures of a superparamagnetic layer

and a middle layer are varied to optimize the transition jitter while maintaining its writ-

ing temperature within 2% of that in 2ly-ECC in order to achieve a fair comparison of

the recording performance between 2ly-ECC and 3ly-ECCs. Otherwise, a high writing

temperature narrows the writing width, but usually improves the thermal gradient. For

computational efficiency, a coarse-grid unit cube of 1.5 nm is used in micromagnetic

simulation to replace the atomistic spin discretization (∼0.3 nm). The renormalized

magnetic properties for superparamagnetic writing layer and middle layer can be scaled

based on those of FePt layer following Ref.[141, 153], assuming that the varying of

magnetic properties (Ms, Ku and Tc) can be achievable by doping in L10 FePt. For

instance, doping Ni to L10 FePt can reduce its Tc to 500 K.

A switching calculation is first used to determine the writing temperature of ECC

media, which is defined as 50% switching at room temperature. As an analogy to the

writing process, the default setting in all simulations is a constant head field of 8 KOe

with canting angle of 22.5◦ applying to the thickness direction and a peak temperature

of 650 K being consistent with Ref.[143]. Analogous to the moving recording head, the
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media temperature is assumed to decrease linearly with a constant cooling rate of 400

K/ns. Note that this cooling rate is a projected future value, though it is slightly higher

than the practical value (300 K/ns) currently in use. The temperature in different

layers is assumed to be uniform and the same. To simulate the realistic HAMR media,

a reasonable σKu of 15% and σTc of 3% are included in all layers of ECC media.

In the recording simulation, a 2D Gaussian thermal profile with 40 nm isotropic

FWHM, 650 K peak temperature and head velocity of 20 m/s is used as a default

setting. Transition jitter is calculated using a single tone recording pattern with 20

nm bit length (BL). The track widths for all the media are observed to be very similar

because the writing temperatures are controlled within 2% for all the media. The read

head geometry is assumed to be as follows: magnetic fly height of 6 nm, the reader

width of 20 nm, and the shield-to-shield spacing (SSS) of 22 nm.

Transition jitter is determined by the resulting playback signals generated with read

head geometry based on the reciprocity principle [154]. The read head potential is

calculated by the finite difference method. The zero-crossing points in the corresponding

playback signals are defined as the transition positions between two adjacent bits with

different polarity. In total, 544 zero-crossings over 32 different media are used to reduce

statistical noise.

Bit error rate is also evaluated to characterize the recording performance of ECC

media. A Viterbi algorithm [155] is used to decode the recording pattern of a pseudo-

random binary sequence (PRBS). To achieve sufficient statistics, 160 playback signals

with 4960 bits in total are generated over 32 different media such that each of them is

written 5 times at shifting starting points. 50% of playback signals are used as training

in Viterbi algorithm and the rest of 50% is used to calculated BER.

Erasure-after-write (EAW) effect is determined as a preliminary estimation of adja-

cent track interference issue. The number of grains erased after recording during cooling

process is used to as a measure of EAW. The switching status of each grain is evaluated

at two moments: after writing and after cooling [156]. “After writing” is defined as

the time step right before the applied field starts to record the next bit. This moment

occurs when the center of heat spot moves twice the BL from the left edge of the written

bit. “After cooling” is defined as the time step after the written bit is cooled down to

the room temperature where the switching status has reached to stationary state. EAW
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calculation is performed on the optimized 3ly-ECCs and compared to that of 2ly-ECC.

6.3 Results and Discussions

6.3.1 Transition Jitter

By inserting a middle layer between the writing layer and storage layer, more degrees of

freedom in the 3ly-ECC allow the Zeeman effect and the gradient of effective magnetic

field, in particular, anisotropy field gradient to be decoupled for a potential better

switching performance. The proposed writing layer in the 3ly-ECC is designed to take

full advantage of Zeeman energy while reducing the anisotropy field by a substantial

magnetization Ms and a small anisotropy Ku for easy and rapid switching.

This adversely lowers the writing temperature of the whole structure which can

potentially introduce dependence on Tc variation in the FePt layer and thus downgrade

the writing efficiency. To bring back the writing temperature above that of pure FePt

layer and make it comparable to the two-layer counterpart, a substantial anisotropy

Ku2 is introduced in the middle layer in addition to a smaller Ms2 (than FePt). This

enables switching to be controlled by the anisotropy field of the middle layer, which has

a very large gradient. The magnetization of top layer (Ms1) is set to be 1300 emu/cm3,

which is a large value compared to commercial recording media.

