IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Radiation-induced segregation in proton-irradiated AuFe studied by Mossbauer spectroscopy

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1992 J. Phys.: Condens. Matter 4 2415
(http://iopscience.iop.org/0953-8984/4/10/008)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.96
The article was downloaded on 11/05/2010 at 00:04

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/4/10
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.. Condens. Matter 4 (1992) 2415-2428. Printed in the UK

Radiation-induced segregation in proton-irradiated AuFe
studied by Méssbauer spectroscopy

Y Yoshidati, P Fratzl{, G Voght, H Hofer§ and F Dworschak$

t Institut flir Festkérperphysik der Universitit Wien, Strudthofgasse 4, A-1090 Wien,
Austria

§ IFF, Forschungszentrum Jiilich GmbH, Postfach 1913, D-5170 Jiilich, Federal Republic
of Germany

Received 22 July 1991, in final form 30 October 1991

Abstracl. Radiation-induced segregation is studied in dilute Au-1.0at.%Fe alloys after
proton irradiation at 220°C. After proton irradiation a new Mossbauer line appears with
hypertine parameters independent of the irradiation dose. This line is assigned to small
Fe complexes, which do not correspond to substitutional Fe clusters. These complexes
are sepgregated within or in the neighbourhood of sinks and seem to be repeated as
a ‘motif’, together with Fe atoms on substitutional sites of the Aw lattice, within the
segregations. Fast interstitial Fe diffusion could be the reason for the segregation. At
5 K a large hyperfine field of 35 T is found to act at these Fe complexes. This field
remains up to the temperature region of 30 XK. Both this hyperfine fieid and the transition
temperature are larger than the corresponding values for substitutional Fe atoms (21.5
and 13 K, respectively).

1. Introduction

Irradiation of alloys with fast particles not only creates defects in the material but
may also affect the phase stability [1]. One such phenomenon is radiation-induced
segregation. This process has been discussed by a number of authors, see e.g. [1-9].
However, scarcely anything is known about the atomistic deiails of radiation-induced
segregation.

The aim of the present study is to contribute to an atomistic picture of Fe segrega-
tion in proton-irradjated AuFe using Mossbauer spectroscopy on *"Fe. The particular
strength of this technique is the possibility of obtaining information about single Fe
atoms and Fe atoms in very smail complexes, too small to be studied by scattering
methods and too difficult to be identified by electron microscopy. Not oaly can
the atomic environment of Fe as single atoms (substitutionally or interstitially) or in
small clusters be deduced from the Mossbauer spectra, but the magnetism of small
Fe clusters can also be studied. Moreover, it is advantageous to combine such a
study with measurements of the electrical resistivity which provide integral informa-
tion about Fe atoms in solution. The resistivity measurements are straightforward
and a great number of data points can be taken with better resolution than by
Mgssbauer spectroscopy. By comparing the results of both methods—electrical resis-
tivity and Mossbauer spectroscopy—we expect to detive a more complete picture of

1 Present Address: Shizuoka Institute of Science and Technology, 2200-2 Toyosawa, Fukuroi 437, Japan.
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the radiation-induced segregation of Fe atoms and of the structure of the Fe atoms
in the segregations.

In the present investigation, both techniques—Mossbauer spectroscopy and clec-
trical resistivity measurements—have been applied to exactly the same samples of
Au-lat.%Fe. In some of the samples, He bubbles were produced by He implantation
followed by annealing at 600°C in order to introduce additional internal sinks for
the mobile defects. Indeed, AuFe appears to be an ideal system for the study of
radiation-induced segregation by Moéssbauer spectroscopy because:

(i) after proton irradiation at 220°C the electrical resistivity has previously been
found to decay in samples both without and with He bubbles (the decrease in the
resistivity has been interpreted as a depletion of the matrix by the segregation of Fe
atoms to sinks during irradiation [10});

(if) >"Fe can be used as a Mdssbauer probe and the resistivity contribution pg, of
Fe in Au is very large;

(iif) the Mossbauer parameters, i.e. isomer shifts, and guadrupole splittings for
the substitutional and interstitial Fe atom, as well as for different small clusters are
well known [11-13],

{iv) the thermal equilibrium state of Au-Fe has been intensively studied using
high-temperature Massbauer spectroscopy combined with small angle x-ray scattering
[12].

