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Abstract

®

CrossMark

Heusler alloy has been widely utilized in magnetoresistive sensors to enhance the device
performance. In this work, we theoretically investigate the performance of Heusler-alloy-based
magnetoresistive sensors with a synthetic antiferromagnet (SAF) layer. The atomistic model
combined with the spin accumulation model will be used in this work. The former is used to
construct the reader stack and investigate the magnetization dynamics in the system. The latter
is employed to describe the spin transport behavior at any position of the structure. We first
perform simulations of the exchange bias (EB) phenomenon in the IrMn/Co,FeSi (CFS) system
providing a high EB field. Then, a realistic reader stack of IrMn/CFS/Ru/CFS/Ag/CFS is
constructed via an atomistic model. Subsequently, the resistance—area product (RA) and
magnetoresistance (MR) ratio of the reader can be calculated by using the spin accumulation
model. As a result of the spin transport behavior in the Heusler-alloy-based reader stack
including SAF structure at 0 K, an enhancement of the MR ratio up to 120% and RA

< 40m$) - um? can be observed. This study demonstrates the important role of the Heusler alloy
and SAF layer in the development of magnetoresistive sensors for the application of readers in

hard disk drives with an areal density beyond 2 Tbin—2.

Keywords: magnetoresistive sensor, Heusler alloy, atomistic model, spin accumulation model

1. Introduction

Hard disk drives (HDDs) have been continually evolved to
deliver a higher performance and storage capacity to meet
today’s requirements. The write head, read head, and recording
medium are the main components, playing a prominent role in
the improvement of HDD performance. Shrinking the size of
the data bits is a promising way to achieve a high areal dens-
ity (AD) beyond 2 Tbin~2 in HDDs [1-5]. A scaling down of
all components in the devices is necessary, and in particular,

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

a reduction in the size of the read head corresponding to the
size of the data bits. This subsequently results in a decrease in
the performance of the read head with high thermal instabil-
ity, which gives rise to noisy readback signals [6—8]. The spin
valve stack is the main component of the reader, and consists
of a spacer layer (SL) sandwiched by two ferromagnets (FMs).
The first FM layer, regarded as a pinned layer (PL), has a fixed
magnetization due to the effect of exchange bias (EB) between
the FM and antiferromagnetic (AF) material, while the mag-
netization direction within the second FM layer or free layer
(FL) can freely change depending on the induced magnetic
field from the recording media. A read sensor design with
a high magnetoresistance (MR) ratio, high operating speed,
and reduced noise level becomes crucial for HDDs to func-
tion more efficiently. To meet this aim, choosing the appro-
priate materials to be utilized as the reference layer and FL is
challenging.

© 2023 The Author(s). Published by IOP Publishing Ltd
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Heusler alloys have been investigated extensively as poten-
tial materials to serve as the PL, reference layer, and FL in
the reader stack [9—16]. Due to their half-metallic band struc-
ture resulting in relatively high spin polarization, they strongly
enhance the efficiency of spin transport. Several studies have
been reported on the characteristics of Heusler alloys used in
the application of spintronic devices, such as Co,FeSi (CES)
[12, 17-22] and Co,FeAlSi [19, 20]. Interestingly, it is seen
as a promising candidate because of its high spin polarization,
high saturation magnetization, and high Curie temperature. It
serves more roles in the read element than only the sensing
layer, leading to a high MR ratio [21, 23, 24]. Recently, CFS
has been proposed as the pinned Heusler alloy layer in the EB
system [25-27]. It is found that utilizing CFS as the PL can
enhance the EB field and spin-polarized current.

In the conventional reader structure of AF/PL/SL/FL, the
characteristics of the readback signal mainly rely on the EB
field between AF and PL to fix the direction of magnetization
in the PL. However, it is still insufficient to stabilize the mag-
netization direction of the PL. The thermal stability of the spin
at the AF and FM interface is decreased as a result of the heat
produced during the reading process. The spins of the AF at the
interface have a tendency to stray from the easy axis, making
it difficult to attain the spins of the FM to perfectly align in one
direction. Thus, a synthetic AF (SAF) layer has been proposed
to be added into the conventional reader stack to improve its
thermal instability [28-30]. Additionally, the SAF structure is
utilized to mitigate the demagnetizing field generated by the
reference layer on the FL. The full reader stack, including the
SAF layer, has been experimentally studied, but simulation is
more complicated due to the expensive computational time.

