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Abstract — An extension to the standard FDTD formuto observe the flux distribution during switching in

lation aimed at modelling the micromagnetics of materiathe pole tip region of heads is becoming beyond
together with the solution of Maxwell's equations is prethe optical resolution of this technique. As a result,
sented in this paper. Numerical computations using aCthﬂbdeIIing and simulation are becoming increasingly

thin film head geometries were carried out with the purpoﬁ%portant as alternative tools to understand the flux

of validating the method. The analysis of results revealed | in th Il head feat dt
the importance of the method for modelling electromagnelligversa process In these small head teatures and 1o

interaction with lossy magnetic material in the presence gpable the optimisation of Write. he_ad designs. This
current and magnetic sources. motivated the study of the contribution and effect of

. . . eddy currents when working at high frequencies, e.g.
Index Terms — FDTD Computations, Equation of Mation, . . . .
Eddy Currents, Magnetic Losses, Micromagnetic Mode(l.j,eve'c_)plng non-destructive evaluatlo'ns of conductive
Recording Heads, Magnetic Recording, Thin Film Headsr.nate”f"lls by means of eddy cu_rr_ent Imaglng-[5].
Static models of characterising magnetic heads
include equivalent circuit models, transmission line
|. INTRODUCTION models and finite elements models [6], [7], [8], [9],
Advances in recording speeds have reached a pdit@], [11]. These are either time independent or limited
where the micromagnetics of the heads have becoméehe frequency domain to the fundamental response,
a physical limit. Consequently, to continue with thand ignore the magnetic detail of the head material.
rise in areal storage densities and to push towarBgnamic models, on the other hand, utilise full micro-
higher recording speeds, research has been focusenetic description of the magnetic material [12], but
on understanding and improving flux propagation aritle absence of electromagnetic formulation in these
reversal times in thin-films inductive recording headsiodels neglects the eddy current effect coming from
[1], [2]- The flux reversal time is the time requiredime varying fields in the finite resistivity thin-film ma-
in order to obtain a response from the magnetic flugrials. Therefore the need arises for a dynamic model
(inside the head circuit) to changes in the write curretitat combines the solution to Maxwell’s equations for
waveform. Minimising this time in the head yokethe electromagnetic fields with micromagnetic models
reduces the rise time of the writing fields in the pole tipf the material to accurately simulate the reversal
region and allows shorter and well defined magnefrocess in magnetic heads.
transitions to be written onto the storage medium [3]. Modern computational methods such as the Finite
High-speed experimental studies using the tim®ifference Time Domain (FDTD) algorithm will play
resolved magneto-optical Kerr microscope on mag-key role in modelling magnetic heads in the future
netic thin-films [1] and on thin-film recording headg13]. The FDTD method solves the electromagnetic
[2] have contributed to furthering the understandinghenomena for a given geometry inside a compu-
of the switching mechanisms in these magnetic struational space and, as a result, the magnitude and
tures. With the reduction of the size of the activdirection of the electromagnetic fields are given for
regions in thin-film recording heads [4], the abilitthe whole computational space. This research extends
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the standard FDTD algorithm to model the microsubstitutingB and D into (2) and (3) yields
magnetics of materials together with the solution of O app 1 oM

Maxwell's equations having in this manner a better Y ——VXxE—-—- ©)
o . Lo ot

description of the reversal process. Studying and char-

acterising the fast switching process (dynamics) in 9E 1

thin-film heads is the main aim of this work which o = oV x He (6)

will be achieved through FDTD computations of actual

thin-film head geometries. The advantage provided B\/here the nonlinearity introduced by the teétif /ot

this study is that magnetisation motion can be sim'%%?]e[sﬁr]'bed by Landau-Lifshitz-Gilberts (LLG) equa-

lated considering electromagnetic interaction in lossy
i i i oM oM
magnetic material by makm_g use of the FDTD_m_ethod P (M x Hep) + 2 (M @)
and the LLG equation (having a better description of 0t M ot
the reversal process).
This paper is organised as follows, Section Il [ll. DISCRETISATION OF LLG E QUATION

