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A novel method utilizing response surface methodology (RSM) is proposed for effective analysis of the combined influence of
writing head geometry and media properties on writing field performance. The method comprises two main modules: (1) a
parametric writing head model based on finite element electromagnetic field analysis and (2) an effective writing field gradient
model based onRSM.Using themethod proposed, thewriting performance of an asymmetrically shieldedwriting head for shingled
magnetic recording on bit-patterned media (SMR-BPM) is analyzed. The results show that the shielding trailing gap and medium
coercivity primarily impact the effective writing field (EWF) gradient and that the shielding side gap has a secondary impact. More
importantly, the analysis shows a strong interaction effect between the influences of writing head geometry and medium coercivity
on the EWF gradient, which indicates the need for inclusive design.

1. Introduction

The development of perpendicular magnetic recording is
restricted by the famous trilemma caused by the super-
paramagnetic limit: thermal stability, grain size, and writing
ability conflict while the areal density is increasing [1]. In
recent years, several new methods and techniques have been
proposed to manage this problem, such as heat-assisted
magnetic recording (HAMR) [2], microwave-assisted mag-
netic recording (MAMR) [3, 4], shingled magnetic recording
(SMR) [5, 6], and bit-patternedmedia recording (BPM) [7, 8].
In the BPM scheme, the data are stored in patternedmagnetic
islands instead of grain clusters in conventional continuous
media to achieve higher SNR and thermal stability. More
recently, it has been demonstrated that the combination of
a shingled magnetic recording scheme with bit-patterned
media (SMR-BPM) can achieve bit error rates in the range
of 10−4 at an areal density of 10 Tb/in2 [9] and 10−8 at 4 Tb/in2
[10]; 14 Tb/in2 can be achieved by integrating a heat-assisted
scheme [11]. However, for SMR-BPM to fully realize its
potential, refined designs for the writing head and recording
media are of critical importance. Evaluation of the writing
head performance involves precise modeling of relatively

complicated geometry features and material properties. And
the media characteristics should be considered due to the
increasing complexity of the microstructure of the BPM.
Research efforts focusing on writing heads [12–15] or BPM
[16–18] have been extensive. However, their interdependence
and the resulting effects on the writing performance, espe-
cially considering the magnetic field distribution around
the shingled writing corner, have hardly been addressed,
partly due to the complex nature of the problem. In this
paper, we use response surface methodology (RSM) [19] to
investigate the interaction effect of the head-head and head-
media parameters on the EWF gradient for SMR-BMP. The
writing head is asymmetrically shielded, similar to those
studied in [13, 15]. However, it includes a slot between the
trailing shield and the side shield on the shingled writing
side, as suggested in [20]. The response surface model of
the effective writing field gradient is constructed using the
central composite design (CCD) [19], and its sensitivity to the
shield design parameters and BPMmagnetic properties at the
critical location of the writing field contour is investigated.
The slot has an apparent influence on the writing field angle
distribution around the shingled writing corner. Moreover,
the response surface analysis shows a clear interaction effect
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Figure 1: Asymmetrically shielded writing head: (a) top view and (b) downtrack view.

between the shield geometric design parameters and the
media properties on the EWF gradient, and such effect may
have profound influences on the magnetic switching jitter
noise and final bit error rate.

2. Modeling Details

2.1. Writing HeadModeling. Utilization of an asymmetrically
shielded SMR writing head is believed to help achieve a
higher effective writing field and maintain a good field gra-
dient, which is crucial to ultrahigh density recording systems
[15]. In this study, an asymmetrically shieldedmain pole with
a slot between the trailing shield and the side shield on the
shingled writing side was adopted, and the writing field was
analyzed using a finite element Maxwell solver. A schematic
view of the investigated writing head structure is shown
in Figure 1(a). The shield design parameters considered in
the investigation are the trailing gap (TG), side gap on the
shingled writing side (SG), and slot depth (SD).

The other parameters were a side gap on the nonshingled
writing side (SGNS) of 70 nm, a main pole height (PH)
of 75 nm, a throat height (TH) of 5 nm, a main pole flare
angle (FA) of 40∘, a side shield height (SSH) of 150 nm,
and a spacing between the air-bearing surface and the
top of the soft-magnetic under layer (ATS) of 25 nm, as
shown in Figure 1(b). The saturation magnetization of the
main pole was 1910 kA/m, and those of the shield and SUL
were 796 kA/m and 955 kA/m, respectively. Notably, the bit-
patternedmagnetic islands in Figure 1(b) only represent their
relative positions and are not included in the finite element
model.

