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Defect-mediated nucleation of a-iron in Au-Fe alloys
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The low-temperature magnetic properties of Au-Fe alloys, such as spin-glass or mictomagnetic behav-
ior, are known to be dependent on thermal history and therefore on the atomic order in the sample. The
nature of this order is still controversial, and the discussion includes the presence of short-range order as
well as the precipitation of Guinier-Preston (GP) zones. It is frequently neglected in this context that
there is a miscibility gap in Au-Fe at low temperatures, where ferromagnetic a-iron should coexist with
the solid solution. The conditions for o.-iron nucleation have not been studied systematically in the
range of compositions, where spin-glass or mictomagnetic behavior appears. We have used a combina-
tion of Mossbauer spectroscopy, x-ray diff'raction, and small-angle scattering to investigate the nu-
cleation of a-iron in Auo»Feo» and Auo 75Feo», (1) This nucleation appeared to be a discontinuous
process related to the presence of a high dislocation density. (2) No homogeneous precipitation, like the
formation of GP zones, was observed. (3) All experimental results seem to be in agreement with the hy-
pothesis of a (1—0) special-point short-range ordering in the solid solution.

I. INTRODUCTION

The alloy system Au-Fe has been extensively investi-
gated for its interesting low-temperature magnetic prop-
erties known as spin-glass or mictomagnetic behavior.
Very soon it was recognized that these magnetic proper-
ties are dependent not only on the sample composition,
but also on their thermal treatment, which suggests that
the magnetism is strongly inAuenced by the atomic
short-range order (ASRO). ' Nevertheless, there were
only a few attempts to elucidate the ASRO in this system.
Measurements of diffuse x-ray scattering by Dartyge,
Bouchiat, and Monod of Aup 8,Fep J9 showed a diffuse
maximum at the (1—,'0) reciprocal lattice point and
streaks in (210) directions. This was interpreted in
terms of an ASRO consisting of Fe-rich plates oriented
along (420) lattice planes, a result confirmed later with
the use of neutron scattering and synchrotron radia-
tion. ' On the other hand, Mossbauer spectroscopy mea-
surements of quenched samples as well as recent high-
temperature Mossbauer experiments for Au, Fe with
1 & x & 15 at. %,' revealed a negative first ASRQ param-
eter. This led to the conclusion that the ASRQ might be
a (1—,'0) special-point ordering, " consisting of a succes-
sion of iron-rich and iron-poor (420) planes. Alternative-
ly, based mainly on investigations by electron micros-
copy ' ' and small-angle scattering, the formation of
Fe precipitates similar to GP zones was proposed for
Au, Fe„with 11&x &35 at. %.

A fact that is frequently overlooked in this context is
the existence of a miscibility gap at higher Fe concentra-
tions, where the thermodynamic equilibrium corresponds
to a mixture of o.-iron and Au-Fe solid solution. ' ' This
is the more important for the discussion of the ASRO, as
some of the investigations were carried out with samples
treated thermally at temperatures within the miscibility
gap, ' while others concern the stable solid solution. '

It would indeed be extremely surprising to find similar
states of atomic order in both cases. For Au& Fe with
higher Fe concentrations (x )0.3), the nucleation of a
iron is well known' ' to occur discontinuously at lat-
tice defects like dislocations or grain boundaries, giving
rise to lamellar or Widmanstatten-type microstructures, '

i.e., interconnected plates of various thicknesses. For
smaller Fe concentrations a-iron nucleation was observed
for rolled samples, ' whereas for well-homogenized sam-
ples of Aup 85Fep» no traces of a-iron were found. '

The aim of this work is to clarify the conditions for the
nucleation of o.'-iron, especially in the concentration
range below x =0.25, where the ASRQ-dependent mag-
netic properties are found. Using the combination of
Mossbauer spectroscopy, wide-angle x-ray diffraction,
and small-angle scattering, samples of Aup 85Fep &5 and
Aup 75Fep 25 are studied to determine the miscibility gap
in the region of small iron concentrations, as well as to
get more information on the mechanism of decomposi-
tion of Au-Fe within this miscibility gap.

