
PHYSICAL REVIE% 8 VOLUME 33, NUMBER 12 15 JUNE 19S6

Impurity displacement by vacancy trapping in gold-implanted iron
single crystals at low dose
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The substitutional fraction (f, ) of Au atoms implanted into Fe single crystals at room temperature in-

creases with increasing dose from f, 0 6for 0..1 at. fo Au to f, =1.0 for Au concentrations exceeding 1

at. lo. This concentration dependence of f, is attributed to the formation of Au-vacancy complexes. The

number of the complexes decreases ~ith increasing Au concentration due to complex dissolution accom-

panied by the formation of an increasing number of competing vacancy-trapping centers.

Recent interest in the environment of implanted atoms in

metallic hosts' arose from the search for the factors deter-
mining the substitutionality of implanted species. The
guidelines provided by the Hume-Rothery' and Miedema'
rules are found to be not always adequate for metal-in-metal
implanted systems: Some of the implants which are unsolu-

ble in the host matrix are found to be largely substitution-

al, 4 others which are supposed to be substitutional exhibit
nonsubstitutional behavior after room-temperature implan-
tation. The later effect disappears when the implantations
are performed at temperatures belo~ stage-III recovery
(free migration of vacancies) thus indicating the association
of implanted atoms with one or more vacancies. '

In this Rapid Communication we present the results of a

study where the lattice location of Au implanted into Fe sin-

gle crystals was determined by means of ion channeling and
backscattering techniques, and where, to our knowledge,
for the first time an increase of the substitutional com-
ponent with increasing impurity concentration has been ob-
served.

Iron single crystals were cut perpendicular to the (100),

(110), and (lll) directions and lapped and etched as
described else~here. ' Au was implanted along random
directions at an energy of 600 ke& and at fluences ranging
from lx10' to 1x10" cm . The analyses were per-
formed in situ, using a 2-MeV He+ beam. Figure 1 shows
the random and the (110)-aligned backscattering spectra for
an Fe single crystal implanted with Au to a fluence of
2 x 10' cm '. The maximum Au concentration amounted
in this case to 0.25 at. /o. The substitutional fraction (f, ) of
Au was determined in the conventional manner:

f ( I X min)/(I X min)

where Xt
'" and Xi"'" are the normalized minimum yields for

the impurity and the host, respectively. The yields were
measured in the energy windows as indicated in Fig. 1.

Although Au in Fe does not satisfy the Hume-Rothery
rules very well, a limited solubility of Au in Fe has been re-
ported. ' Therefore, one can expect the substitutional frac-
tion to be close to 1 at low Au concentrations, and to de-
crease eventually at high concentrations when precipitation

2&10' Au /cm2, 600 keV
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FIG. 1. Random and aligned backscattering spectra for 2-MeV 4He ions from a Au-implanted Fe single crystal.
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occurs. In agreement with this expectation in situ analyses
after the implantation of Au into Fe at 77 K yield a substi-
tutional fraction of 1.0 independent of the implanted Au
concentration in the range 0.1-2 at. '/o. The experimental
results after implantation of Au into Fe at 29S K, however,
show the opposite trend. As presented in Fig. 2 f, is 0.6 at
0.1 at. % Au and increases monotonically up to 1.0 for Au
concentrations above 1.0 at. Vo. This value does not change
even at the highest implanted concentration of 7 at. 'lo,

although the solubility limit was exceeded by a factor of
more than '70.

The angular dependence of the normalized yields in the
energy windows 1 and 2 (see Fig. 1) are shown in Fig. 3.
They provide more detailed information on the lattice loca-
tion of the implanted species than the f, value alone. For
small Au doses [Fig. 3(a)] the angular scans for the impuri-
ty are not only shallower, but also narrower with respect to
the scan for the host lattice. Kith increasing implantation
dose the impurity scan becomes broader and deeper and fi-
nally matches perfectly that of the host, as shown in Fig.
3(b). The detailed analysis of the shape of angular scanss
has sho~n that there are two fractions of Au atoms: The
first one is composed of Au atoms which are slightly
( —0.01 nm) displaced from the regular lattice sites, and
the second one consists of Au atoms randomly distributed
on interstitial lattice sites.

To understand the behavior of Au implanted at room
temperature two questions are to be answered: (a) Why are
the Au atoms displaced from the regular lattice sites after
low dose implantation and (b) what is the mechanism for
improving the Au substitutionality with increasing Au con-
centration?

The first question could be answered by assuming the for-
mation of Au-vacancy associations during implantation at
room temperature. Because of the positive heat of solution
of Au in Fe (36 kJ/mole) the Au atoms are expected to
capture freely migrating vacancies' forming mono- or
multivacancy-impurity complexes. " The formation of such
complexes leads to the displacement of impurity atoms. "
The formation of Au-divacancy complexes could lead to a
relaxation of the impurity towards the vacancy which would
produce a narrowing of the angular-scan curve. The forrna-

