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Micromagnetic simulation of domain wall dynamics in Permalloy

nanotubes at high frequencies
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The formation and motion of a single cross-tie type domain wall (DW) was studied in a NigyFe,,
Permalloy nanotube of 50 nm thickness and 500 nm length by means of micromagnetic simulations.
Circular magnetization curves, calculated with circumferential ac magnetic fields applied on the
nanotube, showed that the propagation of the DW along the nanotube length occurred for £, values
as low as 166 A/m at a frequency of 250 MHz. In general, the observed DW motion exhibited an
out-of-phase oscillating character, relative to the applied #,. field, with a normalized phase shift of
0.20 being independent of h,,,. The DW damping was observed at 10 GHz. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2960480]

I. INTRODUCTION

The interaction between microwaves and magnetic ma-
terials is becoming an area of increasing interest associated
with the development of micro- and nanodevices such as
power conversion circuits (including inductors and trans-
formers), integrated radio-frequency passive components,
micromagnetic devices, and microwave-assisted
recording,l*5 for which a basic understanding of the dynam-
ics of the magnetization reversal processes in the magnetic
nanostructures is of great relevance for technological im-
provements of such nanodevices operating within the giga-
hertz range >In particular, magnetic domain wall (DW) mo-
tion in nanostructures has deserved recent attention because
of their potential use in magnetic devices for information
transport.ﬁ’8 For instance, it has been shown experimentally
that a DW confined within a pining potential of a Permalloy
nanowire can be manipulated with a spin polarized electric
current, which allows DW motion for threshold magnetic
field values within the range 5-10 Oe.” Resonant amplifica-
tion of DW oscillations has also been observed.'’

Concerning magnetic nanotubes, previous analytical/
numerical simulation work has shown that their static mag-
netization distribution is strongly dependent on the nanotube
geometry. There are three possible magnetization distribu-
tions: perpendicular to the nanotube main axis, parallel to
main axis, and vortex state, for which magnetization along
circular direction develops.”’12 In addition, anisotropic mag-
netoresistance has been also predicted in Ni—Fe nanotubes. !
Nevertheless, no attention has been focused so far on the
magnetic DW response to time dependent magnetic fields of
variable magnitude. In this work, we present a systematic
study by means of micromagnetic simulations of the DW
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dynamics in a NigyFe,, Permalloy nanotube as a function of
both frequency (within the range 250 MHz—10 GHz.) and
intensity of ac magnetic fields.

Il. SIMULATION METHOD

Micromagnetic simulations have been carried out as fol-
lows. The dynamic magnetization process in the nanotube is
described by the Landau-Lifshitz—Gilbert (LLG) equation of
motion

dM
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ay'
P VM X (M X Heg), (1)

where y'=v/(1+a?), a is a dimensionless damping con-
stant, and 1y is the electron gyromagnetic ratio. The effective
field Hg; is composed of the anisotropy field H,;, the ex-
change contribution H,,, the applied field H,, and the mag-
netostatic field HM.13 The contributing fields are calculated
from Maxwell equations.'4 Here the applied field is the Oer-
sted field that is generated by a current carrier model con-
sisting of a cylinder symmetrically located inside the Permal-
loy nanotube. The field is calculated using the Biot—Savart
law,

H,(r)=— f ——=dV', (2)
-r |

as described in Ref. 15. The integral in Eq. (2) is over the

volume of the conductor. The cylinder is discretized into

tetrahedral finite elements. Under the assumption that the

current density is constant in each tetrahedron, Eq. (2) can be

written as sum over surface integrals,16

H,(r) = EJe X E

e=1 el4

(3)

r- r|

The first sum in Eq. (3) is over all tetrahedrons of the
conductor, the second sum is over all triangles of a tetrahe-
dron. The integrals in Eq. (3) are evaluated analytically."” On
the other hand, the magnetostatic field H,, is an irrotational
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field and is calculated by applying the magnetostatic poten-
tial u), into the following conditional Maxwell equations:

V-H,=-V-M, (4)
V X Hy, =0, (5)
V- (Vuy)=V-M. (6)