II. KXPKRIMKNT

Specimens of Aup 85Fep» were prepared by electron-
beam melting under ultrahigh vacuum ( ( 10 Pa) using
A.u with 99.9999% and Fe with 99.9% purity (enriched
to 95% ' Fe). This alloy was used as starting material for
the Production of Aup 75Fep z5 by addition of natural iron.
After the electron-beam melting, the samples of
Aup 85Fep» and Aup 75Fep z5 were cold rolled to a thick-
ness of 3 and 6 pm, respectively.

Direct-current heating was used for the thermal treat-
ments of each sample by fixing it onto a molybdenum foil
connecting two water-cooled copper electrodes in a vacu-
um better than 5 X 10 Pa. The setup allowed reason-
ably short cooling times (less than 1 min from 900 to
150 C) within high vacuum. The annealing temperatures
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were stable within +3'C. The absolute temperature was
controlled to +10'C.

The Mossbauer-spectroscopy measurements were per-
formed at room temperature using a 20 mCi Co in Rh
standard source with a full width at half maximum of
0.12 mm/s.

Wide-angle x-ray-diffraction measurements were per-
formed with a conventional two-circle diffractometer
operated with Cu Ka. radiation from a 12-kW rotating-
anode x-ray generator.

For the small-angle x-ray scattering (SAXS) measure-
ments we used a point-focus camera and Cu I| a radiation
provided by the same 12-kW x-ray generator. The data
were collected using a linear position-sensitive detector.
Scattering vectors k = (47r/A, )sin(6/2) (X= 1.542 A:
wavelength of the incident x-ray beam, 0: scattering an-
gle) from 0.02 to 0.15 A ' were accessible. Data were
corrected for absorption (determined by measuring the
reduction of the scattering from a glassy carbon standard
after placing the sample into the primary beam) as well as
for electronic background and parasitic scattering from
the pinholes. Some of the samples were also measured at
the synchrotron beamline JUSIFA in Hamburg with
X=1.78 A, which corresponds to a wavelength of the in-
cident x-ray beam just above the absorption edge of iron.
Comparison of these measurements with those using Cu
Ko. radiation allowed the estimation of the background
due to Fe fluorescence. This background appeared to be
small but, nevertheless, all SAXS data collected with Cu
Ko. radiation were corrected for Fe fiuorescence.
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FIG. 1. Mossbauer spectra measured for (a) an as-rolled sam-
ple of Au075Feo» and after an anneal of the rolled sample at
250'C for (b) 1 day and (c) 10 days.

III. RESULTS

A. Mossbauer spectroscopy

Mossbauer spectra were recorded after the various
thermal treatments summarized in Table I. As an exam-
ple the time evolution of the Mossbauer spectrum of
Au075Feo 25 annealed at 250 C after rolling is shown in

Fig. 1. The spectra for the as-rolled samples of
Auo 75Feo 25 [Fig. 1(a)] and Auo s5Feo» show the presence
of iron within the Au-Fe solid solution. It has already
been demonstrated in earlier studies ' that such spectra
can be analyzed using a superposition of several lines

TABLE I. Summary of the results obtained by Mossbauer spectroscopy (F, with an uncertainty of =0.02) and by x-ray
diFraction {F,with an uncertainty of =0.05) for the fraction of iron atoms present as a-Fe. x, is the concentration of iron atoms
inside Au-Fe solid solution in equilibrium with a-Fe (Sec. III B).

Average Fe
Composition x

(at. %)

Thermal treatment
Initial state Temperature

(C)
Time

(d)

FM

Eq. (2)
{%)

FD

Eq. (5)
(%)

P
Eq. (6)

Equilibrium Fe
Composition x,

(at. %)

25 Rolled

Recrystallized

250
250
340

340
420

1

10
2

0
15
39
36
0
2
2

0
13
34
30

0
0.23
1.14
1.50

12
12
15

15 Rolled

Recrystallized

250
250

250
250

0
8

12
0
0
0
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originating from different nearest-neighbor environments
of the Fe-probe atoms.

These as-rolled samples were then subjected to various
thermal treatments inside and outside the miscibility
gap.

