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Channeling measurements by backscattering of He and H ions have been made on (111 )~ and
{110 Y-oriented Si covered with evaporated layers of Au to investigate the dependence of mini-

mum yield on both energy and film thickness.

The energy range was 0,4~1,8 MeV and the

film thickness range was 100-1100 A. Minimum yields are calculated by applying the Meyer
treatment of plural scattering and probability curves determined from (i) a step-function ap-
proximationto the angular yield profile and (ii) two different axial scans on uncovered Si, one of
which is azimuthally averaged. The minimum yields calculated using the step-function ap-

proximation and azimuthally averaged probability curves are in good agreement with experi-

mental results.

This suggests that the step-function approximation, although less accurate

than the azimuthally averaged procedure, is adequate for use with investigations of disorder

in crystals by channeling-effect measurements.

I. INTRODUCTION

Many experimental and theoretical studies have
established that the channeling of an energetic
beam of particles in a single crystal occurs when-
ever the crystal axis or plane is aligned with the
incident-beam direction. In the channeling pro-
cess, the incident particles are steered by a series
of gentle collisions with the lattice atoms of the
rows or planes. In order for an energetic beam
of particles to be steered by the lattice, the beam
direction must be oriented within a certain critical
angle (;,,) of the crystal axis or plane. The ef-
fect of channeling on particle trajectories in the

crystal is most strikingly observed in the signif-
icant reduction in processes requiring a close en-
counter with lattice atoms.!™

One of the parameters which has been measured
in backscattering measurements is the minimum
yield.?2 The minimum yield ¥, is defined as the
ratio of the number of backscattered particles
when the incident beam is aligned with the crystal-
symmetry direction of interest (aligned yield) to
the number with the beam far from any high-sym-
metry direction of the crystal (random yield).

Channeling-effect measurements in crystals
covered with amorphous layers have shown that
the minimum yield of aligned spectra from the un-
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derlying crystal increases with layer thickness. 5™

This increase in aligned yield is attributed to the
scattering events in the amorphous layer which
cause an increase in the transverse momentum
of the particles incident on the underlying crystal.

A similar increase in aligned yield is observed
in crystals containing lattice disorder such as ion-
implanted Si® or in epitaxially grown Si layers on
spinel.® In the determination of disorder by chan-
neling effect measurements, one of the major
problems in the analysis of aligned spectra is to
separate the contributionfrom backscattering off
displaced lattice atoms and that from dechanneling
caused by the increase in transverse momentum
due to forward scattering from the displaced atoms.
In calculations of dechanneling, single-, plural-,
and multiple-scattering treatments have been used.
In most cases plural scattering seems to be ap-
propriate.7'm'11 A simple method to test the ana-
lytical procedure is to superpose a known number
of scattering centers in the form of an amorphous
layer on the surface of a single crystal. Mea-
surements of the aligned yield versus layer thick-'
ness or particle energy provides a good test of the
assumptions underlying the analysis procedure. '

Recently, Andersen et al.'? studied multiple scat-
tering of ions through thin gold films. They found
large deviations from theoretical predictions.
Their results are in contrast with channeling mea-
surements by backscattering of 1.8-MeV He ions
that have been made on (111)- and (110)-oriented
Si covered with evaporated layers of Au and Al.’
The minimum yield has been measured as a func-
tion of metal-film thickness and compared with
the minimum yield predicted from Meyer’s treat-
ment!'® of plural scattering using a step-function
(square-well) approximation to the angular-yield
profile. The step-function approximation assumes
that particles scattered through angles greater
than the critical angle are not channeled. It was
found that experimental axial minimum-yield val-
ues agreed within 10% with step-function-approxi-
mation calculations.

