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Abstract

®

CrossMark

We theoretically investigate the spin transport behavior of multilayer [Co,FeSi/Ag]y structure
for the application of next-generation read sensors in hard disk drive. To demonstrate the
potential of the Heusler alloy-based current-perpendicular-to-plane giant magnetoresistance
(CPP-GMR) device, we employ an atomistic model coupled with a spin accumulation model
including the effect of a diffuse interface. The dynamics of magnetization is observed in the
atomistic model and the calculation of magnetoresistance (MR) and MR ratio of the magnetic
structure can be achieved by the spin accumulation model enabling us to investigate the spin
transport behavior within the structure. The MR value can be directly calculated from the
gradient of spin accumulation and spin current. The effect of injected current density is first
investigated. It is found that increasing the current density results in a high MR ratio.
Subsequently, to achieve a high performance reader, the number of coupled layers () is varied
up to 16 to study its effect on the MR ratio. The calculated results indicate that increasing the
number of layers N gives rise to the enhancement of the resistance change and MR ratio. At the
critical point N = 5, further increasing N does not affect the MR ratio, which remains relatively
unchanged. Interestingly, the MR ratio is doubled for N > 5 compared to N = 1. Our results
demonstrate the possibility of enhancing the performance of multilayer CPP-GMR devices.

Keywords: Heusler alloy multilayer system, atomistic model, spin accumulation model,

spintronic devices

1. Introduction

Presently, there is a demand to increase the data capacity of
hard disk drives (HDDs) beyond 2.5 Tbit/in?, emphasizing the
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necessity for enhanced storage solutions [1-5]. This demand
is driven by the anticipation of the data growth rate surpassing
1757ZB (zettabytes) by 2025 [6, 7]. To further develop high-
performance HDDs to meet this requirement, high-efficiency
writing and reading technologies are needed to deal with small
data bits. The read element leverages the benefits of the spin
valve (SV) structure, which is a sandwich of two ferromagnetic
materials (FMs) separated by a nonmagnet. The first FM func-
tions as a pinned layer where the magnetization is fixed via
the exchange bias phenomenon, while the second FM serves
as a free layer (FL) where the magnetization is freely rotated.
In the readout process, the SV produces a readback signal

© 2024 The Author(s). Published by IOP Publishing Ltd
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corresponding to the change in magnetoresistance (AMR)
between the parallel and anti-parallel (AP) configurations of
magnetization. Efficiently detecting the correct readback sig-
nal has become a challenging task in designing an appropriate
reader for small data bit sizes [6, 8—12].

For HDDs with a capacity beyond 2 Tb/in?, the tunnel-
ing MR (TMR) read-head does not meet the criteria due
to the large resistance-area (RA) product, leading to high
power dissipation. Alternatively, a current-perpendicular-to-
plane giant MR (CPP-GMR) reader, using promising mater-
ials such as Heusler alloys and 2D materials is proposed as
a solution, offering low RA and a high MR ratio [13, 14].
The conventional trilayer SV with Heusler alloy demonstrates
strong performance in terms of thermal stability and high MR
ratio at room temperature. However, the shrinking size of the
reader affects the sensitivity and enhances the RA product
to over 100 fQ-m?, resulting in the reduction of the MR
ratio, increased power consumption and the potential for noisy
device operation. Since the MR ratio is related to the spin-
dependent scattering in the regions of the interface and bulk
[15-23], the multilayer system has been proposed to improve
MR ratio to address these limitations associated with the large
number of interfaces.