Figure 6.2: (a) Transition jitters comparison between 2ly-ECC and 3ly-ECCs at different

SSSs in absence of IGE. (b) Transition jitters comparison between 2ly-ECC and 3ly-

ECCs at different SSSs in the presence of 5% IGE.
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Tc2 of middle layer is set to be 500 K, which is the same as that of the FePt layer

used in 2ly-ECC in [143], and the upper bound for Ku2 is subject to that of FePt,

which is 3.3×107 emu/cm3. The parameters to be tuned are Curie temperature of

top layer, Tc1, Ms2, and anisotropy of top and middle layer, Ku1 and Ku2. Those

parameters are chosen to be tuned within the range as given in Table 6.1-6.3 such

that the resulting writing temperatures are within 2% of that of 2ly-ECC (495 K).

Further tuning of the parameters either produces invalid writing temperatures or invalid

anisotropies. The configuration of 2ly-ECC refers to [143]. The resulting jitters is

determined by the associated playback signals, which can be computed by summing over

the cross correlation of potential gradient along thickness direction and the associated

magnetization of each layer.

Note that the writing temperature refers to the temperature of 50% switching of

the entire medium structure and is determined by a switching probability distribution

curve. Although the overall switching temperature (495 K) is close to the Tc3 of the

FePt (500 K), the switching of the middle and FePt layer actually occurs at a lower

temperature owing to the lagging response of domain wall propagation, which takes

time to establish and propagates vertically. Thus, no artifact near Tc3 would impact

the simulation results. Unless mentioned otherwise, the intergranular exchange for each

layer is set to be 0% and interlayer exchange is set to be 100% of the bulk renormalized

exchange value.

Table 6.1, 6.2 and 6.3 show transition jitters for different 3ly-configurations. The

cross signs in these tables indicate invalid configurations whose writing temperatures

fall outside the acceptable range. Even though the overlapping of jitter for different con-

figurations could pose uncertainty regarding the exact local minimum configurations,

considering the ∼2% error associated with jitters, the four local minima for jitters of

1.20nm as shown in Table 6.1, 6.2 and 6.3 can be determined with confidence. Table

6.4 summarizes the four configurations of 3ly-ECC with optimized interlayer exchange

between 100% and 80%, where Ms1 = 1300 emu/cm3 and Tc2= 500K. Each 3ly-ECC

structure in Table 6.4 exhibits reasonable thermal stability with KuV/kBT > 70 eval-

uated at T = 300 K, where V is the grain volume of the middle and FePt layer with a

diameter of 4.5 nm. Note that thermal stability is evaluated for the storage layer and

therefore, only the bottom two layers are included.
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Fig. 6.2 and Table 6.5 compares jitter between the four proposed 3ly-ECCs and

the 2ly-ECC in the presence/absence intergranular exchange (IGE) at different shield

to shield spacings (SSS). Note that although the variation of SSSs will change MT10

and reader SNR, all the comparisons are achieved with consistent head field and ge-

ometry. As shown in Fig. 6.2, in general, smaller SSS results in better jitter due to

a higher head resolution. The introduction of 5% IGE helps reduce jitter by ∼3% to

5% which is expected as the IGE serves to make local grains switch collectively, thus

mitigating the thermal fluctuations. Compared to the 2ly-ECC, 3ly-ECCs effectively

reduce transition jitters by ∼17% in the presence of 5% IGE and ∼15% in the absence

of IGE respectively at SSS = 22 nm. Note that four 3ly-configurations show comparable

jitter in the presence/ absence of IGE with 3ly-A and 3ly-D ∼3% worse. The marginal

improvement in jitters by reducing SSS from 16nm to 11nm is ∼2%, compared to ∼4.5%
for the case from 22nm to 16nm. This suggests that the jitters associated with media

characteristics such as GSD dominates. Overall, the transition noises associated with

the four proposed 3ly-ECCs are approximately the same with/without IGE considering

the associated error bars.

Table 6.1: Summary of Transition Jitter for Tc1 = 560 K and

0% IGE.

Ku2

Ms2=300emu/cm3 Ms2=350emu/cm3 Ms2=400emu/cm3

Ku1(10
7erg/cm3) Ku1(10

7erg/cm3) Ku1(10
7erg/cm3)

(107erg/cm3) 1.3 1.5 1.8 1.3 1.5 1.8 1.3 1.5 1.8

2.7 1.25 1.28 1.34 × × 1.34 × × 1.31

3.0 1.34 1.28 1.24 1.24 1.24 1.29 × 1.33 1.30

3.3 1.24 1.26 1.21 1.26 1.21 1.24 1.27 1.27 1.28

Table 6.2: Summary of Transition Jitter for Tc1 = 600 K and

0% IGE. Note that All the Associated Errors are within 3%.

