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ABSTRACT

Domain wall propagation in modulated-diameter ayfical nanowires is a key phenomenon to be
studied with a view to designing three-dimensiamalgnetic memory devices. This paper presents a
theoretical study of transverse domain wall behauiaer the influence of a magnetic field within a
cylindrical nanowire with diameter modulations. particular, domain wall pinning close to the
diameter modulation was quantified, both numengalusing finite element micromagnetic
simulations, and analytically. Qualitative analgtionodel for gently sloping modulations resultecin
simple scaling law which may be useful to guideavane design when analyzing experiments. It

shows that the domain wall depinning field valugrsportional to the modulation slope.
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l. INTRODUCTION
Intensive study is devoted to circular cross-sectitagnetic nanowires due to their unique
fundamental properties and their potential appbeestin a number of advanced technologies
such as data storage, sensing and biomagnetics Elettrochemical growth of cylindrical
nanowires within self-organized porous templatesg]5is continuously progressing, and is
nearing compatibility with design of a three-dimensl race-track memory [7]. The
information stored in this type of solid-state devivould be encoded by magnetic domains
separated by magnetic domain walls. Domain wallionotn wires may be achieved by
applying an external magnetic field [5, 8, 9], spwlarized current [10], spin waves or
localized temperature gradients [11]. In additiona real device, the domain wall position
must be precisely controlled. Control can be aadeby designing well-defined pinning
centers, for example, by changing the compositibrthe wire [12] or by introducing
geometrical irregularities during the fabricatiorogess [5, 8, 14-17]. In the latter case,
modulated diameter of the nanowire synthesizedlégtredeposition can be used to control
domain wall position by locally reducing its magostatic and exchange energy in the smaller
cross-sectional parts [18]. Thus, diameter modutaplays the role of a potential barrier
which implies that some threshold driving force s applied to overcome the barrier.

Few studies have theoretically addressed domain mvation, induced either by
applied field or current, within modulated-diameteanowires [19-23]. Moreover, no
theoretical model quantifying the threshold driviigrce as a function of geometric
parameters has yet been reported, although expaah®y/stems are now available. Thus, a
general scaling law describing the domain wall dejsig phenomenon would be useful to
assist experimental system design and analysisparenental results.

In this paper, we combine both approaches: quargtanicromagnetic description of

the domain wall's behavior and development of apéified qualitative analytical model



which provides a simple general scaling law andtesl geometric parameters to the domain
wall depinning field. We focus on the case of walbtion under the conservative driving
force produced by a magnetic field applied alorg whre’s axis. In this case, the magnetic
field contribution can be treated in the framewofka potential energy well. However, our
approach is quite general and may be extendedefutthstudy the effect of other driving

forces such as spin-polarized current.

I. MICROMAGNETIC SIMULATIONS

To understand how geometry affects domain wall @gapion in a modulated-
diameter cylindrical nanowire when a magnetic fieddapplied, we used our home-made
finite element softwarefeeLLGood [22, 24]. The non-regular finite element mesh of
feeLLGood accurately describes the given geometry. The Lahdfahitz-Gilbert equation

was solved for magnetization dynamics [25] by arontagnetic approach

om

== —vo(m x Hesr) + a (m X Z—T), (1)

wherem=M/Ms is the unit vector in the direction of the locahgmetization, andils is the
spontaneous magnetization. The following notatisese usedyo>0 for the gyromagnetic
ratio, Hert for the effective field (including magnetostatiexchange and applied field
contributions) u for the Gilbert damping factor.

Cylindrical nanowires with a single smooth diameteodulation connecting two
straight parts were considered. The smaller diamsts R, and the larger wasRg, as
illustrated in Figure 1(a). The circle-based pmofilith R,,q = (R, — Ry)? + 12)/
(4(R2 — Rl)) sketched in Figure 1(b) suitably describes expental cases [5]. The wire axis

was taken as thedirection. The modulation of the lengttwas centered a=0 andL is the

total length of the wire.



