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Magnetic Switching in BPM, TEAMR, and Modified TEAMR by
Using Dielectric Underlayer Media

Suttipan Aksornniem'?, Richard F. L. Evans®, Roy W. Chantrell’, Rardchawadee Silapunt’'

'Department of Electronic and Telecom. Eng., King Mongkut’s University of Technology Thonburi, Bangkok, 10140, Thailand
2Department of Physics, University of York, Heslington, York, YO10 5DD, UK

In this paper we study the coercivity of Bit Patterned Media (BPM), Trapping Electron Assisted Magnetic Recording (TEAMR),
and modified TEAMR media by using a dielectric underlayer. The VAMPIRE magnetic simulator is used to model 3 structures of
recording bits and to study the M-H loops using an atomistic spin model. The results show that the magnetic switching reduction in
modified TEAMR and TEAMR depends on the bit size. The percentage of magnetic switching reduction in modified TEAMR is also
larger than TEAMR for all bit sizes. For a bit size of 1.6x1.6x3.2 nm’, the percentage of magnetic switching reduction in modified

TEAMR is approximately 4 times higher than that in TEAMR.

Index Terms—magnetic data storage device; electron trapping assisted recording; TEAMR; VAMPIRE magnetic simulator;

atomistic spin model.

I. INTRODUCTION

ARD DISK drives are currently used to store over 90% of

the world’s digital data [1]. One main advantage of
magnetic data storage is a much lower cost compared to any
other technology, being approximately four times cheaper than
equivalent solid state storage [2]. Recent developments in hard
disk drives have seen improved areal density and energy
efficiency. Presently, Perpendicular Magnetic Recording
(PMR) technology is the dominant technology used in hard
disk drives. However the areal density of conventional PMR is
running into a limit of around 1 Tbpsi [3]. Areal density is
limited by the requirement to retain thermal stability of written
bits. Thermal stability cannot be maintained if the grain size is
reduced below a critical limit where the magnetic anisotropy
energy (K, V/kpT) is less than 60 [4]. The V and K, represent
the grain volume and magnetic anisotropy energy of the
recording media respectively, kpz is the Boltzmann constant
and T is the temperature. To obtain high thermal stability, the
recording medium should have a high magnetic anisotropy
energy. A favored candidate material is L1, ordered FePt with
K, = 7x10° J/m® [5-6]. However, for such high anisotropy
values the associated magnetic field required to write the data
is greater than that available in conventional write heads.

Novel recording methods have been suggested to reduce
the coercivity of the medium during the writing process.
Examples include Microwave Assisted Magnetic Recording
(MAMR) [7], Heat Assisted Magnetic Recording (HAMR)
[8], and Exchange Coupled Composite (ECC) media [9]. Here
we study Trapping Electron Assisted Magnetic Recording
(TEAMR) [10]. Previously, trapping electron effect was
demonstrated in CoCrPt-TiO, [11]. A low voltage (3 Vg4.) was
sufficient to create an electric field strong enough to trap 0.15
electron per cobalt atom in grain boundaries of media. That
can reduce 13% of applied magnetic field reduction [11]. In
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addition, the first demonstration of electric field modified FePt
properties in [12] showed that the magnetocrystalline
anisotropy of FePt can be changed by an applied electric field.
The method works by inducing electron filling in the valence
band of L1, ordered FePt by applying a dc-voltage during the
writing process [10] resulting in a change of the bandfilling to
an effective number of electrons n,. By using Density
Functional Theory (DFT) calculations [10] of the electron
filling it was found that n, = 18.38 for L1, ordered FePt
reduces the magnetic anisotropy energy (K,) to zero. It was
also found in [10] that the saturation magnetization (M)
depended on n.: Recently [13] the alloying approach was
studied theoretically using DFT, giving very good agreement
with experimental data. In [13] the approach used was to
model the actual alloy structures including structural
relaxation. This goes beyond rigid the band model of [10] and
suggests that the alloying approach does not give the exact
dependence of K, on n.in relation to TEAMR.

Recent simulations of TEAMR using finite element
simulations demonstrated the capability of an electric field to
induce electron filling in L1, ordered FePt [10]. However, it
was found that the electric field gives rise to a rather localized
change in the magnetocrystalline anisotropy. The calculations
showed that bandfilling enhancement in a TEAMR structure
only occurs close to the surface of an L1, ordered FePt
recording bit because L1, ordered FePt is a conductor.
Applying an external field directly makes it difficult to add
electrons deep within the L1, ordered FePt film and so this
effect can only reduce the anisotropy on the top surface of the
bit. Therefore the reduction of the magnetic switching field
was found to be only around 10%. A revised recording method
known as modified TEAMR (M-TEAMR) uses a dielectric
layer to induce surface charges at the side of the grain [14].
Using a finite element simulator it was predicted that the
electron bandfilling increased deep inside the L1, ordered
FePt layer. Although the bandfilling remains localized to the
intergranular  dielectric  layer, the magnetocrystalline
anisotropy is reduced within a larger volume of the grain than
with normal TEAMR.