In this work, we focus on the investigation of Heusler
alloy-based current-perpendicular-to-plane giant magnetores-
istance (CPP-GMR) sensors providing a high signal-to-noise
ratio and low resistance—area product (RA) for the applica-
tion of next-generation HDDs. In the general reader model,
the effect of the diffuse interface is not taken into account,
and the PL is not explicitly considered [23, 31-34]. Therefore,
the atomistic model coupled with the spin accumulation model
is employed here. The former allows us to construct a reader
stack with diffuse interfaces at the atomistic level. For a real-
istic reader design, the EB system of IrMn/CFS used as the
PL will also be considered by using the atomistic model. The
latter is used to describe the underlying physics of the spin
transport in the CPP-GMR read sensor. A realistic reader stack
including the SAF layer is constructed, and the spin trans-
port behavior is investigated through the value of the RA and
MR ratio. Importantly, the AD as a function of the RA is also
evaluated.

2. Methodology

To investigate the dynamics of the magnetization in the mag-
netic structure, the atomistic model implemented in the soft-
ware package VAMPIRE [35] is used here. The time evolution

of magnetization can be described by the Landau-Lifshitz—
Gilbert (LLG) equation, given by
oS y

= ——7F (S X Beff) —

ot (1+a?) [S X (S x Begr)]
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where S is the normalized atomic spin vector, -y is the absolute
value of the gyromagnetic ratio, and « is the intrinsic damping
constant. The effective field, B, acting on each atomic spin
can be calculated directly from the classical Hamiltonian ()
describing the energy of the system in the Heisenberg form,
given by

H:*ZJUSi'Sj*kuZ(Si'e)z

i<j i

_Mszsi 'Bapp_Jsdm'Si

where S;; is the unit vector of spin on site (i,j), J; is the
nearest-neighbor exchange integral between the spin sites i and
J» ky 1s the uniaxial anisotropy constant, e is the unit vector of
easy axis, and p is the magnitude of the spin moment. The
contributions of the exchange energy, the anisotropy energy,
and the Zeeman energy are expressed in the first, second, and
third terms of the spin Hamiltonian, respectively. The effect of
spin torque arising from the exchange interaction between the
spin accumulation (m) and the local spin moment is included
in the final term of the Hamiltonian. The effective field (Besr)
acting on the spin can be determined directly by taking the first
derivative of the classical Hamiltonian described above. The
inclusion of the demagnetizing field and thermal fluctuations
are taken into account in the model separately. The macro-cell
approach is employed to consider the demagnetizing field, and
the effect of finite temperature is represented as the random
thermal field.

The inclusion of the demagnetizing field in B¢ can be per-
formed by using a micro-cell approach. Using this method,
the structure is discretized into cubic macrocells with uniform
magnetization, and the dipolar field of the spin in the macro-
cell k is calculated as follows:

Ho 3(py - T) Ty — 1y
Bap = L0y | T T
ant 4 I#k |: |rkl|3 ’

2

Natom

where p1; = > "7 11 S; is the magnetic moment of the micro-
cell [ containing n,om Spins. The thermal fluctuation of the
spin moment site i arising from the effect of finite temperature
is represented by the random field terms Bih in the following

form:
20kg T
By =1 (7) =,
Vs At

where I'(¢) is the thermal fluctuation represented by a Gaussian
distribution.

3
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The investigation of the magnetization reversal driven by
spin-transfer torque can be achieved using the self-consistent
solution of spin accumulation and spin current (j,,), which is
written as follows [31, 36-38]:

my (x) = [mH (OO) + [m” (0) —m (OO)] e*X/Asdl} [;1
m, > (X) = Ze*klx [u COS (kzx) —vsin (kz,x)] [;2

m 3 (x) = 2“1 [usin (kpx) + veos (kox)] bs, 4

where my is the longitudinal component of spin accumulation,
m ) is the transverse component of spin accumulation, and

the coefficients (ky £ iky) = /A 2 £i) % my|(co) denotes

the spin accumulation at equilibrium, the spin-flip length is
defined as At = /2Dy, and J; is the spin-precession length.
The unknown variables u,v, and m;(0) can be determined by
considering the boundary conditions of the spin current across
interfaces. The spin current at any position of the structure is
written as follows:

Jm (x) = BjeM — 2Dy [881; - B8'M (M %I:)] )

where M is the unit vector of magnetization, 3 and 5’ are the
spin polarization parameters of the material, j. is the charge
current density, and Dy is the diffusion constant.

The MR ratio representing the performance of the read
element is directly evaluated from the spatial spin accumula-
tion and spin current described in the above equations. The
microcell-based approach is applied to the system to determ-
ine the position dependence of the spin transport properties.
The total RA of the system can be achieved by summing up
the spatial (RA;), which is expressed in terms of the gradient
of spin accumulation (Am) and spin current, given by

n n
VeenksT |Am|
RA o = Z;RAi = 2; P ©)
1= 1=
where 7 is the number of microcells, V.. is the microcell
volume, and e is the electron charge.