Ku2

Ms2=300emu/cm3 Ms2=350emu/cm3 Ms2=400emu/cm3

Ku1(10
7erg/cm3) Ku1(10

7erg/cm3) Ku1(10
7erg/cm3)
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(107erg/cm3) 1.1 1.3 1.5 1.1 1.3 1.5 1.1 1.3 1.5

2.7 × 1.25 1.31 × 1.33 1.29 × 1.34 1.32

3.0 1.24 1.35 1.27 1.29 1.32 1.30 × 1.28 1.26

3.3 1.26 1.28 1.23 1.21 1.27 1.32 × 1.31 1.21

Table 6.3: Summary of Transition Jitter for Tc1 = 630 K and

0% IGE. Note that All the Associated Errors are within 3%.

Ku2

Ms2=300emu/cm3 Ms2=350emu/cm3 Ms2=400emu/cm3

Ku1(10
7erg/cm3) Ku1(10

7erg/cm3) Ku1(10
7erg/cm3)

(107erg/cm3) 1.1 1.3 1.5 1.1 1.3 1.5 1.1 1.3 1.5

2.7 × 1.29 1.38 × 1.38 1.36 × 1.34 1.32

3.0 1.28 1.31 1.34 1.29 1.25 1.34 × 1.28 1.26

3.3 1.25 1.26 1.27 1.30 1.24 1.28 × 1.28 1.26

Table 6.4: Summary of the Optimized 3ly-ECC’s Configura-

tions.

ECC
Tc1(K) Ms2 Ku1 Ku2 Aex1,2 Aex2,3

(emu/cm3) (107erg/cm3) (107erg/cm3)

3ly-A 600 350 1.1 3.3 0.9 0.9

3ly-B 600 400 1.5 3.3 1.0 0.8

3ly-C 560 350 1.5 3.3 0.9 1.0

3ly-D 560 300 1.8 3.3 1.0 1.0

Analytical Model

To comprehend the improvement in transition jitters in the 3ly-ECCs, a 3-spin model

is used to quantify the energy barrier between different switching states of the middle

and FePt layers [157]. Owing to the substantial Ms and small Ku in the top layer,

the switching of middle and FePt are supposed to occur when the top layer has already

reached the energy minimum. Hence, the 3-spin model can be reduced to a 2-spin model
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assuming the top layer is in its energetically stationary state. For simplicity, a uniform

external magnetic field H is applied along the perpendicular easy axis (-z). Assuming

that the switching occurs near the Curie temperature, K(T), M(T) and Jex(T) can be

approximately with K0(1 − T/Tc), M0(1 − T/Tc)1/3 and J0(1 − T/Tc)1/3, respectively
based on mean field theory. Note that the exponent of temperature dependence for

exchange energy J(T) is assumed to follow the magnetization M(T) as explained in

[158] and numerically confirmed in [159]. J0, K0 and M0 denote the zero-temperature

values respectively.

Table 6.5: Summary of Transition Jitters of 3LYs and 2LY-

ECC at Different Shield to Shield Spacing with IGE = 0 and

5%.

ECC

SSS(nm)

22 16 11 22 16 11

IGE=0% IGE=5%

2ly 1.41 1.36 1.35 1.34 1.28 1.25

3ly-A 1.20 1.15 1.13 1.14 1.07 1.06

3ly-B 1.17 1.14 1.12 1.12 1.08 1.06

3ly-C 1.18 1.13 1.12 1.13 1.09 1.07

3ly-D 1.18 1.15 1.12 1.15 1.13 1.10

The total energy of the 3-layer system is given as in equation 6.2, where Jex,1,2(T)

and Jex,2,3(T) are the exchange energy between the top and middle layer and middle

and FePt layer respectively. Subscripts 2 and 3 denote the middle and FePt layer,

respectively. θ2 and θ3 are the switching angles between the anisotropy axis and mag-

netization for the middle and FePt layers, both with an initial angle of zero. V denotes

the volume of each layer. θ1 is assumed to be π, aligning with the applied field.

