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The results of Doppler broadening of the annihilation line spectroscopy obtained using a variable en-
ergy positron beam for the pure gold samples exposed to 100 keV self-implantation and 250 keV H+

implantation are reported. The annihilation characteristics of parameter S as a function of positron
energy were determined. Irradiation-induced defects were confirmed in all measured profiles. However,
the S parameter distributions were not typical for the ion-implanted materials. No significant changes
in the shape of defect profiles for non-defected and self-implanted samples were found. The implanted
Au+ ions fill the earlier produced vacancies and decrease the overall defect concentration. In the case
of 100 keV H+ implantation, the distribution does not cover the area with higher S values pointing out
the presence of defects. This is caused by the localization of H+ inside the produced vacancies. The
thicknesses of the damaged layers are smaller compared to those numerically predicted by the SRIM
implantation ranges. The long-range effect was not observed.
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1. Introduction

Recently, ion beam modification of materials
(IBMM) has become a common research trend. En-
ergetic ions introduce irreversible changes in the
structure through doping and the formation of lat-
tice defects. The great variety of ion-induced effects
in the materials offers the possibility for diverse re-
search in many contexts. For example, exposition
to irradiation results in the formation of a large
number of structural defects causing, e.g., swelling,
hardening, creep, and embrittlement [1]. As a con-
sequence, faster wear appears. For this reason, ions
can be used to simulate the impact of irradiation
conditions on material properties. On the other
hand, IBMM can be used to modify material prop-
erties as requested. It was proved that the presence
of vacancies effectively improves the hydrogen ab-
sorption rate in palladium [2]. Ions are a simple way

to produce these vacancies with a given concentra-
tion at a well determined depth. Another interesting
goal of the studies is an investigation of the long-
range effect involving the presence of irradiation-
induced defects far behind the implanted area [3, 4].

The all mentioned aspects share a common fea-
ture — irradiation-induced damages. It is well
known that structural defects have a direct im-
pact on numerous material properties, such as
hardness [5], electrical resistivity [6], thermal at-
tributes [7], etc. A method suitable for the detec-
tion of open-volume defects as vacancies, their clus-
ters, dislocations, and voids, is positron annihilation
spectroscopy (PAS). Experimental PAS techniques
make it possible to determine the concentration of
the defect, evaluate the defect profile and recog-
nize the type/size of the defect (only in the case of
the positron lifetime measurements) [8, 9]. Recently,
technical progress has enabled the construction of
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variable energy positron (VEP) beams [10]. These
devices are a useful tool for investigating defects lo-
cated near the surface at depths ranging from single
angstroms up to a few micrometres (depending on
the positron energy and the density of the studied
target).

The VEP results obtained for pure gold samples
exposed to self-implantation and H+ implantation
are reported in this paper. Gold is a shiny metal,
very popular in jewellery. It is also readily used in
electronics, building, dentistry, or the space indus-
try due to its numerous functional properties. The
literature is not rich in reports regarding the de-
fects in pure gold. For example, Nguyen et al. [11]
provided experimental evidence for the volume con-
traction of gold implanted with a small dose of hy-
drogen. Zuccon et al. [12] showed the effect of de-
creasing overall reflectance with increasing total flu-
ence of low-energy He+ implanted into gold mir-
rors. In gold samples irradiated with an electron
energy of 0.5–2 MeV, the existence of vacancy clus-
ters preceded by the generation of dislocations was
observed [13]. Chisholm et al. [14] found dislocation
loops and stacking fault tetrahedra (SFTs) associ-
ated with individual ion strikes in gold exposed to
the dual-beam self-ion irradiation of 2.8 MeV Au4+
and 10 keV He1+. SFTs with vacancies were created
in gold after the implantation of Xe+ and Ar+ ions
at higher temperatures [15]. Also, SFTs were recog-
nized in gold irradiated with swift heavy ions [16].
Nitrogen ions with energies of 0.5–2 keV implanted
into gold caused the formation of gold nitrides on
the surface of the sample [17].

The goal of this paper was the evaluation of defect
profiles and damaged layers in pure gold samples ex-
posed to 100 keV self-implantation and 200 keV H+

implantation. The characteristics of positron anni-
hilation will be analysed.

2. Experimental details

2.1. Sample preparation

Gold samples, purchased from Goodfellow, with
a purity of 99.99% and dimensions of 10×10×1mm3

were measured. Annealing was then performed at
700◦C for four hours under vacuum conditions of
10−5 Torr. After that, the samples were cooled
down to room temperature in a closed furnace. In
this way, specimens containing only residual defects
were obtained. A set of six samples was prepared.

