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As part of a program to examine the ion implantation process in metals, the lattice location of
24 elements implanted into beryllium has been studied using the ion-beam channeling tech-
nique. A qualitative inspection of the data showed that the major fraction of all implants, except
H and He, occupy a highly unique site in the vicinity of either the substitutional, the tetrahedral
interstitial, or the octahedral interstitial position in the Be lattice. Quantitative comparisons of
the data were made with the results of analytical calculations in the continuum model of the
channeling process as well as with the results of a Monte Carlo computer simulation using the
binary collision model. Classical metallurgical parameterizations, such as Darken-Gurry plots
fail to adequately account for observed impurity site preference. Elemental parameters devised
by Miedema have however been successful in relating choice of lattice site to the properties of
the impurity relative to those of Be.

I. INTRODUCTION

Ion implantation is now a well-established tech-
nique for the introduction of impurities into the
near-surface region of materials. It is currently used
to inject dopants in the manufacture of semiconduc-
tor devices and is finding application in the area of
metals and alloys as well. ' One major advantage of
this technique is its ability to provide an "alloy"
between constitutents without regard to their chemi-
cal or metallurgical compatibility. Thus obstacles to
thermal diffusion or alloying in the melt such as solu-
bility limits or chemical reactivity can be avoided.
For this reason, alloy systems created by implantation
will be metastable, in general, and little guidance can
be expected from the equilibrium binary phase di-

agram with regard to the physical state of such a sys-
tem. It is already known that at relatively high im-

purity concentrations one might obtain metastable
solid solutions, amorphous or disordered structures,
or intermetallic compounds, for example. '

From a fundamental viewpoint and, to the extent
that concentrated alloy properties are related to those
of the dilute case, also from a practical viewpoint, it
would be desirable to develop an understanding of
the factors which determine the isolated impurity-
host configuration achieved by implantation. This is
a complex problem and certainly involves both the
chemistry of the elements and the ballistic effects,
such as lattice defects, attendant to the implantation
process itself. Two rather different and somewhat
complementary methods have been applied to the
study of the microscopic disposition of implanted im-
purities. From hyperfine-interaction measurements,
which yield values for the electromagnetic fields im-

posed on an impurity by its surroundings, one can
infep site symmetries, defect trappings, etc. Ion
beam channeling on the other hand can determine
more directly where, with respect to the lattice of the
host, the impurity is situated. Channeling measure-
ments have been performed on a wide variety of di-
lute implanted systems and results have been sum-
marized by Picraux. ' Combining data of hyperfine-
interactions and channeling studies to characterize an
implant has been discussed by deWaard and Feld-
man4 who also attempted to systematize lattice loca-
tion results. Aside from the light metalloid impuri-
ties such as B or C, most impurities were found to be
either substitutional (on a regular lattice site), in an
apparently random location (presumably defect asso-
ciated), or a combination of these.

By displaying data for an Fe host on a conventional
Darken-Gurry plot' which locates elements according
to electronegativity and atomic size, deWaard and
Feldman' showed that substitutional implanted ele-
ments were found grouped around the Fe point.
This indicated a similarity between criteria, such as
the Hume-Rothery rules, for solid solubility and
those which would determine implant substitutionali-
ty. In fact, judging from available data, solubility is a
sufficient condition to insure substitutionality on im-
plantation but is not necessary since there are several
examples of insoluble elements occupying regular lat-
tice sites after implantation. To account for the latter
observation, Sood and Dearnaley have relaxed the
Hume-Rothery limits so that they apply to the im-

planted alloy. Notwithstanding this progress, the
understanding of the implantation process is still
rather rudimentary and can be summarized as fol-
lows. If an implanted element differs substantially
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from the host in electronegativity and/or size, the
impurity atom will trap or be trapped by native de-
fects or more likely by those arising from the radia-
tion damage accompanying its slowing down (colli-
sion cascade) in the host lattice. Impurities more
similar to the host will be less attractive to defects
and will favor substitutional sites. The concentration
of substitutional impurity may exceed solubility limits
because the process of slowing down and stopping of
an ion is analogous to a rapid quench where high-

energy configurations may be retained and because in

most systems there is a substantial probability that
the impurity will come to rest by undergoing a ballis-
tic replacement collision with a host atom. The de-
tailed interplay of metallurgical and ballistic effects
must depend on the particular elements involved as
well as on parameters such as temperature. We be-
lieve that the channeling results obtained for a Be
host, which are reported below, provide the first clear
opportunity to study the metallurgical aspects of the
implantation mechanism without the additional com-
plexities of ballistic effects. After presenting the ex-
perimental details, results, and analysis in Secs.
II—IV, we will offer justification for this view in Sec.
V where the results are systematized and explained in
terms of metallurgical parameters.

Interest in Be arose from its use as a convenient
hexagonal-close-packed host for hyperfine-interaction
studies. Channeling measurements which were
needed to interpret these studies for Ag, Cd, and In
implantation showed a substitutional site (Ag) as well
as an unprecedented unique tetrahedral interstitial
site (Cd, In). Further measurements, also related to
hyperfine-interactions work, showed that, Pd, ' Hf, '

Hg, " and Au (Ref. 12) resided on substitutional,
tetrahedral, octahedral-like, and substitutional sites,
respectively. The unique nature of these early results
motivated the systematic study of the implanted im-

purity lattice location in Be for several additional
cases which is reported here in detail. Some aspects
of the work for the impurities Os, ' Zn, ' Ga, W, Tl,
Pb, and Bi," and Li (Ref. 16) have been previously
communicated and a letter" describing observed sys-
tematics has already appeared.

II. MEASUREMENT TECHNIQUE AND
EXPERIMENTAL DETAILS

The ion-beam channeling technique was employed
to determine the lattice sites of the various implanted
elements. ' The yield of processes which require
small impact parameter collisions between the in-
cident ion and a host or impurity atom (e.g. , wide-
angle Rutherford scattering, nuclear reactions, inner-
shell x-ray production) is recorded as a function of
the angle between a major crystal-symmetry direction
and the incident ion beam (angular scan). The lattice

location of the implanted atoms can then be derived
from comparisons of host and impurity yield varia-
tions for angular scans of several crystal directions
(triangulation) .