The CPP-GMR multilayer stack was initially studied in the
[Fe/Crly system where N represents the number of coupled
layers. The findings indicate that the shunting of bilayers res-
ults in a greater MR ratio and lower RA product compared
to the conventional system [24-28]. In addition, the CPP-
GMR multilayer structures employing conventional FM, such
as the system of [Co/Cu]y [29-35], [Fe/Cu]y [31], [Ni/Cu]y
[35-37] and [NiFe/Cu]y [38], have been extensively stud-
ied. However, the conventional multilayer system gives GMR
ratio 25% at room temperature that is unable to achieve the
desired high MR ratios for reader applications and susceptible
to thermal instability because of high RA product [39-42]. To
overcome these challenges, it is important not only to design
the appropriate reader structure but also to choose materials
with high spin transport properties, which has emerged as a
key factor. Heusler alloys have become promising candidate
materials with high magnetic and transport properties. In par-
ticular, Co-based Heusler alloys have been of considerable
interest in read sensor applications, as evidently demonstrated
their capability to enhance the performance of read sensors
in previous studies [43-50]. Co,-based Heusler compounds,
such as Co,FeSi (CFS), exhibit remarkable magnetic prop-
erties, including high Curie temperatures of approximately
1100K and large magnetic moments of 6 g /f.u. [51], which
significantly enhance their applicability in magnetic recording
storage and spintronic devices. CFS is a distinctive full Heusler
alloy exhibiting the rare properties of half-metallic ferromag-
netism. This property is crucial for spintronic applications, as
it provides nearly 100% spin polarizations at the Fermi level
[51-54]. Such high spin polarization greatly enhances spin
transport behavior, making CFS highly desirable for advanced
spintronics.

To enhance reader performance and support future
recording technology, utilizing Heusler alloys in multilayer

SVs could be a promising alternative pathway. While there
have been several experimental and theoretical investigations
[43, 44, 49, 55], intensive studies on multilayer systems with
Heusler alloys, particularly in computational modeling, have
received little attention. Therefore, in this work, a combin-
ation of atomistic model and spin accumulation model are
specifically used to investigate the spin transport behavior in
the multilayer system of Co-based Heusler alloy CPP-GMR,
specifically [CFS/Ag|y. CFS possesses high magnetization,
a high spin polarization parameter of conductivity (/3), and a
high Curie temperature (7). Ag, which is a good conductor
and known to support good spin transport, plays an import-
ant role as a spacer layer in magnetic multilayer systems. Its
high conductivity and long spin diffusion length (\gq;) allow
the spin-polarized current to flow easily through the structure.
The Ag layer helps to preserve the spin-polarized current flow-
ing between ferromagnetic layers and to protect the interaction
with adjacent ferromagnetic layers. Additionally, Ag helps to
reduce the RA product, improve the MR ratio and enhance
device performance. The CFS/Ag system is considered in
this work because the band matching between CFS and Ag
plays a crucial role in minimizing spin scattering at the inter-
face, which allows efficient spin transport from CFS to Ag, as
demonstrated in previous studies [43, 56, 57]. The structure
of [CFS/Ag]y, with the repetitions of N = 16, is studied to
optimize the design of a suitable read sensor with small size
and high performance.

2. Methodology

To develop and improve the performance of a read sensor, it
is essential to understand the underlying spin transport beha-
vior within the magnetic structure that governs the operation
of the device. The methodology employed in this work relies
on two models: the spin accumulation model and the atom-
istic model [58—65]. The spin accumulation model is applied
to describe the spin transport behavior within a magnetic struc-
ture involving physical quantities such as spin accumulation
and spin current. Meanwhile, an atomistic model is used to
observe the dynamics of magnetization under the influence of
the spin transfer torque (STT).

The CPP-GMR sensor functions through the introduction
of a charge current perpendicular to the plane of the structure.
The spin of the conduction electrons flowing into the mag-
netic structure interacts with the local spin moment of the fer-
romagnet, thereby exerting spin transfer torque on the local
spin moment. The effect of STT can be described via the s-d
exchange interaction between the spin accumulation (m) and
the local spin moment (S). The energy of this interaction is
given by, Hsrr = —Jm - S. Subsequently, the STT field act-
ing on the local spin moment can be derived from the negative
first derivative of the s-d exchange energy as follows,

Bsrr = —Jyam (1)

where Jyq denotes the exchange integral of the s-d exchange
interaction. The self-consistent solution of spin accumulation
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for any arbitrary direction of local spin moment can be con-
sidered in the rotated coordinate system (lfl, 1;2 and b}) where
b, is parallel with the direction of the local spin moment.
The direction of b, and bs are perpendicular to the local
spin moment. Therefore, the solution of spin accumulation is
divided into two main parts: longitudinal (m) and transverse
components (m ; and m 3) as shown in the following form
[56, 66-69],

my () = [ (00) + [m) (0) —my (o) ™/ by
m ; (x) = 2e X [ucos (kyx) — vsin (kyx)] by

