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The switching of extended BliFe g thin film elements with a thickness of 50 nm and various shapes
(squared, rectangular, poindeldas been studied by time-resolved stroboscopic Kerr microscopy based on a
conventional wide-field optical polarization microscope. The elements are deposited on coplanar strip-lines that
generate field pulses driven by electronic pulse generators. Time resolution is obtained by imaging with a gated
and intensified charge-coupled device camera. The opening can be varied from 250 ps to continuous exposure,
allowing the comparison of fast magnetization processes and quasistatic switching in slowly varying fields. The
latter is typically characterized by the formation of a concertina domain pattern that irreversibly decays in a
multidomain ground state by the abrupt motion of vortices and domain walls. After excitation with fast field
pulses similar blocked patterns are formed. They dissolve by spatially inhomogeneous rotational processes
involving cross-tie-wall-like domain boundaries.
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I. INTRODUCTION micromagnetic simulationgfor examples see Refs. 2)4

Structured soft magnetic films have been of interest fofVhich are reliably possible for elements in the submicrome-
research and application for many decades. Examples afgl "egime. Also experimentally there was progress, mainly
thin film inductors and recording heads, magnetoresistivd@S€d 0n magneto-optical techniques. These methods apply a
sensors based on the anisotropic or giant magnetoresistang0P0scopic principle: The initial magnetic state is disturbed
effects, or magnetic random access memofRAM). In DY a train of short field pulses that are repeated periodically,
any case, the knowledge of the magnetization behavior of thallowing a sufficient interval between each pulse for the
elements is of crucial importance for the successful engineesample to return to the initial state. With a defined time delay
ing of magnetic devices and memories. In general, the retelative to the field pulses the orientation of magnetization is
magnetization process of structured magnetic films proceed§en probed by measuring the magneto-optical signal, either
by the development and reorganization of complicated dointegrally or spatially resolved, by summing up the signal of
main states for elements larger than the single domain sizeufficient independent events to obtain a good signal-to-noise
These processes are fundamentally different for slowly varyratio. The latter, i.e., the dynamic imaging of fast magnetic
ing magnetic fieldgquasistatic switchingand for excitation  switching, has a long history. Periodic magnetization pro-
in high-frequency fields or sharp field pulsédynamic cesses were already imaged stroboscopically some 40 years
switching. Quasistatic remagnetization has been studied foago, either by a pulsed light soupéeor by a gated video
many years. Depending on the field history and direction, theamerd. Time-resolved Kerr microscopy was applied to
magnetization more or less instantaneously follows the apstudy the dynamical processes in electrical steal., Ref.
plied field by the motion of domain walls and vortices, by 8), followed by observations in magnetic bubble fifhad
rotational processes, or by the jumpy decay of blocked dothin film recording head¥’!' Stimulated by the develop-
main stateqfor a review of possible processes see Chapments in the field of magnetoelectronics and novel MRAM
5.5.4 in Ref. J. The processes of dynamic switching, which concepts in recent years, dynamic imaging of magnetic film
are not nearly as well known, are expected to be completelgystems has gained renewed interest. The precessional mo-
different due to effects that are related to electron spins, retion in circular cobalt disks(diameter 6um, thickness
sponsible for the magnetic moment. Consequently, the dy20 nm), excited by field pulses perpendicular to the film
namic processes may not be seen as a simple switch of maglane, was successfully imaged by Acremaginall? by
netization direction as the magnetization will not be able tomeans of a time-resolved vectorial Kerr experiment with a
instantaneously follow the magnetic field. To reach a newl0 ps temporal resolution. Observations on permalloy thin
direction, it will have to spin about the field axis, performing film elements with in-plane field excitation were published
a damped precessional motibit may therefore last a cer- by the Freeman grodp®* (for a review see Ref. J5They
tain while before the magnetization relaxes to its new equiused a laser scanning Kerr microscope to stroboscopically
librium distribution after fast field excitation. image the switching of rectangular permalloy elements with

In recent years the problems of fast magnetization switcha time resolution of 50 ps. The elements were deposited on
ing in patterned films have been increasingly addressed bgold transmission lines that created the field pulses. It was
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shown that the switching time of an element can be strongly l

reduced from about 4 to 1 ns when the magnetization vectoi|Frame Grabber |[+—]| CESEH Intensifier

is pulsed by a longitudinal switching field while a steady Dglayc":“m‘ —!  Controller

transverse biasing field is applied, causing changes in thl —22rre ‘@’ 6kV ,

reversal mode. In a similar microscope Hiebeital 16 suc- —ch TrgzerlN

ceeded for the first time in the spatially resolved imaging of Photocathodé 0V ,

precessional switching!’i.e., switching in a magnetic field Pulse O aoovvr bl
ulse that is applied orthogonal to the magnetization direc- Pulse Out 200 ps ... DC |

It?on. Different nr")ngdes of pregcession in the dgmains and walls ?ﬁﬁ'j_‘éééi}’m P 1();elay [

of a pulse-field excited Landau pattern were found by Rark  RT min. 100 ps Trigger encrator

al.’® in micron-sized permalloy elements, again by spatially Ny

resolved laser scanning Kerr microscopy. Besides magnetq Sample

optical Kerr microscopy, the new powerful imaging tech- 1(’;;1;::,“:\_ —?iip-li.;e*__’ —Oglgge

nigues based on x-ray magnetic circular dichro{gtviCD),

which offer element-selectivity and a higher spatial resolu- (a) ‘T“ggefOUT

tion than Kerr microscopy, have been recently extended by

stroboscopic imaging. The first time-resolved XMCD-based S

experiments using both x-ray photoemission electron -\

microscopy®2? and x-ray microscopy have been pub- Ni'é{;:fg::%%hmnm

lished.