Here we study the magnetic switching of L1, ordered FePt
bit patterned media (BPM), using TEAMR, and M-TEAMR
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by introducing a dielectric underlayer. The magnetic switching
of the 3 structures is investigated using an atomistic spin
model, which has the required spatial resolution to investigate
the effects of local reduction of the magnetocrystalline
anisotropy.

II. THEORETICAL MODEL

The magnetic properties are investigated using an
atomistic spin model [15] where the energetics of the system
are described by the following spin Hamiltonian (#).

‘7{:‘7{6,\'c+‘7{ani+}[app (1)

Denoting terms for the exchange interaction, magnetic
anisotropy, and externally applied magnetic field respectively.
The bulk material parameters are chosen to be representative
of L1, ordered FePt, a strong candidate for next generation
magnetic recording technology [16]. The contributions to the
Hamiltonian, given below, consist of terms representing
exchange in the Heisenberg form, uniaxial anisotropy and a
Zeeman term giving the interaction with the externally applied
field.. These terms are;

Heoe = _2‘]4751' '51 )
i#]

Ho =k, (S, 8) 3)

A, = —Z wuS,-H,, “

where J; = 3.28x107" J/link is the nearest neighbor
exchange interaction, § and S; are unit vectors representing

the local and neighboring spin directions, k, is the uniaxial
anisotropy constant, x is the atomic spin moment, and H,,is

the externally applied field. The effect of bandfilling is
modeled by considering its effect on the local anisotropy and
atomic spin moment [10].

We carry out calculations using the VAMPIRE atomistic
modelling package [17], in which the magnetization dynamics
of the system are included via the use of the LLG equation
given by;

O Vi (S x(H+AS x 1)) ©)
o (Y e

Here ;4 and , are the microscopic thermal bath coupling

parameter and the gyromagnetic ratio respectively. The
effective field on each spin is then given by -d#/dS; where S; is
the magnetic moment of the site, i. To introduce the effects of
temperature the local field is enhanced by a stochastic term,
which describes the coupling of the spin system to the external
thermal bath. The thermal fluctuations are included as a white
noise term, uncorrelated in time and space, which is added
into the effective field [18]. The stochastic integrals are
interpreted as Stratonovich integrals [19]. The moments of the
stochastic process are defined through fluctuation dissipation
theory as:

2
(s00) =200, (-1 T (©)
(@o)-o O

Here a, b are Cartesian components and 7 is the temperature
of the thermal bath to which the spins are coupled. The
coupling of the spins to the thermal bath (3 ) is a parameter

which attempts to describe all of the energy and momentum
transfer channels into the spin system, for example from the
conduction electrons or the lattice.

This paper studies the coercivity of magnetic recording
media of 3 structural types. These are BPM, TEAMR, and M-
TEAMR including a dielectric underlayer. The 3 structures are
shown in figure 1(B), 1(C), and 1(D). Figure (C) and (D)
illustrate the major difference between TEAMR and M-
TEAMR where coloring indicates the parts of the grain where
the anisotropy is reduced due to the bandfilling. A recording
grain consists of several unit cells of L1y ordered FePt. The
cell size of L1, ordered FePt is 3.864 A (c/a =0.96) that is
shown in figure 1(A).

The aim is to investigate the effect on the coercivity of the
degree of bandfilling, the width/thickness ratio (W/f) of the
bits and the thermal stability value.

@ 18.38 bandfillings (3 Without bandfillings
B) ) D)
A) an
o lo o Fe
° 1l ePt

Fig. 1. Structures of A) L1, ordered FePt unit cell, B) BPM, C)
TEAMR, and D) M-TEAMR by using dielectric underlayer, where the
coloring indicates the parts of the grain where the anisotropy is reduced
due to the bandfilling.

The recording bit of a BPM structure consists of many L1,
ordered FePt unit cells that is shown schematically in figure
1(B). The bandfilled electron unit cells in the TEAMR
structure (indicated by the colored cells) only occur at the top
surface of L1, ordered FePt bit while the M-TEAMR structure
gives rise to bandfilling at the side surface of the L1, ordered
FePt grain. TEAMR and M-TEAMR structures are shown in
figure 1(C) and 1(D), respectively. The material parameters
used in the simulations are given in table I. Note that the
exchange energy is independent of a number of bandfilling
electron but on Boltzmann's constant and a number of nearest
neighbor atoms.

K, without bandfilling in L1, ordered FePt is 8.57x10°
J/m® and with ne = 18.38 in L1, ordered FePt, the value
decreases to zero. The saturation magnetizations (M) are
1.0745x10° J/(T-K*) and 1.025x10° J/(T-K?) without and with
18.38 electron bandfilling in L1, ordered FePt [10],
respectively.

