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Horizontal Bloch lines and anisotropic-dark-field observations
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Anisotropic-dark-field optical imaging is shown to reveal the presence of horizontal Bloch lines
(HBL's) in the moving walls of bubble garnets. It relies on the deformation of the wall shape under dy-
namic conditions due to the presence of a HBL. The wall tilt is detected because it affects the intensity
of the wall images much in the same way as localized wall tilts reveal the location of vertical Bloch lines
(VBL s) in static conditions. Quantitative time-resolved measurements of wall intensity are presented
and shown to compare very favorably with numerical computations. These use a simplified spin dynam-
ics equation (Slonczewski s equations) describing the wall position and wall-core magnetization in-plane
angle, as a function of position across the thickness, and time. Dynamic reversals of VBL s contrast
have also been observed. The fact that they occur for one half of the possible configurations is puzzling.
They are tentatively explained on the basis of a dynamically induced charge distribution at VBL loca-
tion, which arises from a wall wave developing around the moving VBL.

I. INTRODUCTION

The knowledge of the behavior at a microscopic scale,
namely the domains scale, of a magnetic material, is a
prerequisite to the understanding of its macroscopic
properties. Moreover, as meaningfully demonstrated
during the development of bubble memories, the proper-
ties of domains are themselves strongly dependent on the
structure of the walls limiting them. ' In fact, a domain
wall can sustain difterent magnetization orientations at
its core, separated by (Bloch) lines. In the bubble termi-
nology, ' which applies to a thin film with perpendicular
easy axis, a distinction is made according to the orienta-
tion of the line. Vertical lines (running parallel to the
easy axis) and horizontal lines are the extreme cases [vert-
ical Bloch lines (VBL) and horizontal Bloch lines (HBL),
respectively, in the following, see Fig. 1(a)].

The former are stable structures of finite length, the
sample thickness. A memory scheme using a stable pair
of VBL as information bit is presently under study fol-
lowing the original proposal of Konishi. The story of
VBL s observation is quite instructive. Lorentz micros-
copy provided direct evidence of their existence in bubble
materials. Then, together with a vastly improved
knowledge of the dynamic properties of walls and lines,
dynamic optical techniques were devised, ' according
to which VBL's are detected by a Bexure of the wall
linked to a reduction of the wall transient displacement at
line position. More recently, a method for the static op-
tical observation of VBL's was discovered. It uses light
diffraction by the domain wa11 in an anisotropic-dark-
field arrangement. That technique relies on a local wall
deformation, namely a tilt away from the film's normal,
which occurs in order to reduce the magnetostatic energy
of the line. Indeed, as displayed schematically in Fig.
1(b), magnetostatic charges (the so-called o charges, '

equal to dlv~(m=BNl /a~+a~, /az; m=M/M„M:
magnetization vector) arise at a VBL due to the wall

magnetization distribution. Furthermore, experiments
on VBL's demonstrated the high sensitivity of the
anisotropic-dark-field m.ode to wall tilts.

Horizontal lines are nonstable in zero field, and of arbi-
trary length determined only by the experimental condi-
tions. They thus prove quite diScult to observe, in prin-
ciple. On the other hand, they are intimately bound to
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FIG. 1. (a) General drawing of domains, walls (shaded) and
lines in a bubble garnet film, in which the easy axis is perpendic-
ular to the film plane. The coordinate system used throughout
the paper is figured, with z the easy axis, y the wall normal, and
x along the wall. The magnetization distributions characteristic
of a vertical Bloch line (VBL) and a horizontal Bloch line (HBL)
are shown in (b) (view along z axis) and (c) (view along x axis),
respectively. The magnetization direction m is symbolized by
arrows when in the drawing plane and by dot (resp. cross) when

perpendicular to that plane, pointing toward (resp. away from)
the observer.
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the transient states in a wall under dynamic structure
transformation. ' HBL's, therefore, are objects of prime
importance for wall dynamics in bubble garnets. The ex-

perimental techniques already quoted for VBL's, ' re-
vealed when applied to HBL's, that the latter were also
affecting wall motion. ' A more direct measurement of
HBL motion would, however, be valuable as a test of the
current wall dynamics models. Coming back to the
anisotropic-dark-field technique, no contrast is expected
from HBL's, because, as demonstrated schematically in

Fig. 1(c), their magnetic microstructure in the wall is

charge free in opposition to the VBL case: The wall does
not need to tilt at the HBL location. On the other hand,
now in similarity with the VBL case, a moving wall is an-

ticipated to wrap somehow around the HBL: This will

affect the wall geometry. It was thus to be expected that
the influence of HBL's on wall geometry could result in a
wall tilt detectable by means of anisotropic-dark-field op-
tical microscopy.

