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Ion-beam irradiation of Cu and a Cu-Ni alloy single-crystal specimens:
Proposed atom movement mechanism
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Rutherford backscattering and channeling measurements have been applied to study deep radiation damage
and depth profile of implanted Au atoms in pure Cu and Cu-1 at. % Ni alloy single-crystal specimens, which
were irradiated off axis at room temperature by 300 keV Au1 ions to a dose of 231016 ions/cm2. The damage
range and depth range of the implanted Au atoms in the specimens of pure Cu were strikingly deeper than
those in the specimens of Cu-1 at. % Ni alloys, respectively. An atom movement mechanism in solids under
ion beam irradiation is proposed as the origin of the observed result.
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Interaction of energetic ion beams with solids and ma
rials property change induced under ion-beam irradiat
have long been attracting attention from both points of vi
of its basic understanding and application. In order to und
stand the phenomena, a large number of works1 have already
been performed both theoretically and experimentally. Ho
ever, the process of the interaction and the material prop
change induced under ion-beam irradiation has not yet b
fully understood and still remains as a field of fundamen
scientific problems, although material modification by io
beam irradiation has widely been applied in various en
neering fields.

Because the interaction process occurs in a very s
time in order of pico seconds,2 it can not be followed with
present experimental techniques. Thus, computer simula
has been rather extensively applied as a superior way
the pioneering investigation by Gibson and coworkers.3 In
order to gain the detailed insight into the irradiation induc
phenomena, it has become especially important to ob
findings experimentally and compare them with results
tained by computer simulation.

In this article, the authors report the results of an exp
mental study of both damage range and depth profile of
atoms implanted in single crystal specimens of pure Cu
Cu-1 at. % Ni alloys.

2-mm thick slices were cut from 2-cm diameter sing
crystal pure Cu and Cu-1 at. % Ni alloy rods with surfac
parallel to ~110! plane. The slices were mechanically po
ished and then electro-polished in a solution
H3PO4(40%), CH3OH(40%), and H2O(20%) for about 60
min at 3-V, 300 mA. Then, in order to eliminate the lattic
defects, the slices were annealed in vacuum with a Zr plat
in a sealed quartz tube at 600 °C for 48 h, which were f
lowed by slow cooling to room temperature at a rate of ab
1 °C per min. The Zr platelet was used for the purpose
reduce the oxidation of the surfaces of the slices during
nealing in the sealed quartz tube. The specimens for Au1 ion
implantation were finally prepared by being electro-polish
again in the above-mentioned solution for the purpose
eliminating the probable surface oxide films. After the
specimens were transferred into an ion implantation ch
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ber, Au1 ions with 300 keV were implanted into the spec
mens to a dose of 231016 ions/cm2 at a dose rate of abou
131012 ions•cm22

•s21 at room temperature. The implanta
tion was made at an angle of 8° from the surface norma
minimize ion channeling.

Rutherford backscattering and channeling measurem
were made with a well collimated 2.5 MeV He1 ion beam
obtained from Tandetron accelerator at the Institute for M
terials Research, Tohoku University. The yields of bac
scattered He1 ions were measured using silicon surfac
barrier detector mounted at an angle of 170° to the incid
beam direction. The energy resolution of the detection s
tem was about 18 keV~full width at half maximum!
~FWHM!.

Typical Rutherford backscattering energy spectra co
sponding to aligned and random incidences from both un
planted and implanted pure Cu and Cu-1 at. % Ni all
specimens are shown in Figs. 1 and 2, respectively. In th
figures, spectra corresponding to random incidence fr
both pure Cu and Cu-1 at. % Ni alloy specimens unimplan
are not shown, because they are the same as the corres
ing spectra from pure Cu and Cu-1 at. % Ni alloy specime

FIG. 1. Rutherford backscattering energy spectra correspon
to an aligned and random incidence from unimplanted and
implanted pure Cu specimens.
©2001 The American Physical Society01-1
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implanted except the small peaks from implanted Au ato
on the higher energy side of the high-energy edge of the
spectra.

It can be seen that the aligned spectra from both pure
and Cu-1 at. % Ni alloy specimens unimplanted are ess
tially the same and the normalized minimum yields
aligned spectra of back-scattered He1 ions at the surfaces
were less than 0.04, which indicates a high perfection of
specimen crystals.4,5 As far as the profiles of these aligne
spectra are concerned, no indications of lattice disorde
imperfections in the crystals are observed in both pure
and Cu-1 at. % Ni alloy specimens unimplanted.

