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Domain-wall dynamics, pinning, and nucleation in ultrathin epitaxial Fe films
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We have studied the dynamics of magnetic switching in in-plane magnetized ultrathin epitaxial Fe films by
time-resolved magneto-optical magnetometry and microscopy. Experimental evidence has been found for two
domain-wall pinning mechanisms:macropinsandmicropins. Macropins are extrinsic defects that are spatially
distributed on the 10-mm length scale; micropins are intrinsic defects that are spatially distributed on a much
shorter length scale. Once free from macropins, domain walls even in ultrathin films show line tension effects.
We report a strong dependence on the magnetization direction of the relative importance of domain nucleation
processes compared with domain-wall propagation processes. In-plane magnetized films do not readily nucle-
ate reverse domains, whereas out-of-plane magnetized films of identical morphology do. This can be under-
stood as being due to the different demagnetizing fields and domain-wall pinning energies.
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I. INTRODUCTION

Ultrathin magnetic films have attracted much experim
tal and theoretical interest in recent years.1 Under epitaxial
growth conditions the magnetocrystalline anisotropies
very well defined across the entire crystal, and strong
change coupling between atomic layers inhibits to first or
any magnetization variations across the thickness of the fi
The resulting magnet is therefore greatly simplified and
ultrathin epitaxial magnetic films are an excellent system
studying fundamental magnetic phenomena. From a tech
logical point of view, thin and ultrathin magnetic films a
promising candidates for use in high-density data storage
magnetoelectronic applications.2

An important area of study in thin-film magnetism
magnetic switching and domain structure. Magnetic swit
ing is the process by which an applied field is used to cha
the direction of the magnetization in the film. Such magn
tization changes are usually mediated by domain proces
Clearly this is of technological importance, because d
storage, magnetic sensing, and magnetoelectronic signal
cessing all involve a change in spin direction. There is a
strong fundamental interest in magnetic switching beca
important properties of the magnetic system such as coe
ity, remanence, and susceptibility are all determined by
switching process. To date, several studies have been
formed into thestaticsof magnetic switching,3–5 but fewer
have addressed thedynamics.6 As will be demonstrated in
this paper, switching dynamics can reveal important new
formation about fundamental interactions between
sample magnetism and morphology. A description of
temporal switching properties is also required for technolo
cal applications where signal bandwidth is at a premium

The Fe/Ag~001! system is often used as a model ultrath
PRB 580163-1829/98/58~17!/11507~7!/$15.00
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magnetic system for reasons that have been described
fully elsewhere.7 A feature of this system that makes it pa
ticularly interesting is that by changing the Fe thickness o
very slightly, the magnetization easy direction chang
abruptly from being along the surface normal@Fe thicknesses
less than about 5 ML to being in the plane~Fe thicknesses
greater than about 5 ML!#. This change comes about throug
the so-called reorientation phase transition, which has
cently been of great theoretical and experimental interest
cause of the possibility of thus realizing experimentally
two-dimensional Heisenberg magnet.7,8 Furthermore, by us-
ing a sample with a wedge-shaped Fe thickness profile,
distinct magnetic systems can be studied with all other str
tural conditions remaining identical. We will make use
this important property of the Fe/Ag system to compare
dynamic spin reversal of the in-plane magnetized case w
the out-of-plane magnetized case.

In this paper we will present the results of two experime
tal investigations into the dynamics of magnetic switching
in-plane magnetized ultrathin (;10 ML! epitaxial Fe/
Ag~001! films. The first will use time-resolved magnetoop
cal magnetometry to observe magnetic relaxation~afteref-
fect! on the seconds time scale. The second will use tim
resolved magnetooptical microscopy with pulsed magn
fields to observe domain-wall~DW! motion on the nanosec
ond time scale. We will use these observations first to de
onstrate the existence of two types of DW pinning defe
present in the in-plane magnetized film and to show th
consequences for the spin reversal dynamics. Second
will make a comparison of the spin-reversal dynamics of
identical system when magnetized out of plane and w
magnetized in plane. We will thus show a strong depende
on the relative importance of domain nucleation and D
propagation processes on the magnetization direction.
11 507 ©1998 The American Physical Society
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II. EXPERIMENT