Experiments were undertaken along these lines of
thought, and indeed changes in wall brightness were ob-
served. Just to provide a proof of this statement, and

give a flavor of the phenomena discussed in this work, it
has been felt useful to exhibit Fig. 2 at this stage. A set of
nearly parallel walls is observed in anisotropic dark field,
some of them containing VBL's which are marked by ar-
rows. The pictures were taken with the walls at rest 2(a),

(c)

FIG. 2. Effect of a 10 Oe, 500 ns duration z-field pulse on the
sample, as revealed by anisotropic-dark-field observation. (a)
Wall picture at rest. Arrows indicate the location of VBL's.
The other pictures are taken at a time t after pulse onset, with
t =35 ns for (b) and t =60 ns for (c). Field of view: 65 X 30 pm .

then moving [2(b) and 2(c)]. It can be seen that the walls

brightnesses change, becoming brighter or darker in 2(b)
and vice versa in 2(c). The contrast evolutions of wall

segments separated by a VBL are opposite. Finally one
VBL image is seen to change contrast.

In the rest of the paper, these phenomena will be quan-
titatively studied. Section II describes the experimental
setup and sample, and presents the anisotropic-dark-field
observation technique. Section III shows experimental
results for the case of a wall without VBL, and their in-

terpretation by means of increasingly complex models.
Section IV focuses on the time evolution of wall contrast
at a VBL and discusses it.

Before closing this introduction, let us mention that
this work has partially been presented during the 6th
Workshop dedicated to VBL memories and that obser-
vations similar to those of Fig. 2 have been performed in-

dependently by Nicolaev and Logginov. '

II. EXPERIMENTAL DETAILS

A. Optical technique

The key technique which enables these experiments be-
ing the observation in anisotropic dark field, its principle
and physical interpretation will be exposed first.

In a general dark-field image, uniform parts of the ob-
ject appear dark, and, e.g., particles which scatter light
are seen as bright spots. For a magnetic sample having
domains much larger than the wavelength of light, these
domains are uniform and, therefore, appear dark. At the
domain wall, due to the magneto-optical effect, the re-
fractive index is a steplike function and all points on the
wall will scatter light. Collecting the coherently scat-
tered amplitudes by all locations on the wall amounts to a
diffraction calculation, which bears some resemblance
with the diffraction of x rays by atoms in a crystal. The
usual dark field is realized by inserting a stop with an an-
nular hole (with an aperture larger than the numerical
aperture of the objective) in the aperture plane of the mi-
croscope condenser, and may be called isotropic. Reduc-
ing the hole to a small part of the ring removes the rota-
tion symmetry around the microscope axis. Now the in-
cident light has an average wave vector K with a nonzero
in-plane projection denoted by k. In the present setup,
shown in general view on Fig. 3, k lies along the y axis.
Requirements for anisotropic-dark-field observation are
now met.

The well known example of diffraction by a slit indi-
cates that walls perpendicular to k, i.e., along the x axis,
will diffract light most. The experimental arrangement
complies with this geometry. In the following, the term
contrast (against the dark domains) will refer to the in-
tensity diffracted by an object, such as wall or line.

Experimental work (for example, Refs. 7 and 11) has
progressively shown that the magnetization inside the
wall is not directly sensed, but that the wall shape is
relevant. The simplest nontrivial shape is a tilt, away
from the z direction. In order to explain why a tilt affects
the difFracted intensity, let it be recalled that the total
diffracted amplitude is the sum of the complex exponen-
tials of the phase difFerences between the incident and
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FIG. 4. Schematic relation between wall tilt and contrast
under anisotropic-dark-field illumination.

FIG. 3. Z-field gradient setup with drive coils. The incident,
direct and diffracted optical beams are also drawn. K is the
wave vector of the incident light, k its projection onto the sam-

ple plane, and lies along the y axis.

diffracted waves on all scattering centers. If that phase
difference does not vary appreciably over the diffracting
object, the scatterers are well in phase and the total am-
plitude strong. Let 8, (resp. 8d) denote the angle of the
incident (resp. diffracted) beam in the sample, measured
from the z axis, and P the tilt angle. The variation of the
phase difference between the two endpoints of the wall
(on the surfaces of the film) reads straightforwardly

bÃ(P) = (2nmh /A, )[(cos8d cos8,—)
+ (sin8d —sin8, )tanP]

with n being the refractive index and A, the wavelength of
light. %hen compared to a vertical wall, one direction of
tilt reduces, and the other increases, h%'. In the
isotropic-dark-field mode, beams with opposite 8's would
cancel, thus removing the sensitivity to the sign of P. In

the following, parameters do amount to n =2.2, A, =0.59
pm, n sin8; =0.6, n sin8d =0.35 (the experimental
values). Equation (1) now reads

b,+(P) =2m.[0.54 —2.42 tanP] (2)

indicating that a small tilt (e.g., 1 degree) non-negligibly
affects h%'. Since, for a tilted but still planar wall, the
wall intensity reads

I(P) cc [sin(b%/2)/(5'lr/2)] (3)

one obtains I(P=3 degrees) = 1.6I(P=O); I(P= —3 de-
grees) =0.5I(P=O), i.e., quantities typical of the experi-
mentally measured values.