This study will be followed by small angle x-ray scattering and TEM at the same
specimens [14].

2, Experimental procedure

Specimens with an Fe concentration of 1.0 at.% werc prepared by electron-beam
melting under ultra-high vacuum (10~® mbar). The starting materials werc 99.999%
pure Au and 99% pure Fe (90% enriched in 7Fe). Before alloying, pure Fe had
been electron-beam melted for purification. The same starting materials had been
used in the earlier MoOssbauer study of Au-Fe alloys at high temperatures [12]. Foils
with a thickness of 3 um were obtained by cold rolling and were cut into pieces of
5 mm x 5 mm. For measurements of elcctrical resistivity four leads were attached to
the foils,

In order to introduce He bubbles into the specimens «-particles were implanted
at 55°C by a 40 MeV cyclotron at Ispra in Italy. Thin Al foils of different thicknesses
were placed in front of the specimen to vary the particle energy between 0 and
5.4 MeV in order to obtain a homogeneous distribution of implanted particles, The
total concentration of He atoms was 1500 ppm. He bubbles were formed by annealing
the specimens at 600°C after the He implantation.

Proton irradiations were performed at 220°C by a tandem accelerator at KFA
Jilich. The irradjation temperature was chosen following earlier work [10] to obtain
the maximum segregation efficiency. The proton encrgy was 2.3 MeV. The typical
irradiation rate and the maximum proton dose were 2.2 x 10' cm~? s~! and 1.3 x
10%% cm~2, respectively. Experimental details about both the He implantation and
proton irradiation have already been reported [10).

In order 10 monitor the segregation of Fe atoms in Au, the electrical resistivity
was measured at 4.2 K following every experimental step.
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After measuring the resistivity, Méssbauer measurements were performed. If not
particularly mentioned, the measuring temperature was room temperature (290(3) K).
Measurements at low temperatures between 5 and 300 K were performed by using
a He-flow cryostat. A Mossbauer source of 57 Co-in-Rh with about 50 mCi was used
for measurements with transmission geometry.

3. Results and assignment of Mdssbauer lines

3.1. Mdssbauer specira after He implantation and proton irradiation

Figure 1 shows Mossbauer spectra of Au-1.0at.9%cFe measured at room temperature,
namely (a) after annealing at 600°C, (b) after He implantation, (c) after irradiating
an annealed sample without He bubbles up to .18 dpa (ie., Frenkel defects per
atom), {(d} after proton irradiation of a sample with He bubbles to 0.23 dpa. The
spectrum (a) consists of two components, a single Lorentzian and a smail doublet.
The isomer shifts and the quadrupole splittings for both components agree well with
former results on annealed ailoys {11, 12]. The fit parameters are summarized in
table 1. The single line corresponds to isolated Fe atoms on substitutional sites
and the doublet arises from Fe atoms adjacent to one other Fe atom at a nearest-
neighbour site {11, 12]. Henceforth we call the first component a monomer and the
Iatter a dimer.

Table 1. Mdssbaver fit parameters.

Components Isomer shift Quadrupole splitting  Magn, splitting at S K = FwHM
§ (mm s~y  AE; (mmsT!) Hue (T) T (mm s™1)
Monomer 0.64(1) 0.00(~—) 21.5(5) 0.28(2)
Dimer 0.58(2) 0.73(1) — 0.25(3)
Defect line .
(Fe complexy  0.12¢2) 0.32(3) 35.0(5) 0.35 to 0.45(5)*

* The linewidths are different in different specimens.

The fractiont of iron atoms corresponding to the dimer component is 0.07(1)
(table 2), i.e. smaller than that expected from a random distribution of Fe atoms,
0.11. This suggests the existence of short-range order of the Fe atoms in the Au
matrix, in agreement with the results of high-temperature Mossbauer experiments
[12].