In most cases presented here, Rutherford scattered
4He+ ions from host and impurity atoms were ob-
served. The low mass of Be (A =9) ensures that the
Be host continuum and the impurity peak in the en-

ergy spectrum of the backscattered ions are well

separated. The spectral feature corresponding to the
ions backscattered from the impurity is a peak be-
cause the implanted impurity atoms reside in a buried
layer at a certain depth below the surface of the host .

material. For the lattice location of the light impuri-
ties, H, He, Li, and B, the detection of nuclear-
reaction products served as a signature of collisions
between the incident ions and the impurity.

A. Sample preparation

The beryllium single crystals used in these experi-
ments were cut from a crystal boule obtained from
the Franklin Institute Research Laboratories. ' After
determination of the crystal orientation from Laue
back-reflection x-ray analysis, small plates were spark
cut under oil. Surface damage from the cutting pro-
cess was removed by mechanical polishing and subse-
quent etching. The final size of the single crystals
was approximately 15 x 5 & 1 mm'. The orientation
of the major crystal directions, for the samples most
frequently employed was such that the normal to the
largest sample face lay in the (0001) plane midway
between the (1010) and (1120) axes. The stereo-
gram appropriate for channeling in the hcp crystal
with this orientation can be found in Ref. 15. In a
few cases crystals cut parallel to the basal plane were
also used.

A Rutherford backscattering analysis of the unim-
planted crystals showed C and 0 as major surface im-

purities and Ni as the only observable bulk impurity,
with an estimated bulk concentration of 20 at. ppm.
Excess Ni had a tendency to remain at the crystal
surface after the etching process. The resulting Ni

peak (corresponding to about
3

of a monolayer) in

the energy spectrum interfered with the foreign atom
location measuremments if the mass of the foreign
atom was in the A =60 region.

Electromagnetic isotope separators (Ortec,
V,„=300 kv or Lintott, V,„=80 kV) were used to
implant the various species of foreign atoms into the
Be crystals. In order to avoid channeling effects dur-
ing the implantation, the single crystals were tilted to
avoid alignment of major symmetry directions with
the beam. All implants were carried out at room
temperature. Typical ion energies were 100 keV and
doses lay in the 10' ions/cm range. In a few cases,
due to the above mentioned Ni surface impurity, ion
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TABLE I. Implantation parameters and final site assignments for impurities localized in beryllium.

I rn planted

element

Ion energy

(keV)

Dose

(10' at. /cm )

Range

(A)

S traggling

(A)

Estimated
peak vol.

concentration (at. ppm)

Site

expt. result

13,10,7
1

(—of total
3

dose at each
energy)

50

(total)

1780-1080 +263—207 2500 near basal

plane

He 12,10,8
1

(—of total
3

dose at each
energy)

50

(total)

960—625 +200—160 2500 random

Li 30,24, 18,12
1

(4 of total

dose of each
energy)

100

(total)

1630-680 +220—160 4000 substitutional

Ne

Al

16,12,8
1

(—of total
3

dose at each
energy)

25, 15
1

(
&

of total

dose at each
energy)

40

50,40, and 10

in different

runs

10

510-260

400-240

485

+150—80

+130—75

+140

6600,5300

1300

2100

1100

random and

substitutional

(sample dependent)

not determined —but

definite interstitial

component

not determined —but
definite interstitial

component

Tl

V

Ga
Ge
As

Mo
Sb

I

Xe
Cs
Ba

Gd
Ta
W

Os

Pt

Tl
Pb

Bi

Th
U

200
200

200

50
50

70
100
100
100
100
100
100
100
100
100
100
100
100
100
50
50

4

4

3

2.5
2.5
3

2.5
2

2

2

2

2

1

1

1

1

1

1

1

1

1

1700
1700
1140
320
320
390
480
460
460
460
460
450
440
440
440
435
430
430
430
280
280

+330
+330
+220

+65
+65
+70
+80
+75
+75
+75
+75
+65
+65
+65
+65
+60
+55
+55
+55
+35
+35

400
400
500

1200
1200
1400
1000
900
900
900
900

1000
500
500
500
500
600
600
600
950
950

tetrahedral
tetrahedral

octahedral-like

octahedral-like

octa hedra l-like

tetrahedral

octa hedra l-li ke

octahedral-like

octahedral-like

octahedral-like

octa hedra l-li ke

tetrahedral

tetrahedral

tetrahedral

substitutional

substitutional

octahedral-like
octahedral-like

octahedral-like

tetrahedral

tetrahedral
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energies were adjusted so that the depth of the im-

planted layer was such as to provide a clear separa-
tion from the Ni peak in the energy spectrum. For
the lower Z elements, the doses were increased in or-
der to compensate the effect of the Z' dependence of
the Rutherford scattering cross section. All implanta-
tion parameters are collected in Table I, where range,
straggling, and peak volume concentrations based on
Schiott are also given. Information on metallurgical
solubility in beryllium for the elements studied here
is either not available or negative ' with the excep-
tion of Au which is known to be soluble. '

~ ~

ENERGY SPECTRUM FOR 1.9-MeV 4He+
BACKSCATTERED FROM
U-IMPLANTED Be

Ni

~4
\

r ~

sn

PULSER

8. Experimental arrangement

The 2 MV Van de Graff at Bell Laboratories was
employed in all experiments. Usually a 1.9 MeV
beam of 'He+ collimated to a diameter of 1 mm and
an angular divergence of +0.03' was used. The Be
crystals were mounted in a two-axis, computer-
controlled goniometer, which was driven by stepping
motors. The beam Auence for each point of an angu-
lar scan was measured by integration of the beam
current on the samples, with secondary electrons
suitably suppressed. In order to avoid surface con-
tamination of the samples during the measurements,
the sample holder was surrounded by a shield cooled
to liquid-nitrogen temperature with ports for the in-
cident beam and detectors. The pressure in the tar-
get chamber was typically 1 x 10 Torr.

The backscattered ions were detected in a 300 mm'
annular Si-surface-barrier detector at 180 . The 1.9
MeV He+ ions backscattered at 180' from Be have a
rather low energy and their signal is somewhat diffi-
cult to separate from detector noise. An additional
small surface barrier detector at 120' was therefore
used to monitor scattering from Be, where the energy
of the scattered He+ is 1.6 times greater than at
180', and is sufficient to separate their signal from
the noise. In all measurements, a pile-up rejection
system described in Ref. 28 was employed.