For this paper we performed similar experiments as by the
Freeman group. Instead of using a laser-scanning micro
scope, however, we implemented a stroboscope in a conver
tional wide-field Kerr microscope as it is otherwise routinely (b)
used for static and quasistatic imagi(rgost of the domain Hy,
images in Ref. 1 have been obtained in such microsgopes Upuisd Hype
Time resolution is achieved by imaging with a gated inten- ﬂ ﬂ
sified charge-coupled devi¢€CD) camera(Another wide- || 12-1000ns | 12-1000ns |
field setup, but based on a fixed repetition pulsed laser illu- g il J | J k
mination source was developed in parallel and is publishec Hb«+
elsewheré4) Our setup allows the simultaneous observation () = - >
of the domain ground states together with their quasistatic . .
switching properties under regular microscopical conditions FIG. 1. (a).SCheme of the experimental setup for time-resolved

. ; . Homain imaging based on a gated CCD caméspSample, con-
and the high-speed properties by using the stroboscopic_.. ; R
mode. This is not achievable in the mentioned Ias;er-scannins"stmg.Of Cu_ micro stnp-h_ne,_ mt_erla_yers, and permalloy el_ements.
microscopes because there the magnetization is only prob Train of field pulses with indications of the pulse duration and

I ihaf dl b b f lock-i Ise separation possible in our stroboscopic experiments. The ele-
ata small area with a focused laser beam by means of I0Ck-Iya s are excited by an effective magnetic field that is created by

technique and it requires a certain amount of time to obtain ge syperposition of pulse and external dc bias fields along the same
spatially resolved image by, e.g., scanning the sample undegg;s.

the microscope objective. The combination of dynamic and
conventional imaging offers the possibility of a more de'features that are experimentally found in relatively large
tailed interpretation of the dynamic processes. The peculiari-tructures are also Fr)elevant f0¥ submicrometer e)I/emegrllts
ties of the high-speed magnetization processes can be readﬁ%. ; . . : . '
: o ; > : ich are of interest in magnetic memories and which are
identified, and in the static mode the domain ground states__ . . ) S |
X . . . . readily accessible by micromagnetic simulations or by ad-
and influences of anisotropy are immediately obvious. For . X . ) )
. : . . vanced imaging techniques like the mentioned XMCD meth-
practical reasons we are restricted to the imaging of elements S
larger than a few micrometers, though the maximum spatia? '
resolution of a typical wide-field Kerr microscope is around
0.3 um based on the Raleigh criterigthis is also true for all
other optical methods using visible lighAdditional restric-
tions result from light scattering at the edges of patterned The experimental setup for stroboscopic domain imaging
films that interfere with the image. Larger magnetic struc-is schematically shown in Fig.(4). The main components
tures in the micrometer to 1@m regime are nevertheless of are a wide-field polarization microscopg&eiss JenaPpl
interest from both a scientific and application point of view equipped with a high-intensity xenon arc lamp and an inten-
because they are used in recording heads, microinductorsified CCD camera from LaVision Gmb#. The photo-
and sensor applications. On the other hand it is well knownntensifier functions primarily as an electronic shutter. The
that the domain ground states and quasistatic switching péacoming light hits the photocathode producing photoelec-
culiarities of patterned low-anisotropy films remain similar trons. The photocathode is permanently exposed to a positive
in character for elements that vary in size over several ordergotential of 50 V, which prevents the emitted electrons from

of magnitudé! It is therefore expected that also the dynamicleaving its surface. On the arrival of a trigger signal an im-

Trigger IN

Cu 270 nm

1-100ns 1-100 ns 1-100ns
+“—>

II. EXPERIMENT
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pulse of negative voltage-200 V) is applied to the photo-
cathode, pushing the photoelectrons into the microchannel
plate(MCP) where they are accelerated and multiplied. After
leaving the MCP the multiplied electrons are further acceler-
ated before they finally hit the phosphor layer of the output
window generating photons. The CCD camera accumulates
these photons during integration time. One unique feature
and advantage over existing laser based setups is that the 1 )
effective opening time of the intensifier can be varied from 251 dlGxy)
250 ps(corresponding to the maximum time resolution of o e ki x
our experimentto continuous exposure. Furthermore, we are 40 30 20 10 0O 10 20 30 40
not restricted to a fixed-frequency illumination source in position (um)

contrast to the before mentioned laser scanning technique.

Therefore we are able to accumulate the images with fre- FIG. 2. Calculated field amplitudes perpendicular to the strip-
quencies ranging from dc up to 80 MHz, only limited by the |ine axis.H, is the field parallel to the element, wheré#sthe field
image intensifier electronics. This gives us the opportunity tgerpendicular to the element’s plane.

compare our time-resolved data directly to images acquired

by static(dc) wide-field imaging. Also changes with different magnetic in-plane field. A trigger signal synchronizes the im-

pulse repetition rates, e.g., related to long-term magnetic re- o . . . :

laxation processes, can be studied. In connection with th ge acquisition with the incoming pulse. An eIectromc delay

variable gating time the experiment can be easily adapted '€ permlt§ one .to adjust the dlfferencg between trigger and
ulse transition times. Thus, by changing the delay between

the used rf electronics and the experimental condition?ulse and image exposure. we are able to temporally probe
needed for the particular magnetic system to be investigated. nag P ’ ) P yp
e magnetization process. Details of the sample geometry

As no mechanical stepwise scanning is necessary in our cas te schematically shown in Figth. The coplanar Cu strip-
the viewing field and the lateral resolution are determined by . cally o« o p P
ne with a thickness of 270 nm is deposited on a @00

the microscope’s optical parameters and the resolution of the . s .
camera system, limited by the MCP and the CCD resolutiont. ick Si/SIQ, substrate. The 50 nm thick NFe, elements

The latter is close to the resolution of the microscope for thé's located on top of the central conductor and are covered

objective lens used in the presented experimetgex, nu-  oe ® 8T TR 1B A BECE D e covered
merical aperture(NA)=0.9, spatial resolution=0.4m]. 9 P ’ P