formalises the general electromagnetic theory andr, giscretise all of above equations, central finite

the micromagnetic model formulation for non-lineagiterence expressions, which provide second order
magnetic materials which form the basis behind the.c\racy, for the space and time derivatives are used.
numerical work in this research. Section Il prese”@quation (6) follows the same expression as in the

the discretisation of the equation of motion. Space apdmal FDTD method therefore no changes are needed
time synchronism, boundary conditions and stabilify - e E, component in the 200'M, mode.
of the extended method are dealt with in Sections |V,

1 1
V and VI respectively. In Section VII the numerical EZ\?:fjJrl il
experiments carried out are presented followed by L S (H " HQ\;@ 2 ®)
an analysis of results. The paper concludes with a b’i+%vﬂ'+% Ylit1,5+; Ylij+s

discussion of the main findings in Section VIII. +Hm|?+%7j - Hrv|?+;,j+1
Equation (5) has a new termdM/0t, which is
[I. NON-LINEAR MAGNETIC MATERIALS discretised using central differences in time, and it

must be included in the final expressions fdy and
When linear magnetic materials are considered, tig .

magnetic flux densit is proportional to the external

i Hy " = Dgliv1 i He|?
magnetic fieldHp, by a constant called the perme- Tlit3,j+1 alitgi+1 el 541
.- . . . ntl n+t
ablllty of the materlalu. However, when gon5|der|n_g +Db‘i+%7j+1 ( Ez|z-+fj+1 _ Z|i+12j+§ ) (9)
non-linear magnetic materials, the following equation ALl u L2 272
applies Ml Malis
B = /to(Happ + M) (1) n+1
PP = o n
Hy i+1,j+% Da|z+1,j+%Hy|i+1’j+%
where the magnetisation vectt is taken into ac- n+2 n+i
g . . —i_Db’i-i-l,j-i-l Ez|i+§2 i+1 - Ez|i+12 i+1 (10)
count to calculate the magnetic flux density. 2 23 30t

. . - +1
Extending the FDTD method to non-linear magnetic My’?+;,j+1 T My’?—i-%,j—i-l

materials requires to start by considering Maxwe”’ﬁlhere the coefficients’ and D are described as
curl equations for a general medium.

0B Caliy = <1—M> / <1+M> (11)
= _VxE (2) 261'73' 261'73'
ot
At O'Z'J'At
O =V Hy &) Coli.s = <;ﬁ> / (” 20, > (12)

whereB is as in (1) and

D _ (4 Uszt ) Uszt .
D=¢E 4) alig = (1= 2415 * 24 4 (13)
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Dylij = < At >/ <1+ UZjAt> (14) o maintain second order accuracy are addressed in

JCRTA 2pti detail next.
for which Az = Ay = A is assumed.
An expression for the magnetisation vector compo- IV. SPACE AND TIME SYNCHRONISM

nents can be obtained by expanding the vector producHere two different problems are addressed to main-
in LLG equation (7) and solving fa?), /0t, 9M, /0t tain second order accuracy of the central difference

andoM, /ot; this yields scheme. FirstH,, H,, H., M,, M, and M, are not
oM, 5 known at time step+1/2 in (19) or any othed\/ (the
ot~ M1+ aQ)[Ms(HzMy — H,M.) (15) same applies for the time marching expressionsifgr
+O<M1;(Hy§\4y + H.M.,) — aHy (M2 — M2)] and)M.). A simple approach to solve this problemiis to
use an extrapolation scheme [15] in which the current
M. - value of a variable depends on the previous values
8ty = T a2)[Ms(HmMZ — H,M,) (16) using the backward differencing approximation
S
+aMy,(H, M, + H.M,) — aH,(M2? — M2)] . Y ke
) Yy S Yy u|n+5 ~ U|n_5 + a_?: At (21)
oM, gl .
or ~ M.(1+ a2>[Ms(Hny — H:M,) 17y The unknown value ofi|"~= on the right side of the
+O<MZ(H;EM$ + HyM,) — aH,(M2 — M2)] equation can be expressed as the average|'tf!

