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Nonlinear dynamics of vortexlike domain walls in magnetic films with in-plane anisotropy
in a pulsed magnetic field
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The nonlinear dynamic behavior of domain walls with a vortexlike internal structure moving under the
action of a pulsed magnetic field in magnetic films having an in-plane anisotropy was investigated by numeri-
cal solving the Landau-Lifshitz equations. In the framework of a two-dimensional model, the main interactions,
including a dipole-dipole onén the continuum approximationare explicitly taken into account. Isolated and
periodic field pulses with arbitrary amplitude and duration are considered. A possibility of transitions between
various stationary states of wall motion induced by the pulsed fields is predicted. The transitions are shown to
occur by the complicated nonlinear rearrangement of the wall structure. There are two distinctive intervals of
pulse duration in which the nonlinear dynamic rearrangement radically differ. The film thickness and the
magnitude of saturation induction are the main factors that have an influence on the transitions between
stationary states. The periodic field pulses are established to govern the regime of wall motion, in particular, to
alter the period of dynamic structure rearrangement of walls moving in a constant magnetic field. Moreover,
the periodic field pulses may either completely suppress the nonstationary motion or, on the contrary, promote
its development in the propulsive fields below some critical value.
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I. INTRODUCTION the wall nonlinear dynamics in magnetic films with in-plane
anisotropy.
Domain walls are nonlinear objects localized in spaue In view of development efforts of the miniature inertialess

the order of hundreds of nmthat separate adjacent uni- and energy-free memory in magnetic films with a large per-
formly magnetized regiongdomaing. In magnetic films pendicular anisotropyquality factorQ>1, Q=K/27M2, K
walls have a much more complicated internal structsee, is the constant of uniaxial anisotropy aki is the saturation
for example, Refs. 1 and)2han initially assumed.In the ~ magnetizatiopy a considerable understanding of nonlinear
presence of an external magnetic field directed along th€ynamic behavior of such films has been obtaih&dr films
magnetization of one of the domains the walls not only moveith an in-plane anisotropy and low quality fact@®<1),

but also change their internal structure. These changes majportant achievements in nonlinear wall behavior were
be of a global nonlinear character. They are topological soliféached during the last decade. Such films are also used in
tons having internal degrees of freedom. We believe that thi€ information read-out heagsee, for example, Refs. 6»:8
study of such nonlinear objects is of essential importance fop®Me 1ag in the studies of nonlinear dynamics of walls in
nonlinear physics. A wall is an array of elementary magnetiéhese films is related to the important role of dipole-dipole

moments, each of which behaves as an isolated gyroscop'@.teracuon that is difficult to explicitly take into account due

Walls not only move in response to external fields, but als#ﬁ;tivle?l?sg;S‘Sg:r(s:htgrggtir]-eHrg\(l)vsetviitc’(atrgestlir:gemal structure of

show inertial properties, the gyroscopic properties of el- The internal structure of a wall is asymmetric and vortex-

ementary moments leading to several peculiarities, such 3fke as was initially shown by LaBorfgsee also Ref. 10

the appearance Of, wall rgtrograde motfon. . i Such a structure was obtained by the numerical minimization
~ Wall dynamics is also important for applications, in par- uf the full energy functional, in which within the framework
ticular, for the electromagnetic loss and magnetic noise, fopf 4 two-dimensional magnetization distribution all the main
optimization of the high-frequency information read-out, andtypes of interaction—an inhomogeneous exchange, a mag-
estimation of the time of pulsed magnetization reversal ofetic anisotropy, and a dipole-dipole ofia the continuum
films, etc. The estimation of properties on the assumption ohpproximatiop—were taken into account for the first time.
the Bloch character of walls can lead to substantial efrors.The asymmetric vortexlike structure of the walls seems to be
The nonlinear dynamics of domain walls in magneto-orderediniversal existing in the films in a wide range of their thick-
materials has many branches. Walls exist in ferromagnetioess, since such a structure allows for more complete mag-
and antiferromagnetic substances, as well as in the materiafeetic flux closure in the films than other structures. Only in
with other types of magnetic ordering. They exist in bulk films with small thicknesgless than 40 nm in Permalloy
specimens, small particles, and thin films. There is a widdilms) the Néel wall becomes more favorable. This is valid
variety of wall structure peculiarities in single-crystal films only in the absence of a surface anisotrépgimilar asym-
with different types of anisotropy, as well as in magneticmetric vortexlike walls exist in single-crystal films with a
uniaxial films with a perpendicular and an in-plane aniso-cubic symmetry? There are a series of papers in which the
tropy. Along with the general laws, specialized methods arexistence of asymmetric vortexlike walls is supported
required in each case. We confine ourselves to the study @fxperimentally->-16
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y DOMAIN: numerical minimization of the functionalper unit length
along thez axis)
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FIG. 1. Geometry of the problem.

- %Ms(m : H<m))}dxdy. (1)

Here the first, second, and third terms are the density of
The pioneer studies of dynamic properties of the wallsthe exchange, magnetic anisotropy, and dipole-diial¢he
with a vortexlike structure are described in Ref. 2. In ourcontinuum approximationenergies;A is the exchange pa-
opinion, Yuan and Bertrafrhave advanced this, demonstrat- rameter,c is the unit vector along an easy axin=M /M,
ing that the effective mass of a wall with a vortex structureH™ s a magnetostatic field determined by magnetostatic
may exceed the mass of a one-dimensional Bloch wall bequations with the usual boundary conditions. For solving
two orders of magnitude. Moreover, they showed that at thehe problem we use the constancy of the magnetization ab-

nonstationary motion of wallgn the fields above some criti- solute value and the following boundary conditions:
cal valueH,) the nonlinear rearrangements in their internal

