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The channeling and backscattering of 'He and "N ions of several MeU have been used in an

experiment to determine the lattice location of Br implanted into Fe single crystals. Use has been made

of fast electronics to reduce pulse pileup in the backscattered energy spectra. Angular scans have been

carried out across the three major crystal axes and the three major planes. For the I211I plane a
triple peak is observed in the Br-yield curve. This triple peak and a peak observed in the I100I planar
scan indicate that a substantial fraction of the Br atoms occupies an interstitial site of low symmetry in

the Fe lattice. A systematic analysis reveals three possible interstitial sites qualitatively consistent with

the data. Theoretical calculations of angular-yield curves, using both Monte Carlo computer simulations

and an analytical model based on the continuum theory of channeling, have been performed. Various

possible distributions of Br atoms are considered, and with the aid of the calculated curves a
quantitative interpretation of the location is made. Good agreement with the data is obtained for a
distribution of 60% of the Br in one of the interstitial sites and the remaining 40% substitutional.

Possible physical interpretations of this result, and its significance for hyperfine field measurements on

Br implanted in Fe, are briefly discussed.

I. INTRODUCTION

One of the most useful applications of ion chan-
neling has been the location of foreign atoms (us-
ually implanted) in crystal lattices. When the for-
eign atoms are substitutional, the interaction yield
(for example, from backscattering) for a, channeled
beam is attenuated in the same way for both for-
eign and lattice atoms. In the case of interstitial
foreign atoms, close to the center of a particular
channel, a peak or multiple peak is observed in
the angular-yield curve due to the flux-peaking ef-
fect for channeled ions. ' The existence of flux
peaking makes it essential to carry out complete
angular scans across the major crystal channeling
directions in order to resolve the location of im-
purity atoms in a crystal.

Angular scans about channeling directions have

been used to determine the lattice location of inter-
stitial atoms in a number of recent experiments.
Flux-peaking effects have been observed for inter-
stitial impurities in Si ' ' and in W and Fe.
Angular scans can also be used to locate atoms in
interstitial sites only slightly displaced from lat-
tice sites. In this case the interaction yield shows
a dip, but it is narrower than that obtained when

the atoms are substitutional. Such an effect has
been employed' to distinguish between Bi atoms
in lattice sites and in positions displaced 0. 45 A

from lattice sites in Si.
In this paper an extensive experiment on the lat-

tice location of 'Br implanted into Fe single crys-
tals is described. Backscattering of 'He and ' N

ions of several MeV was used. The work was ini-
tiated in order to elucidate the results of hyperfine-
interaction measurements on Br implanted in Fe.
The experiment has also shown several interesting
features which indicate some of the ultimate pos-
sibilities and limitations of the location technique
itself. Because of the small mass resolution be-
tween Br and Fe in the backscattered energy spec-
trum, the background under the Br peak due to
electronic pulse pileup can be large. Methods of
minimizing the effect of this background are dis-
cussed. Angular scans across the three major
crystal axes and the three major planes in Fe have
been carried out. For the I211j plane a triple peak
is observed in the Br-yield curve, the first time
such a feature has been seen experimentally. This
triple peak, and a peak observed in the (100) planar
scan, indicate that a substantial fraction of the Br
atoms must occupy an interstitial site of low sym-
metry in the Fe lattice.

Theoretical calculations of angular-yield curves
have been employed to make a quantitative interpreta-
tion of the results. The calculations have been
performed using both Monte Carlo computer simu-
lations~'" (binary-collision model) and an analyti-
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FIG. 1. Illustrating the use of the flux-peaking effect for channeled ions in distinguishing between atoms in different
positions in a channel. (a) Cross section of a (100) axial channel in the bcc Fe lattice, showing four distinct sites —Q,
A, B, and S. The filled circles represent rows of Fe atoms. (b) Spatial flux distributions along the line SOS' in (a), for
3.5-Me V N ions incident at three different angles to the channel axis,' (t» = 0 and ft}3 is the critical angle for channeling

(ff + $2 ($3) ~ The distributions were calculated using the analytical model described in Appendix B, and the flux is nor-
malized to the random value. (c) Calculated fluxes at the sites 0, A, B, and S, respectively, in (a), as a function of the
angle of incidence g;. For each site a distinctive angular behavior is seen.

cal model based on the continuum theory of chan-
neling. ' Several possible physical models for the
Br location are discussed. Finally, the implica-
tions of the location results for nuclear orienta-
tion measurements of the hyperfine field at Br in
Fe are briefly considered. A preliminary report
on the work has been presented elsewhere.

II. INTERPRETATION OF CHANNELING EXPERIMENTS
FOR ATOM LOCATION

Owing to the existence of flux peaking, the inter-
action yield for a well-channeled beam (IIO) may
correspond to several different distributions of
foreign atoms, and the consequent need for carry-
ing out complete angular scans complicates the ex-
periments. However, the flux-peaking effect is
useful in the interpretation of these experiments,
as the narrow angular width of the effect (compared
to the critical angle for channeling} makes it sen-
sitive to the exact position of interstitial atoms.

The ability of the technique to distinguish between
atoms in different positions in a channel can be
seen from Fig. 1. For atoms at the center of the
channel, a narrow peak will be observed in the
angular yield curve. On the other hand, for atoms
displaced from the channel axis, a double peak may
be seen. The occurrence of such a double peak
has been predicted by several authors. ' ' The
effect can be simply understood by considering the
transverse energy E, of the channeled ions at the
crystal surface:

E~=EP~g+ UN;),

where E is the ion energy, p,. is the angle of inci-
dence relative to the channel symmetry axis, and

U(p, ) is the transverse channel potential at p = p&

(p is the position vector relative to the channel
axis}. At some position p, displaced from the
channel axis, the maximum flux is not attained un-
til the initial transverse energy of those particles
entering the channel near the minimum U(po) be-
comes equal to U(p, ); that is,

E4 = U(pu) —U(PO) ~ (2)

(When multiple scattering is significant the term
Eg, must be replaced by Ep, + 5E„where 6E, is the
increase in E, associated with the multiple scatter-
ing. ) It is seen from Fig. l that a double peak
will be observed unless p, is sufficiently large that
a dip occurs in the yield at P,. = 0. In this case the
magnitude of p~ can be calculated from the width of
the dip. Any combination of these features is pos-
sible, depending on the distribution of foreign
atoms across the particular channel.

In the location of interstitial atoms, scans across
crystal planes can often be more useful than scans
across axes. It may be possible to confirm or
eliminate a particular interstitial site by a single
planar scan. For interstitial sites of low symme-
try, more stra. cture will, in general, be observed
in planar than in axial scans, since low-symmetry
sites are more likely to lie near the center of pla-
nar channels than the center of axial channels.
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Qualitative information about the location is ob-
tained from (i) the angular position (and, to a less-
er extent, the magnitude) of any peaks in the im-
purity-yield curves, and (ii) the width and magni-
tude of any dips in the impurity yield, compared
with the host-yield dip for the same channeling di-
rection. %hen all atoms are in substitutional sites
or in a simple interstitial site the location will be
obvious. However, for more complicated cases
the site or sites occupied by the impurity atoms
must be deduced using Eq. (2) and by calculating
angular-yield curves. Two models that can be used
for such calculations are described in Sec. VI B.