Magnetic charges were numerically removed from éx¢remities to imitate an
infinitely long wire and to prevent nucleation ofagnetization reversal; and Brown
(Neumann) conditions were used for magnetizatiompmments. The micromagnetic
parameters used were those of a permalloy matewigh Ms=800-18A/m, 70=2.21-10
m/(A-s), a=0.05 and exchange constaft=1-10*J/m. The system’s geometry was
discretized into tetrahedrons with dimensions neoteeding 2 nm. The initial magnetic
configuration corresponded to a relaxed transvigksdail-to-tail wall [Fig.1(c)].

The domain wall position and width were estimated fliting the longitudinal
magnetization component with the tanh-profile samtb the standard Bloch wall model [26].
The profile fitted wasn, = tanh((z — zo)/ADW), wherez is the position of the center of
the domain wall, and\,,, is the domain wall parameter. For simplicity, tipgrameter is
called the domain wall width hereafter. In contitasthe widely-used “dynamic” definition of
the domain wall width proposed by Thiele [27, 28]y formula does not impose constraints
on the geometry or on the domain wall dynamicseéu] Thiele’s definition of domain wall
width assumes that the stationary domain wall m@lesg the invariable cross-section wire
without changing its profile. These conditions du hold in our case as the variable cross-
section affects both the domain wall profile arsdwidth. Although the profile corresponds to
the one-dimensional Bloch model [25] rather tharfulty three-dimensional magnetization
distribution, it fits the transverse-like domainlinaidth well enough for moderate-diameter
wires. Consequently, we restricted our calculatitmsnoderate diameters. Larger diameters
(>40 nm) may favor Bloch Point domain walls with sfgrantly different dynamic properties

[29, 30].



A. Straight wirelimit

In this section we show that our numerical implatagon is consistent with existing
results for straight wires. Similar to what is reled by Jamet et al. [30] the domain wall
width estimated from a tanh-profile fit increaseshwthe wire’s radius, as illustrated by the

open circles in Figure 2(b). This curve tends te Bloch wall parameter valulg;,.,=

W atR=0 [25, 31]. No significant difference was obserbativeen tanh-fit values
obtained in the absence or in the presence of pleddield. This result contrasts with those
reported for rectangular strips, where the domaall width is strongly affected by the
magnetic field applied due to deformation of iteusture [32, 33]. This crucial difference
underlines the leading role of dipolar energy fgimarical wires.

Under the applied magnetic field, forward domaimllwmotion at speedv is
accompanied by its azimuthal rotation at frequehe@yound the axis of the wire [29], as

illustrated in Figure 2(a). In the one-dimensiomaldel we expect [34]

__ ayolApw
=~z Happ 2)

and

f = 5t vam Havp- (3)
In our simulations, forward domain wall velocitycneased with the applied field in a linear
fashion, and, as expected, the slope dependedeowitk’s radius. Figure 2(c) superposes
simulated points on the solid lines calculated gigtg. (2) and tanh-profile estimations of the
domain wall width. For wires with a small radiu®(5 nm), simulations perfectly agreed with
the analytical expression. Thus, we can concludg ttomain wall behavior is well
reproduced by the one-dimensional model. We atilthe moderate discrepancy between
simulated and analytical values for larger radb () to the deviation of the real wall profile

from the perfect tanh-profile shape. This discreyas also observable in Figure 2(b) where



red stars depict the domain wall widths calculafitesn the curve representing simulated
velocities plotted against applied field dependesci

In contrast to the slight differences for lineamdon wall velocity, perfect matching
between Eq.(3) and numerical values was found Her domain wall rotation frequency
[Figure 2(d)]. In this case, as expected, the domaall’'s precessional frequency was

independent of its width.