After He implantation at 35 °C with a dose of 1500 ppm He, a new doublet at the
left-hand side of the monomer line appeared in the spectrum (figure 1(b)) in addition
t0o the monomer and dimer lines. The fractions for thie monomer, dimer and new
doublet are 0.65(2), 0.27(3) and 0.08(3), respectively (table 2). The new doublet has
a more negative isomer shift relative to the other lines (related to a higher s-electron
density) and a relatively large quadrupole splitting of 0.32 mm s~! (table 1). The
origin of this component will be deduced from the results of the proton irradiation;
in the present section we call it the defect line. The f{raction of the dimer doublet

1 For the Mossbauer data the temperature dependence of the rescnance intensities of all components
follows the usual Debye behaviour in all our AuFe specimens. This implies that the Mossbauer fraction
is identical to the number fraction of Fe atoms.
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Figure 1. Room temperature Mdssbaver spectra of Au-1.0 av%Fe: (a) annealed at
600 °C; (b) after He implantation at 50°C; (c) after proton irradiation at 220 °C without
the bubbles up io 0.18 dpa (Frenkel defects per atom); (d) with He bubbles, formed by
annealing at 600°C after He implantation at 50°C, and subsequent proton irradiation at
220°C to 0.23 dpa. The single curve corresponds to monomers, the dotted doublet to
dimers and the hatched doublet to the defect line.

Table 2. Fractions.

Fractions
p-dose  Fluence — . S
Specimen (dpa) {(dpa s~'}  Monomer  Dimer Fe complex -Apfp
Annealed at 600°C - = 0.93(1) 0071y  060(—) 000
He-implanted at 55°C  — — = 065(2) 027(3)  0.08(3) 033
p-irradiated .18 30x107%  0.66(3) 0.40(2)  0.24(1) 0.49
p-irradiated 0.23 22x10-%  047(2) 011¢2) 0421 039

{with He bubbles)

* 1 dpa (Frenkel defects per atom) corresponds to 7.3 x 10'* p em—2, The errors
were oblained from a least-squares fitting using (hree components, namely monomer,
dimer and Fe complex lines. A possible error due to neglecting small components in
the spectrum is not included.

increased strongly after the implantation (cf figures 1(a) and (b)), whereas its isomer
shift and quadrupole spiitting did not change within the fitting errors.
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In order to produce He bubbles, the He-implanted specimen was annealed at
600°C for 1 h. After the annealing the Mossbauer spectrum showed the same profile
as in figure 1¢a), indicating that all Fe defects had re-dissolved and had returned into
solution,

Finally, specimens without and with He bubbles were irradiated at 220°C by
protons with an energy of 2.3 MeV. The Mdssbauer spectra for the specimens without
and with He bubbles are presented in figures 1(c) and (d), respectively. Both spectra
can be well analysed using three components: the monomer, dimer and defect lines
with fractions of 0.66(3), 0.10(2) and 0.24(1) for the specimen without He bubbles
(figure 1(c) and table 2} and 0.47(2), 0.11(2) and 0.42(1) for the specimen with He
bubbles (figure 1(d) and table 2), respectively. The hyperfine parameters (isomer shift
and quadrupole splitting) of the defect line for both spectra are the same as in the case
of the He implantation before proton irradiation (figure 1(b)). The Mdssbauer fitting
parameters for the monomer, dimer and defect lines are summarized in table 1. In all
spectra the linewidths of the defect line are broader than those of the monomer and
dimer lines. This suggests a considerable perturbation from the environment which
may differ in different specimens.

o
o
o
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trimer

(mm/s)
O
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o

., (menoclayer)}

0,40 "defect lin
40T
(interstitial)d{

i;'q" (quedrumer)
0.20 1
y—Fe
0.00 g&~Fe rmonorer
0.00 0.50
& (mm/s)

Figure 2. Correlation between quadrupole splittings and isomer shifts for differemt Fe
complexes in Aw: squares, earlier work [11-13, 15, 16]; circles, present results.

3.2, Interpretation of the defect line

In order to identify the nature of the defect line appearing in all spectra after irra-
diation, we show in figure 2 its Mossbauer parameters together with those for small
substitutional Fe clusters such as monomer, dimer, trimer, quadrumer, ~-Fe (FCC),
and o-Fe (BCC). The quadrupole splittings, A E, for different Fe clusters in Av are
plotted as a function of the isomer shifts, § Each point in the plane of figure 2
corresponds to a certain Fe configuration in Au, yielding a different set of hyperfine
parameters (isomer shift and quadrupole splitting). The data for the different points
in figure 2 are taken from earlier results [11, 12, 15]. The lines between points are
only drawn to show a tendency, ie. 10 indicate how the point moves in the AE -6
plane when an Fe cluster grows in the Au matrix.