ADDIVI | time diff q | and u|™ and the derivative can be estimated using
: ppj\)gng cgntra time di erenp:zs to (15) and evaluakangarg central differences. These operations lead to
ing M at time step + 1/2 yields the second order accurate time marching formalism

Mx\""+A1;Afx\"" = f(H,,H,, H., M,, M,,M,)|"tz (18) for correct integration into the FDTD scheme.

. . . . L u|m | 1
rearranging terms gives the time marching scheme for ~ u["" = “Cstet oy

M, = 5(3ul" —u[*"")

le"'“:MII"+f(Hz,Hy,Hz,MI.,MU.,MZ)W*%At (19) To illustrate _the time synchronism}/, will be
computed for time stem + 1. From (19), H,, H,,

where f(H,, Hy, H., My, M,, M) is a function of f_ A, M, and M, must be known at time step
the magnetic field and the magnetisation vector com-+ 1/2 in order to evaluateVZ,|*t'. This is done

(22)

ponents coming from (15) and has the form by applying the time synchronism equation (22) to all
N vector components dil andM using previous values
f(H,M) = it a?) M (H.M, — Hy,M.) o0 at time steps: andn — 1.
2 2 nel 1 n e
My — M Hyy "2 = 5(3Hr7y,2| — Hyy.o b (23)

The magnetlsat!on components are _evaluated at the Mm,y,z|n+l _ 1(3Mm,y,z|n — M"Y (24)
same spatial location as the magnetic field components
in the Yee's cell. Time marching expressions faf, Now, all components on the right side of equations
and M., are derived in the same manner. From equati¢23) and (24) are known, however, it is not yet possible
(19) it is noticed thatM,, M., H, and H, are used to compute the magnetisation vector at time step
to compute the new value df/,, however, these aren + 1 in the time marching scheme because space
placed at different locations thaw,. within the Yee’s synchronism has not been applied.
cell, therefore spacial interpolation is needed. It is alsoIn the Yee’s cell, theVl components are evaluated
noticed that equation (19) usés,, M,, M., H,, H, at the same spatial location as tli® components.
and H, evaluated at time step + 1/2 while their Therefore when any component of the magnetisation
values are only known at time step with n being vector sayM,, is being computed at a given point, say
an integer, thus time extrapolation is required. The + %,j), they and z components oH andM used
proper space and time discretisation of LLG equatidn computeM are located at different space locations

as shown in Figure 1.
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Component .
— (20) to calculatef(_Hx, Hy, H.,M,, My, M) at time
o™k o o > X stepn+1/2. To finish the computation afZ, [* ™! the
i O Ay previous result and the known value df, at timen
ot OM‘ "6 o 2 are introduced in (19).
M| HyMy | The purpose of all these operations referred here as
space and time synchronism is to maintain the second

. . . order accuracy in the differentiating scheme.
Fig. 1. Reallocation of components in a 2D Yee’s cell for space

synchronisation.

V. BOUNDARY CONDITIONS

Thus, all the components in equations (23) and (24) From the minimisation of the total energy in a
must be reallocated td/, position. This is done by magnetic material, the following boundary condition
interpolation of all components surrounding, in s derived [16], [17]:
the Yee’s cell [15]. This can be easy understood by M
a graphical example. Figure 1 represents the space an

synchronism operations needed to compufg (blue ) ) ) .
y P ( wheren is the direction normal to the material surface.

circle) where)M,, at spatial point{+ 3, ) will be the _
average of theyfouM componentszsurroundin@{m For example, solving (31) at the left boundary of the
o ﬁgaterial . = —x) involves the following operations

in Figure 1. This is the operation represented by t

0 (31)

red arrows denoted below ad,_M,. Myl = My|;ys (32)
2 2

M, MfE = 5 (M50 Myl (25) Ml = My 39

n+i ntg M,|., 1 =M,|, 2 34

+My‘i+1,j—§ + My‘i+1,j+§) Z|Z+2 Z|Z+g (34

The same must be done with,_M, (red arrows and similar equations would apply for other directions