. . . e . by 30 nm Ta and 10 nm §Nli,. The Ta layer has optical
This correlation changes with lower magnification objec- . . o s
. ) A ) . reflection properties similar to those of theghfieq film.
tives, where the increase in viewing field scales dispropor=-, . - -
. . . ; This prevents the strip-line around the magnetic elements
tionately to the corresponding loss in resolution. The resolu;

A : from strong and thus disturbing reflection, which would be
tion limit is then determined by the parameters of the camera . .-ce for uncovered cooper. ThelBi laver electricall
system. To improve the signal-to-noise rat®NR) for the pper. 1hghis} 1ay y

low contrast imaging, the experiments presented here Wermsulates the strip-line. All depositions and patterning were

done with 2x 2 pixel binning on the CCD chip, thus reduc- done by sputtering and optical lithography, respectively. The

ing the actual lateral resolution to around 81, width of the strip-line after etching is 4&m, the width of

To achieve a reasonable SNR, the Kerr images of typi-the elements of various shapes is 4@, leaving 0.5um

cally 1P independent events, excited by a train of field distance from the strip-line edges. The field values and dis-

pulses that are repeated periodically, are integrated in tim%;tl)lunon generated by the strip-lines were calculated analyti-
The stroboscopic technique requires an accumulation over - : -
For field analysis we assume that a small strip-line ele-

repeatat_)le magr}ettri]zatior; pr?cssses. 'I:rOT (teverthcrc]]u_ired irnm_ent with coordinate$x,y) and current density produces
age an image of the saturated sample state, which is sepa: . . L . :
rately obtained by applying an external dc magnetic field, is?t th_e point with the coordinateX,Y) the following radial
digitally subtracted. As a result we obtain pictures that con-'eld'

tain only magnetic information. By imaging identical pro- j -dxdy | - dxdy

cesses with longitudinally and transversally aligned Kerr  dH(X,Y) = > = , > >
sensitivity, respectively, we are able to image the in-plane mr o 8m-ab X=X+ (y-Y)
magnetization components separately at two orthogonal seiyherel is the current, and andb are the dimensions of the
sitivity directions of the Kerr contrast. In both cases, how-strip-line as indicated in the inset of Fig. 2. Considering

ever, there is a contrast overlay of possible magnetizatiogH,=dH- sin(a) and integrating over the entire strip-line we
components perpendicular to the film plane. These can bgptain

imaged separately in the polar Kerr effect at perpendicular )

incidence(see Ref. 1 for details on the different Kerr ef- = 2 y-V)
HX(XiY) = 2 2

fects. o . _ 8m-ab)_,J_p, X=X)*+(y-Y)

The magnetic film elements to be imaged are deposited on

top of a 502 impedance-matched coplanar Cu waveguidefor the field aligned perpendicularly to the strip-line axis, i.e.,

[Fig. 1(b)]. Fast voltage pulses are sent through the centeiongitudinally along the deposited film elements. A head-on

conductor of the strip-line to produce a rapidly changingintegration brings us to analytical expressions for the longi-

H, ., (KAIM)

\/

o)
S
n%'

=

1)

dydx (2)
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tudinal field components. The first integration owegives

ol ], el o[ el )
Hy=— — |dy- —
M 87rab{f_b arcta Y-y dy N arcta Y-y dy

3

1 1 1
f arctan;dx= X arctan; 5 In(x?+ 1) (4)

and substitutingg=b-Y and h=-b-Y in the final expres-
sion, we derive

o) oy S aal)]
I I L ey uarcag | arctar)

with u=a—-X andv=-a-X. Considering

Hy=o—— .
§ B | 2 In( 0+ Uz) +2 arctar<2> _h arctar<2> ©
i v 2 \v2+h?) v g/ v h/] |

A similar calculation yields the following expression for the out-of-plane field:

1 gz+u2> u r(g) v ’<g
I g{z n(szrg2 +garca ¥ garcta )

Hy= — .
= Smab _h[;lr,(M)+9amta<n)_zamta<n) ©
| 2 v2+h? h u h v

Figure 2 shows the calculated longitudinal and polar field20/80-risetime of 360 ps. Higher fields are possible in prin-
components along theaxis on the surface of the conductor. ciple with the use of a strip-line of reduced width. The pulse
In accordance to our experiments, the calculations are pegeparation was approximately 1000 ns, thus ensuring a static
formed for a 300 nm thick and 4&m wide center conduc- initial magnetization pattern at the onset of the pulse. The
tor. The longitudinal field component is rather homogeneougffective magnetic field acting on the sample is modified by
and decreases almost linearly with increasing distance_ frorg negative dc-fieldH,;,s of variable amplitude that is exter-
the conductor surfac@ot shown. On the edges of the strip- gy applied opposite to the pulse field directifig. 1(c)].

line a strong out-of-plane component is present. For ourthirpf, for instance, the sample is exposed to a bias field of

film structure the influence of the perpendicular field is onIyHb_ =—2 kA/m, this results in an acting fieltH, of
las 1 otal

of minor importance, since the demagnetizing field along the,g3 kA/m at the pulse presence and -2 kA/m during the
y axis is quite strong and thus the effective permeability ispulse absence.

rather weak.

The calculated field values were checked experimentally
by domain observation. A zero field vortex ground state
(Landau statewas first adjusted in the elements by ac de-
magnetization. An application of a dc strip-line field resulted Time-resolved imaging was applied to permalloy film el-
in a displacement of the central vortex from its zero fieldements, which were switched from positive to negative satu-
state. Afterwards a magnetic field was applied by externafation by the superposition of pulse and bias fields. Rectan-
coils, which compensated the strip-line field and thus drovegular elements of different aspect ratios, square elements
the vortex back into its initial position. The applied compen-with the field applied along the edge and diagonal, and ele-
sation field is therefore a measurefor the strip-line field. Thisnents with pointed shape were studied. In each case the
approach sets a direct correspondence between the strip-lig@iasistatic processes were investigated for comparison. All
current and the generated field. Both the calculated and exelements had a length of 40m along the field direction as
perimental field values agree very well, the values lie withinalready indicated in Fig.(b).

