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Abstract: The magnetoresistance behavior and the magnetization reversal mode of NiFe/Cu/CoFe/IrMn spin valve giant

magnetoresistance (SV-GMR) in nanoscale were investigated experimentally and theoretically by nanosized magnetic

simulation methods. Based on the Landau-Lifshitz-Gilbert equation, a model with a special gridding was proposed to

calculate the giant magnetoresistance ratio (MR) and investigate the magnetization reversal mode. The relationship

between MR and the external magnetic field was obtained and analyzed. Studies into the variation of the magnetization

distribution reveal that the magnetization reversal mode, that is, the jump variation mode for NiFe/Cu/CoFe/IrMn,

depends greatly on the antiferromagnetic coupling behavior between the pinned layer and the antiferromagnetic layer. It

is also found that the switching field is almost linear with the exchange coefficient.
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1. Introduction

With the discovery of the giant magnetoresistance

(GMR) effect [1] and spin valve (SV) GMR [2], SV-GMRs

have been extensively studied both for their potential ap-

plication and for their scientific interest in nanoscale due

to their high sensitivity, scalability, and no interference of

the background magnetic signal. Different microsized SV-

GMR structures have been fabricated and studied with dif-

ferent stacks, such as Ta/NiFe/Co/Cu/Co/NiFe/FeMn/Ta

and Ta/NiFe/Cu/CoFe/PtMn/Ta [3-6]; the micromag-

netic simulation of GMR structures, such as the simula-

tion of the transfer curve in the GMR head and that of

the domain wall displacement [7-10], also attracted atten-

tion due to its guidance for researchers. However, with the

scaling down of novel GMR devices, it is valuable to inves-

tigate the magnetic properties of nanosized SV-GMRs for

further application. Therefore, the magnetization rever-

sal mode and magnetoresistive behavior in SV-GMR were

investigated through magnetoresistance experiments and

the developed nanosized magnetic simulation method in

the study.

A SV-GMR sample was fabricated and the magnetic

and structural characteristics were carefully investigated,

which were described in Section 2. The nanosized mag-

netic theory was described, and the model based on the

SV stack and Stoner-Wohlfarth model [11] was developed

and extended to obtain the magnetoresistance ratio (MR)

in Section 3, in which both the detailed nanosized struc-

ture and magnetization distribution were taken into ac-

count. The MR value of the NiFe/Cu/CoFe/IrMn stack in

nanoscale was studied in Section 4.1. The magnetization

reversal mode and the influencing factor of the exchange

coefficient were investigated in Section 4.2.

2. Experimental

Ta (3)/NiFe (4.5)/CoFe (1)/Cu (1.8)/CoFe (3.5)/

IrMn (11)/Ta (3) (in nm) (Ni81Fe19, at%; Co90Fe10, at%;

Ir19Mn81, at%) was deposited by dc-magnetron sputtering

on Si (100) substrates with the 100 nm SiO2 layer (Fig. 1)

in a vacuum system with a backing pressure below 2 ×
10−6 Pa. A magnetic field of 7.96 kA/m was applied paral-

lel to the substrates during the sputtering. The structures

were subsequently annealed at a magnetic field of 79.6

kA/m at 260◦C in vacuum for 1 h. The bottom Ta serves as
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a buffer layer which is helpful for the crystal orientations of

the upper NiFe and CoFe while the top Ta serves as a cap-

ping layer protecting the films below it. MR was measured

by the standard four-probe measurement method at room

temperature (RT). Atomic force microscopy (AFM) was

presented to investigate the root-mean-square (RMS) sur-

face roughness and the crystal structure of the spin valve

film.

It can be seen in Fig. 2(a) that MR is 8.1% at room

temperature when the external field and the exchange bi-

asing field were both in the width direction. Close-packed

spherical grains and a smooth, dense, and uniform sur-

face can be found in the sample with the RMS surface

roughness of 0.27 nm, which is far less than the whole film

thickness, as shown in Fig. 2(b). Since the grain size is an

important factor to the MR value, the coercive field, the

exchange biasing field, and the spin-dependent scattering

properties of SV-GMRs, as proofed by Ref. [12], the vac-

uum and the precise control of the thickness of every layer

are absolutely crucial.

Fig. 1. Schematic diagram of the SV-GMR and the

simulated FL/NM/PL/AFEM model.

Fig. 2. Dependence of the magnetoresistance ratio MR on the external field Hext (a) and 5 µm × 5 µm AFM

image (b).

3. Theoretical approaches
A three-dimensional model has been developed to

study the SV-GMRs. A basic spin valve stack (Fig. 1) is

composed of an antiferromagnetic pinning layer (AFEM),

a ferromagnetic pinned layer (PL), a nonmagnetic metal

spacer layer (NM), and a ferromagnetic free layer (FL). Ta

is not included in the model because it is supposed that

the crystal orientation of the ferromagnetic layer is not

considered here. The nanosized magnetic theory and the

MR calculation are introduced as follows.