A. Magnetic relaxation: Dynamics on the seconds time scale

Magnetic relaxation~also shown as magnetic aftereffec!
is the phenomenon in which a change in the magnetic s
of a system is delayed with respect to changes in an app
magnetic field.9 A classic magnetic relaxation experiment
to saturate the sample with a large negative applied field,
then suddenly to switch the field to a value close to but s
less than the positive coercive field. The magnetic state
the sample is then recorded as a function of time. At fin
temperature, any subsequent magnetic changes are us
due to thermal activation. In cases where spin reversal
ceeds via DW propagation, magnetic relaxation probes
ability of thermal activation to depin a DW and thus yiel
important information about the nature and distribution
the pinning sites. Where spin reversal is nucleation do
nated, magnetic relaxation probes the probability of a nu
ation event. Magnetic relaxation also has important tech
logical implications, for it defines a time scale over which
ferromagnetic data storage system~e.g., recording media!
will lose its memory.

We have measured magnetic relaxation using magnet
tics in an ultrathin Fe layer. All measurements reported
this section are for the case of the magnetization lyingin
plane. The sample consisted of a GaAs~001! substrate plus a
10-ML seed layer of Fe on which were grown;200 ML of
Ag~001!. The Fe layer of interest to this study was grow
next with a wedge-shaped thickness profile allowing
thicknesses in the range 0–13 ML to be accessed. A fur
10 ML of Ag were then deposited, followed by a 5-ML C
protection cap. All depositions were performed in ultrahi
vacuum using molecular-beam epitaxy. Full details of
growth and structural and magnetic characterization have
ready been published.3,7 A magnetooptical Kerr effec
~MOKE! magnetometer using the longitudinal Kerr effec10

with polarization modulation and operating at room tempe
ture was used to probe the sample magnetization. The m
netometer laser beam was focused to a spot of diamete
proximately 100mm and so was sensitive to the compone
of magnetization aligned with an applied field averag
across this area. The sample was oriented such that the

FIG. 1. A hysteresis loop measured by longitudinal MOKE u
der identical experimental conditions to those used for the re
ation measurements of Fig. 2.
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was applied along the in-plane@100# direction of the ultra-
thin Fe layer, which is a magnetocrystalline easy axis. O
samples exhibit in addition to the usual bulk cubic anisotro
a very weak in-plane uniaxial anisotropy,3 for which @100#
was also an easy axis.

Figure 1 shows a hysteresis (M -H) loop measured by the
magnetooptical magnetometer in order to determine the
ercive field. The laser beam was focused onto a part of
wedge-shaped sample where the Fe thickness was 1061 ML
and so the magnetization easy direction was in plane.
applied-field sweep rate was 8 Oe s21. A relaxation experi-
ment was then performed in which a26.3-Oe reverse satu
rating field was applied, which was then abruptly increas
to a valueH slightly smaller than the positive coercive field
The output from the magnetometer was recorded as a fu
tion of time for 43 s after the field switch. The experime
was then repeated for differentH.

Figure 2 shows the results. The fact that the Kerr sig
~and hence the average magnetization within the area of
focused laser spot! changes over time after the field switc
shows that magnetic relaxation does indeed occur for th
in-plane magnetized ultrathin samples. Strikingly, howev
relaxation proceeds by a series of discrete jumps and no
the smooth evolution reported for out-of-plane magnetiz
systems.11,12 Qualitatively similar results were produced
other points on the sample of similar Fe thickness and
other identical samples. Interestingly, oursame samplespro-
duced smooth concave relaxation curves for Fe thickne
sufficiently small that surface anisotropy forced the mag
tization out of plane.7

The jumps in the Kerr signal during relaxation are;10%
of the full signal range. It is already known from a previo
nondynamic study3 that magnetic switching proceeds by th
sweeping of a few 180° DW’s. Each relaxation jump the
fore corresponds to a DW moving by;10 mm ~100 mm
beam diameter310%). We can thus postulate the existen
of DW pinning sites that are spatially distributed on t
10-mm length scale. We shall discuss this further in S
III A.