The finite element simulation results show that the length
of the slot has a clear influence on the writing field distribu-
tion near the shingled writing corner. Figure 2 illustrates the
change of writing field angle in the media plane (15 nm below
the air-bearing surface) when the slot length is varied from

10 nm (Figure 2(a)) to 40 nm (Figure 2(d)) in an increment
of 10 nm.The writing field angle around the shingled writing
corner increases with increasing slot length.

2.2. EffectiveWriting Field andGradient. Amajor concern for
the recording quality in SMR-BPM is that the writing field
pertaining to the writing ability tends to spread around the
shingled corner of the writing pole [21].The EWF gradients at
this location, particularly where the effectivewriting field𝐻eff
exceeds the coercivity of the magnetic island𝐻𝑐, are a major
factor determining the magnetic switching jitter and the final
signal to noise ratio [22]. In this paper, the EWF gradients
along the bisector of the main pole base angle (BAB) on
the shingle writing side are analyzed using response surface
methodology (RSM), as shown in Figure 3.

The magnetization switching behavior of BPM shows
clear dependence on the writing field angle, and for magnetic
islands with a single phase, the effective writing field can be
described by the Stoner-Wohlfarth model [23] as follows:

𝐻eff = 𝐻 ⋅ [(sin 𝜃)2/3 + (cos 𝜃)2/3]3/2 , (1)

where 𝐻 is the writing field obtained by the finite element
solvermentioned above and 𝜃 is the angle between thewriting
field and the easy axis of the magnetic island, as shown in
Figure 2. Notably, exchange coupled composite media with
distinct switching field angle dependence [24], which leads to
different effective writing field distributions, can also be used
to construct the RSM model.

To analyze the influence of design parameters on the
writing performance, numerical simulations were devised
based on the central composite design (CCD) to construct the
second-order response surface model with the EWF gradient
as the response target. The model can be expressed as

𝑦 = 𝛽0 +
𝑘

∑
𝑖=1

𝛽𝑖𝑥𝑖 +
𝑘

∑
𝑖=1

𝛽𝑖𝑖𝑥2𝑖 +∑
𝑖<𝑗

𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀, (2)
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Figure 2: Writing field angle distribution in the media plane with SD varying from 10 nm (a) to 40 nm (d). The black solid line indicates the
shingled writing corner of the main pole.
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Figure 3: Effective writing field distribution in the media plane. The red solid line represents the field contour𝐻eff = 𝐻𝑐. The dashed black
line is the bisector of the main pole base angle.
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where 𝑦 is the EWF gradient obtained by (1), 𝑥𝑖 is the design
parameter, 𝜀 is the fitting error, 𝑘 is the number of parameters
under investigation, and 𝛽0, 𝛽𝑖, 𝛽𝑖𝑖, and 𝛽𝑖𝑗 are the coefficients
that need to be solved. A typical CCD includes 2𝑘 factorial
runs, 2𝑘 axial runs, and 𝑛𝑐 center runs to identify all the
coefficients in the polynomial. In this study, 𝑛𝑐 = 1 because
the pure error can be eliminated in the numerical simulation
approach. Equation (2) can be expressed in matrix form as
y = X𝛽 + 𝜀, where

y =
[[[[[[
[

𝑦1
𝑦2
...
𝑦𝑛

]]]]]]
]

,

X

=
[[[[[[[
[

1 𝑥11 ⋅ ⋅ ⋅ 𝑥1𝑘 𝑥211 ⋅ ⋅ ⋅ 𝑥21𝑘 𝑥11𝑥12 ⋅ ⋅ ⋅ 𝑥1⋅(𝑘−1)𝑥1𝑘
1 𝑥21 ⋅ ⋅ ⋅ 𝑥2𝑘 𝑥222 ⋅ ⋅ ⋅ 𝑥22𝑘 𝑥21𝑥22 ⋅ ⋅ ⋅ 𝑥2⋅(𝑘−1)𝑥2𝑘
... ... ... ...
1 𝑥𝑛1 ⋅ ⋅ ⋅ 𝑥𝑛𝑘 𝑥2𝑛1 ⋅ ⋅ ⋅ 𝑥2𝑛𝑘 𝑥𝑛1𝑥𝑛2 ⋅ ⋅ ⋅ 𝑥𝑛⋅(𝑘−1)𝑥𝑛𝑘

