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Abstract

The effect of static field applied parallel to the film plane on the
translation velocity of magnetic bubbles was investigated by usual bubble
translation method. In low damping Eu-films, it was found that the
translation velocity ¥V of S=0 bubbles having two vertical Bloch lines
(VBL’s) increases drastically with increasing in-plane magnetic field
H;,, but those of two kinds of S=1 bubbles; unichiral bubble having no
VBL and ¢ bubble having a pair of positive and negative polarity VBL's,
hardly do. In high damping Sm-films, on the other hand, it was found
that V increases only slightly with H,, even for S=0 bubbles. Although
the experimental results on high damping Sm-films seem to be explained
rather satisfactorily, those on low damping Eu-films seem not to be
explained by the current models satisfactorily but to require further
consideration.

1. Introduction

Thus far, a lot of both theoretical and experimental efforts have been made in
order to understand the dynamic character of bubble domains and resulted in many

remarkable achievements. However, there seems to be much left to study.

effect of an in-plane magnetic field on bubble translation velocity may be one of
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the important problems to be studied physically.

The effects of a static in-plane magnetic field on the domain wall dynamics in
magnetic bubble garnet films have been studied experimentally?!,2> and theoretically®.
It has been found that the bubble translation velocity increases with increasing an
in-plane magnetic field.¥> However, any clear explanation on the effect of an in-
plane magnetic field on bubble translation velocity has not been available to our
knowledge, presumably because the improvement of bubble propagation rate or access
time by means of an in-plane magnetic field is hardly applicable to field access
memory devices developed currently.

In the present study, we have investigated the effect of an in-plane magnetic
field on bubble translation velocity and mobility in Eu- and Sm-CaGe substituted
garnet films having low and high damping constant, respectively. Special attentions
have been paid to the magnetostatic interaction between an in-plane magnetic field
and the magnetizations in the bubble wall, and similar experiments were performed
for three kinds of bubbles having different wall configuration, respectively.

2. Experimental Procedure

Bubble translation velocity was measured by the method described by Vella-
Coleiro and Tabor.5> The parallel conductors were 10 #m wide and separated 80
pm center-to-center. Throughout the experiment the measurements were done in
the narrow region within ~5 #m from the center line between the parallel conduc-
tors, because the bias magnetic field compensation was not employed at all. There-
fore, appropriate pulse durations longer than 60 nsec were used according to the
bubble translation velocity or the bubble displacement per pulsed gradient field.

The rise time of pulsed gradient field was about 1 nsec which was the same as the
fall time.

We identified bubble states from the skew or deflection angle of bubble trans-
lation with respect to the direction of pulsed gradient field.®> We also used “bubble
automotion”™ to identify further detail wall configurations.

The samples used in the present experiment are an as-grown and an ion-implanted
films with the two kinds of compositions ; (YEuYbCa),; (GeFe)s O;5 and (YSmLuCa) ;
(GeFe)s O,,. These four films support nominally 3 #m diameter bubbles. The
material parameters of the films are listed in Table J. The film thickness % was
determined interferrometrically. The saturation magnetization M, and material
characteristic length /=(AK,)1/2/aM? were obtained from stripe-width and bubble
collapse measurements. The uniaxial magnetic anisotropy constant K, and gyroma-
gnetic ratio 7 were calculated from the two resonance fields of ferrimagnetic
resonance (FMR) H, and H, when a static magnetic field is applied parallel and
perpendicular to the film plane, respectively. In these calculations was ignored the
cubic magnetic anisotropy K;. Gilbert damping constant « was calculated from
the differential FMR signal assuming Lorentz type absorption. In low damping Eu-
films, the calculated values under this assumption agree quite well with the values
calculated from the half-line-width obtained by the graphical integration of the
differential FMR signal. In high damping Sm-films, however, the differential FMR
signal is not symmetric with respect to the resonance field H, or H,. Thus, the
assumption of Lorentz type absorption seems to be inadequate for Sm-films, but we
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Table I Material parameters of garnet films. For detail see text.