The simplest interpretation for the defect line would be that it originates from
substitutional Fe clusters growing during irradiation. Tb test this hypothesis, we
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Figure 3. (@) Room temperature Mossbauer spectra of Au-1.0at.%Fe without He bubbles
after proton irradiations with different proton doses. The full spectrum at the bottom is
shown only for the specimen with the highest dose corresponding to (.18 dpa. The other
spectra were obtained by subtracting the monomer component from the full spectra,
The areas under the Massbauer lines are as in figure 1. (b) Fractions of defect line as
a function of proton dose, The circles correspond to the specimen without He bubbles
and the triangle to the specimen with He bubbles (0.23 dpa). The full curve is a guide
1o the eye.

Table 3. Proton dose dependence of fraction.

Fractions
p-dose Fluence . porrera P
dpa {x10~% dpa s~')  Monomer  Dimer Fe complex  ~Ap/p
0011 16 0.90(1) 0071y 003 004
0045 19 0.84(1) 0.06(1)  0.10(1) 0.26
0063 13 0.78(1) 010(1)  0.12(1) 034
0086 L6 0.69(2) 013(1)  0.18(3) 0.43
018 30 0.66(3) 0.102)  0.24(1) 0.49

have irradiated the Au-1.0at.%Fe specimens without He bubbles with proton doses
between 0.011 and 0.18 dpa (table 3). The Mdssbauer spectra, which were obtained
by subtracting the monomer component from the total spectra, are shown for the
different proton doses in figure 3(q). The fractions for the defect line are presented
in figure 3(b) as a function of the proton doses. It is clearly seen that the fraction
of the defect line increases monotonically with increasing proton dose. However
the isomer shifts and the quadrupole splittings do not change at all as can be seen
in figure 3(a). If the defect linc was due to growing substitutional Fe clusters (e.g.
during a homogeneous nucleation process), the lines for the smaller clusters (trimer,
quadrumer, etc) would appear first in the spectra, ie. for small proton doses, and
the further development of the Fe clusters could be followed in different spectra.
However, no indication for such a development via intermediate states is observed in
the spectra after increasing proton doses. Therefore we conclude that the defect line
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does not originate from Fe clusters on substitutional sites.

We further plotted in figure 2 the values for an Fe monolayer in Au synthesized
by Hosoito e al [16] through aiternate deposition of Fe and Au, which has hyperfine
parameters which are quite different from the defect line. We do not know the
Mussbauer parameters for an Fe vacancy complex, which would possibly appear in
the present investigation. The corresponding line has been sought by Nasu et a/ [17,
18] after quenching Au-*?Co(57Fe), but has not yet been found even though clear
recovery stages in both positron lifetime and electric resistivity have been observed
during isochronal annealing experiments. Nasu and his co-workers concluded that
the Mdssbauer parameters for the Fe vacancy complex are not significantly different
from those for monomer Fe in Au. We conclude therefore that the defect line neither
originates from an Fe monolayer nor from an Fe vacancy complex.

The point in figure 2, which is closest to the hyperfine parameters of the defect
line, finaily corresponds to a line tentatively assigned to interstitial Fe, which has been
found by in-beam Mossbauer spectroscopy {13], an implantation technique combining
Coulomb excitation with recoil implantation. As the presence of iron at interstitial
sites, surrounded by gold atoms only, is extremely unlikely at room temperature
(where the Mo0ssbauer measurements were performed), interstitial iron cannot be
the origin of the defect line which has to correspond, therefore, to an unknown Fe
complex. The structural pattern of this complex must be repeated as a ‘motif’ in
regions of the sample where segregation takes place. We conclude this from the fact
that the amount of defect lines increases with proton dose, whereas the hyperfine
parameters do not change (figure 3). Alternatively, one could also interpret the
defect line as the signature of a new (radiation-induced) Au-Fe phase corresponding
to a periodic repetition of the ‘motif’. Radiation-induced metastable phases have
been observed, e.g. in proton-irradiated palladium-rich Pd-W alloys [19]. It is not
possible, on the basis of our Mdssbauer experiment, to decide between these two
interpretations because they correspond to either a random or a periodic repetition
of the ‘motif”.