A typical energy spectrum of the ions backscattered
at 180' is shown in Fig. l. digital windows were set
in the energy spectra about regions corresponding to
ions scattered from the Be host and the implanted
element. In addition, a window was set on a pulser
peak in the 180' spectrum (Fig. 1). This was gen-
erated by a single channel analyzer set on the Be sig-
nal in the 120' detector in such a way as to select
events corresponding to scattering from Be at the
depth of the implanted layer. The count rate in these
windows was integrated in a PDP 11/20 computer
which, after a preset amount of beam current was
collected on the sample, advanced the crystal to the
next-position of the angular scan. Typically scans of
the (0001), (1120), (1010) planes and the (1120)
and (1010) axes were recorded in each lattice loca-
tion measurement.

ENERGY

FIG. 1. Typical energy spectrum of 4He+ backscattered
from uranium-implanted beryllium. Note the surface impur-
ities due to vacuum pump oil, C, Si, surface oxidation 0,
and the etching process F. Ni is a bulk impurity which is re-
moved in the sample etching process along with Be and ap-
parently is chemically plated back on the sample to the ex-
tent of ——monolayer. The origin of the impurity with

mass in the Sn region is not known and was not present on
most samples.

III. EXPERIMENTAL RESULTS

Pronounced structure in the angular scans for the
yield of ions backscattered from the foreign atoms
was observed for nearly all implants. According to
their main features, the data could be grouped into
three categories, which in turn could be associated
preliminarily with impurity atom location in three dif-
ferent regions in the hcp-Be lattice; the octahedral
cage, the tetrahedral cage, and the substitutional posi-
tion (see Fig. 2). The following discussion will be or-
ganized according to these three groups, and those
cases where only very weak or no structure was
found are gathered in Sec. III D.

4x

FIG. 2. Ideal interstitial sites in the close-packed hexago-
nal lattice. The ideal octahedral site (IOS) is labeled by x,
the ideal tetrahedral site (ITS) by y. [After Hurne-Rothery
(Ref. 44).]
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Experimental values
Channel miri

Empirical estimates

min '

TABLE II. Experimental results for the half angular

widths and minimum yields. of the major crystal channels in

the hcp-beryllium lattice. For comparison estimates based

on empirical formulas given by Gemmel (Ref. 36) are in-

cluded. For the unequally spaced (1010) plane no estimate

could be calculated.
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Au in Be
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~ Be

(1120) 0.42'
(1010) 0.31'
(0001) 0, 17'
(1010) 0.23'
(1120) 0.19'

0.06
0.14
0.31
0.52
0.45

0.52'
0.40'
0.16'

0.18'

0.08
0.14
0.32

0.51

FIG. 3. Angular dependence of the normalized back-
scattering yield of 1.9 Me& He+ ions from Au implanted
Be. Note that the high substitutionality of the Au and the
extremely low-minimum yield for channeling in the (1120)
axis have revealed a background contribution to the Be sig-

nal arising from the small amount of surface oxide and

scattering from the Ni impurity from deep in the sample. In

this uncorrected data the Au dip therefore appears deeper
than the host dip itself.

Typical critical angles and minimum scattering
yields characterizing the channeling effect in the Be
host lattice, as obtained with a 1.9 MeV He+ beam,
are collected in Table II. After most implantations
and after the lattice location measurements, no signi-
ficant variations in the minimum yields were ob-
served. This indicates that lattice damage caused by

the implantation process and the analyzing beam did

not materially affect the overall channeling quality of
the crystals.

A. Substitutional cases

In a channeling experiment, a foreign atom which

replaces a host-lattice atom will always see the same
flux of incoming ions as seen by a nearby host atom.
The variation of the yield of ions backscattered from
substitutional foreign atoms and host atoms at ap-

proximately the same depth should therefore be
identical for angular scans across all crystal directions.
From crystal symmetry considerations, it can be con-
cluded that an apparently substitutional result for a

few crystal directions, e.g. , the (0001) and the

(1120), implies substitutionality of the element
under consideration. Thus from the results for Au in

Be (Fig. 3), it can be concluded that within the limits

of error, 100% of the Au atoms reside on substitu-
tional lattice sites after implantation. Including possi-
ble normalization errors, the uncertainty was estimat-
ed to be less than 5%.

Pt and Ni were also found to be totally substitu-
tional. The lattice location of Ni was carried out with

a small amount of Ni which was diffused (rather than
implanted) from the previously mentioned Ni surface
contamination into the Be-bulk material at a tempera-

ture of approximately 600'C.
Additionally Li, '6 Zn, ' Pd, ' and Ag are known to

be substitutional after implantation into beryllium.
Finally, Os in Be should be included in this group.

It was found' to reside very close to a substitutional
site. Scans of the (0001) plane and the (1010) axis
however showed slightly narrower yield reduction
patterns (dips) for the Os than for the host thus indi-

cating a slight displacement of the Os atoms from an
ideal substitutional position along the (0001) direc-
tion.

In some cases the Be single crystals were annealed
for 30 min at several terriperatures up to 600'C in a
vacuum of 2 X10 Torr. After each annealing step
the crystals were cooled to room temperature and an-

gular scans across the major crystal directions were
repeated. For the typical substitutional case of Au,
the onset of diffusion was observed at 600'C and the
diffused Au was found to stay on substitutional sites.
Therefore it can be concluded that not only in the
metastable situation after implantation but also in
thermal equilibrium, Au prefers the substitutional
site in the Be lattice. This result is in agreement with

the literature.
More surprisingly, a similar result was observed for

Os in Be.' The Os atoms also started to diffuse at
600 C while staying in their displaced substitutional
position. This, in analogy with the Au result, seems
to indicate a finite solubility of Os in Be in contrast to
metallurgical studies.