E(T ) = −Jex,1,2(T ) cos(θ1 − θ2)− Jex,2,3(T ) cos(θ2 − θ3)

+
3∑

i=1

(
Ki(T ) sin

2(θi)Vi +Mi(T )H cos(θi)Vi
)
.

(6.2)

Exact determination of the critical switching temperature and switching angle required

to minimize the energy function demands solving complicated and coupled expressions
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of derivatives involving dE/dθi and d
2E/dθ2i , where i = 2, 3. Instead, a straightforward

way is to determine the critical temperature by visualizing the energy contour plots at

varying temperatures until the local energy extremes disappear. Based on the energy

barrier associated with critical energy extremes at different temperatures, the temper-

ature dependence of thermal activation energy can be fitted, from which the switching

mechanism and switching angles of θi for middle and FePt layers can be determined.

Figure 6.3: Energy contour plots for 3ly-model at T = 420K (a), T=450K (b) and T=

475K (c) from left to right, where critical points are labeled from A to I. Happl=7400

Oe. M1(T) = 1600(1-T/560)1/3, K1(T) = 2.4×107(1-T/560). M2(T) = 460(1-T/500)1/3,

K2(T) = 7.4×107(1-T/500). M3(T) = 1100(1-T/500)1/3, K3(T) = 7.0×107(1-T/500).
Jex,1,2/V =4.8×106erg/cm3 and Jex,2,3/V =4.6×106erg/cm3. Note all the energy is

scaled with E/Ku3,0V.
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Fig. 6.3 illustrates the evolution of the critical points labeled in the energy contour

plots with respect to temperature. Points A, C, G and I label the local minima around

(0,0), (π,0), (0, π) and (π, π) respectively. F labels the local maximum around (π/2,

π/2). Four saddle points occurring around (π/2, 0), (0, π/2), (π/2, π) and (π, π/2) are

denoted with B, E, D and H respectively. As temperature further increases, Point E

and Point F merge first as shown in Fig. 6.3(b) and the energy barrier AB diminishes

to zero at the switching temperature as shown in Fig. 6.3(c).

Similarly, the switching energy barrier and energy barrier gradient of the 2ly-model

can also be evaluated as shown in Fig. 6.4. For comparison, the FePt with double

volume in 2ly-model is treated as two layers with the same temperature-dependence

magnetic parameters. Comparing the magnitude of energy barrier between critical

points, ∆EAB/∆EAF <= 50% for the selected temperature 25K below the critical

temperature as shown in Fig.6.3(b). Thus, the switching process is most likely to occur

via the perpendicular propagation of a domain wall where the switching of the top layer

drives the switching of FePt via the middle layer. The middle layer first overcomes the

energy barrier between point A around (0,0) to point B around (π/2, 0) and reaches

the local minimum at point C around (π, 0), followed by the switching of FePt from

(π, 0) to (π, π) by overcoming the energy barrier between point C and point D around

(π, π/2). As the primary energy barrier (AB) ∆EAB is at least 3.5 times larger than

secondary energy barrier (CD) ∆ECD, the switching of the middle layer and FePt are

dominantly determined by energy barrier AB.

An identical switching process is observed in the 2ly-model as shown in Fig. 6.4,

where the middle-layer FePt switches first to the state around (π, 0) and the bottom

FePt follows by overcoming barrier CD to reach the final equilibrium states (π, π).

Note that the ∆EAB in the 2ly-model diminishes slower than that in the 3ly-model. As

shown in Fig. 6.4(a), Point E and Point F merge around 420K rather than 450K in

the 3ly-model of Fig. 6.3(b) and yet ∆EAB still diminishes to zero around 475K. Given

that the thermal and magnetostatic energy are not included in the calculation, unlike

the actual media, the switching temperature between 3ly-model and 2ly-model differ

slightly by 6K.

Based on the energy contour plots, ∆EAB is determined with respect to different

temperatures below the critical temperature as shown in Fig. 6.5. The fitting function
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is in the form of ∆Ez +∆Eani +∆Eex for all layers included as given in equation 6.3,

assuming that θ1 is fully reversed to align with the applied field and the initial state of

θ2,0 and θ3,0 is (0,0).