(1) During anneals below 200 C no change at all was
observed in the Mossbauer spectra, even after one week,
whereas above this temperature the line shapes changed
significantly. ' ' The temperature range around 200'C
therefore corresponds to the freezing in of Fe mobility in
the Au-Fe alloy.

(2) A treatment at high temperatures (outside the mis-
cibility gap) changes the line shapes, but Fe remains in
solid solution. An analysis of the lines in terms of
different environments of the Mossbauer probe atoms was
carried out in a previous study. ' Therein changes in the
line shapes from the as-rolled to the annealed state were
attributed to short-range ordering of the alloy.

(3) According to the phase diagram' ' ' of Au-Fe,
below =500 'C for Aup 75Fep 25 and = 300 'C for
Aup 85Fep, s n-Fe should coexist with the solid solution.

When a cold-rolled sample is annealed in the intermediate
temperature range inside the miscibility gap (i.e., between
200 and 500 C for Aup 7sFep 2s or between 200 and 300 C
for Auo s,Feo»), after only one day there is the appear-
ance of a six-line spectrum, corresponding to ferromag-
netic n-iron precipitates in addition to the Mossbauer
line from the solid solution [see Fig. 1(b)]. Such results
were also obtained by Whittle, Cywinski, and Clark, ' for
samples of Au8pFe2p, treated in a similar way. If, howev-
er, a sample of Auo s5Feo» is erst homogenized for
several days at 900'C, there is no formation of a-Fe even
after an anneal of one week in the temperature range be-
tween 200 and 300'C. ' The nucleation of o.-iron in
Aup ~5Fep» can, therefore, be completely suppressed by a
long-term high-temperature treatment. A strong, al-
though not complete, suppression of a-Fe nucleation by a
high-temperature treatment is also found for Aup 75Fep 25
(see Table I). This suggests that the limiting factor for a-
Fe nucleation is the dislocation density. Reducing the
amount of dislocations and grain boundaries by recrystal-
lizing treatments leads to suppression of the precipita-
tion.

In order to get a quantitative evaluation of the amount
of n-Fe formed in samples with high dislocation densities,
we use the fact that the fractions of iron atoms present in
ferromagnetic n-Fe (F ) and in the paramagnetic Au-Fe
solid solution (F~ ) are given by

FM gg gf DW

F' =A, A /f s

where 3 and 2 are the areas below the Mossbauer
lines corresponding to o;-Fe and the paramagnetic phase,
respectively, and f and f~ are the corresponding
Debye-Wailer factors. A, is a normalization constant,
defined in such a way that F +Fz = 1, and therefore,

DW
FM (2)fDW+g fDW

To get an estimate for Debye-Wailer factors f, we use
the Debye model in the form

fDW
2

3E 1 T O~T ydy
mc2kBO 4 0 0 ey —1

(3)

B. X-ray diffraction

X-ray diffraction patterns were recorded for samples in
the rolled state and after various thermal treatments.
Typical line shapes for the (331) and (420) Bragg
reAexions from the as-rolled sample of Aup 75Fep 25 are
shown in Fig. 2(a). From the initial information gathered
by diffractometer measurements, it is possible to obtain
the average iron content of the Au-Fe alloys from the
composition dependence of the Au-Fe lattice parame-
ter. ' The iron concentrations determined by this
method agree up to + l%%uo with the nominal compositions.
The peaks for Auo75Feo25 [Fig. 2(a)] are very broad
(about 1.5' full width at half maximum) due to the enor-
mous amount of distortions introduced by the rolling
procedure. Indeed, after a recyrstallization treatment
above 700'C the peak width is reduced to =0.4, which
corresponds to the resolution of the diffractometer setup.
Further thermal treatments of recrystallized samples did
not further change the shape of the diffractometer pat-
terns significantly.

