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ABSTRACT  

The areal density enhancement in hard disk drive (HDD) 

is usually achieved by increasing bit density (number of 

bits per unit length along the track direction) and/or track 

density (number of tracks per unit length along the radial 

direction). As a result, bit dimension needs to be 

decreased to maintain the overall disk size and reading 

efficiency may be affected by adjacent bits’ 

magnetizations or stray fields.  In this paper, we focus 

on the effects of stray field (magnetic distortion) on 

reading performance of the Tunneling 

Magneto-Resistance (TMR) read head. The change in 

magnetizations of the free layer (FL) is investigated 

using simulation in different reading scenarios, i.e., over 

transition regions, cross-track, down-track, and varied bit 

patterns. In addition, by the micromagnetic analysis is 

used to simulate detailed variation of magnetizations in 

FL. Results are then manipulated mathematically to 

obtain profiles of reader resistance. We found that the 

reader resistance is definitely affected by bit pattern and 

reader position over the media. The magnetic field 

induced over the transition region, whose magnetization 

is opposite to that of FL causes a rapid change in the 

reader resistance. The proposed research will help 

understand read head behavior which will lead to the 

improvement of HDD performance. 

 

 

1. INTRODUCTION   

 

 HDD is an important device used for storing digital 

information with electromagnetic and mechanical 

processes. When the demand of storage technologies 

increases, many researchers have spent much more effort 

to improve magnetic recording technology to increasing 

data storage capacity (Das & Mochizuki, 2014). 

Associated with smaller bit dimension is a decrease in 

the read sensor dimension. The read head is then more 

sensitive to interferences from neighborhood fields (Das 

& Mochizuki, 2014), (Guzik Tech., 2005), and (Zeng, et 

al., 2012). 

 TMR is currently the most mature read sensor 

technology extensively adopted by all HDD 

manufacturers. Its resistance depends on the alignment 

of FL magnetization with respect to that of the pinned 

layer. The FL magnetization responds to the external 

magnetic field detected from media. We believe that the 

difference in bit pattern is one of the significant factors 

to evaluate the performance of read head and magnetic 

medium (Guzik Tech., 2005). 

 In this paper, we will determine the variation of 

magnetization vectors, and in turn, the resistances of FL 

due to the effects of stray fields when the read head flies 

over different bit patterns. Hypothetically, the 

magnetization vectors of FL will try to align themselves 

to the direction of external magnetic fields and that 

change of FL magnetization will potentially affect the 

resistance of the read sensor. 

 

 

2. SIMULATION  

 

2.1 Simulation setup  

 Fig.1 shows the main composition of TMR read head 

and the perpendicular magnetic recording (PMR) media. 

Both permanent magnet (PM) layers are 10 nm thick, 60 

nm width, and 35 nm height. The saturation 

magnetization (Ms) is 590 kA/m (Liu, et al., 2014). The 

distance between PMs is 19 nm. The FL is 5 nm thick, 

30 nm width, and 35 nm height. Both shields (SH) are 20 

nm thick, 154 nm width, and 80 nm height. The SH to 

SH spacing is 14 nm. The recorded media is 60 nm track 

width, 10 nm height, and Ms is 500 kA/m. The soft 

underlayer (SUL) is 192 nm height. 



 The initial magnetization of FL lies in the positive 

x-direction, forced by the magnetic field from both PM 

layers. In this study, FL magnetization vectors and 

resistances are simulated by assuming that the read head 

flies over different bit patterns or different stray field 

patterns. The read head is assumed to move from left to 

right in every case. In particular, to present the 

magnetization changing in FL, the volume of FL is 

divided into 42 cells and assumed to be homogeneous.  

All magnetization vectors in local cell are carefully 

considered to calculate the variation of resistance. The 

results will indicate that the FL resistance is varied by its 

properties and volume of each cell.  

 

Fig. 1. The simulation model of TMR read head 

 

2.2 Numerical method 

 The changing of magnetization vector can be 

determined by considering the variation of resistance 

from the micromagnetic analysis (Masuko, et al., 2008), 

as shown in Eq. (1) 

 

𝑟𝑖𝑗 =  (
𝑅𝑚𝑎𝑥+ 𝑅𝑚𝑖𝑛

2
) − [(

𝑅𝑚𝑎𝑥− 𝑅𝑚𝑖𝑛

2
) ∙ �̂� ∙  �̂�𝑖𝑗  ],    (1)  

 

where rij is the resistance of each cell. �̂�𝑖𝑗 is the unit 

vector of magnetization vector in each cell. �̂� is the unit 

vector of reference vector that is fixed in positive 

z-direction. Rmax and Rmin are the maximum and 

minimum resistance of the read sensor. We use the value 

of Rmax and Rmin from the TMR ratio (Uemura, et al., 

2007). The total resistance of read sensor can be 

calculated by 

   𝑅 =  (∑ ∑
1

𝑟𝑖𝑗
𝑗𝑖 )

−1

.          (2) 

2.3 Case Studies  

 In this paper, 3 case studies are performed. Each 

contains 2 cases. We begin the first study by setting the 

read head to move in down track direction over two 

different bits, as shown in Fig. 2. In case 1, the bit 

magnetizations are oriented upward (U) and downward 

(D) in negative y-region and positive y-region, 

respectively. In case 2, the bit magnetizations are 

oriented oppositely to those of case 1.   