It is difficult to make a direct comparison of the

" Andersen et al. measurements of half-widths of

the multiple-scattering distributions with the chan-
neling measurements of the number of particles
scattered beyond the critical angle. It is possible,
however, that use of the step-function approxima-
tion introduced systematic errors in the calcula-
tions of minimum yield to give fortuitous agree-
ment with experimental values. One of the objec-
tives of this present work has been to test the ade-
quacy of the step-function approximation. This re-
quired measurements of angular-yield profiles on
uncovered Si, Because of the isotropic-scattering
distribution of the particles in the amorphous film,
it was necessary to get azimuthally averaged an-
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gular-yield profiles. Another objective was to
measure the minimum yield as a function of par-
ticle energy. In this work, channeling measure-
ments by backscattering of H and He ions ranging
in energy from 0.4 to 1.8 MeV have been made on
(111)- and (110)-oriented Si covered with evapo-
rated layers of Au.

II. EXPERIMENT

Gold films from 100 to 1000 A thick were vacuum
deposited from a tungsten filament onto the {(110)
and (111) surfaces of silicon single crystals at
room temperature. Each Si sample was masked so
that a small area of it remained uncovered at the
end of evaporation of the gold film. The evapora-
tions were made in a vacuum of about 5x1077 Torr.

Channeling measurements were made using the
backscattering technique. Low-energy (400-keV)
and high-energy (1.0 to 1.8-MeV) channeling ex-
periments were done using accelerators at North
American Rockwell Science Center and Caltech, re-
spectively. Collimated beams (~ 2-mm beam diam-
eter) of protons and helium ions were accelerated
onto samples mounted on a two-axis goniometer in
a scattering chamber. The samples could be ro-
tated and tilted with respect to the incident beam.
The scattering chamber was evacuated to less than
107 Torr and secondary electrons were suppressed.
The particles backscattered from the target through
a laboratory angle of 168° were detected by a 25~
mm? solid-state silicon-surface-barrier detector
placed 10 cm away from the target. The energy
spectrum of these particles was obtained using
standard electronics and a 400-channel pulse-
height analyzer. The energy resolution of the
system was <15 keV for 1.8-MeV He ions.

Energy spectra of backscattered particles from
an uncovered part of the Si sample were obtained
using H and He ions (i) when a low-index direction
({111) or {110)) was well aligned with the incident-
beam direction (aligned spectrum) and (ii) when
the beam was incident in a random direction (ran-
dom spectrum). The random spectra on uncovered
portions of the sample were obtained by tilting the
sample off a major axial direction by an angle
greater than ten times the critical angle for chan-
neling at a given incident energy and continuously
rotating the crystal about the beam direction. The
aligned and random spectra on covered portions of
Si samples were obtained by first obtaining the
goniometer alignment settings by measuring the
yield with the beam incident on the uncovered por-
tion of the sample and then translating the beam to
the covered portion. From experimental geome-
try, translation of the beam causes a change of 0.3
%107 rad in the angle of incidence. Measurements
on the uncovered sample showed that translation
of the beam had no effect on the aligned components
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Tilt and
Rotation Tilt

FIG. 1. Dashed line shows the tilt direction along
which the normal axial angular-yield profile is obtained.
The dash-dot lines represent the rotation direction along
which an azimuthally averaged probability curve is ob-
tained for various tilt angles. Solid lines are the Si crys-
tallographic planes.

of the spectra.”’

Backscattering techniques were used in measuring
the thickness, uniformity, and amorphous nature
of the Au films, The number of Au atoms per cm?
was determined by integrating the counts under the
Au gpectrum. Representative values of the stop-
ping cross section of Au for He' particles at 0.5,
1.0, 1.5, and 1.8 MeV are 112,0, 128.0, 122.0,
and 116.0x10% eV cm?, respectively. These val-
ues were obtained from a fourth-degree-polynomial
fit to the stopping cross-section data of Gobeli, 1
Comfort et al.,'® and Porat and Ramavataran, ¢
For simplicity here, the Au-film thickness is giv-
en in angstroms and the conversion factor for Au
is 5.9%10'7 Au atoms/cm? being equivalent to
1000 A. The energy loss per angstrom for in and
out trajectories of backscattered particles is cal-
culated from the energy-loss parameter S given by