3.1. Nanosized magnetic simulation model
The simulation is based on the nanosized magnetic

theory, assuming that the magnetization �M is a continu-

ous function on positions at a given temperature, and the

whole magnetization is kept unchanged [12-14]. The fi-

nite difference method is adopted by the object oriented

micromagnetic framework (OOMMF) software [13] to cal-

culate the Landau-Lifshitz-Gilbert equation [15], which is

expressed by

d �M/dt = − |r̄| �M × �Heff − (|r̄|α/Ms) �M ×
(
�M × �Heff

)
(1)

where r̄ is the Landau-Lifshitz gyromagnetic ratio, �Heff is

the effective magnetic field, Ms is the saturation magneti-

zation, and α is the damping constant that determines the

rate of the energy dissipation. The study of SV structure

is also based on the Stoner-Wohlfarth model [11], which

assumes that the magnetizations of ferromagnetic layers

rotate continuously.

In the experiment, the spin valve is NiFe/CoFe/Cu/

CoFe/IrMn structure, in which NiFe/CoFe acts as the

free layer due to the trade-off of the coercive field and

the magnetoresistance ratio. To simplify the simulation

process, only NiFe was used as the free layer, that is,

NiFe/Cu/CoFe/IrMn structure was adopted as the model.

The hard axis and the easy axis were in the x and y direc-

tions, respectively. The planar dimension was set at 500

nm × 50 nm to achieve good shape anisotropy [14]. The

thicknesses of NiFe/Cu/CoFe were 3 nm/2 nm/3 nm. An

equivalent magnetic field �Hbias in the easy axis direction
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was used in the simulation to equal the pinning field, that

is, the exchange biasing field between the antiferromag-

netic metal IrMn layer and pinned layer. Other param-

eters of Co90Fe10 and Ni81Fe19 were presented in Table

1, where A is the exchange constant and K1 is the mag-

netocrystalline anisotropy constant in the ferromagnetic

metals.

Table 1. Parameters of different materials of SV-

GMRs

Material Ms/ (A·m−1) A / (J·m−1) K1/ (J·m−3)

NiFe 8.6 × 105 1.3 × 10−11 0

CoFe 1.43 × 106 2.91 × 10−11 4.73 × 105

3.2. Giant magnetoresistance calculation
The GMR resistance calculation was presented in this

part. The calculation method was extended from the cal-

culation method of the Co-AMR nanostructure [16]. The

inhomogeneities of the magnetization distribution should

be considered when calculating MR of the GMR nanos-

tructure [16-17]. Thus, the spin valve structure was di-

vided into lines in length, and each line with cells in the

cross section (width and thickness plane). The cell was set

to be 5 nm × 5 nm × 1 nm according to the exchange

interaction length Lex. In this essay, there will be 10 ×
8 lines and each line with 100 cells (wire length/cell size).

The resistance of each cell was expressed as

Ri,SV = Ri,0 + 1/2 × ΔRmax
i,GMR(1 −mi,x-PLmi,x-FL−

mi,y-PLmi,y-FL) + (ΔRmax
i,AMR-PL + ΔRmax

i,AMR-FL) ×
cos2 (Hext-x/Hext) (2)

where Ri,0 is the minimum overall resistance; ΔRmax

i,GMR
is the maximum resistance variation of each cell brought

by the GMR effect; ΔRmax
i,AMR-PL and ΔRmax

i,AMR-FL are the

maximum resistance variations of each PL and FL cell

brought by the AMR effect, respectively; mi,x-PL, mi,x-FL,

mi,y-PL, and mi,y-FL are normalized magnetization projec-

tions in x and y directions of the PL and FL layers respec-

tively; Hext and Hext-x are the applied magnetic field and

the projection of it in the x direction. The equivalent re-

sistance of SV was then computed taking the cells in the

line as resistances in series and the lines as resistances in

parallel.

It should be noted that the detailed computation

method for the total resistance calculation in the SV stack

is dependent on the relationship between the thickness teff
(Fig. 1) and the exchange interaction length Lex. When

teff is smaller than Lex, the cells with the same x and y

value in the pinned layer should be taken as one cell and

so are those in the free layer; then, the average value of

their magnetizations is calculated. Otherwise, when the

distance between the cell in PL and that in FL is smaller

than Lex, the corresponding resistances will be taken into

account as resistances in parallel. Then, the total resis-

tance can be acquired. In this way, MR curves will be ob-

tained with an external magnetic field sweeping of –1592

kA/m → 1592 kA/m → –1592 kA/m.

4. Results and discussion

4.1. Giant magnetoresistance
The MR curve model was studied based on the nano-

sized NiFe (3)/Cu (2)/CoFe (3) (in nm) SV-GMR stack

when the external field was in the easy axis (y direction)

and the exchange biasing field was 39.8 kA/m. In the

simulation, Ri,0, MR, and ΔRmax
i,AMR were set as the ex-

perimental results, namely, 12.8 Ω (corresponding to the

thickness of 10 nm), 8.1%, and 0.1 Ω, respectively, taking

the geometrical factors into consideration.