The nanotube is discretized into tetrahedral finite elements,
according to the Ritz—Galerkin weak formulation.'* On each
node of the finite element mesh, a magnetic moment vector
and a magnetic scalar potential is defined. The magnetic sca-
lar potential follows from the magnetostatic boundary value
problem. Instead of extending the finite element mesh over a
larger region outside the magnet, the boundary element
method allows to treat the condition that the potential decays
as 1/r with distance.'®"” The space discretization of the LLG
equation leads to a system of ordinary differential equations
for the magnetic moment at the nodes of the finite element
mesh. The equations are coupled by the exchange field and
by the magnetostatic field. For time integration, we use an
implicit time integration scheme with automatic time step
control.**?' The NigyFe,, Permalloy nanotube studied in this
work had the following dimensions: external radius of 250
nm, inner radius of 200 nm, and 500 nm length. The intrinsic
magnetic properties considered for this nanotube were J
=1.1 T,A=1.3X10""" J/m and K,=0 J/m?, together with
a damping factor of a=0.2. These properties correspond to
the Permalloy Ni:Fe ratio which shows vanishing anisotropy
values''*? and thus, excellent soft magnetic properties. The
current carrier model (cylinder of radius 190 and 900 nm
length) simulates an applied magnetic field as an alternating
circumferential magnetic field &,. by means of an ac current
I,., which in turn was generated as a sin (w?) signal with @
=27f (f= frequency in Hertz, within the range 250 MHz-10
GHz) and I, values between (1/,2) and (10/,2) mA,
which correspond to A, fields between 0.45 and 4.5 kA/m
on the nanotube’s external surface. Relative circular magne-
tization M, curves, with M,
=(magnetization projection)/(saturation magnetization), as
a function of h,. were calculated as the projection of the
magnetization onto the circumferential applied magnetic
field. The DW propagation along the nanotube length pro-
duced by h,. was quantified by means of the DW speed vpy,
which in turn was determined from cinematic DW-position
vs time plots [DW(¢)]. These cinematic DW(z) curves were
calculated by considering that the relative circular magneti-
zation at any time #;, M 4(t;), is determined by the DW posi-
tion x(z;) along the tube length, since any DW displacement
from its initial position (#,) represent a magnetization varia-
tion AM 4. Therefore, at ;, the proportion between x(z;) and
M ,4(t;) is given by

x(t;) = M (1), (7)

AM,
where Ax=x(t,)-x(ty) and AM y=M 4(t;)—M 4(t,) for an ar-
bitrary final time #,. The DW position x(;) along the nano-
tube length is determined from the corresponding magneti-
zation distribution calculated at 7,. At the beginning of each
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FIG. 1. (Color online) Total energy as a function of time for the NigyFe,,
Permalloy nanotube.

DW(¢) plot, a nonlinear behavior was observed, which re-
flects an accelerated DW motion. After a period of about 0.1
T (where 1/T is the frequency of the ac applied field) the
cinematic DW(#) curve was found to follow a linear trend
[just before the first DW(7) maximum] from which vy was
computed.

lll. RESULTS AND DISCUSSION

The equilibrium configuration of the nanotube was de-
termined from an initially saturated state along the nanotube
main axis, using a relaxation time of 20 ns for micromag-
netic calculations. After 5 ns, no variations in the total energy
were observed (Fig. 1). The equilibrium magnetization dis-
tribution consisted of two circular domain regions saturated
in opposite direction and separated by a DW, as it is shown
in Fig. 2(a). The DW original position was around the center
of the nanotube’s axial length, showing a structure corre-

FIG. 2. (Color online) (a) Equilibrium magnetization for the NigFe,, nano-
tube showing a cross-tie type DW separating two domain regions oriented in
opposite sense: upwards (dark side) and downwards (light side). (b) A detail
of the DW vortex structure.
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FIG. 3. (Color online) Relative circular magnetization M 4 as a function of
hy at various frequency values and for /,,,;=(1/2)3.82 kA/m.

sponding to a cross-tie wall, i.e., comprising a chain of vor-
tices circumferentially arranged, for which Fig. 2(b) displays
one vortex structure in detail. This kind of DW has been
reported also for Permalloy magnetic thin films* and for
similar nanotubes.'"'? The DW width was found to be 30
nm, which is in excellent agreement with the minimum value
observed in Ref. 23. Once the DW formation was confirmed,
the application of circumferential magnetic fields resulted in
an oscillating DW motion whose dynamic characteristics are
described in detail in the following.

