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Lattice location of I implanted into Fe single crystals*
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The channeling technique has been used to locate I atoms implanted at 140 keV into Fe single crystals with a
dose of 5)&10" atomscm . Observations were made of the backscattering yield for 3.5-MeV "N ions in

angular scans across the (111),(110)axial, and (110),(100), and (211) planar channels. Shoulders are

observed in the I yield for the (100)and (110) scans and the width of these indicate that some I atoms

occupy sites 0.35 ~0.03 A from (100)planes and 0.67+0.10 A from (110)axes. These coordinates are
consistent with the calculated location in the presence of a nearest-neighbor vacancy. A distribution between
substitutional, random, and vacancy associated sites is considered and site occupancies are derived in a
simultaneous fit to all five scans using an average potential model for channeling. The significance of these

results in the light of previous hyperfine-field measurements is discussed.

I. INTRODUCTION

Recent interest in the environment of implanted
atoms in metallic hosts has centered on the associ-
ated vacancy problem. ' For implanted atoms too
large to form pure substitutional solid solutions, a
distribution of sites may be produced by associa-
tion of the implanted atom with one or more of the
mobile vacancies formed during the implantation
process. Under certain conditions attachment to
large clusters, loops of vacancies, or interstitials
may occur. Recent lattice location experiments on
Yb in Fe suggest that regular clusters of damage
determine the implant location. ~

Possible evidence for one or two vacancies bound
to an implant atom has been found using Mossbauer
spectroscopy for 5s-5p atoms in an Fe host. ' In
these experiments three unique hyperfine-field com-
ponents were identified for the systems I'eXe and
EeI. These fields were interpreted as belonging to
substitutional (high-field) sites, single-vacancy
bound (intermediate-field) sites and two or more
vaca::cy bound (low-field) sites. This paper pre-
se.'. :s the first independent evidence for the exis-
tence of a regular interstitial site in iron for im-
planted iodine atoms.

In an experiment in which the backscattering
yield of a well-channeled beam is observed as the
incident beam angle g, is varied, the impurity and
host yield curves show the same angular charac-
teristics such as half-width and depth providing that
the impurity atoms occupy substitutional sites in the
lattice. When regular interstitial sites are oc-
cupied the impurity angular yield yt, (g, ) may ex-
hibit a specific "nonsubstitutional" structure de-
pending on the site symmetry. " In a previous ex-
tensive investigation .of the location of implanted
Br in Fe using the channeling technique, calculated
angular distributions were used to fit the impurity
angular yield structure in order to identify the oc-

cupancy and coordinates of the interstitial Br site.
In the present I'eI channeling experiment the im-
purity yields have been similarly interpreted using
an analytical model, but the data have been tested
for their consistency with specific sites deduced
from recent calculations' using a vacancy cluster
model.

Angular scans have been carried out across two
major bcc crystal axes and three major planes us-
ing backscattered 3. 5-MeV '

N ions. (111) and
(100) scans had earlier been performed by de Waard
and Feldman" using 2.0-MeV He ions and although
general agreement is found with their results, a
more precise measurement of the I yield curves
has been made by taking more data points in smaller
angular steps so as to elucidate any structure. The
narrowed central dips in the (110) and f100) impurity
backscattering yields are shown to be consistent
with I atoms in interstitial sites caused by the pres-
ence of a nearest-neighbor vacancy. A site distri-
bution is found which gives the best simultaneous
fit to all five scans. Finally, the channeling re-
sults are compared with the recent interpretations
of Mossbauer and nuclear magnetic resonance of
oriented nuclei (NMRON) experiments.