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

with the coefficients (k]:‘:l'kz):1/)\;2:|:l.)\]_2. Here,

| (oo) represents the spin accumulation at equilibrium, where
the spin-flip length is defined as A\ys = +/2Dq 7y, and Ay denotes
the spin-precession length. The variables u, v, and m(0)
are derived by applying the spin current boundary condition
across interfaces. The spatial variation of the spin current can
be calculated from the below equation,

—

. . om , om
Jm (x) = /B]es _2D0 |:8X - 6/6 S (S : a)():| ’ (3)

where S is the unit vector of the local spin moment, 5 and 3’
are the spin polarization parameter of the material, j, is the
charge current density and Dy are the diffusion constant.

The influence of STT on the dynamics of local spin
moments can be directly evaluated from the calculated spin
accumulation, as detailed earlier. To observe the dynamics
of local spin moments in the presence of STT, the Landau—
Lifshitz-Gilbert (LLG) equation is utilized as outlined below
[70]:

oS
E = *L(S XBeff) —

(1+a?) L2) [S X (S x Begr)]

(I+a
“)

where S is the normalized atomic spin vector, y is the abso-
lute value of the gyromagnetic ratio and « is the intrinsic
damping constant. The effective field acting on each atomic
spin, denoted as B¢, consisting of the contribution from the
exchange field, the anisotropy field, the externally applied
field, the STT field, the demagnetizing field and the thermal
field can be written as,

Betr = Bexch + Bani + Bapp + Bstr + Bdemag + B
= JySi+2k Y (Si-e)e+ By + Juarih
i<j i
+ Baemag + B
(%)

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, k is

the uniaxial anisotropy constant and e is the unit vector of easy
axis. The final two terms on the right side of equation (5) can
be individually determined, as detailed below.

To reduce the computational time, the model considers the
demagnetizing field and thermal fluctuations separately by
using the macro-cell approach. The system is divided into
many macro-cells, where the local spin moment within each
cell is assumed to be uniform and the demagnetizing field of
each local spin moment in that cell (denoted by k) is homo-
geneous, as given by,

Ho 3(py - tg) Ty —
B = — E _ 6
demag,k 4r [ |rkl|3 ) ( )

Ik

and the magnetic moment vector in the macro-cell /, contain-
ing Naom SPINS, is expressed as:

Matom

= E#isi : O
i=1

where 11 is the permeability of free space, ry; and ry; are the

distance and unit vector between macro-cell k and /.
Furthermore, the model includes the thermal field acting on

spin i as a random field drawn from a Gaussian distribution as

follows,
2akBT
Buni=1(t , 8
th, ()HyusAt (8)

where I'(¢) is obtained from a Gaussian distribution, kg is the
Boltzmann constant, T is temperature, At is the integration
timestep and « denotes the damping constant.

The dynamics of magnetization in the presence of STT can
be efficiently represented by integrating the total field into
the LLG equation, which can be numerically solved using the
Huen scheme. This approach offers a comprehensive insight
into the dynamic behavior of the magnetization within the
magnetic structure. Furthermore, the spin transport efficiency
can be explained through the (RA;) product at each position
within the system. This value can be calculated directly from
the gradient of spin accumulation (Am) and spin current (j,,).
To obtain the overall spin transport efficiency, the total RA
product of the system is determined by summing the spatial
RA,; values across all microcells given by,

“ VcellkB T " | Am |
RAo = E RA; = 2 E ] )
i=1 i=1

where n is the number of microcells, V. is the microcell
volume and e is the electron charge. The MR ratio is then eval-
uated from the RA of the parallel and AP states.
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Figure 1. Schematic of the trilayer system CFS/Ag/CFS.