-
x-

FIG. 2. Magnetic relaxation results. The applied field was ra
idly switched att57 s from a large negative value to the valu
shown on the right-hand side of each trace. The graph shows
ensuing variation in Kerr signal as a function of time. The 2.56-
trace is shown in a different shade to distinguish it from the 2.63-
trace.
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FIG. 3. ~a! A domain structure created by slowly ramping a field up to the coercive field and then back to zero. Ten 16-ns pul
Oe amplitude were then applied for each of images~b!–~d!. The original domain is white and the new domain is black, which corresp
respectively to magnetization vectors pointing to the left and right of the image~or right and left; the absolute sign is unknown!. Each image
is 5003500 mm.
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B. Pulsed magnetic-field microscopy:
Dynamics on the nanosecond time scale

We have added a high-speed pulsed magnetic-field fa
ity to a scanning Kerr microscope.13 We can create in-plane
top-hat field pulses directed along the sample@100# direction
of up to 6 Oe amplitude and 2–18 ns width and with
subnanosecond rise time. These are generated by discha
a coaxial line charged to not more than 500 V through
microstrip into a 50-V load. A mercury-wetted reed relay i
used as the switching element, the pulse width being de
mined by the length of the coaxial line.14 The sample is
glued onto the microstrip and so experiences theH field of
the TEM wave that passes along the microstrip.

All of the results reported in this section were taken fro
the same sample as described in the previous section a
the same thickness (1061 ML!. All of the DW’s that will be
observed are of the 180° Ne´el type, separating in-plan
@100#- and @1̄00#-oriented domains. We shall report the r
sults of five different studies. In each case, a magnetic c
trast image is taken by the microscope~a process that takes
min!. Field pulses are then applied, and another image s
sequently taken. The differences between the two images
assumed to be due to DW motion during the field pul
Temporal information on the nanosecond time scale can
be attained even though the microscope itself operates
much slower time scale. As expected, no change in dom
structure was observed after applying field pulses of am
tude less than the coercive field. This technique has also b
used by Kirilyuket al.15

Figure 3~a! shows a domain structure created by ramp
a @100#-oriented magnetic field slowly from zero up to
value close to the coercivity and then back to zero. T
sample was initially saturated in the@1̄00# direction.@100# is
defined as pointing to the right in the images. The lo
signal-to-noise ratio of the images is due to the small K
signal that comes from an ultrathin film (;15-mdeg Kerr
rotation in this case! and the relatively wide signal passban
~0–40 Hz! needed in the optical detection in order to acqu
enough image pixels in a reasonable time. The majority
the permanent spots visible in all of the images are d
particles that greatly depolarize the reflected light. One s
that the DW’s are rough and irregular, although not labyr
thine, with fluctuations on a length scale of approximately
mm. Figures 3~b!–3~d! show the result of then applying sho
field pulses. The black domain starts to grow and in doing
its walls become smoother and more regular.

In the second study, a DW was created in the same wa
in the first study and then straightened by a few short pul
Figure 4~a! shows the resulting wall. The DW was the
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propagated in 80-ns steps as shown in Figs. 4~b!–4~f!. The
difference images were obtained by numerically subtract
two consecutive images and so show how much the DW
moved in each step. One sees that most of the wall mo
roughly the same distance each step. There are certain
tions of the wall, however, that move less than other pa
during a given step, e.g., right of center between Figs. 4~b!
and 4~c!, presumably due to some extraordinary pinnin
When this happens, the rest of the wall moves on leaving
pinned part behind. The wall is therefore deformed and
ripple is introduced as seen clearly in images~b! and~f!. The
DW has an energy per unit length and so the deforma
leads to an increase in energy, which in turn leads to tens
within the wall. When the tension becomes too great,
pinned part is unpinned. Further propagation then tightens
the sag in the wall, so that even though image~c! shows a
pinned portion that has been left behind, by image~d! the
wall is completely straight again.

The third study concerns domain nucleation. It is a feat
of magnetic films of high structural quality that magne
switching proceeds by domain-wall sweeping.12 A small
number of nucleation events create the reverse domains
then grow by wall sweeping to cover the entire film. It

