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which has to form the basis for a correct inter-
pretation of experimental results on transport,
optical, and Fermi-surface experiments.
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The magnetization-reversal process within a [100] [010][001]picture-frame FeSi (3.5
wt~/p Si) crystal has been investigated by means of the time-dependent neutron-depolariza-
tion technique, applying a pexiodic block-shaped magnetic field. Various distinct states
are observed in the magnetization-reversal process: firstly, nucleation of regions of
reversed magnetization; subsequently, the merging of these regions into two wavy do-
main walls according to a sandwich structure and the motion of these straightening walls
towards the center.

It has long been recognized that magnetization
reversal in a ferromagnet under the influence of
a pulsed magnetic field can be described in terms
of nucleation regions of reversed magnetization
(denoted reversed regions) and eddy-current-
controlled domain-wall motion. " However, the
experimental information about the reversal pro-
cess is restricted by the detection techniques
used up to now: pickup coils to measure the
average magnetization of the bulk material com-
bined with Kerr-effect observations of the sur-
face behavior of the domain walls. In contrast,
polarized neutrons are a unique probe for in-
vestigating magnetic domains within the volume
of a ferromagnet. " Time-dependent neutron-
depolarization technique's (TDNDT) gives in-
formation with a spatial resolution of several
microns about the internal magnetization distribu-
tion and the local direction of the magnetization.
In this Letter we report the results of applying
the newly developed TDNDT to study the magnetic
reversal processes within a single-crystal pic-

ture-frame specimen of silicon(3. 5 wt%) iron.
In the neutron-depolarization technique4 the

polarization direction of a monochromatic neu-
tron beam impinging in the x direction on the
sample can be adjusted before and analyzed after
transmission along any of the three orthogonal
directions x, y, and z (Fig. 1). The polarization
change D, , by the sample is defined by D,, = (I,
—I,,)/(I, —Io), in which I, is the intensity of a
fully depolarized beam, I;, the intensity with
analyzation and polarization directions i and j
(i, j=x, y, z), and I, the intensity of the undis-
turbed polarized beam.

The polarization direction of the neutron beam
rotates with the Larmor precession frequency
around the magnetization direction in the crystal.
The total rotation angle Q is given by P= yB,d/v,
where y is the gyromagnetic ratio of the neutron
() = 1~ 80x10' s ' T ', mksa units), B, the spon-
taneous magnetic induction, e the velocity of the
neutrons, and d the crystal thickness. The length

~ D) and rotation angle Q of the polarization vector
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FIG. 1. Schematic view of a part of the picture frame
crystal with neutron diaphragm. The coordinate sys-
tem, crystal orientation, and direction of the applied
field and magnetization are indicated, The arrows in
the cross section indicate how the wavy-structured
domain walls move towards the center of the specimen
(sandwich model) .

for a rotation around the z axis are calculated by

IID~ =(D„„'+D,„')'~', p= tan '(D,„/D„„). (1)

In expressions (1) the (x, y, z) coordinates are as
indicated in Fig. 1 and the initial polarization di-
rection is parallel to the x axis.

The polarized neutron beam with a wavelength
of 1.6 A and a velocity v = 2500 m/s is transmitted

through one long leg (width 2.9 mm) of the crystal
of dimensions 15x10x 0.26 mm', a part of which
has been drawn in Fig. 1. The crystallographic
orientations are indicated in the figure. For the
crystal investigated and magnetized at saturation
with B,= 2.05 V s/m', the rotation angle Q of the
polarization vector amounts to 6.1 times 2m. A
rectangular 5 &0.3 mm' Cd-B4C diaphragm is
mounted in a fixed position in front of the crystal
with its slit direction parallel to the z axis. A
49-turns/cm coil is wound around the long leg of
the crystal and the crystal is magnetized by a
block-shaped magnetic field with a risetime of 12
ps and ranging from 200 up to 2250 A/m. The
intensity of the transmitted neutron beam is re-
corded synchronously with the block-shaped mag-
netic field using a multichannel analyzer. The
time resolution of 15 p,s of the experimental set-
up is mainly caused by the neutron path length of
2.5 cm in the 'He-filled detector.