. of n.
operation
P ) The perfectly matched layer (PML) around the com-
H, Mx\ffﬁ =1 (Hyﬂ%l Ll putational space used in normal FDTD to absorb the
- 1 Ev.j )35

il Zf:% (26) outgoing waves can be used for the extended method
+Hy‘i+1,j—§ + Hy|¢+1,y+§) as far as the magnetic material is surrounded by the
In a similar way M, M, (M, to computelM,) computatl_on_al space and not in contact with the_PM_L
is described by the operation represented by gre¥$as- This is based on the_ fact that the magnetlsatlon
aITOWS. vector has zero value outside the material (it doesn't
. . exist) therefore the extended equations without the
n+3 n+3 . . .

. lei#’j_l +Mz|i+;’j_; magnetisation are the same as in the normal FDTD

M. Mzl s = E— == (27) method.

The same must be done witH,_M, if any (green
arrows operation).

P ) VI. STABILITY OF THE EXTENDED METHOD
n—l—% H n—l—%
e Ml dy s A HL S

it3.J D)

(28) Due to the rotation of the magnetisation in a mag-
netic material another upper limit id\¢ must be
H, and M, to computeM, will remain the same as considered to make a stable solution for LLG equation.
they are already in the same spatial positiom&ds  The worst case happens when damping is neglected
i and a strong field is applied in one direction, there-
i+3.d (29) fore the magnetisation describes a circular movement
perpendicular to the applied field with a precession
Hm_Mx|n+% _ H$|"+% (30) angular frequency, = vH which in this particular
T2 o case will be equal to the maximum rotational angular
Then the values obtained from (25) to (30) are usedfiequency of the magnetisation. Then, the equation of

H._M,|

+1
Mx_M$|:_L+fj = M,|
27
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20 2

motion can be written as:

de S o0 = 0/\/\
dt = (,UQMy

dM Y (35) _200 Sar?]?)les 100 _20 Sari%les 100
o - vl (@ (b)

dM,
dt =0 Fig. 2.  Solution of (37) sampled with (aAt = 2/wo which

makes the system unstable and &) = 0.1 /wo which makes the

In order to obtain an equation explicitly for, S8,  system stable.

expression (35) must be differentiated to give:

d? M, dM,

az 7 a (36)
SubstitutingdM, /dt from (35) into (36) yields the
ordinary differential equation foi,,:

d> M,
dt?
Applying central finite differences to this equation:
M — oM 4 Ml
(At)?
and solving forM»*! yields the explicit time march-
ing scheme forM,

MM =207 — ML — WEALE M (
= M2 — wiAt?) — Mn—t
Using a complex exponential solutiod/, =
M el*ot and substituting in (39) gives

2AL? 2
=1-020 1 5 A= (49
2 wo

Therefore defining the range okt for the stable
solution of the oscillator equation (37)

= —woM, (37) 0 <At < 5 = Upper Bound (45)
0

This is clearly understood by an example. Figure
2(a) represents a sampled solution of (37) with a
sampling rate ofAt = 2/wy which is just over the
limit in (45) therefore the system is unstable and the
solution grows to infinity as time goes on. Figure 2(b)
is an example of a stable solution wheke = 0.1 /wq
) implies a stable solution. Although equation (45)

defines the stable range when the magnetisation is
introduced, the general equation that rules the stability
of the FDTD method still needs to be considered as

At > 1 Cq/ ﬁ + ﬁ = Atstable limitap (46)