structure occur. [m % 5_““}

In a series of papers, we demonstrated a strong influence ay
of a surfacl:7e anisotropy on the nonlinear dynamics of vortex-
like walls;*" predicting subperiodic velocity oscillations in =+ = =
the fields aboveH.,'® revealed a nonmonotonic dependence Mhesaz= 21 Mz =0, Mlewaz =0 (3)
of a critical fieldH, on a film thickness and the saturation ~ For numerical minimization of the functiongl) we fol-
induction?%20 etc. All these results were obtained for the lowed the method developed by LaBofitéccording to it, a
case of walls moving under the action of a constant magnetitectangular grid divides the regidd into small cells. The
field H. More generallyfor example, in the studies of pulsed regionV is divided into parallelepipeds stretched along zhe
magnetization reversal processes of magnetic filnme  axis, whose sidewalls are parallel to the coordinate plazes
knowledge of a wall dynamic behavior in pulsed magneticandyz The cells are assumed to have macroscopic, but so
fields is required. At present there are no papers on the dysmall, sizes that in every point of each of these parallelepi-
namic behavior of asymmetric vortexlike walls under thepeds them direction may be considered to be uniform. Along
action of a pulsed magnetic field. Current studies in constarife z directionm=const. Them orientation inD varies from
fields reveal that the process of dynamic rearrangement of @€ll to cell. One can find the details in Refs. 18 and 20.
wall structure occurs nonuniformly in time, such that some The numerical calculations were carried out on the grids
transient wall configurations have greater lifetimes than thavith various numbers of cells and varioagb ratios. The
others. As a consequence, there is no need to supply a cofaximum mesh of the grid was 9030. The greater number
stant field, but it is sufficient to switch on a single pulse of aof cells significantly increases the computation time, but only
magnetic field of a particular duration. Such magnetic fieldslightly changes the numerical results. Tab ratio varied
pulses may be used to induce transitions between differedt the range 3Ia/b<6. We used the magnitudes
stationary wall configurationén the fields belowH,). A=10"° erg/cm, K=10® erg/cn?, and Ms=800 emu crf¥,

This paper is devoted to such nonlinear phenomena. Mhich are characteristic of Permalloy films, as the basal pa-
will be shown, in particu]ar, that with a choice of pu|se pa- rameters of the film. For the end of the Computations, we
rameters one can either vary the period of dynamic rearutilized the widely used criteridr?*! proposed by Aharorfi:
rangements in the internal structure of domain walls or comFigure 2 shows then distributions in thexy plane that is

=0; 2
y=+b/2

pletely suppress their nonstationary motion. perpendicular to the film surface and to easy axis.
Walls with theseM configurations in they plane are the
Il STATEMENT OF THE PROBLEM AND BASIC asymmetric Bloch walls of LaBonteand Hubed’. The m
EQUATIONS projection is seen to vary from domain to domain in such a

way that a magnetization vortex appears. Upon the transition

We consider a uniaxial magnetic film of thickndssvith ~ from one domain to the other tlzecomponent ofn varies as
a surface parallel to thez plane and an easy axis directed well. The central dashed line in the figurg=yq(x)] corre-
along thez axis (see Fig. 1 sponds to a zero value of, (the wall center and is asym-

The magnetic state of the film corresponds to two do-metric with respect to thg axis. Two other lines of then,
mains with uniform saturation magnetizatioMs, oriented =const level are drawn such that between themnthairec-
along 4z(-2) atx>a/2(x<-al/2). We assume that a domain tion varies by about 60°. We designate a wall right asymmet-
wall is entirely located in a regio¥ with a rectangular cross- ric, if its vortex center is located to the right from the central
sectionD in thexy plane and a length along thex axis. The  line and left asymmetric otherwise. The walls in Figéa)2
magnetization configuration is assumed two-dimensionaand 2b) are left asymmetric and in Figs(@ and 2d) right
(M=M(x,y)) in the regionD. The equilibrium configura- asymmetric. The walls may have different chiraliydiffer-
tions corresponding to minimal enerdy can be found by ent direction of the magnetization curling in a vortex
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To numerically calculate the expressi@h with boundary
CICTTEZEIILIIIL L conditions(2) and(3) we use the same spatial grid as upon
CrrTTIIRRI I the minimization of the functionaE. We also use the
P ;} } b predictor-corrector metho@ee Ref. 25 The distributiormg
DDA LA (i.e., m in each cell of the spatial grjds initialized at the
DIlIITZEZGLLL L (B) moment 7=0. The m, configuration is determined by nu-
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merical minimization of the functiongll). In the first step
(predictop an iterationm, 4 is determined by the formula
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‘ In the second stefrorrectoy the iterationm,, is finally
: determined:
v AL
NN ::::::: (d) Mpe1 = My + Arf (7m0, ). 9)

The time stepAr is variable, being chosen such that the
FIG. 2. Possible static configurations of the magnetizationmaximal rotation angle of the magnetization vector in a cell
in asymmetric domain walls, having the same enetgy;and (d) is less than a given value.
differ from (b) and (c) by chirality. Films with basal parameters,  We used random perturbations of arbitrary amplitude at
b=50 nm. an arbitrary time and arbitrary initidil configurations to
evaluate the stability of the solutions. A shift of the compu-
All four walls have the same energy, so we have four-foldtation region was used to keep the waII centered to the line
degeneracy over the magnetization configuratign®-fold  (m,=0). On this line, the quantltynx+my acquires its maxi-
over chirality and two-fold over a symmetry typd@he struc- mum value and it is just the quantity that is computed for
tures shown in Fig. 2 are stable in a wide range of magnetiwvall shifting. The static solutions described previously are
parameters and film thickness. Our studies revealed the ewbtained quickly and used as initial conditions for the dy-
istence of the other two-dimensional wall structures, but theynamic solutions.
turn out to be metastable, except for the special céses
Erzfd Ilr?R,Zzlrr;rgeatgg ;tsrfjctures with two walls are consid- lIl. RESULTS AND DISCUSSION
The study of nonlinear dynamics of the domain walls de- A. General results
scribed was done by a direct numerical solution of the

