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Micromagnetic simulations of magnetostatically coupled Nickel nanowires
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Magnetic structures and magnetization processes in arrays of closely packed Ni naflengtds

=1 um, diameterd=40nm, and period: 100 nnare investigated by means of micromagnetic
modelling. The simulations are performed with an algorithm based on the finite element method
combined with the boundary element method which allows for the accurate calculation of
magnetostatic interactions. Magnetization states of Ni nanowires at zero field are calculated. Only
few, simple magnetization configurations result to be stable. Transient states of the magnetization
indicate that magnetization reversal occurs by means of nucleation at the ends of the particles and
subsequent soliton propagation. Hysteresis loops of up to 16 interacting nanowires are simulated. It
turns out that magnetostatic interactions between the wires have a significant influence on the
switching field. © 2001 American Institute of Physic§DOI: 10.1063/1.1412275

I. INTRODUCTION ing the influence of the number of interacting wires on the
hysteretic properties like, e.g., the switching field of the ar-
Recently developed techniques for fabricating regular array.
rays of magnetic wires have given rise to several studies on The material and the geometry chosen for the simula-
the interesting magnetic properties of these systethslot  tions is inspired by experimental studies performed recently
much is known about the details of the magnetization proby Nielschet al® According to these experiments, the fol-
cesses occurring in arrays of closely packed magnetitowing model has been chosen for the simulation:

nanovyires. Even in single nanowires, surprisingly involved (i) Aregular, hexagonal array of wires is assumed. The
domain structures can be foufidrhe problem becomes oper.to-center spacing between the wires is 100 nm.

highly complex when the long-range magnetostatic coupling (i) The diameter of the wires is 40 nm, their length is 1
between the wires is considerét Therefore, modeling of
such systems is often subject to strong simplifications. For

instance, the magnetostatic interaction is sometimes treatq_qience, magnetocrystalline anisotropy is neglected. An ex-
by assuming that the wires may be regarded as digales. change constamk=1.05x 10~ ! J/m and a saturation polar-
other cases, the magnetization reversal mode of magnetig.:ion J=]J|=0.52 T have been chosen to simulate the
wires is assumed to be a uniform rotatibfihough many of micromagnetic properties of Ni.

the models based on simplifying assumptions yield good

agreement with experimental observation, their physical va- A Possible technical application of ordered arrays of
lidity is not clear. magnetic nanowires is a perpendicular data storage medium.

On the other hand, rigorous micromagnetic simulationsT NiS is probably better realized with shorter wires. If the

have been performed for single, isolated nanowires and eloffi@gnetization state of a nanowire is used as an information

gated particle& 2 In these cases, the magnetostatic interacUnit: the writing process could become problematic if the

tion of neighboring wires was generally omitted from the Wirés are toq long. In order to compare the computec_i results

simulation. to the experiments, however, the geometry of the wires has
In this article a different approach is presented to studyP€€n chosen as just described above.

the magnetic structure and the hysteretic properties of Nickel

nanowires. Instead of attempting to mimic an infinitely ex-

tended array of wires using more or less plausible simplifidl. MICROMAGNETIC BACKGROUND AND

cations, a magnetostatically coupled ensemble consisting G{UMERICAL METHOD

a comparatively small number of wires is modeled without

making simplifying assumptions concerning the magneticteri

Eg#cttgrs ﬁrrntirt]: dd'nplj)rft:;'rel(;jfshgr:zvl“\;::gzrf;zokgsthi?tdtirf]ffcﬁtsttgcgivenIarrané;ement of the magnetization in a ferromagnetic

relate the results directly to an infinitely extended array. Thissamlo © reads

procedure, however, allows one to analyze in detail the effect  Eiot= Eant Eexct Edem™ Ezee » (1)

of magnetostatic interactions from first principles by placingynere the terms on the right-hand side denote the anisotropy
an increasing number of wires on lattice sites and |nvest|gaténergy’ the exchange energy, the stray field energy, and the
Zeeman energy, respectively. These contributions are usually
¥Electronic mail: hertel@mpi-halle.mpg.de sufficient for micromagnetic simulations. For given material

(iii) The wires consist of nearly amorphous Nickel.