2.2. Ion implantation

Ion implantation was performed with the UNI-
MAS implanter [18]. The proton beam scanned
each sample across a 5 cm square side. The ion
current density did not exceed 1 × 10−6 A/cm2.
Implantation was performed at room tempera-
ture with an accuracy of ±3◦. The samples were
treated in pairs. The first pair was implanted with
the 250 keV Au+ ions, and the second one with

Fig. 1. Ion depth distributions for the studied
samples obtained with SRIM/TRIM [19].

the 100 keV H+ ions. The total fluence in both cases
was 3× 105 ions/cm2. The ion distribution pro-
files simulated with SRIM/TRIM [19] are shown
in Fig. 1.

2.3. VEP measurements

The VEP measurements were performed using
a positron beam with an intensity of about 106e+/s.
A positron energy ranging between 0.1 keV and
34 keV was used. According to the formula

z =
AEn

ρ
, (1)

the region investigated by VEP varied from 1Å
to 500 nm [20], where z is the mean implan-
tation depth, E is the positron energy, A =
6.73 µg/(cm2 keVn) and n = 1.408 are the
Makhov’s parameters, and ρ is the density equal
19.30 g/cm3. However, for the estimation of the im-
plantation range, as well as for the analysis of VEP
results, other parameters proposed by Vehanen et
al. [21] (A = 4 µg/(cm2 keVn), n = 1.6, m = 2)
are commonly used. They are constant for all ma-
terials, and the implantation depth evaluated with
these parameters depends only on the density of
the material. In turn, the factors from [20] are spe-
cific to a given type of medium, and for this reason,
they were used in these studies. The implantation
depth calculated with the parameters from [21] is
smaller compared to the standard ones and equals
584 nm. On this basis, the values of positron diffu-
sion lengths obtained from the VEP results can be
changed, but the overall tendency should be pre-
served.

In the VEP experiment, the method of Doppler
broadening (DB) of annihilation gamma line was
applied. The high purity germanium (HPGe) detec-
tor with the energy resolution of 1.1 keV for 511 keV
was used. The DB spectra were analysed by extract-
ing the S and W parameters typical for this tech-
nique. The first parameter is given by the ratio of
the area under the central part of the 511 keV line
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Fig. 2. The measured parameter S (a) and parameter W (b) as a function of the positron incident energy
for the studied samples. The top axis in (a) represents the mean positron implantation depth. The solid lines
represent the best fit of the experimental points using the VEPFIT code. The W parameter versus the S
parameter is obtained from VEPFIT [27] fitting in (c).

to the total area below this peak. This feature de-
termines the participation of the positron–electron
pairs with low momentum. They are located mostly
at open-volume defects. In turn, the W parame-
ter, defined as the area below the wing part of the
511 keV line to the whole area below the peak, eval-
uates the contribution of high momentum pairs. In
reference to the data reported in this paper, it gives
limited information about the type of defects.

3. Results and discussion

The values of the S and W parameters ob-
tained from the VEP measurements are presented
as a function of the positron incident energy in
Fig. 2. The top axis of Fig. 2a represents the
mean implantation depth obtained from (1). Black
circles symbolise the reference, unimplanted sam-
ple, white triangles — self-implanted specimen, and
grey squares — H+ implanted one. Overall, the S
parameter decreases with increasing positron en-
ergy and then saturates. In the case of the refer-
ence sample, this is a feature typical of this kind
of material [16]. The uneven shapes of the profiles
are attributed to the back diffusion of positrons and
their annihilation on the surface; hence, the higher
values of the S parameter at the beginning of the
profiles. The S parameter profile representing the
self-implanted sample almost covers the distribu-
tion for the reference sample. However, in the re-
gion up to 4 keV, the values are slightly higher.
Higher values of the S parameter can point out the
presence of irradiation-induced defects. It should be
mentioned that the increase of the S parameter in

the damaged zone is not as clear as it was observed
in the H+ implanted iron. [22] The reason for this
behaviour can be ascribed to the type of ions. In the
case of self-implantation, other displaced or injected
Au atoms can effectively fill previously produced
vacancies. This results in a decreasing vacancy con-
centration.