Thus, simply stated, a tilt such that the wall becomes
more (resp. less) inclined with respect to K will give rise
to a difFracted intensity smaller (resp. larger) than that of
the vertical wall (Fig. 4). Thus follows the rule which is
the basis of our qualitative interpretation of the wall con-
trast time evolution. Expansion of the above results to a
nonplanar wall yields'

. 2m.n
exp ~ i [q(z)(sin8, —sin8d )+z(cos8; cos8d )]—dz

n m.(sin8, —sin8d ) —I n A,

(4)

where q (z) denotes the depth-dependent wall position.
Looking at Fig. 4, little effort should be made to under-

stand VBL contrast. The wall tilts in the vicinity of the
VBL in order to compensate the VBL cr charge: From
the sign of that charge one deduces the tilt direction and,
from Fig. 4, the contrast. Of course, the amount of tilt as
well as its x extension depend on the material parameters,
mainly the quality factor (defined below) Q (Ref. 7).

B. Sample and apparatus

All quantitative measurements of time-resolved wall
contrast have been performed under the following condi-
tions: The sample was inserted inside a mighty magnetic
z-field gradient (2.3 Oe/pm) large enough to generate a
single domain wall sitting in a potential well (Fig. 3).

This technique already successfully utilized for domain-
wall time-response detection (e.g., Ref. 13) was initially
implemented in order to study the dynamic properties of
VBL's."' The stabilization of a single wall in the ex-
isting field gradient imposes severe limitations onto per-
missible material parameters. ' Observations have there-
fore been limited to a single garnet material [composition
(GdTmPrBi)3(FeGa)50, z] with the following parameters:
thickness h=5. 71 pm, magnetization 4aM, =113 G,
quality factor g= 11.8 (the ratio of uniaxial energy con-
stant E„to demagnetizing field energy 2nM, ), charac-
teristic length 1=1.44 pm. The characteristic length is a
ratio relating the wall and demagnetizing field energies:
I =I I/2)(cr /2nM, ); cr =4( AE„)'~;3 is the exchange
constant. Dynamic parameters are the gyromagnetic ra-
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tio y=1.8X10 Oe 's ' and the damping constant
a=0. 145, estimated from the ferromagnetic resonance
linewidth. '

Anisotropic-dark-field observations were performed on
a standard microscope relying on, however, a modified
dark-field condenser. " A continuous Hg lamp and a
frequency-doubled, pulsed Nd: YAG laser with 10-ns
pulse width, pumping a homemade broadband dye laser
(an efficient way of removing unwanted image speckle)
were used as light sources.

A six-turns rectangular (5X13 mm) coil was used to
apply z-field pulses to the sample. The coil impedance
did allow for a 30 ns pulse rise time. Observations with
the pulsed light source were obtained in the stroboscopic
inode, at the repetition frequency of the laser (20 Hz).
The continuous lamp was first used to check that the
pulse duration and/or amplitude were chosen such as not
induce any permanent modification of the wall state, as
monitored by its dark-field image before and after pulse
application. Subsequently, varying the delay between the
beginning of the field pulse and the light pulse did allow
for the observation of the time evolution of the magnetic
structure with a few nanoseconds time resolution.

Lastly, an additional coil did provide a static field
along the x direction, whereas a static field along the y
direction could be simply applied to the sample by means
of a modification of the z position of the sample within
the z-field gradient (BH, /By =BH~/Bz).

In order to relate wall contrast variations to transient
wall configurations, a precise knowledge of the domain
magnetization directions as well as the Bloch component
of the wall magnetization are required. The domain mag-
netizations are defined by the z-field gradient: In all pic-
tures, the magnetization direction is downwards (up-
wards) in the domain to the left (right) of the wall. The
wall magnetization is deduced from the contrast of a
VBL bounding the wall segment under scrutiny as a
consequence of the absolute contrast rules described be-
fore.