Equilibrium structures of the magnetization are charac-
zed by local energy minima. The total energy,; of a
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I

FIG. 1. (a) An array of nanowires as used in the calculatits).Magnified
view on the top of one wire. The lines represent the edges of the finite cos;
elements.

build up a regular array of nanowires, the same mesh is used
for each nanowire which is “replicated” by shifting the po-
sition of the nodes.

B. Energy minimization

The minimization of the total energ{2) has to be per-
formed with the constraint of constant magnitude of the po-
larization |J|=Js=const. This is achieved by representing
the local polarization vector with polar angles

sin; cosg;

JN=3.x| sind;sing;

: ©)

and minimizing the total energy with respectdoand ¢ at
each noda.

. The numerical implementation of the exchange energy
parameters and the external fiéld,;, the total energyl) of term is of the type

a ferromagnetic sample is uniquely determined by the direc-
tional field of the polarizatiod within the sample. Since the ] )
anisotropy in the case considered here is set to zero, the total Eexc—= k:;y ) S X Jics (4)
energy of the sample writ&s w
1 where the components of the vectgys j,, andj, are the
Eior= 2 A-(Vm)?— ZHg-J—Hge JaV. (2 Cartesian x, y, and z components, respectively, of
(V)i=xy.z 2 JD(9,,¢)1Js at each nodeé according to Eq(3), i.e., the
HereV, is the volume of the sample amq are the Cartesian discretized directional field of the magnetization. The matrix
components of the reduced magnetizatior=J/|J|. The X iS sparse which allows a fast evaluation of this energy term
vector field Hy denotes the stray field which is discussed@t low memory requirements even for large problems.
next. The discretized form of the Zeeman term is
The principle of the algorithm consists in minimizing the
total energy by varying the direction of the polarizatibmat Ezee= — 2 Hex J(9i,0)-AV;, (5)
discrete points and thus obtaining an approximation of an i=1N

equilibrium arrangement of the magnetization. where the summation is extended over all nodes &¥dis

the volume assigned to each ndde
Both, the exchange energy and Zeeman term can be
minimized easily by means of the conjugate gradient method
For the calculation, a discretized form of HE) is used. ~ which needs to be supplied by the gradieat&/dd; and
The volume integration becomes a sum of integrals over subE/dp; .13
regions, i.e., the finite elements. The polarizatibndis- The same holds, in principle, for the stray field energy.
cretized at the nodes of the finite element mesh, is interpoHowever, the stray field, is a nonlocal function of the
lated linearly within each element. Tetrahedral elements ofmagnetic structure, so that this energy term becomes too
irregular shape are used. complex for a direct evaluation, let alone the determination
Each nanowire is subdivided into 10 020 finite elementsof the gradients. Therefore, the stray field is determined
Figure Xa) shows an array of nanowires as it is used in theseparately by means of a magnetic scalar potential, as dis-
simulation. The discretization mesh is shown in Figh)l  cussed in the next section. For a given magnetic structure the
The circular cross section can be approximated very welstray fieldH is calculated. After this, the magnetic structure
using relatively few discretization points. This is an exampleis relaxed to an energetic minimum assuming a stationary
for the geometrical flexibility of the finite element method. demagnetizing field. The stray field is updated after the mag-
Regular cube-shaped discretization cells which are typicallyetization has relaxed. In practice, the energy minimization
used in finite difference methods would require a muchis interrupted after a maximum of 50 iterations and a refresh-
higher number of cells in order to approximate the shapenent of the stray field is performed in order to maintain a
realistically. close correlation between the magnetic structure and the
The triangulation is performed usimgHuLL.!! Some ef-  stray field. The process is repeated until convergence is
fort has to be made to remove and correct degenerate elesached, i.e., till the minimization routine is not able to fur-
ments which result from the triangulation if the body is notther reduce the total energy. The termination criterion for the
strictly convex. After this first triangulation, the mesh is fur- minimization is a fractional tolerance parameter which sig-
ther refined using a longest-edge bisection sch&niin nals that the minimization is completed if the routine fails to