7% in amplitude. For the 4Lm waveguide we obtain an The results for square-shaped elements in diagonal mag-
amplitude of 0.21 kA/m per voltdetermined experimen- netic fields are collected in Figs. 3—6. The processes of qua-
tally). sistatic switching are presented in Fig. 3. Here the images

The pulse amplitude, duration, risetime, and pulse diswere recorded under non stroboscopic conditions with the
tance can be varied as indicated in Figc)ldepending on magnetic field held constant during different steps of the re-
the pulse generator used. In this paper we present resultersal. Shown are several magnetization states at longitudi-
obtained for 10 ns wide +39 V pulsggenerating a field nal and transverse Kerr sensitivity while a positive field is
amplitude Hp,se Of 8.3 kKA/m that is also the maximum slowly reduced and inverted. Switching is characterized by
available field in our experimental sepupwith a the formation of a metastable van-den-Berg concertina

Ill. RESULTS AND DISCUSSION
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b) (© () & (@)
& » - ,é,ﬁ‘ R0
<> ‘$ ’¢b <§ D

1.1 kA/m 0.5 kA/m 0.1kA/m  -0.1 kA/m 0.7 kA/m -0.1 ns 0.4 ns 0.7 ns 1.1 ns 8.7 ns
-2.0 kA/m 1.6 kA/m 4.9 kA/m 5.6 kA/m 6.3 kA/m

FIG. 3. Quasistatic magnetization process of a permalloy square
(thickness 50 nmin a slowly changing magnetic field applied ||
along the diagonal axis as indicated. Similar states are shown witt
the Kerr sensitivity alongupper row and transversdower row) to
the field axis, together with a schematic drawing of the magnetiza-(f)
tion vector field as qualitatively derived from the Kerr contrast. —

.

patteri® [(a)<(c)], also described as a blocked or “buckling”

state!?’ The concertina becomes clearly visible at transverse
sensitivity and is characterized by a system of interacting,
low-angle Néel walls that stabilize themselves by dipolar
fields! It is formed by an alternating clock- and counter-

clockwise rotation of magnetization with a characteristic tex-
ture orthogonal to the average magnetization direction,

caused by the stray field energy and based on the sam 10.9ns 11.5ns 12.7 ns 14.7 ns
mechanism as the formation of magnetization rigl&wo 02kA/m  -0.7kA/m  -12kA/m  -1.6kA/m
main factors determine the development of the concerting

pattern. First, the period itself is dominated by the effective 80/20 rt—p: -« »:80/20 ft
width of the element. Similar to domains in patterned ele- 10| (er— o e 6
ments, where the domain width is determined by the wall - /@

energy and the anisotropy energsee, e.g., Ref. 39 for S 0‘8'_@H & T
smaller effective widths and thus in the corners of the tilted E 06 o A ‘»h{. ¥
element narrow concertina patterns are favored. Interestingly 2 04 i —1)_{2 ‘§
the orientation of the concertina walls reflects the contour g ' (b D 0 S
lines of field penetration that occurs in stronger diagonal & 0277, N
fields® (see Ref. 31 for further details on field penetration (),():Egy-T {2

and hysteresis effects in similar elemgntSxperimentally,
the concertina development is highly repeatable. Minor ad-
ditional effects are due to the polycrystalline microstructure
and possible edge defects of the patterngd m"’,‘gneticl film. FIG. 4. (8)«j) Time-resolved Kerr images at longitudinal and
Note that the development of the concertinas is a highlyansyerse sensitivity of the same element as shown in Fig. 3, but
hysteretic process and more than qualitative arguments cagfier excitation with a diagonally applied pulse field. Indicated is
not be given at this pointA theoretical description of the the effective field resulting from the superposition of a +8.3 kA/m
concertina period with changing element dimensionspulse field and 2.0 kA/m dc field, and the time delay relative to
exists®2 However, so far the model is not confirmed by sys-the field pulse. The magnetization distribution at certain stages of
tematic experiments. Around zero field the concertina the dynamic reversal is schematically indicatékl. Plots of the
breaks down abruptly by the formation or unpinning of longitudinal Kerr signal along the field axis as a function of time. A
Bloch lines at the edges, leaving the element in the fourwave form of the exciting current pulse is overlaid in gray.
domain Landau ground staf€ig. 3(d)]. In negative fields

the domains magnetized favorably relative to the field direc- Figure 4 shows stroboscopically imaged Kerr pictures of
tion grow by wall and center-vortex motidfig. 3€)]. Note  the same element with pulse-field excitation along the diag-
that the main switching event, i.e., the decay of the concerenal direction, again observed at longitudinal and transverse
tina [from Fig. 3c) to Fig. 3d)], is an irreproducible process Kerr sensitivities. In this experiment a bias field of
that occurs at slightly different field values when the experi-—2.0 kA/m was superimposed on the +8.3 kA/m pulse field.
ment is reproduced, thus leading to fluctuations in theThe matching field pulse profile together with the averaged
switching field. longitudinal Kerr signal is shown in Fig.(K). The series of

5 0 5 10 15 2
(k) time £ (ns)
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unchanged for a while. The central part is switching much
slower, becomes narrow¢Fig. 4(d)], and finally dissolves

as the sample reaches positive saturafibiy. 4(e)] after
some nanoseconds. As indicated in the schematic vector
plots, which were derived qualitatively from the Kerr im-
ages, the basic mechanism of remagnetization consists of
inhomogeneous rotational processes that are determined by
the initial rotational process, leading to head-on and tail-on
magnetization structures along the center line of the element.

X, Regions with stronger and weaker rotation appear as domain
{% ) like areas in the longitudinal imag¢sspecially in Figs. &)
\ ‘ and 4d)], which are separated by domain boundaries. Note
that on the rising edge of the pulse the magnetization follows
1.1ns 3.7ns 10.9 ns 11.1ns 12.7 ns the field pulse instantaneously as evident from Fi{g).4This
3.6 kA/m 40kA/m  -1.8kA/m  -22kA/m  -3.2kA/m is not the case on the slower falling edge where a delay is

measured. Here also the local magnetization procgbségs.