III. TIME EVOLUTION OF WALL CONTRAST

FIG. 5. Wall diffracted intensity as a function of time under
the action of a 8 Oe, 500 ns duration z-field pulse. Field of view:
20X45 pm2. The drawings refer to the experimental conditions.

tensity at rest. The diffracted intensity then decreases
again, reaching the initial value at t = 100 ns.

In spite of a rolling averaging image treatment (we per-
form it over 64 frames in order to reduce the laser flash
intensity fluctuations from pulse to pulse), walls whether
at rest or moving exhibit a nonconstant diffracted intensi-
ty along their length. Figure 6 exhibits the variation of
diffracted intensity minus background, as a function of
coordinate x along the wall, corresponding to the photo-
graphs in Fig. 5. The background is the intensity mea-
sured in the domains. Although intensity fluctuations do
appear non-negligible, those plots clearly put into evi-
dence the diffracted intensity changes vs time. In order
to translate the observed contrast variations into reliable
figures, the diffracted intensity may now be averaged over
a significant wall length, leading to intensity plots vs time
such as shown in Fig. 7.

If the Bloch component of the wall magnetization is re-
versed, the diffracted intensity first increases, then de-
creases and finally increases again in the time span 0—100
ns (see Fig. 8). The latter behavior appears basically
symmetrical of the former (Fig. 7) with respect to the

Consider a unichiral wall section, which means in prac-
tice that VBL's are far away from, and do not during the
experiment enter that section. Let now a z-field pulse be
applied, causing the wall to move and its contrast to
change. The pulse should last long enough to ensure that
the wall reaches equilibrium under field. For this sample
and the restoring force of the gradient, a duration of 500
ns proved adequate. The pulse amplitudes ranged from 6
to 10 Oe, as below 6 Oe the wall contrast changed imper-
ceptibly, and around 10 Oe the wall structure was
modified after a pulse (new VBL's appeared).

A. Experimental results
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For all fields, during the initial 100 ns or so, two fairly
large wall contrast modifications are observed, as shown
in Fig. 5. In this precise case, the intensity diffracted by
the wall decreases during the first 40 ns. It then increases
with a maximum at about 70 ns after the pulse onset. At
this point, the diffracted intensity clearly exceeds the in-
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FIG. 6. DifFracted intensity minus background vs position
along the wall, corresponding to the pictures at t =0, 40, and 70
ns in Fig. 5.
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to assume that the HBL slows down locally the wall to
obtain a wall tilt which depends on the HBL position.
Figure 9 compares experiments with these expectations,
taking due care of all signs in order to determine which
surface is involved each time. Drawn are the schematic
tilts associated to a HBL which, at t =40 ns, would still
be located close to the surface at which it was dynamical-
ly nucleated whereas, at t =70 ns, it would have shifted
to the opposite surface. The qualitative agreement is per-
fect for the initial times. Therefore, the moment at which
the wall contrast first returns to its rest value should be
equivalent to the time at which the HBL crosses the film
midplane. A quantitative comparison can be attempted.
The HBL model can be solved analytically under the as-
sumptions of a rigid wall and negligible damping, result-
ing in a "universal" HBL motion given by [Eq. (20) in
Ref. 18]:

FIG. 7. Background level and diffracted intensity minus
background vs time (first 100 nsj recorded for a wall with a
M„&0Bloch magnetization component. Z-field pulse ampli-
tude 8 Oe, duration 500 ns. The curves serve as a guide to the
eye.

diffracted intensity level at rest. On the contrary, if the
wall velocity is reversed (by applying a negative z-field
pulse), the respective intensity plots of Figs. 7 and 8
remain essentially unchanged.

At later times, as shown in Fig. 8, for example, another
slower and less intense variation, of similar shape, occurs
again. Then the wall has reached equilibrium under field
and displays its contrast at rest.

vw t=40 ns t=70 ns

f(zr Ih)=yH, t,
where zL is the HBL position in the sample thickness and

f a function. Equation (5) expresses the HBL motion as
due to spin precession around the total field, taken here
as the applied field because the wall moves just a little
during the first tens of ns. From a numerical evaluation
of f, Fig. 10 follows. It indicates that the time required
for a nucleated HBL to travel across half the sample
thickness is yH, t=0.836, which leads to the following

B. Models

I. Rigid-wal/ HSL model

The simplest picture of the twisted Bloch wall dynam-
ics is the "HBL model, "' ' in which one HBL forms at
one surface of the film and, then, propagates. The sur-
face at which the HBL forms changes if the wall M
component, or the field polarity, reverses. It sufBces then
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FIG. 8. Diffracted intensity minus background, recorded
over the full time span, for a wall with M„&0Bloch com-
ponent. Field pulse as for Fig. 7.