A. Discretization

Downloaded 27 Nov 2001 to 195.37.184.165. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5754 J. Appl. Phys., Vol. 90, No. 11, 1 December 2001 R. Hertel

decrease the function value by more than this amount on one
iteration. Numerical experiments have shown that a relative &
tolerance of 108 is suitable. e

C. Calculation of the demagnetizing field

The stray field is derived from a scalar potentislac-
cording to

Hy=—VU. (6) S—

) . . . .. (b
The scalar potential for a given magnetic configuration is &

obtained by solving Poisson’s equation FIG. 2. Head-on domain walls resulting from the simulatits. Magneti-
zation of the domains oriented towards the wall @mdaway from the wall.
1

AU=—V-J. (7)
Ho is not a problem since at no time during the calculation is the
The boundary conditions completematrix required. In the present calculation, the ma-

trix is written and read in bundles of 500 rows and the matrix

Uilv=Udlav. (8) multiplication (11) is split up accordingly. Care must be
JU. U 1 taken to calculate the matrix elementsBivith high preci-
I —=% =n.] (9)  sion. As pointed out by Fredkin and Koehtérhis can be
|, Inf, Ho achieved either by means of numerical integration or by us-
ing analytic formulag® After trying both methods, the latter
and has been chosen because for growing raniBothe time
limU=0 (100  required for the preprocessing grows tremendously in the
X—00 case of numerical integration if a reasonable order of inter-

polation (about 16 is used. The matrix8—like all other
matrices used in the program—needs to be calculated only
once during the preprocessing.

need to be considered, whddg andU,, are the inward and

the outward limit of the potential at the surfag¥ andn is
the normal vector directed out of the sample.

The probIen‘(?)—(lO) is treated by splitting the potential Il. SINGLE, ISOLATED NI WIRE
into a sum of two potential§) =U;+U,. Poisson’s Eq(7) .
is solved forU; with Neumann boundary condition®), A Zero field states
settingU;=0 outside the magnetic particle. The values of  To investigate the possible stable magnetic structures in
U, at the surface can be obtained from the resulUgfby  a single nanowire, the energy minimization is performed at
means of a boundary integral. With these Dirichlet boundary;ero external field starting with completely random initial
conditions, Laplace’s equation is solved 1ds. configurations. This procedure has been successful in finding

Fredkin and Koehler were the first who applied this possible magnetic structures in thin film elements and ferro-
method to micromagnetic problems. They have provided anagnetic cube¥’

detailed description on this finite element method combined  The special geometry of the sample does not allow for
with the boundary element method to calculate magnetostatiignificantly diverse magnetic structures. The dominant ef-
fields!* Besides the high accuracy, this method has the adfect of the demagnetizing fielttshape anisotropy} favors
vantage of allowing one to calculate the magnetostatic interan alignment of the magnetic moments parallel to the sym-
action of separate particles without the need to discretize thgetry axis. Hence, if the magnetic structure of the wire is
nonmagnetic area in betwe&hThis feature is very profit-  subdivided in magnetic domains, the domains are regions
able for the calculation of magnetostatically coupled magwith magnetization in the direction of the symmetry axis.
netic wires as presented here. Except for minor deviations at the ends of the wires, the only