FIG. 4. A straight DW propagating under the action of sh
field pulses. Five 16-ns pulses of 6 Oe amplitude were app
between each of the images. The images without~ !’s show the
difference between the two adjacent images. Each image is
3200 mm.
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FIG. 5. The nucleation of new domains by field pulses.~a! was obtained by applying ten 16-ns pulses of 6 Oe amplitude to the sa
just after saturation. The newly nucleated domains are then grown in~b!–~g! by 10 more pulses before each image. Each image is
3500 mm.
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therefore most unusual to observe the nucleation even
rectly in such films since they occur in a tiny fraction of th
total surface area. Pulsed fields, however, allow nucleatio
be studied directly. If a large pulsed field is applied, a nuc
ation event~which becomes more probable in higher field!
can occur before a DW from another part of the sample
had time to travel across the sample.15 Figure 5 shows how
starting from a single domain film it is possible to nuclea
new domains by short field pulses, oriented as previou
along the@100# direction. Figure 5~a! shows the nucleation
centers. Further pulses cause these small domains to
@~b! and ~c!# until they begin to coalesce@image~d!#. Upon
coalescence, the DW’s straighten@image ~e!# in the same
way as described in the first study of this part and then be
to propagate in a straight line@~f! and~g!#. The fact that there
are only three nucleation events in a 5003500mm area even
though a field of twice the coercive field was being appl
shows that the nucleation field of these films when mag
tized in plane is very high relative to the DW propagati
field. It is striking that nucleation should become so mu
more favorable when the same samples are magnetized
of plane.7

Figure 6 shows another example of pulsed field-indu
nucleation. The microscope field of view was moved sligh
to observe a different part of the sample~although of the
same Fe thickness!. The fact that the initially nucleated do
mains are so much more elongated than those of Fig. 5
all lie in a straight line suggests that a tiny surface scratc
acting as a source of nucleation centers. The nucleated
mains very quickly join up and then propagate across
surface.

For the fourth study, a domain was nucleated by apply
pulses to a single domain film and then enlarged by a
further field pulses@Fig. 7~a!#. A high-resolution image was
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taken of the resulting domain@image~b!#. It can be seen tha
one of the domain vertices is pinned by a large surface de
located towards the lower left in both image~b! and the
optical micrograph of~c!. This observation agrees with tha
of the second study of this section that macroscopic surf
defects can pin DW’s.

In the fifth study, a DW was created by pulse induc
nucleation of two small domains@Fig. 8~a!#. If one examines
Figs. 8~a! and 8~b! carefully, it is possible to see the defe
that acted as the nucleation center for the left-hand dom
These two domains were then grown by further pulses u
they coalesced to form a large, straight-edged domain@image
~b!#. The distance moved by two fixed points on one of the
walls @indicatedP andQ in image~b!# normal to the length
of the wall was then measured at subsequent times in o
to form a distance-time graph for the DW motion. This
shown in Fig. 9. One sees that the points form two go
straight lines, showing that the portion of the wall markedP
was propagating with a uniform velocity of6349610 ms21

and that the portion markedQ was propagating uniformly a
303610 ms21. The fact thatP is moving faster thanQ ex-
plains why the normal to the DW appears to rotate betw
images~b! and~e! of Fig. 8. This velocity differential can be
understood in similar terms to the straightening of the w
after depinning from a pinning site~Fig. 4!. A wall that does
not follow the magnetic easy axis has a higher energy t
one that does because of magnetic charging. This is dire
analogous to elastic beam bending, except that elastic po
tial energy is replaced by magnetostatic energy. A virt
work argument shows that the bent DW experiences a be
ing motion that increases the driving pressure on the p
that deviate from the easy axis. These therefore move fa
than the parts that are aligned with the easy axis, until
bend is eliminated.
mple
FIG. 6. A further example of nucleation by field pulses.~a! was obtained by applying two 18.5-ns pulses of amplitude 6 Oe to the sa
just after saturation.~b!–~d! correspond to times 37, 180, and 277 ns later. Each image is 5003500 mm.
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III. DISCUSSION

A. Domain-wall pinning: Evidence for micropins
and macropins

The results from our magnetic relaxation experiment
the in-plane magnetized case reported DW’s jumping
steps of approximately 10mm. We were thus able to postu
late the existence of domain-wall pinning sites spatially d
tributed on the 10-mm length scale. Atomic terraces hav
already been shown to be a potential source of DW pinn
sites in ultrathin films.16–18 However, the pinning sites de
tected in this relaxation experiment are distributed on a v
much longer length scale than the mean atomic terrace le
(;70 Å!. We will therefore name these long length sca
pinning sitesmacropins.The time-resolved images of th
second part of this paper have confirmed the existenc
such pinning sites. The scratch of Fig. 4~a! and the surface
damage of Fig. 7~b! show thatextrinsicdefects are certainly
able to act as macropins. In addition, Figs. 4~c! and 4~e! both
show the DW being snagged by some invisible defect. T
samples had not been subjected to rough handling, show
the sensitivity of the domain structure to very small imp
fections. The dust particles visible in the microscope ima
are not considered to be sources of pinning defects bec
the relaxation behavior reported in part~a! was the same
immediately after the sample was removed from the gro
chamber as compared with that measured several mo
later.