Figure 6.4: Energy contour plots for 2ly-model at T = 420K (a), T=450K (b) and T=

470K (c) from left to right, where critical points are labeled from A to I. Happl=7400

Oe. M1(T) = 960(1-T/600)1/3, K1(T) = 1.8×107(1-T/600). M2(T) = 1100(1-T/500)1/3,

K2(T) = 7.0×107(1-T/500). M3(T) = 1100(1-T/500)1/3, K3(T) = 7.0×107(1-T/500).
Jex,1,2/V =4.5×106erg/cm3 and Jex,2,3/V =5.3×106erg/cm3. Note all the energy is

scaled with E/Ku2,0V.
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∆Ez +∆Eani =

3∑
i=1

Ki(T )(sin
2(θi,sw)− sin2(θi,0))

+Mi(T )H(cos(θi,sw)− cos(θi,0)),

∆Eex =

3∑
i=1

∆Eex,ij

=− Jex,i,j(T ) cos(θi,sw − θj,sw)

+Jex,i,j cos(θi,0 − θj,0).

(6.3)

Based on the fitting curve, the switching angles of θ2 and θ3 are 1.266 (72.5◦) and 0.287

(16.4◦) respectively for the 3ly-model.

In contrast, the switching angles associated with the primary energy barrier for the

2ly-model are (1.059, 0.287) (60.7◦, 16.4◦). Given that the energy barrier gradient is

given as
d(∆E)

dx
=
d(∆E)

dT
× dT

dx
,

taking the derivative of the fitting curve with respect to temperature d(∆E))/dT (shown

in the inset of Fig. 6.5) illustrates the relative magnitude of energy gradient d(∆E)/dx

for 3ly and 2ly models, considering dT/dx evaluated in the vicinity of switching tem-

perature changes slowly with respect to T. As

σjitter ∼=
δE

(|(d(∆E))/(dT )× dT/dx|)
. (6.4)

then d(∆E)/dT can be understood as an indication of resilience to the variation of

transition position with respect to temperature. Assuming δE determined by thermal

energy evaluated at the switching temperature is approximately constant for both 2ly

and 3ly-model, and thus the 3ly-model with a larger |d(∆E)/dT | has a better transition

jitter than the 2ly-model.
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Figure 6.5: The energy barrier AB ∆EAB varies with temperature for 3ly-model in red

and 2ly-model in blue. Inset: derivative of the fitting function of ∆EAB(T).

As shown in Fig. 6.5, the energy barrier gradient associated with 3ly-model is about

∼40% higher than that of 2ly-model, which can be attributed to the switching angle,

anisotropy and saturation magnetization of the middle layer. Note that the dominant

contribution in the expression of |d(∆E)/dT | is approximately(
K0 sin

2(θ2,sw)−
1

3
HM0(1− cos(θ2,sw))

)
/Tc,

owing to the larger switching angle and anisotropy of the middle layer compared to

the FePt layer. This expression suggests that sharp transitions benefit from high Ku,

small Ms and low Tc. Note that despite the same anisotropy in the middle layer of

3ly-ECC and 2ly-ECC at 300K, the K0 is slightly higher in the middle layer than that

in FePt layer for 3ly-ECCs owing to the variation in exchange stiffness from the smaller

saturation magnetization Ms2. Moreover, the switching angle in 3ly-ECC is larger than

that in the FePt of 2ly-ECC, which can be attributed to the stronger anisotropy field in

the middle layer of 3ly-model. Combining these two factors, equation 6.4 reveals 85%

improvement in |d(∆E)/dT | and the rest of 15% can be explained by the contributions

from exchange coupling. As a result, the primary |d(∆E)/dT | in the 3ly-ECC guarantees

sharper transitions than that for 2ly-ECC, improving transition jitters as indicated by
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equation 6.4 in spite of ∼6K difference in switching temperature between 3ly-ECC and

2ly-ECC, which merely varies δE by ∼1% and dT/dx by ∼3%. Overall, |d(∆E)/dT |
is the most dominant factor for the jitter improvement, though overall transition jitter

improvement will be diluted by erasure-after-write effect and other media characteristics

such as Voronoi grain size distribution [160].

Notes on the analytical explanation

Recall that the switching temperature of the ECC structure determined by SPD is

∼ 495 K, which is approximately 25 K higher than that determined by the analytical

model. This discrepancy can be attributed to the presence of constant cooling rate in

the SPD simulation, which facilitates the higher-temperature switching of the entire

medium. Generally, the switching process is roughly initiated when the temperature-

dependent anisotropy field Hk equals to constant head field Hw, i.e. Hk= Hw. In

fact, owing to the presence of decreasing temperature, the thermal agitation field can

promote this process to occur at a higher temperature, even though the random thermal

field direction averages to zero over time. Note that, however, the magnitude of thermal

field |Hth| ∝
√
T (t) decreases over time during switching process. As a result, some

randomized thermal agitation field can first assist in initiating the switching and then

be suppressed by the decreasing temperature, locking in the switching against reversal

along with the elevated anisotropy field. This effect is pronounced especially in the

vicinity of the Curie temperature, driving the switching of the entire medium to occur

at a higher temperature. In contrast, the writing temperature based on the analytical

model is determined in a static process with a fixed temperature. Hence, the switching

can occur only when the overall thermal agitation is sufficiently large to overcome the

energy barrier, leading to a smaller writing temperature. Nevertheless, the overall

impact of constant cooling rate on 2-layer and 3-layer structure is roughly the same.