3. Results and discussion

To design a realistic CPP-GMR sensor, it is crucial to under-
stand the mechanism of the EB phenomenon, which results
from the coupling between AF and FM employed to set the
magnetization direction of the PL, and which is responsible
for the characteristics of the readback signal. Before consider-
ing the spin transport behavior in the reader stack, it is essential
to verify the stability of the PL and the accuracy of the model
by examining the magnetization dynamics of the layer. The
investigation of EB can be initially studied by generating the
bilayer system of AF/FM via the atomistic model implemen-
ted in the VAMPIRE software package [35]. A system of [rMn
(6 nm)/CFS (4 nm) is considered to study the EB effect and to

Table 1. Magnetic and spin transport parameters of each material in
the reader stack taken from [34-40].

Parameter IrMn CFS Ru Ag Unit
a 1.0 0.003
T, 690 1120 K
ke x 1072 422 0.28 Jatom™!
s 2.50 5.54 UB
Jix 1071 —64 4.89 Jlink™!
8 0 0.86
B’ 0 0.96
Asdl 0 1.7 600 160 nm
Moo 0 15.71 MCm™?
Do 0 0.001 0.005 0.005 eV
JiMn-CFS 1.2x 1072 Jlink ™!
1.0f
05}
o
S 00f----------@ --@g-F---
=
-0.5
IrMn/CFS —@—
IrMn/CoFe —&—
-1.0

0.3 0.6
Applied field (T)

Figure 1. The hysteresis loop of the bilayer system of IrMn
(6 nm)/CFS (4 nm) and IrMn (6 nm)/CoFe (4 nm).

ensure that the magnetization of the PL is set before apply-
ing this system to the reader stack. The magnetic parameters
of IrMn and CFS taken from previous studies are shown in
table 1.

We simulate the hysteresis loop of CFS to calculate the EB
field arising from the coupling with AF. As demonstrated in
figure 1 (top), the hysteresis loop is shifted from the y-zero
axis. The magnitude of the shifted loop defined as the EB field
can be considered from the relation of the coercivity field (H,),
given by Hgp = (H, + H;)/2. The EB field for this system
is approximately 81 mT, which is consistent with experiment
[39]. The magnetization of CFS is fixed in the x direction
corresponding to the EB field. Furthermore, we also make a
comparison of the EB field occurring in the system of IrMn
(6 nm)/CoFe (4 nm) where the EB field is 50 mT. This demon-
strates that utilizing CFS as the PL results in a higher EB field
and a more stable PL. For the rest of the investigations in this
paper, CFS Heusler alloy is therefore designated to serve as
the PL, reference layer, and FL in the reader stack.
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Figure 2. The time evolution of the x component of magnetization in PL and RL in the reader stack of IrMn/CFS/Ru/CFS/Ag/CFS.

Next, a simple reader stack of IrMn/CFS/Ag/CFS is con-
structed using an atomistic model to check the direction of
magnetization of each layer before introducing the spin cur-
rent into the system and investigating the spin transport beha-
vior in the reader stack. It is necessary to check the magnetiz-
ation dynamics of the PL to confirm its stability and the valid-
ity of the model. After performing EB simulation to obtain
the direction of the PL, we then construct the whole reader
stack by putting the IrMn/CFS together with the Ag/CFES sys-
tem. The time evolution of the magnetization can be observed
by the atomistic model via the LLG equation. Furthermore, as
demonstrated in figure 2, the SAF structure, which provides
the reference direction in the magnetoresistive sensors, is
taken into consideration for the realistic reader model of
IrMn/CFS/Ru/CFS/Ag/CFS since the performance and mag-
netic stability of the device can be improved by inserting the
SAF layer. The effect of the diffused interfaces is also included
in the system. The results in figure 2 obtained from the atom-
istic simulations show the x component of magnetization in
the PL and reference layer, which are oriented in the oppos-
ite direction due to the indirect exchange coupling between
these two layers, known as the Rudermann—Kittel-Kasuya—
Yosida (RKKY) exchange interaction. In addition, the SAF
layer reduces the effect of the stray field from the PL acting on
the magnetization of the FL, resulting in a more stable mag-
netization of the FL aligned in the easy axis direction. The
correctness of the model can be confirmed by the direction
of magnetization of both layers before investigating the spin
transport within the magnetic structure.

The spin transport behavior in the reader stack with and
without the SAF layer is studied for both the parallel (P) and
anti-parallel (AP) states, where the relative magnetization is
aligned in the same direction and opposite direction, respect-
ively. A charge current with a density of 1 MA cm ™2 is injec-
ted into the system. The results show that the spin accumu-
lation and spin current tend to align in the direction of local

magnetization, and a large change in spin accumulation can be
observed in the region of the diffuse interface between layers
due to the difference in spin transport properties as shown in
figure 3. For the P state, the spin-polarized current can easily
flow through the magnetic structure, yielding low resistance
in both systems, with and without the SAF layer. The value
of the RA product of the AP state is higher than that of the P
state, as expected. Subsequently, the MR ratio of both systems
can be evaluated. Importantly, the reader stack with the SAF
layer provides a high RA of 30.22 mQ2-pm? and enhances the
MR ratio up to 73.24% at 0 K, which is in excellent agreement
with previous experiments [40, 41], whereas the reader stack
without the SAF layer gives a lower RA of 16.75 m$2 - um?
and a low MR ratio of 16.79%. This may be explained by the
fact that the number of interfaces has a significant impact on
the RA and MR ratio values, which are strongly contingent
on both bulk and interfacial spin scatterings. The significant
difference in MR ratio between the systems with and without
the SAF layer indicates the importance and requirement of the
realistic reader model to predict and design the read head of
HDDs.