FIG. 9. Schematic time-resolved correlations between wall

tilt and HBL location as a function of wall translation direction
and Bloch magnetization component. The columns refer, from
left to right, to the experimental conditions, the expected HBL
motion with associated tilts, and the schematic experimental
time evolution of wall contrast.
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FIG. 10. Universal relation between HBL depth and reduced
time in the rigid-wall model. The time t =0 corresponds to the
HBL located at equal distances from the free surfaces.

relation:

t(zL =h/2)=0. 836/yH, =46.6 nsOe/H, . (6)
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FIG. 11. Time of first return to rest value of the wall con-
trast, as a function of field amplitude: measured points (thick
symbols and line) and calculation results for a=0.3, 0.25, and
0.2 (q-y model).

Figure 11 shows the measured times at which two wall
segments separated by a VBL first return to equal con-
trasts. It becomes clear that, even if a phenomenological
coercive field is introduced, relation (6} grossly underesti-
mates this time. The reason is that the model is
oversimplified, as was already stressed in Ref. 18, partly
because of the neglect of wall curvature.

Two behaviors are known for a HBL, after it has been
nucleated. ' First, it can reach the surface opposite to the
nucleation surface and disappear there, a mechanism
called punch through. The transformation of the initial
wall into an opposite M„wall is now complete. Then the
process starts again. Second, should the total field be-
come too low, then the HBL moves back to its original
surface. Both schemes are not coherent with the mea-

sured contrast variations for t ) 100 ns, if it is assumed
that an HBL always slows down wall motion.

2. The q-y model

Consequently, we resorted to a numerical procedure to
solve Slonczewski's equations' for twisted wall motion,

already used in the calculations of Ref. 18 [Eqs. (4)]. As a
brief reminder, let us mention that the variables are

q (z, t), the wall displacement along y, and y(z, t), the wall

magnetization in plane angle measured from the x axis.
They depend on z, the position in the thickness of the
film. Slonczewski's equations are two coupled nonlinear
equations in these variables, derived from the Landau-
Lifshitz-Gilbert equation describing the spin precession
with damping, by integration across a fixed wall profile.
Similarly to Ref. 18, we used a simplified evaluation of
the demagnetizing field: (i} charges due to a nonvertical
wall are discarded; (ii} the wall internal demagnetizing
field is local (Winter approximation); (iii) a zero thickness
vertical wall is assumed for the calculation of the domain
stray field. The resolution procedure was adapted from
Ref. 19: It uses the DFDEs routine of the Fortran IMSL
library, ensuring an accurate computation free of diver-
gences (as were encountered in Ref. 18}. An IBM RISC
6000 workstation solved the coupled difFerential equa-
tions for 1000 time steps, 1 ns each, with 200 points
across the thickness, in less than 10 min. Equation (4) was
then applied on the q(z) profile to get the diffracted in-

tensity, with the values of the optical parameters given in
Sec. II B.

As shown in Fig. 11, a much better, although not fully
perfect agreement is obtained. It was found necessary to
depart from the value of a extracted from ferromagnetic
resonance, in order to reproduce the results and also
avoid HBL punch through, as experiments are performed
with low enough fields so that this phenomenon does not
occur. It is conceivable that full two-dimensional (2D)
computations, which do not make the approximations
specific of Slonczewski's equations, or simply a complete
evaluation of the demagnetizing field, would give a better
agreement. However, full 2D computations proved too
demanding for the sample thickness considered, and were
abandoned. Moreover, as shown below, the present rela-
tively simple computations already provide a good agree-
ment with experiment.

For example, Fig. 12 compares calculated values with
the measured ones (identical to those of Fig. 8). The cal-
culated intensities are just multiplied by a constant factor
in order to match measurements. Focusing on the
diffracted intensity, the agreement proves astonishing. A
small disagreement persists about the value of the satura-
tion wall velocity. The value a=0.25 was chosen, but
simulation results with other a's do only differ in the time
scale and the peaks height, keeping the same overall
shape for the contrast vs time curve. It means that the
same HBL motion occurs, albeit at a different pace and
with a more or less strong impact on the wall shape. It is
that motion which is sensed by the diffraction of light, via
the wall shape.