II. EXPERIMENTAL

A. Sample preparation

The 99.999/q-purity, zone-refined Fe single crys-
tals used in this work were obtained from Materials
Research Corporation in the form of 6-mm-diam
rods and were cut into 1-mm-thick discs perpen-
dicular to a (110) axis. These were then spark
planed and electropolished in an electrolyte' con-
taining 50-ml perchloric acid to 1000-ml glacial
acetic acid. Iodine implantation was carried out
at room temperature on the Harwell Mk IV sepa-
rator using singly charged 140-keV '"I ions. This
energy is the same as that used for the radioactive
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C. Experimental results

Figure 1 shows a typical energy spectrum for
' N backscattering from 5x 10' cm EeI. Windows

RANDOM

JFe WINDOW
I IN Fe ( 140 keV, 5x10 cm )

INCIDENT BEAM 3.5 MeV N

samples prepared by Drentje for the Groningen,
Mossbauer, ' ' and Oxford nuclear orientation' ex-
periments. In order to avoid implant channeling
and a consequent anomalous implant depth distribu-
tion, the crystals were tilted to an angle of -7' be-
tween the (110) and beam directions. The doses
used were 5x10" atoms cm . A measurement of
the projected range and straggling (Sec. IIC) gave

gp ——210+50 A

and

hR~ =90 + 30 A (standard deviation),

so that the average local concentration of I atoms
in the implanted region was 0.27 at. %.

B. Experimental arrangement

' N ions of several MeV have certain advantages
over lighter ions when used as the backscattering
probe in channeling experiments. These include
both a reduction in pile-up impurity peak back-
ground and a higher angular resolution because of
the variation as vZ of P,&„ the half-width at half-
maximum channeling depth. A beam of 3.5 MeV

N' ions collimated to 1 mm diam and +0.03' di-
vergence was used on the Harwell 5-MeV Van de
Graaff channeling facility. This has already been
described elsewhere. " Crystal alignment was
performed using the remote-controlled three-axis
goniometer whose stepping motors allow adjust-
ments of 0.01'. Backscattered particles were de-
tected at +165' using two 100-mm' ORTEC Si sur-
face-barrier detectors at 10 cm from the target.
These had energy resolution for '4N particles of VO

keV full width half-maximum (FWHM). Blocking ef-
fects for the scattered particles were avoided by care-
ful choice of crystal alignment and scan coordinates.

TABLE I. Experimental minimum backscattering
yields and half-angles (half-width —half-dip) for both I
and Fe in angular scans using 3.5-MeV i4N.

Channel

(111)
(1.1o)

(100)

xz(0) xF,(0)

0.36 + 0. 03 0. 08

0.36+0.03 0, 12

0. 62 +0.02 0.46

0. 80+ 0. 01 0.69

0. 74 + 0. 02 0. 68

1.55 +0.10 1.55

1.10 + 0. 07 1.15

Tilting
plane

20' from (110)

14 from (110)

0, 60+0.04 0. 65 8' from (110)

0.35+0.04 0.46 8' from (110)

0. 30+0.04 0.40 8 from (110)

mere set as shown, where the energy of the Fe win-
dow corresponds to scattering from the implant
depth. This was determined from the difference
between the I peak energy and the energy of scatter-
ing from the surface I nuclei of a KI crystal. Val-
ues for the stopping power of ' N ions in Fe were
taken from Ref. 15. The I yields were corrected
for background, and by using an unimplanted crys-
tal, it was verified that there were no other im-
purity peaks in the region of the I mindow. All
spectra were accumulated at beam currents between
0. 5 and 2. 0 nA, the adjustment being made to keep
the pile-up background approximately constant.
Typical integrated charges of 3 pC on the -1-mm-
diam beam spot were used.

Angular scans were made for the (111) and (110)
axes and the {100j, {110j, and (211)planes. Table
I shows the Fe and I minimum yields (Xo) and Fe
and I half-angles (P«2) using the 5x10'4-cm 2 Eel
crystal. Figure 2 shows the complete scans. The
ratios of the Fe angular widths for the two axes and
three planes are in reasonable agreement with
channeling theory" and their magnitudes agree well
with previously published data. ' As seen in Table
I, the (100) and (211)planar scans exhibit consider-
ably narrowed impurity yield curves. In examining
specific structure it is clear from Fig. 2 that the
(100) and (110) I yields have shoulders about a cen-
tral narrowed dip. These dips have half-widths
0.22'+0. 02' and 0.16'+0.04', respectively. In
both these scans there is a clear symmetry ob-
served about P, =0.
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C
0
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200 III. INTERPRETATION OF THE DATA

A. Analytical model for channeling
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FIG. l. Backscattered energy spectra for 3.5-MeV
4N' ions incident in (ill ) and random directions in. an Fe

single crystal implanted with I. In the high-energy re-
gion the vertical scale has been expanded. The integrated
target current was the same in both cases.