]]]]]]]
]

,

𝛽 =

[[[[[[[[[[[[[[[[[[[[[[[[[[
[

𝛽0
𝛽1
...
𝛽𝑘
𝛽11
...
𝛽𝑘𝑘
𝛽12
...
𝛽(𝑘−1)𝑘

]]]]]]]]]]]]]]]]]]]]]]]]]]
]

,

𝜀 =
[[[[[[
[

𝜀1
𝜀2
...
𝜀𝑛

]]]]]]
]

,

(3)

where 𝑛 is the total simulation runs. The least square estima-
tion of 𝛽 is

𝛽 = (XX)−1 Xy. (4)

The full RSM model can be further reduced by dropping
insignificant terms, which are identified based on an analysis
of variance (ANOVA), as discussed in Section 3.
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Figure 4: Percentagewise absolute value of coefficients indicating
main, interaction, and quadratic effects in simulation design I. As
shown on the horizontal axis, 1 indicates the main effect of 𝑋1, 11
indicates the quadratic effect of 𝑋1, and 12 indicates the interaction
effect of𝑋1 and𝑋2.

3. Results and Discussion

3.1. Simulation Design I. We constructed the EWF gradient
response surface models related to SD, SG, and TG to
investigate the influence of different head design parameters.
The coded and natural levels and the EWF gradient responses
are given in Table 1. The bit-patterned magnetic island
with anisotropy energy density 𝐾𝑢 = 5.83 × 105 J/m3 and
saturationmagnetization𝑀𝑠 = 1× 106 A/mwas used for angle
dependence calculation.

The main effect and two-interaction effect of the design
parameters can be evaluated based on the responses of
factorial runs (1–8), and the quadratic effect can be evaluated
based on the axial and center runs (9–15). Strength of each
effect can be indicated by the percentagewise absolute value of
the coefficient in RSMmodel, as shown in Figure 4.The EWF
gradient is dominated by the main effect from 𝑋3, followed
by the main effect from 𝑋2. A minor quadratic effect from
𝑋3 can also be observed, and the remaining effects are almost
negligible. Figure 5 shows the corresponding half-normal
probability plot [25]. The significant effects are far from the
reference line and are labeled on the plot.

The second-order response surface model was fitted by
least square estimation. Table 2 shows the corresponding
analysis of variance.We used the coefficient of determination
to evaluate the fitting quality. For the full model, the adjusted
coefficient of determination 𝑅adj2 = 0.955, indicating that
the model explains 95.5% of the simulated variation, and
the prediction coefficient of determination 𝑅pre2 = 0.878,
indicating that the model is expected to explain 87.8% of
the variability in new simulations. Notably, because the
pure error can be neglected in the simulation approach, the
residual is only due to lack of fit.

The individual significance of each term was investigated
using a partial𝐹-test, as shown inTable 2. Becausewe selected
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Table 1: Design details for simulation design I.

Variables Level Axial points Units−1 0 1 −1.732 1.732
SD (𝑋1) 40 50 60 32.68 67.32 nm
SG (𝑋2) 40 50 60 32.68 67.32 nm
TG (𝑋3) 30 40 50 22.68 57.32 nm
Run 𝑋1 𝑋2 𝑋3 Response
1 −1 −1 −1 17301.84
2 1 −1 −1 17126.69
3 −1 1 −1 16379.24
4 1 1 −1 16395.7
5 −1 −1 1 14825.9
6 1 −1 1 14377.82
7 −1 1 1 13916.55
8 1 1 1 13818.39
9 −1.732 0 0 15561.56
10 1.732 0 0 15184.61
11 0 −1.732 0 16109.32
12 0 1.732 0 14832.77
13 0 0 −1.732 17101.63
14 0 0 1.732 13672.73
15 0 0 0 15508.93
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Figure 5: The half-normal probability plot for simulation design I.

a significance level of 𝛼 = 0.05, only the first-order terms of
𝑋2 (𝑃 = 0.0028) and 𝑋3 (𝑃 = 0.000015) were identified
as significant in the model; thus, the reduced model can be
expressed as