Numerically, the elliptic differential equations are solved inhomogeneous structures which result from the simulation
using the Galerkin method which yields a sparse symmetrigre head-on domain walls as shown in Fig. 2, the junctions
system of linear equations that can be solved numericallypetween the domains are 180° walls. This type of domain
e.g., with the biconjugate gradient methidAll matrices  wall is a typical soliton, which propagates without changing
involved in the calculation are sparse except for one densghape when exposed to an external magnetic field. An azi-
matrix B which is used to calculate the potential at the muthal torsion of the magnetic structure within the domain
boundary, wall is not observed. The domain wall structure does not

®.—BD (11) differ for the case that the magnetization in the adjacent do-

5 10 C .
mains is directed towards or away from the domain wall,

The vectors®,; and ®, contain the values of the potential only the direction of the magnetization is opposed. A combi-
U, and U, at the boundary nodes, respectively. This matrixnation of two 180° wall types is shown in Fig. 3. The result-
has the ranNsX Ng (Ng: number of nodes at the surface ing 360° wall is possibly one type of magnetic structure
and can become of considerable size. Storage of this matriwhich leads to periodic contrasts as observed experimentally
may even exceed the available memory of the computer. Thisy magnetic force microscopy.
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or in a single-domain state with homogeneous magnetization
parallel to its axis. Since the hard axis loops do not give
significant insight in the physical processes, they are omitted
~ here. In both cases of hard axis hysteresis lad@pggle do-

wall may also be found as a metastable magnetlzatlorh]ain and two-domain remanent statéhe wire saturates
technically at a field strength of about 260 mT.

FIG. 3. A 360°
distribution.

Nucleation, propagation, and orientation of solitons is

crucial for the magnetization reversal process, as will be dis®: Magnetization reversal

cussed in Sec. Il C. If an external field of sufficient strength is applied par-
allel to the wire, the magnetization reverses in a characterisic
B. Hysteresis way. Nucleation starts at the ends of the wires. When the

Hysteresis loops are investigated by applying eX,[emapucleation field is reached, the magnetization at the very end
fields ranging from+500 to —500 mT and back tot 500 of the wire rotates out of the axis and finally reverses. While
mT in different directions. The field is reducédcrementegl this happens, the rest of the sample remains mostly homoge-

in steps of=5 mT after a converged state is found. This is aneously magnetized antiparallel to the field. The reversal at

guasistatic simulation, i.e., dynamic effects of the magneti—One end of the sample leads to the formation of a soliton

zation reversal are not considered. Due to the special geon’{‘fhICh then propagates through the wire, thus reversing the
etry, the term shape anisotropy in this case is reasonable, aﬁgmplete magnetic structure. The; code used for the' calcula-
the direction along the wire may be regarded as an easy ax on d(_)es nqt acco_unt for dynamic effects. A dY”ar.“'C a_\lgo-

of the magnetization. Therefore, in the following, the hyster-rlthm Is desirable " order to detefm'”e the .SW'tChmg time.

esis loops are labeled as “easy axis” and “hard axis” IOopsMoreover, pre_cessmr!al effects during the sollt_on prppagatlon
according to the case when the field is applied nominaII)FOUId reyeal mter.estlng fegtures. These topics will be a_d—
parallel or perpendicular to the wire axis, respectively. Figuredressed in future investigations. Nevertheless, the nucleation

4 shows a hysteresis loop of nearly perfect rectangular shaﬂBeChan:{sT] can be o-bse.rvectlj aI;o b% analyzing t.hef tr_ansl,lent
where the field is applied nominally parallel to the wire axis, States of t € magn_e.nzatlon urng t € energy minimization
To avoid artificial, highly symmetric magnetic struc- &5 the routine modifies the magnetization towards the ener-

tures, the direction of the external field is slightly tilted off getic minimum. Recent studi€s _ShOW that the r.ever.sal
the 7 axis (2°) in the case of the easy axis loops. This pro_mechanlsm by means of nucleation and propagation is also

cedure has become common in numerical micromagnetiE:OunOI when Gilbert's equation of motion for the magnetic
simulationsi® moments is integrated numerically.