A. =250 MHz

The relative circular magnetization M y(h,.) plot for
hems=2.7 kA/m is displayed in Fig. 3(a) showing an oscil-
lating character, with an initial M ® of —0.027. This nonzero
value reflects a slightly asymmetrical initial circular magne-
tization distribution and thus, an original DW location
slightly out of the middle nanotube position; in fact, this
initial position was determined as being of 258 nm. After the
first half cycle of h,., M, goes through a maximum value of
0.073 as a consequence of the DW displacement from its
original position along the nanotube length. With increasing
time [each point of M, (h,) is also time dependent], /1,
becomes negative and, upon completion of the first cycle,
M 4 decreases to a preliminary minimum value of —0.035 as
the DW moves back to a position on the opposite side of the
initial displacement. This position does not coincide with the
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FIG. 4. (Color online) Cinematic DW(z) and h,(f) curves for the NigyFe,,
nanotube at various frequencies and A, =(1/,2)3.82 kA/m.

original one, as it is evidenced by the hysteretic character of
the M 4(h,.) plot. After three periods, the relative circular
magnetization reaches a final position, leaving the nanotube
in a remanence state of M ;,=-0.039. The corresponding cin-
ematic DW(#) curve together with &, as a function of time
are shown in Fig. 4(a), for which an out-of-phase oscillating
DW motion is manifested. The DW oscillation exhibited the
same frequency of &, (¢). The phase shift ¢y (normalized to
T) was determined as 0.21, while the peak-to-peak amplitude
of oscillation Apw was of 21 nm. In general, ¢y values ex-
hibited small fluctuations around 0.21 (with a standard de-
viation of 0.02) upon h,,, variation, while Apy showed a
linear increase between 3 and 36 nm for the A, interval
0.45-4.5 kA/m. The initial DW position is not at zero,
which is congruent with M ,(0) # 0. Similar oscillating DW
motions were observed for all &,,,, values, even for applied
fields as low as 0.45 kA/m. Additionally, the DW speed was
established as 16.0 m/s from the initial linear portion of the
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FIG. 5. (Color online) Initial portion of the cinematic DW(z) curve for f
=250 MHz and h,,(=2.7 kA/m. The straight line corresponds to a linear
fitting with R?>=0.999.

cinematic DW(z) displayed in Fig. 5. Further variation of
h.ms resulted in a linear behavior for the vpw (hms) plot, as it
is shown in Fig. 6, for which the following equation was
determined after linear fitting: Upw
=0.0061 m?/s A hy,—1.011 m/s.

B. f=1 GHz

For this frequency, again, oscillating circular magnetiza-
tion for various &, values were observed, as it is shown for
instance in Fig. 3(b) for the My (h,) plot at A
=2.7 kA/m. The same initial relative circular magnetization
value was observed (~0.027) but, a significantly reduced M 4
maximum of just 0.0005 (in comparison with the previous
maximum at f=250 MHz) was recorded. This reduction in
the ac magnetization also yields to minor DW amplitudes of
oscillation, as it is exhibited in Fig. 4(b), for which Apy is
only of 6.0 nm with the wavering DW motion occurring on
the same side of the nanotube, i.e., the DW displacement
does not cross beyond the initial reference position. More-
over, the out-of-phase character of the oscillating motion is
also evidenced in Fig. 4(b), with a normalized phase shift of
¢n=0.190. In general, ¢y values exhibited small fluctuations
around 0.190 (with a standard deviation of 0.005) upon /.,
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FIG. 6. (Color online) DW speed as a function of h,,, and of variable
frequency. The straight lines corresponds to linear fittings with at least R?
=0.99.
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FIG. 7. Normalized (respect to each period) phase shift ¢y and DW ampli-
tude of oscillation (for A,.,;=4.5 kA/m) as a function of the applied field
frequency f. The solid lines are a guide for the eyes only.

variation, while Apyw showed a linear increase between 5 and
12 nm for the A, interval 0.45-4.5 kA/m. On the other
hand, vpw as a function of h,,, showed also a linear trend
(Fig. 6) with enhanced values (respect to those observed at
the previous f) which in turn leads to the reduced Apy ob-
served. The following equation was determined after linear
fitting: vpw=0.0077 m?/s A h,—1.300 m/s.