Gradient = 𝛽0 + 𝛽2𝑋2 + 𝛽3𝑋3, (5)

where 𝛽0 = 15474, 𝛽2 = −381, and 𝛽3 = −1157, with coefficients
of determination 𝑅adj2 = 0.97 and 𝑅pre2 = 0.802. The absence
of second-order terms and interaction terms indicates a
nearly linear influence of these head design parameters on
the EWF gradients. Moreover, the negative coefficients for

𝑋2 and 𝑋3 indicate that a reduction in either SG or TG
will improve the field gradient. The EWF gradient is mainly
affected by changes in TG, and a relatively small contribution
from SG can be observed. Within the design region, optimal
design leads to a 20% increase in the EWF gradient, and
the maximum of 17012A/m/nm can be reached at 𝑋2 =−1 and 𝑋3 = −1, corresponding to SG = 40 nm and TG =
30 nm. However, SD shows almost no influence under the
current simulation settings. A possible reasonmay be that the
magnetic island switching field is not affected by SD because
it only modulates the field angle distribution underneath.



6 Journal of Nanomaterials

Table 2: ANOVA for simulation design I.

Source of variation Sum of squares DFa Mean square 𝐹0 𝑃 value
Regression 20989736.79 9 2332192.98 34.25 0.00058
𝑋1 131689.24 1 131689.24 1.93 0.223
𝑋2 2031748.24 1 2031748.24 29.83 0.0028∗

𝑋3 18754095.49 1 18754095.49 275.38 0.000015∗

𝑋12 3952.64 1 3952.64 0.058 0.819
𝑋22 391.14 1 391.14 0.006 0.943
𝑋32 2598.20 1 2598.20 0.038 0.853
𝑋1 ⋅ 𝑋2 36655.99 1 36655.99 0.54 0.496
𝑋1 ⋅ 𝑋3 18772.56 1 18772.56 0.28 0.622
𝑋2 ⋅ 𝑋3 4269.09 1 4269.09 0.06 0.812
Residual 340512.37 5 68102.47
Total 21330249.16 14
𝑅2 = 0.984; 𝑅adj

2 = 0.955; 𝑅pre
2 = 0.878; 𝛼 = 0.05. aDegrees of freedom. ∗Significant terms, 𝑃 value < 𝛼.

Table 3: Design details for simulation design II.

Variables Level Axial points Units−1 0 1 −1.732 1.732
𝐾𝑢 (𝑋1) 5 5.5 6 4.634 6.366 105 J/m3

SG (𝑋2) 40 50 60 32.68 67.32 nm
TG (𝑋3) 30 40 50 22.68 57.32 nm
Run 𝑋1 𝑋2 𝑋3 Response
1 −1 −1 −1 13315.31
2 1 −1 −1 15707.24
3 −1 1 −1 12264.27
4 1 1 −1 15017.47
5 −1 −1 1 12410.05
6 1 −1 1 13078.37
7 −1 1 1 11618.11
8 1 1 1 12580.4
9 −1.732 0 0 12182.75
10 1.732 0 0 14779.12
11 0 −1.732 0 14253.02
12 0 1.732 0 13278.11
13 0 0 −1.732 13612.56
14 0 0 1.732 11415.65
15 0 0 0 13594.28

3.2. Simulation Design II. To investigate the relationship
between the writing head geometry and bit-patterned media
property, another EWF gradient response surface model
related to𝐾𝑢, SG, and TG was constructed, and SD was fixed
at 50 nm. If we assume that the diameter of the magnetic
island is 10 nm and the height is 12 nm, 𝐾𝑢 > 3.1 × 105 J/m3
gives 𝐾𝑢𝑉/𝑘𝑏𝑇 > 70, which satisfies the thermal stability
requirement at room temperature.The simulation design and
results are shown in Table 3.

Figure 6 shows the effect strength in simulation design
II. Variation of the EWF gradient is a relatively complex
process in which the main, interaction, and quadratic effects
all contribute considerably.

