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Magnetic relaxation in thin Co films with in-plane magnetization
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Magnetic relaxation along two nonequivalent axes has been investigated in Co films on ste(Q@&hl Bu
magneto-optical Kerr effect and correlated to magnetic domain patterns and structural defects by spin-polarized
scanning electron microscopy. The results show that nucleation is dominated by anisotropy rather than mag-
netostatics. Domain wall velocity is not constant for a given field, but depends on the initial state of the system.
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Magnetic switching in thin films is of great technological = The relaxation experiments were performed inysitu
importance because numerous devices rely on the fact thatraagneto-optical Kerr effect in the transverse and longitudi-
magnetic system can be bistable. Switching from one state teal geometry for measurements with field along the easy and
the other is achieved by a magnetic field. As soon as the fielthtermediate axis, respectively. The laser spot diameter is
is applied, one state becomes metastable, and the system pggyout 1 mm. Two pairs of coils are positioned at 90° to each
ceeds through a large number of metastable states of decre@gher in the plane of the sample. A field 30 times larger than
ing energy until the ground state is reached. Temperature anfle coercive field was first applied to fully saturate the mag-
applied field determine the probability to overcome the barnetization. Then the field was reversed to a value smaller
riers separating metastable states, and thus the systefjan that of the coercive field, and the Kerr signal was re-
evolves with time even though field and temperature are kepdorded as a function of time. The measured rise time of the
constant. This relaxation phenomenon is also referred to gg|g step is<1 ms. After removal of the field, magnetic
an after-effect or a creep. The long-term stability of magnetiqyomain images were taken by spin-polarized scanning elec-
storage media is largely determined by this effeBespite  tron microscopy(spin-SEM.'3 All experiments were per-
its importance, only a few studies have investigated relaxfgrmed at room temperature.
ation in th|n f|ImS magnetized in plaﬁéMOSt Studies were Re'axation a|ong the easy axis proceeds by a Succession
performed in perpendicularly magnetized f”_ﬁ“_éQA“hOUQh ~of jumps in the magnetization, see Fig. 1. For a given field,
these are analogous to in-plane magnetized systems Wife time at which jumps occur as well as their height are not
uniaxial symmetry from an anisotropy perspective, the mageonstant because the process is thermally activated. Usually,
netostatic energy might make reversal behave differently. sych relaxation curves are analyzed within a model extend-

_A conceptually more complex case are in-plane systtmMpg Fatuzzo’s work. The model assumes that reversal takes
with higher symmetry, for which higher orders become re';j;sjlace by nucleation of domains and their subsequent expan-

evant for in-plane anisotropy. Apart from easy and har

ion by wall propagation, described by the nucleation rate,

magnetization axes, further nonequivalent “intermediate”the initial size of the nuclei, and the wall velocity. In the
axes can exist. Consequently, magnetization relaxation alongmplest approximation, the observed crossover in the shape

different axes can be compared.

of the relaxation curve from an almost exponential decay at

We show that relaxation in such systems displays protoy fields to anS-shaped curve at high fields is associated

nounced differences along nonequivalent directions, both
with respect to nucleation and domain-wall propagation.
This allows us to disentangle qualitatively the relative influ-
ence of crystalline anisotropy and the magnetostatic energy
contribution on relaxation. No study has reported magnetiza-
tion relaxation experiments on the identical sample along
two nonequivalent directions.

A 30-monolayer(ML )-thick epitaxial cobalt film has been
prepared by molecular beam epitaxy on a(@di) single
crystal with 1° miscut. The step edges were preferentially
oriented along thg€110] direction. The in-plane anisotropy is
described by a superposition of twofold and fourfold anisot-
ropy, K sirf(¢)+ (K/4)sirf(2¢), whereK, and K, are the
uniaxial and the cubic anisotropy constants, gnthe angle

between the magnetization and the10] direction!! For
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this systemK,=7.8<10° J/im? and K,=89.2<10° J/n. FIG. 1. Magnetic relaxation with field applied along the easy
For this film thickness, the easy axis is perpendicular to theys ¢ the timet=0 s, the magnetic field was switched from
step edges, i.e., along th210] direction, whereas the inter- saturation to a reverse field given at each curve. The Kerr signal
mediate axis is parallel to the step edges, i.e., alon§lthe)] M is normalized to saturation magnetizatibh,. The inset shows
direction*? the Sshaped initial relaxation curve at large fieltss=5.45 kA/m.
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° FIG. 3. Magnetization images taken by spin SEM. The magne-
oo, tization component along the easy axis is measured. A reversed
0000644, voo o (black domain has nucleated at a defect in the image center and
107+ . . ‘ , 1 expandeda) after the application of a reversed field of 5.08 kA/m
5 52 54 56 58 6 for 11 s andb) after a second pulse of identical strength for 1000 s.
Magnetic field (kA/m) The small region expanded with the second field pulse is indicated
by an arrow.