As is seen in Figs. 1 and 2, backscattering energy spe
corresponding to aligned incidence from both pure Cu a
Cu-1 at. % Ni alloy specimens show damaged profiles a
implantation of Au1 ions. In Figs. 1 and 2, the depths of th
damaged regions are indicated. In order to characterize
damaged regions, damage depth is defined as the distan
horizontal axis between the position of the half height of
random edge and the point of inflexion on the aligned spe
from implanted specimens.4–6 It should be noted that the
damage depth in the pure Cu specimen is significantly de
than that in the Cu-1 at. % Ni alloy specimen. In Figs. 1 a
2, the depth scales are obtained using the tabulated valu
the stopping power for4He in different elements by Ziegler.7

Applying the linear approximation to the random fractio
of the analyzing beam,4–6 the areas of the yields between th
lines labeledR and the profiles of backscattered energy sp
tra in Figs. 1 and 2 are due to the scattering of channe
ions from scattering centers caused by damage and are t
as proportional to the total concentration of the scatter
centers.4–6 Thus, the larger area of the yield in pure C
specimen than that in Cu-1 at. % Ni alloy specimen indica
the larger defect concentration in the pure Cu specimen
that in the Cu-1 at. % Ni alloy specimen.

In Fig. 3, a depth profile of vacancy concentration o
tained by the simulation using the Monte Carlo partic
transport code TRIM85~Ref. 8! is shown as a measure o
theoretically expected damage profile. In the simulation,
eV was assumed as the displacement energy2,8 and the num-
ber of Au1 ions assumed was 100 000. It can be seen tha

FIG. 2. Rutherford backscattering energy spectra correspon
to aligned and random incidence from unimplanted and A
implanted Cu-1 at. % Ni alloy specimens.
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damaged region in the pure Cu specimen observed by c
neling experiment extends up to about 10 times deeper
that expected from the simulation. In Fig. 3, a depth pro
simulated of implanted Au atoms in Cu is also shown.

Enlarged Rutherford backscattering spectra from impu
Au atoms corresponding to aligned and random incide
from Au-implanted pure Cu and Cu-1 at. % Ni alloy spec
mens are shown in Figs. 4 and 5, respectively. Compa
the Figs. 4 and 5, it can be seen that the depth profiles of
atoms in the pure Cu specimen in Fig. 4 are marke
broader than those in the specimens of Cu-1 at. % Ni all
in Fig. 5, the profiles of which are also broader than that
the simulated one in Fig. 3.

Comparing the random spectra in Figs. 4 and 5, it can
seen that the peak concentration of Au atoms in the C
at. % Ni alloy specimen is about two times higher than th
in the pure Cu specimen. It should be noted that the vert
scales are different between the figures. Comparing the p
height of the random and aligned spectra in each of the F
4 and 5, it can roughly be estimated that about one half of
implanted Au atoms occupy substitutional sites in the p

ng
-

FIG. 3. Depth profiles simulated of implanted Au atoms and
vacancies produced per incident Au1 ion.

FIG. 4. Enlarged Rutherford backscattering energy spectra
responding to aligned and random incidence from implanted
atoms in pure Cu specimen.
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Cu specimen, while about three fourths of Au atoms occu
substitutional sites in the Cu-1 at. % Ni alloy specimen.4–6,9

In metals and alloys, thermally activated diffusion of a
oms may be generally negligible at room temperature.10 It is
well known, on the other hand, that migration of impuriti
can be enhanced by many orders of magnitude during
implantation.11 The phenomena are usually called irradiati
enhanced diffusion and have been explained as a result o
generation and the migration of excess vacancies and in
stitial atoms caused by the collision cascades created by
implanted ions.11 In case of crystalline materials, in additio
to the above-mentioned generation and migration mec
nism, there are two well-known atom movement mec
nisms during irradiation, namely, channeling and ‘‘dynam
crowdion’’ or replacement collision sequence, both of whi
were originally proposed by Stark12 and Seeger,13 respec-
tively, and predicted later in computer simulations.3,14