Subsequently, the effect of current density on the perform-
ance of the reader stack including the SAF structure is con-
sidered by varying the current density from IMAcm ™2 to
5MAcm 2. With the aid of this investigation, we are able to
determine the optimal current density for reading HDDs with a
recording density beyond 2 Tbitin~2. An increase in the cur-
rent density enhances the efficiency of spin transport, and a
high-spin polarized current can flow into the reader stack. The
Heusler-alloy-based read sensor gives a low RA of less than
RA < 100mS2 - um? and a high MR ratio of up to 120%, as
shown in figure 4, which is consistent with the experimental
results in [42]. The results demonstrate a better performance
of the read sensor with Heusler alloy than that with conven-
tional FMs, such as CoFe and NiFe [23, 43, 44]. Previously,
Heusler alloy material has been utilized as the FL in the read
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Figure 3. (a) The spatial variation of spin accumulation and (b) spin current within the conventional reader stack of IrMn/CFS/Ag/CFS; (c)
the spin accumulation and (d) the spin current within the full reader stack of IrMn/CFS/Ru/CFS/Ag/CFS after introducing the charge current

density of 1 MAcm ™2,

element, giving a low RA of less than 100 mS2 - ym? and a high
MR ratio [45, 46]. In this work, it is applied in the reader stack
to serve not only as the PL but also as the reference layer and
FL. The spin-polarized current easily flows into the structure.
As aresult, a higher MR ratio and lower RA < 40m(2 - ym? are
observed, which aligns with the criteria for ultra-high-capacity
HDDs as well as being consistent with previous studies [40,
43, 47].

As illustrated in figure 4 (top), the spin transport beha-
vior in the full reader stack of IrMn/CFS/Ru/CFS/Ag/CFS can
be explained in two regions. For the region of low current
density, j. < 2MAcm™ 2, increasing the charge current density
slightly decreases the value of RA in both the P and AP states,
and this consequently yields a small change in the MR ratio,
which is approximately 73.24%. Although the small charge
current density provides a high MR ratio, the average RA value

calculated from the RA of the P and AP states is still high.
The rapid change of RA is noticeable at the current density
of 2MAcm™2. At high current density in the region of j, >
2MA cmfz, the RA of both the P and AP states is relatively
little altered after the abrupt decrease. The MR ratio gradually
increases and reaches saturation at high current densities. It is
suggested that the optimal current density to obtain a high MR
ratio and low RA is approximately 3 MA cm 2. Furthermore,
the capacity of HDDs or the AD, which is inversely pro-
portional to the RA, is calculated next. Figure 4 (bottom)
shows the AD as a function of the RA. According to the
results, the Heusler alloy read elements with RA < 10mS2-
pm? can be applied to future HDDs with an AD greater
than 2 Tbitin—2. The possibility for a wide variety of Heusler
alloy materials in device applications is demonstrated by these
investigations.
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Figure 4. (Top) The variation of RA product and MR ratio as a function of injected current density; (bottom) the relationship between RA

and the areal density of the IrMn/CFS/Ru/CFS/Ag/CFS structure.

4. Conclusions

The Heusler alloy-based CPP-GMR sensor is studied in this
work as an alternative choice to support future HDDs with
ultra-high recording densities. To design a realistic read ele-
ment, the full stack of the reader, including the EB phe-
nomenon and SAF layer, is taken into consideration. The
atomistic model is used to construct the reader stack and
investigate the magnetization dynamics. The spin accumula-
tion model is employed to evaluate the spin transport beha-
vior in the reader stack. This theoretical investigation shows
that the systems with and without SAF produce different res-
ults. The reader stack with the SAF layer provides a high RA
of 30.22m&2-um? and enhances the MR ratio up to 73.24%
at 0 K, which is consistent with prior studies. Therefore, the
inclusion of the SAF layer becomes crucial for accurate mod-
eling. Next, the Heusler alloy was utilized in a reader stack
of IrMn/CFS/Ru/CFS/Ag/CFS. It was found that a low cur-
rent density of 3MAcm ™2 can be applied to the structure to
achieve a high MR ratio, low RA, and AD of over 2 Thit in—2,
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