The average-potential model used here for flux
distribution calculations is essentially the same as
that described in Ref. 9. Standard Lindhard row
and plane potentials'6 have been used. A particle
with initial transverse kinetic energy E$2 entering
at a position p, (or y, ) in an axial (or planar) chan-
nel is constrained to oscillate within an equipoten-
tial contour with boundaries set by the initial trans-
verse- energy conditions. Minimum distances of
approach r (or y ) to the boundary strings (or
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account of these effects, have shown that their pres-
ence merely acts to smooth somewhat the calculated
angular yield structure. Of more concern is the
assumption of statistical equilibrium inherent in the
analytical model. While depth-dependent effects
are clearly important, the large implant straggling
length gives in effect a flux sampling over depth
akin to the predictions of statistical equilibrium.

B. Sites for the I atoms
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FIG. 2. Angular scans across the (ill), (110),
(110), (100), and (211) channels in I-implanted Fe single
crystals with 3.5-MeV N+ ions. The I and Fe yields
have been normalized to the random values. The smooth
curves drawn through the Fe points are only to guide the
eye.

planes) are then defined. In calculating x for axial
channeling a numerical solution is found for the
transverse-energy equation using a channel poten-
tial U(p), which allows for four boundary strings.
In the planar calculations there exists a simple
analytic two-plane solution for y .

For axial channeling, the flux at position p is
given by

where the integral is taken over the channel area
Ao. A similar integral, in this case one dimension-
al, is used for the planar flux calculation. The in-
dividual particle axial and planar flux probabilities
f(p, r ) and f(y, y„) are according to the statistical-
equilibrium approach of Lindhard. ' All integra-
tions were performed numerically as part of an
ALGQL channeling program written for the Oxford
University I.C. L. 1906A computer. No allowance
has been made in the program for thermal vibra-
tions, multiple scattering, or beam divergence ef-
fects. However, previous comparisons with the re-
sults of the Monte Carlo simulations, ~ which take

Any narrowing of impurity angular yield dips
over the half-width defined by the host yield curve
is consistent only with the occupation by at least a
fraction of the impurity atoms of a nonsubstitutional
location. Furthermore, it is necessary that these
nonsubstitutional sites have some definite symmetry
in the lattice since the effect of "randomly" placed
impurity atoms whose scattering yield is indepen-
dent of beam angle is to make the yield curve shal-
lower but not to alter its half-width or shape from
that exhibited by the host.

Using the model described in Sec. IIIA it was
shown that the central dip widths in the (100) planar
and (110) axial channels correspond to the occupa-
tion by some I atoms of a site 0.35+0.03 A from
(100) planes (in a (100) direction) and at a radius
of 0.67+0. 10 A from (110) axes. Since these dis-
tances derive from the central angular scan struc-
ture, they locate the sites most central in their re-
spective channels.

Drentje and Esker have made computer calcu-
lations of the lattice positions for Xe atoms in bcc
Fe in the vicinity of vacancies. The screened
Thomas-Fermi potentials used in the model are
only slightly different for the case of I'eI, so the
site positions should apply in the present analysis.
Site occupancies are more difficult to ascertain
since these depend strongly on the calculated forma-
tion energy and the distribution of damage. The
site most easily formed, however, is the first-
nearest-neighbor vacancy V, (1), requiring 8. 5 eV,
while the next most probable sites are V, (1), the
second-nearest-neighbor vacancy (10.0 eV) and

V, (2), the two nearest-neighbor vacancy configura-
tions (11.2 eV). Vs(1) is so similar to a substitu-
tional site, as regards channeling, that only V, (1)
and V, (2) are of interest here. Both configurations
are illustrated in Fig. 3. Figure 4 shows the pro-
jection of all physically equivalent V~(l) and V, (2)
sites viewed down the major axial and planar chan-
nels. The distance from the channel wall of the
site V&(1) most central in the (100) channel is 0.36
A, while the most central (110) V, (l) site is 0.62 A
from the nearest boundary. Both these results are
in excellent agreement with the central structure in
the Jt100) and (110) scans. In contrast, the V, (2)
site gives 0.60 and 0.63 A for these two distances.