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions @ieee.org.
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TABLE I
MATERIAL PROPERTIES
Material:L1, ordered FePt

Parameter
No bandfilling 18.38 bandfilling
Unit cell size, a 3.864 A 3.864 A
Unit cell size, ¢ 3.748 A 3.748 A
Anisotropy energy 1.2x107% J/atom 0 J/atom
Exchange energy 3.28x10?" J/link 3.28x10" J/link
Atomic spin moment, zs 1.62u5 1.56p5
TABLE II
PARAMETERS AT DIFFERENT BANDFILLING
. Material properties
Ban((if)llmg Ku3 M. 3 s X
(J/m?) J/T'm’) (us) (J/atom)
18.0 8.57x10° 1.0745x10°  1.620  1.198x107%
18.1 7.75x10° 1.0631x10°  1.603  1.084x107%
18.2 5.96x10° 1.0528x10°  1.588  8.337x107%
18.3 4.25%10° 1.0431x10° 1573  5.945x107%
18.4 -0.47x10° 1.0314x10°  1.556  -6.575x10*
18.5 -1.64x10° 1.0157x10° 1532 -2.294x10%
18.6 -1.29x10° 0.9975x10°  1.505  -1.804x10"3

First we simulate different levels of electron bandfilling in
TEAMR and modified TEAMR structures. The recording bits
of TEAMR and modified TEAMR are modeled using the
VAMPIRE simulator based on figure 1(C) and 1(D)
respectively. The bit size is taken as 4x4x8 cells per bit
(1.6x1.6x3.2 nm®) in both structures. The initial simulations
are carried out at 0K, which will allow comparison with
micromagnetic simulations, followed by an investigation of
the effect of temperature. The anisotropy and M, values are
calculated for electron bandfillings of n,= 18.0, 18.1, 18.2,
18.3, 18.4, 18.5, and 18.6 electrons per unit cell of L1, ordered
FePt. The parameters for different levels of electron
bandfilling are shown in table II. We note that, although the
anisotropy values are calculated using ab-initio techniques,
which are strictly valid at OK, the atomistic model naturally
introduces the temperature variation of anisotropy, which
arises from thermally excited magnetization fluctuations.

III. RESULTS AND DISCUSSION

Based on the calculated values of K,, which enter the
atomistic model as site-resolved parameters, we study the
magnetic switching properties of TEAMR and M-TEAMR
structures at different width per thickness ratios (W/),
allowing investigation of the coercivity reduction due to the
TEAMR effect, taking account of the specific localization of
the anisotropy reduction characteristic of TEAMR and M-
TEAMR. Here we concentrate on a study with a bit aspect
ratio (BAR) of unity in order to clarify the degree of assist
arising from the TEAMR effect. The 4x4, 8x8, 12x12, and
16x16 cells per bit of different bit sizes are studied firstly at
OK to investigate the reversal mechanism and a second series
of calculations is performed to extend the study to a
temperature of 300K. Coercivities of all bit sizes are
calculated for 0.5, 1, and 2 of W/t ratios. We simulate both
structures in figure 1(B) and 1(D) by modeling 2 different

cases; firstly L1, ordered FePt, without trapping electron assist
and secondly FePt subject to an electric field generating a
bandfilling of n.;= 18.38 per unit cell.

Finally we study the dependence of the hysteresis loop on
the thermal stability factor (K,V/kgT) at room temperature
(300K). Sizes of 4x4x8 (1.6x1.6x3.2 nm’) and 10x10x15
(4%x4x6 nm’) cells per bit of BPM, TEAMR, and M-TEAMR
structure are studied. The K, V/kgT values are 6.25 and 74.4 for
the 4x4x8 and 10x10x15 cells bit size, respectively for which
the M-H loops are compared.

We first consider the effects of different levels of
bandfilling (induced by different applied voltages during the
write process). Simulated hysteresis loops for different levels
of electron bandfilling for the TEAMR structure at 4x4x8
cells per bit are shown in figure 2. For the intrinsic bandfilling
of n;= 18.0 (equivalent to bulk FePt), the loop is very square
owing to the uniaxial anisotropy and has a high coercivity of
around 18T. Increasing the band filling reduces the coercivity
due to the reduced effective anisotropy. The highest
bandfilling gives a modest reduction of the intrinsic coercivity
by around 11.7%.

1r i ———— o o B
0.5 - :
< ! !
£ 0+ : { J
= ' |
= 115
05r ] [ e p—
' Vi3 e
] il 184c
ab o A Al
-30 =20 -10 0 10 20 30

External magnetic field (T)

Fig. 2. M-H loops at different electron bandfillings in 4x4x8§ cells per bit of
TEAMR structure at T = 0K.

Figure 3 shows the M-H loops of modified TEAMR at
different levels of electron bandfilling. For M-TEAMR the
effect of bandfilling is much stronger. We can clearly see that
the magnetic coercivity in M-TEAMR is lower than that of the
TEAMR structure. The coercivity at 18.1, 18.2, 18.3, and 18.4
bandfillings decreases by 5.7%, 14.3%, 25.7%, and 60% of
18.0 intrinsic bandfilling, respectively. In addition the
coercivity at 18.5 and 18.6 bandfillings is reduced by 72.4%
relative to bulk FePt.