Expanding the exponential terms and applying Euler’s

= —wiM; (39

ejwo(nJrl)At _ ejwonAt(Q _ w(Q)AtQ) _ ejwo(nfl)At (40)

relation to the exponential terms gives Therefore the time increment of the systexm must
5o be bounded in such a way that satisfies both (45) and
2 cos (woAt) = 2 — wyAt (41) (46) to avoid instability.
Equation (41) relates the angular frequency of the To flnalls_e W!th the stability section, the solutl_on 'Fo
system to the time increment. Furthermore LLG equation is convergent when the magnetisation

2 72 is aligned with the applied field or expressed mathe-
woAt = cos™! <1 - woz t > —cosTl¢  (42) matically as

M x H|

As in the general case for non-magnetic materials, m ~ 1 (47)
stability is found for the values of that makewyAt _ _ _

in equation (42) to be real. For valueséobutside the Thls_then prowdgs a test of convergence in the numer-
interval -1 and 1, the functioeos—* ¢ will be complex ical implementation.

valued and therefore the rotation of magnetisation will

produce an unstable solution. At the limits of the above VII. EXPERIMENT SET UP AND RESULTS

interval Figure 3 represents the head diagram used for
. wi At? . . the simulations. Both geometry and dimensions were
E=1- =1 = At=0 (43) )

2 taken from an actual Seagate head manufactured in

1997 trhough electron microscope imaging. Two snap-
shots of the magnetic field strength during simulation
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Coil Turns in the TMz mode are shown in Figure 4. Figure 5
/ I \ Magnetic Material represents the configuration used to carry out simu-
‘ lations of the upper pole of head A in TEz mode.
Upper Pole These were aimed to study the effects of eddy currents
on the switching time due to a field step applied
~_ ' perpendicular to the plane of the paper, with 20ps time
a Lower Film 3 . . .
constant and2 x 10°A/m amplitude. The simulation
| 20m | parameters werdz = 0.5um, At = 0.83333fs and
TLZ, total simulation time 1ns. With regards to material
' properties, three types of materials were considered: a
Fig. 3. Scaled diagram of the head geometry with dimensiongerfect conductor for the coil turns, a magnetic mate-
front gap height 0.5um, a= 56.7um, b= 11.5um, c= 33.3um,  rial for the head core and an isolating material between
d= 11.9pum, e= 4.6um, = 2.7um, g= 10.2um, h=124uM, hem The coil turns were defined by a conductivity
i=4.6um, j= 4.6um. For simulation purposes the axis are taken
as shown where the-axis represents the anisotropy axis. o = 58 x 10" (1/0m) and a relative permittivity
¢, = 4.8; The magnetic material was defined by a low
electrical conductivityc = 5000 (1/2m), saturation
magnetisation\/, = 800x 10% (A/m) initially oriented
in the y direction, damping coefficiente = 0.1
(#m), uniaxial anisotropy withH; = 400 (A/m) and
anisotropy constani’, = 200 (J/n?), and exchange
stiffness constantd, = 1.0 x 10~!'' (J/m); The
isolating material was defined by = 1, . = 1
and o = 0. Demagnetising fields were included as
another term in the direction of the applied field into
the effective field expression. Considering the head
pole as an infinite cylinder, the demagnetising energy

y (pm)
—_—— N
hn O no

10 20 30 40 50 x(um
(2)

_ %(5) can be expressed as
g
3
2 10 e Edemag = %(NxMIQ + N,M2 + N,M2)  (48)
5
, where due to the cylindrical geometry and orientation
x( . o
1020 38,) 4030 xfhm in the z direction, N, = N, = 1/2 and N, = 0. Then
T )
2000 4000 6000 8000 (A/m) M2 M, 2
gdemag 7 7 + 7 (49)
Fig. 4. Magnetic field magnitude for two time instants, {aF

0.2ns and (b)¢t = 0.45ns, computed using the standard FDTDI-

algorithm (no magnetisation is considered) and a 15mA current

step excitation with rise time constant 20ps. &, = — 1oMH,p, (50)
- p

he applied energy can be expressed as

whereH,p, = H .k, then

Observation

Upper pole Sh = —up Mz Hz (51)
@H“"" Now, considering the total free energy as the applied
/ and demagnetising field contributions
M2 M
S(M) = 7 2 + T - /U’OMZHZ (52)