Yield calculations for all five scans have been
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FIG. 3. Proposed sites for implanted I in Fe based on

calculations by Drentje and Ekster (Ref. 10) for Xe in

Fe. In V&(1) the I atom is shifted 4 of the distance
towards the nearest-neighbor vacancy. In V&(2) it sits
at the center of the triangle formed by the two nearest-
neighbor vacancies and the site vacated by the I atom.
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carried out by allowing for site distribution of the
follow'ing types.

(a) Substitutional I atoms for which the angular
yields X, (g,.) must be identical to the experimental
host yield Xv","(g,).

(b) Randomly distributed I atoms (associated per-
haps with severe local damage) for which the angu-
lar yields Xs(it; ) must equal unity.

(c) Interstitial I atoms of the V, (1) and V, (2) ty., -
whose yields X, (p, ) are calculated as follows. An
allowance is made for the fraction of the beam un-
dergoing uncorrelated motion in the lattice (the
random beam) due to dechanneling in the damaged
Fe. (The yield calculations implicitly take into ac-
count the unchanneled beam fraction Xr~'(g) arising
from the surface transmission. ) The fraction of
the initially channeled beam which has become de-
channeled is

„cxct(0) „c~c(0)
fs 1 Xcal c(0) t

ANGLE (Qf )

FIG. 5. Comparison between the calculated yield
curve and the experimental {100)scan. The computed I
yield is a best fit for the {100)scan alone for which the
occupancy parameters are found to be a, =0. 55, a&

=0.30, a&=0, aR=0. 15. The central I dip widtH of 0.25'
determines the position of the central interstitial projec-
tion to be 0. 35 A from the center of the {100)plane.

where the superscripts denote experimental and
calculated quantities. fa was typically 0. 1 for axes
and 0. 2 to 0. 5 for planes. For interstitial atoms
the calculated yield X'; '(p) is corrected to give

X;(4) =(1-f )X'; '(tt)+f .
The net yield may then be written

X((t) —a X (@)+ as +at Xvt&1& (0) +aaxvg(2) (4)

(100)

«00&

ONE N. N. VACANCY V, (1)

(00-se ege

X.~ .8~ ~

(»0)

(110)

TWO N. N, VACANCIES Vj (2)

~ ~ I1OOI

I110I

)211(I'"
I

~ ,'', ~ I100II

I

~ ~ 4, I110I

~ ~ I211I

where the a's are the respective site occupancies.
a2 has been set equal to zero in the first instance.
Figure 6 shows the {100)scan with the I yield fitted
for the three parameters a„a» a» where the best
fit is a, =0. 55, a& =0.30, a2 =0.0, a~=0. 15. A
simultaneous fit to the five scans calculated for the
most compatible set of occupancies (a, =0. 6, a,
=0. 2, as =0.0, as=0. 2) is shown in Fig. 6 along
with the curves obtained when a& and a2 are set
equal to unity. None of the data suggest that an
improved fit would result if a, were nonzero. There
is insufficient sensitivity to the presence of I atoms
with two nearest-neighbor vacancies.

IV. DISCUSSION

FIG. 4. Projections of the various physically equiv-
alent V1(1) and V&(2) sites on planes normal to (100),
(110), and (111)axial channels and {100), {110), and

{211}planar channels in Fe. Open circles in the case of
the axes and lines in the case of the planes denote rows
and planes of Fe atoms, respectively.