In agreement with the Mossbauer measurements, a
drastic change in the line shapes occurs when an as-rolled
Sample of Aup 75Fep 25 is annealed between 200 and SOO 'C
without a preceding recyrstallization treatment. This is
shown in Figs. 2(b) and 2(c) where the development of a
second family of Bragg peaks can be seen, resulting final-
ly in a splitting of all refiexions [Fig. 2(c)]. Like the origi-
nal solid solution, the new family of Bragg reAexions also
corresponds to a face-centered-cubic structure but with a
larger lattice parameter, indicating a smaller iron con-
tent. This depletion of iron within a part of the fcc ma-
trix occurs simultaneously with the formation of o,-Fe as
detected by Mossbauer-effect measurements (Fig. 1 and
Table I).

where E is the resonant absorption energy (14.4 keV), m
the mass of the absorber nucleus ( Fe), c the velocity of
light, kB the Boltzmann constant, T the temperature
(=293 K), and 8 the Debye temperature. For a-Fe we
take 8=470 K, ' which yields f =0.83 at room tem-
perature, in good agreement with the work of Kovats and
Walker. The Debye temperature for Fe in the Au-Fe
solid solution may be estimated from the temperature
dependence of the Mossbauer resonance fraction. Using
the data published in Ref. [10] (Fig. 5 therein), we find
0=280 K for Aup 85Fep» at room temperature, yielding
f =0.59. Extrapolating the concentration dependence
of the Debye-Wailer factor [Fig. 5(a) in Ref. 10], we esti-
mate 0=300 K for Aup 75Fep 25 at room temperature,
which means f =0.63. Using these values and Eq. (2),
the fractions F of iron atoms present in the samples as
o.-Fe were determined. The results are given in Table I.
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The most striking result, however, is the fact that the
Bragg peaks are not shifting continuously when the ma-
trix is depleted of iron but rather split into two families.
After ten days at 250'C [Fig. 2(c)] there are still large re-
gions of the sample with the original composition coexist-
ing with regions of much lower iron content. This means
that the formation of a iron cannot be a process occur-
ring homogeneously in the sample. Whereas in some re-
gions the nucleation barrier is obviously too high for the
formation of n-Fe, it must be considerably lowered in
other regions, probably due to the presence of defects. A
discontinuous change of the lattice constant has also been
observed for concentrated Au-Fe alloys (with iron con-
tent between 30 and 50 at. %) annealed inside the misci-
bility gap. ' Electron microscopy pictures showed in
these cases the discontinuous precipitation of o.-Fe at
dislocations or grain boundaries forming a lamellar struc-

ture or families of interconnected plates of various sizes,
known as Widmannstatten patterns. '

In order to get a more quantitative evaluation of the
iron content in the two sample regions, we have fitted the
diffraction patterns assuming constant background and
two families of Bragg peaks with Gaussian line shapes,
corresponding to two fcc phases with different lattice pa-
rameters. The full lines in Fig. 2 show the best fit (using a
standard least-squares procedure) under these assump-
tions. For Auo 75Feo z~ annealed at 250'C, the two result-
ing lattice parameters are independent of annealing time
and equal to 4.008 and 4.047 A, corresponding to 25+1
and 12+1 at. % iron in gold, respectively. The enormous
change between Figs. 2(b) and 2(c) is only due to changes
in the relative amounts of the two fcc phases, their corn-
positions being fixed in time. Qne of the phases is the
original solid solution, where no o.-Fe was formed due to
the lack of nucleation centers. As the composition of the
other fcc phase is also constant in time, we assume that
the iron concentration in this phase, x„corresponds to
the solid solution in equilibrium with a-Fe. The values
for x, are given in Table I for 250 and 340'C.

In spite of the significant amount of a-Fe, as detected
by means of Mossbauer spectroscopy (Fig. 1) in the same
samples, no Bragg rejections from the o.-iron precipitates
could be resolved in the present diffractometer measure-
ments, probably because the iron precipitates were too
small to give well-defined Bragg peaks. Nevertheless, the
amount of a-Fe may be estimated indirectly from the
number of Fe atoms that left the fcc phase. Indeed, cal-
ling N the total number of atoms in the sample, and N,
N„and N the number of atoms in the two fcc phases
(with Fe concentrations x and x„respectively) and out-
side the fcc phases, one can write the conservation laws
for iron and gold atoms, respectively,
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The ratio p=N, /N may, finally, be estimated from the
areas B, and B below the equivalent Bragg peaks from
the two fcc phases
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FIG. 2. Wide-angle x-ray spectra for (a) an as-rolled sample
of Auo 7Feo» and after an anneal of the rolled sample at 250 C
for (b) 1 day and (c) 10 days, in the region of the (331) and (420)
Bragg peaks. The arrows indicate the position of the Bragg
peaks for a fcc lattice with a lattice constant of 4.008 A (No. 1)
and of 4.047 A (No. 2). The full line corresponds to a 6nite of
the data with the assumption of a Gaussian line shape for the
Bragg peaks (see text).