szl LB
dx |ey; lcosOrl dxlgzg
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Representative values for S are 140.0, 134.2, and
132.0 eV/A at 1,5-, 1.8-, and 2.0-MeV He', re-
spectively. The uniformity of the thicker Au films
was deduced from the absence of any anomalous
features in the trailing edges of the Au spectra.
However, for Au films below 150 A thick, the spec-
tra revealed that about 10% of the Si substrate was
uncovered. When the beam was aligned with the
(111) or {(110) axial directions, no change was ob-
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tained in the Au signal from that obtained with a
random incidence. So if these films are polycrys-
talline, the crystallites are either very small or
their orientation is sufficiently random to allow the
treatment of these Au films as amorphous struc-
tures for channeling experiments.7

Axial angular-yield profiles were determined on
uncovered Si crystals oriented along (110) and
(111) axial directions for 1.8-MeV He* and 0.4-MeV
H'. Two different methods were applied in obtain-
ing these axial-yield profiles. The first method
followed the usual procedure of performing an
axial scan®” where the beam is first aligned with
either (110) or (111) axial directions and then the
normalized yield of particles backscattered from
just below the surface of Si is obtained as a func-
tion of tilt angle. The direction of the tilt is indi-
cated by the dashed line in Fig. 1 which shows
the measured coordinates of the planes and {110)
axes. The normalization of the yield was made to
that of the random yield. The accuracy of the scan
was checked by comparing both the minimum yield
and the critical-angle value with those obtained in
previous measurements at 0.4-MeV H' and 1. 8-
MeV He'.*

In the second method, the sample is rotated at
each tilt position thus giving an azimuthally aver-
aged yield profile. In this method the beam was
first aligned with the (110) axial direction of an un-
covered Si crystal. Then the (110) axial direction
was made collinear with the goniometer axis of
rotation and the incident beam direction using the
alignment stage mounted on the goniometer. This
stage has two axes of rotation with respect to the
incident-beam direction, It could be tilted so that
the axial direction of the crystal resting on it could
be brought in line with the axis of rotation of the
goniometer. The normalized yield of the particles
backscattered from just below the surface of Si
was obtained as a function of tilt angle by contin-
uously rotating the Si crystal about the beam direc-
tion (see Fig. 1). As before, the normalization of
the backscattered yield was made to that of the
random component of the dechanneled beam.

The scans obtained by those two above procedures
coincide for both zero- and large-tilt angles. How-
ever, for tilt angles in between the critical angle
;1,2 and =3y /2, the angular-yield profile obtained
in the second method is lower than that in the first
procedure. This lower yield is due to the influ-
ence of planar channels during azimuthal averaging
by rotation of the sample around the crystal axes.

III. CALCULATION PROCEDURE

The presence of an amorphous layer on a silicon
crystal results in an increase in the aligned yield
of energy spectra of backscattered particles., The
increase in the aligned yield can be calculated
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from the scattering experienced by particles tra-
versing the amorphous layer, the deflections pro-
duced by the crystal potential, and the channeling
parameters such as the critical angle within the
crystal. Since scattering in the layer introduces
an angular dispersion into the initially well-col-
limated beam, the fraction of the beam that does
satisfy the channeling condition decreases. Hence
the ratio (minimum yield X,) of the aligned and ran-
dom yield near the surface of the crystal increases
(see Fig. 2).

' Recently, channeling-effect measurements have
been performed on Si overlaid with amorphous
layers to investigate the dependence of minimum-
yield values on amorphous-layer thickness at 1. 8-
MeV He'.” The experimental minimum-yield values
were compared with those predicted from knowl-
edge of scattered-particle distribution in the amor-
phous layer and the channeling parameters in a

Si single crystal. The scattered-particle distribu-
tion in the amorphous layer was based on two treat-
ments of plural scattering. The first treatment

of plural scattering is that of Keil et al.'® This
utilizes the Moliére'® cross section which is smaller
than the Thomas-Fermi cross section and gives a
strong forward-peaked distribution of the particles.
The second treatment by Meyer'? uses the Thomas-—
Fermi cross section and the distribution of parti-
cles is not as peaked as that of Keil ef al. in the
plural regime. However, both treatments merge
with each other for a large number of scattering
centers. In these two treatments of plural scat-
tering, film thicknesses are specified by a parame-
ter m which gives the mean value of the number of
collisions of the particles with the target atoms

for a cross section of m(ag)?, ayy being the Thom-
as-Fermi screening parameter, Representative
values for m are 2.5 and 2,2 equivalent to 1100 A
of Au for He' and H', respectively.