III. EXPERIMENTAL DETAILS

A. Choice of analyzing beam

A problem in this type of experiment is that the
impurity peak in the backscattered energy spectrum
is superimposed on a background. This background
arises largely from electronic pulse pileup in the
amplifier system. As the pileup intensity is high-
est near the edge of the host spectrum (see Figs.
5-7), it is important to maximize the relative en-
ergy separation between the impurity peak and the
host spectrum For. Br in Fe (atomic weight 56)
this is important because of the small mass differ-
ence between the two elements.

The energy separation depends primarily on the
kinematics of the elastic scattering process @nd,
to a lesser extent, on the stopping power for the
incident ions. For an impurity at the crystal sur-
face, the ratio of the energies of ions backscattered
from the impurity and the host is given by the ratio
of the respective kinematic factors k~. ' This ratio
increases with the mass M, and thus the atomic
number Z& of the incident ions. In the case of im-

purity atoms below the crystal surface, the energy
ratio is less (see Fig. 2) owing to the energy lost
by the incident particles along the incoming and
outgoing trajectories. ' Although the stopping pow-
er (-dE/dx) increases more rapidly with Z~ than
the ks ratio, the energy-loss term is usually small
as the impurity atoms are close to the crystal sur-
face. Furthermore, at MeV energies the stopping
power for a particular ion either decreases with
the ion energy E, or increases at most as Eo
Hence the relative energy separation between the
impurity and the host improves with increasing Z&

and with increasing energy.
Apart from good energy separation, several other

factors must be taken into account in selecting the
analyzing beam. These include beam-induced ra-
diation damage, which must not be significant, and
the magnitude of the impurity yield, which varies
a,s (Z,/E)'

For most implants in Fe, N ions of several MeV
appear an optimum choice. Table I compares the
energy separation obtainable for Br in Fe with
3. 0-MeV He' and 3.0-MeV N' ions, respectively.
It is seen that the relative separation between the
Br peak and the Fe edge is greater for N than for
He, even though the stopping power is considera-

bly larger. Consequently the pileup background
under the Br peak is less. (The use of ' C ions to
reduce the effect of pileup in backscattering ex-
periments has recently been investigated by Abel
et al. ) The detector resolution is worse for N,
but this is a less important consideration than pile-
up effects. In the majority of these experiments
3. 5-MeV N was used. In those experiments car-
ried out with He ions, a system of fast electronics
was used to reduce the pileup (Sec. IIID).

B. Crystal preparation

Eoks(Fe) Eoks(Br)
=E (Fe) E(Br), '

aE(Br)

ENERGY OF SCATTERED IONS

FIG. 2. Schematic backscattered energy spectrum for
ions of energy Eo incident on a Fe target implanted with
Br. The energies E(Fe) and E(Br) correspond to scatter-
ing from surface Fe atoms and implanted Br atoms, re-
spectively. k~ is the kinematic factor, and ~ takes into
account the energy lost by the incident ions along the in-
coming and outgoing trajectories.

The Fe single crystals used in these experiments
were obtained (from Metals Research I.td. , En-
gland) in the form of cylindrical rods. These had
been grown by strain annealing, the purity of the
Fe being 99.8%. After orientation by x-ray dif-
fraction each rod was cut into thin disks, approxi-
mately 7 mm in diameter and 1 mm thick, perpen-
dicular to a (110) axis (within 2'); a crystal cut
perpendicular to a (100) axis was used in some ex-
periments. The crystals were spark planed and
then electropolished ' in an electrolyte contain-
ing 50-ml perchloric acid and 1000-ml glacial ace-
tic acid. Backscattering measurements indicated
a surface oxide layer (stoichiometry FezO, ) on the
crystals 30-40 A in thickness.

Implantation of the stable isotope Br was carried
out at 80 keV at room temperature. The implants
were done on either the Harwell Mk. I electromag-
netic separator, using doubly charged ions at 40 kV,
or the 300-kV accelerator at Bell Laboratories, us-
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TABLE I. Comparison of the calculated energy separation between the Br peak and
the Fe edge (see Fig. 2) for He' and ' N' ions of 3.0-MeV incident normal to the sur-
face of the Fe. The scattering angle has been taken as 160', and the depth of the Br
atoms from the crystal surface is assumed to be 300 A. Values of the detector resolu-
tion (for a Si surface-barrier detector) were determined experimentally.

Ion

3. 0-MeV 4He

3. 0-MeV ~4N

E(Fe)
(MeV)

2. 27
1.11

k (Br)/k, (Fe)

1.09
1.36

Stopping
power in Fe

(Me V/pm) E (Br)/E (Fe)

1.07
1.25

Detector
resolution

(keV)

-20
70

aRef erence 16. Reference 17.

ing singly charged ions at 80 kV. To minimize
channeling effects during implantation, the crystals
were tilted —(t' away from the surface normal. For
most implants the dose was 5x10" ions/cm . The
projected range of the ions was 270 A with a stan-
dard deviation of 70 A (Sec. IV) giving, for the
above dose, an average local concentration of 0. 35-
at. /0 Br in the implanted region.

C. Experimental arrangement

Two accelerators were employed for the back-
scattering experiments —the 5-MV Van de Graaff at
Harwell and the 2-MV Van de Graaff at Bell Labor-
atories. All the N measurements were done on
the Harwell machine. As a N beam can be con-
taminated by molecular impurities, the quality of
the beam at the target was checked regularly. This
was done by examining the energy spectrum ob-
tained using either backscattering from a thin
(- 150 A} Au foil or forward scattering from a thin
C foil.

Similar experimental arrangements were used in
both laboratories. The incident beam was colli-
mated to a diameter of 1 mm and an angular diver-
gence of less than +0.03'. Crystal alignment was
carried out (with He ions) using a goniometer
which enables the target to be rotated in steps of
0. 01' by means of stepping motors; the Harwell
goniometer has three independent axes, the Bell
goniometer two axes. Backscattered particles
were detected with Si surface-barrier detectors.
Two 100-mm detectors (energy resolution [full
width at half-maximum(FWHM) j = 20 keV for 'He),
mounted at scattering angles in the range 160
170', were used in the Harwell system (Fig. 3); a
50-mm annular detector (energy resolution = 15
keV) for the experiments at Bell Laboratories.
Detector acceptance angles were & 6', and care
was taken to avoid blocking effects for the scattered
particles.

The ion dose was measured by integration of the
target current, with suitable secondary electron
suppression. The target chamber was maintained
at a pressure & 10 Torr, and the target was sur-

rounded by a shield cooled with liquid nitrogen to
minimize surface contamination. Further details
of the two experimental systems are given else-
where. ' '

D. Pulse pileup rejection

In the measurements performed on the Bell Lab-
oratories 2-MV machine, only He ions were used
where the background under the Br peak due to
pulse pileup is a serious problem (cf. Sec. IIIA).
One method of minimizing the effect is to use low
beam currents, since pileup is proportional to the
square of the count rate. (Thus the effect is less
severe when the incident beam is channeled. } How-
ever, for implantation doses -10" ions/cm~, re-
duction of the beam current to a level where the
background under the Br peak is negligible would
require using excessive amounts of accelerator
time. Instead, a system of fast electronics espe-
cially designed to minimize pulse pileup was em-
ployed (Fig. 4). The preamplifier provides a fast

XIS
OME TER

TOR
TROLLED)

D TRAP
FACE-
RIER
ECTOR

IMATOR

VACUUM

50 45 crn

FIG. 3. Schematic representation of the target cham-
ber and three-axis goniometer used in the experiments
carried out with the Harwell 5-MV Van de Graaff accel-
erator.
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FIG. 4. Block diagram
of the electronics used for
pulse pileup rejection. The
preamplifier provides both
a slow and a fast output sig-
nal. Information derived
from the fast-signal line is
used to reject pileup pulses
in the slow-signal line.

output signal which is fed into a fast wide-band am-
plifier (rise time - 6 nsec). This amplifier is cap-
able of resolving the pulses that give rise to pileup
in the slower main amplifier: the pileup inspector
is used to reject such pulses.