For the easy axis loop, a remarkably high coercive field . Six t_rar?sient states of th? magnetization reversa_l of a
of uoHexw=142 mT results. The coercivity is solely due to smg(lje N(; W'r? Ere shsowr;]m F.|g. 5. From the left- to.lr.'ght'
shape anisotropy, since magnetically the wire is assumed tlaan side of Figs. 5, the wires represent nonequilibrium
be ideally soft. The hysteresis has a pronounced rectangul&?agnet'zat'on states obtained with an increasing number of
shape. This indicates that the wire switches between tWgerations. The color scaling indicates the local component of
homoéeneously magnetized states the magnetization in the direction of the wire axis. In this

In the hard axis case, the remanent state of a nanowire &5 two solitons are creat_ed, one at each end. This process
not unique. Two different zero field states have been found® mvlerseh tof a sol_|ton—]:3\nt|s_ol|t;)n mlj_clea_tl%ﬁ’nlt\)/lore f(rje-Th
after the wire was technically saturated perpendicular to jrguently, the formation of a single soliton is observed. The

axis by an external field of 500 mT. The wire may either dropsw'tchIng %f N;::kell naQOV\lnres W'thl th|sdd|amet?r IS clc(ejarly_
in a two-domain state with a 180° wall in the middeg. 2 not given Dy L € classical reversal modes curling and uni-
form rotation. With increasing wire diameter, the onset of a

curling reversal mode is expected.

IV. HEXAGONAL ARRAY OF WIRES

025 - . By placing an increasing number of nanowires on hex-
: agonal lattice sites the effect of magnetostatic coupling on
the hysteresis loops is studied.

A. Easy axis loops

For the easy axis loops, the following tendencies result
for an increasing number of nanowirés: The coercive field
-50  -300  -100 100 300 500 decreasegji) the remanence decreases, &iid the satura-
toHex [mT] tion field increases. In other words, the rectangular hysteresis
FIG. 4. A hysteresis loop of nearly perfect rectangular shape is obtained ir|1OOp of a single nanQWIre beco.mes narrower ?nd She‘.’ﬂed
the case of a single wire. The field is applied nominally parallel to the wireWhen the magnetostatic interaction of the wires is taken into
axis (easy axis loop account.
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FIG. 7. Slow but continuous reduction of the remanence with an increasing
number of interacting wires.

.

FIG. 5. (Color) Magnetization reversal of a single Ni wire. The external
field is uoHeq=145mT. The magnetization is reversed by means of amagnetostatic interaction. The effect, however, is very small,
nucleation—propagation process. which is attributed to the small number of nanowires.
The last of the aforementioned effects of magnetostatic
coupling on the easy axis hysteresis loop, i.e., the increase of
The coercivity ranges fromuoH=142.5mT for a single the saturation field, is less evident from the obtained data. An
nanowire tougH=115.0mT for the case of 16 nanowires, increase from 130 mT for two interacting wires to 150 mT
which is the largest set used in the calculatich Fig. 6). for nine interacting wires is observed. Calculations on sig-
The aivailable data is not sufficient to convincingly extrapo-nificantly larger arrays are currently not feasible due to the
late a value of the coercive field for the cadg— o numerical costs. It is helpful to look at the magnetic structure
(N: Number of interacting nanowiresThe experimental 0f a “large” set consisting of 16 wires near the coercive field
resulf for the coercive field of a large array of magnetic to elucidate this effect. Figure 8 shows the magnetization
nanowires with the parameters as assumed hergqkc state of 16 nanowires after saturation and subsequent appli-
=100 mT. In the simulation, this value is approached wellcation of a reversed fielgtoH¢,=120 mT. Half of the wires
with an increasing number of interacting wires, whereas dave switched in direction of the applied field. Note that this
single nanowire results in having a significantly higher coerield is not strong enough to switch a single decoupled wire,
cive field. cf. Fig. 4. The reversal of some wires occurs because the
The normalized remanence of arrays of a different size istray field of neighboring wires adds to the external field and
shown in Fig. 7. Clearly, the remanence is reduced with aheads to a higher field to which the magnetic moments are