We used several methods to calculate the aligned
yield from a single crystal covered with an amor-
phous layer. One method for calculating the mini-
mum yield utilizes both the experimental angular-
yield profile obtained near the surface of the un-
covered crystal and the calculated differential-scat-
tering distribution of the particles in the film. In
this method the yield 'is obtained by convolution of
the initial scattering distribution in the amorphous
layer with the experimental normalized angular
yield profile. In this case we take the yield pro-
file as a weighting function., This weighting func-
‘tion is first multiplied by the scattering distribution
and thenintegrated overall angles to give the minimum
yield. In this work two different procedures have
been applied in obtaining axial-angular-yield pro-
files (one by tilting and the other by tilting and ro-
tating the crystal to obtain an azimuthal average).

Another procedure used in determining the mini-
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mum yield involves a step-function approximation
to the angular-yield profile. In this case the nor-
malized yield is zero for angles less than ¢,/ (the
critical angle for channeling) and unity for angles
greater than ¥, ;. We will refer to this probability

" curve as the “step-function approximation” to dis-

tinguish it from the general “convolution” proce-
dure discussed in the first methods.

IV. RESULTS AND DISCUSSION

Figure 2(a) shows two typical energy spectra of
backscattered particles from the uncovered part
of the Si sample obtained using 1.8-MeV He ions (i)
when the (111) axial direction is well aligned with
the incident-beam direction (aligned spectrum) and
(ii) when the beam is incident in a random direction
(random spectrum). The random spectrum on an
uncovered part of the Si crystal was obtained by
first tilting the sample several degrees off a major
axial direction and then continuously rotating the
crystal about the beam direction. Figure 2(b)
shows the spectra of the Si sample covered with
220 and 590 A of Au. These spectra were obtained
first by getting the aligned and random yield on an
uncovered portion of the sample and then translating
the incident 1. 8-MeV He" beam to a covered portion.
The presence of the Au film on the Si substrate
causes a shift in the Si edge to lower energy be-
cause of the energy losses of the particles as they
traverse the film. The aligned yield increases
with the film thickness. The uniform nature of the
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FIG. 2. Energy spectra for 1.8-MeV He* backscat-
tered (a) from an uncovered Si crystal for random (e) and
{111 )~aligned direction (4); (b) from a Si crystal covered
with 590 and 220 A of Au for random (e and O) and
(111)-aligned directions (a4 and <), respectively.
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FIG. 3. Upper: number of particles scattered at angle
¢ from the initial direction for 0.4-MeV H* and 1.8-MeV
He* after traversing a reduced thickness »=0.2 (100-&
Au, HY, m=1.0 (500-A Au, H*) (solid lines), and m =0.6
(264-4 Au, He"), m=2.5 (1100-A Au, He*) (dashed lines)
according to Meyer’s theory. Lower: experimental axial
scan obtained by “tilt”’ only (solid line) and azimuthally
averaged experimental axial scan obtained by “tilt and
rotation” (dotted line) for 1.8-MeV He" incident along
(110) Si axis. Step-function approximation is shown as
a vertical dashed line.

film is deduced from the smooth pattern of the Au
signal and the absence of trailing edges at around
1.5 and 1.6 MeV of the Au spectra. The “amor-
phous” nature of the film is indicated by the fact
that the aligned and random yields from the Au
film coincide.