where Z designates the electron number.
Where the amount of iron depletion was large enough

to give a measurable effect in the Bragg peaks, p and F
were determined and reported in Table I. It appears that
the value of the fraction I' (determined by x-ray
diff'raction) of iron atoms that left the fcc solid solution is,
within the experimental errors, equal to the fraction F
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(determined by Mossbauer spectroscopy) of iron atoms
present in the sample as a-Fe. This indicates that no oth-
er Fe-rich phase, besides a-Fe, has formed in this sample.

C. Small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) patterns were ob-
tained for all Au-Fe samples, both Auo 75Feo 25 and
Auo 85Feo». The scattering for the as-rolled samples is
(after correction of fluorescence) not completely liat
below k =0.05 A ' [stars in Figs. 3(a) and 3(b)], as would
be expected for a perfectly homogeneous sample. The
SAXS curve remains unchanged, however, by a recyr-
stallization and homogenization treatment at high tem-
perature. This indicates that the small SAXS signal for
the as-rolled sample is mainly due to contributions from
the macroscopic surface rather than from precipitates.

A large SAXS signal is, on the other hand, found to de-
velop [open symbols in Figs. 3(a) and 3(b)], if an as rolled-
sample is annealed in a temperature interval between 200
and 300'C for Auo 85Feo &5 or between 200 and 500 C for
Auo 75Feo 25. These temperature intervals correspond ex-
actly to those where the discontinuous precipitation of
a-iron was found by Mossbauer spectroscopy (Sec. III A)
and wide-angle diffraction (Sec. III B). For Auo s~Feo»,
this increase of SAXS during annealing between 200 and
300'C is totally suppressed in a recrystallized sample [Fig.
3(a), full squares]. For Auo 75Feo 25, the increase is
strongly reduced [Fig. 3(b), full circles]. This again
rejects the fact that the nucleation of a-Fe is connected
to the presence of high dislocation density (see Secs. III A
and III B).

Additional information on the morphology of the a-
iron precipitates may be obtained from the shape of the
SAXS curves. In Fig. 3 these curves (open symbols) are
almost straight lines in a double-logarithmic scale, with a
slope close to 3.5. This is extremely different from the
scattering functions usually observed from homogeneous-

ly distributed precipitates, such as Guinier-Preston (GP)
zones. Such scattering functions usually exhibit a max-
imum due to interference effects between the precipitates
or, if the distance between precipitates is too large to give
rise to interference effects, the SAXS curve has a Gauss-
ian shape at small values of k. A linear region should
then appear in the small-k region of the Guinier plot (log-
arithm of intensity versus scattering vector squared), with
the slope s being related to the radius of gyration R of
the scattering objects by s =R /3. The Guinier plot of
the SAXS data from a sample of Auo 75Feo 25 rolled and
then annealed for 2 days at 340'C is shown in Fig. 4.
These data are almost identical with the results published
recently for a similar alloy and thermal treatment, where
the SAXS intensity was interpreted as evidence for the
presence of GP zones. In the present study, however, we
find the appearance of this SAXS signal to be due to a
massive heterogeneous nucleation of a-iron (see Table I).
Moreover, the shape of the SAXS curve itself does not
favor an interpretation in terms of small GP zones.
Indeed, the slope of the Guinier plot (Fig. 4) is steadily
increasing towards small k. For the smallest k accessible
to our experiment, the slope (full line in Fig. 4) corre-
sponds to a radius of gyration of =220 A. If the SAXS
signal was due to isolated precipitates, their radius of
gyration would have to be larger than this value, i.e.,
much too large to account for the strain contrasts ob-
served in electron microscopic studies.