Lower film

or by normalising by M

Fig. 5. Configuration of the upper pole simulation in the, R 1
mode. Only the zoomed image of the upper pole is defined in E(m) = —(mi + mi) —myh, (53)
the simulation. The excitation is applied uniformly as indicated 4

by Happ.
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12 x 10°(A/m)
f\z ol Applied field X10° 33
g 25| /N, 3 £
] - S
2.5 o 59
2 3 Lr 04 06 08 &
[} —
] £ s
%D O - \_j; ..... {2 :_j
= 5t/ Eddy current field > o
3 [} -
1 [ A W | AN 159
61 ‘ ‘ ‘ ‘ g %
0 0.2 0.4 0.6 0.8 1.0 1 =
Time (ns) 05
(a)
(a)
1.0 —r
0.8
2 0.6
: z
0.4} ---- No eddy currents] =
/’ — Eddy currents
0.2} /s
o L

0 0.2 0.4 0.6 0.8 1.0
Time (ns)
(b) (0)

Fig. 6. Eddy current effect at the head pole. (a) Applied field arfdg- 7. Eddy current effect at the head pole. (a) Contour anavarro
corresponding eddy current field. (b) Out of plane magnetisatidot of the current densityA/m?) at 0.02ns. (b) Magnetisation
versus time showing a 0.13ns delay in the precessional switchipggcession with (dashed plot) and without (solid plot) eddy current
of the magnetisation. fields.

distribution agrees with the theory of eddy currents
that can be found in the literature. The eddy current
fields trigger the switching of the magnetisation and
also modify its precession as can be seen in Figure

Sincem? +m + m? = 1, then

E(m) = iu —m?) —m_h, (54)

which concludes with effective field expression as 7(b)_- o o
Figure 8 shows the magnetic field distribution near

heg — _og (% i hz) K (55) the gap region at time 0.45ns. for both the standard
Om 2 and the extended FDTD algorithms. By comparison,

The magnetic fields and the magnetisation were evilis observed that when using the extended method,
uated at the center of the head pole. Figure 6(a) shathe field strength is smaller and the effective field
that eddy currents produce opposing fields to tlmncentrates at the head corners. As explained above,
applied field that turns out to trigger the precessiontilese effects are due to the switching of the mag-
switching of the magnetisation. Analysing the plot imetisation and the demagnetising fields. The arrow
Figure 6(b), when eddy currents are not considerguot of Figure 8(b) represents the orientation of the
a delay of 0.13ns is observed in the switching timmagnetisation. The direction of the magnetic flux
of the magnetisation, which causes a slower heddnsity can be visualised by observing the orientation
field response in agreement with the literature. Thod the magnetisation arrows, it is obvious that there is
expanded plot in Figure 6(a) represents eddy currenflux linking both thin films through the gap resulting
field due tooM /ot which is negligible. Figure 7(a) in the external radiation of the write field.
shows the current density across the head pole, itsFigure 9 is obtained by plotting the magnetic field
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recording system would be parallel to this plane, the
field magnitude responsible for orientating the mag-
netisation of the disk in one direction or another will
be proportional to the plot in Figure 9. In particular,
H, is the main field responsible for the recording
process in longitudinal media. Higher field gradients
are observed in the pole corner regions with the
inclusion of the magnetic details of the core material.
This has the implication that shorter transition lengths
are recorded in practice than predicted by models that
ignore the magnetic detail of the core material.