Figure 3 shows the calculated differential-scat-
tering distributions 276 f(#) which give the number
of particles scattered by an amorphous layer at an
angle 6 from the initial direction for He" and H'
ions. These differential distributions are obtained
from the angular distribution tabulated by Meyer
for m=0.6 (264-A Au, 1.8-MeV He'), m=2.5
(1100-A Au, 1.8-MeV He'), m=0.2 (100-A Au,
0.4-MeV H'), and m=1.0 (500-A Au, 0.4-MeV H").
The parameter m is the reduced thickness de-
scribed in the Appendix. In the lower part of Fig.
3 are two experimental axial angular-yield pro-
files on uncovered (110)-oriented Si at 1,8-MeV
He’. The yield profile (solid line) was obtained
from experimental energy spectra recorded for

He ions at different incident tilt angles. The yield
profile (dotted line) made on the Si (110) axial
direction at 1.8-MeV He" was obtained by rotation
of the crystal about the beam direction as a func-
tion of the tilt angle for a fixed charge., This yield
profile without shoulders is the azimuthally aver-
aged probability curve. Also shown in the vertical
dashed curve is the step-function approximation
for 1.8-MeV He' on the Si (110) axial direction.

Figure 4 shows the experimental minimum-yield
values as solid triangles for the Si (110) axial
direction at 1,8-MeV He" and open triangles for the
Si (111) axial direction at 0, 4-MeV H*, The mini-
mum-yield values obtained by convolution of the
differential distributions of He and H ions in the
film and the angular-yield profiles obtained by tilt
only for 1.8-MeV He" and 0.4-MeV H' on uncovered
Si are shown in solid curves. For He ions, the
convoluted minimum-yield values are about 5%
higher than the experimental values for low and
high m values. However, for intermediate m val-
ues, the minimum-yield values lie about 10% high-
er than the experimental ones. In the case of 0.4-
MeV H' the convoluted yield values are higher than
the experimental values by about 7% for the entire
range of gold thicknesses.

On the other hand, when the azimuthally averaged
angular-yield profile (shown in the dotted line in
Fig. 3) is convoluted with the calculated differen-
tial-scattering distribution of He ions, the resul-
tant minimum-yield values (shown by the dotted
curves in Fig. 4) agree fairly well with the experi-
mental data for the entire film thickness. This
suggests that the most accurate angular-yield pro-
file to use in convolution procedure is the curve
obtained by tilting and rotation.

Shown in the dashed curves in Fig. 4 are the min-
imum-yield values obtained by applying the step-
function approximation to Meyer’s theory of plural
scattering. The minimum yield is given by the
integral of the differential-scattering distribution
for angles greater than the critical angle for chan-
neling 9, ;. These minimum-yield values are in
good agreement with experiment for nearly all m
values for both He and H ions. In fact, these val-
ues nearly coincide with those obtained by convo-
lution using an azimuthally averaged angular-yield
profile for gold thicknesses up to about 700 A.
However, there is a systematic difference of about
3% for thicker films. A method of obtaining mini-
mum-yield values from Meyer’s treatment of plural
scattering is described in the Appendix,

Also shown in the insert of Fig. 4 is a compari-
son of experimental Al minimum-yield values
(from Ref. 7) with those obtained by applying the
Meyer treatment of plural scattering and normal-
ized yield curves determined from (a) the step-
function approximation, (b) the axial angular scan
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FIG. 4. Minimum yield x,
at the Si surface for 0,4~
MeV H* and 1.8-MeV He* in-
cident, respectively, along -
- the (111) (A) and (110) (a)
axes of Si covered with dif-
ferent thicknesses of Au.

The lines show the calculated
values using the Meyer dis-

N tribution and (i) the step-func-
tion approximation (dashed
line), (ii) the normal axial

1 angular-yield profile (solid
line), and (iii) the azimuthally
averaged angular-yield pro-
file (dotted line). Shown in
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of Au above.
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obtained by tilt only, and (c) the azimuthally aver-
aged angular-yield profile. Calculated minimum-
yield values from the azimuthally averaged profile
are in excellent agreement with experimental val-
ues. Also, there is adequate agreement with cal-
culations based on the step-function approximation.

