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The sensitivity of proton patterns to small deformations of the unit cell of a crystal is investigated.
A BaTiO, single crystal was used as the target. The change due to the transition from the cubic to

the tetragonal phase has been determined.

l. THE methods employed to study the structure of
crystals are at present based on the diffraction of vari-
ous types of radiation (x rays, neutrons, and electrons).
At the same time, it has been shown in recent years
that there exists a group of phenomena connected with
the interaction of fast charged particles (protons, deu-
terons, etc.) which exhibit practically no diffraction but
are nevertheless sensitive to the structure of the lat-
tice. This sensitivity can be observed rather clearly on
“proton patterns’’ (or, more generally, ‘‘ion patterns’’)
which represent images obtained on photographic plates
of the angular distributions of heavy particles scattered
by single-crystal samples.t*»2! The proton pattern con-
tains a system of spots and lines with a lowered black-
ening density (‘‘shadows’’) along the directions of the
axes and crystal planes respectively. The fact that the
traces of the planes appear on the plates in the form of
thin straight lines results in great advantages for inves-
tigating by this method the geometric characteristics of
the unit cell, and in particular of its small changes un-
der the influence of various factors. We describe below
the results of an experiment confirming this statement.

2. The object of investigation was a ferroelectric
crystal of barium titanate (BaTiC,). It is well known
that at a temperature above 120°C this crystal has the
perovskite structure (Fig. 1) with a lattice constant of
4 X, on lowering the temperature the symmetry of the
crystal changes as a result of a second-order phase
transition (at T = 120°C) from the cubic to the tetrago-
nal phase. The transition is accompanied by an increase
of the lattice constant in the direction of the spontaneous
polarization (¢ = 4.036 &) and by a corresponding de-
crease perpendicular to it (a = 3.992 ). It is seen that
the spontaneous deformation c/a in this case amounts
to about 1%. The purpose of the experiment was to ob-
serve this deformation with the aid of proton patterns.

It follows from simple geometric considerations that
it is most convenient to set up an experiment in which

FIG. 1. The unit cell of barium
titanate (BaTiO;.
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the spontaneous polarization axis of the target crystal
is normal to the plane of the photographic plate. It can
then be expected that the shadows corresponding to
planes with relatively low indices will appear on the
plate as shown qualitatively on Fig. 2. The shadows be-
longing to the cubic phase are shown as solid lines,
those of the tetragonal—by dashed lines. The shadows
in Fig. 1 are constructed on the basis of the geometri-
cal model of the lattice. The thickness of the lines cor-
responds qualitatively to the packing density of the
planes. It is seen from Fig. 2 that the phase transition
leads to a shift on the proton pattern of lines which do
not pass through the center (the (001) axis). The defor-
mation of the unit cell can be determined from these
shifts,

3. The measurements were carried out with a beam
of protons accelerated with the aid of the NIIYaF MGU
[Scientific Research Institute for Nuclear Physics,
Moscow State University] cascade generator up to
500 keV. The experiment is shown schematically on
Fig. 3. The collimator system made it possible to ob-
tain a beam whose diameter in the region of the target
did not exceed 0.3 mm. The single-crystal sample of
BaTiO,; was mounted in the center of a vacuum cham-

FIG. 2. Schematic distribution of lines of intersection of the crystal-
lographic planes of the barium titanate lattice with the plane of the photo-
graphic plate. The continuous lines correspond to the cubic phase (T >
120°C), the dashed lines — to the tetragonal phase (T < 120°C).
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FIG. 3. Schematic diagram of the experiment.

ber on a holder which could simultaneously be used as

a heater. The temperature of the sample was measured
with a thermocouple. The scattered protons were regis-
tered with a photographic plate of the type MR which
was placed within the vacuum chamber 65 mm from the
target. The irradiated sample was oriented in such a
way that its (100) axis was normal to the surface of the
photographic plate and the crystallographic {110} plane
coincided with the horizontal plane. The proton pattern
obtained under those conditions at T = 150°C is shown
in Fig. 4. It is seen that lines which do not pass through
the center of symmetry, in particular those correspond-
ing to planes of the {112} type (see Fig. 2), appear rath-
er clearly. It was the shift of these lines which was
considered.