C. f=10 GHz

At this frequency, a significantly attenuated oscillating
circular magnetization is still present, as it is shown, for ex-
ample, in Fig. 3(c), for which M ; fluctuations of only 0.0053
are visible for h,,;=2.7 kA/m. The Apyw resulted of just 1
nm for the out-of-phase DW(z) curve with ¢y=0.29 [Fig.
4(c)]. This time, ¢y showed an enhanced average value of
0.26 (respect to previous f, with a standard deviation of 0.01)
upon h,,,¢ variation, while Apy displayed a constant value of
1 nm for the considered &, interval of 0.45-4.5 kA/m. In
addition, the vpw (h,y,) curve also resulted in a constant
tendency around 25 m/s (Fig. 6).

D. Further increase in frequency calculations

Figure 7 exhibits the frequency dependence of ¢, and
the amplitude Apy for a constant A, value of 4.5 kA/m. In
contrast to the shallow effect of variable /4, on ¢y, by in-
creasing the frequency, the normalized phase shift shows an
enlargement effect beyond f=5 GHz, with a previous con-
stant trend around 0.20. On the other hand, Apy decreases in
a monotonous manner with increasing f, exhibiting negli-
gible values from f=10 GHz, which strongly suggests that
the DW motion is damped at this frequency. In addition, the
DW speed as a function of f is depicted in Fig. 8 displaying
a general increasing tendency with raising f up to 2.5 GHz,
followed by a rough constant value up to 7.5, after which a
significant drop at f=10 GHz is manifested, giving further
support to the assumption of a damped DW displacement at
this frequency.
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FIG. 8. The DW speed vpyw as a function of the applied field frequency for
Nme=4.5 kA/m. The solid line is a guide for the eyes only.

In order to clarify the physical meaning of the dynamic
parameters obtained for the DW speed as a function of 7,
we should consider the response of a DW under the effect of
an external magnetic field he’” (where i= |1 and w=27f is
the angular frequency), which can be described in a first
approximation by the following classical equation of motion:

B + ap,x =2p,M he'”, (8)

where S is the viscous damping parameter, «,, is the restor-
ing parameter, and M is the magnetization saturation. From
this expression, the steady-state DW velocity can be resolved
as (considering Bw> «,,)

2 )
va=( “;M°)<h— h), )

where (2u,M,/B) is known as the DW mobility u,, and A,
corresponds to the propagation field, i.e., the minimum field
necessary to begin the DW motion. For the present case, it is
clear that the nanotube DW speed as a function of /4, fol-
lows Eq. (9) for f=250 MHz and 1 GHz (Fig. 6), as it is
expected for typical soft magnetic materials”*** and as it has
been reported for similar cross-tie DW in nanotubes”>*® and
for DW of different shape than Bloch walls.””*® From Eq. (9)
it is possible to establish the parameters u,,, h,, and S for
the Permalloy nanotube of interest as it is shown in Table I.

The B values determined for both frequencies resulted
similar to the eddy-current contribution B, to the viscous
damping reported experimentally for Ni-Fe polycrystalline
wires [8,=450 kg/sm? (Ref. 27)]. Although being clearly
different Permalloy structures (in shape and size), it is inter-
esting to notice that according to present results, an increas-
ing tendency of B with reducing f would be expected and
thus, a better matching of B values for frequencies low
enough would arise. This is in accordance with the intrinsic
character of 3, which in fact comprises also a spin relaxation
B, contribution proportional to the material anisotropy

TABLE I. Dynamic parameters for DW motion for the Permalloy nanotube.

f (Hz) Mop (M?/5A) h, (A/m) B (kg/sm?)
250 10° 0.0061 166 360
1x10° 0.0077 168 285

J. Appl. Phys. 104, 023915 (2008)

constant’’ and thus, being nil for the assumed Permalloy
composition.zz’24 In addition, it is worth noticing that the
propagation field values found here are also comparable to
those measured experimentally in equivalent Ni—Fe nano-
wires (h,=400-800 A/m, see Refs 9 and 10) with the ad-
ditional difference of using simple ac currents rather than
spin polarized ones. This implies that the use of nanotubes
would be feasible for the manipulation of magnetic DWs
because of the low magnetic fields and the type of currents
required, and thus, rendering this nanostructures as probable
candidates for nanoelectronic devices operating at high fre-
quencies.

IV. CONCLUSION

DW displacement was observed in NigyFe,, Permalloy
nanotubes for propagation fields as low as 166 mA and fre-
quencies of up to 10 GHz. The Oscillating DW motion was
found to be out of phase (respect to h,.), with the normalized
phase shift being independent of %, and frequency depen-
dent for f>5 GHz.
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