Landau-Lifshitz equatiof? written in dimensionless form: The structure of a wall changes with time under the action

of either constant or pulsed magnetic fields and a large num-
m ber of various instantaneous wall configurations appear upon
(1 +a2); ==[m X het] —alm X[m X heill, (4)  its motion. Some of them are retained after switching off

external fields, for example, those shown in Fig. 2. They are

wherer=yM, t is real time,y is the gyromagnetic ratiay stable, but there also exist metastable configuratises be-

is a dimensionless Gilbert damping parameter related to thiew). Such configurations may alter in the presence of exter-

isotropic local damping parametarintroduced by Landau nal fields.

and LifshitZ* by the relationa=\/|y|Mg, h¢; is a dimen- A certain critical fieldH, (bifurcation field was shown to

sionless effective field in which the magnetization moves: exist, below(above which the walls with a two-dimensional

M distribution move stationargnonstationary*® In particu-

hegs=he+h™ —ky(m -c)c+h, ) Jar, for fields slightly higher thai,, the wall internal struc-
where ture and velocity vary periodicafly with a periodT. The
period strongly depends on the total field directed along easy
h.= (?Z_m + @ axis. If a wall has one of configurations shown in Fig. 2, then
¢ 98 o’ some transient process occurs after applying the HetdH,
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classical characterand the thickness dependence Hyf is
almost lineat? Permalloy films withb > 65 nm, whose char-
acter of dynamic rearrangement of a wall structure substan-
tially differs from classical behavior, are relatively thick.

V(10? mss)

B. Interwall transitions induced by isolated pulses

If an additional pulsed magnetic field; is applied to a
wall with a certain magnetization configuration moving in a
constant field, then its configuration and velocity change. It
seems natural that the wall structure and velocity should re-
lax to the initial state after switching off the pulsed field.

FIG. 3. Time dependence of the velocity of walls with different HOWeVer, as our numerical experiment show, the situation is
chiralities. A transition to the stationary motion is shown for films more complicated, and the results substantially depend on
with basal parameter§=50 nm,H=90 Oe, andx=0.1. the duration of applied pulse &t+H;>H_. Three different

pulse duration ranges can be discriminat@dg:0 < At<<At,,
along thez axis. During this process an intrawall vortex be- (2) At,,<At<Aty, and(3) Aty <At<At,+T/2, resulting
gins to shift to one of the film surfaces: to the lowappe) in quite different final steady states after the nonlinear dy-
surface on the left-sidéright-side wall, which is shown in  namic rearrangement of a wall internal structure. Hetrgis
Fig. 3 for two opposite directions of the constant externalthe minimum pulse duration, beginning with which the rear-
field. This effect of vortex shifting was described in Refs. 5,rangement of a steady state configurati@xisting in the
10, and 15 and is related to the gyrocoupling foift@he field H) occurs.Aty, is the minimum pulse duration, after
vortex center localizes at some distance from a film surfaceswitching off of which a steady state o&3ype (but with an
and then the walls with such configurations move stationaryopposite chirality is formed. T is the period of the wall
The wall structure and velocity do not change upon stationstructure dynamic rearrangementtat-H. (see Sec. Il A.
ary motion in a constant field, and sudh configurations
that are formed after all transient processes are called steady
state. Apart from the configurations shown in Fig. 3 one o
more Conﬁgura‘[ion’ name'y' the Née| Waﬂee below and In a trivial (1) case, Whemt<Atm, the wall structure and
Ref. 10 is also steady state, but it is metastablédatO. velocity actually relax to the initial state. More interesting

All the other configurations are merely intermedigite ~ results are obtained in(2) At,<At<Aty and (3)
stantaneous statethat appear during nonstationary wall mo- Atw <At<At,+T/2 cases that will be called the short and
tion and disappear upon stationary motion and after switchlong pulse duration range, respectively. We studied the wall
ing off the fields. It should be noted, however, that anyvelocity and dynamic behavior for a wide set of parameters
solution, including intermediate, is stable. In other words,and pulse durations. Figures 4 and 5 show typical changes of
given the same parameters in every repeated numerical eme wall VEIOCity averaQEd over the film thickness and instan-
periment a wall undergoes the same sequence of intermedid@neous magnetization configurations for two different pulse
states. Moreover, we used random perturbations of arbitrarjurationsit; e (Aty,, Aty) andAt, e (Aty, At +T/2).
amplitude at an arbitrary time to estimate the stability of A constant magnetic fieltH=90 Oe along the axis is
interwall transformation sequences during long time inter-switched on at=0. Then initial 4a) and Ja) wall structures
vals. We consider the dynamic behavior of domain wallsrearrange to the steady state movirig)4and b) structures,
subjected to either isolated or periodically repeated pulses affter which field pulses of various durations are triggered.
magnetic fieldH; directed along an easy axithe z axis).  The lettersl and O denote the switching on and switching
The pulsed field is either added to constant magnetic field off of a pulse, respectively. It seems natural that the wall
also directed along the axis, or the constant field may be structure should relax to the initial steady statglsown in
zero. Although data presented is for rectangular-shapeffigs. 4 and pafter switching off the pulsed field, but, given
pulses, the main conclusions are also valid for smoothet, H., and pulse durations, the other physical phenomena
pulses. The wall behavior is different when the total appliedoccur. First, the character of transition to a new steady state
field H,=H+H; is below or above the critical field, even if  of the wall motion after switching off of the pulse substan-
H<H. The most interesting situations we consider occurtially depends on its duration, second, the final statagne-
when(1) H<H.<H; and(2) H>H.. tization distribution after transient process terminafialso

As was shown in Refs. 5 and 18, the character of thelepends on the pulse duration. Thus, transitions between dif-
dynamic rearrangement of a wall structure under the actioferent steady states occur by the nonlinear dynamic rear-
of an external field applied along an easy axis and exceedingngement of the wall internal structure. Thedand Ha)
the critical fieldH; varies with varying film thickness within steady states with a velocity 6155 m/s are established in
quite a narrow thickness range about some critical valjue ~2 ns. After that, pulsed fieldd; may be triggered at an
We will call films relatively thin ifb<b. and relatively thick  arbitrary time instant,, and the result does not depend on
otherwise. Permalloy films are relatively thin forx65 nm, the instant. The data in Figs. 4 and 5 refetde110 ns and
where the dynamic rearrangement of a wall structure has H;=15 Oe.