Pd in Be is also known to remain substitutional
while diffusing in Be after implantation as could be
concluded from hyperfine-interaction measurements
described in Ref. 10.
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B. Tetrahedral cases
41120$

My in Be

(1120)

For a large number of implants, the angular scans
showed almost complete substitutional behavior for
the (1120) and (1010) planes and a more or less
pronounced double peak for the (1120) axis (see,
e.g. , Fig. 4 for Gd). This coupled with a narrowed
impurity dip in the scan of the (0001) plane is in ex-
cellent qualitative agreement with the assumption
tQat 100'/0 of the implanted atoms reside on the
tetrahedral interstitial site, as will be explained in

more detail below. Generally similar results were ob-
tained for Ti, V, Mo (Fig. 5), Ta, W, Th, and U.
However a comparison of Figs. 4 and 5 shows small
differences in the detailed structure of the impurity
scans which indicate slight differences in the exact
spatial positions of, e.g. , Gd and Mo in the tetrahe-
dral interstitial cage.
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~ 0-
(0001)

4

O10Z ) Y

yO ~ ~ 0 ~ 0 ~

{1010)

i'lid)i. - i(i

4

4 a ~

44

~ 44
~ 4444 ~

~ &

i itit
i.o —"i) t &

~j
4.

~
4
~ 4 4o
$oy f f

('l l 20) (1120)

' - t ~i ~ ,&

4 i
1 i .t.t ti „tH)i &

~
&

~ ~ ~
~o~e~

4tS4",&

440-
4'

~ 4 ~
~

4 404

0

~ ~ ~
~ ea

&10'To)

.. .a&4' '.
ai ~

ii).
i. tt.(

Mo

~ Be

0

(0001)

R
O

(1010)

e

44

44

1.0-@~4 i,4 ii t t P1
4

0 i ~ 4

4 444

0
~ e

~ ~
~ e ~

ANGLf

FIG, 5. Angular dependence of the normalized back-
scattering yield of 1.9 MeV ~He+ ions from Mo implanted Be.
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Beside the elements just mentioned, Hf, ' In, and
Cd (Ref. 29) are also known to occupy a tetrahedral-
like site after implantation into Be. In these cases the
annealing behavior of the implants was also studied.
Channeling and hyperfine-interaction investiga-
tions' showed that after annealing at approximate-
ly 400'C, these elements either precipitate almost
completely from the Be host or trap defects.

C. Octahedral gases

AhlGL 6

FIG. 4. Angular dependence of the normalized back-
scattering yield of 1.9 MeV ~He+ ions from Gd implanted Be.

A third class of angular scans showed strong flux
peaks for the impurity in the (1120), (1010),
(0001), and (1010) channels (Figs. 6 and 7). Only
along the (1120) direction could a dip be observed,
which was however in all cases considerably shallower
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scattering yield of 1.9 MeV 4He+ ions from Cs implanted Be.
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FIG. 7. Angular dependence of the normalized back-
scattering yield of 1.9 MeV He+ ions from Xe implanted
Be.

than the host dip. These structures are roughly con-
sistent with the assumption of an ideal octahedral in-
terstitial site for the implanted elements. Similar
results were found. for Ge, As, Sb, I, Xe, Cs, Ba, Tl,
Pb, and Bi. For Ga in Be (Fig. 8), the strong flux
peak in the (1120) is missing and the (0001) plane
shows a narrow dip. That makes this case less con-
clusive, but seems to indicate a strongly-displaced oc-
tahedral site for the Ga atoms. A comparable situa-
tion was found for Hg in Be,"where a displaced-
octahedral site was also inferred from the data.

For Bi the angular scans were repeated after an-
nealing the Be crystal at various temperatures up to
600'C. After annealing for 30 min at 300'C, all

structure in the angular scans disappeared, which in-

dicated a highly nonunique (random) position of the
Bi atoms in the Be host lattice, caused most probably

by precipitation. or defect trapping.

D. Low-mass impurities

In addition to Li which is mentioned in Sec. III A,
other impurities of relatively low mass were studied.
In particular 2H (deuterium), 3He, 'aB, 2 Ne, and 2'Al

were investigated " using nuclear reaction tech-
niques for H and 'He, Rutherford backscattering for

Ne and "Al, and both methods for ' B. Unlike the
result for Li, which was unambiguously substitution-
al, no definitive site assignment could be deduced for
the other cases. In all instances, counting rates were
low and the amount of data correspondingly limited.
For H, He, and ' B, angular scans were obtained for
some channeling directions, but for ' Ne and ~'Af

only yields for random incidence and for perfect

IMPURITY LATTICE LOCATION IN ION-IMPLANTED. . .
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well as high (5 x 10"/cm') boron doses. This may
point to an anisotropy in the susceptibility of Be to
radiation damage, with a large damage cross section
for incidence near the (0001) axis. Without addition-
al confirmation of this hypothesis and in view of the
discrepancy between different samples, this case is
omitted from the substitutional category of Sec. III A.

For ' Ne and "Al, it can only be stated with cer-
tainty that some fraction of each occupies a rather
unique and probably different nonsubstitutional site.
Apparent substitutional fractions at perfect alignment
varied from 0 to &80% depending on the channeling
direction but not in a way which conclusively pointed
to the tetrahedral or octahedral sites. In addition
there may be random and substitutional components
in both cases with combined populations as high as
50%.

It is important to note that no such severe ambi-
guities arise in the classification of results for other
impurities which are more massive relative to Be and
for which lower dose implants were possible. A plau-
sible justification for this state of affairs is offered in
Sec. V where the special case of the Li impurity is
discussed.

IV. INTERPRETATION OF CHANNELING RESULTS
~ ~ oo~ oooooo ~oooo 4 Be

ANGLE

FIG. 8. Angular dependence of the normalized back-
scattering yield of 1.9 MeV 4He+ ions from Ga implanted Be.

alignment with a channel could be compared. In or-
der to achieve even this, an order of magnitude
(1 x 10" /cm') or more implanted dose was neces-
sary which may take us out of the dilute alloy regime.

For 'H, occupancy of sites near the basal planes of
atoms could be inferred from scans of the (0001)
plane but no single site of high symmetry within the
plane could be deduced from additional data. Even
less definitive results for 'He were found where for
all channeling directions only small deviations from a
random reaction yield could be seen. Both results
may be indicative of the strong influence of lattice
defects. Supporting this hypothesis is the observation
that changes in the results occurred at high analyzing
beam fluence, thus necessitating moving of the beam
spot to fresh areas of the samples.