Figure 5 shows typical results obtained with this
system. It is seen that the background under the
Br peak is reduced considerably, while there is a
negligible loss of counts from the Fe spectrum.

IV. EXPERIMENTAL RESULTS

Typical backscattered energy spectra are shown

in Figs. 6 and 7, for 'He and '
N ions, respective-

ly with the energy windows over which the Br and

Fe yields were summed. It was necessary to cor-
rect the counts in the Br window for background,
which was typically no more than about 20% of the
total counts. As the background was generally not

linear, a background fit was drawn by hand; all
experimental errors include the uncertainty in-
volved in this method of correction.

The Fe window was set to correspond to scatter-
ing from Fe atoms at the same depth from the
crystal surface as the Br atoms. This depth was
determined experimentally by measuring the dif-
ference in energy between "N ions backscattered
from the implanted Br and ions backscattered from
surface Br in a KBr crystal. The energy differ-
ence is related to the projected range and the ran-
dom stopping power. The result obtained for the
mean projected Br range R~ was 270+40 A, with an
associated standard deviation AR~ (calculated from
the width of the implanted Br peak) of 70+ 20 A.
The channeled stopping power was assumed to be
equal to the random stopping power, so that the
energy window remained fixed throughout. Values
of the stopping power for He ions in Fe were taken
from Ref. 16, those for ' N ions from Ref. 17
(though recent experimental work~ suggests that
the actual values for "N may be slightly higher).

Several different impurity peaks were occasional-
ly observed in the aligned spectra. These were
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FIG. 5. Backscattered
energy spectra for 2. 0-Me V
He' ions incident in a ran-

dom direction in a Fe single
crystal implanted with Br,
showing the effect of using
the pileup rejection system
in Fig. 4. The vertical
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the vicinity of the Br peak.
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FIG. 6. Backscattered
energy spectra for 2.2-MeV
4He' iona incident in (111)
and random directions in a
Fe single crystal implanted
with Br. In the high-energy
region the vertical scale has
been expanded. The inte-
grated target current was
the same in both cases.
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identified from the scattering kinematics as Mn,

Cu and Hg or Pb, probably deposited on the crys-
tal surface from the electropolishing solution (Sec.
III B). In Fig. 5 a small peak due to Cu can be
seen at 1.71 MeV; the area under the peak corre-
sponds to an average thickness of - 10 of a mono-
layer. It was verified, using an unimplanted Fe
crystal, that there were no surface impurity peaks
in the region corresponding to the Br peak.

Table II summarizes the results of all Br and Fe
go measurements, where yo is the ratio of the
aligned to random yield, for various implantation
doses, analyzing beams, and crystal directions.
Random spectra were taken in carefully chosen ori-
entations and corrected where necessary for thick-
ness effects. Where data have been taken from an
angular sean this is indicated. For channels where
more than one measurement was made, good
agreement is obtained between the different results.

Although most experiments mere performed on

crystals implanted at 5x 1D" ions/cm, some mea-
surements were also performed on crystals im
planted at lower and higher doses. The implanta-
tion doses were checked by measuring the Br yield
for a beam incident in a random direction. In all
cases, the dose determined in this way agreed with

the dose measured in the implantation to within a
factor of 1.5.

As the Xo results indicated that a substantial frac-
tion of the Br was not substitutional, angular scans
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14
l
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FIG. 7. As in Fig. 6, for 3.0-Mev N'ions incident
in (110) and random directions.

were carried out across the three major crystal
axes and the three major planes. For all scans
the Br dose was 5x10 ' ious/cm~, and most of the

scans were done with N. This mas partly be-
cause of the background problem discussed pre-
viously, and partly because the critical angles for
channeling are larger for N than 'He (at the same
energy), resulting in a greater angular resolution
for the same beam divergence. Figures 8 and S
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TABLE II. Xp measurements for Br implanted into Fe single crystals, including
values taken from angular scans. Errors in Xp(Fe) are &5%.

Br dose
(ions/cm2)

5 x10

1 x10'4

2x10 s

5x10
5x10"
(annealed)~
Unimplanted
crystal

Channel

&100&

&110&

(110}

(ioo}

{211}

(111j
&111&

&100&

&110&

&100&

&110&

(110)

&111&

&100&

He

N

He

N

He

N

He

N

He
N

N

N

N

N

N

He
He
He
He
N

N

N

2. 2

4. 0
3.0
2. 2

4. 0
3.0
3.5
2. 2

4. 0
3.0
1.8
2. 2
3. 5
3.5
2.2
3.5
3.5
3.5
3.5

3.5
3.5
3.5
3.5
2. 0
2. 0
2. 0
4. 0
3.5
3.5

3.0

Scan
Xp

Xp

Scan
Xp

Scan
Scan
Xp

Xp

Scan
Xp
Scan
Xp

Scan
Scan
Xp
Scan
Scan
Scan~ (i)

(ii)
Xp

Xp

Xp

Xp

Xp

Xp

Xp

Xp

Scan
Xp

Xp or
Analyzing Energy complete

beam (Me V) scan Xp (Br)

0. 56 + 0. 04
0. 52 +0. 05
0. 51+0.04
0. 59+0. 06
0. 64 + 0. 12
0.56 +0.10
0. 58+ 0. 06
0. 69 + 0. 08
0. 80+ 0. 11
0. 62 +0. 04
0. 67 + 0. 06
0. 59+ 0. 06
0. 66 +0. 06
0. 67 +0. 05
0. 93 + 0. 07
1.00+0. 05
0. 99 +0. 04
0. 87 + 0. 04
0. 81 + 0. 05
1.14+0. 06
0. 85+0. 10
0. 53+0.10
0. 60 +0. 10
0. 80 + 0. 10
0.64 + 0. 05
0. 81 +0.05
0.85+0. 06
0. 56 + 0. 05
1.02 + 0. 08
1.00+0. 08

Xp(F e)

0. 075
0. 071
0. 081
0. 070
0. 12
0. 12
0. 075
0. 10
0. 12
0. 13
0.43
0. 37
0. 31
0. 365
0. 55
0. 545
0. 55
0. 635
0. 75
0. 78
0. 86
0. 059
0. 083
0. 080
0. 088
0. 14
0.40
0. 17
0. 037
0. 033

0. 028

Scans (i) and (ii) showing effect of apparent enhanced diffusion of N in Fe (Sec. VB).
~Annealed for 30 min at 600'C.

show the results of the scans; the tilting planes in
which the scans were carried out are given in
Table III. The ratio of the critical angles for the
three axes, and that for the three planes, are in
reasonable agreement with channeling theory.
The Br yield (excluding background) varied between
300 and 1200 counts per point. Typical currents
were 1 nA for the 4N measurements and 3 nA for
4He, and typical doses for each angular position
were 5 pC for N and 10 p,C for He on-1-mm
beam spots.