Moreover, the He bubbles do not appear to act as dominant sinks for Fe atoms
because the same Mossbauer defect line is found in proton-irradiated samples with
and without He bubbles (figure 1). The increase in the fraction of the defect line for
the sample containing helium bubbles appears to arise only from the higher proton
dose (figure 3(b)). The conclusion from this observation must be that the defects
induced by proton irradiation, like cascades, act more effectively as sinks than the He
bubbles.

3.3. Annealing experiments

Figure 4(a) shows the Mossbauer spectra of Au-1.0at.%Fe without He bubbles after
proton irradiation, after annealing at 283 and 330°C. In figure 4(b) analogous spectra
of samples with He bubbles are shown. After annealing at 283°C, the defect line
nearly disappeared in specimens both without and with He bubbles, while the res-
onance intensity of the total spectrum remained constant. This implies that the Fe
complexes were re-dissolved into substitutional Fe (monomers and dimers) in both
specimens. Further annealing of both specimens at 330°C finally led to spectra iden-
tical to those before proton irradiation, showing short-range order of Fe in the Au
matrix. These observations are in accordance with the resistivity measurements that
indicate the re-dissolution of the segregated Fe atoms in this temperature range (see
table 4 and [101).
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Figure 4. Room temperature Mpssbauer spectra after annealings: Au-1.0at.%Fe (a)
without He bubbles, and (&) with He bubbles. The areas under the Mossbauer lines are
as in figure 1,

Table 4. Fractions after annealings.

Fractions

p-dose  Fluence e :
Specimen dpa (x10~% dpa s~} Monomer Dimer Fe complex -Ap/p
Without He bubbles ) h
As irradiated 0.18 3.0 0.66(3) 0.102)  024(1) 0.49
Annealed at 275°C  0.18 30 0.72(1) 0.14(1)  0.14(2) 0.40
Ancaled at 336°C 018 3.0 0.92(1) 0.08(1)  0.00(-) 0.06
With He bubbles
As irradiated 023 22 0.47(2) 0.11(2)  04%(D) 0.39
Annealed at 283°C 023 22 0.65(2) 0.23(1) 0.08(2) 0.22
Annealed at 330°C  0.23 22 0.93(1) 0.071y 0.00(—) 0.06

It appears noteworthy that the fraction of the dimers in both spectra (figure 4(a)
and (b}) increased during the annealing at 283°C (table 4). Such an additional
formation of dimers is in striking contrast to the tendency for short-range order in
Au-Fe at high temperatures [11, 12]. An explanation of this discrepancy would be that
during re-dissolution of the segregated Fe, the iron concentration on substitutional
sites and, therefore the dimer fraction, is temporarily increased in the vicinity of the
segregations. Only when all the Fe atoms are again equally distributed throughout the
matrix, the equilibrium state, i.e. short-range ordering, is attained (see table 4), The
re-dissolution is due to a diffusion mechanism via thermal vacancies with a diffusion
distance of Fe atoms in Au in the order of 10 A h~! at 283 °C {20], which makes this
transient effect observable in the annealing experiment.
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4. Magnetism

Low-temperature measurements were performed in order to gain more insight into
the physical nature of the Fe segregations.

0.99

a.99l -

Normalized Transmission

0.99 .-J':..u\-_ '.... .:',.r.. -,

(d) p irradiated
{with He bubbles)

0.98

-10 Q 10
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‘Figure 5. Mossbaver spectra measured at 5 K for Au-1.0at.%Fe: (2) annealed at 600 °C;
(b) He-implanted and subsequently annealed at 600°C {with He bubbles); (¢) proton-
irradiated up 1o 0.18 dpa (without He bubbles); and (4) proton-irradiated up lo .23 dpa

(with He bubbles). The hatched sextet corresponds to the component due to the Fe
complexes.

The dilute alloy AuFe is well known as a spin-glass system, i.€. magnetic moments
will be frozen below a freezing temperature, T, leading to an ordering of magnetic
moments via s-d interaction [2i]. The Moéssbauer spectra in figures 5(a) and (b) were
obtained from the samples of Au-1.0at.%Fe after annealing and after introducing He
bubbles, respectively. At 5 K, both spectra have the same six-line magnetic splitting
corresponding to a hyperfine field of 21.5 T in agreement with earlier results [22, 23].