10] 4 T 4(f)—_4(j)] di.ffer from the reversa[ of_ the previous case.
D 3 Again, the first changes of magnetization appear on the sides
g 99 % R P} of the element in a symmetric wd¥ig. 4(f)], but with lag-
E 06{ & %I ging of switching not only the center region, but also the left
B o4l e 0 § and right corners of the element are prevented from strong
K] 12 2 rotations for some timgFigs. 49)—4(j)]. A detailed interpre-
& 02 tation of the process as given in the schematic drawings is
0.0 14 only possible by considering both longitudinal and transverse
5 0 5 10 15 20 sensitivity images. In Fig. @) the magnetization in the two
f) time t (ns) side corners starts to rotate parallel to the edges as clearly

visible in the transverse images. As discussed before, this is
FIG. 5. () Time-resolved Kerr images of the square elementdue to the shape anisotropy, favoring an alignment of mag-

as shown in Fig. 4, but with changed bias and thus changed exchetization parallel to the edges. With increasing amplitude of
tation field. The effective field varies from —4.0 to +4.3 kA/ch, ~ the opposing field a concertina pattern is formed by pure
Plots of the longitudinal Kerr signal together with the pulse shapemagnetization rotation in the center pdRig. 4(g), trans-
as a function of time. verse imaggthat is getting stronger in contraffigs. 4h)

and 4i)], indicating an alternating and increasing clock- and
pictures, which were obtained along the rising and fallingcounterclockwise rotation. The concertina strongly resembles
edge of the field pulse, are assigned to the correspondingat of the quasistatic case in FiggbBand 3c). However,
plot. The negative field amplitude is sufficient to saturate thehere is a significant difference that becomes obvious in the
samples as confirmed by hysteresis loop measurements @gitudinal images of Fig. 4. Whereas the concertina decays
the elements. In the absence of the field pulse the element ibruptly by domain wall motion in the quasistatic case, the
kept saturated negatively by, as seen in the images of magnetization continues to rotate in the negative direction
state(a) of Fig. 4. When the pulse field arrives, it results in a (downwards in the imaggdy keeping its alternating char-
positive total field of 6.3 kA/m, forcing fast changes in the acter in the dynamic case. This change of magnetization is
elements magnetization. Due to the local demagnetizingnitiated symmetrically in the left and right halves of the
field, the switching process begins with magnetization rotaelementat the vortex structures, Fig(@], forming brighter
tion on the sides of the element as clearly seen in the trangreas in the longitudinal images that expand with t[ifigs.
versal images, leaving the middle part of the element a|mOS¢l(h)_4G)]_ At the same time the rotation proceeds and the
concertina vanishes continuoudlifig. 4(j), transverse im-

7 10 ) e sing edoe agd until the initial state[Fig. 4(@)] is finally reached again

g 8 —o—fallingedge | after about 40 ngnot shown. Note that concertinas in rect-

g angular elements have also been observed in the time-

g 61 ] resolved studies of similar elements in Refs. 15 and 33.

8 4] ] One obvious difference in the behavior between the rising

°§ \ - and falling edges of the pulse is the absence and presence,

§ 2] o ] respectively, of a well-defined concertina pattern. In addition,

S \O\. vortex structures develop at the edges of the element along
0 ) 3 a 5 ) the falling edge. The “blocking” of magnetization, which is

diving field (kA/m) also the reason for the stability of concertinas in quasistatic

switching, seems to play a similar role in the dynamic case.

FIG. 6. Rise and, respectively, fall tim¢som 20% to 80% of ~As a consequence, dynamic switching is slowed down once
signal amplitudg for different effective pulse field amplitudes de- multidomain stateglike concertinag are involved which is