On the other hand, it is known from detailed studies of
concentrated Au-Fe alloys' ' (with Fe compositions be-
tween 30 and 50 at. %) that a-iron nucleates at grain
boundaries or dislocations with a lamellar or with a
Widmanstatten structure. This last structure consists of
interconnected plates of different sizes and has a self-
similar character, in the sense that similar morphologies
can be seen in the microscope when the magnification is
changed. It is well known that self-similar structures
give rise to straight SAXS curves, when they are
represented on double-logarithmic scales. This is exactly
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FIG. 3. SAXS patterns for (a) Auo»Feo» and (b) Auo 75Feo», where + means the as-rolled samples, and R annealed for 6 days
at 250'C, and 0 and ~ samples annealed for 2 days at 340'C. The annealing was performed with rolled samples (open symbols) or
after a recyrstallization treatment (full symbols). The lines are drawn to show a slope of 3.5, and the arrow indicates the k value,
where the slope is changing over to 4.
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FIG. 6. Time-dependence of the fraction I' of iron atoms
precipitated as a-Fe from 0: the SAXS measurements (normal-
ized so that for to=10 days, I' =0.365), O: the Mossbauer
measurements, and, 0: the wide-angle difFraction measure-
ments, plotted in double-logarithmic scales. The full line shows
a slope of 1/2.
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what we find for the a-Fe precipitates in Au-Fe (Fig. 3).
Within the k range of the measurement, the slope is close
to 3.5, which would indicate that the self-similar struc-
ture corresponds to a surface fractal with a dimension
2.5. " Of course, this has to be taken with some caution
because the data do not extend over much more than a

0
factor 5 in k. Moreover, for k )0.08 A ' [arrow in Fig.
3(b)), the curve starts to be steeper with a slope close to 4,
in agreement with Porod's law. This indicates that the
fractal self-similarity of the surface breaks down at dis-
tances smaller than 2'/k =80 A and behaves then like
for an ordinary surface, perhaps because the elementary
unit of the "fractal" Fe precipitates structure has a size
of about this value.

Furthermore, some information about the kinetics of
the nucleation process may be obtained from Fig. 5, where

the temporal evolution of the SAXS patterns from a
rolled sample of AuQ 75FeQ 25 annealed at 250'C is shown.
The slope of the SAXS curve in the double-logarithmic
scale is 3.5 and does not change very much during time,
whereas the total intensity is increasing. As the integral
intensity below the SAXS curve is proportional to the to-
tal amount of scatterers in the precipitates (that is the
amount of Fe present as a-Fe), the increase in SAXS in-
tensity rejects the increase in the amount of a-Fe.
Therefore, the relative increase of the a-Fe fraction I
may be estimated directly from the vertical shift of the
double-logarithmic representation of the SAXS intensity
(Fig. 5). Unlike the case of Mossbauer spectroscopy and
wide-angle diffraction, where an absolute value of this
fraction was determined, the SAXS results had to be nor-
malized. This was done using the results of Mossbauer
measurements and Bragg scattering at tQ

= 10 days by set-
ting

F (t~)=[F (t~)+F (to)]/2=0. 365.
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The value of F (t) was then determined at all t and plot-
ted for AuQ 75FeQ 25 annealed after rolling at 250 C in Fig.
6, together with the values F (t) and F (t) from the
other experimental methods. An excellent agreement is
obtained for the a-Fe fraction at 1 day. This is an indica-
tion for the fact that the SAXS signal from this sample is,
indeed, almost entirely due to o,'-Fe precipitates. Al-
though a systematic study of the growth kinetics was
beyond the aim of this work, it may be noted finally that
in the particular case of AuQ 75FeQ25 annealed at 250'C
after rolling (Fig. 6), the increase of the fraction F is
consistent with a dependence of the form F (t) ~ ~t.

FIG. 5. Temporal evolution of the SAXS intensity I (k) dur-
ing the anneal at 250 C of a rolled sample of Au085Feo ~5.

means the as-rolled state and the annealing time (in days) is
1, ~: 2, o: 4, ~: 7, and 0: 10. The full line shows a slope of
3.5.