It can be seen in Fig. 3 that the coercive field μ0Hc

is 79.6 kA/m, which is larger than the experimental result

probably due to the nanosize of the GMR stack. Moreover,

the MR curve shape exhibits a good agreement with the

experimental measurements. The differences between the

simulated and the experimental curves can be attributed

to the neglected surface roughness and thermal fluctuation

effect, etc. The surface roughness has an influence on the

spin valve properties, especially for the interfaces between

the ferromagnetic layer and nonmagnetic layer, which can

increase the spin dependent scattering. However, if the

surface roughness is too great, the exchange biasing field

and the reliability of SV-GMRs may be reduced. All the

simulations were implemented at room temperature, but

in fact, the temperature may not be uniform in the mea-

surement.

Fig. 3. Dependence of the magnetoresistance ratio

MR on the external field Hext (µ0Hbias= 39.8 kA/m,

J = –1.0 × 10−3 J/m2). Positive scan and negative scan

represent the scanning from –1592 to 1592 kA/m and

that from 1592 to –1592 kA/m, respectively.

4.2. Magnetization reversal
The hysteresis characteristics and magnetization re-
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versals of the NiFe/Cu/CoFe SV were further investi-

gated with different exchange coefficients. The magne-

tization variation mode is a jump variation mode raised

from the jumps in the hysteresis cycles of NiFe/Cu/CoFe,

whereas the hysteresis curve changes incrementally for

NiFe/Cu/NiFe, which represents the incremental variation

mode and is not described here. When the exchange co-

efficient is between –0.1 × 10−3 and –0.6 × 10−3J/m2

(Fig. 4(a)), the magnetization reverses between NP and

AP+ and PP states (Table 2) in the positive scan and

then reverses between PP and AP– and NP states in the

negative scan. When the exchange coefficient is –0.8 ×

10−3J/m2(Fig. 4(b)), the magnetization reverses between

NP and AP– and PP states both in the positive scan and

negative scan. When the exchange coefficient is –1.0 ×
10−3J/m2(Fig. 4(b)), the magnetization reverses between

NP and AP– and PP states in the positive scan and then

reverse between PP and AP+ and NP states in the nega-

tive scan. It indicates that the antiferromagnetic coupling

should be large enough to reverse the free layer first. The

switching field HSW, where jumps take place on hysteresis

cycles and MR curves in the positive scan, decreases with

the increase of the absolute value of the exchange coeffi-

cient nearly linearly.

Fig. 4. Hysteresis cycles of NiFe (3)/Cu (2)/CoFe (3) (in nm) SV stack (the external field: y) with different

exchange coefficients J.

Table 2. Different symbols which represent the mag-

netization directions of PL and FL

Magnetization direction NP AP− AP+ PP

MPL Negative Negative Positive Positive

MFL Negative Positive Negative Positive

Further analysis into the magnetization reversal of

the jump variation mode indicates that the magnetization

distribution in the pinned layer rotates counterclockwise

(CCW) from NP state to AP+ state, while that in the

free layer rotates clockwise (CW) from AP+ state to PP

state in the positive scan. The greater the absolute ex-

change coefficient is, the more difficult for the magneti-

zations of both the PL and FL to saturate. This phe-

nomenon corresponds to the variation of energies: when

the magnetization reverses from NP to AP+ state, the an-

tiferromagnetic coupling energy and the demagnetizing en-

ergy decrease to the minimum value and remain unchanged

until the magnetization reverses again from AP+ to PP.

The six-neighboring exchange interaction energy decreases

twice during the magnetization reversal. It can be inferred

that the CCW and CW rotations are determined by the

shape anisotropy and the antiferromagnetic coupling.

5. Conclusions
The magnetoresistance behavior and the magnetiza-

tion reversal mode in nanoscale spin valve giant magne-

toresistance were investigated experimentally and theoret-

ically with nanosized magnetic simulation methods. A

NiFe/Cu/CoFe/IrMn SV-GMR structure was fabricated,

and the MR value was measured to be 8.1% at room tem-

perature. The simulated MR-Hext shape agrees basically

well with the experimental measurements and the differ-

ences between the simulated and experimental curves can

be probably due to the neglecting of the surface rough-

ness and thermal fluctuation effect. Moreover, the in-

fluence of the exchange coefficient on the magnetization

reversal mode was studied. The reversal mode of the

NiFe/Cu/CoFe/IrMn is a jump variation mode, and the

switching field is almost linear with the exchange coeffi-

cient. Besides, further analysis of the magnetization rever-

sal process reveals the variations of PL and FL, even those

of the energies. The study can enrich the theoretical basis

and analyzing means for nanosized GMRs, which will be

valuable and helpful for the nanosized GMR sensor and

magnetic random access memory (MRAM) application.
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