Composition (YEuYbCa)3(GeFe)5012 (YSmLuCa)3(GeFe)5012

Ion-implantation 100 keV Ne* As-grown 100 keV Ne*t As-grown
2x1014cm~2 2x1014cm=2

h (pm) 3.04 3.53 3.64 3.51
I (pm) 0.374 0. 400 0.336 0.333
4rM (Gauss) 263 263 278 286
Ky (erg/cm3) 11200 13400 15500 16000
yx10-7 (1/sec-Oe) 1.77 1.67 2.19 2.04
a i 0.036 0.038 0.16 0.16
4 (pm) 0.046 0.041 0.033 0.034
q 4.1 4.9 5.0 4.9
fear (cm/seceOe) 2260 1800 450 430
Ve (cm/ seé) 10100 8600 9600 9500
H. (Oe) 4.7 5.6 22 23
Vs (cm/sec) 3100 2200 2000 2000
Hy (0e) 1.4 1.2 4.4 4.7

used this assumption even for Sm-films for convenience sake.

The ¢-factor q=K,/2zM,? and the wall width parameter 4A=(A/K,)'/?=1/2q
were calculated from the measured material constants. In Table ] are also listed
the linear mobility fe..=r4/e, the Walker critical velocity®® V.=2zMy4{1+ 1/
2¢)}-172 the Walker critical field® H.=2zaM,, the peak velocity derived by Slonc-
zewski® V,=24rA/hK,'72, and the corresponding drive field® H,=V,/tca. It
should be noted that all these values are calculated for a plane domain wall.

3. Experimental Results

3. 1. S=0, L=2 bubbles

The effects of an in-plane magnetic field H,, on the translation velocity V of
bubble domains with winding or revolution number S=0 and the number of vertical
Bloch lines (VBL’s) L=2 is shown in Figs. 1~4.

Figure 1 shows the results for the as-grown Eu-film. In Fig. 1(A) Hy is
applied parallel to the direction of pulsed gradient field pH (H:, /pH), and in Fig.
1(B) H,, perpendicular to pH (Hy | pH). The drive field pH is defined as the
magnitude of pulsed gradient field |pH| times bubble diameter along the direction -of
translation including the elliptic bubble deformation caused by H;,. The slope of
the respective straight lines drawn from the origin in Figs. 1~4 show the calculated
bubble translation mobility te.,=2V/4H. As also shown in Fig. 5 separately, the
bubble translation mobility x#,=2V/4H derived from the relation between V and
AH in low drive field region shown in Figs. 1(A) and 1(B) is only a fraction of the
calculated value f.,, when H,, is not applied. As the increase of H,,, however, it
is noted that g, increases drastically. Bubble velocity V in high drive field region
also increases as the increase of H;,.
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Fig. 1. Translation velocity V of S=0 bubble in as-grown Eu-film versus drive
field 4H with in-plane magnetic field H;p as a parameter. Hyp is applied
parallel and perpendicular to pulsed gradient field pH in (A) and (B),

respectively.

Figure 2 shows the results for the
ion-implanted Eu-film. As S=0 bubbles
can not exist stably in ion-implanted
films without H;,??, we show the result
for an S=1, L=0 or unichiral S=1
bubble without H,;, for reference. The
state transition from S=0 to S=1/2
becomes easier to occur with decreasing
Hi,'. Therefore, we carefully set the
initial bubble state to S=0 by the preli-
minary translation with sufficiently high
H;,. Both V and y, increase drastically
as the increase of H,, in the same manner
as that in the as-grown FEu-film shown
in Fig. 1. The results in the case of
Hi, | pH are similar to those in the case
of H,; /pH shown in Fig. 2.

Figure 3 shows the results for the
as-grown Sm-film having high damping
constant. In contrast with the results
for low damping Eu-films shown in Figs.
1 and 2, V and g, increase only slightly
even by the application of sufficiently
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Fig. 2. Translation velocity V of S=0
bubble in ion-implanted Eu-film
versus drive field 4H with in-
plane field H;p parallel to pulsed
gradient field pH as a parameter.
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high H,,. It is noted, however, that g, in
low drive field region without H,, agrees
quite well with the calculated value ..,
as shown in Fig. 5. The results for the
ion-implanted Sm-film shown in Fig. 4
is similar to that for the as-grown Sm-
film shown in Fig. 3. The results in the
case of H,, | pH are again similar to
those in the case of H,, ZpH shown in
Figs. 3 and 4.