FIG. 2. Logarithmic plot of the relaxation timig,, vs reverse
field H; t1), is the time needed to reverse half of the magnetization,
i.e., M(t=t;,,)=0. Note the steep slope at small fields and the flatmagnetization decay during the second pulse in Fig. 4 is
curve at large fields. caused by nucleation and subsequent expansion of an addi-

) ) . tional, previously nonexistent domain. The inefficiency of
with a decay governed by domain nucleation and wall propaghe second pulse is present even for the shortest time delays
gation, respec.tlvel§As three parameters are involved, how- 4jied between the two pulses, i.e., for 0.1 ms. During this
ever, such an identification is generally not unambiguous andh ot time in zero field the system continues to relax to lower
requires additional analysis. _ its energy, albeit on a path different from the one with field

Relaxation can be characterized by the timgneeded 0 4pplied. Such a path is governed either by diffusion or ther-
reverse half the magnetization over the probed area. At o activation'® In a diffusional process, atoms or impurities
fields, an Arrhenius-type model vyields 19¢/7)=  move at the Co/Cu interface or in the Co film, thereby in-
—2MgVg(H—Hp)/KT. The characteristic time comprises  gycing a change in magnetic anisotrdfydowever, the time
all atomistic quantities related to a typical reversal tifie,  scale for such a process is generally on the order of seconds
is the saturation magnetizatios the Barkhausen volume, rather than milliseconds. Moreover, diffusion processes fol-
H, the wall propagation field, ankT the Boltzmann con- |ow the “superposition principle” of magnetic after-effetts
stant times temperature. The Barkhausen volume, i.e., thghich is not compatible with the inefficiency of the second
volume swept by the wall in moving from one minimum to pyise. The process to lower the energy is therefore a thermal
the other, can be determined from the linear slope of thetivation in which the wall can overcome small barriers to
Inty(H) curve in Fig. 2 at low field§,Vg=86x10">* m®.  reduce its energy further, with a competition between two
At higher fields, a break in slope is observed. It has beeferms typical for creep® the first one drives the wall to a
shown earlier that the h|gh'f|e|d regime CorreSpondS toa ViSfoca' position where the energy density is m|n|mum, the sec-
cous motion of domain walls rather than thermalond tends to reduce the wall length. When the next pulse

activation:* Correspondingly, the logarithmic dependence ofstarts, the system will thus be in a different, lower energy
Inty,, with H is no longer valid.

Additional information on the relaxation process is ob-
tained by direct visualization of the domain structure by
spin-SEM. We find that reversal takes place by nucleation at
only a few structural defects in the film, enlarging to big
inverted domains, see Fig(a&. Once a domain has been
nucleated at such a macropirit, expands to a certain size 0.5-
determined by field strength and pulse duration, and eventu-
ally pins at local barriers for wall propagation. Qualitatively
the same behavior is found for the entire field range probed or
in Fig. 2.

To study unpinning of a domain at local barriers we per-
formed reversal experiments with a sequence of two field 055 ———
pulses separated by a variable time delay and measured the ‘ , ‘ ‘
Kerr signal during this sequence. Figure 4 shows that the 0 0.1 02 0.3 0.4

) i . Time (s)
magnetization decay after two separated pulses is strongly
suppressed compared to a single pulse of double length. The F|G. 4. Magnetic relaxation with field along the easy axis with
corresponding domain image after the second pulse confirmgo reverse field pulsesl=5.43 kA/m of 40 ms duration, and a
this picture, see Fig.(8). The existing domain of Fig.(d) delay timeAt between the two pulses. Between the pulses, no field
has expanded only marginally even though the second pulge applied. The temporal position of the pulses is indicated at the
has been applied during a much longer time. Hence, théottom for(a) and(b), at the top for(c).

v
= At=0.1 ms (b)
=

At=0ms (a)
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FIG. 5. Magnetic relaxation with field applied along the inter-  FIG. 7. Magnetic relaxation with field along the intermediate
mediate axis. The magnetic field was switched from saturation to axis with two reverse field pulsé$=11.2 kA/m of 60 ms duration
reverse fieldH given at each curve. The magnetization stays con-and a delay timet between the two pulses. Between the pulses, no
stant after a fast initial decay. field is applied. The temporal position of the pulses is indicated at

the bottom for(a), at the top for(b). The two curves are vertically

state than at the end of the previous pulse. Therefore th@splaced for clarity, the magnetization reaches the same final value
wall velocity is not constant in a given field, but depends on™ (& and (o).