B. Nearing and over coming the modulation
The presence of diameter modulation results inatian of the internal energy of the system
depending on the position of the domain wall. Targify this phenomenon, in Figure 3(a)
we plotted the internal energy as a function of ¢berdinates obtained with domain walls
drifting freely from the broader part toward thentier part of the wire in the absence of
applied field. As expected, the energy of the domeall was minimized in the thinner part of
the wire, because it is proportional to the wirdiameter at any given position, as detailed
below in Section Ill. The highest energy differercm®@responded to the higheR#/R; ratio.
The free drift was accompanied by non-monotonic ifrezdion of wall width [Figure 3(b)].
Similar behavior was reported elsewhere [20, 22¢ NYpothesize that the reduced domain
wall width to the left of the modulation and itierase to the right of the modulation can be
attributed to the spatial modification of the magme&harge when entering or leaving the
modulation. The domain wall width is adapted inesrtb ensure the total magnetic charge
conservation in the volume, schematized in Figy®. Far from the modulation, both the
energy and the width of the domain wall recoventhleies observed in a straight wire.

Next, we prepared the domain wall in the narrowtisecof the wire and drove it
toward the larger section by applying a magnettdfi Figure 4(a) shows the domain wall

position as a function of time; the changes torirdk energy and domain wall width



depending on its position are presented in Figd(by and 4(c). Below a critical field value,
the domain wall slows down when approaching the utaicbn, partially enters the
modulation and finally comes to a halt.

Above a critical field value, the domain wall slowl®wn but never comes to a
complete standstill, it can thus overcome the gnbegrier and continue traveling toward the
right. Far to the right of the modulation, the domaall moves at a constant rate according to
Eq.(2). Its velocity is greater than in the narnpart of the wire. Near to the modulation, the
domain wall velocity has non-trivial behavior whidgk not reflected by the simplified
formula. To estimate the final position of the demaall and the critical field intensity

required to unpin it, we developed the analytigadraach presented in the following section.

[11.  ANALYTICAL APPROACH

In this section, we present a qualitative analyticadel describing various features of
the domain wall in the modulated-diameter wire.phkarticular, we establish an analytical
scaling law which relates the critical applieddi®ialue to the geometry of the modulation. To
determine this qualitative expression, we consdi¢he domain wall's energy, based on the
magnetostatic, exchange and applied field coninbat We also took the interaction between
the domain wall and the magnetic charges inducethbymodulation into account. For a
circular cross-section wire [31] the domain walesgy reads:

E =Ey+ Enoa,

E= %f H? (r)dV + j Ao (VM(1))2dV — qusf m(r) - Hypp AV + Erppq. (4)
|4 |74 |4

Below, we introduce the approximations that camged to estimate each term.
For the dipolar energy, we considered that the mtgrchargeq,, ; = —2mR%M,
[35] carried by the tail-to-tail wall was uniformigistributed over a sphere of radiBswith

magnetic charge densify = 3q,,.:/47R3 [Fig.5(a)]. The real distribution of the magnetic

7



charge is much more complex [36, 37]. Nevertheless,approximation is justified by the
quasi linear relationship between the wall widthd ahe wire radius in the dimensions
considered [Fig.2(b)]; it leads to a compact anedytexpression for the different energy
terms and gives a reasonable order of magnitude.alBglogy with electrostatics, the
magnetostatic fieldd, is Hy;(r > R) = q,qu/47r? outside the sphere anfd,(r <R) =
qwau?/ATR3 inside the sphere. Integration over the whole spaduces the magnetostatic
energy contribution t8mu,M2R3/5.

The exchange energy contribution in Eq.(4) can stenated by applying the one-
dimensional spin chain model [25] with slowly vargi magnetization. In this case
(Vm(r))? =~ (n/2R)? and the integration of the second term in Eg.(4¢rothe sphere
volume an exchange energy contribution equals.ta3R/3.

To estimate the Zeeman energy contribution, weeantgtl the inner structure of the
domain wall and considered the Zeeman energy of ad@cent uniformly magnetized
domains located at the domain wall's center pasjtio With this assumption, the energy

contribution would be equal te-2uoMH,,,mR*L in the case of a straight wire. For the

modulated-diameter wire, it would be equal 2uMsH,ypm [LR?(0)d( + cts. The
2

domain wall energy without interaction then becomes

zZ

3 Aex
Ey(2) = ?” HoMER®(2) + = °R(2) — 2poMsHoppm [, R*(()d{ +cts.  (5)

The domain wall energy estimated is similar to #mergy values extracted from the
simulations [Fig.5(b)] and thus is suitable to ga&lvely describe domain wall behavior.