From these results for S=0 bubbles
we may conclude as follows: (1) In low
damping Eu-films, bubble translation
velocity ¥V and mobility g, increase
drastically by the application of in-plane
magnetic field H,,. In high damping
Sm-films, on the other hand, the effect
of H,, is very small. (2) Bubble trans-
lation mobility #, without H;, is only
a fraction of the calculated one .., in
Eu-films but agrees quite well with ..,
in Sm-films. (3) In low damping Eu-
films, #, with H;, perpendicular to pH
is generally larger than that with H;,
parallel to pH. (4) Ion-implantation for
hard bubble suppression seems to affect
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‘hardly these results.

3. 2. S=1, L=0 or unichiral bubble

, The dependence of V' of unichiral
S=1 bubbles or S=1 bubbles having no
vertical Bloch lines in the ion-implanted
Eu-film on H,, is shown in Fig. 6 where
4H is kept constant with a value of 6.3
Qe. The maximum H,, applicable to S
=1 bubbles was limited to about 130 Oe
by the occurence of the state transition
from S=1 (skew angle yx is about 30
degrees in this sample) to S=0 (3=0)
because the sample is ionimplanted??.
With increasing H;,, V increases sligh-
tly for H;» lower than about 50 Oe but
saturates very soon and remains almost
constant independent of H,,. It is noted
that the effect of Hy, on V of unichiral
S=1 bubbles is quite different from
that of S=0 bubbles shown in Figs. 1
and 2.

3.3 S=1, L=2 or o bubble
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Fig. 6. Translation velocity V of uni-
chiral S=1 bubble at a constant
drive field 4H=6.3 Qe in ion-
implanted Eu-film versus in-
plane magnetic field Hip.

¢ bubble, which has been found to be propelled by gradientless bias field pulses
under the application of an in-plane magnetic field by Argyle ef «l.7, is very
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interesting for the present investigation
because it has almost the same wall
configuration as S=0, L=2 bubbles.
The wall configuration of ¢ bubble used
in the present experiment is shown in
Fig. 7(C)™ and corresponds to that of
our ¢, bubble in Refs. 12 an 13. As seen
from the comparison with that of S=0,
L=2 bubble shown in Fig. 7(A), the

Fig. 7. Schematic representation of wall con-

figurations of (A) the winding
number S=0, the number of vertical
Bloch lines L=2, (B) S=1, L=0 or
unichiral S=1, and (C) S=1, L=2 or
¢ bubble, respectively. Also shown
the interrelation among the directions
of in-plane magnetic field Hip, pulsed
gradient field pH, bubble translation
velocity V, and gyromagnetic force
Fg.
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'wall “configuration of ¢ bubble is the F
same as that of S=0, L=2 bubble except (VEuYbCa) (GeFe).0,
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Fig. 8. Bubble translation velocity V of
o bubble in as-grown Eu-film

bubbles shown in Fig. 8 is quite similar versus in-plane magnetic field
to that of unichiral S=1 bubbles shown H,,. Note that H, is applied
in Fig. 6. It is also noted that V of ¢ parallel or perpendicular to V.
bubbles in the case of H,, |V is larger Also shown that of S=0 bubble
than that in the case of H,, #V. for comparison