4, Measurements with the tetragonal phase were
carried out at room temperature. It is well known that
as a rule in this case the BaTiO; single crystal con-
sists of a large number of domains with different di-
rections of the spontaneous polarization. In our exper-
iment it was essential to use a single-domain crystal.
The single domain was produced by keeping the crystal
both before and during the irradiation in an external
field with an intensity of 15-20 kV /cm. For this pur-
pose both sides of the single-crystal sample cut normal
to the (100) axis were sputtered with aluminum in the
form of thin films. A voltage of 300 V was applied to
these aluminum electrodes. A control analysis carried

FIG. 4. Proton pattern of BaTiO; . The (110} axis points from the
center of the photographic plate; the shadow of the {110}plane is
horizontal.
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out optically confirmed that under these conditions the
sample consisted of a single domain; the polarization
axis coincided with the direction of the normal of the
platelet.

5. Because the shift of the {112} lines in the transi-
tion from one phase to the other is extremely small, it
was useful to obtain both proton patterns on the same
plate. To this end we placed in front of the photographic
plate a screen with vertical slits of the form shown in
Fig. 5. The screen could be horizontally displaced by
the width of the slits. The crystal was irradiated with
the screen in the two positions at room temperature and
at T = 150-200°C respectively. The results of such
double irradiation were obtained for two different crys-
tal orientations. In one case the trace of the {100} plane
was horizontal and in the other—the trace of the {110}.
In the first case we determined the shift of h, (see
Fig. 2) and in the second case that of h,. As an exam-
ple we show on Fig. 6 the experimentally obtained dou-
ble proton pattern referring to the second case. Here
even bands correspond to the tetragonal and odd bands
to the cubic phase,

The shadows obtained on the photographic plates
were analyzed with a MF-4 microphotometer. Figure 7
shows, as an example, the variation of the blackening
density on traversing one of the lines of the protons
pattern. As a coordinate marking the position of the
center of the straight-line shadow we used the point of
intersection of the lines tangent to the inner slopes of
the curve. The error amounted to ~0.05 mm. With the
aid of such measurements we compiled two-dimensional
maps of points belonging to the four {112} pairs of
lines. Because it is impossible to show these maps on
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FIG. 5. Multislit screen.

FIG. 6. Proton pattern of BaTiO; obtained with the aid of the multi-
slit screen by the double exposure method. The even (light) bands cor-
respond to the cubic and the odd (darker) ones — to the tetragonal phase.
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FIG. 7. The dependence of the blackening density of the photo-
graphic emulsion (in relative units) on the coordinate of the photo-
metered section (according to the microphotometer scale) on crossing
the shadow of the {110}plane.

a small scale, we restrict ourselves to presenting a
single purely illustrative diagram (see Fig. 8). On it
arrows show the regions and directions of the photo-
metering. The straight lines are drawn through the
points obtained with the absolute value of the shifts on
the diagram being magnified tenfold. Along with {112}
lines we plotted on the maps the central horizontal
lines. The fact that in the case of the horizontal lines
we also observed splitting attests to the presence of
some accidental shift unconnected with the phase transi-
tion. The absolute value of the shift amounted to 0.12

+ 0.04 mm. One must obviously use this value as a cor-
rection to the splitting of the lower and upper lines on
the diagram. After carrying out this procedure the
splitting of the upper and lower lines turned out to be
equal within experimental error. For the case illus-
trated in the diagram (horizontal {110} axis) this split-
ting was h = 0.33 £ 0.06 mm. A calculation based on a
geometrical model with c¢/a = 1.01 yields a value of

h of 0.30 mm. It is seen that there is agreement within
the limits of the measurement error. An analogous re-
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FIG. 8. Schematic location of the straight lines drawn through the
experimental points (the line splitting is magnified tenfold). The arrows
show the positions and directions of the photometry.

sult was also obtained for the case when the {100} plane
was horizontal.

In conclusion it should be noted that in this paper the
authors have restricted themselves solely to the obser-
vation of the fact that the linear shadows shift. The
next step will be to increase the accuracy of the meas-
urements. This is in the first place connected with an
increase in the quality of the photographic plates, since
only then will it be possible to realize in full the strong
point of the shadow technique which allows one to use
as large a number of points as desired for constructing
the straight lines.
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