After proton irradiation up to 0.18 and 0.23 dpa of the specimens without (fig-
ure 5(c}) and with He bubbles (figure 5(d)), respectively, the line-shapes of the
Mossbauer spectra are clearly changed. Even though the statistics are rather poor,
the computer fit unambiguously indicates the appearance of a new sextet (hatched in
figure 5) at the expense of the already present sextet. The magnetic hyperfine field of
the new component is the same for both spectra, namely 35.0(3) T. The isomer shift
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and quadrupole interaction for the new sextet correspond to the defect line observed
at room temperature (figures 1(c) and (d)); the fractions are 0.37(8) and 0.62(6) for
the specimens without and with He bubbles, respectively, somewhat higher than the
room-temperature data (0.24(1) and 0.42(1)). (The reason for this discrepancy might
be that the substitutional dimer line could not be resolved as a separate sextet be-
causc of the poor statistics of the spectra and was therefore approximated by a broad
line.)

In earlier Mossbauer experiments on Au-Fe alloys with high Fe concentrations,
large hyperfine fields have been observed at 4.2 K [24]. The very large hyperfine
ficld of 35.0 T found in the present investigation, which is even higher than for
purc Fe (33.9 T [15]), roughly corresponds to the average hyperfine field in the
spectra of Au-Fe with Fe concentrations of 30 to 40 at.% as found by Window [24].
However, Window’s spectra, taken at room temperature, showed completely different
shapes and the hyperfine paramecters were different from those of the present room
temperature spectra (figure 1). Accordingly, the very large hyperfine field cannot be
due to Fe clusters containing a high concentration of Fe atoms on substitutional sites.

Measurcments of the temperature dependence of the Mo&ssbauer spectra were
performed following the expectation that they would provide information on the
magnetic interactions between Fe atoms in the different Fe configurations. As shown
in figure 6(a}, when increasing the temperature to 13 K the spectrum of non-irradiated
Au-1.0at.%Fe containing He bubbles changed from a magnetic sextet to a single line,
corresponding to a paramagnetic state. Violet and Borg [23] found a transition
temperature of 11 K for Au-0.84 at.% Fe. The transition temperature is compatible
with our result. The second component corresponding to the dimer could not be
detected because of poor resolution due to a large velocity range.

Proton irradiation led to completely different spectra. They are shown in fig-
ure 6(b) for the temperature region between 5 and 30 K, and in figure 6(c) for
temperatures between 40 and 290 K. (Notice that the velocity range of figure 6(c) is
about a factor of 4 smaller than for figure 6(b).) Although the statistics are poor,
especially for the spectra below 30 K (figure 6(b)), it can be seen in the spectra that
the magnetic components remain up to 25-30 K (figure 6(b)). Above 30 K the spectra
can be fitted assuming a2 monomer, a dimer and a defect line as in the case of room
temperature, the width of these lincs decreasing with temperature.

The most striking difference between spectra before and after proton irradiation
is: before irradiation a sharp magnetic transition temperature T,(~ 13 K) exists,
whercas after irradiation the transition occurs over a broad temperature region. The
sharp transition is known to be due to the magnetic interaction between substitutional
Fe atoms via s-d interaction (spin glass) [21]. The broad transition might be related
to the presence of several types of magnetic interactions:

(i) the strong exchange interaction between Fe atoms inside Fe segregations;

(ii) the weak magnetic interaction between the total magnetic moments of the Fe
segregations; and

(iii) the interaction of those moments with the Fe atoms remaining dissolved in
the Au matrix.

5. Discussion

After proton irradiation of Au-1.0at.%Fe alloy at 220°C, a new Mdssbauer line
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Figure 6. Low-temperature Massbauer spectra of Au-1.0at.%Fe: (#) He implanted and
subsequently annealed at 600°C leading to the formation of He bubbles; (b} and (€)
proton-irradiated up to 0.23 dpa. Note that the velocity range of {¢) is a factor of four
smaller than that of (o) and (b). The areas under the Mossbauer lines are as in figure 1,

appeared: its resonance intensity increases with increasing dose, and the hyperfine
parameters of this line, which are similar to those of an Fe interstitial in Au, do not
depend on the irradjation dose. Therefore, in section 3.2 we assigned the new line to
an Fe complex repeated as a ‘motif’ in the Fe segregation. This can be compared with
results from complementary experiments, i.e. electrical resistivity [10] and small-angle
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x-ray scattering [14], both of which have been performed on the same specimens used
for the present Mdssbauer study.