4. Consideration

As for the effect of an in-plane field H;, on the bubble translation velocity V,
several important works have been reported so far. Bullock first investigated the
effect of Hj, on V, and found that V increases with increasing H;, and that V for
Hy, perpendicular to gradient drive field pH is larger than that for H,, parallel to
pH.® He attributed this difference to the fact that higher mobility Bloch walls
are perpendicular to V' when H;, | pH while lower mobility Néel walls are perpen-
dicular to V for H,,/pH. However, he did not argue at all how V is increased by
the application of H,. Hsu ef al. measured V of both an S=0 and an S=1 bubble
in the presence of H,;.1# They found that V of both states increases with in-
creasing H,;, but the increase of an S=1 bubble is much less than that of an S=0
bubble. Their results are in accordance with the results shown in the previous
section. Later, De Luca ef «l. studied the effect of H;, on V of S=0 bubbles using
high-speed photography.15> In their samples were included EuGa and SmCaGe
garnet films, the compositions of which are similar to those used in the present
study. They measured both the bubble displacement at the end of the gradient pulse
(Xr) and the final position of the bubble (X..) as a function of drive field 4H at
values of H;, perpendicular to V. It should be noted that the “real” average
velocity is X+/T where T is the pulse width, while X..,/T, the one shown in the last
section, is the “apparent” velocity. In a EuGa sample, X, smoothly saturates but
the overshoot, the difference between X, and X, increases with increasing 44 at
H;=0. Both Xy and X., at a given value of 4H increase with increasing H;,. The
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apparent velocity at 4H~10 Oe increases from ~20 m/sec at Hi;;=0 to ~35 m/sec
at H;,=100 Oe, agreeing reasonably with the present results shown in Figs.1and 2.
Thus, we should keep the possibility of an overshoot in mind when we interpret the
data on Eu-CaGe films. Their results on a SmCaGe sample are qualitatively similar
to that in a EuGa sample, but both X7 and X.. increase more drastically with in-
creasing Hi,, X../T reaching ~100 m/sec at 4H==10 Oe with H.,=125 Oe. These
results are contrary to the present results. This discrepancy may be attributed to
the smaller damping constant of their sample, a=0.08, compared with a=0. 16 of
ours. We should rather refer to the data on the sample No. 6, a SmGa sample with
a«=0.2, in their earlier work, though the effect of H;, had not been examined yet.1®)
In this high damping sample, X.. increases almost linearly with increasing drive field
while X, saturates in the high drive field region. The bubble mobility at Hi,=0 is
about 3 m/secQOe, agreeing quite well with the present results shown in Fig. 5.
Considering further that the threshold value of 4H below which an overshoot is
not observed increases with increasing H,p,1% we may consider the linear part of
V versus 4H curve in our high damping SmCaGe films to reflect the true wall
mobility. Based on these and other relevant works, we consider the following three
possible effects of H;, on V in order to interpret the experimental results shown
in 3; (1) the elliptic deformation of bubble domains, (Z) the increase of domain
wall velocity as revealed for infinite domain walls theoretically in Ref. 3, and (3)
the suppression or enhancement of the horizontal Bloch line nucleation and the
resultant overshoot during high speed domain wall motion.

4. 1. Elliptic deformation of bubble domains

Since it is difficult to measure the major diameter ¢ and the minor diameter b
of an elliptic bubble directly on the TV monitor screen with the total magnification
~1400%, we employed the method described by Beaulieu and Calhoun.!'”™ When an
elliptic S=0 bubble is translated to the direction making an angle of 45 degrees
with respect to H,,, the deflection angle y. caused by an elliptic deformation is
given by eq. (7) of Ref. 17. Substituting z,=0 and ¢=45° into this equation, the
following relation is obtained.

xe=23¢e/4, @

where e=(a—b)/b is the relative bubble elongation.. In the samples used in the
present experiment, the deflection angle z. was at most 7 degrees under the maximum
H., of 160 Oe. Therefore, the maximum bubble elongation emax is estimated from
eq. (1) to be at most 0.16. For simplicity, let us assume that the bubble wall is
normal Bloch wall everywhere around the bubble domain and that the bubble domain
is translated to the same direction as that of pulsed gradient field. Then, bubble
mobility translated to the direction making an angle ¢, with respect to H,, is given
by eq. (17) of Ref. 18 by substituting «=0 as follows.

_ . 1—(47/7y) cos 29,
o ($0) = e (347 /27,) cos 20, ° @

where dr=(a—0)/2, ro=(a+b)/2 and thus 4r/ro=(a—b)/(a+b)=¢/(2+¢). Note
that u, is defined as V/4H in Ref. 18. Substituting the maximum bubble elongation
emex=0.16 into eq. (2), #s(ho=0")=p,(Hip/pH)=1.04-prs; and p,($o=90°)=
to(Hip | pH)=0.97 100, Therefore, the effect of the elliptic deformation on the
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bubble translation velocity and mobility is too small to explain the experimental
results and presumably within experimental errors. It is also noted that the
inequality #y(Hip /pH)>po(Hy, | 4H) is opposite to the experimental results on
S=0 bubbles in low damping Eu-films shown in Fig. 5.