Figures 5(a) and 5(b) show the minimum-yield
dependence on He" and H' energy and gold thickness,
respectively, The solid curves are obtained by
application of the step-function approximation to
the scattering distribution in the Meyer theory.

The experimental minimum-yield values (¥,) are in
accord with the theoretical prediction except for
low thickness. For 130-A Au the experimental val-
‘ues for He" are slightly above the theoretical curve
and below the theoretical curve for H'. In any
case, the difference between theory and experiment
is within 5%.

Figure 6 shows minimum-yield values for 400-keV
He and Hions for (111)-oriented Si versus the reduced
thickness of Au, The theoretical curves were ob-
tained by application of the step-function approxi-

800
GOLD THICKNESS A

| 1.
1000 1100

mation to both the Meyer and Keil treatments of
plural scattering. The upper solid and dashed lines,
in Fig. 6 correspond to minimum yields calculated '
from Meyer distributions for 400-keV He and H
ions, respectively. The lower set of curves cor-
respond to those using Keil distributions at the
same energy. It is very evident that the experi-
mental minimum-yield values follow those calcu-
lated from the Meyer distributions very closely.

V. SUMMARY

Channeling-effect measurements have been used
in investigating the minimum yield X, at different
He" and H' energies for various Au film thick-
nesses deposited on Si single crystals. These
measurements indicate that the minimum yield in-
creases with film thickness. In order to compare
the experimental and predicted minimum-yield
values, knowledge of the scattering in the film as
well as the channeling behavior in the Si single
crystal is necessary.

The scattering distribution in the film is based
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FIG. 5. Minimum
yield x, at the silicon
surface as a function of
(a) He* energy and (b)
H* energy incident along
the (111) axis of Si
covered with different
thicknesses of Au. The
lines are calculated by
using Meyer distribution
and step-function ap-
proximation.
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on the Meyer treatment of plural scattering. The
channeling behavior in the Si single crystal was ob-
tained by performing two different experimental
axial scans on uncovered Si. Each of these scans
is treated as a normalized-yield function. The
first method which involves only tilting is experi-
mentally easier to obtain but leads to higher (by
about 10%) minimum-yield values than the experi-
mental curves. These higher values are a conse-
quence of the fact that the angular-yield profile
was obtained by tilting the sample in a manner that
avoided planar channels. However, some fraction
of the particles scattered in the amorphous film
will be incident on the crystal with directions
aligned with planar channels. Consequently, this
conventional method of obtaining angular-yield pro-
files by tilting is not an adequate procedure for
obtaining normalized-yield functions.

The second method of obtaining an angular-yield
profile involves tilt and rotation and hence pro-
vides an azimuthal average which includes the ef-
fect of planar channels. The angular-yield pro-
files obtained in this fashion give a more repre-
_sentative average normalized yield. The calcu-
lated minimum-yield values obtained from these
average angular-yield functions and Meyer dif-
ferential-scattering distributions are in good
agreement with experimental values for Si covered
with Au and Al. At present we cannot account for
the differences between our results and those of
Andersen et al, who found significant deviations
from Meyer’s prediction of reduced half-widths.

ENERGY (MeV)

However, in the case of our channeling measure-
ments, we are only sensitive to scattering angles
greater than the critical angle.