1. Interwall transitions in relatively thin films
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FIG. 4. Time dependence of the velocity of
walls in a constant fieldH=90 Oe and pulsed
field H;=15 Oe, 50 nm thickness=0.1. Instan-
taneous wall configurationg)—(d) illustrate the
rearrangement of a wall during its motion. The
pulse beginning and ending times are denoted in
the figures by the letterk and O, respectively.
The pulse duration iat=0.64 ns.

2. Interwall transitions for short range of pulse duration the wall. Then near the upper surface, an asymmetric vortex
In this case, the pulse duration was chosen to p&ucleates with a chirality opposite to the initial vortex chiral-

At;=0.64 ns. After switching off the pulse the vortex contin- '%: @nd the wall transforms to the asymmetric Bloch wall
ues to shift to the lower film surface, and finally the wall With & vortex shifted to the upper surfacéfp Finally, after
begins to rearrange to the asymmetric Néel @iy. 4(c)] vortex traverses the film center and shifts to the lower sur-
its velocity begins to decrease. Then at some time instant th&ce 39), the steady state configuratiofih} differing from
pulse is switched off, but the rearrangement continues. 1€ initial S(b) structure by chirality is established. In con-
particular, the wall in Fig. 4 transforms to the asymmetrictrast to Fig. 4 after switching off of the field pulse a compli-
Néel wall with a structure depicted in Fig(e}, its velocity is ~ cated relaxation of a wall structure to a new stationary state
minimal and the spama of the central line(the distance Occurs that consists of a sequence of nonlinear dynamic
between projections of end points onto a film Surjamxi_ transformations in the intrawall magnetlzatlon dlStrlbUtlon,
mal. Thus a new steady state of a wall is gradually estaband, as a result, the(ly) — 5(h) transition takes place.

lished with a 4d) structure(Aa; <Aa) and with a velocity

that differs from the velocity of a wall with a(#) structure, 4. The nature of interwall transitions and comparison

or, in other words, a @) — 4(d) transition occurs. The same of transitions at different pulse durations

transitions occur for allAt, e (Aty, Aty). Note that ifH; is The nature of such a great difference in the wall structure
sufficiently high (comparable taH), then At, can be esti-  relaxation after switching-on pulses of different durations is
mated by the time of a(4) structure appearance. related to the mechanism of a wall motion elucidated in Ref.

4. According to Schryer and WalKea wall moves only after
the appearance of magnetization compongit, normal to

If after establishing the steady state motion with tiie)5  the film surface, or, in terms of one-dimensional Bloch walls,
structure a pulse of the field;=15 Oe andAt,=2.9 ns du- only after magnetization deviates from the film surface.
ration is switched on, then dynamic rearrangement of théThese deviations di>H_ are not stationary due to the vio-
structure occurs differently. In this case, after the pulsdation of a balance of angular momentussee Refs. 4 and
switching on a wall transforms to the asymmetric Néel wall27), and the magnetizatioM begins to precess about an
5(c), as in Fig. 4. When the wall structure becomes similar toeasy axis. As a consequendeyl, begins to oscillate induc-
the classical Néel wall (8) the field pulse is switched off. ing the dynamic rearrangement of a wall struct(see the
The widthAt, will be denoted byAty, that is minimal forAt,  details in Refs. 4, 5, and 17-RQt is clear that if before the
and maximal forAt;. As is seen in Fig5 a complicated pulse termination the deviatiahM, does not reach its maxi-
rearrangement in the internal structure of a wall occurs, andhal value(AM,) .« (lways less than the saturation induc-
a wall with a §d) structure transforms to a wall with g€  tion), then it relaxes to the last of the previous steady state
structure that is also the asymmetric Néel wall, but with ansolutions. If the field pulse is switched off after reaching
opposite chirality and opposite tilt angle of the central line of (AM,)mas then the magnetization precession continues until

3. Interwall transitions for long range of pulse duration

v(10% mis) =

FIG. 5. The same as in Fig. 4, but pulse du-
ration At=2.9 ns.

H o o = m
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the wall reaches the nearest stationary state. Figudg 5 3160'
shows the magnetization configuration that corresponds to = 1o}

the maximal value oAM,. Note that it is not stationary. The

stationary configurations are only the asymmetric Bloch wr

walls with vortexes that have unequal chiralities and are 100f

shifted to a film surface, and the asymmetric Néel walls with ool

unequal chiralities and opposite tilt of the central litibe

latter is valid only forH=0). If H+# 0, then the 4c) configu- “L - L L .
ration is the only stationary one, while thésf configuration ' ' ' " 5(10%wm)

is not stationary for the chosen field directi@fllz). It will o _ _

be stationary only with the field reversed. Thus, short field FIG. 7. Dependence of the critical field on the film thickness,
pulses can change the internal structure of domain walls?=0-1.

This could be applied to magnetic recording and read-out. In

cases considered up to three stationary states can be offates. Figure 6 shows that the high#rthe shorter these
tained. The initial state of a(¥) type that is formed after times.

applying an external magnetic field and terminating all the Such behavior results from the following. Whéh de-
transient processes where the intrawall vortex is shifted tgreases, the fieltH; approaches the critical fieltl. from

the lower film surface and the magnetization curliogiral- ~ above. According to Refs. 18-20 the period required for the
ity) in it corresponds to the counterclockwise rotatiorMbf ~ nonlinear dynamic rearrangement of a wall increases. As a
and for a field pulse duration equal &d; the wall structure  consequence, the lifetime of intermediate wall configurations
transforms to a @) type structurgasymmetric Néel wall increases.