3. Results and discussions

In this section, we investigate giant MR (GMR) in SV
structures by examining spin transport behavior in magnetic
materials. Using a spin accumulation model induced by an
injected charge current, the study first focuses on struc-
tures with two ferromagnetic layers separated by a non-
magnet. Specifically, the Heusler alloy system of Co,FeSi
(CFS)/Ag/CFS is utilized. The effect of current density ran-
ging from 1 to SmA cm~2 on MR is considered. The
study then examines spin transport in multilayer structures of
(CFS/Ag/CFS)y and evaluates the impact of the number of
layers N on the MR as detailed below.

3.1 Spin transport behavior in the SV structure

We investigate the spin transport behavior within the SV struc-
ture of CFS/Ag/CFS, which can be carried out by employ-
ing the atomistic model along with the spin accumulation
model. Initially, we focus on examining the spin transport
behavior within the CFS(5 nm)/Ag(2 nm)/CFS(5 nm) trilayer
system including a diffuse interface of 1 nm width as shown in
figure 1. The magnetic and transport parameters of the mater-
ial used in this work are detailed in table 1. For a realistic
system, the interfacial region resulting from the intermixing
between ions of two different materials is taken into account

Table 1. Spin transport parameters of CFS and Ag taken from
references [71-73].

Parameters CFS Ag
Spin polarization parameter 0.96 0
for the conductivity (3)

Spin polarization 0.86 0
parameter for the diffusion

constant (3")

Spin diffusion length (A\sq;) 1.7 nm 160
The s-d exchange 0.1eV 0

interaction constant (Jsq)
The equilibrium value of
spin accumulation (m«)

1571MCm™> 0

in the model by using Fick’s law [66—68, 74]. The spatial
variation of the diffusive transport parameter, P(x), can be con-
sidered by employing a linear combination of the bulk para-
meters weighted by the local concentrations in the following
equation,

P (x) = PaCy (x) + Pp[1 = C4 (x)], (10)
where Py g is the diffusive transport parameter of ion A or B.
The position dependence of ion concentration A, originating
from the intermixing of two different ion species at the inter-
face, can be calculated using a given equation,

NA (x)

Crl) = W) + Na )

1D
where Ny g(x) is the number of local ions A and B at any pos-
ition x, obtained from the solution of Fick’s law. This enables
us to consider the spin transport parameters at any given pos-
ition based on the concentration of magnetic ions. The spin
transport parameters, which are 3, 3/, Asq and Jgq, remain
unchanged at the position far away from the interface and they
become gradually changed across the interface to reach the
spin transport value of Ag as demonstrated in figure 1. This is
due to the different spin transport values across the interface
of CFS/Ag. The spin transport behavior can be described by
physical quantities: spin accumulation and spin current at any
given position. Subsequently, the obtained results for the tri-
layer system are compared with those of the multilayer system,
providing a comprehensive understanding of the enhancement
in read sensor performance.

Firstly, the effect of the relative angle, which is the angle
between the magnetizations of two ferromagnets, is studied
by varying the angle in the range 0 < 6 < 27. A charge cur-
rent with the density of j, = 5SmAcm™2 is applied to a tri-
layer system consisting of CFS(5 nm)/Ag(2 nm)/CFS(5 nm) in
order to investigate spin transport behavior, particularly focus-
ing on spin accumulation and spin current. As demonstrated
in figure 2, spin accumulation remains constant in the region
far from the interface corresponding to the value of the spin
transport parameters, and gradually changes across the first
interface of CFS/Ag. In the second interface region, the spin
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Figure 2. The spatial variation of spin accumulation and spin
current in the trilayer system with different relative angle between
two ferromagnets.

accumulation tends to develop in the direction of magnetiza-
tion. Similarly, the spin current is polarized and increased in
the first CFS while remaining relatively constant within the
Ag layer. Then, the spin polarized current tends to align in
the direction of magnetization in the second CFS layer. For
large angles between magnetizations, a rapid change of spin
accumulation and spin current at the interface can be observed
which leads to a large gradient of spin accumulation (Am). The
calculated spin accumulation and spin current are then used to
determine the angular dependence of MR and subsequently
the MR ratio can be obtained. As shown in figure 3, the results
demonstrate that the MR significantly depends on the align-
ment of magnetization in both two ferromagnets. For the AP
configuration where the relative angle is 180°, the MR value
is notably higher whereas it becomes lower for the parallel
state. The observed trend of the calculated MR is influenced by
the arrangement of magnetization and closely aligns with the
experimental study. This validation is essential for affirming
the accuracy of the model and facilitating further studies.