 In the second study, the read head moves in cross 

track direction, as shown in Fig.3. In case 1, the bit 

magnetizations are oriented upward in the negative 

x-region and downward in the positive x-region. Case 2 

setup is opposite to that of case 1.   

  

Fig. 2. (a) Study 1, the read head moves in down track 

direction over 2 different bits. Figs. 2(b) and 2(c) show 

bit patterns in case 1 and case 2, respectively. 

 

Fig. 3. (a) Study 2, read head moves in cross track 

direction over the track transition. Figs. 3(b) and 3(c) 

show bit patterns in case 1 and case 2, respectively. 

 

 

 

 

 

 

Fig. 4. Study 3, adding the adjacent tracks on both sides 

of the reference (Ref.) track. The read head moves in 

down track direction over the reference track. Figs. 4(a) 

and 4(b) show bit patterns in case 1 and 2, respectively. 

(a) 

      (b) Case 1      (c) Case 2 

Center of read sensor in down track 

(Down track) 

x y 

z 

         Ref.              Ref. 

      (a) Case 1          (b) Case 2 

     (b) Case 1   (c) Case 2 

(a) 



The last study is performed on more number of bits. 

The reference track as shown in Fig. 2(b), is connected 

with additional tracks on both sides, as shown in Fig. 4. 

The magnetizations of adjacent tracks lie upward and 

downward for case 1 and 2, respectively. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Study 1: Read head flies in down track direction.   

 Fig. 5. shows FL magnetizations induced by the 

external magnetic fields from the media in case 1. Fig. 

5(b) implies that the magnetic field reversal at the bit 

transition region unlikely affects the magnetization 

change of FL in x-z plane. FL magnetization vectors 

appear to align themselves with that of PM. 

Fig. 5. FL magnetization vectors from the study 1-case 1 

in x-z plane. The center of read sensor (referred to Fig. 

2) is at (a) -10 nm, (b) 0, and (c) 10 nm, respectively. 

 

Fig.6. The relationship between  

the resistance variation in read sensor (%)  

and the position of read head from study 1. 

 The result of the study 1-case 2 is similar to case 1. 

The profile of the FL resistance variation in case 1 is 

opposite to that in case 2, as shown in Fig.6 

 

3.2 Study 2: Read head flies in cross track direction 

 

Fig.7. FL magnetization vectors from the study 2, 

 (a) case 1 and (b) case 2.  

The center of reader sensor is at 0 nm. 

 

Figs. 7(a) and 7(b) shows that the magnetic field reversal 

at the bit transition region clearly affects the 

magnetization of FL in x-z plane. The profile of FL 

resistance variation as shown in Fig. 8, shows higher 

magnitude of slope for case 2 (1.7) than case 1 (0.8). It 

could be explained that the external field induced over 

the bit transition region in case 2, whose magnetic field 

is opposite to the magnetization of FL causes a rapid 

change in the reader resistance. 
 

Fig.8. The relationship between  

the resistance variation in read sensor (%)  

and the position of read head from study 2. 

 

3.3 Study 3: Adding the adjacent tracks and read 

head flies in down track direction 

 

 From Fig. 9, it can be seen that the magnitude of 

resistance variation over the first and second bits in case 

1 is smaller and higher than that of the reference case, 

respectively. It could be explained that the net 
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magnetization detected by the FL is probably low due to 

opposite magnetizing effect of the adjacent tracks. On 

the other hand, the enormous flux reversal takes place 

when the read head moves to the second reference bit 

since both adjacent bits possess the same magnetization 

direction as the reference one. Case 2 exhibits the 

opposite result but similar analysis can still apply. The 

higher net magnetization induced by the first bit and its 

adjacent tracks results in more flux reversal that results 

is slightly higher resistance variation. The effect of 

adjacent tracks substantially subsides the resistance 

variation when the read head moves to the second bit, 

again due to collectively lower magnetization in that 

region. Note that, smaller deviation from the reference is 

observed over the first bit region. It appears like the FL 

magnetization is preferentially induced downward.  

   

Fig.9. The relationship between the resistance variation 

in read sensor (%) and the position of read head from 

study 3, compared to the reference case. 

 

 

CONCLUSION 

 

 The simulation results clearly explain the effects of 

stray field from the different bit patterns. The stray field 

is an important factor that causes the distortion direction 

of magnetic fields over the media and influences the 

magnetization in FL. Rapid change of the resistance 

variation is observed in the cross track direction. 

Moreover, the influence of flux reversal in cross track 

direction is an important cause of the resistance change 

in read head. Finally, the collective impact from adjacent 

bits strongly affect the FL resistance variation. Future 

works include read out experiments using actual media 

with designed bit patterns. 
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