Despite the difference in writing temperature between the dynamic process (constant

temperature decline) and the static process, the analytical argument remains valid. It is

observed that this analytical argument does not effectively explain the variation in jitters

for different 3ly-ECC configurations shown in Table 6.1, 6.2 and 6.3. As indicated in

the analytical argument, higher Ku2 and smaller Ms2 and Tc1 (less thermal fluctuation)

improve jitters.
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However, it is not always the case as in Table 6.1, 6.2 and 6.3. First, given that Ku2

the dominant energy scale in the argument of |d(∆E)/dT |, only varies ∼10% in Table

6.1, 6.2 and 6.3, it is reasonable to expect that jitter is more susceptible to the switching

angle which is determined by the specific configuration of the whole structure rather

than Ku2. Moreover, the assumption of θ1 = π is ill-justified when taking erasure-

after-write effect and thermal fluctuations into account. This is supported by the fact

that a clear decreasing trend of jitter with higher Ku2 occurs at higher Ku1, which

can effectively suppress the erasure-after-write effect. In addition, further lowering Tc1

may also invalidate the assumption of θ1 = π as a smaller thermal gradient reduces the

efficiency of top layer switching. Thus, the decline in switching temperature of the top

layer undermines contribution of the exchange field, degrading jitters.

6.3.2 Erasure-After-Write effect

To further evaluate the recording performance of 3ly-ECCs, EAW effects are also studied

with 2ly-ECC and four proposed 3ly-structures at BL = 21 nm. For each bit written

in the single tone pattern, the number of grains erased during the cooling process is

calculated to serve as an EAW measure. Note that due to the lagging response of

different layers to the Gaussian thermal profile, the recording moment is chosen based

on the recording of the top layer for consistency. The switching status of each grain is

determined by the majority switching status of each cell within one grain. Note that

the EAW in the top layer and FePt layer is ∼2% difference owing to different anisotropy

fields in these two layers.

Table 6.6: Summary of EAW for 3Lys and 2Ly-ECC in the

Presence/Absence of IGE.

ECC
IGE=0% IGE=5% 2Ku1/Ms1 2Ku/Ms

top layer FePt top layer FePt (104Oe) (104Oe)

2ly 1.13 1.10 0.68 0.66 2.86 5.52

3ly-A 3.32 3.24 1.77 1.68 1.69 5.33

3ly-B 2.21 2.16 1.32 1.23 2.31 5.64

3ly-C 2.23 2.16 1.12 1.02 2.31 5.82
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3ly-D 1.36 1.38 0.78 0.74 2.77 6.38

Based on Table 6.6, the 3ly-ECCs are more susceptible to EAW, approximately

varying from 20% to ∼30% worse than the 2ly-ECC when BL = 21 nm. In particular,

3ly-A shows the strongest EAW, which causes the worst jitter in 3ly-A. In contrast,

3ly-D shows the strongest tolerance to EAW among all the 3ly-configurations in the

presence/absence of IGE. In Table 6.6, the ratio of 2Ku/Ms and average ratio of 2Ku/Ms

are listed for the writing layer and layers above the bottom FePt, respectively. It is

revealed that EAW is strongly related to anisotropy field of the top layer. The trend of

2Ku/Ms suggests that the soft top layer is responsible for the susceptibility to EAW in

the 3ly-ECCs without IGE.

Comparing 3ly-C with 3ly-B suggests, for the same ratio of anisotropy of top layer,

a larger Tc1/smaller anisotropy field above the FePt layer worsens the EAW due to

thermal noise associated with a higher writing temperature above FePt. Although the

overall writing temperature of 3ly-B and 3ly-C is within 2%, the switching temperature

associated with different layers varies. For the case without IGE, as the higher Tc1

of 3ly-B, the top layer of 3ly-B switches at higher temperature which introduces the

thermal noise to the switching of the middle layer via interlayer exchange. However, it

is also possible that the weaker anisotropy field can also results in thermal instability.