Figure 4 shows the percentage of magnetic switching
reduction of TEAMR and M-TEAMR structures. The
coercivity reduction of both structures decreases with
increasing bit size. TEAMR results show that the magnetic
switching reduction depends also on the change of W/t ratio
while the magnetic switching reduction in M-TEAMR
structures is independent of W/t ratio. However, the coercivity
reduction of M-TEAMR is higher than TEAMR in all bit sizes
and W/t ratios. The coercivity reduction of the M-TEAMR
structure is as high as 60% while that of TEAMR is 12% for
the 1.6x1.6 nm” bit and 0.5 of W/t ratio. Both results suggest
that switching field reduction strongly depends on the number

Copyright (c) 2015 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions @ieee.org.
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of cells with enhanced 7.4 relative to the total number of cells
per bit of L1, ordered FePt [14].

1- T T 1
0.5 E ; -
= o ! : ]
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1 1 1 1 llg.éc---
30 20 -10 0 10 20 30

External magnetic field (T)

Fig. 3. M-H loops at different electron bandfillings in 4x4x8 cells per bit of
modified TEAMR structure at T = 0K.

The degree of bandfilling achievable for a given electric
field is determined by the dielectric constant of the material,
suggesting the possible enhancement of bandfilling. In order
to investigate the possible enhancement of the TEAMR effect,
we calculate the number of electrons per unit cell for materials
with increased dielectric constant using a finite element
method simulator (COMSOL Multiphysics simulator). The
simulation model is similar to [14] and here we show
illustrative results for 16x16x8 and 16x16x16 cells per bit
size. We apply 3 V-dc in the finite element model and
calculate the number of electrons per unit cell in both sizes.

The results in figure 5 and 6 only show the number of
electrons per unit cell at the side surface of modified TEAMR
structure. Both results show that the number of electrons per
unit cell in modified TEAMR increase with the dielectric
constant or relative permittivity of the overcoat layer (OC).

100 ! w
m—W/t=0.5_TEAMR
e  en| | W/t=1.0_TEAMR
= 80 mmmms W/t=2.0_ TEAMR
E @ == W/t=0.5_Modified TEAMR
QD S ==o==W/t=1.0_Modified TEAMR
.E : 60 Modified
= g 40 - ‘--. {t(r_'
|5} ..
S g - "“\
éﬂ =20 e mee———
0
4x4 8x8 12x12 16x16
Bit size (cells per bit)

Fig. 4. Percentage of magnetic switching reduction in TEAMR and
modified TEAMR structures at different bit sizes and W/t ratios.

For the 16x16x8 cells per bit structure, with a relative
permittivity of the overcoat greater than 10, the number of
electrons per unit cell is over 0.38 electron per unit cell while
for the 16x16x16 cells per bit size, the same number per unit
cell is achieved with a relative permittivity greater than 20.
These results clearly show that the number of electrons per
unit cell in the bigger bit can be enhanced by altering the
relative permittivity of the overcoat, with consequently an

important enhancement of the TEAMR and M-TEAMR
effects.

2
! :
i | —e—permittivity of OC=10
15 i === permittivity of 0C=20
==¢==permittivity of OC=30
== permittivity of OC=60
. veseen oo ==+== permittivity of OC=90

Number of electron per unit cell

0 2 4 6 8 10
Depth from top surface (nm)

Fig. 5. Number of electrons per unit cell of modified TEAMR at the side
surface in 6.4x6.4x3.2 nm® (16x16x8 cells per bit) bit.
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Fig. 6. Number of electrons per unit cell of modified TEAMR at the side
surface in 6.4x6.4x6.4 nm® (16x16x16 cells per bit) bit.

-10 -5
External magnetic field (T)

Fig. 7. M-H loops in 4x4x8 cells per bit of 3 structures at T = 300K.

Finally we study the magnetic properties at room
temperature. Figure 7 shows the M-H loops of 3 structures at
different thermal stability (K, V7kgT) value. The coercivity is
reduced from the OK value due to the thermal effects arising in
the magnetic material. We observe that the coercivity of M-
TEAMR is approximately 4 times lower than that of the
TEAMR structure.
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Fig. 8. M-H loops in 16x16x32 cells per bit of 3 structures at T = 300K.

Figure 8 shows that the coercivity of M-TEAMR is also
lower than that of TEAMR and the M-H loops shown in figure
8 appear to be more square than figure 7 because the K, V/ksT
of 16x16%32 cells per bit is much higher (399.36). Although
the switching field reduction of M-TEAMR is larger for
smaller bit size, the coercivity of M-TEAMR appears to be
lower than the TEAMR structure for all bit sizes. However,
the coercivity of M-TEAMR is still high due to high magnetic
anisotropy of FePt. The switching field can be reduced if the
magnetic anisotropy is lower. This is shown on figure 8 (pink
dash line). The coercivity clearly can reduce to 4T by reducing
K, of FePt by 50%, which could be achieved by alloying.