The nanosecond time scale dynamic results cannot, h
ever, be explained purely by the presence of macropins.

FIG. 7. A high-resolution view of pinning. The domain in~a!
was nucleated and grown by four 18.5-ns pulses of 6 Oe amplit
~b! shows the domain in high resolution. A surface defect can
seen in the optical micrograph to be holding one corner of
domain.
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results of the fifth study of part~b! can only be explained by
assuming the presence of a second type of pinning s
When the field pulse ends, the DW will come to rest at t
nearest set of pinning sites, where it will later be imaged
the scanning microscope. The fact that we are able to c
struct a good distance-time graph in Fig. 9 with very litt
scatter on the points shows that these pinning sites mus
distributed on a length scale that is muchshorter than the
distance between measurements (;10 mm!. We therefore
give the name ofmicropins to these pinning sites. Thus, i
Fig. 4 it is the macropins that introduce the kinks into t
DW at its propagates, but the micropins that hold it at t
end of each field pulse. Compare the left-hand side of
wall in Fig. 4~a!, which is held by a macropin~a short sur-
face scratch! and is therefore characteristically roughened
the length scale of the macropins, with Fig. 4~d! where only
micropins are acting, and so the wall is straight.

This also allows us to understand the smoothing of
DW by field pulses shown in Fig. 3. Figure 3~a! was taken
using the so-called quasistatic imaging mode, where an
plied field is slowly ramped up to a value close to the co
civity and then returned to zero. The resulting domain str
ture gives the distribution of pinning sites that were active
the maximum field value obtained. Now it is reasonable
assume that the pinning strengths of extrinsic macropins
be broadly distributed. Equally, although we cannot say a
thing a priori abut the distribution of the micropins, we ca
say that because of their much smaller spacing the DW
tend to average across many micropins simultaneous19

The depinning of a DW from a given micropin is therefo
not an isolated event, but has partial coherence with ne
boring micropins. This will narrow the distribution of th
overall pinning strength experienced by the DW. Thus,
can suppose that the macropins will have the broader di
bution, and as a result are more likely to be the active p
ning sites at the maximum applied field. In short, the dom
structure created by the quasistatic imaging mode will
dominated by macropins. This explains the rough nature
the wall in Fig. 3~a!. Subsequent field pulses then free t
wall from the macropins, and repin it at the end of the pu
at the nearest pinning site, which is most likely to be a m
cropin. Thus, the pulses change the dominant pinning t
from macropin to micropin, and as a result the wall chang
from rough~reflecting the length scale of the distribution
macropins! to smooth~reflecting the length scale of the dis
tribution of micropins!.

e.
e
e

ulses
FIG. 8. Determination of DW propagation speed.~a! shows two domains that were nucleated and grown by applying two 18.5-ns p
of 6-Oe amplitude. Two further pulses were then applied before each of~b!–~d!. Four pulses were applied between~d! and~e!. Each image
is 2003200 mm.
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A question that has received some attention recentl
whether DW’s in in-plane magnetized ultrathin films shou
be ‘‘rough’’ or ‘‘smooth.’’ Theoretical work has indicated
that in the two-dimensional limit, the increase in entropy o
rough wall dominates over the increased magnetostatic
ergy, and so at finite temperature free energy is minimi
by a roughening of the wall.20,21 Experimental observation
of rough DW’s in films of a few ML’s~Refs. 22–24! and of
smooth DW’s in thicker films4 appear to confirm these pre
dictions. However, there is also strong evidence that dom
structure in real films is governed predominantly by pinni
defects and not by entropy.24 The results reported in thi
paper highlight the need for care in interpreting DW roug
ness in ultrathin films. Even though our samples are of h
structural quality, the DW roughness is still determined
extrinsic and intrinsic defects. It is not surprising that dom
structure in ultrathin films should be so very sensitive
defects given that a single atomic step corresponds to a
change in thickness and hence DW energy. Of particu
significance is our finding that the quasistatic imagi
method selects a very particular domain structure~i.e., one
determined by extrinsic macropins!.