Consider the variation of average anisotropy is within 3% vs 7% variation in Tc1, the

dominant cause could be both, especially for the case with IGE.

Given that Ms1 and Ku2 are fixed, it is suggestive that reduced Ms2 and Tc1 and

larger Ku1 benefit EAW. However, a larger Ku1 may decrease the switching efficiency

as indicated by the increased jitter in 3ly-D. Although IGE can be helpful in both

aspects, the metallic grain boundary caused by introduction of IGE can undesirably

affect the local thermal gradient, reducing overall recording quality. Accordingly, based

on the previous discussion, future progress can be made by optimizing the following two

strategies to improve the overall recording performance of 3ly-ECC: a) a reduced Ms2

while preserving top switching, b) a higher Ku1 while maintaining the ease of switching

in the top layer.
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6.3.3 Switching Rate

To further investigate the reduction in transition jitters of 3ly-ECCs, the switching rate

as a function of temperature is analyzed in the presence/absence of IGE. An external

applied field of 8000 Oe is turned on along +z direction to initiate the switching pro-

cess, with the initial states of the magnetization in the ECC structures pointing in the

opposite direction. Note that in order to explore the spin dynamics initiated by Zee-

man effect, thermal gradient in the recording process is removed such that the entire

switching process occurs at constant temperatures. Switching rate is determined by the

time required to reach an average normalized magnetization of 0.5 on average from the

initial state of -1. Fig. 6.6 illustrates the comparison of the switching rates for the top

layer between 2ly-ECC and 3ly-ECCs with/without IGE. Overall, the switching rate is

improved with the reduction of coercivity except at temperatures near Tc, where it is

suppressed by thermal fluctuation.

Figure 6.6: (a) Switching rate comparisons between 2ly-ECC and 3ly-ECCs in absence

of IGE. (b) Switching rate comparison between 2ly-ECC and 3ly-ECCs in the presence

of 5% IGE.

As shown in Fig. 6.6, 3ly-ECC consistently switches faster than 2ly-ECC with/without

IGE when temperature are above 500 K. This is dominantly attributed to Zeeman field

in the head with a higher Ms in the top layer of 3ly-ECCs. In addition, a smaller

anisotropy field due to softer magnetic top layer and larger magnetization also pro-

motes the faster switching of the entire structure. This positive correlation between
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switching rate and 2Ku/Ms is more pronounced when T < 500 K, exhibiting the iden-

tical trend as 2Ku/Ms given in Table. 6.6. Similarly, compared to the other 3ly-ECCs,

3ly-A with the smallest 2Ku/Ms is more susceptible to thermal fluctuation, resulting

in a smaller switching rate. Note that when T < 500 K, the slower switching rate of

3ly-D compared to 2ly-ECC results from the higher anisotropy field in the middle layer,

which inhibits the switching of the top layer via exchange coupling. Fast response to the

effective fields implies fast propagation of the domain wall. Under the assumption of no

variations in media characteristics, transitions are expected to complete at a shorter pe-

riod of time. Therefore, during the recording process, three-layer media switches more

accurately because there is less chance of media exposure to variations in thermal gra-

dient and a higher probability of experiencing a single head field. In contrast, switching

takes longer to achieve for the two-layer structure, which potentially make the 2ly-ECC

more susceptible to variations in recording conditions that compromise the switching

accuracy and ultimately result in larger jitters.

Nuances can be discerned despite nearly identical transition jitters observed for 3ly-

A and 3ly-D: the rapid switching of 3ly-A and its large middle-layer d|Hk|/dx may

have promoted a sharp transition, butt is degraded by stronger EAW; conversely, larger

middle-layer d|Hk|/dx can alleviate slower switching which could have compromised

transition jitter. In the presence of 5% IGE, the overall switching rate is increased by

∼15% for 3ly-ECCs and ∼50% for 2ly-ECC. However, the corresponding jitter is only

improved by ∼5% suggesting that the other effects dilute the contributions from fast

switching, such as the EAW.

6.3.4 BER

Bit error rate is also calculated with 2ly-ECC and 3ly-ECC media and compared at

different SSSs in the presence/absence of IGE. In general, smaller SSS improves BER

as expected. In absence of IGE, BER for 3ly-ECCs are better than that of 2ly-ECC. In

particular, as illustrated in Fig. 6.7 and Table 6.7, 3ly-C shows ∼85% improvement in

BER at SSS = 16 nm compared to 2ly-ECC. Note the 50% overlap in error bars between

3ly-A and 2ly-ECC at SSS = 22 nm, which can be explained by statistical uncertainty.