rived from the longitudinal Kerr signal for the tilted element. more pronounced for the falling edge. The differences be-
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tween domain nucleation at the rising and falling edges irent at the far left and right corners of the elemgtigs. 5a),
our experiment can be explained by the effective opposind(b), and %e)]. The direction of magnetization in these cor-
field amplitudes and the difference in switching speeds foners is obviously not switched due to the strongly reduced
the two pulse edges, respectivdlyig. 4(k)]. Note that the effective torque, caused by the large local demagnetizing
opposing negative field at the falling edge changes onlyield inside the corners. After reversing the field direction,
slowly from 0 to —2 kA/m and reaches the maximum field the compressed edge-curling wall expands, forming the same
amplitude only after 10 ns, resulting in a slow switching small corner structures again.
speed. An 80/20 rise time of 0.6 ns and a fall time of 8.5 ns The switching speed for different effective field ampli-
is derived from the integrated magneto-optical signal. For theudes combining the 80/20 rise and fall times of the inte-
descending pulse, also a delay of switching relative to thgrated change of magnetizatipas shown in Figs. &) and
occurrence of the reversing pulse field becomes visible. Be5(f)] is given in Fig. 6. The switching occurs within several
fore the field pulse is applied, the magnetization is forcechanoseconds down to 0.6 ns for high field excitation. Only a
downwards by a relatively low field of,;y—2 kKA/m. A small dependency on the field directi@re., rising and fall-
fast switching event, however, is then generated by the largimg edge of the pulgeis found. This is rather unanticipated
opposing field ofH,,,=+6.3 KA/m. The magnetization re- as the pulse shapes for the rising and falling edge differ
versal occurs almost instantaneously in the first $t6igs.  strongly. The field amplitude is the dominating factor. Only
4(a)-4(c)]. Once the antiparallel aligned domains have de-n the low field regimg2 kA/m along the falling edge, Fig.
veloped, they are driven out by the large magnetic field. A#4(k)], where the gradual change of field with time at the
the falling edge, on the other hand, the opposing field idalling edge is important, an additional reduction in switch-
rather weak and changes gradually over several nanosecondlisy speed is observed. At high fieldabove 5 kA/m no
There is sufficient time for a domain network to be formed,significant difference in switching velocity is measurable
consisting of the concertina and the mentioned vortices omvithin our temporal resolution. From the discussion above it
the left and right sides of the element, thus involving mul-is valid to conclude that the field amplitude and the acting
tiple Bloch lines. The breakdown of the concertina by do-torque is the dominating factor influencing the speed of mag-
main wall motion, however, is hindered in the case of dy-netization reversal. With the inhomogeneous field distribu-
namic switching due to the low mobility of the complicated tion in the element, depending on field characteristics, mul-
wall and vortex structure. Slow relaxation processes due ttiple domains involving vortices and domain boundaries are
low vortex mobility on the subnanosecond time scale havdéormed. Once domains are generated, the reversal is deceler-
also been observed in Ref. 24, where the domain patterreted due to the low mobility of the domain-wall network.
were limited to simple magnetic ground states and the field For comparison we investigated a pointed elemeig.
excitation was restricted to low amplitude. Note that the vor-7). The applied field characteristic is the same as in Fig. 4.
tex state itself has no net magnetization, leading to a zerdhe element’s shape is similar in character to the tilted
effective magnetic torque and therefore strongly reducedquare element investigated before, but not exhibiting the
mobility.* Concurrently with the occurrence of the multido- sharp left-right corners where the corner vortex structures
main state a kink in the magneto-optical response becomegppeared. Similar domain patterns during high field reversal
apparenfat (g) in Fig. 4k)]. (An interpretation of the vague along the rising edge of the field pulse are obsergem-
domain boundary structure involved in the dynamic switch-pare Fig. 7 to Fig. % i.e., during switching antiparallel do-
ing event will be given later in the papgr. mains are formed. For the rising edffeig. 7(b)] a similar
Following these arguments, we would expect a more symband domain structure as in Fig(c# develops. Along the
metric behavior in the element switching by increasing thefalling edge[Fig. 7(d)] the magnetization changes in the cen-
negative bias field. The reversal process froHy,;  ter region first. The sense of rotation is possibly imposed by
=-4to 4.3 kA/m is shown in Fig. 5. Starting from the satu- a weak diagonally aligned uniaxial anisotropy, breaking the
rated state, the domains at the rising edge develop abruptipagnetic symmetry of the eleme(s tilted anisotropy was
by magnetization rotation. Once the domains are generatddund from domain observation on extended elements on the
the change of magnetization is rather slow due to the reducsame strip-ling Again, with the low driving field at the de-
tion of the effective field acting on the domains. This causescending pulse, domains along the edges remain, annihilating
the pronounced kinKstate (a)] in the magnetic response, slowly over some nanoseconds and still being present in Fig.
seen in Fig. B). Slow domain annihilation comparable to 7(e). This becomes also visible in the quantitative analysis in
the falling edge of Figs. @)—4(j) is observed along the ris- Fig. 7, where no complete reversal is observed within the
ing edge of Figs. &) and §b). The 80/20 rise time of 2.1 ns time-window of the measurement. For the pointed shape the
is slower and the fall time of 2.9 ns is significantly fasterlocal demagnetization field at the sides of the element is
compared to the values obtained for the more asymmetrialigned parallel to the applied field axis. As a result a more
pulse amplitudes of Fig. 4. Also a slight delay for the onsethomogeneous domain state without the opposing 90° do-
of switching becomes visible in Fig.(H. Saturation is mains(Fig. 4) develops. No pronounced vortex structure is
reached before pulse reversal. At the falling edge vortices arlwrmed. This confirms that the strong shape anisotropy in the
formed again. However, the concertina is less pronounced inorners is responsible for the development of the corner do-
the top-down corners as compared to Fig. 4. Additional magmains in the square shaped element, thus leading to the vor-
netization buckling develops in the left-right corner domainstex structures. More dissimilarities in magnetization reversal
[Fig. 5d)]. One additional detail becomes visible: For both,can be observed in rectangular elements, as will be shown
the rising and falling edge, small corner domains are appamext.
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| primarily at the top and bottom edg@sig. 8b)], where the
‘ effective demagnetization field is highest. Starting from the
. . ‘ edges a concertina pattern is formed, which then penetrates
(b) © (d) the element to the center regiffigs. §a)-8(c)]. In contrast
) to the tilted element, where the concertina period is rather
. R T small, the modulation period is larger due to the unrestricted
; : ; width of the elemenfcompare to Fig. @)]. With reversed
fields [Fig. &d)], the concertina collapses leaving a simple
Landau ground state. With further increasing field amplitude

the vortex moves towards the left edge.
( \ The dynamic reversal process of this element, however, is
v not as clear. The domain development with fast changing
\ field is shown in Fig. 9. The images were obtained under

s 0.7ns 8 7ns 113 ns 15.7 18 equal conditions as the pictures displayed in Figs. 4 and 7.
20kA/m  49kA/m  63kA/m  -0.kA/m5  -1.7 kA/m With increasing field most of the magnetization reversal oc-
curs within 1 ns[Figs. 9a)-9(d)]. However, no distinct do-

20 pm

1.0] 7o ' main pattern becomes visible during reversal, neither for lon-
o 16 gitudinal nor transversal sensitivity. In contrast to the

5 08 la quasistatic case, the turnaround starts in the center of the
g 0.6 EI element, which is best visible in the longitudinal image of
g al e 12 ’§ F_|g_. 9(c_). Only a weak mo.dulatlon of mag_netlzatlon become;
g 0 2 visible in the corresponding transversal image. In the longi-
H 02_% I tudinal image of Fig. @) the reversal seems to be already
0.0 12 completed, but comparing the corresponding magneto-

optical signal in Fig. &) it becomes apparent that the ele-
ment is not yet saturated. Residual domains at the edges are
evident in the transversal images in Figd® which annihi-