One can recognize the rearrangement of the asymmetric

Bloch wall to the asymmetric Néel wall by its velocity, since 5. Interwall transitions in relatively thick films. Effect of

the velocity of the asymmetric Néel wall is greater than the saturation induction

asymmetric Bloch wall velocity. The velocity difference here ¢ quantitiest,, andAt,, also strongly depend on mag-

IS only_ about 16%, but can be increased if the fieldH,, netic parameters and film thickness. The character of inter-
for which the wall moves in a steady state before a pulsgya|| yransitions induced by the pulsed field may radically
switching on, which is less tha=H,, the field, for which ¢ ange The nature of such a behavior is related to the de-
the wall moves in steady state after a pulse switching off o gence of critical fieldH, on the above mentioned param-
From Fig. 5 it follows that.|f alpulse duration is equalao;, eters. In particular, as it follows from Figs. 7 and 8, the
then after the pulse termination the wall becomes an asynyenangence of critical field on the film thickness and satura-
metric Bloch wall, but with a chirality opposite to that of the magnetization proved to be nonmonotonic, the physical

initial asymmetric Bloch wall. Two such walls can be distin- ye450n for which is the change of the character of dynamic
guished by applying a small field,<H,. In the fieldsH, of rearrangement of the wall structure witb and My
opposite directions the wall vortexes shift to opposite ﬁlmincreasingl.glzo

surfaces. Givetd; and film parameters, thi&t; andAt, obey Whenb and M, are increased, thésd) configuration be-

thﬁ CO{_]Qltl(:QsAtm_sﬁtlfsAtM ﬁmd AtMgAt?g?t_mz;/Z];_ g comes unrealizable due to a great increase of the density of
where 1115 the period ot a wall rearrangement in the 1ield , ), j3q magnetostatic charges. The change of rearrangement

Ht:HdJrHi't.T his .fiel? etﬁc?eigs the crt[ttigal fielzCA;rhelabove character occurs for such film thickness that corresponds to
considerations imply that the quantitiag, andAty play an — yne mayimum of theH.(b) curve. Hence, the transitions

important role in the transitions between different stationaryshown in Figs. 4 and 5 should occur in Permalloy films when
50=<b=65 nm. Forb> 65 nm the character of the nonlinear

20 5 .
% wall dynamic rearrangement changes. The steady state wall
= configurations and interwall transitions induced by the
<
] 200
3
=, 160
)
120F
" . 8o
0 "0 40 60 8 100 120
H; (0e) 40f , , . . ,
o ) 6 8 10 12 14 .16
FIG. 6. Dependence of minimal pulse durations on the M;(10°G)
pulsed field. Solid circles Aty (b=50 nm. Open circles
—-Aty (b=100 nnm). Crosses At,, (b=50 nn). Solid rectangles FIG. 8. Dependence of the critical field on the saturation mag-
-Aty, (b=100 nm. Films with basal parameters,a=0.1, netization, 50 nm thicknes=0.1.
H=90 Oe.

174411-6



NONLINEAR DYNAMICS OF VORTEXLIKE DOMAIN... PHYSICAL REVIEW B 70, 174411(2004

FIG. 9. Time dependence of the velocity of
walls in constant fieldd=90 Oe and pulsed field
H;=15 Oe, 100 nm thicknesg=0.1, pulse dura-
L ) tion At=0.6 ns. Wall configurationga)—(e) illus-
118 300 3005 trate the rearrangement of a wall during its mo-

t(ns) tion. The pulse beginning and ending times are
denoted in the figures by the lettefsand O,
respectively.

V(10° mss)

pulsed field also change. Three ranges of the field pulse dwstructure and velocity of the wall do not relax to the previous
ration: (1) At<Aty,, (2) At <At<Atyy, and (3) Aty state. Instead, the wall structure continues to rearrange in a
< At=<At;,+T/2 are possible in this casAt,, is the mini-  complicated way passing a whole sequence of instantaneous
mal pulse duration, with which the rearrangement of an ini-configurations. Two of therfc) and(d) are shown in Fig. 9.
tial steady state of a&@Btype begins.Atyy, is the minimal  Finally, a new stationary statg& is established similar to
pulse duration, at which an initial steady state ofcatoe  the 3c) state, but differs from the latter by that it is obtained
begins to decay. And again, for pulse durations from th&rom one and the same left-asymmetritaP configuration
first range At<At;, a wall relaxes to the initial state. ajong with the 9b) configuration. At the same time, théc3
More interestingly case&) and(3) will be called the short configuration is obtained from the right-asymmetriéc)2
and long intervals. Figures 9 and 10 show the transitions fogqnfiguration by applying a constant field of the same value
the films 100 nm thick and the same other parameters as g direction(along thez axis) as the configuration in Fig.
Figs. 4 and 5. 3(a). Thus, the pulse of theAt; duration induces a

Pulse durationsAt; and At, correspond to the short o), g(e) transition from a wall with a left-asymmetric
and long intervals. Thelty, is a minimal pulse duration, - o iguration whose vortex center is shifted to the lower sur-
from which the rearrangement(t9 —9(c) begins, and the  ¢;.6 15 4 wall with a right-asymmetric configuration whose
Atyy is a minimal pulse duration required for beginning theorex center is shifted to the upper surface. Using such
10(e) — 10(f) rearrangement. A wall velocity decreasing canpises, we were unable to obtain the asymmetric Néel struc-
reveal the onset of such a rearrangement. ture for the thicknesses we examined.