4. 2. Effect of H,y, on domain wall velocity

Now we consider the increase of domain wall velocity caused by H;,., We had
previously shown the effect of H,, on the velocity of an ideal one-dimensional plane
domain wall by means of the direct numerical integration of the equation of motion?.
The wall mobility g, normalized to that without H,, or .., is approximately given
by eq. (20") of Ref. 3 as,

/I»WE /'lw :1+ 20'/113)}' Y (3)
/‘Lcal 7Tq

where ,,y=H,,y/2raM,, that is, an in-plane magnetic field applied either in the
wall plane (H,) or normal to the wall plane (H,) normalized to the Walker critical
field H.=2raM,. Substituting H. and ¢ of each sample listed in Table ] and the
maximum in-plane magnetic field in Fig. 5 or 117 Oe into eq. (3), the normalized
wall mobility 7, is estimated to be 1.14, 1.10, 1.12 and 1. 11 for the ion-implanted
Eu-film, the as-grown Eu-film, the ion-implanted Sm-film, and the as-grown Sm-
film, respectively. The values for Sm-films show the resonable agreement with the
experimental results shown in Fig. 5. Moreover, the bubble translation mobility
without H,, also agrees quite well with the calculated one f..,. Therefore, in high
damping Sm-films the increase of the bubble translation mobility with increasing
in-plane magnetic field might be explained by the increase of the domain wall velocity
as described by eq. (3) for a plane domain wall.

Though it is not expressed in the approximate relation eq. (3), the fact that g,
with H, is larger than that with the same value of H, as H, is shown in the direct
numerical calculation in Ref. 3. The experimental results that u#, of S=0 bubbles
and also V of ¢ bubble with H,;, perpendicular to V are larger than those with H,,
parallel to V agree qualitatively with the calculated results shown in Ref. 3, if we
assume that the bubble wall portion perpendicular to V determines the value of V
mainly. The similar results have been found by Bullock though he ascribed the
difference between p, with H,, perpendicular to V and that with H,, parallel to V
to the difference between linear Bloch wall mobility gs (#.., in this paper) and
linear Néel wall mobility gy, that is, ts/y={1-+(1/qQ)}172 9,

In low damping Eu-films, however, we should take account of the effect of the
horizontal Bloch line nucleation because p, without H;, is only a fraction of the
calculated one f..; and the threshold drive field at which the dynamic anomaly of
wall configuration may occur in a plane domain wall (H,) is rather low as listed
in Table T.

4. 3. Effect of H;, on horizontal Bloch line nucleation

When H;; is applied to plane domain walls, the threshold velocity V, at which
the wall structure may change due to the nucleation of horizontal Bloch lines is
given by

Ve=Vox(n/2)r4H,, €5
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where V, is the threshold velocity without H,, as listed in Table 1. The plus (+)
and minus (—) sign refer to the cases of wall magnetxzatlons parallel and perpend-
icular to Hj,, respectively.

According to Bloch curve windup theory prOposed by Malozemoff and Slonc-
zewskil®, the apparent bubble translatlon velocn:y V mcludmg ballistic overshoot is
gwen by ' , :

/lCKIAH . - Vsat’ '/ ' (5)
2 . Vsat+ ,ucal (AHC/2) ’

where V., is the saturation velocity or the “frue” translation velocity of the bubble
when pulsed drive field 4H is applied, and 4H, is the bubble translation coercivity.
In Eu-films used in the present experiments ff.,;~2000 cm/sec-Oe and 4H.~3 Oe;
therefore, o., (4H,./2)~3000 cm/sec which is the same order as V,. The accurate
value of V.., is unknown in the present experiments but may be estimated to be the
same order as V,. In the derivation of eq. (5) it is postulated that all the Bloch
curves wound up during the application of 4H are completely unwound to cause
ballistic overshoot. In as-grown films, however, the punch-through of Bloch curves
may occur. For this case, Malozemoff and De Luca has proposed an alternative
model or elliptic distortion mechanism?®, In the as-grown Eu-film used in the
present experiment, however, the punch-through of Bloch curves does not occur until
4H is increased up to ~10 Oe in the case of S=0 bubbles without H;, as shown in
Fig. 11 of Ref. 13. Therefore, we may use eq. (5) even for the results on the as-
grown Eu-film in the later discussion.