From the time-dependent neutron intensities
measured at applied fields of 700 and 1350 A/m
the time spectra obtained for D„„, D„„and D„
are shown in Figs. 2(a) and 2(b) together with
the block-shaped applied field as a function of
time. The length )D~ and the net rotation angle
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FIG. 2. (a) Time spectra of the applied block-shaped field, the polarization components D~, D», and D~~, the
length (Dj, and the rotation angie Q of the polarization vector.
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Q of the polarization vector in the x-y plane de-
fined by (1) are given also. The spectra obtained
at higher applied fields are qualitatively the same.
The shape of the D„„,D,„,D„ time spectra and
hence the dependence of ~D~ and Q in the first
half-period of the applied field are identical to
those in the second half-period.

In the D„„and D,„spectra it appears that be-
fore reversal of the applied field both D„„and D,„
have a constant value corresponding to a rotation
of + or —6.1 times 2m. In both half-periods these
levels are the same for D,„. This is because on-

ly D,„ is sensitive to the sign of the magnetiza-
tion [sin( —(p) = —sin(+ y)]. It is evident that then

~D~ and
~ Q[ are constant, too.

After reversal of the applied field we observe
a drastic change in the three polarization com-
ponents. The component D„.decreases most
abruptly with time to a constant minimum level
of O. l and 0.03 ms duration at 700 and 1350 A/m,
respectively. In the same time intervals the
length of the polarization vector

~
D

~
decreases

to zero while the net rotation angle y remains
about the same. We attribute the decrease of
D„and ~D( with time to the creation and growth
of small reversed regions at the moment of re-
versal of the applied field. Because of eddy-
current considerations these regions will mainly
grow at the surface of the crystal. " The stray
fields caused by the reversed regions are in all
directions and therefore they depolarize the neu-
tron beam as observed in ~D

~
and D„. In par-

ticular D„ is decreased only by stray fields not
parallel to the z axis. The length ~D~ is not only
affected by stray fields but by the size and num-
ber of the reversed regions being transmitted
also. The latter follows from the rotation of the
polarization vector in a reversed region which is
proportional to the size of that region. The de-
crease of

~ D~ by the transmission through the
~~gions should be accompanied by a change in the
net rotation angle of the polarization vector, in
contrast to the depolarization by stray fields of
the reversed regions.

The initial decrease of D„suggests that the
formation of the reversed regions apparently
takes place within the experimental resolution
time. The nearly constant value of g immediate-
ly after reversal of the applied field indicates
that the decrease in ~D( in this time interval is
mainly caused by stray fields. The constant
minimum levels of D„of 0.1 and 0.03 ms at 700
and 1350 A/m, respectively, and the simultane-
ous decrease of

~ D~ indicate that in this time in-

terval the stray fields with directions different
from the z axis remain constant, while the stray
fields in the z direction, and therefore also the
reversed regions, are still grow'ing.

As the magnetization-reversal process pro-
gresses in time the D„and ~D) values gradually
increase to 1.0 and at the same time the D„„and
D,„spectra show' oscillations which increase in
amplitude. The oscillations in D„„and D,„have
a phase difference of &/2 with respect to each
other and, calculating @, several complete 2v
rotations of the polarization vector around the z
direction are found as shown in the Q(t) curve
of Fig. 2.