Thus, two different types of dynamic wall rearrangement
ex!st depending on what dura_ltlon_ of a pulge is chosen. The7. Interwall transitions for the long interval of pulse durations
existence of two pulse duration intervals is caused by the
same physica| reasons considered above for exp|aining the The situation substantially differs, if after an establish-
interwall transitions in relatively thin filmeéof thickness less ment of the stationary motiojwith a 10b)-type structurg a
than 65 nn). The character of transition in the films with  pulse with an amplitudét;=15 Oe andAt,=2.3 ns duration
=100 nm andb=50 nm is different in spite of the same is applied. In this case, under the action of a pytsee Fig.
mechanisms inducing the interwall transitions. Let us con-10) a wall acquires the 1@) configuration after a sequence
sider these transitions in detail. of transformations. If after the onset of a rearrangement of
this state the action of a pulse ceases, nevertheless the rear-
rangement goes on ardia an intermediate configuration of

If at t=115 ns, when the stationary state configuration isa 10f) type] a wall transforms to a stationary state(gQ
(b) (Figs. 9 and 1§ a pulse of a~0.6 ns duration and that only differs from the initial stationary state (b) by a
an amplitude ofH;=15 Oe is triggered, it induces the chirality. Such stationary states can be distinguished, for ex-
(b)— (c) rearrangement. Despite the fact that after some deample, by applying a small fieldess tharH,) directed along
creasing of the wall velocity the pulse action terminates, théhe x axis. Both the vortexes will shift in opposite directions

6. Interwall transitions for the short interval of pulse durations

’\;‘,
o 4
=
<2
. 0 ) _ A . FIG. 10. The same as in Fig. 9, but pulse du-
118 1185 300 300.5 ration At=2.3 ns.
2 t(ns)
-4
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- i
§ 2k / (//
a o FIG. 11. Time dependence of the velocity of
! VAW
‘E 1 m T b il a i l‘ it WWWWWWWWWWW walls in constant fieldd=1.7 Oe and pulsed field
] 1 I ' | “' |!H ” 5 ’ Hi=2.3 Oe, 100 nm thicknessy=0.001, pulse
023 27 ;”!{i‘ (RS Ty Y ST E— TR 5'5 duration At=3.8 ns. Wall configurationga)-(c)
" “ it illustrate the rearrangement of a wall duringits
T 1) motion

in such a field. Note that stationary state(dOagrees in Figures 11 and 12 show, as an example, the transitions for
shape with that found in Ref. 28 by the Ritz method and fore=0.001, and the stationary states(d)land 12a) are es-
the other situation, namely, for an inertial motion of a wall, tablished in theH=1.7 Oe field.
but we consider the forced motion of a wall under the action Such a small propulsive field is chosen since at small
of a pulsed magnetic field. the critical field proves to be also smahf ~2.2 Og. It
In the films 100 nm thick the magnitudes;,, and Aty should be reminded that fqr_ establishing a steady_ state with-
also depend or; (see Fig. § and this dependence is the Out @ pulsed field the conditiad <H should be fulfilled. If
same as in the films with 50 nm thickness. Moreover, we? PUIS€ has 3.8 ns duration afii=2.3 Oe amplitude, then
believe that it is valid in a wider range of film thickness &fter its switching-off(see a poin©) and long subperiodic
according to the above considerations. oscnlathns(see Ref. 18a changg of the span of the wall
central line occurgcompare configurations Fig. @) and
Fig. 11(c)] and the stationary state establishes that it is an
asymmetric Néel wall with an intermediate betweer(bl1
Similar conclusions can be drawn for the case of the satuand 11c) span of the central line. It should be reminded that
ration inductionBs=47Mjg varying. The situation in Figs. 4 subperiodic oscillations mean the changes of a wall velocity
and 5 corresponds tB,[0.5-1.4 T. If B;>1.4 T, then within a period qf d_ynamic transformations of a wall
the rearrangement of a wall structure similar to that shown irStructure'® The oscillations always appear when the internal
Figs. 9 and 10 occurs. magtnetostatlc fields sharply change upon the wall rearrange-
ment.

If under the same conditions a pulse duration is equal to
20 ns, then, as it follows from Fig. 12, after a sequence of

The above numerical computations were carried out fotransformations similar to Fig. 10 and accompanied by sub-
the dampingy=0.1, and we also studied the processes in theeriodic oscillations a new stationary state(e)2is estab-
films with « €[0.1-0.00]1. The a decreasing does not lead lished that is similar to the initial ¥2) state, but with the
to any new wall transitions, but during the establishment ofopposite chirality. Thus, the subperiodic oscillations that ap-
the stationary states before and after the pulse action at smglear at smallkr do not change the character of the transitions
damping(for example, atx=0.001) quite long oscillations of induced by the pulsed magnetic field. The pulse duration, at
a velocity appear, the nature of which was revealed edflier. which the transitions shown in Figs. 11 and 12 occur, also

8. Interwall transitions for different values of induction

9. Interwall transitions for different values of damping

2 3
21 N@
¢ =1
0 N
2 ot 1
-l 755 76 765 77

FIG. 12. The same as in Fig. 11, but pulse
durationAt=20 ns. The pulse beginning and end-
ing times are denoted in the figures by the letters
I and O, respectively. The inserts A and B show
the velocity oscillations in narrow time intervals.

o — w V010%ms)
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goR the film parameters. We give below some examples of con-
B[ trolling the dynamic rearrangement in the wall internal struc-
< terr ture and its velocity period by triggering the periodically
e repeated pulses with various amplitude and duration. With
;f the above assumptiod +H;>H, andH; <H,, the periodic

dynamic rearrangement in the wall internal structure and pe-
riodic changes of its velocity can only be attained by syn-
chronizing the switching on of a pulse with the instant ap-
pearance of the determining configurationH|>H; and the
pulse duration is sufficiently high, then periodic dynamic re-
arrangement in the wall internal structure can be attained
Hy (0e) without any synchronization.

FIG. 13. Dependence of minimal pulse duratioht, (solid 2. Inducing the wall structure periodic dynamic rearrangements
circles), Aty (open circlegon pulsed field for films 100 nm thick in at Hj<H,

constant fieldH=1.7 Oe,a=0.001. . . S . . .
“ Our studies show that in uniaxial films inducing the peri-

, . , . odic dynamic rearrangement in the wall internal structure
depends orH;, but according to Fig. 13 this dependence iS50 periodic changes of its velocity can be realized in a wide
not as sharp as at great damping. _ .. range of thickness and magnetic parameters. The appearing

Thus, two intervals of pulse duration appear in a Wideggfacts are qualitatively similar in all the cases, and slight
range of t.h.e film parameters, and within these intervals variy 4riations are only related to the particular character of dy-
ous transitions between stationary states of walls can be rep; e rearrangement in the particular cases, which will be
alized. shown in some examples.