For the (100) axis and (110}p]ane, scans were
performed with both N and He, and it is seen that
the results are essentially the same. The shoulder
in the Br curve in the (100) 'He scan does not
appear in the N scan, but this can be attributed
to the different tilting planes in the two cases (see
Table III). In the (110}scans, the points of inflec-
tion in the Br dip for N are not resolved in the He

curve. A 'He scan (not shown) was also performed
for the (100}plane, showing good agreement with
the N data.

The yield curves for all three axes are rather
featureless. In each case there is a dip in the Br
yield, of approximately half the width and half the
magnitude of the Fe dip; the Br dip in the (110)
scan is slightly weaker than for the other two axes.

However, in the planar scans (Fig. 9) some def-
inite structure is observed. For the (100}plane a
flux peak is seen in the Br yield, the peak being
superimposed on a dip. In the (211}scan there is
a triple peak, which consists of a single central
peak together with a double peak, superimposed on
a dip. That the triple-peak structure exists can be
seen more clearly if the scan is folded over about
the center, as shown in Fig. 10. The measured
position of the double peak is p, = 0. 16' + 0.03'
[cf. tt» ~(Fe) = 0.42'].
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FIG. S. Angular scans across (ill), (100), and (110)
axes in Br-implanted Fe single crystals, with the type
and energy of ion used for each scan indicated. The Br
and Fe yields have been normalized to the random values.
The smooth curves drawn through the Br and Fe points
are only to guide the eye. Shown in each case is the ex-
perimental critical angle for channeling /&~2(Fe).

V. RADIATION DAMAGE AND BEAM EFFECTS

A. Radiation danmge

The implantation of Br introduces disorder into
the Fe crystals. A measure of the damage pro-
duced is given by the aligned backscattered yield
from the Fe atoms, compared to that for an unim-
planted crystal (see Table II). The absence of any
distinct damage peak in the aligned spectra (Figs.
6 and I) indicates that the increased yield arises
principally from dechanneling caused by displaced
lattice atoms, and that any direct scattering con-
tribution is small. ~' It is seen from Table II that
the level of damage is low and increases slightly
with increasing Br dose. The damage could have
been reduced by subsequent annealing of the crys-
tals. However, it will be seen in Sec. VII that this
induces precipitation of the Br atoms.

Radiation damage caused by the He and "N ana-
lyzing beams was found to be negligible compared
to that resulting from the Br implantation. Even
after a dose of - 100 p, C of "N ions (over an area
-1 mm ) in a particular scan, no change could be
detected in the aligned Fe yield.

B. Possible enhanced diffusion of N in Fe

An interesting effect observed in a preliminary
(211I planar scan performed with 3. 5-MeV "N is
shown in Fig. 11. The two scans were carried

VI. INTERPRETATION OF RESULTS

A. Qualitative

The narrow width of the (100) flux peak (Fig. 9),
and its magnitude relative to the dip on which it is
superimposed, indicate that a substantial fraction
of the Br must occupy interstitial sites in the center
of a (100}planar channel. At the same time some
of the Br must be in positions well displaced from
the center to produce the dip under the peak.
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FIG. 9. Angular scans across {110),(100}, and (211)
planes. The details are the same as for Fig. 8.

out two weeks apart, with the beam incident on the
same position on the crystal. Although the number
of points in the first scan is insufficient for the Br
double peak to be resolved, in the second scan the
central Br peak is considerably enhanced with re-
spect to the first. (The Fe minimum yield is high-
er than in Fig. 9, owing to poorer surface prepa-
ration. ) This change indicates that at least some
of the Br atoms have moved to a new site in the
crystal in the period between the two scans.

A possible explanation of this effect in terms of
enhanced diffusion of N in Fe has already been
given. ' The effect was only observed when the
analyzing beam was incident on a beam spot that
had already been bombarded with N two weeks pre-
viously. For each measurement used in the deter-
mination of the Br location a new beam spot was
chosen. During a 30-h angular scan the individual
points were always reproducible, indicating that the
location did not change in this time. This is fur-
ther substantiated by the Br Xo values in Table II,
where good agreement is observed between the N
and 'He results for the same channel.
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TABLE III. Orientation of tilting planes for the experimental angular scans
(Figs. 8 and 9), and for the computer simulated scans (Sec. VI B).

Channel

&100)

&110)

{11o}

{100}

{211}

Analyzing
beam

He

He
N

He
N

Energy
(MeV)

2. 2

2. 2

3.5

3.0

2.2
3.5

3.5

3.5

Tilting plane
(experimental scan)

7 from {110}
8' from {110}

20' from {110}
9' from {100}

20' from (100)
8' from (110)
8' from (110)
9' from (110)

Tilting plane
(computer simulation)

14' from {110}
14' from {110}

14' from {100}

8' from (110)

8' from (110)
8' from (110)

All of the computer simulations were carried out for He ions, of energy 2.2
MeV in the axial scans and 3.5 MeV in the planar scans.

The tilting planes were chosen so as not to correspond to any major plane in
the lattice.

From the discussion in Sec. II, the triple peak in
the {211}scan implies that a certain fraction of the
Br atoms is situated at the center of a {211}planar
channel, while other atoms occupy a site displaced
from the channel axis. The dip underneath the tri-

t. t
I I

{21t}SCAN FOLDED ABOUT Q; ~ 0

&.0—

pie peak requires a further fraction of the Br to be
lying close to the channel walls. Equation (2) is
used to deduce the position of the atoms which give
rise to the double peak; multiple scattering is suf-
ficiently small in this case to be neglected. The
angular position of the double peak (P, = D. 16'
+ D. D3') must first be multiplied by the ratio of the
calculated critical angle for a {211}plane (see Sec.
lgB) to the experimental value P»s(Fe). Using a
Lindhard planar potential' (including contributions
from both planes bounding the channel) we obtain
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FIG. 10. The {211}Planar scan ln Fig. 9 folded about
the center, to emphasize the triple-peak structure. The
circles denote data points for P&

~ 0 in Fig. 9, the squares
points for P& &0. In this case the smooth curve through
the Br data is drawn to pass through the values obtained
by averaging adjacent points in pairs.

FIG. 11. Two {211}planar scans for 3.5-MeV N'

iona. The second scan was carried out two weeks after
the first, with the beam incident on the same position on
the crystal. The smooth curves through the data points
are only to guide the eye.
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p„=0.16+0.04d~, where p„ is the distance from the
channel center and d~ is the interplanar spacing.