These results can be interpreted by means of
the sandwich domain model originally proposed
by Rodwell and Bean. ' According to this model
the magnetization reversal takes place by two
domain walls parallel to the crystal surface,
traveling from the surface towards the inside of
the sample. When the walls are moving the net
rotation angle P of the neutron polarization vec-
tor will become time dependent as observed in
the spectra. The walls are created by the join-
ing together of neighboring reversed regions.
However, upon creation these walls are not
straight, but have a wavy structure, which causes
local differences in the net rotational angle of
the polarization vector. As long as j D

~
remains

zero we suppose that the wavy structure of the
two walls depolarizes the beam completely and
hence discrete oscillations cannot be observed.
As

~
D

~
is increasing towards +1.0 in time, the

walls are gradually straightened out during their
inward motion, and in this time interval we see
also that D„ increases to +1.0, which is in agree-
ment with the picture of straightening walls,
causing less stray fields. Straightening of the
walls while moving inwards is favored because
they are affected by the wall surface tension and
because, due to eddy currents, the more inner
parts of the walls move slower than the outer
ones.

Rather suddenly the oscillations have disap-
peared and the various polarization components
become constant. This apparently occurs when
both walls have met each other and, according
to the sandwich model, they will vanish at the
end of the magnetization reversal. Just before
the end of the reversal process small minima
are observed in D„and

~
D ~, indicating that

stray fields arise in the crystal. A possible ex-
planation for these minima may be the presence
of distinct areas with right- and left-handed-
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FlG. 3. The velocity of the domain wall in the sand-
wich model as a function of the distance of the wall to
the center of the crystal (units relative to the half-crys-
tal thickness). The parameter in the figure is the ap-
plied field (in amperes per meter). The horizontal
stripe lines are defined in the text.

turning magnetizations within the moving walls
forming a kind of patchwork. These areas are
supposed to be separated by Nd'el lines and they
find their origin in the linking process of neigh-
boring nucleation regions. When the two walls
meet each other, some opposing areas will at-
tract each other and they collapse immediately
because of surface energy minimalization, but
other parts will repel each other. In this way an
inhomogeneous magnetization with stray fields
arises which will remain for a finite time in the
crystal.

Assuming that the walls vanish in the middle of
the crystal the velocity and the position x of the
domain walls can be calculated from the Q(t)
spectrum. Figure 3 gives the wall velocity as a
function of the distance x to the center of the
crystal. The distance x has been expressed in
units relative to half the crystal thickness d, with
parameter the applied field. The wavy structure
of the walls, whenever they are formed, inhibits
the determination of the wall motion in the outer
layers. The velocity decreases when the walls
are approaching the center. This can also easily
be seen from the sl.opes of Q(t) in Figs. 2(a) and
2(b). The decrease is most pronounced at high
applied fields. The higher velocities are less
accurately determined due to the limited detector
resolution time. The retardation of the walls
may be caused by the eddy-current increase as
the reversed layers become thicker. Another
reason may be the increasing interaction between
the two approaching walls by means of the eddy

currents.
In comparing Figs. 2(a) and 2(b) we note that

the entire duration of the magnetization reversal
as observed in the spectra is shorter at the

higher applied field. The time needed for entire
reversal has been translated into a mean velocity
of two approaching walls, sandwiching the crys-
tal, in order to compare it with the observed
sandwich-mall velocity. This mean wall velocity
is indicated in Fig. 3 with horizontal stripe lines.
It turns out that the velocities of the sandwich
walls during the last stage of the magnetization-
reversal process are less than the mean wall
velocities, indicating that the reversal due to the
nucleation regions happens much faster than the
reversal by the sandwich-structure motion.

In the experiments sharp oscillations are mea-
sured, which proves that the magnetization rever-
sal in the crystal effectuated by the sandwich mo-
tion takes place in a reproducible way. It should

be stressed that in view of periodic data collec-
tion small deviations in the motion would have
caused a strong smearing out of the oscillations.

In summary, we note that the TDNDT gives de-
tailed information about the magnetization-rever-
sal processes in the bulk of a FeSi picture frame
crystal. Two stages in the reversal, process can
be distinguished from the measurements, which

agree with the model given by Rodwell and Bean. '
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