Consider films with basal parametédrs 100 nm thick and
with «=0.001. In such films the critical field id = 1.3 Oe.

If in this caseH=1 Oe andH;=0, then after termination of
1. The influence of periodically repeated field pulses on dynamic the transient proces@f about 120 ngthe stationary wall
rearrangements of wall structure motion with the configuration shown in Fig. @ (upper

As was noted abovesee Sec. Il A, if H=H,, then in a solid curvg and the velocity=230 m/s is established.
. =H,,

constant field the wall velocity and its internal structure vary. In .th's case, the constant external field is msgfflme_nt for
periodically. In particular, in the films with basal parametersInducmg the rearrangement of a(n:)ﬂ,-state, but tnggerm_g
b=50 nm thick with @=0.1 and atH < [100-150 Oe the t_he Hi;O.S Oe pu_lsed field substantlally_c_hanges the situa-
sequence of wall structure rearrangemefes— (b)— () tion. Smcg herd; is low eno.ugl"'(Hi< Ho), itis necessary to
—(d)— (€)— (f)—(g) is similar to that shown in Fig. 5. synchronize the pulse SV\_/ltchlng on and th_e instant of_ a
However, in contrast to Fig. 5, corresponding to a pulsealél(c)-type structure formation in order to obtain the periodic

field, this sequence occurs during a period of wall Velocityreqrranggmentg .in the interna] structure qf a wall and its ve-
changes. It is important that although the statsand (g) locity. If in addition to theH field at t_he instants, when a
are alike, they differ in chirality. During the next period the 14(c)-type struc_ture appears, (Zne switch on the pulsgs with
sequence is analogous, but at the very end the wall structu ampl|tudeHi—Q.5 Oe andit;=60 ns duration and switch
comes back to the initigh). Thus, degeneracy over chirality them off at the instants, 'when the structurg ofd)type

of the wall periodic motion velocity takes place in a constant?PPears, t_her_l th? behawor_ of a wall velocity ac_tually be-
magnetic field. The character of nonlinear dynamic rearcOMes periodic with tha period of about 120 ns. Figure 14

rangement substantially depends on different magnetic pa{[ower p"’?r’ shows only three fragments, but it will be
rameters of a film and its thickneé—20 more obvious if one mentally translates two last fragments to

The studies performed and the data obtained e the right. The periodic changes in a wall velocity are related

show that the period of the wall dynamic rearrangements is to the periodic transformations in the internal wall structure

mainly determined by the lifetime of some wall configura- b—>c_—>d, etc. TheT per_iod decrea_ses_ with increasing an
tions [for example, of a E)]. Such determining configura- amplitude of a pulsed field and with increasing a relative

tions are different for the films with different parameters. ForVidth of a pulseA 0= (At);/ (A),, where(At); is a pulse du-

example, in the films with basal parameters &rdl00 nm ration and(At), is the pulse period.
thick the 9e) is a determining configuration. The existence
of determining configurations suggests an idea to control the
period of intrawall dynamic rearrangement applying mag-
netic field pulses of a relatively short duratidn<<T at cer- The considered situation required strict synchronization of
tain time instants. Moreover, it is possible with such pulseswitching on the pulses and the appearance of definite con-
to obtain periodic rearrangements in the internal wall strucfigurations, that makes difficulties for the experimental stud-
ture in the fields lower thail;, which gives additional pos- ies, but no synchronization is required felf>H.. In this
sibilities of controlling the wall velocity without changing case, a very interesting situation appears. First of all, al-

C. Nonlinear dynamics of walls in periodic pulse fields

3. Nonlinear rearrangements of the wall structure by periodic
pulses H>H,

174411-9
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v (102m/s)

FIG. 14. Time dependence of the velocities of
walls (the upper solid curve in the absence of a
pulsed field, the lower curve in the pulsed field
H;=0.5 Og and instantaneous wall configura-
tions in constant fieldd=1.0 Oe, 100 nm thick-
ness,a=0.001.

1% 168
t(ns)

120 128

v 10°m/s)

'
N

though at some time instants an external field does not influrandom. In the present cadbe H; field is great in compari-
ence the wall, the nonlinear rearrangements in the wall interson toH,) these changes are not gréaf about 15%, but

nal structure undergo the same sequences as in the preseitiegy increase witlH; approachingH..

of a constant external field. Moreover, beginning with some  Thus, in order that the process be close to a periodic one
configuration the system comes back to the same configurdtis necessary for the magnitude idf to substantially differ
tion in some time. Figure 15 shows one of the examples, iffom H. and to be more the less is the magnitude\éf It is
which smalle is chosen to show all the peculiarities of the better for the magnitude ¢ft), to be less or on the order of
wall structure dynamic rearrangements in a pulsed field, thd in the fieldH of the same value ad;. In such a situation,
subperiodic oscillations included. the change in the period of an almost periodic process of

We included in the figure the instantaneous wall configu-nonlinear intrawall rearrangement will be observed with the
rations to illustrate its structure in the maxima and minima of(At),, variation. Figure 17 shows the variation of a quasi-
subperiodic oscillations. Let us call the time, upon which theperiod (averaged over a great number of theof wall dy-
initial wall configuration after a sequence of transformationsnamic rearrangements in the fidtj=20 Oe and with a fre-
comes back to the initial state, a quasiperiod and denote it bguency 1(At),=5X 10° st in the films with basal param-
T.. In spite of an astonishing similarity between the wall eters andx=0.001.
nonlinear dynamic rearrangements in a constant and pulsed Varying the pulse duration, one can diminigugmeny
field, the velocity behaves differently in successive portionghe period of a wall dynamic rearrangement. Hence, using
of T.. Moreover, the successive values of the quasiperiod
vary at random, which is related to the incommensurability
of the period of the wall dynamic rearrangements in a given
field and a period of pulse succession. Figure 16 shows, as an
example, five successive time intervals, corresponding to dif-
ferent values oH..