' B appears -60% substitutional plus 40% random
for experiments performed on the usual "a-cut" Be
crystals, whereas it appears -100% random in the
"c-cut" samples. This result is verified for both
Rutherford-backscattering and nuclear-reaction
modes of observation and for low (I x 10"/cm~) as

For a quantitative interpretation of the lattice loca-
tion data of nonsubstitutional implants, it is necessary
to have a detailed knowledge of the ion-flux distribu-
tion in each channel as a function of the angle @
between beam and channel and of the distance
beneath the crystal surface. Since this flux distribu-
tion is influenced by various parameters such as
divergence of the incident beam, surface damage, or
oxide layers on the crystal, thermal vibrations of the
host atoms as well as collisions of the channeling ions
with the electrons of the solid, this information is ex-
tremely difficult to obtain. However if one makes
some theoretical simplifications, it is often possible to
get a rough idea of the flux variation with P at a
given position in a channel. In the following, the
various steps of approximation to the real situation,
used in the interpretation of the data, will be dis-
cussed.

A. Qualitative analysis

The simplest way to interpret the main features of
the lattice location data, which was already used to
group the experimental results in Sec. III, is to take
the "particles eye view. " Figure 9 shows schematical-
ly where an ion, channeling down one of the various
major crystal directions, would see atoms of an ele-
ment occupying the ideal tetrahedral (ITS) or oc-
tahedral (IOS) interstitial site. Knowing further that
the guiding effect of the regularly arranged crystal
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FAVORED INTERSTICES IN HCP LATTICE
(PROJECTED ON PLANE NORMAL TO INDICATED CHANNEL)
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FIG. 9. Projections. of the ideal tetrahedral (ITS) and
ideal octahedral sites (IOS) in a hcp lattice on planes normal
to the indicated channels.

atoms always steers the ions towards the center of
the channel, one expects an increased flux in the
center channel region (flux peaking). Thus the
number of ions backscattered from a foreign atom lo-
cated in the center of a channel will have a maximum
for perfect alignment ($ =0') and will decrease with

increasing $ as the flux distribution approaches the
random value.

Such a variation of the yield was observed, e.g. , for
Xe in Be (Fig. 7) in angular scans of the (1120),
(0001), and (1010) channels. Therefore it can be
concluded that the Xe atoms are situated near the
center of these channels. As Fig. 9 shows, this is
consistent only with Xe being located in the vicinity
of the ideal octahedral site. The flux peak observed
in the (1010) direction is also in agreement with this
location of the Xe atoms since for $ =0' one would

expect an enhanced flux at the octahedral position
caused by ions which diffuse between neighboring
(1010) channels via the low-potential region in the
center of the basal plane. For the (1120) planar
channel one would expect a totally substitutional
result, since here the ideal octahedral site appears in
the walls of the channel. Experimentally only a
-50% dip is found, which however is in qualitative

agreement with the above interpretation. Thus the
main features of the data can be understood only by
assuming that the implanted Xe atoms come to rest
near the ideal octahedral site in the hcp-Be host lat-
tice. By similar arguments most of the elements
mentioned in Sec. III C could be located near the
ideal octahedral site. Only for Ga, as mentioned
above, did a dip observed in the (0001) plane make
the interpretation less straightforward. However
from a flux peak found in the (1010) plane and from
the results for the (0001) axial channel studied in this
case, it was concluded that Ga is located in the oc-
tahedral cage strongly displaced along the (0001)
direction towards the basal plane. A similar situation
is known to occur for Hg in Be."

The other group of results for which Gd in Be
(Fig. 4) is a good example shows practically a total
substitutional behavior for the (1010) and (1120)
channels. Lattice symmetry dictates that a nonsubsti-
tutional element can produce this result only if the
foreign atoms occupy sites near the ideal tetrahedral
site (Fig. 9). A narrowed dip observed in the (0001)
channel is also consistent with this interpretation
since the ideal tetrahedral site lies near the walls of
this channel, thus seeing no flux enhancement for
$ =0 . The occurrence of a double flux peak
separated by a narrow valley at /=0' in the (1120)
axis is more difficult to understand in our simple
model. But regarding the off center position where
the ideal tetrahedral site appears in this axis (Fig. 9),
it seems not to be in contradiction to our assumption.
For the (1010) axis the ideal tetrahedral site appears
like the ideal octahedral site in the walls of the axial
channel (Fig. 9). However its position much closer
to the host atom strings can explain the narrow dip
observed in the experiments. For the other elements
classified by similar arguments as tetrahedral (Sec.
III B) all general features of the angular scans were
the same.

The results of this qualitative interpretation for all

cases studied are gathered in column 7 of Table I.

B. Analytical simulations

A more detailed prediction of the flux variation at
a given interstitial site was tried by using the Lind-
hard continuum-model description of the channeling
process. In this model it is assumed that the in-

teraction of the channeling ion, moving fast and
nearly parallel to the channel axis, with the rows of
individual atoms surrounding that channel, can. be
described by representing the rows of atoms as a con-
tinuous potential string. Similarly crystal planes are
described as potential sheets. This approximation
makes it possible to obtain the total potential in

which the ion moves simply by summing over all po-
tential strings surrounding, e.g. , an axial channel.
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In Fig. 10 the results of such a summation for the
(1120) and (1010) axes in the hcp-Be lattice are

, shown. Here the standard row potentials given by
Lindhard were used and, in the summation, the in-

fluence of the 12 next-near-neighbor strings was also
taken into account. The interesting split potential

minimum which appears in the (1120) axis is caused
by the nonideal c/a ratio of the Be lattice.

Particles entering the channel will have a kinetic
energy transverse to the channel axis determined by
the potential at their point of entry and the incident
angle $. Then the region which an ion can sample is
simply given by the condition that the potential has
to be smaller than the transverse energy. If one now
assumes that each particle can be found with equal
probability in its accessible region (i.e., a statistical
equilibrium has been reached), one can calculate the
flux variation as a function of the angle of incidence
for every point in the channel.

After adaptation to the hcp-Be lattice, a computer
program based on these assumptions was used to
calculate yield variation as a function of entry angle
for the experimentally investigated channels. As an
example, the flux variation at the ideal tetrahedral
site is shown in Fig. 11. From a comparison with the
experimental results for Gd and Mo (Figs. 4 and 5)
which are believed to occupy the ideal tetrahedral
site, it can be seen that the main features are repro-
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F16. 10. Continuum potential maps for 1.9 MeV He+ in
hcp Be for the (1120) and (1010) axes. The 4 nearest- and
the 12 next-nearest-atom strings were taken into account.
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function a is the Thomas-Fermi scattering distance and ther-
mal vibrations are neglected.
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FIG. 11. Analytical simulation of- the angular dependence
of the backscattering yield of 1.9 MeV 4He+ from Be ( )
and an impurity (-—-) in the ideal tetrahedral site.
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duced rather well. Although for the octahedral cases
the agreement was less good, generally all site assign-
ments made in Sec. IVA (see Table I) were con-
firmed.

