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Dynamical theory of the X-ray diffraction on a crystal containing misfit boundary was applied
to the interpretation of the contrast ohserved in X-ray topographs on 90° magnetic domain walls
in single crystals of an Fe-Si alloy. The integrated intensities were computed for several cases
corresponding to the actual conditions of experiments. Good agreement of theoretical and experi-

mental results was obtained.

Introduetion

X-ray diffraction contrast on magnetic domain
structures arises as a consequence of magnetostric-
tion. Greatest attention was paid to the interpreta-
tion of the contrast on domains in Fe-Si single
crystals (e.g. [1—6]). A strong contrast appears on
90° domain walls due to an abrupt change of the
magnetostrictive deformation. The diffracting con-
ditions of the wave field propagating through the
crystal vary across the domain wall and the inten-
sities of the exit beams differ from those of the per-
fect crystal.

It was shown [1] that the contrast appears if

(mg —m;)H=0, (1)

where m; and mg are unit vectors parallel to the
direction of magnetization in the adjacent domains
and H is the diffraction vector.

This result is consistent with the model of a 90°
domain wall parallel to the (110) plane as a coherent
twinning boundary [1, 4]. The planes of the zone
my— m; are not affected by the wall, whereas the
orientation and/or interplanar spacing of the others
change across the wall; this change depends on the
value of the magnetostrictive constant Ajg9. This
model was directly verified by measurement on a
double crystal spectrometer [7].
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Diffraction contrast due to a (110) 90° domain
wall was studied in more detail on single crystal
plates parallel to the (001) plane using reflection
on (110) planes normal to the wall [4]. The diffract-
ing planes are tilted by an angle of 3 1100 across the
wall, their interplanar distance remains constant.
For taking the topographs, the sample was rotated
by an angle up to 30° around the diffraction vector
with respect to the usual vertical position. The walls,
normal to the surface, appear then on the topo-
graphs as bands having a width equal to 7' sin «,
« being the rotation angle. They are dark, i.e., the
diffracted intensity is higher than that from the
perfect crystal if the product (1) is positive, and
light if this expression is negative. The diffracted
intensity was calculated theoretically under sim-
plified conditions and a qualitative agreement was
achieved [4, 8].

A further step was made by comparing the con-
trast in the diffracted and forward diffracted beams
[9]. It was shown, that the wall image in the forward
diffracted beam is always lighter than the perfect
crystal. In contradistinction to the diffracted beam,
the band forming the wall image is not symmetrical,
but it is darker at the entrance surface and lighter
at the exit surface, if (1) is >0 and vice versa.
These experimental results agree with the theoret-
ical considerations based on the simplified cal-
culations.

The aim of this paper is to present the results of
the exact calculations of the diffracted and forward
diffracted intensities on the wall done for param-
eters corresponding to the actual experimental con-
ditions and their comparison with experiments.
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Theory

A general dynamical theory of X-ray diffraction
on a crystal containing a misfit boundary was de-
veloped in [10]. The crystal was supposed to be
perfect except for a single fault plane where the
direction and/or the absolute value of the diffrac-
tion vector H change. Laue case of diffraction with
respect to both the surface and the interface was con-
sidered. New waves appear in the second part of the
crystal giving rise to interferences. Equations of all
diffracted and forward diffracted waves including
phases and absorption were derived.

A 90° domain wall can be treated as a special
case of the misfit boundary — a coherent boundary.
Under our experimental conditions, symmetrical
Laue case with respect to both the surface and the
interface takes place and |H| is constant, i.e., only
the direction of the diffraction vector changes. Then
the equations simplify to the form presented in [10],
Part ITI with

Ié(Aﬁ)l = Iéﬁl = 3}400|Sinotl s

0(A49) being the change of the deviation 49 of the
glancing angle ¢ from the Bragg angle ¥p, 49 =
©# — 9. The sign of §(AP) corresponds to that of
(1).

Applying this theory, the following aspects of the
domain walls are neglected: 1. The domain wall is
in fact not a single fault plane; its thickness [, how-
ever, is less than 0.1 um, i.e. less than the resolving
power of X-ray topography. 2. The domain wall is
actually not plane, but zigzaged [11, 12]. Following
[12], such a wall can be treated as a row of parallel
quasi-twist disclination lines of alternating signs.
That means that the long range stresses from the
adjacent wall junctions are rapidly screened. Pos-
sible effect of zigzags on the contrast will be dis-
cussed later.