FIG. 7. Time-resolved Kerr images and domain interpretation oflat€ after several nanosecor{ésg. 9(€)]. The edge domains,
a pointed element. As in Fig. 4, the effective field varies from however, are not sufficient in size to be responsible for the
-2.0to +6.3 KA/m. The relative position in time relative to the incomplete switching. Several other contributions may also
pulse onset and the effective field values are indicatgdCorre- contribute to the shown results. First our temporal resolution
sponding plots of the longitudinal Kerr signal along the field axis asis limited to approximately 250 ps, which aggravates the vi-
a function of time. sualization of fast changes well below 1 ns. In addition, the
stroboscopic imaging technique relies on repeatable modes

The quasistatic magnetization reversal of a square e|2f magnetization reversal._Thi_s is not compelling in our case,
ment where the field is aligned parallel to the edges is dis?here the center magnetization is more free to rotate and
played in Fig. 8. The main difference to the previously dis-noconcertina patterns develop. Third, domains can be gener-

cussed case of diagonal field is that the switching begin@ted which are smaller in size than our lateral re§olution.
Furthermore, and connected to all arguments mentioned be-
fore, spin waves could be generated during reversal, which
(@) (b) (© (@) ( P J g
‘ The opposite low field reversal displayed in Figs.
‘ 9(f)—9(j) is very similar in character, but concertina domains
20 um develop in addition. Similar to the pronounced concertina of

would not be detectable with the limited temporal and lateral
i the tilted element(Fig. 4), the pattern resides during the
change of magnetizatidirigs. 99)-9(j)] as noticeable in the
T transversal images. The longitudinal edge domains generated
\ are much more pronounced and vanish slowly. They are very
X — — — =

5 0 5 10 15 20
) time t (ns)

e)

resolution of our experiment.

similar to the edge domains shown before for the pointed

T : ¥ n = . ts | %: ' elementFig. 7(e)]. The whole reversal takes place over sev-
= X Y eral nanosecondfFig. 9k)]. Changing the bias field and

i ] — — -« 7 — thus equalizing the pulse fields for the rising and falling

edges of the pulse, fast reversal for both pulse directions is

achieved[Fig. 1Q@)]. The remagnetization process occurs
FIG. 8. Quasistatic magnetization process of a permalloy squarB€low 1 ns in both casg$ig. 1Qb)]. Further reversing the

in a magnetic field along the edge as indicated. Images are showpias field and thus changing the effective pulse field does not

with the Kerr sensitivity longitudinal and transverse to the field display any additional changes in switching speed. The over-

axis. The schematic representation of the magnetization vector fieldll switching is much faster than for the tilted elemgram-

is derived from the Kerr contrast. pare Fig. 1(b) to Fig. 6] due to the absence of the formation

1.1 kA/m 0.5 kA/m 0.1kA/m  -0.1kA/m -0.7 kA/m
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FIG. 10. Progression of the Kerr signal along the field axis as a
function of time for the square element of Fig. 9. The field varies
from -4.0to +4.3 kA/m.(b) Rise and, respectively, fall times
(from 20% to 80% of signal amplitugidor different driving pulse
field amplitudes derived from the longitudinal response signal.

;% a rectangular element for almost the same field values as in
\T the examples shown before is displayed in Fig. 11. The de-
velopment of domains is very similar to the square element.
Starting from saturation, a concertina pattern develops initi-

10.9 ns 11.5 ns 12.7 ns 14.7 ns 16.7 ns

-0.2 kA/m -0.7kA/m  -12kA/m -1.6kA/m -1.8kA/m

switched fraction

5 0 5 10 15 20
(k) time t (ns)

ating from the top and bottom edges of the rectangular ele-
ment[Figs. 1Xa)-11(c)]. Nevertheless, one difference rela-
tive to the square element reversal becomes obvious. With
the opposing field at —0.1 kA/nfiFig. 11(d)] the blocked
domain state did not yet break down. Higher reversing fields
are necessary to swap the magnetization in the narrower el-
ement. Moreover, the dynamic reversal displays differences
to the process of the square elem@ampare Fig. 12 to Fig.
9). In contrast to the square element an indication for the
rippled domain structures also exists along the rising edge
[Fig. 12b)]. The elongated element displays a striped do-
main pattern during field reversal, but more pronounced at
the falling edge.

For a further increasing aspect ratio this trend is con-
firmed. The quasistatic images together with a domain inter-

FIG. 9. (&—j) Time-resolved Kerr images at longitudinal and

transverse sensitivity of the element shown in Fig. 8, but after ex-
citation with a pulse field. Indicated is the effective field value and
the time delay relative to the field pulse. {(n) no clear domain
structure in the center of the element could be derived, as discusse
in the text.(k) Plots of the longitudinal Kerr signal along the field
axis as a function of time. The field varies from -2.0 to

-

<+— <« T
+6.3 KA/m. = =g A
—> 7 b «— Y \q
of complicated domain stat¢except for the low field falling — ~ 1% (=1 4 b= v >

edge. _ , , 05kA/m 03kA/m 0.1kA/m -01kA/m -03kA/m -0.5kA/m
Reducing the elements width and thus increasing the

shape anisotropy along the pulse field orientation slightly FIG. 11. Quasistatic magnetization reversal of a rectangular el-

changes the characteristics, again. The quasistatic reversal ehent(aspect ratio 3:2
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FIG. 14. (a)—«(d) Dynamic Kerr images at longitudinal and trans-

FIG. 12. (a)«f) Dynamic Kerr images at longitudinal and trans- verse sensitivity of the element of Fig. 1@) Variation of the

verse sensitivity of the element shown in Fig. 1d) Variation of

longitudinal Kerr signal as a function of time. The pulse field varies

the longitudinal Kerr signal as a function of time. The pulse field from -2.0 to +6.3 kA/m.
varies from —2.0 to +6.3 KA/m.