The application of H,, to an S=0, L=2 bubble may raise the threshold velocity
Vs and thus the apparent velocity V' according to eq. (5), considering the magneto-
static interaction between H,, and the wall magnetization as shown in Fig. 7(A).
In' addition to the magnetostatic interaction, we must also take the gyromagnetic-
force F; exerted on vertical Bloch lines during bubble translation?1!,22> into account,
especially in the case of H,, | pH (or H;; |V for an S=0 bubble) as pointed out
by Malozemoff23. However, the effect of gyromagnetic force F, may be small
when the bubble translation velocity is relatively low and H,, is sufficiently high.
That is the case in which we are now mainly interested.

In a unichiral S=1 bubble, on the other hand, there exists the region where the
direction of wall magnetizations is opposite to that of H,,, to whichever direction
H,, is applied. In this case the threshold velocity ¥V, and thus the apparent velocity
¥ might decrease with increasing H,,. Since the result shown in Fig. 6 is taken
for a unichiral S=1 bubble in the ion-implanted film, the bubble state may change
to 1—H bubble state during translation under high H,, as described by Beaulieu et

a2l In any case V will be less than that expected when no dynamic anomaly
occurs.

The above idea that the suppression of the horizontal Bloch line nucleation by
the application of H,, may lead to the increase of bubble translation velocity V,
seems to explain satisfactorily why the effect of H;, on V for $=0, L=2 bubbles
differs from that for unichiral S=1 bubbles. However, the result obtained for §==1,
L=2 or o bubble makes the situation troublesome. Considering the magnetostatic
interaction between H,, and the wall magnetization and also considering the direc-
tions of the gyromagnetic forces shown in Fig. 7(C), ¢ bubble with H;, applied
perpendicular to V has the most favorable wall configuration. Therefore, the
largest velocity increase by the application of H,, might be expected for ¢ bubble
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according to the horizontal Bloch line model. However, the translation velocity of
o bubble hardly increases with increasing H,, as shown in Fig. 8.

The disagreement of the calculated domain wall velocity with that obtained
experimentally, analogous to that of g, in low damping Eu-films shown in Fig. 5,
had previously found in the case of the radial wall motion of an isolated bubble and
discussed in detail by Vella-Coleiro24’. He had concluded that current models such
as the Walker model, the horizontal Bloch line model, and the spin-wave model, were
inadequate to interpret the experimental data and new theories would be required.

Thus, we should also wait for the appearance of new theories in order to in-
terpret the effect of an in-plane magnetic field on bubble domain dynamics in low
damping garnet films satisfactorily.

5. Conclusion

The effect of an in-plane magnetic field H;, on bubble translation velocity V
and mobility ¢, was investigated by the usual bubble translation method. ;

In low damping Eu-films, V' of S=0 bubbles having two vertical Bloch lines
increases drastically as the increase of H,,. Almost the same velocity increase is
found both in the as-grown and the ion-implanted Eu-films. For S=1 bub‘bles,
however, any appreciable increase of ¥V due to H;, is not found either for unichiral
S=-1 bubble or for S=1 ¢ bubble. When H,, is not applied, the bubble translation
mobility in low drive field region g, is only a fraction of the calculated one ftes
both for S=0 and for unichiral S=1 bubbles. ‘

In high damping Sm-films, on the othr hand, such a drastic increase of the SWO
bubble translation velocity as seen in Eu-films is not found. In this case x, without
H:, agrees quite well with g,

. In order to interpret these experlmental results were considered three kinds
of effects caused by the application of H,,; the elliptic deformation of bubble
domains, the increase of the plane domain wall velocity, and the suppression or
enhancement of the horizontal Bloch line nucleation.

The effect of the elliptic deformation of bubble domains seems to be too small
to explain any experimental results. The increase of the domain wall velocity by
H;, as shown theoretically for an ideal one-dimensional plane wall seems to explain
the experimental results obtained in high damping Sm-films rather well. The most
drastic velocity increase is found for S=0 hubbles in low damping films. This fact
suggests that the suppression or enhancement of the horizontal Bloch lines nucleation
caused by the magnetostatic interaction between H,, and the wall magnetization
might play an important role in this case. However, the experimental results on o
bubble, which has the almost same wall configuration as that of S=0 bubble, seems
to be opposite to the horizontal Bloch line model.

Thus, in order to explain the effect of H;, on V and y, in low dampmg films
satisfactorily, new theories on the domain wall dynamics seem to be required as
well as further experimental investigations.
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