In order to understand more deeply the significance of
the de'racted intensity curve, the figure also contains the
calculated position of the HBL (defined as the position of
maximum dy/dz). Comparison of that curve with Fig.
10 shows the consequent difference in the models. This
again stresses, as in Ref. 18, the necessity of allowing for
wall curvature in order to compute wall dynamics realist-
ically. For the initial times, the wall structure and shape
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FIG. 12. Wall displacement (open symbols) and wall
diffracted intensity (full symbols) measured over the full time
scale of a 8 Oe, 500 ns duration z-field pulse for a wall having a
M„&0Bloch wall component. Curves are the calculated
values. Also shown, by a dotted line, is the calculated HBL po-
sition, zL /h multiplied by 4 in order to fit on the q scale. Ticks
on the time axis refer to the selected times used in Fig. 13.

coincide with the corresponding drawings in Fig. 9. But,
at later times, it appears that instead of causing a local
lag of the wall, the HBL efFect progressively turns to a lo-
cal wall propulsion. We may understand that fact
through energetic arguments. A HBL has a low energy
at its nucleation surface, and this energy rises as the HBL
translates to the other surface. ' Therefore, as long as the
HBL moves towards the other surface, energy is pumped
from the field, diverted from wall propulsion, causing
wall lag. Conversely, a HBL moving back to its original
surface returns energy back to the wall, driving it for-
ward locally. When the HBL disappears at its original
nucleation surface, a peak in contrast whose sign is oppo-
site to that of the peak at nucleation appears. The
change of sign between these two peaks indicates oppo-
site tilts, which correspond to opposite actions of the
HBL on the wall (lag and propulsion). A subsequent
minute wall oscillation can be seen, with a HBL nucleat-
ing at the other surface and disappearing there almost
immediately.

Quantitatively, Fig. 13 displays z-dependent wall dis-
placement q(z) and wall magnetization angle qr(z)
profiles at some selected times indicated on Fig. 12. The
HBL position is shown by a dot. Figure 13(a), at first
glance, reveals just a moving planar wall containing a
HBL first moving downwards, then upwards. The HBL
motion is shown again in Fig. 13(b), displaying very stan-
dard curves: The HBL basically interpolates between
two equilibrium wall angle profiles having (y) = 180'and
(y) =360', i.e., M„&0and M„&0twisted Bloch walls.
A closer inspection of Fig. 13(a) reveals that, for t & 100
ns, the wall part close to the HBL is lagging behind the
rest of the wall, by some tenths of a micrometer, whereas
the converse occurs for t & 100 ns. That local wa11 pro-
pulsion, when averaged over z, is the well documented
overshoot effect ' This effect had been measured already,
on the wall displacement curves, but here shows up quite
strongly in the difFracted intensity, a quantity very sensi-
tive to wali shape. The contrast between the seemingly
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quiet wall displacement and the "chaotically" oscillating
wall intensity stresses again the sensitivity of and the
amount of information brought by small incidence angle
light diffraction on the wall surface. One could parallel it
to the x-ray grazing incidence difFraction method used to
study the surfaces roughness at the atomic scale.

Last, a shorter (140 ns) and more intense pulse was also
used. Again, a very good agreement between measured
and calculated wall contrast evolution was reached.

C. Application of additional static in-plane Selds

Comparison was also performed in the cases where a
dc in-plane field, either along the wall (H„)or perpendic-
ular to it (H~) was applied. To illustrate again the gen-
eral agreement with calculations, Fig. 14 compares the
effect on wall contrast of H„[Fig.14(a)] and H [Fig.
14(b)]. Sign conventions are indicated in the drawing:
The x Geld has to be taken such as to stabilize the wall,
since the other direction mould soon cause the HBL to
punch through.

Schematically, one can concentrate on two features of
the contrast evolution, namely the time of the first zero
crossing and the final peak position. Experiment and
computation agree in the fact that they shift in opposite
directions for H and in the same direction for Hy A

FIG. 13. Details of the calculation used for Fig. 12. Shown
for selected times (contrast extrema and zero crossings} are (a)
the wall profile; (b) the wall magnetization angle profile. Note
that in (a) one micrometer corresponds to the same length on
both axes, so that the figure indicates the true transient shape of
the wall. HBL position is shown by a dot. The dashed line in

(b) is the equilibrium profile for an M„&0 wall.
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zero y field case, the two contrast features considered
occur both earlier for H = —20 Oe, and later when

H„=+20 Oe.
In conclusion of this whole section, the fair agreement

found between experimental results and the theory based
on Slonczewski's equation making due allowance for a
distorted wall, supports the main conclusion of this pa-
per, namely that HBL presence and position is detectable
by anisotropic-dark-field optical observation. A precise
picture of the processes occurring in the unichiral wall
being established, we may now turn to the case of a verti-
cal line (VBL) embedded in the wall.

IV. HBI VBL INTERPLAY

50
0 100 200

t (ns)
300

I

400 A. Experimental evolution of wall contrast at a VBL

120

50

120

50
0 100

+20

=0

— 120

H =-20

— 50

,(b j
400

I

200 300
t (ns)

For a relatively long time, in fact, since our first VBL
dynamic observations, we have known that, under certain
circumstances, the contrast of VBL's could reverse
dynamically.