the initial state of the system. _ _ some domains point along the applied field direction, see
The stepped Co/G001) system offers the unique possi- Fig. 6(b).
bility to dlrectly compare relaxatlon_along two nonequwalen_t Strikingly, the magnetization at defects visible in topog-
crystallographic d|rect|ons._ In addition to the reversal eXperivaphy still points along the original direction even though
ments along the easy axis, we performed the same set @it of the film has already switched magnetization by 90°,
experiments along the intermediate axis. In contrast to revers,, Fig. ). Thus, nucleation at defects is more difficult
Sﬁl alo?g tf?lef_elasy ax'ls_' the relaxation c_u;\_/e h?s the Sanf?ﬁan in the rest of the film. This means that these defects
shape for all fields applied, see Fig. 5. Within a few tens ofy a5y the symmetry: although they favor nucleation for the
r_mlhseconds, the Kerr 5|gnal_reaches a value Wlth no add"magnetization along the easy axis, they hinder it if the mag-
tional decrease for several minutes. This value is the same @8- 4tion points along the intermediate axis. As magneto-
the one a“a"f‘e‘?' at th|§ f|e_Id while cycling a hysteresis l00pgyayic energy at defects is on average independent of direc-
The domain image in Fig.(8) shows that a large number yjo ‘e conclude that nucleation in the stepped C¢00D
of nucleation sites was present before wall propagation, disgygtem is controlled by the uniaxial anisotropy field rather
tinctly different from the images taken along the easy axisian by the demagnetizing field. Anisotropy is hence the key
Moreover, reversal proceeds through an intermediate steg o to control nucleation.
Wlth d_omzalns aligned 'alon'g the easy axis at 90° to the field  The uniaxial anisotropy is reduced at defects because step
direction? For an applied field smaller than the uniaxial an- edges are no longer preferentially oriented algh0]. On

isotropy field of 4.3 kA/m, newly created domains are mag-n“atomic scale, any step orientation is composed of seg-
netized along the easy axis; only for applied fields larger

o : > 2 Y~ ments along[110] and [110].}” A deviation of the step
than the uniaxial anisotropy field does the magnetization ”{:dges from thd110] direction thus leads to a reduction of

K,. At defects, this leads to a decrease of the nucleation
barrier for a sample initially saturated along the easy axis,
and an increase of the barrier for a sample initially saturated
along the intermediate axis, so that the spatial distribution of
nucleation centers depends on the saturation direction. This
explains why defects play a completely different role in mag-
netization reversal along the two inequivalent directions. The
FIG. 6. Magnetization images taken by spin-SEM at the igenti-neight of the barrier also_ varies with _the step density, bu@ this
cal area of the sample. After saturation of the sample, a reverse ﬁe@ffect seems less dra_stlc than the influence of step 0r|ent§1-
pulseH of 0.2 s has been applied along the intermediate axis. Thélon. We note that anisotropy changes at defects are domi-
magnetization component along the intermediate axis appears blafl@nt in the nucleation process over demagnetization effects
and white, the component along the easy axis light and dark grayat the sample edges. Indeed, if nucleation were easier at the
(@) H=1.9 kA/m. The two gray levels correspond to domains ori- €dge than at macropins, reversal should proceed by nucle-
ented in opposite directions along the easy axis, except at defects &ion at an edge or a corner, and sweep a wall through the
the film as seen in topographrrows which keep their original sample, eventually pinning at a defect. This is not what is
white magnetization directiorfb) H=9.3 kA/m. Black regions ap- observedsee Fig. 3.
pear in which the magnetization has reversed. To check whether the different reversal behaviors are re-
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flected in the wall pinning, we performed relaxation experi-and subsequent wall propagation evolves through 180° walls
ments with two pulses separated by a time désme Fig. 7. along the easy axis, 90° walls are the route for reversal along
The behavior is completely different from the one along thethe intermediate axis. We have shown that magnetic anisot-
easy axis. When the field pulse is switched off, an appretopy rather than local demagnetization energy is the key de-
ciable relaxation of the magnetization towards the easy axilrmining factor of domain nucleation at defects. In particu-

is observed. We conclude that the 90° walls are able to adrgr, defects act as nucleation centers for 180° walls, but not

st over larae distances. contrary to the 180° walls qovern.©" 90° walls. This observation is related to the perturbed
J 9 ' y N 9 step orientation at defects, which leads to a reduced local
ing reversal along the easy axis. This difference can b

) @niaxial anisotropy. Correspondingly, the nucleation barrier
traced back to the fact that the energy for a 90° wall is aboufjecreases for 180° walls, but increases for 90° walls. We

a factor of 2 smaller than that for a 180° wall. Hence the wallhave shown that wall propagation and pinning are largely
can locally adjust its position at energetically favorable pin-influenced by anisotropy as well. More studies are needed to
ning sites, preferably by an increase in length of the 90°understand wall velocity in a system of superimposed
walls. uniaxial and fourfold anisotropy, and its dependence on mag-

In conclusion, the study of the time dependence of magnetic history. The topic is complicated by the fact that both
netization relaxation and the corresponding domain configustep density and step orientation are important, so that a con-
rations in a stepped Co/@Qu01) film has led to insight into  nection must be made between wall position and nanoscale
domain nucleation and wall propagation. Whereas nucleatiodefects acting as propagation barrier.
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