The strain gradient ¢ (4¢)/l is larger than 1 cm~1,
i.e. much larger than the ratio of the reflection
width over the Pendellssung period ~ 102 cm-1.
That means that, according to [13], the conditions
for the creation of new waves at the wall is fulfilled.

The integrated intensities

1 b /,t()T
R =& - I = — o
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and
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were calculated using the results of [10] for the
forward diffracted and diffracted intensities /o and
Ig; I; is the intensity of the incident wave, uo is
the linear absorption coefficient, 7'= To/cos o is
the effective thickness of the sample, = 49/dZ,
d is the interplanar spacing, 1/Z is the Pendel-
l6sung period.

The intensities were computed as functions of
z=1t/T, (t is the perpendicular distance of the
exit surface from the interface) for the values of
wo, T, 9, 0n = 68/dZ corresponding to the actual
experimental conditions (see Table 1). Both direc-
tions of polarization were taken into account. Nu-
merical integration was carried out for —50<<z
<50 with precision better than 19,.

The integrated intensities were calculated also
approximately using the wave dy, with low anom-
alous absorption only. This procedure was applied
in the previous work [8, 9] and was supposed to be
a good approximation for z=0.5 and o 7'/cos Jp
> 5. The same parameters as for exact calculation
and the polarization factor C =1 were used. For
the forward diffracted intensity the following for-
mula was applied:

! ‘. (Doca)Oz

71 i —oo

(Raa)o ==

-{exp[— U T(1 — 2)— po' Tz]

Dyy being the amplitude of the wave with the
lowest anomalous absorption, uy, and uy' the ab-
sorption coefficients of the first and second crystal
region, respectively.

From the calculated intensities the ratio was de-
termined

Pi(z, uoT|cos 9g, Z. on)
Ri(z, uoT|cos O, Z, on)
Ri(z, uo T |[cos 98, 2,0) ~

where Rj(z, poT[cos 9B, Z,0) is the intensity of
the perfect crystal. This quantity can be compared
directly with the contrast observed on the topo-
graphs.

Experimental

Measurements of the contrast on 90° domain wall
were carried out on two specimens prepared from
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an Fe-3 wt%,Si single crystal grown by the floating-
zone technique [14]. The bulk of the crystal was
annealed for 50 hs at temperature ~ 30°C below
the melting point. Plates parallel to the (001) plane
were cut, thinned by mechanical polishing and
finally chemically polished to remove the surface
damage. The final thickness of specimen A was
To = 127 pm, that of specimen B was 7'g =318 pm.
The thicknesses of the samples were determined
from the width of the wall image and from the
number of the Pendellosung fringes appearing on
low angle boundaries [15] with a precision of
~ 5 um.

In order to record the forward diffracted beam
without disturbing background from the trans-
mitted short-wavelength radiation a double crystal
arrangement had to be used. The integrated inten-
sity was obtained by oscillation of the sample over
the rocking curve during the exposure. The topo-
graph taken in the diffracted beam was equivalent
to that using the usual Lang method.

A double crystal spectrometer in nearly parallel
(n, —m) setting was applied [16, 7]. As the first
and second crystals, a perfect Germanium (sym-
metrical Bragg case, 220 reflection, d = 0.20003 nm)
and the measured specimen (symmetrical Laue case,
110 reflection, d = 0.20242 nm) were used. The spe-
cimen was inclined around the H vector so that the
angle between the surface and vertical direction was
30° (Figure 1). The effective thickness of the spe-
cimen is 7'y sin «. Three different wavelengths were
used for experiments (AgKa, MoKa, CoKa) to vary
the uo T, Z and oz values (see Table 1). The crystal
was oscillated over the range of 37 and 100 secs of
arc for MoKa, AgKa and CoKoa radiations respec-
tively.
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Fig. 1. Projection of the domain wall in the topograph.
z=0 and z=1 correspond to the exit and entrance sur-
faces, respectively.
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Table 1. Parameters characterising the diffraction on
domain walls.

V3 D 1 1 [on| A

" 9

um pum um
CoKa 26.22° 22.6 4.72 0.93  3.36
MoK« 10.09° 33.7 10.17 2.01  4.53
AgKa 7.94° 65.8 13.04 2.58 4.71

The topographs of diffracted and forward dif-
fracted beams were recorded on Ilford L4 Nuclear
emulsion plates. Special care was taken to use a
linear part of the optical density vs. intensity curve
of the plates only. For comparison, Lang transmis-
sion topographs of both samples were taken as well.
The optical density of the images of the domain
walls was measured on microdensitometer using
5 um effective slit width and 10 pm steps. The con-
trast P was determined as a ratio of the density
on the wall image over the density of the perfect
crystal.