Figure 15 corresponds to a winding couple of VBL's
with core magnetizations as shown in the drawing. A
couple is termed winding when it withstands a VBL
compression by an x field, contrarily to an unwinding
one. ' The VBL contrasts [Fig. 15(a)] are opposite be-
cause their cr charges are opposite. Under a z-field pulse,
the VBL's move along the wall [Fig. 15(b}]by the action
of the gyrotropic force. Note that their displacement is
in the same direction, as expected for a winding pair.
On Fig. 15(b}, the reversal of VBL's contrast is apparent.
But, strangely enough, the opposite pulse does not give
rise to contrast reversal.

The reversal, in fact, occurs exactly in half of the cases,
as is illustrated in Fig. 16: For two pulse-field polarities
(causing opposite VBL displacements) there is one rever-
sal and one nonreversal. Both field polarities exist in fact

FIG. 14. In conditions identical to those of Fig. 12, influence
of a static in plane field (a) parallel to the wall and along its
magnetization; (b) perpendicular to the wall. Points are mea-
surement, curves calculation. Field values are indicated in Oe.
The +20 Oe values seem to suffer from an experimental artifact
but still show the time shift of the salient features.

physical explanation of these effects can run as follows.
The x field, lying along the wall average magnetization,
applies a force which tends to restore the HBL to its orig-
inal surface. Therefore, under x field, the HBL will reach
the half-thickness later, and come back sooner, giving
rise to time shifts in opposite directions. The influence of
the y field is ten times weaker, and of a more subtle na-
ture. The main effect here is that the two equilibrium
wall angle profiles considered in Fig. 13(b}are, due to the
presence of the static y field, translated in y. For a field
value of 20 Oe, calculation indicates a roughly uniform
translation of the profile y(z) by =20'. The two profiles
prove closer for the —y field, and farther apart for the
+y field. It follows that, in order to produce the same
HBL displacement dzL, more wall magnetization preces-
sion dy is necessary when H„=+20Oe than when
H = —20 Oe. This means that, when compared to the

FIG. 15. A pair of winding VBL's: (a) at rest; (b) after 75 ns
of a 8.8 Oe, 500 ns z-field pulse. Note the parallel displacement
of both lines towards the top of the pictures and their contrast
reversal between t =0 and t =75 ns. Field of view: 25 X 85 pm .
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FIG. 17. Schematic interactions between HBL's and a VBL:
(a) wall at rest; (b) HBL's are nucleated.

FIG. 16. Difference in dynamic VBL contrast behavior upon
reversing the wall velocity: The same line undergoes contrast
reversal for one wall propagation direction and retains its origi-
nal contrast for the opposite direction. z-field amplitude 8 Oe,
pulse duration 500 ns. From left to right t =0, 45, and 100 ns.
Field of view: 20X45 pm .

during a single long pulse. The reason is that the active
field is the total field H, consisting in the external field

H, and the field produced by the gradient times wall dis-
placement. So that for a long enough pulse (e.g., 500 ns)
where the wall can attain equilibrium before the pulse
ends, opposite VBL contrast behavior (reversal or not)
are seen at the leading and trailing edges. To summarize
the experimental results, it appears that, for any
configuration, one total field will induce reversal and the
opposite not. If we restrict to the domain configuration
in our gradient system, reversal occurs when the VBL
displaces towards negative x in our conventions.

B. Discussion

This nonequivalence is striking. The combined motion
of VBL's and HBL's is a complex, 3D problem. Recently
3D dynamic simulations have become feasible on large-
scale computers. ' Among the available simulation re-
sults, we shall refer to Ref. 23, the work closest to the
present situation of an isolated VBL, set into motion for a
long length of time.

Let the two wall segments on both sides of the VBL be
called head and tail, according to the direction of VBL
motion. The gyrotropic force picture indicates that the
head HBL comes from the surface where the VBL has a
Om span, whereas the tail HBL uses the opposite surface,
where the VBL has a local 2m. span. Consequently, the
head HBL has the same core magnetization as the VBL,
and the tail the opposite one. Figure 17(b) draws the

schematic picture which can be derived from the 3D
simulation results: The head HBL and the VBL form, in
fact, a single line. Motion of the head HBL results in a
shortening of the VBL, hence its contrast reduction.
Meanwhile, the tail HBL develops at its extremity a vert-
ical segment —a VBL—of charge opposite to the original
VBL, therefore of opposite contrast.