RA (mQ-um>)

19 — * - —

0 0.2 0.4

0/(2m)

0.6

Figure 3. The angular dependence of resistance-area product (RA)

in the system of CFS(5 nm)/Ag(2 nm)/CFS(5 nm) with injected

current density of 5mAcm ™2 .

We next investigate the effect of the current density injec-
ted into the structure, which is a critical factor influencing
the behavior of spin transport and the resistance value of the
magnetic structure due to spin scattering. A charge current is
introduced perpendicular to the system, with a density ran-
ging from 1.0 to 5.0mAcm™2. It is worth noting that the
typical current density injected into CPP-GMR devices is on
the order of 1 to 100 mA cm™2. The exact value depends on
the material, layer thickness, and device configuration. Higher
current densities are often used to enhance spin-dependent
scattering effects, leading to a better GMR ratio. However,
very high current densities can also lead to heating, which
is a critical factor affecting device performance and reliab-
ility. In practice, the Joule heating effect can be reduced by
using heat sinks, good conductors, optimizing layer thickness
and employing materials with high spin polarization, such as
Co,FeSi, which allows for lower current density and results in
a low RA product.

The spatial variation of spin current and spin accumula-
tion in both parallel and AP configurations is considered. The
density of charge current significantly affects the spin current
and spin accumulation within the magnetic structure. Injecting
high current density into the system enhances the efficiency of
spin transport between FMs, a key factor in generating spin
accumulation. As demonstrated in figure 4, the RA product
decreases with increasing current density. This indicates a
higher efficiency of spin transport which subsequently leads
to a higher MR ratio. Interestingly, utilizing Heusler alloys in
magnetic structures, serving as pinned and FLs in read sensors,
enables the device to operate at low current density while
maintaining a high MR ratio. This observation aligns with both
theoretical [38, 75] and experimental [38, 76—79] findings. Our
study indicates that selecting suitable materials and optimiz-
ing current density can significantly enhance the performance
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Figure 4. The resistance-area product and MR ratio in the trilayer
system as a function of current density.

Anti-Parallel state
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Figure 5. The parallel (P) and anti-parallel (AP) configurations of
(CFS/Ag/CFS)x structure.

of spintronic devices, which is essential for developing more
efficient and reliable spintronic applications for practical use.

3.2. Spin transport in the multilayer structure

In this part, we observe the spin transport behavior within the
multilayer structure of (CFS(5nm)/Ag(2nm)/CFS(5nm))n
to comprehend the underlying mechanisms of spin trans-
port across various configurations. This finding can provide
insights into optimal configurations for enhancing the per-
formance of CPP-GMR sensors. The crystal structure of both
CFS and Ag is characterized as face-centered cubic, with a lat-
tice constant of 0.35 nm. The diffused interface between the
materials is taken into account with approximately 1 nm thick.
The system is divided into many thin layers allowing for a
comprehensive analysis of the spatial variation of spin accu-
mulation and spin current by applying the spin accumulation
model. The MR ratio, indicating the performance of the read
sensor in distinguishing between bit 0 and bit 1 can be obtained
by considering the MR in both parallel (P) and AP configura-
tions, as shown in figure 5.

A charge current with different densities is introduced into
the multilayer system where the number of layers, n, varies

IW
0.5 f

g O [T H """ L+ """"
> AP St (]

i/ Bie

10 15 20 25 30 35 40
Position (nm)

0 5

Figure 6. Spin accumulation in (a) P state and (b) AP state (C) spin
current in the multilayer system of (CFS/Ag/CFS)s.