The azimuthally averaged yield functions are dif-
ficult to obtain experimentally as the procedure re-
quires that the crystallographic axis of the sample
'be aligned with the axis of rotation of the goniom-
|eter tobetter than one-quarter of the critical angle.
A simpler analytical procedure is to use the step-
function approximation. The assumption that the
minimum yield is determined by the number of
particles scattered beyond the critical angle (step-
function approximation) has been tested for various
Au-film thicknesses deposited on (111) and {110)
Si-oriented crystals using 0.4-1.8-MeV He and H
ions. The results are in agreement with experi-
mental values. This suggests that the step-func-
tion approximation is adequate for use in investi-
gations of disorder in crystals by channeling-ef-
fect measurements., As a prelude to disorder
analysis, we have established universal curves
from which minimum-yield values can be obtained
for various disordered depths.
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APPENDIX

This appendix gives a method of calculating the
minimum yield from a crystal overlaid with an
amorphous crystal film by applying the step-func-
tion approximation and the distribution of the scat-
tered particles given by Meyer.'® Figure 7 shows

1.0

a plot of the minimum yield P(5,,) as a function of
the reduced critical angle 9_0 for various reduced
film thicknesses m [see Eq. (9)]. The reduced
critical angle is given by .= Yy, ,,, where §,,, is
the critical angle for channeling and Y is given in
Eq. (15). For example, for 1.8-MeV He" incident
on 440 A of Au on (110)-oriented Si, m=1.0 and
Y=41.6. The critical angle ¢;,/,=0.01 rad and
hence §,=0.42 rad. The minimum-yield value
taken from Fig. 7 is P(0.42)=0.57. For 1550 A
of Al, m=10 and Y =420, the minimum-yield value

m=1.0

» m=0.6 -
B m=04

FIG. 7. Solid lines
represent the normal-
ized integrated differ-
ential distribution us-
ing the Meyer treatment.
vs reduced critical
- angle for various m
values (the reduced
thickness of amorphous
layers). Minimum
yield x, is obtained
from these curves by
Xo=P(8,).

3.0 35 4
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is P(4.2)=0.20. The details of the calculation are
given below.

Meyer, using a scattering cross section derived
from classical mechanics, presents calculations
on small-angle multiple scattering of low-energy
heavy particles in solid layers. He gives the fol-
lowing angular distribution of particles scattered
in thin layers:

1 € m1+mz>2

F(m,é-):'z-;r‘ T( m
2

x[fym, 6) - 1a®N2'3 fy(m, 6)], ' (A1) |

where
film, 8)= [ e™ @ Jo(6 2)z dz, (A2)
Sfolm, 5):%mfowe'"’A(‘)Jo(éz)Az(z)zdz, (A3)
and .
A2)=4 [, f0) {1 = To[z(39)] ap. (a4)

Jy is the zeroth-order Bessel function of the first
kind and f is a scaling function given for different
_potentials in the work of Lindhard, Nielsen, and

Scharff, 2°
The Thomas-Fermi screening radius a is

a=ay[0.885/(22/%+ Z2*)/?] (A5)
and
€=a/b (A6)

is the reduced energy (a dimensionless unit) in-
troduced by Lindhard et al.?® and b the collision
diameter which can be calculated from

8 212,68 (m1+m2>
b=2 = — UL (A7)

where a is the Bohr radius, and Z,, m, and Z,,
my are the atomic numbers and masses of incident
ions of velocity V and the target atoms, respective-
ly.
_ Two parameters, a reduced angle and thickness,
6 and m, are introduced by Meyer and are defined
by

8 = €[ (my+my)/m,) 0 (A8)
and

m = na’Nt, (A9)

E. LUGUJJO AND J. W. MAYER

|3

where 6 is the total scattering angle and N and ¢
are the atom density and thickness of the target,
respectively.

The term a®7N*” f,(m, § ) in Eq. (Al) is usually
only a small correction to f;(m, 6 ) and can be
omitted.? So

o1 €z(ml+m2>2 "
Fim, §)dw=5- do o) Sim,8)  (a10)

gives the distribution of particles being scattered

into the solid angle dw around the reduced scat-
tering angle 6.
By substituting Eq. (A8)in (A10) and noting thatwe
are dealing with small-angle scattering,
Flm, 6 )dw=(1/27)f,(m, §) 216 48] .

We now define a function P(f,) as the integrated
normalized differential distribution of the parti-
cles scattered beyond angle 6., namely,

P(6.)= f_ fim,6) 210 af
and
P(0)=1.