If these two VBL's are close enough (typically much
less than the size of the microdeformation associated with
one VBL, i.e., 2.5 pm for this sample), their contrasts
should combine. In that case, the global VBL contrast
should reverse each time the HBL's cross the middle of
the sample: The global o charge crosses the zero line at
that time. And indeed, in the case showing reversal (e.g.,
the top of Fig. 16}, only two reversals are seen, one at
t=50 ns and the other at t=250 ns, in agreement with
the calculated HBL position (see Fig. 12}.

If, however, the two lines were to stay far apart, one
should see, instead of a reversal, first a reduction of the
original contrast and the apparition in the tail wall seg-
ment of an opposite contrast region, followed by a gradu-
al return to the initial situation. To avoid any blurring
e6ect caused by the irregular part of the VBL motion, me
recorded snapshots (one video frame, no averaging} of a
line in a case where the contrast does not reverse. They
are shown in Fig. 18. The contrast of the tail VBL can be
seen to build up gradually, but the original VBL does not
seem to have a reduced contrast. It seems even to in-
crease.

What determines the distance between the VBL and
the outcrop of the tail HBL is not well known. But there
seems to be no reason for it to be dependent on the sense
of VBL motion. For example, the asymmetry between the
two surfaces of the film cannot be invoked, since ex-
changing the line core magnetization implies the use of
the other pulse polarity to have contrast reversal: This
exchanges the roles of the surfaces.

C. Dynamic charges mechanism

A tentative explanation may however be proposed. In
fact, a VBL moving along the wall is anticipated to dis-
tort the latter, much in the same way as does a moving
HBL. In the VBL case only a wa11 lag is expected, be-
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head
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0 H (a)

FIG. 19. Schematic "dynamic" wall distortion at VBL loca-
tion: (a) a kink forms (top view); (b) assumed resultant dynamic
wall distortion and associated charges. To those "dynamic"
charges should be added the "static" cr charges inherent to
VBL's.

FIG. 18. Snapshots of a VBL submitted to a +8 Oe z-field

pulse. From left to right, t =0, 50, 100, 150, 200, and 250 ns.
The VBL has a core magnetization opposite to that of the dark
VBL in Figs. 15 and 16, and experiences an opposite gyrotropic
force. Note the shape of the wall distorted region. Each pic-
ture is 10X65 pm~.

cause there exists no energy dependence on VBL position
forcing it to come back when the total field becomes too
low. That lag can be discerned in Figs. 15 and 16, and
was mentioned in the introduction. Also, qualitatively
identical but much more pronounced lags have been
shown by Chetkin et al. who proposed a calculation of
the shape of the distortion. The shape is asymmetric,
with a steep head and an extended tail. Forgetting about
the tail, the steep head looks like a kink in the wall at the
line position. Inside that kinked wall surface, the VBL is
somehow inclined towards the head HBL. Therefore, the
kink also should be inclined (Fig. 19). In such a situation,
charges occur on the kink, arising from the domain mag-
netizations. Going into the details, it can be realized that
the induced dynamical charge is of sign opposite to the
original o charge when the VBL moves towards negative
x, and of the same sign for positive x displacement. Con-
sequently, such a mechanism reproduces the experimen-
tal asymmetry. In order to go a step further and gain a
decisive understanding of the observed phenomena, 3D
dynamical simulations inbedding a single vertical line in a
wall section which is long enough to display the wall tilt,
seem highly necessary.

V. CONCLUSION

Anisotropic-dark-field optical imaging has allowed for
a quantitative, time-resolved monitoring of the wall tilt in
bubble garnets during a pulsed-field experiment. The
wall tilt can be directly correlated with the position of a
horizontal Bloch line within the wall. A very good agree-
ment is obtained between experimental wall diffracted in-
tensity versus time data, and the results of a solution of
Slonczewski's equations for a wall of variable shape.

Therefore, a new dimension of wall dynamics, namely
its transient shape, becomes accessible to experiment,
though in an indirect way. That shape is much more sen-
sitive to wall internal processes than the thickness aver-
aged displacement, which was the experimental touch-
stone to the experiments that led to the establishment of
the wall and lines dynamic theory.

In order to understand the new information available,
more theoretical results are necessary, either from a
Slonczewski-type approach or from ab initio calculations.
We propose that the diffracted intensity should be sys-
tematically evaluated, as a data processing tool, when
simulating wall internal processes. A simple formula for
this calculation was proposed and tested by us before.

More generally, the measurement of wall diffracted in-
tensities might prove possible in samples having a high
enough Faraday rotation, but where the static wall mi-
crodeformation at a VBL is too small to be observed. In
that way, HBL processes could become directly measur-
able in these materials.
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