IV. CONCLUSION

Electron Assisted Magnetic Recording enhancement by
using a dielectric underlayer is confirmed by M-H loops
studied using the VAMPIRE atomistic simulation package.
The coercivity reduction is shown to be strongly dependent on
the penetration depth of the bandfilling enhancement, which is
limited due to the conductivity of FePt. The results show that
the magnetic reduction depends strongly on the electron
bandfilling of L1, ordered FePt. The magnetic switching
reduction of M-TEAMR is independent on W/t ratio while that
of TEAMR increases as the W/t ratio increases. In addition,
the switching field reduction is larger if the bit size is smaller
for both structures because of the larger relative volume over
which the anisotropy reduction can be achieved. Note that the
magnetic switching reduction in M-TEAMR is greater than
that of TEAMR structure for all bit sizes. The coercivity with
low K, V/kpT value is smaller than that with high K, V/kT
value due to thermal effect arising in the magnetic material at
room temperature. The results show that the coercivity of M-
TEAMR is approximately 4 times lower than that of TEAMR.
Overall, the coercivity reduction due to bandfilling effects is
apparently modest due to the nature of FePt as a conductor,
which limits the increase of bandfilling to the surfaces of the
material. This is especially the case for the larger bits. M-
TEAMR is effective in extending the volume of the grain over
which the anisotropy can be reduced. We also show that
significant increases in bandfilling can be achieved by the use
of materials with increased dielectric constant.
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Magnetic Switching in BPM, TEAMR, and Modified TEAMR by
Using Dielectric Underlayer Media
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In this paper we study the coercivity of Bit Patterned Media (BPM), Trapping Electron Assisted Magnetic Recording (TEAMR),
and modified TEAMR media by using a dielectric underlayer. The VAMPIRE magnetic simulator is used to model 3 structures of
recording bits and to study the M-H loops using an atomistic spin model. The results show that the magnetic switching reduction in
modified TEAMR and TEAMR depends on the bit size. The percentage of magnetic switching reduction in modified TEAMR is also
larger than TEAMR for all bit sizes. For a bit size of 1.6x1.6x3.2 nm’, the percentage of magnetic switching reduction in modified

TEAMR is approximately 4 times higher than that in TEAMR.

Index Terms—magnetic data storage device; electron trapping assisted recording; TEAMR; VAMPIRE magnetic simulator;

atomistic spin model.

I. INTRODUCTION

ARD DISK drives are currently used to store over 90% of

the world’s digital data [1]. One main advantage of
magnetic data storage is a much lower cost compared to any
other technology, being approximately four times cheaper than
equivalent solid state storage [2]. Recent developments in hard
disk drives have seen improved areal density and energy
efficiency. Presently, Perpendicular Magnetic Recording
(PMR) technology is the dominant technology used in hard
disk drives. However the areal density of conventional PMR is
running into a limit of around 1 Tbpsi [3]. Areal density is
limited by the requirement to retain thermal stability of written
bits. Thermal stability cannot be maintained if the grain size is
reduced below a critical limit where the magnetic anisotropy
energy (K, V/kpT) is less than 60 [4]. The V and K, represent
the grain volume and magnetic anisotropy energy of the
recording media respectively, kpz is the Boltzmann constant
and T is the temperature. To obtain high thermal stability, the
recording medium should have a high magnetic anisotropy
energy. A favored candidate material is L1, ordered FePt with
K, = 7x10° J/m® [5-6]. However, for such high anisotropy
values the associated magnetic field required to write the data
is greater than that available in conventional write heads.

Novel recording methods have been suggested to reduce
the coercivity of the medium during the writing process.
Examples include Microwave Assisted Magnetic Recording
(MAMR) [7], Heat Assisted Magnetic Recording (HAMR)
[8], and Exchange Coupled Composite (ECC) media [9]. Here
we study Trapping Electron Assisted Magnetic Recording
(TEAMR) [10]. Previously, trapping electron effect was
demonstrated in CoCrPt-TiO, [11]. A low voltage (3 Vg4.) was
sufficient to create an electric field strong enough to trap 0.15
electron per cobalt atom in grain boundaries of media. That
can reduce 13% of applied magnetic field reduction [11]. In
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addition, the first demonstration of electric field modified FePt
properties in [12] showed that the magnetocrystalline
anisotropy of FePt can be changed by an applied electric field.
The method works by inducing electron filling in the valence
band of L1, ordered FePt by applying a dc-voltage during the
writing process [10] resulting in a change of the bandfilling to
an effective number of electrons n,. By using Density
Functional Theory (DFT) calculations [10] of the electron
filling it was found that n, = 18.38 for L1, ordered FePt
reduces the magnetic anisotropy energy (K,) to zero. It was
also found in [10] that the saturation magnetization (M)
depended on n.: Recently [13] the alloying approach was
studied theoretically using DFT, giving very good agreement
with experimental data. In [13] the approach used was to
model the actual alloy structures including structural
relaxation. This goes beyond rigid the band model of [10] and
suggests that the alloying approach does not give the exact
dependence of K, on n.in relation to TEAMR.

Recent simulations of TEAMR using finite element
simulations demonstrated the capability of an electric field to
induce electron filling in L1, ordered FePt [10]. However, it
was found that the electric field gives rise to a rather localized
change in the magnetocrystalline anisotropy. The calculations
showed that bandfilling enhancement in a TEAMR structure
only occurs close to the surface of an L1, ordered FePt
recording bit because L1, ordered FePt is a conductor.
Applying an external field directly makes it difficult to add
electrons deep within the L1, ordered FePt film and so this
effect can only reduce the anisotropy on the top surface of the
bit. Therefore the reduction of the magnetic switching field
was found to be only around 10%. A revised recording method
known as modified TEAMR (M-TEAMR) uses a dielectric
layer to induce surface charges at the side of the grain [14].
Using a finite element simulator it was predicted that the
electron bandfilling increased deep inside the L1, ordered
FePt layer. Although the bandfilling remains localized to the
intergranular  dielectric  layer, the magnetocrystalline
anisotropy is reduced within a larger volume of the grain than
with normal TEAMR.