However, it was found to be impossible to extract
more detailed information on the spatial positions of
the various implants from these simulations. The
main reason is certainly that the assumption of a sta-
tistical equilibrium flux distribution is not fulfilled in
the depth region where most of the implanted ele-
ments were situated. This can be concluded for ex-
ample from the fact that angular scans through the
same axial channel following different tilting planes
resulted in slight changes in the structure of the yield
curves. Further, for He+ ions of similar energy
channeling in the (0001) channel, Kaufmann'4 ob-
served p1anar oscillations, a pronounced nonequilibri-
um effect,

Also the effects of electronic multiple scattering,
thermal vibrations of the host atoms, and the finite
beam divergence could not be easily incorporated in
this analytical model. This and the fact that the
predicted critical angle and minimum yield for all
host scans is determined by a distance of closest ap-
proach parameter which seems to be inappropriate for
the anisotropic Be lattice leads to poor agreement of
the simulated host dips with the experimental results.

C. Binary collision model

In contrast to the previously discussed model,
where the discrete structure of the crystal lattice was

neglected, the guided motion of an ion through the
crystal in reality is a series of collisions with the host
atoms. In the binary collision model, each of these
collisions is described as an isolated two-body colli-
sion, which can be treated classically. By solving the
standard scattering integrals for every collision one
can then derive the trajectory of an ion on its way

through the channel. This was done by a computer
simulation program, which by means of a Monte Car-
lo (MC) method generated random starting points of
ions on the crystal surface. With a velocity equal to
that in the experiment, the ions then moved into the
crystal. In calculating the trajectories, the finite beam
divergence, thermal vibrations of the host atoms, as
well as small deflections of the ions caused by colli-
sions with the electrons of the solid were taken into
account. The position of an ion in a channel was
monitored in regular depth intervals and thus after
averaging over a sufficient number of ions (typically
625) and depth regions, a map of the ion flux distri-
bution in a certain channel could be obtained. A de-
tailed description of the basic structure of the pro-
gram can be found in Refs. 33 and 35 although the
capabilities of the program described there were ex-
tended to allow calculations in hexagonal-close-

packed lattices.
For the interaction potential between the charged

particles and the host atoms the Moliere approxima-
tion to the Thomas-Fermi potential was employed.
Using the expression given by Gemmel, ' the
Thomas-Fermi screening radius for fully ionized 1.9-
MeV o. particles in beryllium was derived to be 0.29
A. The thermal vibrations of the host atoms were
described in the Debye model assuming isotropic vi-
brations and a. mean vibration amplitude of ~u

~

=0.059 A [To,», (Be) =1440 K].3'

Simulations were carried out for all crystal direc-
tions studied in the experiments. The tilting planes
of the simulated scans were always kept very close to
the experimental ones. The flux distribution in

planes normal to the crystal direction under investiga-
tion was obtained by dividing an axial channel, for
example, into a 20 x 20 rectangular grid and record-
ing the number of ions passing through each grid
square. Planar channels were analogously subdivided
into 20 strips. Typically, the positions of 625 ions
were then monitored every few angstroms along the
particular crystal direction. Subsequently these flux
distributions were averaged over the depth regions in
which the implanted atoms carne to rest in the beryl-
lium host lattice. Thus flux distribution maps for the
interesting depth intervals were obtained. As an ex-
ample, the flux in the (0001) axis averaged over the
interval from 270 to 550 A for 0' angle of incidence
is shown in Fig. 12.

For an assumed impurity site, angular yield varia-
tion curves could then be calculated by summing the
flux through the grid squares which would be occu-
pied by the impurity atom. The thermal vibration of
the impurity atoms was approximated by a Gaussian-
shaped isotropic probability distribution around the
equilibrium site. The flux through the grid squares
surrounding the equilibrium site was then weighted
with the total probability to find the implanted atom
in that square. Usually, the thermal vibration mean
square amplitude of u' =0.00348 A' (( u (

=0.059
A), which is equal to that of beryllium, was assumed.

Using the thus obtained flux maps for the 270 to
550 A depth region, the simulated angular scans
shown in Fig. 13 resulted. These correspond to an
unique displaced tetrahedral site. Here quantitative
agreement was sought with the experimental results
for Mo in Be (Fig. 6) by displacing the impurity from
the ITS toward the (0001) plane. Since the observed
critical angle, /~~2, for this plane is expected to be
most sensitive to the amount of displacement, it was
used to match the simulation to the experimental qht~2

value. Discrepancies in minimum yield and shoul~-

ders had to be tolerated since these quantities depend
strongly on surface oxide layers and imperfections in
the crystal which were not determined experimental-
ly. Furthermore, the thermal vibration amplitude of
the impurity atom strongly influences the height of
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FIG. 12. Simulated flux distribution of 1.9 MeV a parti-
cles in the (0001) channel for @=0.0' incidence averaged
over the depth interval from 270 to 550 A. The contour
lines A, C, E, and F correspond to flux densities equal to
0.6, 1.0, 1.'7, and 2.3 times the value for perfect random dis-
tribution. Note that the highest flux-density regions do not
coincide with the potential minimum in the center of the
channel ( ) which means that a statistical equilibrium has
not yet been reached. An impurity in the ideal octahedral
site (IOS) would appear in the center of the channel. The
shaded circle sections in the corners of the hexagon corre-
spond to the Thomas-Fermi screening radius of the Be
atoms for 1.9 MeV o. particles.

the shoulders and the minimum yield. It is not cer-
tain that assuming an amplitude equal to that of
beryllium is correct.

Thus for Mo in Be a position was derived which is
0.23 A displaced from the ITS in the c direction to-
wards the basal plane. This impurity position led to
simulated scans for the remaining crystal directions
which were also in good agreement with the experi-
mental results (Fig. 13).