Results and Discussion

The contrast on domain walls was calculated and
measured for two samples and three wavelengths.
The six cases thus give a fairly large variety of
diffraction conditions (see Table 1, 2). The theoret-
ical results for sample A, CoK« radiation, i.e. me-
dium absorption are shown in Fig. 2, the corre-
sponding topographs are in Figure 3. The contrast
values from the measured densities are marked as
points in Figure 2. The diffracted intensity for

Table 2. Contrast calculated and measured in the diffracted
beam.

v Mo T_ on Py calculated Py measured
cos dp Py Pyurr  double Lang
CoKa 18.12 0.93 0.46 0.46 0.57 0.43
—0.93 0.08 0.08 0.13 0.17
7.24 0.93 1.16 1.16 1.24 1.24
—0.93 0.23 0.23 0.33 0.26
MoKa 11.08 2.01  0.24 0.24 0.45 0.53
—2.01  0.01 0.01 0.04 0.09
4.42 2.01 1.11 1.10 1.26 —
—2.01 0.13 0.07 0.21
AgKa  5.58 2.58 0.68 0.69 1.03 1.15
— 2.58 0.06 0.03 0.23 0.15
2.23 2.58 1.61 1.57 — 1.92
—2.58 0.48 0.10 — 0.70
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on >0 is higher than that of the perfect crystal
with even darker margins at both surfaces (Fig. 2a);
that for 097<<0 is lower (Figure 2b). The forward
diffracted intensity has the same value in the
middle (z=0.5) for both signs of 07, it is however
not symmetrical with respect to the surfaces. In
Fig. 2¢ the P vs. z curve for 7> 0 is shown, that
for 6n<<0 has an opposite shape, i.e. P (I, z)=

05 mm

R c)

Fig. 2. Contrast in the domain wall. Sample A, CoKua
radiation, uo7'/cos 9p="1.24, | on|=0.93, 1/2 =4.72 pm.
Full line — exact calculation, broken line — approximate
calculation, @, z-measured in topographs. a) Diffracted
beam, o7 >0, b) Diffracted beam, 6n<<0. c¢) Forward
diffracted beam, 65 > 0.

P(— 60n,1—z). The experimentally determined
contrast fits very well with the theoretical curve
regarding both its shape over the wall image and
the absolute values. The sharp margins are well
seen on the topographs, they cannot be, however,
measured precisely due to the finite width of the
densitometer slit (wall image is only ~ 73 pm wide).
The theoretical P vs. z curves show oscillations with

—

—_—1

Fig. 3. Double crystal X-ray topographs, sample A, CoK« radiation. The parallel bands are images of 90° walls of alternate
signs of 6. The upper and lower edges of the bands correspond to the intersections of the walls with the exit and entrance
surfaces, respectively (cf. Figure 1). a) Diffracted beam. b) Forward diffracted beam.
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the period 1/Z detectable even in the middle of the
wall image. That means that with the absorption
used, the waves dyp and dgy still contribute to the
intensity and cause interferences. The approxi-
mately calculated contrast Py, does not, naturally,
show any oscillations nor is it continuous at the
surfaces. Its main course agrees with that exactly
calculated, the absolute values differ very little for
the diffracted beam in the middle of the image and
is slightly higher for the forward diffracted beam.
The interferences are not visible in the topographs:
they are too dense to be resolved (~ 2.4 um) and
superimposed by the image of zigzags [11], slightly
visible also in the originals of double crystal
topographs.

The second, high absorption case (sample B,
MoK« radiation, Fig. 4—6) reveals the same main
features with minor differences. The contrast P is
less than one even for diffracted beam, d7n >0, ex-
cept for sharp dark margins. The oscillations ap-
pearing at the margins result from interferences of

a)
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the dyy and dg, waves near the entrance surface
and dy, and d,g waves near the exit surface. Their
period equals approximately

1
2 DY1+ (o2’
as estimated in [10] (see Table 1 and Figure 6).
They fade out very rapidly (for z<<0.05 and
z>0.95). The P,y approximation coincides with
the exactly calculated contrast except for regions
near the surfaces.

Other investigated cases give analogical results.
They are characterized by numbers summarized in
Tables 2, 3. The Pyy approximation appears to be
satisfactory for the diffracted beam, if

uoT[cos 9 > 5
and for the forward diffracted beam, if
H“o T/OOS 19]3 > 10.