In each row of the figure, a change in the velocity aver-
aged over the film thickness is brought out under the condi-
tion that the initial and final graph points strictly correspond
to one and the same instantaneous wall structure. The quasi-
periods at the successive time intervals are seen to vary at

FIG. 15. Time dependence of the velocity of wakslid curve$ FIG. 16. The quasiperiod variation upon domain wall motion in
and instantaneous wall configurations in constant flék)20 Oe  constant fieldH=20 Oe and pulsed fieldl;=0.5 Oe, 50 nm thick-
and pulsed fieldH;=0.5 Oe, 50 nm thicknes#=0.001. ness,a=0.001.
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damping is the investigation of transitions in a nonzero ex-
ternal field, as in computations, bHtshould be put to zero

in the final state. In this case the vortices will shift to the film
center, but the chirality and the direction of the wall central
line bending will be retained that will affect the magnetiza-
tion profiles and could be observed with an electron micro-
scope.

40

30
V. CONCLUSIONS

20

The numerical simulation of the nonlinear dynamic be-
03 04 05 06 07 08 450'9 havior of two-dimensional asymmetric vortexlike domain
walls predicts the existence of the critical fiett},, above

FIG. 17. Dependence of the quasiperiod of domain wall dy-which wall motion is nonstationary in a constant magnetic
namic rearrangements on the relative pulse duration in constarffeld. The existence of various steady state configurations are
field H=20 Oe. The pulse recurrence frequency i>610° Hz. caused by isolated magnetic field pulses added to the back-
ground of the propulsive magnetic field. Transitions between
the pulsed fields one can vary the velocity of a domain walldifferent stationary states can occur, and various states can

translational motion. Switching on the pulsed fields at certairexist at a given propulsive field, which do not occur without

time instants one can inhibit the wall dynamic rearrangepulses. Two different intervals of pulse duration exist, in
ment, and, as a consequence, increase the maximal velocityshich the character of dynamic rearrangement in the internal

of their translational motion. wall structure leads to quite different final steady state solu-
tions. The intervals are narrower as the strength of the mag-

IV. EXPERIMENTAL POSSIBILITIES FOR OBSERVATION netic field pulse increases. Making use of the periodicity in
OF PREDICTED EFFECTS the changes of a wall structure and velocity, the intervals

mentioned could be shifted along the time axis, thus creating

The asymmetric walls of Bloch and Neéel types were ob-gpportunities for experiments.
served in a series of pap&ts'®with high-voltage electron The transitions between stationary states are possible in
microscopes. The magnetization profiles in a specific directhe films both with a smalle=0.001) and great(a=0.1)
tion were obtained by scanning a film along its surface in thgjamping, and the transition procesmpearing intermediate
direction normgl to the wall plane and compared with theconfigurations of the magnetizatipat a small damping is
calculated profilegsee, for example, Refs. 1451@he thus  yjrtually independent of damping. All the states at a small
obtained data support the existence of the asymmetric wallgamping are accompanied by subperiodic vibrations of some
as real entities. _ N parts of the walls relative to the other parts, which develop

Although the considered transitions(4—4(d) and  qgue to the fast changes of inhomogeneous magnetostatic
5(b) —5(h) occur in the external field, similar transitions can fields induced by the transitions between some wall configu-
also occur aH=0. The latter case is the most favorable for rations. Despite the similar behavior of dynamic rearrange-
experimental observation of these interwall transitions, sincénents at a small and great damping the evident advantage
it allows studying the structures of final states by the saméelongs to the films with a small damping, since it allows
electron microscopic methods as in Refs. 12-14. All theapplying pulses of low amplitudes.
states of 4b), 5(b), and &h) types will have unshifted vor- Moreover, the dependence of the intervals of pulse dura-
texes, but it is important that chiralities of§ and 8h)  tion, in which the transitions occur, on thé, magnitude
states are opposite. In this case, the profifgéx) (here an  proves to be smoother, and the very intervals more wider
overbar means the averaging over the film thicknesthese than in the films with a great damping. Drastic changes in the
states will be different. For the sake of convincingness theharacter of the nonlinear transition between different sta-
bias field(less than the anisotropy figldan be applied along tionary states happen either with changes in the film thick-
the x axis. Such a field shifts the vortices with opposite ness or the magnitude of the saturation induction. In this
chiralities to different surfaces resulting in different distor- case, both the stationary states and intermediate instanta-
tions of the magnetization profiles that could be observedeous wall configurations, via which the transition occurs,
with an electron microscope. The other transitions could bare changed. The transition changes with a film thickness or
studied similarly. the saturation induction have the same nature as do the criti-

The films with the least possible damping should be takercal field changes. These changes are caused by the impossi-
to decrease the pulsed field amplitude, as it follows from thebility of the existence of some configurations because of the
above considerations. Thus,@t 0.001 the amplitude can be high magnetostatic fields of such configurations.
on the order of 1 Oe. Note also that although the basal pa- In the presence of periodic successive pulses one can ob-
rameters chosen for computations correspond to Permallagin the same dynamic wall rearrangements as in constant
films the results obtained are valid for other films with qual-fields. If in this case the switching-on of periodic successive
ity factor Q<1. Another method for choosing reasonablepulses is tied to the onset of a definite wall configuration,
pulsed field amplitudes avoiding films with extremely low then one can obtain the periodic transformations of a domain
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wall structure in propulsive fields lower than the critical one.rangements in the internal wall structure under the action of
Without such a tie, periodic successive pulses with amplitudéhe constant magnetic field equal to the amplitude value of
higher than the critical field lead to the same rearrangementfe pulsed field. The studies have shown that varying a pulse
in the internal wall structuréwith the very same instanta- duration can change the period of the wall transformations
neous configurationsas the constant magnetic field above and the period of its oscillations. Thus, making use of the
the critical one. pulsed magnetic field one can control the velocity of the wall
For a given structure, and within thE, (a quasiperiogl translational motion arbitrarily.
time interval the internal structure of a wall returns to the
fixed one after a sequence of substantial nonlinear transfor-
mations. However, the quasiperiod varies with time in a ran-
dom way, which is related to the incommensurability of the
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