—-0.1 kKA/m[Fig. 13d)] a narrow concertina pattern remains.

pretation for a narrow element of an aspect ratio of 4:1 aré\s expected, the period of the concertina in the center por-
displayed in Fig. 13. Yet again, the domain formation startgion of the element is much smaller than in the case of the
from the top-down edges, moving into the element by conWider elements.

certina developmerjfFigs. 13a)-13d)]. As for the other el-

The dynamic domaing=ig. 14 also display a pronounced

ements the initial process starts at the top and bottom edgéseference for ripple domains. The magnetization process
by spike domain movement. A strictly rotational process,takes place by inhomogeneous magnetization rotetog.
leading to the most narrow concertinas takes place in thd4(b)] along the rising edge. Also noticeable is that the
center of the element. Still, with an opposing field of blocked domain state occurs even close to saturgfog.

©

(@ (b
Tl fi A
pN PN B

0.5kA/m 0.3 kA/m 0.1 kKA/m

F}

()

-0.1 kA/m

-0.3 kA/m -0.5 kA/m

14(c)]. For smaller pulse amplitudes antiparallel aligned do-
mains within the element occur and saturation is not
achieved within the 10 ns pulse duratigrot shown. Along

the falling edge, a pronounced concertina pattern develops,
the period of which is again much smaller than in the case of
the wider elements. The frequency of the concertinas is very
similar to the center part of the quasistatic remagnetization
process.(Similar dependencies are also noticeable for the
wider rectangular elemenjsThe initially striped character
[Fig. 14c)] remains even after partial longitudinal switching
[Fig. 14d)]. This is best visible from the nearly unchanged
transversal sensitivity images. The residual domains along
the edges annihilate over more than 10 ns. Domains along
the edges where the magnetization is aligned antiparallel to

FIG. 13. Quasistatic magnetization reversal of a rectangular elthe field hinder the remagnetization proc¢gfy. 14d)], a

ement(aspect ratio 4:)

slow change of magnetization in the element over a few
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£ 4 \\. ] FIG. 16. Qualitative representation of the “cross-tie’-like do-
% 2] \\ ;EEK,N—@/" 1 main boundary developing during high-speed reversal. Magnetic
0 el . . field and magnetization directions are indicated.
1 2 3 4
(b) aspect ratio

does not change its textured character around these domain

FIG. 15. (a) Evolution of the longitudinal Kerr signal along the WallS after almost reversing the magnetizatjerg., compare
field axis as a function of time for various element shapes. Thd 195 14C) and 14d) and the concertina structure in Fig.
wave form of the exciting pulse is showgir) Corresponding 80/20 4(j)]. Whereas the structure of the concertina or blocked do-
rise and fall times for the curves shown(@. The element shapes Mains remains visible in the transversal images, regions with
are sketched. up-down magnetizations form and change in time, which can

be identified from the longitudinal images. For the tilted el-
nanoseconds is observgig. 14e)]. Overall, the magneti- €ment, an even more complicated domain structure involving
zation process in the narrow elements is slowed down dragnultiple vortices is formed, which leads to an even higher
tically due to the development of narrow concertina strucdncrease in switching timgsee Fig. 1), aspect ratio
tures. =1:1] for the low field of —2.0 kA/m.

A complete understanding of the described processes in A likely structure of the domain boundaries in agreement
the various elements can be gained by comparing the magvith the various Kerr images is given in Fig. 16. Sketched is
netic reversal in the differently shaped elemegfigy. 15.  a blocked domain structure at the right side, which is sepa-
The dynamic magnetization reversal as shown in our expericated from the already switched region, aligned parallel to
ments is determined by initial rotational processes, whicthe pulse field direction at the left side. As described above,
lead to blocked domain states. The creation of blocking igvhereas the magnetization is aligned up and down along
preferential for narrower elements, where the magnetizatiohoth sides of the domain boundary, no change in the trans-
cannot rotate as freely. The breakdown of the concertinaversal magnetization component is observed. The domain
which in the quasistatic case occurs through domain walboundary moves in accordance to the applied magnetic field.
reorganization, differs in the dynamic case, as the domaifNoticeable is the similarity to the well-known cross-tie wall
walls are much too slow to accommodate the remagnetizatructure, which also consists of a chain of a different type of
tion processes. The change of magnetization is slowed dowiloch lines. However, the occurrence of these domain
by the generation of low angle domain walls or concertina-boundaries is related to the firstly developing concertina pat-
like patterns generated by magnetization rotation, a procedérn and also differs strongly in period to cross-tie walls ob-
sufficiently fast at the time scales investigated here. Congruserved for Ng;Fey films of this thickness. The annihilation
ently, we observe a decrease in switching time with decrea®f the domain boundary network is strongly decelerated at
ing width independent of field amplitudes for the rectangularthe edges. This can be seen in almost all of our observations
Nig;Feo elements as seen from the time development ofnd also shows in the slow magnetic response for the small
magnetization in Fig. 1®) and the corresponding switching width elements, where the edge walls are contributing to a

speed analysis in Fig. 19). high degree to the overall magneto-optical signal.
Another mechanism of deceleration is derived from our
dynamic domain analysis. In addition and instead of a regu- V. SUMMARY

lar concertina breakdown, we in general observe the subse-

guent alteration of magnetization through the displacement In summary we investigated the domain formation in dif-
of domain boundaries separating regions with nearly antiparferently patterned NiFe 4 elements from dc to the nanosec-
allel magnetization. However, the existing blocked patternond time scale. The development of the domains is strongly
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determined by the shape and thus the penetrating field distrte happen similarly in much smaller devic¥sand have con-
bution during remagnetization. Depending on element shapsequences for the understanding of switching events in poly-
and field amplitude, complicated domains with vortices anccrystalline thin film elements like MRAM devices.

concertina form by magnetization rotation. The conversion

of these patterns with the reversed field direction in the dy-

namic case happens through a mixture of rotation and do- ACKNOWLEDGMENTS
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