Here we study the magnetic switching of L1, ordered FePt
bit patterned media (BPM), using TEAMR, and M-TEAMR
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by introducing a dielectric underlayer. The magnetic switching
of the 3 structures is investigated using an atomistic spin
model, which has the required spatial resolution to investigate
the effects of local reduction of the magnetocrystalline
anisotropy.

II. THEORETICAL MODEL

The magnetic properties are investigated using an
atomistic spin model [15] where the energetics of the system
are described by the following spin Hamiltonian (#).

‘7{:‘7{6,\'c+‘7{ani+}[app (1)

Denoting terms for the exchange interaction, magnetic
anisotropy, and externally applied magnetic field respectively.
The bulk material parameters are chosen to be representative
of L1, ordered FePt, a strong candidate for next generation
magnetic recording technology [16]. The contributions to the
Hamiltonian, given below, consist of terms representing
exchange in the Heisenberg form, uniaxial anisotropy and a
Zeeman term giving the interaction with the externally applied
field.. These terms are;

Heoe = _2‘]4751' '51 )
i#]

Ho =k, (S, 8) 3)

A, = —Z wuS,-H,, “

where J; = 3.28x107" J/link is the nearest neighbor
exchange interaction, § and S; are unit vectors representing

the local and neighboring spin directions, k, is the uniaxial
anisotropy constant, x is the atomic spin moment, and H,,is

the externally applied field. The effect of bandfilling is
modeled by considering its effect on the local anisotropy and
atomic spin moment [10].

We carry out calculations using the VAMPIRE atomistic
modelling package [17], in which the magnetization dynamics
of the system are included via the use of the LLG equation
given by;

O Vi (S x(H+AS x 1)) ©)
o (Y e

Here ;4 and , are the microscopic thermal bath coupling

parameter and the gyromagnetic ratio respectively. The
effective field on each spin is then given by -d#/dS; where S; is
the magnetic moment of the site, i. To introduce the effects of
temperature the local field is enhanced by a stochastic term,
which describes the coupling of the spin system to the external
thermal bath. The thermal fluctuations are included as a white
noise term, uncorrelated in time and space, which is added
into the effective field [18]. The stochastic integrals are
interpreted as Stratonovich integrals [19]. The moments of the
stochastic process are defined through fluctuation dissipation
theory as:

2
(0 (0) =286, e~ 22T (©)
(sr)=0 N ()

Here a, b are Cartesian components and 7 is the temperature
of the thermal bath to which the spins are coupled. The
coupling of the spins to the thermal bath (3 ) is a parameter

which attempts to describe all of the energy and momentum
transfer channels into the spin system, for example from the
conduction electrons or the lattice.

This paper studies the coercivity of magnetic recording
media of 3 structural types. These are BPM, TEAMR, and M-
TEAMR including a dielectric underlayer. The 3 structures are
shown in figure 1(B), 1(C), and 1(D). Figure (C) and (D)
illustrate the major difference between TEAMR and M-
TEAMR where coloring indicates the parts of the grain where
the anisotropy is reduced due to the bandfilling. A recording
grain consists of several unit cells of L1y ordered FePt. The
cell size of L1, ordered FePt is 3.864 A (c/a =0.96) that is
shown in figure 1(A).

The aim is to investigate the effect on the coercivity of the
degree of bandfilling, the width/thickness ratio (W/f) of the
bits and the thermal stability value.

@ 18.38 bandfillings (3 Without bandfillings
B) ) D)
A) an
o lo o Fe
° 1l ePt

Fig. 1. Structures of A) L1, ordered FePt unit cell, B) BPM, C)
TEAMR, and D) M-TEAMR by using dielectric underlayer, where the
coloring indicates the parts of the grain where the anisotropy is reduced
due to the bandfilling.

The recording bit of a BPM structure consists of many L1,
ordered FePt unit cells that is shown schematically in figure
1(B). The bandfilled electron unit cells in the TEAMR
structure (indicated by the colored cells) only occur at the top
surface of L1, ordered FePt bit while the M-TEAMR structure
gives rise to bandfilling at the side surface of the L1, ordered
FePt grain. TEAMR and M-TEAMR structures are shown in
figure 1(C) and 1(D), respectively. The material parameters
used in the simulations are given in table I. Note that the
exchange energy is independent of a number of bandfilling
electron but on Boltzmann's constant and a number of nearest
neighbor atoms.