The domain wall interacts with magnetic chargesigedl by the change in diameter,
as illustrated in Figure 5(a). This phenomenon givise to a supplementary energy term
Enoq, the derivative of which is related to the magndield generated by the magnetic
charges of the modulatioA£,,,;/0z = —UoqQwaiHmoa(2)- This term is unlikely to have any

analytical expression with the geometry studieceh&he field distributiortd,,,,;(z) can be

8



analytically calculated by making some assumptidta. simplicity, we assume that only
surface charges are induced by the magnetizatiallglao thez axis inside the modulation.
As a result, the field generated by these surfhegges at any point along the central axis

[38] may be calculated as

sign(z—{)(z=R(R/({)d{ (6)
(VR@+@207)

Himnoa(2) = %fcharged surf.
The distribution of théd,,,4(2) field for different geometries is shown in Figus@l). This
field opposes the magnetic field applied, as itatsetd in Figure 5(a), and amplifies the
domain wall's repulsion from the modulation. It mobable that the surface charge
simplification overestimates the amplitudeHy,,;(z). Nevertheless, this approach provides
an upper limit forH,,,,4(2).

For the analytical calculation, the circle-basedewprofile used in the numerical
simulations may be approximately replaced by th#odong analytical differentiable
function: R(z) = (R, + R, + (R, — Ry)tanh(4z/2))/2. This type of approximation is
appropriate for use with the gently sloping modolad studied in this paper [39]. To illustrate
this case, the domain wall enerBy is plotted as a function of the domain wall’'s piosi for
different applied field values in Fig.5(c). Extendithis figure by including thg,,,, term, if
its analytical expression were available, wouldenawe qualitative impact on the illustration,
and would only result in shifts in the energy miaiand maxima.

The position of the energy minimu@E (z)/dz = 0, corresponds to the position of a
pinned domain wall. Moreover, the domain wall deymg condition, at a given critical
applied field valudi,.,;;, can be defined as the convergence of two extagntize same point

— the inflection point. The equation linking the@dl domain wall positiorz to the applied

magnetic fieldH,,,, reads

(1 — tanh(4z/1)?) <1 + 10" ) (Rz — Ry) +

27(R, + R, + (R, — Ry tanh(4z/1))’ A



+ % (Happ + Himoa(2))=0. (7)

At this point, we introduced the exchange lentgth= 2A4,,/uoM?. The numerical
solution of this equation is illustrated by theiddilack line in Figure 5(e). Equation 7 can be
considerably simplified for gently sloping modutats, when(R, — R,)/(R, + R;) < 1 and

|Hppoal <K |Happ|. In this case, the final position of the domainllwan be determined

analytically:
zp = —Atanh™ (/1 + kH,,)/4, where (8)
51 1013, 12
k= 9Ms(Ry—R1) (1 + 27(R1+R2)2)'

This analytical dependence is illustrated by theshdd red line in Figure 5(e). The

corresponding critical field is given by

__ 9Ms(R—Rq) 1013, m? )
Herye = 51 (1 + 27(Ry+Ry)2/" ()

This approximated relation gives the lower limitr fH.,;;. Magnetostatic domain wall
repulsion from a modulation due to surface poldsemwnot negligible, shiftél_,.;; towards
higher values. Nevertheless, the analytical forn@@)grovides a good estimation of the order
of magnitude ofH.,;; and the relation betweé).,;; and geometric parameters. According to
Eq.(9), the critical field is simply proportionab the slope of the modulatioiR, — R;)/A
with a negligibly small exchange correction forgardiameters. Thuél,.,.;; is almost a linear
function of R, in Figure 6(a) and naturally equals zero in theecaf a straight wire, where
R; = R,. The inverse proportionality betweéh,;; and the modulation lengthis illustrated

in Figure 6(b). This relation verifies the moderatalues of H..;; for gently sloping

modulations.
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V. ANALYTICSvs. MICROMAGNETICS