0.60
0.50
0.40[
0.30
“0.20 +
0.10¢ é¢

Q.00 Ld

5 s =5

sp/p (%)
Figure 7. Mbssbauer fractions of Fe complexes as a function of the irradiation-induced
relative resistivity decrease. Full triangle and open triangies comrespond to specimens
with He bubbles after proton irradiation and after annealings, respectively, Full circles
are obtained from specimens without He bubbles after proton irradiations with different
doses and open circles from the specimen irradiated to (.18 dpa and subsequently
arnealed,

Electrical resistivity has been measured at every experimental step to monitor
the Fe fraction in solution in the Au matrix. The measurcments were performed at
4.2 K [10]. The results are summarized in figure 7 in comparison with the results
from the Mossbauer measurements. The fractions of the Fe complexes deduced {rom
the Mossbauer spectra are plotted as function of the relative resistivity changes. The
fractions determined by the resistivity measurement are considerably larger than those
determined by Mbssbauer spectroscopy (figure 7).

For the resistivity data the following assumptions have been made [10] in order
to deduce the Fe fraction in solid solution:

(1) the sepregated iron does not contribute to the resistivity;
(if) each iron atom on a substitutional site contributes finearly to the rcsistivity.

If segregations were composed only of the Fe complexes (seen in the Mossbauer
specira), the Mdssbauer fraction and the relative resistivity change should be equal.
Evidently this is not the case (figure 7). We conclude, therefore, that the Fe segre-
gations must also contain Fe atoms on substitutional sites (monomers and dimers)
which do not contribute to the resistivity.

Since Maossbauer spectroscopy is a short-sighted method (i.e. the hyperfine pa-
rameters are mainly determined by the nearest-neighbour atoms), the influence from
the neighbouring Fe atoms (like monomers, dimers, Fe complexes) on the hyperfine
parameters of the Fe complex in the Fe segregations does not lead to new Mossbauer
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lines, but to some line broadening instead}., The line-broadening mentioned in sec-
tion 3.1 may be caused by such different configurations in the Fe segregations.

Furthermore, the small-angle x-ray scattering [14] would offer information on the
size of each Fe segregation, which is complementary to the present Mossbauer study
concerning the constituents of the Fe segregation. The result after proton irradiation,
indeed, shows a considerable enhancement of the intensity of small-angle scattering
suggesting the formation of the Fe segregation in Au matrix. A detailed analysis will
be presented in a separate publication [14).

6. Conclusion

Proton irradiation of Au-1.0at.%Fe at 220°C induces segregation of Fe atoms, even
though substitutional Fe in Au has a tendency towards short-range ordering [12].
Mdssbauer spectroscopy and electrical resistivity provide atomistic information, both
on the Fe segregation process (namely the constituents of the segregation) and on the
Fe atoms in the Au matrix. As shown by electrical resistivity measurements, about
50% of all Fe atoms segrepgate after proton irradiation up to (.18 dpa. Comparing
these results with the Mossbauer spectroscopy data we must conciude that the segre-
gations contain the same amount (i.. 25% of the total number of Fe atoms in the
sample) of small Fe complexes and substitutional Fe atoms. The hyperfine param-
eters of the Fe complex, which are close to those of interstitial Fe in Au [13], do
not show any proton dose dependence. The Fe complex is, therefore, repeated as a
‘motif” in the Fe segregations, a fact that could also be interpreted as the appearence
of a new, metastable Au-Fe phase. Moreover, the magnetic properties of Au-Fe
are strongly influenced by the radiation-induced segregation. Indeed, the magnetic
splitting of the Mossbauer lines at low temperatures disappears more gradually and at
higher temperatures after proton irradiation. Finally, it is interesting to note that the
introduction of He bubbles as additional defect sinks did not change the Massbauer
parameters corresponding to the Fe ‘motif’, but only its amount.
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