increasing number of interacting wires as a consequence @&ffectively exposed as compared to a single nanowire. For
the same reason, the magnetic structure of an ensemble as

shown in Fig. 8 is more stable with respect to an external
field than a single wire. If a magnetic field is applied in the
direction of the axis of symmetry which is strong enough to
switch most of the wires, those wires which are still magne-
tized antiparallel to the field are confronted with the stray
field of the reversed wires which is oriented opposite to the
external field and hence reduces the local fiél@herefore,
saturation is reached at higher field strength compared to a
single wire.

150 ——— — T

]

e
(23
o
T
L

B. Hard axis loops

C_gercive field

Magnetostatic coupling affects the shape of the hard axis
loops qualitatively in the same way as just described for the
P PR— . case of the easy axis loops. However, since the hard axis
1234 7 9 16 :

. hysteresis loops are already narrow and show only very
Number of nanowires small values for coercivity and remanence, the shape of the

FIG. 6. The coercive field decreases with an increasing number of interacpystereSiS Ioop_s hardly ch_anges \_Nith the n_Umber of wires. A
ing wires. typical hard axis hysteresis loop is shown in Fig. 9.

110
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FIG. 8. (Color) Perspective view on 16 nanowires near the coercive field.
The colors represent thecomponent of the magnetization: The blue wires
have switched while the red wires are magnetized in their original state. The
small yellow regions indicate the onset of magnetization reversal.

LA s RN

1R
L

LT |

The remanent state of the wires is usually a two-domairFiG. 10. (Color) Zero field magnetization state of an array of nine nanow-
state with a 180° wall in the middle. These domain state:ifes after satyrati_on pe_rpendicular to_the wire axis. The magnetic configura-
result from magnetostatic coupling between the wires. If arfio" ©f the wires is split in two domains.
ensemble of wires is technically saturated perpendicular to
the wire axis by means of a sufficiently strong external field . | o i i i
Hexi, the stray field of this arrangement is inhomogeneous a({ilrect{ons within eaph wIre, Ieadm.g'—m general_—to a tW,O'
the ends of the wires. As the external field is reduced to zeroqomaIn state, cf. Fig. 10. The origin of magnetic domains

these inhomogeneities align the magnetization in oppositg\"th an oppos_lte _orlentatlon IS S'm_”ar to the format|0n of
radial magnetization components in a “flower state” in a

cube-shaped ferromagnetic samfflayhere a homogeneous
magnetization leads to an inhomogeneous demagnetizing

075' field near the edges. In fact, a similar inhomogeneous ar-

. rangement of the magnetization has been reported previously
05 for isolated, elongated permalloy particles near saturation in
the hard axis directio® These simulations also yielded in-
0.25 . . .

n homogeneous magnetic structures at zero field after a field of
~ o sufficient strength was applied in the hard axis direction, and
5& - corresponding experimenfshave confirmed this behavior.

w035 - Due to magnetostatic coupling, however, in a set of closely
05 - packed wires, the inhomogeneity spreads over the whole ar-
- ray and the symmetry of the magnetic structure within each
~0.75 - single wire of the array is broken. This leads to a distribution
-1 . A L of wires which, after switching off the hard axis field, drop
=500 300 -100 100 . 300 500 into different magnetization states, namely of the type

poHex: [mT] and (b) in Fig. 2.

FIG. 9. Hysteresis loop of a coupled set of seven nanowires. The field is _Hystere_sis is d_etermined ma_inly by the re_V€'isa| of do-
applied perpendicular to the symmetry axis. main walls in the middle of the wire. A magnetization rever-
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