Figure 7 compares the critical field to the motiola parameters obtained from
micromagnetic simulations and those predicted by. E6) and (9). This comparison reveals
qualitatively similar tendencies. Moreover, smB}R; ratios and longi, corresponding to
gently sloping modulations, ensure the best filMeen the simulations and the analytical
expression. These parameters also provide thefibefsir expression describing the final
domain wall position as a function of the applieeld [Figure 8]. Indeed, of the three
simulations tested, that with the gentlest slopmgdulation [Fig.8(b)] showed the best
agreement with Egs.(7) and (8). In this case, thpesof the modulation satisfies the, —

R,) « A condition andH,,,,4| < |Happ|, which reduces the magnetostatic contributiorhef t
magnetic pole density stored on the modulationaserf40] and ensures better consistency
between the tanh-based and circle-based profil@s [Bhder these conditions, the analytic
formulae Egs. (8) and (9) become a valuable tookfperimenters. These formulae can be
helpful when determining the wire diameter and maulon sizes during the fabrication
process to attain the most favorable conditionglonain wall depinning and propagation.

The comparison between analytical expressionssandlated values is less accurate
for very abrupt geometries. In these cases theatlenibetween the two approaches becomes
pronounced due to several assumptions used in dldelmOne of the approximations relates
to magnetic charge distribution inside the domaadl.wr'he approximation of a uniformly
charged sphere turns out to be too rough and iswatlt reproduced in micromagnetic
simulations [Figure 9]. Although the magnetic clearg concentrated in the confined region
close to the center of the domain wall, its spatiatribution is far from constant within this
area. The magnetic charge isovalues for the filhgd-dimensional magnetic distribution
have a non-trivial shape, with a maximum at theteremwf the domain wall. Another

approximation showing limitations relates to théneated exchange energy. The hypothesis

11



of slow linear variation of the magnetization angleed here, by analogy with the one-
dimensional spin chain model, nears its limit wabrupt modulations. In addition, the
approximation of the uniformly charged sphere maydo rough for radii significantly larger

than the exchange length. To deal with this typeasfe, the domain wall width should be
scaled as the square of the radius [30]. Despésethimitations, our simplified analytical

approach gave a very reasonable estimation of ehavor of the critical depinning field in

response to the modulation parameters. The caseshich the assumptions used in our
model are too drastic should be covered by micraratg simulations.

Here, our analytical model was focused on a tramssvike domain wall. Typically,
dimensions of a few tens of nanometers, with a mari diameter value between 30 and 50
nm, should ensure transverse-like domain wall Btakior most common ferromagnetic
materials [41] and thus allow application of ounglified model. Larger diameters favor the
so-called Bloch Point Wall configuration. Althougihe magnetic charges and energy
distribution for both types of walls are very siamifor large diameters [30], an open question
is whether the linear relationship between the mi@pg field H.,;; and the modulation slope
(R, — R;)/A holds for magnetic textures that are differentrfriransverse-like walls. The
result of the corresponding experiments would mtevclues for further numerical and

analytical analysis.

V. CONCLUSION

This paper presents a theoretical study of trassvdomain wall behavior under the
influence of an applied magnetic field in a cireutaoss-section nanowire. In particular, we
investigated the domain wall pinning phenomenoselm the wire diameter modulation. We
proposed both a quantitative micromagnetic desonpof the domain wall behavior using

our finite element micromagnetic software, and rapdified analytical model which relates