1.0—

4 —Fp

~ -1~10 Au /crn
~ —3~10 Au/crn

15 2 at 293K

&he'."„

Cl

LLI

'"
/X' 4»-»x

44
4

4

tion of Au-multiple-vacancy associations with various possi-
ble interstitital sites of the Au atoms would provide a com-
ponent of apparent randomly distributed impurity atoms.
Stage-III recovery for the Fe starts at temperatures above
200 K (Ref. 13) and thus vacancies are immobile at 77 K.
In contrast to room temperature implantations, no displace-
ments of impurity atoms after implantation at 77 K were
observed. This provides a strong argument in favor of the
hypothesis that this effect is due to the formation of Au-
atom-vacancy complexes,

A further cross checking of this hypothesis was performed
by irradiating a sample implanted at 77 K with 1&& 10's (He
ions)/cm2 at 200 keV without changing the temperature.
No change of the angular scan was noticed after irradiation
[Fig. 4(a)l, however, as can be seen in Fig. 4(b), the impur-

ity scan became shallower when the sample was warmed up
to room temperature. Rehn, Okamoto, and Averback'"
showed that swift light ions produce few collision cascades
with high defect densities and create mostly isolated Frenkel
pairs. Upon warming up above the temperature of stage-III
recovery, vacancies become mobile and can be trapped by
impurity atoms.

To answer the second question concerning the mechanism
of the dose dependence of the substitutional fraction, fur-
ther postirradiation experiments were performed. A sample
implanted at room temperature with Au ions to the max-
imum concentration of 0.2 at. 'k (f, -0.75) was bombarded
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FIG. 2. Variation of the substitutional fraction ~ith the dose of
Au implanted into Fe single crystal at room temperature.

FIG. 3. Angular scans through the (110) axial direction of Fe
single crystals implanted vrith different doses of Au.
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FIG. 4 (a) Angular scans through the (110) axial direction of Fe
single crystal implanted with 1 x 10'5 (Au atoms)/cm2 at 77 K and
(b) after postirradiation with 2X10'6 (4He ions)/cm2 at 200 keV
and subsequent warming up to room temperature.

with Xe iona at 600 keV. The variation of f, with the Xe
dose was very similar to that shown in Fig. 2. For doses
exceeding 6&10'5 (Xe ions)/cm2, f, amounted to 1.0. It is
worth pointing out that a postirradiation experiment per-
formed at room temperature using 4He ions did not result in
a noticeable change of the Au substitutional fraction. From
these results it is concluded that the vacancy-Au associa-
tions can be annealed by applying high-density collision cas-
cades at room temperature.

These results indicate that together with high-density cas-
cades an increasing number of competing trapping centers
for vacancies are introduced in the implanted region. In the
dynamic development of the collision cascade, vacancy-rich
regions surrounded by a halo of interstitial atoms are

formed. During the relaxation phase, local vacancy super-
saturation causes a transformation of the cascade region into
dislocation loops or small voids. " In Fe the cascade col-
lapse in dislocation loops is enhanced by overlapping of the
subsequent cascades. ' The binding energy of a vacancy in
a dislocation loop amounts to about 1.2 eV (Ref. 17) and is
substantially higher than the estimated binding energy of a
Au-atom-vacancy pair of 0.24 eV." Thus, the capture of
vacancies by planar defects is energetically favorable and
should be considered as a stronger vacancy sink than an im-

purity atom.
The vacancy-impurity complexes formed during ion im-

plantation at room temperature decompose due to the over-
lap of cascades produced by the successively impinging Au
ions. If the competing sink density is high enough, the va-
cancies will preferentially migrate towards them, and the
decomposed complexes will not be restored. The decompo-
sition of vacancy-impurity complexes enables Au atoms to
return to the regular lattice sites. Such competing trapping
centers can be formed in the region to be implanted before
the Au ions are introduced. Therefore, 5&10t5 (Xe iona)/
cm have been implanted prior to the Au implantation.
After implanting 0.2 at. /o Au into the preirradiated region,
an f, value of —1 was observed. This result confirms the
assumption made above that competing trapping centers for
vacancies are introduced by high-density collision cascades.
This result is further supported by the fact that postirradia-
tion with He ions at room temperature did not influence the
equilibrium between complex dissolution and formation.
The production of competing sinks is obviously small, while
the production of mobile vacancies is high for this case.
The dissolution of the complexes by postirradiation with He
ions at 77 K as well as with Xe ions does, however, occur.
This result has two consequences: First, complex formation
at 77 K is not possible because vacancies are immobile.
Second, the dissolution of complexes occurs within the life-
time of the cascade, while the cascade density does not play
an important role. This dissolution mechanism will be the
subject of an additional study.

In summary, a new implantation effect has been ob-
served, where the substitutional fraction of Au implanted in
Fe at room temperature increases with increasing dose. It
was found that the displacements of impurity atoms at low
concentrations are due to the formation of Au-atom-
vacancy complexes. The mobile vacancies are captured after
the Au atoms have come to rest on substitutional lattice
sites. Kith increasing heavy-ion dose in as-implanted as
well as in pre- and postirradiated samples, different types of
vacancy sinks (dislocation loops, vacancy clusters, etc.) are
formed which compete with the impurity atoms in capturing
vacancies. The Au-vacancy clusters which form in as-
implanted samples at low Au concentrations dissociate dur-
ing irradiation and do not form if the density of the compet-
ing sinks is high enough. This effect is thermally activated
and was not observed after implantation at low temperatures
when the vacancies are immobile.
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