The ANOVA for simulation design II is shown in Table 4.
The significant terms are the first-order terms 𝑋1 (𝑃 =0.000021), 𝑋2 (𝑃 = 0.0014), and𝑋3 (𝑃 = 0.000032), second-
order term 𝑋32 (𝑃 = 0.0056), and interaction term 𝑋1 ⋅ 𝑋3
(𝑃 = 0.0015). Thus, the reduced model is

Gradient = 𝛽0 + 𝛽1𝑋1 + 𝛽3𝑋2 + 𝛽3𝑋3 + 𝛽33𝑋32
+ 𝛽13𝑋1𝑋3,

(6)

where 𝛽0 = 13617, 𝛽1 = 805, 𝛽2 = −337, 𝛽3 = −744, 𝛽33
= −367, and 𝛽13 = −439, with 𝑅adj2 = 0.975 and 𝑅pre2 =
0.876. The positive 𝑋1 coefficient indicates that the increase
in 𝐾𝑢 improves the EWF gradient. The negative 𝑋2 and
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Figure 6: Percentagewise absolute value of coefficients indicating main, interaction, and quadratic effects in simulation design II. As shown
on the horizontal axis, 1 indicates the main effect of 𝑋1, 11 indicates the quadratic effect of 𝑋1, and 12 indicates the interaction effect of 𝑋1
and𝑋2.

Table 4: ANOVA for simulation design II.

Source of variation Sum of squares DF Mean square 𝐹0 𝑃 value
Regression 21881332.28 9 2431259.14 62.867 0.00013
𝑋1 9076848.13 1 9076848.13 234.709 0.000021∗

𝑋2 1590855.66 1 1590855.66 41.136 0.0014∗

𝑋3 7759224.55 1 7759224.55 200.638 0.000032∗

𝑋12 9577.97 1 9577.97 0.248 0.64
𝑋22 20244.24 1 20244.24 0.523 0.502
𝑋32 834669.40 1 834669.40 21.583 0.0056∗

𝑋1 ⋅ 𝑋2 53667.39 1 53667.39 1.388 0.292
𝑋1 ⋅ 𝑋3 1543974.18 1 1543974.18 39.924 0.0015∗

𝑋2 ⋅ 𝑋3 25413.23 1 25413.23 0.657 0.454
Residual 193364.26 5 38672.85251
Total 22074696.54 14
𝑅2 = 0.991; 𝑅adj

2 = 0.975; 𝑅pre
2 = 0.933; 𝛼 = 0.05. ∗Significant terms, 𝑃 value < 𝛼.

𝑋3 coefficients are in accordance with (5), and a smaller
absolute value of the 𝑋3 coefficient indicates that its main
effect decreases. More importantly, compared with themodel
in simulation design I, the model is complicated by two extra
terms: (1) the second-order term 𝑋32, which implies that
there is a response stationary point for TG within the design
region, and (2) the interaction term for 𝑋1 and 𝑋3, which
indicates that the influences from 𝐾𝑢 and TG on the EWF
gradient are highly correlated.

Figure 7 shows the response surface of the EWF gradient
related to SG and TG when 𝐾𝑢 was fixed at different levels.
The curvature of the surface increases as 𝐾𝑢 decreases from
6 × 105 J/m3 (Figure 7(a)) to 5 × 105 J/m3 (Figure 7(c)).
Moreover, the response maximum with 𝐾𝑢 = 5 × 105 J/m3 is
reached within the design region at SG = 40 nm and TG =
35.2 nm, as shown in Figure 7(c), and a further decrease in TG
deteriorates the EWF gradient.This indicates that the optimal
TG varies with medium coercivity. Specifically, a medium

with lower𝐾𝑢 prefers a wider TG. One possible reason is the
spatial dependence of the writing field gradient. For a writing
head design such as that proposed in [13], the optimal field
gradient is confined to a small area in the media plane; thus,
the medium coercivity must be carefully designed to achieve
improved writing performance.

4. Conclusion and Perspectives

In this paper, an EWF gradient model for shingled bit-
patterned recording was constructed based on response
surface methodology, and the influences from individual
and combined parameter variation from the writing head
and media were analyzed. Reduction in the trailing gap is
more effective than that in the side gap to improve the EWF
gradient. The slot between the trailing shield and side shield
on the shingled writing side can be used to modulate the
field angle distribution but does not show a clear effect on
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Figure 7: The response surface of the EWF gradient with respect to SG and TG with media 𝐾𝑢 = 6 × 105 J/m3 (a), 5.5 × 105 J/m3 (b), and 5 ×
105 J/m3 (c).

the EWF gradient. Moreover, the gradient sensitivity to the
shield’s geometric design parameters is dependent on the
coercivity of the medium. The proposed method is useful
for evaluation of the bit error rate and SNR of shingled bit-
patterned recording systems.
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