from 1 up to 16. This study allows us to observe the effect
of layer thickness and structure on the system’s performance,
enabling the scaling down of the system size while preserving
high spin transport efficiency. The dynamics of magnetization
in the system is considered by atomistic model and then the
solution of spin accumulation and spin current in equations (2)
and (3) are applied to the system. To simplify the explanation
of the results, we provide an example for N = 5 with a cur-
rent density of j, = SmAcm™2. As demonstrated in figure 6,
it is found that the spin accumulation in the multilayer struc-
ture tends to align in the direction of magnetization, which
is similar to the behavior observed in the trilayer structure
CFS/Ag/CFS in the previous section. Interestingly, a rapid
change in spin accumulation can be observed specifically at
the interface between the CFS and Ag layers. This occurs
due to differences in their spin transport properties. In addi-
tion, it can be explained that CFS exhibits high spin polariz-
ation and Ag provides efficient spin transport. The combined
advantages of these two materials lead to enhanced changes
in spin accumulation at the interfaces between CFS and Ag
layers. In the multilayer system of CFS/Ag, the spin current
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Figure 7 MR ratio in the multilayer system with different N and
current densities.

exhibits a development in the direction of magnetization in
CFS layers due to their high spin polarization. Interestingly,
in the parallel (P) state, it can be fully polarized at the value
of the normalized spin current, 3j, at a distance of approx-
imately 10 nm, attributed to a short diffusion length scale of
about 1.7nm. In the Ag layers, the spin current flows con-
tinuously with only small changes, maintaining its magnitude
throughout the Ag layer. This can be explained by the fact that
the thickness of the CFS layer in the multilayer system influ-
ences the spin transport behavior [68]. Increasing the layer
thickness increases the contribution of bulk spin scattering
to the system and allows the spin current to become fully
polarized. However, a thickness greater than the spin diffusion
length may cause spin relaxation which reduces the spin trans-
port efficiency. Therefore, a multilayer system is proposed to
enhance device performance by increasing the contribution of
interface scattering. Optimizing CFS thickness is crucial for
maximizing spin transport efficiency.

Next, the gradient spin accumulation is derived from the
simulated spin accumulation. Then, we determine the total RA
for both the parallel (P) and AP states. This allows us to thor-
oughly evaluate the MR ratio, which is crucial for understand-
ing the device’s performance. As illustrated in figure 7, the
number of coupled layers (N), corresponding to an increase
in the number of interfaces within the multilayer structure,
significantly influences the performance of CPP-GMR based
sensors. This leads to elevated resistance within the system,
particularly at the interfaces. This primarily arises from the
enhanced scattering of spins at both the interfaces and within
the bulk. The calculated findings reveal that increasing N
enhances both the resistance change and the MR ratio. Our
results show a similar trend to previous studies [38, 80],
showing the potential of Heusler alloy multilayers to enhance
GMR for advanced read sensor applications. However, at
the critical point N = 5, further increases do not signific-
antly impact the MR ratio, which remains fairly constant.
Interestingly, for N greater than 5, the MR ratio doubles com-
pared to when N = 1. These findings highlight the potential for

improving the performance of multilayer CPP-GMR devices,
offering advantages in designing and scaling down devices for
enhanced functionality. Moreover, this study leads to substan-
tial implications for the development of read sensors for the
next generation of HDDs.

4. Conclusion

In summary, this study investigates Heusler alloy-based CPP-
GMR sensors as a replacement for the TMR sensors currently
used in HDDs, which are limited in achieving high areal dens-
ity due to their large RA product. Understanding the phys-
ical mechanisms underlying the operation of CPP-GMR-based
devices is important for enhancing their performance. This
work focuses on CPP-GMR devices utilizing Heusler alloys by
considering the (CFS/Ag/CFS)y multilayer system, includ-
ing diffused interfaces. An atomistic model coupled with a
spin accumulation model is employed. The atomistic model
offers insights into the dynamic magnetization, while the spin
accumulation model enables the calculation of the MR and
MR ratios. This approach provides a comprehensive under-
standing of spin transport behavior within the structure. Our
study starts by investigating the influence of injected cur-
rent density, finding that increasing current density leads to
a higher MR ratio. Subsequently, to optimize reader size and
performance, we vary the number of coupled layers (N). The
results demonstrate that increasing N enhances both the res-
istance change and MR ratio. However, at the critical point
N =5, further increases in N do not impact the MR ratio and
the MR ratio doubles compared to N = 1. These findings sug-
gest the potential for enhancing the performance of multilayer
CPP-GMR devices with optimal size.
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