It is necessary at this point to make a restriction
on the symmetry of the allowed Br sites. Which-
ever position is selected in a particular {211}pla-
nar channel to correspond to the double peak, there
will be a distribution of positions across the chan-
nel when all physically equivalent sites are taken
into account. The magnitude and narrow angular
width of the twin peaks imply a high concentration
of atoms in a small number of discrete positions.
Therefore we choose sites of the highest possible
planar symmetry consistent with ps/d»= 0. 16+0.04.
Of the various possible values we take p, /d~ =-,'
(0. 125), as the equivalent sites in this case occupy
only four distinct positions across a {211}channel

(at sd)„4d)„~sdI, and ~a), from the channel axis; cf.
Fig. 14). For values such as 1s (0. 17) or ~ts (0. 19) the
distribution of equivalent sites is more diffuse,
especially near the center of the channel. [It can
be shown that sites lying at the center of a {100}
planar channel have the highest symmetry in {211}
channels for p, /d~ = (-,')", where n is the lowest in-
teger for which p, /d~ is compatible with the data;
here n= 3. ]

We now have the following constraints:
(i) A substantial fraction of the Br atoms must lie

at the center of a {100}planar channel.
(ii) The distribution of the atoms across a {211}

channel must be heavily concentrated at the center,
and on planes -', and -', of the distance across the
channel (at +-,'d~ from the center).

(iii) Since no flux-peaking effects are observed
for any of the three axes or the {110}plane, there
can be no sites situated at the center of (111), (100),
or (110) axis channels or {110}planar channels.
(This condition immediately excludes the usual oc-
tahedral and tetrahedral interstitial sites in the Fe
lattice. '")

A systematic search for interstitial sites that
satisfy these constraints can be made by using sim-
ple symmetry arguments. For a particular site,
the projections of the various physically equivalent
sites on a plane perpendicular to a particula, r axial
(or planar) direction are identical to the positions
of one site viewed along the various equivalent
axial (or planar) directions. Thus if we take a
plane at the center of a particular {100}channel,
and consider the intersection with this plane of the
various equivalent lines and planes on which Br
atoms are either allowed or forbidden to lie by con-
straints (ii) and (iii) above, all possible Br sites
will be determined.

Figure 12(a) shows the intersections of all equiv-
alent {211}channel center and —',, —,

' planes with

that portion of a {100}center plane cut off by a unit

cell. Allowed Br sites are situated at the inter-
sections within this plane of the {211}center plane

(0)
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FIG. 12. Illustrating the constraints on the interstitial
sites in the Fe lattice occupied by the Br atoms. The
area shown is that portion of a (100}channel center plane
cut off by a unit cell. (a) Forbidden sites (axial channel
center lines and [110)channel center planes) and allowed
sites (intersection of (211) channel center planes and s, I
planes). The lines corresponding to the (112) and (112)
planes coincide, as do those for the (112) and (112)
planes. (b) Positions of the allowed X, Y, and Z sites
in the area in (a).

lines with the —,', —,
' plane lines. Also plotted are

the intersections with the plane of lines lying along
the centers of all equivalent (111), (100), and (110)
axial channels, and planes lying at the center of
{110}planar channel. . These define sites forbidden
to the Br atoms (though, in fact, no points allowed

by the {211}constraint lie on the forbidden lines).
It is seen that there is quite a large number of
allowed sites. However, by invoking the symmetry
argument used earlier, all but three of these can
be rejected. The remaining three sites, which we
designate the X, Y, and Z sites, respectively, are
shown in Fig. 12(b). In all other cases (for exam-
ple, the point (~, Q) with respect to a corner of
the square, and equivalent positions), the distribu-
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tion of equivalent sites across a (211}channel is
too diffuse to produce a sharp double peak.

The location of the X, Y, and Z sites in the Fe
unit cell can be seen more clearly in Fig. 13. The
three sites respectively occupy positions such as
-', -,'—,', —,",—,', a,nd —,'-,'-,'. For each site there are alto-
gether 48 physically equivalent positions per unit
cell; for any general site in the bcc lattice there
are 96 equiva. lent positions per unit cell (containing
two lattice atoms). The location of the octahedral
and tetrahedral sites is included in Fig. 13 for
comparison.

Figure 14 shows the projections of the various
physically equivalent X, Y, and 3 sites on planes
perpendicular to the major axial and planar chan-
nels (projections for the tetrahedral site are in-
cluded). All three sites are consistent with the
three constraints above, and are thus qualitatively
consistent with the data. To place the interpreta-
tion on a quantitative basis, calculations of the an-
gular yield curves for atoms in these sites are re-
quired.

B. Yield calculations

Theoretical angular-yield curves for a particular
site can be calculated from the flux distribution pro-
files, as a function of the angle of incidence, for
each channel. Two types of calculation were car-
ried out to determine flux profiles: (a) Monte Car-
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FIG. 14. Projections of the various physically equiv-
alent X, Y, and Z sites on planes normal to (111), (100),
and (110) axial channels and (110), (100), and {211)pla-
nar channels in Fe. Filled circles in the case of the axes
and lines in the case of the planes denote rows and planes
of Fe atoms, respectively. Each cross represents two

physically equivalent sites. In each channel, the sites
lie on a set of grid lines spaced 8 of a channel dimension
apart, except for the Z site in the (111)channel where
the spacing is ~&6. The tetrahedral site is included for
comparison (each cross representing only one equivalent
site).
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FIG. 13. Location of the X, Y, and Z interstitial sites
in the bcc Fe unit cell. The large filled circles repre-
sent Fe atoms. Only four of the 48 physically equivalent
sites are shown in each case. The positions of one of the

three equivalent octahedral sites and four of the 12 equiv-
alent tetrahedral sites are also shown.

lo computer simulations ' based on a binary-col-
lision model, and (b) analytical calculations based
on the average potential model. '

The calculations are complementary. An analyt-
ical model has the advantage of simplicity; how-

ever, the implicit assumption of statistical equilib-
rium in the transverse plane precludes considera-
tion of depth oscillations in the channeled flux dis-
tribution. '"' Nuclear and electronic multiple
scattering cannot be readily incorporated in the
model. These factors are easily taken into account
in a computer simulation, and other conditions
(such as the beam divergence) can be readily
varied. However, considerable computation time
is required to follow the individual particle trajec-
tories.
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FIG. 15. Comparison of the Lindhard potential (Ref.
12) and the average potential derived from the Moliere
approximation to the Thomas-Fermi potential (Ref. 31),
both in a static lattice, for (a) a single atomic row
(string), and (b) a single plane. The symbols in which
the scale units are expressed are defined in the
Appendixes.

Details of the two models are given in the Appen-
dixes. The Monte Carlo simulations are essential-
ly the same as those carried out by other au-
thors '' in a variety of channeling studies. The
analytical calculations are similar to those of An-
dersen and Picraux et aE. , but give the flux dis-
tribution profile (across a channel} for an external
beam of ions rather than the emergent angular dis-
tribution of ions originating within the crystal. For
the computer simulations the Moliere approxima-
tion to the Thomas-Fermi potential ' was used,
while the analytical calculations employed the stan-
dard Lindhard row and plane potentials. In Fig.
15 the corresponding average potentials are com-
pared; for both rows and planes, the two potentials
agree closely over a wide range of impact param-
eters.

The Monte Carlo simulations were carried out
with He ions, the energies being 2. 2 and 3. 5 MeV
for the axial and planar scans, respectively. It
was established in several cases that the flux pro-
file for "N iona was the same as that for 4He (with-
in the limits of statistical accuracy). The beam
divergence in all scans was +0. 045, which includ-
ed an allowance for multiple scattering in the sur-

face oxide layer (~ 35 A thick). Multiple scattering
associated with electrons is incorporated in the
model. The temperature was taken as 20 C, and
the flux distributions were averaged over a depth
of 500 A from the crystal surface (cf. R& = 270 A
for the implanted Br). Tilting planes for the angu-
lar scans are included in Table III. The simula-
tions were performed with the Harwell IBM 360/75
computer.