The obtained results are in agreement with previous
works present in the literature. In [18], a similar delay
of 0.25ns was observed when considering a damping
coefficienta = 0.1, which triggers the precession of
the magnetisation. The same conclusions were drawn
in [19] with respect to the precession of the magnetisa-
tion: eddy currents introduce an eddy current field that
triggers the precession. In [20], a faster magnetisation
switching was also observed, it was triggered by the
eddy currents which turned out into a slower head field
Fig. 8. Magnetic field distribution of the head geometry near tHesponse. In [21], authors agree with the fact that the
gap region at simulation time 0.45ns. (a) Contour plot of the fieldffect of eddy currents is completely different when
strength for linear material and (b) contour plot of the fmld_streng@onsidering micromagnetic level models and thus the
and arrow plot of the magnetisation for non-linear material. R

effect of the magnetisation can not be represented by
an equivalent permeability. Also, predicted gap field
(x10° (x10° distributions showed a more accurate field description
jﬁ;@ef;{near jjf,;’;ef;;ear near the head poles when compared against simpler
head models, e.g. Karlqvist [22].

Regarding the memory requirement, in order to
store each sample, the extended FDTD simulation
requires 153,558,419 bytes, figure which is, without
T4 05 0 o5 1 T4 05 0 o5 | surprise, above the amount of memory that uses the
standard FDTD method to simulate the same head
structure, 26,345,603 bytes. With respect to the calcu-

(a) (b) lation time, the time increment in between consecutive
iterations of an FDTD execution is directly related
Fjg. 9. Rec.ording gap fields simulating.a plane parallel to they the spatial resolution of the grid in the FDTD
disk surface in a recording system. (a) Fields at the pole surfacF . . . .
and (b) at 100nm from the head surface. algorithm, stability equations (45) and (46). The grid
resolution is determined by the most restrictive of two
factors: the smallest feature in the simulated structure
or the shortest wavelength in the simulated space. In
components,, and H, at the head surface and at ahis particular case, where a magnetic head has been
distance of 100nm from the head surface in the gajmulated, the very small front gap height for the head
region. Here, the:-axis represents distances from thgeometry in Figure 3 determined a very small time
central point of the gap region towards both poléacrement resulting in a large number of iterations.
(upper and lower), e.gr = 0 is the value taken in Thus, a small grid resolution results in a very small
the centre of the gap at a distance of 100nm awéyhe increment and therefore large simulation time
from the head, the direction of is parallel to the (CPU time) to obtain the results of a single simulation
disk surface. Having in mind that the disk surface in a

x 10" (A/m)

y (um)
(=)}
Magnetic Field Strength

x 10" (A/m)

y (prm)
= N W B~ OO

Magnetic Field Strength

X (i m)
(b)

0.5

.....

-------

Amplitude (A/m)
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(the TM, Matlab simulation took fifty days overall [5]
on a 2GHz machine, with 2GB of RAM, running on
Windows XP). Large waiting time requirements have
made it impossible to carry out several simulations ang;
other tests over very small head structures.

(7]

VIIl. CONCLUSION

This investigation aimed at developing a numericajg,
simulation approach that simultaneously incorporates
the fundamental micromagnetic and electromagnetic

details of magnetic materials to study the fast switch®

ing process in soft magnetic materials in general, and

in thin-film inductive writers in particular.

(10]

This work successfully met all its original objectives
by developing a numerical technigue for simulating thﬁl]
dynamic behaviour of magnetic materials and devices.
This technique naturally combines the fundamental
equation of magnetisation motion with the solutioElz]
of Maxwell's equations using the Finite- Difference
Time-Domain method, with the unique feature that

the micromagnetic (including exchange and anisotroi)f/
effects) and electromagnetic (electric and magne

IC

fields due to charges and currents) descriptions of
simulated structures are produced simultaneously. [14]
Using this technique will help to design and study
complete magnetic devices without ignoring the ir[15]
teraction between the magnetic material and other
dielectric and conductive layers in the structure, which

is important at high frequencies. Moreover, this featu[f(i] W. F. Brown, Micromagnetics. Robert E. Krieger publishing

simplifies the magnetostatic computations which are
inherently demanding in numerical micromagnetic§l7]
thus extending existing work in micromagnetics t([)18]
more complex geometries and applications.

(1]

(2]

(3]

[4]
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