It is difficult, however, to understand the observed diffe
ences of the depth profiles of damage and implanted Au
oms between pure Cu and Cu-1 at. % Ni alloy specimen
the result of the differences of the generation of excess
cancies and interstitial atoms and/or as the result of the
ferences of properties of replacement collision sequenc
channeling, because the specimens of pure Cu and C
at. % Ni alloys are to be essentially the same collisiona
since Cu and Ni atoms have almost equal mass and the
purity concentration of Ni is relatively low, though it ha
been revealed that the presence of the solute atoms s
times plays significant roles on phases of casc
development.15,16 Thus, the differences of the depth profile
of damage and those of implanted Au atoms between p
Cu and Cu-1 at. % Ni alloy specimens are forced to be
cribed to differences in noncollisional transport properties
atoms between the specimens. It is, however, also difficu
explain these differences by the differences of migrat
properties of simple point defects of interstitials and/or v
cancies, because, as approved usually, at room tempera
vacancies are not mobile in both the specimens and, tho
interstitials are mobile, the difference of the migration e

FIG. 5. Enlarged Rutherford backscattering energy spectra
responding to aligned and random incidence from implanted
atoms in Cu-1 at. % Ni alloy specimen.
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ergy for interstitials should be insignificant between t
specimens. In this connection, it should be noted that
self-interstitial migration energy of Cu is 0.117 eV~Refs. 17
and 18! and the dissociation energy of self-interstitial C
atoms trapped by substitutional Ni solute atoms is sma
than 0.15 eV.19

The fact that the damage depth of crystalline mater
subjected to ion beam irradiation sometimes exceeds the
projected range by more than an order of magnitude seem
be firstly mentioned by Linkeret al.20 Similar results for
copper were firstly obtained by Sood and Dearnaley21 and
later by other workers,22,23by whom the phenomena had als
been experimentally studied for various specimens. As
origin of the deep radiation damage, dislocation movem
was proposed by Friedland and Alberts.23 Formation of dis-
location structure in the near-surface region far exceeding
ion projected range was as actual fact observed by sev
workers by applying transmission electron microscopy.24,25

The above-mentioned result of the differences of
depth profiles of damages between pure Cu and Cu-1 a
Ni alloy specimens supports the dislocation movem
mechanism as an origin of the deep radiation damage.
reasons are as follows. Molecular dynamic simulation p
dicted that local melting occurs and persists for several
~Ref. 2! in energetic displacement cascades. The occurre
of local melting is not surprising, because energy densitie
cascades are typically of the order of 1–10 eV/atom for
trashort time intervals~,0.1 ps! between collisions.26 Some
experimental results also indicated that during ion irradiat
local melting actually occurs in energetic displaceme
cascades.27 Therefore, it is feasible to expect strong tim
dependent stress field gradient near the cascades. In
field, dislocations may be created and propagated into
bulk resulting in deep radiation damage. Dislocation loo
could act as sources for dislocation multiplication.28 The
elastic limit of homogeneous copper alloy containing 1 at
Ni is about seven times higher than that of pure Cu.29 Then
the generation and the propagation of dislocations are m
more difficult in Cu-1 at. % Ni alloy than in pure Cu. Thi
fact, therefore, can cause the differences of depth and de
concentration of the damaged regions between the two ty
of the specimens.

On the other hand, in 1952, Buffington and Cohen30 re-
ported the phenomenon of strain-enhanced diffusion in m
als. Since then there had been a number of experimental
theoretical papers devoted to the strain-enhanced diffus
Based on the comprehensive and detailed studies, the o
of the strain-enhanced diffusion was accounted for by Co
et al.31 by the presence of moving dislocations which pr
vide high-diffusivity path for tracer atoms.

Taking into account the above-mentioned two phenom
in different fields, namely, the deep radiation damage and
strain-enhanced diffusion, the authors propose the pres
of an atom movement~diffusion! mechanism in solids unde
ion-beam irradiation due to the high-diffusivity path pr
vided by moving dislocations. In this context, the differen
of depth profiles of Au atoms implanted between the pure
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u
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and the Cu-1 at. % Ni alloy specimens is explained by
difference of the forces resisting dislocation motion betwe
the two types of the specimens.

The detailed mechanism of the atom movement~diffu-
sion! related to moving dislocations under ion-beam irrad
tion, however, requires further investigation. For the purp
-

E

d,

-

e-

,

al
9

10010
e
n

-
e

of testing the proposed mechanism, computer simula
would be of eminent importance.

The authors are indebted to Professor S. Yamaguchi
valuable discussions. We are also grateful to Y. Tsuchiya
assistance in carrying out the experiments.
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