The contrasts calculated for both directions of po-
larization differ very little in their mean values,

c)

Fig. 4. Contrast in the domain wall. Sample B, MoK«
radiation, puo7/cos 9p=11.08, |dn|=2.01, 1/2=10.17
um. Full line — exact calculation, broken line — approxi-
mate calculation, ®, ¥ — measured in topographs. a) Dif-
fracted beam, 67 >0. Approximately calculated contrast
coincide with that exactly calculated except the regions
close to the surfaces. b) Diffracted beam, 67 < 0. ¢) Forward
diffracted beam, d7>0.
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I

05 mm

Fig. 5. Double crystal X-ray topographs, sample B, MoK« radiation. The wall images are broader than in Figure 3 because
of thicker sample. a) Diffracted beam. b) Forward diffracted beam.

a) b)

10 1 0 10 20 30 Tz [um]

- M
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06-
04-
02
0 10 20 30 Tz [um) Fig. 6. Interferences near the surface. Sample B, MoKa

oL ; : L G- _ radiation, 05 >0, A =4.53 um. a) Diffracted beam. b) For-
0 002 004 Q06 008 O1 z ward diffracted beam.
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Table 3. Contrast calculated and mea-

2 T calculated, 67 > 0 measured sured in the forward diffracted beam.
B0 g Pomin  Zmin Py Pyao Pomin
(z=10.5) (z=0.5)
CoKa 18.12 0.17 0.31 0.21 0.22 0.25
7.24 0.45 0.15 0.60 0.71 0.60
MoK a 11.08 0.06 0.29 0.10 0.10 0.19
4.42 0.34 0.26 0.45 0.74 0.56
AgKa 5.58 0.23 0.30 0.31 0.47 0.53
2.23 0.09 0.21 0.23 1.05 —

only the interferences in lower absorption cases are
affected. Therefore, for the dependence of the con-
trast on &7 the approximation Pyy can be used
(Figure 7). This, however, determines only the con-
trast in the middle of the wall and cannot inform
us of the course over the image width, particularly
at the margins.

The experimental values of contrast obtained from
double crystal and Lang topographs for the dif-
fracted beam and from double crystal topographs
for the forward diffracted beam are in the last col-
umns of Tables 2 and 3 respectively. The experi-
mental values are systematically somewhat higher
than the theoretical contrast. The reason for this
can be as follows:

1. The wall is not plane, but zigzagged. From the
considerations based on calculations of strains
due to the zigzags [12] no conclusions can be
made about the contrast even in a qualitative
way. It seems, however, from the observation of

15
d
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Fig. 7. Dependence of contrast on d7, z=0.5. 1, 3 — dif-
fracted beam; 2, 4 — forward diffracted beam. 1, 2 —
poT/cos 9p=5; 3,4 — poT/cos 9 =10.

Lang topographs that the zigzags may enhance
the diffracted intensity.

2. The crystal is not perfect. The irregularly dis-
tributed dislocations (mean density ~ 102 cm~2)
lower the intensity due to their dynamical
images (see Figures 3, 5). It follows that the
intensity determined from the density measured
outside the domain walls is lower than that of
the perfect crystal and the experimental contrast
is higher. The presence of defects is also the most
probable reason of the spread of the measured
contrast values.

3. The course of the measured contrast over the
wall is flattened due to the relatively low resolv-
ing power of the densitometer (5—10 um) with
respect to the width of the wall image, especially
in the case of sample A.

4. Errors may have arised from not exact knowledge
of the sample thicknesses and the tilt angle «.

Conclusions

1. Dynamical theory of diffraction on a crystal
containing misfit boundary explains satisfactorily
the contrast observed on 90° magnetic domain walls
in single crystals of Fe-Si alloys. The exact cal-
culations of intensity verify the previous approxi-
mate results and give new details.

2. The diffracted intensity for 47 > 0 is higher
or lower than that of the perfect crystal, depending
on the magnitude of §» and absorption. It is always
higher near the intersections of the domain wall with
the surfaces. For d7<C0, the diffracted intensity is
lower than that of the perfect crystal. The wall
image is symmetrical with respect to the surfaces.

3. The forward diffracted intensity is lower than
that of the perfect crystal for the middle of the
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plate irrespective of the sign of 67 and asymmetrical
with respect to the surfaces. It is higher near the
entrance surface for ¢z >0 and vice versa.

4. Oscillations of the curve of contrast vs. depth
below the surface appear as a result of wave inter-
ference even in high absorption case, at least near
the surfaces.

5. The intensity calculated from the waves with
low anomalous absorption only is a good approxi-
mation for the middle of the plate and high ab-
sorption cases.
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