K, without bandfilling in L1, ordered FePt is 8.57x10°
J/m® and with ne = 18.38 in L1, ordered FePt, the value
decreases to zero. The saturation magnetizations (M) are
1.0745x10° J/(T-K?) and 1.025x10° J/(T-K?) without and with
18.38 electron bandfilling in L1, ordered FePt [10],
respectively.
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TABLE I
MATERIAL PROPERTIES
Material:L1, ordered FePt

Parameter
No bandfilling 18.38 bandfilling
Unit cell size, a 3.864 A 3.864 A
Unit cell size, ¢ 3.748 A 3.748 A
Anisotropy energy 1.2x107% J/atom 0 J/atom
Exchange energy 3.28x10?" J/link 3.28x10" J/link
Atomic spin moment, zs 1.62u5 1.56p5
TABLE II
PARAMETERS AT DIFFERENT BANDFILLING
. Material properties
Ban((if)llmg Ku3 M. 3 s X
(J/m?) J/T'm’) (us) (J/atom)
18.0 8.57x10° 1.0745x10°  1.620  1.198x107%
18.1 7.75x10° 1.0631x10°  1.603  1.084x107%
18.2 5.96x10° 1.0528x10°  1.588  8.337x107%
18.3 4.25%10° 1.0431x10° 1573  5.945x107%
18.4 -0.47x10° 1.0314x10°  1.556  -6.575x10*
18.5 -1.64x10° 1.0157x10° 1532 -2.294x10%
18.6 -1.29x10° 0.9975x10°  1.505  -1.804x10"3

First we simulate different levels of electron bandfilling in
TEAMR and modified TEAMR structures. The recording bits
of TEAMR and modified TEAMR are modeled using the
VAMPIRE simulator based on figure 1(C) and 1(D)
respectively. The bit size is taken as 4x4x8 cells per bit
(1.6x1.6x3.2 nm®) in both structures. The initial simulations
are carried out at 0K, which will allow comparison with
micromagnetic simulations, followed by an investigation of
the effect of temperature. The anisotropy and M, values are
calculated for electron bandfillings of n,= 18.0, 18.1, 18.2,
18.3, 18.4, 18.5, and 18.6 electrons per unit cell of L1, ordered
FePt. The parameters for different levels of electron
bandfilling are shown in table II. We note that, although the
anisotropy values are calculated using ab-initio techniques,
which are strictly valid at OK, the atomistic model naturally
introduces the temperature variation of anisotropy, which
arises from thermally excited magnetization fluctuations.

III. RESULTS AND DISCUSSION

Based on the calculated values of K,, which enter the
atomistic model as site-resolved parameters, we study the
magnetic switching properties of TEAMR and M-TEAMR
structures at different width per thickness ratios (W/),
allowing investigation of the coercivity reduction due to the
TEAMR effect, taking account of the specific localization of
the anisotropy reduction characteristic of TEAMR and M-
TEAMR. Here we concentrate on a study with a bit aspect
ratio (BAR) of unity in order to clarify the degree of assist
arising from the TEAMR effect. The 4x4, 8x8, 12x12, and
16x16 cells per bit of different bit sizes are studied firstly at
OK to investigate the reversal mechanism and a second series
of calculations is performed to extend the study to a
temperature of 300K. Coercivities of all bit sizes are
calculated for 0.5, 1, and 2 of W/t ratios. We simulate both
structures in figure 1(B) and 1(D) by modeling 2 different

cases; firstly L1, ordered FePt, without trapping electron assist
and secondly FePt subject to an electric field generating a
bandfilling of n.;= 18.38 per unit cell.

Finally we study the dependence of the hysteresis loop on
the thermal stability factor (K,V/kgT) at room temperature
(300K). Sizes of 4x4x8 (1.6x1.6x3.2 nm’) and 10x10x15
(4%x4x6 nm’) cells per bit of BPM, TEAMR, and M-TEAMR
structure are studied. The K, V/kgT values are 6.25 and 74.4 for
the 4x4x8 and 10x10x15 cells bit size, respectively for which
the M-H loops are compared.

We first consider the effects of different levels of
bandfilling (induced by different applied voltages during the
write process). Simulated hysteresis loops for different levels
of electron bandfilling for the TEAMR structure at 4x4x8
cells per bit are shown in figure 2. For the intrinsic bandfilling
of n;= 18.0 (equivalent to bulk FePt), the loop is very square
owing to the uniaxial anisotropy and has a high coercivity of
around 18T. Increasing the band filling reduces the coercivity
due to the reduced effective anisotropy. The highest
bandfilling gives a modest reduction of the intrinsic coercivity
by around 11.7%.
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Fig. 2. M-H loops at different electron bandfillings in 4x4x8§ cells per bit of
TEAMR structure at T = 0K.

Figure 3 shows the M-H loops of modified TEAMR at
different levels of electron bandfilling. For M-TEAMR the
effect of bandfilling is much stronger. We can clearly see that
the magnetic coercivity in M-TEAMR is lower than that of the
TEAMR structure. The coercivity at 18.1, 18.2, 18.3, and 18.4
bandfillings decreases by 5.7%, 14.3%, 25.7%, and 60% of
18.0 intrinsic bandfilling, respectively. In addition the
coercivity at 18.5 and 18.6 bandfillings is reduced by 72.4%
relative to bulk FePt.