In the analytical calculations the particles and
energies chosen were the same as those used ex-
perimentally. The model does not include beam
divergence or thermal vibrations of the lattice
atoms. A PDP-8 computer was used for these
calculations.

In both sets of computations, fluxes were aver-
aged over the area of a square (axial channels) or
strip (planes} of dimension = 0. 14 A (cf. x, , = 0. 061
A in Fe at 20'C); this allows in a simple way for
thermal vibrations of the Br atoms. The flux was
always normalized to the random value. The ac-
curacy of the calculations depends on the initial
number of particles in the case of the computer
simulations, and on the numerical integration in-
terval in the analytical case. An improvement in
accuracy can be achieved by taking advantage of
both channel and site symmetry. Typical errors
for each angular point in the calculated scans were
-3%. To obtain the Br angular-yield curves in
Sec. VI C, smooth curves were drawn through the
individual points.

The curves (dips) for the Fe lattice atoms were
determined by calculating the flux within a distance
r~«= Nrr [Eq. (A2)] of the atomic rows or planes.
It might be more appropriate to take r„« = (sTr
+u ), where u is the rms thermal vibrational
amplitude perpendicular to a row or plane. How-
ever, in this case aTr (=0. 146 A for 'He in Fe) is
sufficiently large compared with u(u~„, =0.066 A,
u»~~ = 0.061 A at 20'C) that taking r « = tv is a
reasonable approximation. It was found that the
exact choice of r «had little effect on the Fe dips
for planar channels, while for the axes there was
only a significant effect for angles ~

Pz&z.

C. Quantitative

The yield calculations take into account implicitly
the random fraction of the incident beam arising
from transmission through the crystal surface.
Before the calculations can be compared with the
experimental data, an allowance must be made for
the additional random fraction due to dechanneling
in the damaged Fe lattice. It is assumed (cf. Sec.
V A) that any direct scattering of the channeled
beam by displaced Fe atoms is negligible in com-
parison with dechanneling.

The random fraction of the incident beam associ-
ated with surface transmission is given by the cal-
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(4)

in which Xr, (0) is the same as Xc(Fe) defined earlier
and the superscripts denote the experimental and
calculated values, respectively. Because of the
assumption above, this equation may slightly over-
estimate fs. Typical values of fs were 0.05 for
axes and 0. 2-0.4 for planes. For nonsubstitution-
al Br atoms, the calculated yield X',"(P) corrected
for the additional random fraction is then

Xs'r"(0)= (1 -fR)XB'r' (4)+fR XB'r"(0)

+fs(1 —Xs "(k)1 (5)

Clearly the correction is only appreciable for large
values of fs and for values of Xs',"(g) which differ
significantly from 1. The yield curves for Br
atoms in substitutional sites will be the same as
the experimental Fe curves, if it is assumed that
the Br and Fe atoms have the same mean thermal
vibrational amplitude; that is,

culated Fe yield Xr;"(P), where P is the angle of in-
cidence. The additional random fraction is

(3)

fs being the fraction of the initially channeled part
of the beam that has become dechanneled (random)
at the depth of the Br; f„ is given by

atoms are assumed to be either in site X or site
Y, or distributed between the two sites, the calcu-
lations are not consistent with the measurements.
In the axial scans, the calculated curves show dips
that are narrower than those observed experimen-
tally and the magnitude of the yields is too high.
For the planes, the basic features of the data are
reproduced, but again the yields are too high.

Since the calculated yields are all higher than the
experimental values, we have been led to consider
admixtures of both X and Y sites with a substitu-
tional component; sites displaced by a distance
=ar F (in various directions) from substitutional
positions were also considered. It was assumed
that the atoms were distributed between only two
different equilibrium sites (for example, distribu-
tions among X, Y, and substitutional sites were
not considered). Figure 19 shows computations
for a distribution of 50% of the Br in the X inter-
stitial site and 50% substitutional. The agreement
with the measurements is seen to be much better
than in Fig. 17; however, except for the f211)
plane the calculated yields are slightly too low.
Similar results (not shown) are obtained in the case
of the Y site.

The two distributions that produce the best
agreement with the experimental data are (i) 67%
Y, 33% substitutional; (ii} 60%X, 40% substitution-

where Xv*,'(g} is the exPerimentally measured Fe
yield. All the Br curves presented in this section
were computed using Eqs. (5) and (6).

In Fig. 16 the results of analytical calculations
for the X, Y, and Z sites in a(211) planar channel
are illustrated. For the g site, the double peak
(on either side of the central peak) is considerably
lower in magnitude than for the X or Y site. This
is due to the weak concentration of equivalent sites
on the —'„-', planes in the channel, compared to the
other two sites (Fig. 14). (The pronounced shoul-
ders near the extremes of the scan are due to the
high concentration of equivalent sites close to the
edges of the channel. ) As a strong double peak is
observed experimentally, the Z site is rejected
and only X and Y sites are considered further.

Comparisons between the calculated Br-yield
curves for the X and Y sites and the six experi-
mental angular scans are presented in Fig, 17 and

18, respectively; the angular scale is normalized
to gi~s(Fe) in each case. The essential features
of the Monte Carlo and the analytical curves are
seen to be the same. Differences are due partly
to the different potentials and partly to multiple
scattering and depth effects which are npt included
in the analytical model.

It is clear from Figs. 1V and 18 that if all the Br
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FIG. 16. Analytical calculations of the angular-yield
curves for Br atoms inthe X, Y, and Z sites, respec-
tively, in a scan across a {211)planar channel in Fe. The
computations were performed for 3.5-Me V 4N ions, and
the angular scale is normalized to the calculated value of
lPf/2(Fe). The effect of the random fraction of the incident
beam arising from dechanneling in the damaged Fe lattice
lEqs. (5) and (6)] is incorporated in the calculations.
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al. Calculations for these two cases are shown in
Figs. 20 and 21, respectively.

In the axial scans, both the features and the
yields favor case (ii) except in the (100) scan near

P= g,&s, where better agreement is obtained for
case (i). However, good agreement between calcu-
lation and experiment is not necessarily expected
in the region near |I)»3, where the calculated Fe
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FIG. 17. Comparisons behveen the calculated yield curves and the experimental angular scans (Figs. 8 and 9) for Br
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are for the Monte Carlo simulations, the dashed lines for the analytical calculations (the solid lines through the Fe points
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dips are uncertain owing to the choice of r„«(Sec.
VIB). In the (110}planar scan, the features are
similar in both cases but the calculated yield favors
(i). For the (100}plane better agreement is ob-
tained in case (ii); the double peak (shoulder) near
the extremes of the scan in both sets of calculated
curves is not observed experimentally. In the (211}
scan the triple-peak structure is reproduced for

both distributions, though it is slightly more pro-
nounced in case (i). On the other hand, the yield
is in better agreement with the data for ca.se (ii).
{We note here that the Br Xo result for the (ill}
plane in Table II is consistent with both these pos-
sibilities. )

It is believed that the difference between the cal-
culated a,nd experimental double peak in the (211}
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FIG. 18. As in Fig. 17, for Br atoms in the E' interstitial site.
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scan (for both distributions) can be attributed to
the potentials used in the calculations. The mag-
nitude and width of the twin peaks depend directly
on the magnitude of the second derivative (that is,
the flatness) of the transverse potential near the
center of the channel. The difference between the
Monte Carlo and analytical curves for the (211)
scan is due largely to the different potentials used
in the two sets of calculations (cf. Fig. 15). A

more pronounced double peak would be obtained if
the potential were flatter than the average Moliere
or Lindhard potentials near the channel center.
Planar channeling experiments ' in Au and Si in-
dicate that actual planar potentials are indeed
somewhat flatter than these two potentials.