Considering the narrow dip in the (0001) plane
(Fig. 4), Gd in Be is obviously less displaced towards
the walls of the (0001) channel than Mo. In this
case best agreement with the experiment was ob-

0
tained by assuming a 0.12 A displacement of Gd in
the same direction as Mo. However for Gd, the
(1120) experimental result is less well reproduced
(Fig. 13). This discrepancy can, in addition to the
factors mentioned above, be attributed to differences
in the scan direction between experiment and simula-
tion. The scan directions in the experiments differed
typically by about +5'.

In Fig. 14 the Monte Carlo simulation results for
an impurity in the ideal octahedral site are shown.
Again an impurity vibration amplitude equal to that
of Be was used in the calculations. Here a compari-
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FIG. 13. Monte Carlo simulation of the angular depen-
dence of the backscattering yield of 1.9 MeV 4He+ from Mo
and Gd in Be. For comparison the experimental results are
included.

son with the experimental results for Cs and Xe
(Figs. 6 and 7) shows an excellent qualitative agree-
ment as far as position and width of flux peaks is
concerned. Only in the case of the (1010) axis does
the simulation lead to a scan with a centra1 dip in-
stead of a flux peak. A reason for this discrepancy
could be that for this axis depth oscillations in the
flux density cause a strong dependence of the scan
shape on the impurity-depth distribution. To illus-
trate this, simulated axial scans for the depth interval
0—270 A are shown in Fig. 14. Whereas for the
(1120) the two scans are of an overall similar shape,
for the (1010) a completely different scan shape is
obtained. Thus slight deviations in the depth distri-
bution of the implanted atoms from the values given
in Table I could explain the disagreement.

Quantitatively the simulations lead to flux peaks
which are about a factor of 2 too high. This is prob-
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FIG. 14. Monte Carlo simulation of the angular depen-
dence of the backscattering yield of 1.9 MeV 4He+ from Cs
in Be. Here, in addition to the 270—550 A depth interval
{Int. 2), results for the 0—270 A interval (Int. 1}are includ-
ed for the (1120) and (1010) axes.

ably due to the well-known" difficulty in MC simula-
tions in reproducing with sufficient accuracy the path
of the best channeled ions which determine the
height of the central flux peaks. However, another
possible explanation is suggested by the shallow im-

purity dip observed experimentally for the (1120)
plane, which for impurities uniquely in the IOS
should show a totally substitutional result. If a large
fraction of the implanted atoms come to rest on ran-
dom (i.e., damage or BeO associated) sites, the
height of flux peaks and the depth of impurities dips
would be reduced. In order to obtain rough quantita-
tive agreement one has to assume that approximately
70% of the impurity atoms occupy random lattice
sites and only 30'lo are in the ideal octahedral site.
There is not now adequate information to decide to

D. Summary of results

As a result of the analytical and Monte Carlo simu-
lations, the qualitative site assignments of Sec. IV A
were generally confirmed. For the impurities in the
vicinity of the ideal tetrahedral site, the MC simula-
tions led to a rather precise determination of the dis-
placement from the ITS toward the basal plane. This
together with the total substitutional result for the
(1010) and (1120) planes, which excludes a displace-
ment perpendicular to the c axis, allows the deriva-
tion of the exact spatial position of the different im-
planted atom species.

In the case of the impurities in the octahedral cage,
a similarly precise site determinatio'n was not possi-
ble. Here a conservative interpretation of the MC
results would yield smail fractions (typically 30%) of
the implanted atoms on the IOS and a large fraction
(70%) on random sites. However, a superposition of
two or more different impurity sites could also lead
to a good description of the data. Considering the
remaining inaccuracies of. the simulations, the results
of such combined site models would not be convinc-
ing.

One principal difficulty in the interpretation is that
the experimental channeling results only yield infor-
mation about the position of an impurity species rela-
tive to the undisturbed host crystal. Thus local lattice
relaxation around an impurity atom cannot be ob-
served. Furthermore, the formation of well-defined
and stable configurations between the impurity atom
and host-lattice defects like interstitials or vacancies
is possible. This effect has been observed by Swan-
son et al. for Au in Zr and Ag in Mg, where the
impurity atoms formed mixed dumbbells with host-
lattice interstitials. In the case of the beryllium host,
the formation of a Be-impurity dumbbell oriented in
the c-axis direction and with an impurity-dependent
length could possibly explain the different displace-
ments toward the (0001) plane for the impurities in
the tetrahedral cage. It is also not possible to rule
out a mixed dumbbell oriented in or near the (0001)
plane as a configuration for impurities appearing to
be in the octahedral interstice. In fact it is this type
of dumbbell which Swanson et al. ' actually infer
from their data.

V. SYSTEMATICS

Questions still remain concerning the precise coor-
dination of each implanted impurity atom with sur-
rounding Be neighbors. Indeed, within the qualita-
tively distinguished categories of Secs. III B and IIIC,
each set of data differed slightly, one from the other.
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In order to characterize. each result in detail, not only
w'ould a better quantitative data analysis method be
required, but also the exact state of local lattice relax-
ation would need to be known. Then a complete
quantum mechanical solution to the isolated impurity
in Be problem (currently not a tractable problem)
would be needed for each case to understand the
results from the most fundamental viewpoint. This
is certainly beyond present capabilities. Nevertheless,
we have a substantial number of individual observa-
tions which taken together represent a good oppor-
tunity to search for a relationship between elemental
properties and the implanted impurity state.

Systematic studies of the metallurgical site prefer-
ences of implanted atoms are usually hampered by
two effects which are a natural byproduct of the im-
plantation process itself. First the stopping of the im-

purity atom in the host lattice involves a series of nu-
clear collisions at the end of its range. Depending on
the masses of host and impurity atoms as well as
binding parameters of the host lattice, a probability
can be calculated that in the last collision the im-
planted atom displaces a host atom and is left with
insufficient energy to leave the relative potential
minimum at the substitutional lattice site. Thus even
if an impurity energetically prefers an interstitial lat-
tice site, this process can artificaily increase the sub-
stitutional fraction of implanted atoms substantially.
In the beryllium host investigated here, such end of
range replacement collisions are kinematically impos-
sible' for nearly all implanted elements. This is a
direct consequence of the low mass of Be relative to
the implanted atom.