B. Switching mechanisms and the magnetization direction

One of the striking features of our results is the obser
tion that domain nucleation processes are far more preva
when a sample is magnetized out of plane7 than when the
identical sample is magnetized in plane. There are two
pects to explaining this qualitatively.

First, the difference in anisotropy fields between the o
of-plane and in-plane magnetized cases acts to make the
propagation field much greater for out-of-plane magneti
films than in plane. The anisotropy field determines the D
width and line energy and hence its interaction with defe
The anisotropy field in ultrathin out-of-plane magnetiz
films is generally dominated by the strong surface anisotr
term, which can be several kOe~except very close to the
reorientation phase transition point where it is compensa
by shape anisotropy!. The anisotropy field in in-plane mag
netized films is on the other hand dominated by bulk m
netocrystalline anisotropy that is typically only a few hu
dred Oe for ultrathin bcc epitaxial Fe.25 Hence, the Bloch
DW’s appearing in out-of-plane magnetized films will b
much narrower and much more energetically costly per u
length than the Ne´el walls of the in-plane magnetized film

FIG. 9. Distance time graphs measured from the pointsP andQ
of the propagating DW of Fig. 8.
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and so will be more strongly pinned by defects. This is
agreement with the experimental observation of our previ
study7 that found low-temperature~2 K! coercivities of;40
Oe for in-plane magnetized ultrathin Fe films and;500 Oe
for the same samples when magnetized out of plane.

Second, the demagnetizing field, which is 4pMs for out-
of-plane magnetized films but which for in-plane magnetiz
ultrathin films tends to zero, acts to reduce the domain nu
ation field for out-of-plane magnetized films with respect
the in-plane case. One can see this by writing the energ
an out-of-plane reverse domain of radiusr as

U'54AAKu2prt 22pMs
2pr 2t, ~1!

whereA is the exchange stiffness,Ku is the total out-of-plane
uniaxial anisotropy~i.e., surface1 shape!, Ms is the satura-
tion magnetization, andt is the film thickness. For the case o
an in-plane magnetized film, the corresponding ene
would be

U i52AAK12prt , ~2!

whereK1 is the cubic anisotropy constant. The Zeeman
ergy due to the applied field has been ignored becaus
contributes the same to the two cases. Domain nucleatio
easier for the out-of-plane magnetized case than for the
plane case~i.e., U',U i) for initial nucleation radii that sat-
isfy

r .
2AA~2AKu2AK1!

Ms
2p

. ~3!

Substituting typical values ofA51026 ergs cm21, Ku55
3106 ergs cm23, K15105 ergs cm23, and Ms51700
emu cm23 into Eq. ~3! gives U',U i for r .9 nm. Given
that this is less than a typical DW width (;20 nm!, this
condition will be satisfied for all real nucleation events.

These two effects combine the make in-plane magneti
reversals propagation dominated and out-of-plane rever
nucleation dominated. We can thus explain our observa
that when the film is magnetized out-of-plane magnetic
laxation proceeds by the nucleation of a large number
small domains, leading to a smooth, concave relaxa
curve and when the film is magnetized in-plane relaxat
proceeds by the sweeping of a small number of macropin
180° DW’s, leading to relaxation curves with abrupt jump

IV. CONCLUSION

We have studied in detail the dynamics of magne
switching in an in-plane magnetized ultrathin film. Dire
experimental evidence has been found for two DW pinn
mechanisms:macropins and micropins. Macropins are
physical defects that are spatially distributed on the 10-mm
length scale and that largely determine the domain struc
observed by the quasistatic imaging method. Surf
scratches and other extrinsic defects have been show
have macropinning ability. Micropins are physical defec
that are spatially distributed on a length scale much sho
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than 10mm; atomic step edges may be responsible for the
Once free from macropins, DW’s even in ultrathin film
show line tension effects.

We report that the ability of a film to nucleate rever
domains depends not only on its morphology, but also on
magnetization direction. The same sample that when ma
tized in plane exhibited a great reluctance to nucleate rev
domains, even under the action of ‘‘large’’ applied fiel
~large relative to the coercive field!, was able to nucleate
domains very easily when magnetized out of plane. This
p
t

.

e

n

e.

e
e-
se

-

servation can be understood as being due to the differenc
demagnetizing fields between the in-plane and out-of-pla
magnetized cases.
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