The distribution selected is 60% of the Br atoms
in the X interstitial site and 40%0 substitutuional, as
this gives better over-all agreement with the data
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than the 67% P 33%& substitutional distribution.
Changes of only 5% in these numbers result in
somewhat poorer agreement with the data, showing
the sensitivity of the calculations.

Finally, the Br Xo results in Table II for the low-
and high-dose implants are compared with those
for the implantations at 5x10 ions/cm'(the dose
for the angular scan measurements). Within the
limits of experimental error, the results are the

same, indicating that the Br location is independent
of concentration in the range from lx 10 ions/cm
(local concentration 0. 07 at. %) to 5x10 ions/cm
(local concentration 5. 5 at. %).

VII. ANNEALING MEASUREMENTS

In order to correlate the location results with
hyperfine-interaction data, additional measure-
ments were made on a crystal annealed after im-
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plantation. The crystal was annealed for 30 min
at 600'C in an evacuated quartz tube (pressure
-'10 Torr}.

The results of an angular scan across a (111)
axis in the annealed crystal are presented in Fig.
22. The Br yield is independent of angle and is
equal to the random value (whereas the scan for the
unannealed crystal shows a substantial dip). For

the (100) axis a value of go (Br)=1.00+0. 08 (Table
II) was obtained. These results indicate that the
Br atoms no longer occupy any specific crystallo-
graphic site following the annealing. Comparison
of the spectra for annealed and unannealed crys-
tals showed that the annealing had been accompa-
nied by a migration of Br towards the surface of
the Fe, and that there had been a loss of approxi-
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FIG. 21. As in Fig. 17, for a distribution of 60Vp Br in the X interstitial site and 40/p substitutional.
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FIG. 22. Angular scans across a (111)axis in a Br-
implanted Fe single crystal, before and after a 600'C an-
neal. The two scans were performed with 2.2-Me V He'
and 3.5-Me V N' ions, respectively, and in each case
the angular scale is normalized to Pf/2(Fe).

mately 50% of the Br from the crystal. It is con-
cluded that precipitation or clustering of the Br oc-
curs at temperatures 600'C.

VIII. DISCUSSION

The results of this study illustrate some of the
possibilities of the channeling technique for atom
location. From the structure observed in the pla-
nar scans, it has been possible to specify a maxi-
mum of three interstitial sites (of low symmetry)
qualitatively consistent with the data. A quantita-
tive interpretation has been made using theoretical
calculations of angular-yield curves. To fit the
data, it has been necessary to consider distribu-
tions of Br atoms between the X or Y interstitial
sites (Fig. 13) and substitutional (or nearly substi-
tutional) sites in the Fe lattice. Only distributions
between two sites have been considered. The best
agreement between the calculated yield curves and
the measurements is obtained for 60% of the Br in
the X site and the remaining 40% substitutional.

Qualitative agreement is obtained between the
yield curves from the Monte Carlo computer simu-
lations and the analytical model. Similar agree-
ment has been found previously for atoms in sub-
stitutional sites in axial channeling calculations. '
Depth oscillations in the channeled flux distribu-
tions appear to have only a small effect on the
magnitude of the calculated yields. This is prob-
ably because the average value of the flux over 500
A from the crystal surface (at a particular point in

the channel) is not too different from its equilib-
rium value.

One of the main experimental limitations in this
type of experiment is the background in the back-
scattered energy spectra arising from pulse pileup.
An alternative process to backscattering in atom
location studies is the ion-induced production of
characteristic inner-shell x -rays. However, pre-
liminary measurements of the ion-induced x-ray
yield from Br in Fe revealed severe background
problems associated both with pileup of the charac-
teristic Fe x-ray pulses and with other effects.

It is of interest to consider how the proposed lo-
cation of the Br atoms might originate. The prox-
imity of the X site to a lattice site (Fig. 13), and
the large size of the Br atom (singly charged ionic
radius l. 95 A38), almost certainly require that the
adjacent Fe atom be displaced. (The same is true
for the Y site. ) One possibility is that some type
of crowdion or split-interstitial configuration is
formed by a Br atom in the X site and the displaced
Fe atom.

Another possibility" is that some or all of the Br
is present in the Fe lattice in the form of a coher-
ent precipitate. A coherent precipitate' is a dis-
tribution of small local precipitates of a chemical
phase or compound (such as FeBr,), each oriented
in the same way with respect to the host lattice.
It is a metastable phase, formed under certain con-
ditions when the local concentration of solute atoms
exceeds the solid solubility limit in the host (the
solubility of Br in Fe is not known). The forma-
tion of such a precipitate might explain why a large
fraction of the Br occupies such an unusual inter-
stitial site. Since the phase could persist over
quite a large concentration range, the apparent lack
of dependence of the Br location on concentration in
the range 0.07-3. 5 at. % is consistent with such a
picture. In addition, complete precipitation or
segregation of the Br on annealing might be ex-
pected. The existence of a coherent precipitate
could be investigated by electron microscopy, as
has been done for other implanted systems, ' but
this would require a. concentration of Br atoms
much higher than in this study.

A third possible explanation of the location is that
the interstitial component is associated with vacan-
cies, as suggested by de Waard' in the interpreta-
tion of Mossbauer-effect measurements on other
implanted systems. If one or more vacancies are
created (during implantation) in the vicinity of a Br
atom initially on a lattice site, the Br atom will

tend to move away from the site to a new equilib-
rium position. Some relevant results have re-
cently been obtained in a Mossbauer study of I
implanted into Fe. Analysis shows that 40% (+ 5%)
of the I nuclei occupy sites (probably substitutional)
in which they experience a high magnetic hyperfine
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field, while the remaining 60% are distributed be-
tween intermediate-and low-field sites. A similar
result is obtained for Xe implanted into Fe. It
is suggested that the intermediate- and low-field
sites are associated with one and two vacancies,
respectively. Lattice -relaxation calculations by
Drentje andEkster' for Xe in Fe show that the two
sites are similar to the present X and Y sites.
The fraction of both I and Xe atoms in high-field
sites (40%) is the same as the substitutional frac-
tion of Br proposed here.