The second source of disturbance in implantation
processes is the creation of lattice defects. Lattice
strain around an impurity atom of different size than
the host atoms or electrostatic fields around one of
different valence can act to attract mobile lattice de-
fects. This trapping of defects at the impurity can
destroy the correlation of the impurity site with the
undisturbed host lattice, thus leading to a random
result in a channeling study. In Be we expect this ef-
fect is minimized for a combination of reasons.
After heavy ions slow to the point where a maximum
energy-transfer collision cannot displace a Be atom
from its site, it still has sufficient energy to travel a
few lattice constants before stopping. Thus, it will

not be stopped directly at or next to a vacancy it
created itself. Also, the low mass of Be guarantees
that the spatial density of defects in the collision cas-
cade is low due to the iong range of primary knock-
ons. Finally, the mobility of vacancies, which are the
primary defect at the core of the collision cascade, is
low at room temperature with stage-III annealing oc-
curring at -350 K.

Thus we have reason to believe that the influence
of ballistic aspects of the implantation process itself is
smaller for the results we have presented above than
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for those of previously studied analogous systems.
%e might therefore expect conventional metallurgical
criteria to apply to some extent to this data. Indeed,
we find that those elements known to show some, al-
beit small, solubility in Be, implant substitutionally.
In addition, reportedly inso'luble elements such as
Zn (Ref. 14) and Os (Ref. 13) also find substitutional
sites. So following the ideas of deWaard and Feld-
man4 and of Sood and Dearnaley, we display our
lattice-location results on a Darken-Gurry plot' in
Fig. 15. A rough separation of substitutional and/or
soluble cases from interstitial cases is clearly seen to
be based mainly on atomic size with the interstitial
impurities being the larger, This is an encouraging
result in that it confirms the potential utility of such a
parameterized display to systematize our results.

The separation in Fig. 15 is however not a clean
one. The dashed line in the figure results from an
attempt to topologically separate the substitutional
and interstitial cases into two nonreentrant regions.
Clearly the case of V vs Zn and to some extent of W
and Mo vs Ag make this separation impossible. In
addition, the tetrahedral and octahedral-like results
are not well separated, mainly because of the relative
positions of the Ga, Cd, and. In points. Nevertheless,
considering the fact that the Darken-Gurry parame-
terization coupled with the Hume-Rothery rules is no
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more than 75% accurate' ' when applied to conven-
tional equilibrium systems, it appears to work with
the same success ratio for our data.

An alternative parameterization scheme which has
)95'/o demonstrated success in predicting signs of
the heats of formation of several hundred binary al-

loys is available to apply to our data. This scheme,
devised recently by Miedema and co-workers, re-
places the two variables of the Darken-Gurry plot
with $', related to the electronic work function of the
elemental metal, and n„„proportional to the electron
density at the boundary of the signer-Seitz cell in
the metal. In Fig. 16 these parameters are used to
systematize the results of this lattice-location study.
This Miedema plot shows a clear separation between
elen&ents on substitutional, tetrahedral, and octahedral
sites in the beryllium host. The high degree of suc-
cess of the Miedema parameters implies that they are
not only measures of the energies involved in the
formation of equilibrium alloys but additionally con-
tain information about the energies involved in the
local lattice relaxation around the implanted impurity
atom.

The curves separating the substitutional, tetrahe-
dral, and octahedral domains are obtained by using
the Miedema coordinates of the implanted elements
relative to Be in a modified Landau-Ginsburg expan-
sion of the site energy differences for each element, a
procedure exp'lained in detail in Refs. 17 and 43. An
interesting conclusion might be drawn from the fact
that Be itself lies nearly on the border between the
substitutional and the tetrahedral domains. It could
indicate that a Be self-intt'. rstitia1 would prefer the
tetrahedral interstitial space in the Be lattice.

The data point in Fig. 16 corresponding to the Li
impurity clearly violates the excellent topological
separation achieved for the other data. It is clear in
this case' that rather than being nearly independent
of the ballistic artifacts of implantation the final sub-
stitutional site for Li is completely determined by
ballistic effects. This arises from the combined influ-
ence of three factors: (a) Li is comparable in mass to
Be, (b) Li diffuses as an interstitial in Be far faster
than self-interstitials do, and (c) there exists an at-
tractive interaction between a Li interstitial and a Be
vacancy. The ballistics of the Li slowing down pro-
cess guarantees the presence of a vacancy nearby the
stopped Li which then diffuses to and is trapped at
the vacant site. Thus one should not expect the
metallurgical criteria embodied in Fig. 16 to apply.

Similarly, the inconclusive results for other light im-
purities in Be, which were discussed briefly in Sec.
III D, can be attributed to defect interactions. In
these cases we have no information on impurity mo-
bility or on the strength and sign of interactions with
nearby vacancies. Thus, unlike the Li case, the exact
process by which a site is chosen and indeed what
site is likely is not known.

VI. CONCLUSIONS

This series of experiments is believed to yield the
first set of true metallurgical site preference data
upon implantation in a host metal, uninfluenced by
artifacts of the implantation process itself. In view of
this, the success of the Miedema scheme, especially
its superiority to the Darken-Gurry plot, indicates
that in the elemental parameters @' and n„, informa-
tion about short-range isotropic forces which predom-
inate in most intermetallic alloys are implicitly con-
tained. Probably even a higher degree of reliability of
the Miedema plot could be reached if directional
forces in the host lattice are included as suggested by
Chelikowsky. 43

Apart from observed systematics, the present in-

vestigation suggests further experimental work. It
would be interesting to study the detailed behavior of
the implants in Be upon annealing as well as to ex-
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tend such studies to other hosts. Here in view of dif-

ferent, usually lower lying, annealing stages it may be
necessary to perform the implantation at low tem-

peratures and subsequently determine the lattice loca-
tion without an intermediate warm-up which would

give lattice defects a chance to destroy unique. pri-

mary configurations. On the other hand, from the
standpoint of radiation-damage studies, such effects
could contribute to the understanding of impurity-

defect interactions. Initial experiments of this type
have been performed by Swanson et al. ' on substitu-

tional systems after the production of defects by

low-temperature ion bombardment. It was found
that at the temperatures where host interstitials be-

came mobile they were trapped at the substitutional
impurities and formed so-called mixed dumbbells.
Similar experiments on Be are in progress and may

lead to a more detailed description of the local inter-
stitial configuration.
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