Confidence in the yield structure interpretation
must be tempered by a recognition of the weak-
nesses of the analytical model for channeling. The
assumption of statistical equilibrium, the lack of
any allowance for correlated motion in the trans-
verse plane, '~ and the absence of multiple scatter-
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FIG. 6. Simultaneous fits to the I angular yield curves
for the (ill), (110), {110),{100), and {211}scans. The
thick solid line is the calculated fit to the experimental I
yield using a single set of occupancy parameters (a,
=0.6, ai=0. 2, a2=0, a&=0.2). For comparison, the
dotted and dashed lines show the calculated curves for I
atoms exactly in V&(1) and Vi(2) locations. No improve-
ment in. fit results from allowing I atoms to occupy Vi(2)
sites. All calculated curves are corrected for the ran-
dom beam fraction according to Eq. (3).

ing effects are sources of uncertainty in the analy-
sis. This uncertainty must be reflected in the de-
rivation of the site occupancies, but has little in-
fluence on the identification of the V, (1) interstitial
site by its coordinates in the (100) and (110) chan-
nels. Here the channel potential used is important,
but the Lindhard potentials are sufficiently accurate
for estimates within the scale of present experi-
mental errors.

Spectral line intensities in a Mossbauer experi-
ment can give information about the fraction of im-
purity nuclei experiencing each hyperfine-field
component in a distributed site system. Low-tem-
perature recoilless fractions must, however, be
obtained for each component before occupancy can
be determined. De %aard et a/. ' have distinguished
three hyperfine-field components for Ile 'F51 (10'5
cm 3, 120 keV dose and implant energy) and Ile
'"I (Sx10'4 cm s, 120 keV) although the occupancies
determined include no allowance for the presence
of I atoms in sites with zero recoilless fractions.
Later work by Reintsema and De %aards on Ie
'3 Xe has shown that a significant fraction of im-
purity atoms occupy such sites, presumably asso-
ciated with a large number of vacancies. In their
interpretation they took the I and Xe intermediate-
field sites to be of the V, (1) type while the low-field
component was taken to correspond with a greater
number of vacancies in the vicinity of the impurity
atom. The high-field fraction would include sub-
stitutional impurities and those with vacancies at
next-nearest-neighbor or more distant locations.
(Angular yield calculations show these to be indis-
tinguishable in a channeling experiment. )

Table II gives a summary of the I and Xe Moss-
bauer and NMBON results. There is agreement
between the high-field fractions for EeXe and the
substitutional fraction (0.45) obtained from the ys

TABI E II, Site fractions as determined by recent Mossbauer and nuclear orientation. experiments.

Fractions in various hyperfine fields

Experiment

Fe isiIi8

Mossbauer

Fe i25I i8

Mossbauer

F~ i33X 5

Mossbauer

Fe iaiI i3

NMR QN

F~ isixem i8

Nuclear
Orientation

Energy
Dose, (keV)

3 x 10'4, 120

10" 120-

10'4, 140

10 , 140

3.5 x10i~, 75

High

0. 39~ 0.20'

0.46+ O. 05'

0.33+0. 05

& 0.42+0. 02

0.45+0. 05

Intermediate

0.31+0. 14~

0. 32 + 0.04a

0, 12 +0.04

Low

0.30+ 0. 15~

0.22 +0.06~

0.14 + 0.03

Zero recoilless
fraction

0.41 + 0. 07

'These fractions would be reduced if allowance were made for occupation of a site with zero recoilless
fraction.
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measurements of Feldman and Murnick. In the
case of EeI the high-field fraction is somewhat less
than that obtained from the channeling experiment,
the fraction of V, {1)atoms agrees fairly well. with
that obtained for the intermediate-fieM occupancy.
It is quite reasonable that the more complex va-
cancy configurations grouped together under the
titles "low field" and "zero recoilless fraction"
may, in terms of their contribution to the total
angular yield in a channeling experiment, be de-
scribed as "random. "

Direct evidence has been given by this experi-
ment for the existence of implanted I atoms in an
interstitial site in Fe whose location has been shown
to correspond with that expected when a nearest-
neighbor vacancy is present. Despite the difficulty
in accurately determining site fractions in a chan-

neling experiment, there appears to be reasonable
agreement with the results of recent Mossbauer
and nuclear orientation experiments.
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