Consistent with the trend in jitter, BER for 3ly-A and 3ly-D are higher than that in

3ly-B and 3ly-C by at least 50% when SSS <= 16nm. However, the effect of IGE on
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3ly-ECC is inconclusive. IGE improves BER for 3ly-A by ∼40%, but yet only shows

consistent improvement for all 3ly-ECCs with SSS = 11 nm. As a result, in the best

case, BER in 3ly-C is ∼70% better than BER in 2ly-ECC in the presence of 5% IGE.

Overall, in the absence of IGE, BER favors 3ly-B and 3ly-C owing to a better trade-off

between EAW and ease of switching.

Figure 6.7: (a) BER comparisons between 2ly-ECC and 3ly-ECCs in absence of IGE.(b)

BER comparison between 2ly-ECC and 3ly-ECCs in the presence of 5% IGE.
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Table 6.7: Summary of BERs of 3LYs and 2LY-ECC at Dif-

ferent Shield to Shield Spacing with IGE = 0 and 5%.

ECC

SSS(nm)

22 16 11 22 16 11

IGE=0% IGE=5%

2ly 1.11(0.21) 0.67(0.16) 0.55(0.15) 0.87(0.19) 0.56(0.15) 0.46(0.14)

3ly-A 0.99(0.20) 0.49(0.14) 0.18(0.09) 0.60(0.16) 0.26(0.10) 0.12(0.07)

3ly-B 0.63(0.16) 0.14(0.08) 0.08(0.06) 0.55(0.15) 0.26(0.10) 0.05(0.03)

3ly-C 0.34(0.12) 0.08(0.06) 0.08(0.06) 0.36(0.12) 0.16(0.08) 0.06(0.04)

3ly-D 0.43(0.13) 0.34(0.12) 0.20(0.09) 0.44(0.13) 0.26(0.10) 0.08(0.05)

6.3.5 SPD

As shown in Fig. 6.8, 5% IGE improves FWHM by at least 20% and yet the FWHMs

of 3ly-ECCs vary within 10% of 2ly-FWHM in the presence/absence of IGE, which is

not consistent with jitters nor BERs. Note that FWHMs of 3ly-ECCs show the same

trend as the top layer ratio of 2Ku/Ms in Table 6.6, in particular in the presence of

5% IGE. This suggests that in the SPD calculation, the sharp transitions of 3ly-ECCs

are driven by the easy switching of the writing layers. Moreover, the inconsistent trend

between FWHM and jitters can be attributed to the absence of EAW effect in the SPD

calculation. Recall that the SPD is designed to model the transition with a statistical

average of switching status with multiple grains by just a single applied field reversal.

Thus, SPD provides no information of EAW effect on switching performance for ECC

media during the cooling process. In addition, the constant cooling rate used in SPD is

not well-justified to reflect the switching quality of the grains at the center of the heat

spot, which can also lead to discrepancies between FWHM and other noise measures.
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Figure 6.8: FWHM comparison between 2ly-ECC and 3ly-ECCs with/without IGE.

6.4 Conclusion

In this section, 3ly-ECC media are proposed to optimize the HAMR performance eval-

uated with transition jitters, erasure-after-write effect, bit error rate and SPD at low

operating temperature. It is found that compared to 2ly-ECC, the proposed 3ly-ECCs

effectively reduce transition jitter by ∼15% and BER by ∼85% in the absence of inter-

granular exchange. The analysis of energy function with a simple spin model demon-

strates that large anisotropy and small magnetization in the middle layer are responsible

for the improvement in transition jitters of 3ly-ECCs. In addition, exploration of the

switching rate at a constant temperature suggests that fast switching can potentially

contribute to jitter improvement at the expense of enhanced EAW. It is also found that

the 3ly-ECC is more susceptible to erasure-after-write effect than 2ly-ECC: the most

tolerant 3ly-ECC to EAW is still 20% worse than 2ly-ECC. Calculations indicate that

the suppression of EAW in 3ly-ECCs relies on the increase in the anisotropy of writing

layer which adversely affects BER due to the loss of rapid switching. Overall, the 3ly-

ECCs effectively balance fast switching and EAW, showing superior jitter and BER.

The results suggest the importance of investigating and developing suitable high-Ku

and low-Ms magnetic media.
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[61] M. Büttiker, Phys. Rev. Lett. 57, 1761 (1986).
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