Even more startling is the behaviour of the S
parameter distribution for the H+ implanted sam-
ple. In this case, the S parameter values for lower
positron energies are much lower compared to the
unimplanted specimen. This is a surprising be-
haviour because a rather intensive increase of the
S parameter would be achieved, especially since
the range of ion implantation was much deeper
compared to the previous case. According to the
SRIM calculations presented in Fig. 1, the im-
planted depth is comparable with that studied by
VEP. In [22], the profiles for the H+ implanted iron
were characterized by a fast S parameter saturation
for much higher values of the S parameter compared
to the defect-free ion sample. On the other hand, the
decrease of the S parameter can reflect the location
of hydrogen inside the vacancy. The literature re-
ports this kind of behaviour in the fcc metals like
Pd, Cu, and Al [21–26]. Moreover, a similar profile
of the S parameter was observed by Pentecoste et
al. [27] for the He implanted tungsten. According
to these authors, the accumulation of He inside the
W lattice induces displacement of the W atoms to
form vacancies in which He is trapped. It should
be emphasized that both the hydrogen and helium
atoms have only fast 1s electrons in their electronic
configuration.
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In Fig. 2b, the values of the parameter W versus
the positron incident energy for all studied samples
are shown. The presented dependencies ofW (E) are
the reflection of the S(E) profiles in terms of the
abscissa. In this way, the W parameter increases
with the increasing positron energy, until satura-
tion at higher energies. The opposite feature com-
pared to S(E) can be explained as follows. In the
case of annihilation in defects, a higher fraction of
positrons annihilate with low-momentum electrons,
raising the value of the parameter S and simultane-
ously reducing the value of the parameter W repre-
senting annihilation with core electrons.

Using the VEPFIT code [28] to fit the model
function to the S(E) and W (E) distributions made
their further analysis possible. Makhov’s parame-
ters for Au, available in [20], were taken into ac-
count. Solid black lines in Fig. 2a and 2b rep-
resent the best fits. In the case of the refer-
ence sample, a single-layer model was analysed.
There, the positron diffusion length L+ was equal
to 106± 9 nm. In the previous VEP studies of
gold, the value 84 ± 3 nm was reported. Lak-
shmanan et al. [29] obtained 120 nm for well-
annealed nonporous gold. Generally, positron dif-
fusion lengths reported for defect-free metals are
close to 100 nm [30]. In turn, for implanted sam-
ples, a two-layered model was assumed, composed
of implanted/defected and undefected layers. In the
second layer, L+ was fixed (106 nm), while all other
parameters were freely fitted. The positron diffusion
lengths for the implanted samples were 11 ± 2 nm
and 83±7 nm for the self-implantation and H+ im-
plantation, respectively. The thickness of the dam-
aged layer was 28± 4 nm for Au implantation and
477 ± 23 nm for H+ implantation. On the basis of
the following formula, L+ is strictly related to the
defect concentration [31] as

Cν =
1

τbulkµ

[(
Lbulk

L+

)2

− 1

]
, (2)

where µ is the trapping coefficient typical of a given
type of defect, τbulk, Lbulk, and L+ mean the
positron lifetime, the diffusion length in the non-
defected and the defected structures, respectively.
In this way, the conclusion that the self-implanted
layer is more defected compared to the H-implanted
layer could be drawn. On the other hand, the trap-
ping coefficients for defects induced by Au+ and
H+ implantation should be different, and a direct
comparison is not proper. Smaller values of L+ for
the self-implanted sample are caused by a greater
number of positrons trapped at defects during the
back diffusion. However, the fact that the same flu-
ence of ions was distributed in very shallow depths
should be taken into account. It should also be men-
tioned that the thicknesses of the damaged layers
are slightly smaller compared to the SRIM calcu-
lations. This situation could have been affected by
the application of Makhov’s parameters from [20].
In addition, the existence of the long-range effect,

which was discussed in Sect. 1, is definitely excluded
on the basis of the presented studies. Further pa-
rameters S and W (representing “surface”, “layer”,
and the bulk of profiles) obtained by fitting with the
code VEPFIT [27] are presented in Fig. 2c. A com-
mon slope for all samples is not possible. Probably
this indicates different kinds of defects.

4. Conclusion

VEP studies of the self-implanted and H+ im-
planted samples were reported. In both cases, the
defects profiles obtained had rather unexpected
characteristics. Almost invisible changes in the dis-
tribution profile for 250 keV Au+ ions could be ex-
plained by the specific kind of implantation and
the shallow damaged layer. However, in the case of
100 keV H+ implantation, the registered distribu-
tion points to the localization of H+ inside the pro-
duced vacancies. The thicknesses of the damaged
layers are smaller compared to those predicted nu-
merically by the SRIM implantation ranges.
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