(A11)

(A12)

Application of the step-function approximation
to the differential distribution of the particle in or-
der to find the minimum yield assumes that a par-
ticle is in the random component of the beam (de-
channeling probability equal to unity) when its an-
gle with the channel axis is greater than 9-,:, the
reduced critical angle for channeling, so we iden-
tify minimum yield x, for a particular reduced film
thickness m as

Xo=P(&). (A13)

Determination of §,. Substituting Eqs. (A6) and
(A7) in (A8) yields

6 =(aE/2Z,Z,0%)6=Y(E,Z,,Z,)0,
where E=3mV? is the energy of incident ions and

Y(E,Z,Z,)=aE/2Z,Zse®. (A15)

(A14)

For crystals overlaid with metal films, the reduced
critical angle 8, is given by

6.=Y(E,Z,,2Z5) 45, (A16)

where 1, 5, is the usual critical angle for channeling
on uncovered crystals and Y(E, Z,,Z,) is a normal-
izing factor.
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The MOssbauer effect of 'Fe in aluminum was measured over the temperature range 20—
642 °C, using a source specimen of aluminum with 57Co in solid solution. The line-broaden-
ing values were converted to diffusion constants, which can be expressed by the temperature

-, 4eV)/RT

dependence D=0,12 ¢ cm?/ sec.

This result differs from recent diffusion-constant

determinations obtained by the tracer-sectioning method, which we feel might be in error be-

cause of solution trapping.

From theoretical considerations we suggest that a new expression

for the correlation factor for the diffusional line broadening might be more accurate than the

one used heretofore,
almost to the melting point of aluminum.,

Earlier determinations of the second~order Doppler shift were extended
The shift depends almost linearly on temperature,

with the slope given by the Dulong—Petit rule for the heat capacity. From the tempera-
ture dependence of the Lamb—M®&ssbauer factor an effective Debye temperature of (210 15) °K

was found,

I. INTRODUCTION

The limit of solid solubility of iron in fcc metal-
lic aluminum® is about 0. 025 at.%. Because of
this extremely small solubility, the solid-solution
phase coexists with a clustered phase, except when
the concentration is very small. The clustered
state is of a complicated structure whose approxi-
mate composition? can be represented by Fe,Al;.

There is agreement between a number of experi-
mental workers that the solid-solution phase,
which undoubtedly is substitutional, gives a single
unbroadened line in the MOssbauer spectrum,
while the Fe,Al,; signal is a broad line with little
structure. Bush, Stickels, and Hobbs® investigated
the effects of cold work and heat treatment on
quenched samples. Janot and Lelay* made similar
studies of the effects of cold work on dilute alloys
of iron in aluminum. Nasu and co-workers®®
measured the shift of the solid-solution line as a
function of temperature up to 450 °K, and from this
they separated the thermal and the isomer shifts
from each other. Preston and Gerlach” used a
specimen containing iron partly in the clustered
state. They separated the overlapping signals

from the two phases by computer fitting and thus
obtained data up to 675 °K, for both phases, on
the line shift and Lamb-Mossbauer factor.

Bara and Hrynkiewicz® prepared their source
by first drying an aqueous solution of *'CoCl, on
an aluminum foil, After removal of the water of
hydration by heating to 200—300 °C and then further
heating in an argon atmosphere at 600 °C they ob-
tained a complicated series of spectra which are
not easily interpretable. The complexity was
possibly due to the effects of oxidation, clustering,
and trapping of the *’Co atoms in the surface-oxide
film.

In the present work the specimen was a very
dilute ¥Co in aluminum source. With this speci-
men it was possible to extend the measurements
up to near the melting point (660 °C) of aluminum,
and thus obtain MOssbauer data on the solid-solu-
tion phase in the temperature range 20-642 °C.
The real goal was, however, to study the diffu-
sional broadening, which was observed from about
550 °C upwards. The study reported here appears
to be the fourth study of diffusional broadening in
solids. The first two by Knauer and Mullen were
on diffusion of iron in copper® and gold, !° while the