Figure 4 shows the percentage of magnetic switching
reduction of TEAMR and M-TEAMR structures. The
coercivity reduction of both structures decreases with
increasing bit size. TEAMR results show that the magnetic
switching reduction depends also on the change of W/t ratio
while the magnetic switching reduction in M-TEAMR
structures is independent of W/t ratio. However, the coercivity
reduction of M-TEAMR is higher than TEAMR in all bit sizes
and W/t ratios. The coercivity reduction of the M-TEAMR
structure is as high as 60% while that of TEAMR is 12% for
the 1.6x1.6 nm” bit and 0.5 of W/t ratio. Both results suggest
that switching field reduction strongly depends on the number
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of cells with enhanced 7.4 relative to the total number of cells
per bit of L1, ordered FePt [14].
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Fig. 3. M-H loops at different electron bandfillings in 4x4x8 cells per bit of
modified TEAMR structure at T = 0K.

The degree of bandfilling achievable for a given electric
field is determined by the dielectric constant of the material,
suggesting the possible enhancement of bandfilling. In order
to investigate the possible enhancement of the TEAMR effect,
we calculate the number of electrons per unit cell for materials
with increased dielectric constant using a finite element
method simulator (COMSOL Multiphysics simulator). The
simulation model is similar to [14] and here we show
illustrative results for 16x16x8 and 16x16x16 cells per bit
size. We apply 3 V-dc in the finite element model and
calculate the number of electrons per unit cell in both sizes.

The results in figure 5 and 6 only show the number of
electrons per unit cell at the side surface of modified TEAMR
structure. Both results show that the number of electrons per
unit cell in modified TEAMR increase with the dielectric
constant or relative permittivity of the overcoat layer (OC).
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Fig. 4. Percentage of magnetic switching reduction in TEAMR and
modified TEAMR structures at different bit sizes and W/t ratios.

For the 16x16x8 cells per bit structure, with a relative
permittivity of the overcoat greater than 10, the number of
electrons per unit cell is over 0.38 electron per unit cell while
for the 16x16x16 cells per bit size, the same number per unit
cell is achieved with a relative permittivity greater than 20.
These results clearly show that the number of electrons per
unit cell in the bigger bit can be enhanced by altering the
relative permittivity of the overcoat, with consequently an

important enhancement of the TEAMR and M-TEAMR
effects.
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Fig. 5. Number of electrons per unit cell of modified TEAMR at the side
surface in 6.4x6.4x3.2 nm® (16x16x8 cells per bit) bit.
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Fig. 6. Number of electrons per unit cell of modified TEAMR at the side
surface in 6.4x6.4x6.4 nm® (16x16x16 cells per bit) bit.
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Fig. 7. M-H loops in 4x4x8 cells per bit of 3 structures at T = 300K.

Finally we study the magnetic properties at room
temperature. Figure 7 shows the M-H loops of 3 structures at
different thermal stability (K, V7kgT) value. The coercivity is
reduced from the OK value due to the thermal effects arising in
the magnetic material. We observe that the coercivity of M-
TEAMR is approximately 4 times lower than that of the
TEAMR structure.
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Fig. 8. M-H loops in 16x16x32 cells per bit of 3 structures at T = 300K.

Figure 8 shows that the coercivity of M-TEAMR is also
lower than that of TEAMR and the M-H loops shown in figure
8 appear to be more square than figure 7 because the K, V/ksT
of 16x16%32 cells per bit is much higher (399.36). Although
the switching field reduction of M-TEAMR is larger for
smaller bit size, the coercivity of M-TEAMR appears to be
lower than the TEAMR structure for all bit sizes. However,
the coercivity of M-TEAMR is still high due to high magnetic
anisotropy of FePt. The switching field can be reduced if the
magnetic anisotropy is lower. This is shown on figure 8 (pink
dash line). The coercivity clearly can reduce to 4T by reducing
K, of FePt by 50%, which could be achieved by alloying.

IV. CONCLUSION

Electron Assisted Magnetic Recording enhancement by
using a dielectric underlayer is confirmed by M-H loops
studied using the VAMPIRE atomistic simulation package.
The coercivity reduction is shown to be strongly dependent on
the penetration depth of the bandfilling enhancement, which is
limited due to the conductivity of FePt. The results show that
the magnetic reduction depends strongly on the electron
bandfilling of L1, ordered FePt. The magnetic switching
reduction of M-TEAMR is independent on W/t ratio while that
of TEAMR increases as the W/t ratio increases. In addition,
the switching field reduction is larger if the bit size is smaller
for both structures because of the larger relative volume over
which the anisotropy reduction can be achieved. Note that the
magnetic switching reduction in M-TEAMR is greater than
that of TEAMR structure for all bit sizes. The coercivity with
low K, V/kpT value is smaller than that with high K, V/kT
value due to thermal effect arising in the magnetic material at
room temperature. The results show that the coercivity of M-
TEAMR is approximately 4 times lower than that of TEAMR.
Overall, the coercivity reduction due to bandfilling effects is
apparently modest due to the nature of FePt as a conductor,
which limits the increase of bandfilling to the surfaces of the
material. This is especially the case for the larger bits. M-
TEAMR is effective in extending the volume of the grain over
which the anisotropy can be reduced. We also show that
significant increases in bandfilling can be achieved by the use
of materials with increased dielectric constant.
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