The location result has implications for nuclear
orientation measurements of the hyperfine field at

Br implanted into Fe. These measurements' ' '
indicate an average magnetic field at Br nuclei in
Fe of H,«=400 kOe, whereas the systematics of
hyperfine fields at impurities in Fe suggest a value
of H,« = 1000 kOe. If the field for Br nuclei in X
sites is zero, then the field at substitutional sites
could be as high as expected. Alternatively, if the
substitutional field is less than the anticipated val-
ue, the location results indicate a substantial field
at the nonsubstitutional X site.
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APPENDIX A: BINARY COLLISION MODEL
(MONTE CARLO SIMULATIONS)

In this model the interaction between an energetic
ion and the lattice atoms is treated as a series of
independent two-body collisions described by clas-
sical mechanics. Such a treatment is valid provid-
ed the energy is sufficiently high and the scattering
angles are not too small. The scattering angles are
calculated using the momentum approximation.
Each trajectory is made up of a series of straight-
line segments between successive collisions, any
localized curvature being neglected. Random num-

bers are used to select an initial position for the
particle at the crystal surface, and to allow for
beam divergence and multiple scattering.

The interatomic potential used was the Moliere
approximation to the Thomas-Fermi potential.
This is given by

V(r)=(ZqZze /r)(0. Ie " '»+0. 55e ' '»

+0 S5e 0.3rlaT&) (Al)

where g& and Z2 are the atomic numbers of the ion
and target atom, respectively, e is the electronic
charge, and aTF is the Thomas-Fermi screening
radius

=0. 885a (Zg~ +Z ~
) (A2)

Here ao is the Bohr radius of the hydrogen atom
(0. 529 A).

Multiple scattering caused by thermal vibrations
of the lattice atoms and by electrons is included in
the model. Thermal vibrations are simulated by
giving each lattice atom a displacement with co-
ordinates chosen at random from a triangular
approximation to a Gaussian distribution. This has
the form

P(x)=(6 x, , —~x~)/6x, „ (AS)

in which x, I is the rms thermal vibrational ampli-
tude in one dimension. Values of x, , can be com-
puted from the Debye model (see, e. g. , Ref. SQ).
The Debye temperature for Fe was taken as
4V0'K. 4'

For electronic multiple scattering the model of
Van Vliet' was used. With each atomic collision is
associated a single electronic collision, which
gives rise to an angular deflection calculated using
the usual momentum-approximation approach to
multiple scattering. In a single collision the de-
flection is

48 = ——hx (A4)

where m and M& are the electron and ion masses,
respectively, E is the ion energy, and ( dE/dx)n, x-
is the electronic energy loss over the path hx be-
tween successive collisions. The direction of b, 8

is taken to be at random in the plane normal to the
ion velocity. The stopping power ( dE/dx) used-

in Eq. (A4) was taken as 0. 5 of the random stop-
ping power. (In calculating the energy loss along
the path of the ion due to electronic collisions, a
stopping power equal to the random value was
assumed. )

The flux profile at a given plane normal to the
channel direction is obtained by dividing the channel
cross section into grid squares (axes) or strips
(planes) and recording the number of particles
passing through each square or strip. Typically,

625 particles were used for the axial scans and
100 for the planar scans.

APPENDIX B: AVERAGE POTENTIAL MODEL
(ANALYTICAL CALCULATIONS)

The analytical calculations are based on the con-
tinuum model developed by Lindhard. The standard
row and plane potentials in Ref. 12 were used: for
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dp

(a) (b)
FIG. 23. Geometry for the continuum model calcula-

tions. (a) Cross section of an axial channel, showing the
distances (r&)mfa and r~ which appear in Eq. (82). The
dashed lines represent equipotential contours and the
filled circles denote atomic rows. (b) Cross section of
a planar channel, showing the distances y„y, and Q in
Eq. (B3). The dashed lines are equipotential lines and
the solid lines denote atomic planes.

axial channeling, the average potential at a distance
r from a single axial row is given by

potential minimum with small values of g, . It is
these ions that largely determine the flux-peaking
behavior. However, as no flux-peaking effects
were observed in any of the axial scans, the error
introduced by using Eq. (B2) is unimportant. For
planar channeling, the solution for the closest dis-
tance of approach y, taking into account the two
planes bounding the channel, is given simply by

Et/j+ Yg(yi)+ Yg(dp-y(}= Yi(y~)+ Yt(d), -y~)) (B3)

with y& and d~ as shown in Fig. 23(b).
Once statistical equilibrium has been achieved,

the spatial probability distribution (and the trans-
verse energy distribution} for an axially channeled
ion is uniform within its accessible area. It is
assumed that when r„& r~fg ~Fy the particle con-
tributes only to the random fraction of the beam.
Hence the probability for a particle with a minimum
distance of approach to a row y„ to be at the posi-
tion P (relative to the channel axis) is

f(p, r.(E, y„p,))=I/A(r. ), ip, -pi r.,

U|(r) = (Z&Zss /d)in[(Ca»/r) + 1], (Bla) &m ) +VF

where Z» Z~, e, and gT~ are as defined in Appen-
dix A, C is a constant = v 3, and d is the interatom-
ic spacing along the particular axial direction. For
planar channeling, the average potential at a dis-
tance y from a single plane is

Yt(y) =2sZ, Zss Nd~[(y +C aTr) —y], (Blb)

where Nd~ is the atomic density of the plane.
In the continuum approximation the transverse

energy of an ion at the crystal surface, E,= Ep&

+ V(p, ) [Eq. (1)], is conserved. Thus the subse-
quent trajectory of the particle is confined to that
area of the transverse plane where U(p)(E, . A

minimum distance of approach to a particular set
of rows r (axial channeling) or to planes y (pla-
nar channeling) can then be defined. In calculating

for axial channeling only a single row was con-
sidered, since there is not a simple analytical
solution for x when all rows bounding the channel
are taken into account. For a single row, r is
defined by

Ey', + V,(r, ) „=V,(r ),

in which (r, ) „is the initial distance to the closest
row [Fig. 23(a)]. The use of this equation is a
good approximation except for low values of E„.
that is, for those ions entering the channel near the

=0t

) QTF

= 1/A„r. ' ~, (B4)

where A(r ) is the area of the channel excluding the
regions of radius r about each row, Ao is the total
channel area, and p& is the position vector relative
to the channel axis of the closest row. In cases
where the excluded regions of radius r associated
with different rows overlap, the magnitude of the
area A(r ) is taken as that of the largest inscribed
circle [though the shape of A(r ) is not changed].
The flux at the position j5 is

F(p}=J f„ef(p, r (E, g„p,)) dA(p, ) (B6).

For planar channeling, the spatial probability
distribution is not constant, as in axial channeling,
but is inversely proportional to the square root of
the transverse kinetic energy. In these calcula-
tions a simple harmonic distribution was assumed,
as this has a particularly simple mathematical
form. Such a distribution is a fairly good approxi-
mation in the central region of the channel, where
flux-peaking effects are important. The probabil-
ity of finding a particle with a minimum distance of
approach to a plane y [Eq. (B3)]at a distance y
from the center of the channel is then

1
fb) yI)(E) '4) yt))= ~()d )s shia adp -y y)))) ye pp"L2pymy)

—0 dp —y&y~~ y~& +pF

ym-+rF ~ (B6)
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The singularity at y = —,'d~ -y is removed by putting
y= —,d~ -y -~F at this point. Again it is assumed
that when y a», the particle contributes only to
the random fraction of the beam. The flux is cal-
culated from

(B7)&b)= f,
' fb x.(&, 0 x;))ds;

The integrals in Eqs. (B5) and (B7) are evaluated
numerically. The integration interval chosen was
of dimension a» (axes) or 2aTF (planes).
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