12



geometric parameters to the critical magnetic fiekkeded to unpin the domain wall.
Numerical simulations and analytical predictionsdzh on an approximation of uniformly
magnetized magnetic spheres agreed best in the afagently sloping modulations. To
provide a more accurate analytical description ofmdin wall behavior close to the
modulation may require some correction of the madethe inclusion of additional energy
terms. These terms may concern such phenomenaoclasxémple, magnetocrystalline
anisotropy and its fluctuations in the polycrystal structure [42], any defects, domain wall
structure modification close to an abrupt modulati@r spin-polarized-current-induced
effects. Nevertheless, the analytical model deweddpere is a simple scaling law which may

be useful in resolving experimental and nanofatinoassues.
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FIGURE CAPTIONS

FIG.1: (Color online) (a) Cylindrical nanowire withodulated diameter from smaller value
2R to larger value R.. Modulation of the lengtii is centered relative te=0. (b) Circle-
based layout of the modulation. (c) Tail-to-tailnalmin wall displacement under the applied

magnetic field. The color scale bar indicates tmgitudinal magnetizatiom..

FIG.2: (Color online) Domain wall behavior far frortihe modulation. (a) Schematic
illustration of field-driven precessional motion tdie domain wall along the axis. (b)
Domain wall width as a function of the wire’s rasliltOpen circles correspond to the tanh-

profile fit. The blue cross aR=0 indicates the Bloch wall parameter valg;,., =

W. Red stars correspond to the domain wall widthmeged from velocities

simulated using Eq.(2). (c) Steady velocity of #imulated domain wall as a function of the
applied field. Solid lines correspond to valuesineéd by Eq. (2). (d) Simulated domain wall
rotational frequency in response to the field agpliThe solid line corresponds to application

of EqQ.(3).

FIG.3: (Color online) Relationship between energg domain wall width determined from
free drift of the domain wall. The red vertical Hasdicates the domain wall’s initial position.
(a) The internal energy of the system as a funatiotlomain wall position. (b) Domain wall
width as a function of its position. In (a) and @100 nm andR;=5 nm. Horizontal gray
lines correspond to values for a straight wire. 8Retch of the domain wall width
modification when entering or leaving the modulatitdatched area schematizes the total

volume occupied by the corresponding magnetic &arg
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FIG.4: (Color online) (a) Domain wall position owene. (b) Internal energy of the system as
a function of domain wall position. (c) Domain walldth depending on its position. In (a),

(b) and (c)=100 nm,R>=12.5 nm andR;=5 nm.

FIG.5: (Color online) (a) Schematic illustration dhe uniformly charged sphere
corresponding to the domain wall. (b) Domain wakeyE, as a function of the perfect wire
radius in the absence of applied field: comparisetween model values and simulations. (c)
Domain wall energyt, as a function of the domain wall's position foveel values of
applied magnetic field. (d) Magnetic field distritmn along the wire axis induced by the
modulation charges. (e) Domain wall position asiaction of the applied field, determined
by applying Eqg.(8) (red dashed line) and Eq.(7)ackl line). The following geometry

parameters were usd&i=5 nm,R-=10 nm and=100 nm.

FIG.6: (Color online) (a) Change to the criticalfi value depending on the larger radiis
as determined usirgq.(7) forA1=100 nm. (b) Change to the critical field valueaafnction

of modulation lengtHi, as determined by applying Eq.(7) =5 nm.

FIG.7: (Color online) Comparison between simulatatlies, Eq.(7) and Eq.(9). (a) Changes
to critical field value as a function of larger naglR>. All curves are plotted foRi=5 nm and
2=100 nm. (b) Changes to critical field value asiaction of modulation lengtH, All curves

are plotted folR;=5 nm andR>=6 nm.

FIG.8: (Color online) Comparison between simulataliies, Eq.(7) and Eq.(8). Final domain
wall position depending on the field applied. Ra¥5 nm,R=6 nm,1=75 nm; (b)Ri=5 nm,

R>=6 nm,1=100 nm; (c)R1=5 nm,R>=10 nm,A=100 nm.
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FIG.9: (Color online) Isovalues of a magnetic clegrgnduced by the presence of the domain
wall (a) close to modulation and (b) far from thedulation for simulated domain wap &

—M,divm) and uniformly charged spherne € cts).
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