IV. DISCUSSION AND CONCLUSION

The results of the investigation of a-Fe nucleation in
AuQ 85FeQ &5 and AuQ 75FeQ 25 by Mossbauer spectroscopy,
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high dislocation density (0: Ref. 9, : this work). Shaded area:
no iron mobility.

x-ray diffraction, and small-angle scattering may be sum-
marized as follows.

(I) Below 200'C there is no mobility of iron atoms.
(2) For Auo 7sFeo z5 there is nucleation of a-iron when

an as-rolled sample is annealed between 200 and 500 C.
This nucleation is strongly (although not completely)
suppressed by a recrystallization treatment (above
=700 C) preceding the anneal. For annealing tempera-
tures above 500'C there is no nucleation of u-iron, even
for as-rolled samples, indicating that the solid solution is
stable.

(3) For Auo s5Feo» there is nucleation of a-iron when
an as-rolled sample is annealed between 200 and 300'C.
This nucleation is entirely suppressed by a recyrstalliza-
tion treatment of the rolled sample. Above 300'C the
solid solution is stable.

(4) When a-Fe nucleates, a splitting of the fcc Bragg
rejections occurs, which indicates that there are two
different solid solution phases coexisting in the sample
with u-Fe. One is the original solid solution and the oth-
er a fcc phase with a lower content of iron, which de-
pends only on temperature and not on annealing time.
This is interpreted as the composition of a Au-Fe solid
solution in equilibrium with e-Fe. This fact can be used
to determine the boundary of the miscibility gap, which
is shown in Fig. 7. A Bragg-peak splitting has been re-
ported for Au-Fe alloys with higher iron content and in-
terpreted in a similar way. ' Comparing the present re-
sults with those from' it appears that the composition of
the Au-Fe solid solution in equilibrium with O.-iron, ob-
tained from the Bragg peak splitting, is the same for a
given temperature regardless of the initial composition of
the alloy. The data from' are included in Fig. 7 together
with those from this work. In addition, points in the

phase diagram, where u-iron nucleation was found by
Mossbauer-spectroscopy measurements, are marked by
full symbols, whereas open symbols show cases where the
solid solutions remained stable even for samples with a
high dislocation density. We get a perfect agreement be-
tween the results by Mossbauer spectroscopy and the
miscibility gap determined by x-ray diffraction.

(5) A time-dependent SAXS signal is found for samples
treated inside the miscibility gap and with a dislocation
density large enough to allow the discontinuous precipi-
tation of o.-iron. The increase of SAXS intensity occurs
simultaneously with the appearance of lines correspond-
ing to ferromagnetic a-iron in the Mossbauer spectra.
No evidence is found in the present study for a homo-
geneous precipitation reaction, such as the formation of
GP zones.

(6) The SAXS curve due to the a-iron precipitates nu-
cleated at dislocations or grain boundaries are almost
straight lines in a double-logarithmic representation.
This may be related to the self-similar character of the
Widmanstatten structure, which is the usual morphology
for a-iron precipitates in Au-Fe alloy. ' ' The slope of
the SAXS curves would be consistent with a precipitate
morphology corresponding to a surface fractal with a di-
mension around 2.5.

These results indicate that, within the miscibility gap
shown in Fig. 7 the solid solution is metastable against
the nucleation of o'-Fe, but also that the nucleation bar-
rier can be considerably lowered by the presence of dislo-
cations. In cold-rolled Auo»Feo» a-iron nucleates at
250'C whereas for a recrystallized sample the nucleation
barrier is so high that no cx-Fe appears even after one
week at this temperature (see Table I). It is well known,
that heavy rolling induces an inhomogeneous distribution
of dislocations, consisting of almost dislocation free cells
separated by walls with high dislocation density.
Therefore, it is not surprising that the solid solution does
not behave like a homogeneous phase with respect to a-
Fe nucleation; nucleation starts within the dislocation
rich walls or within grain boundaries and depletes the
surrounding fcc phase from iron, whereas no precipita-
tion occurs inside the cells, where the density of disloca-
tions is much lower. Reducing the amount of disloca-
tions and grain boundaries by a recyrstallization treat-
ment leads to a (partial) suppression of the precipitation.
This suppression is increasingly dificult for alloys with
higher Fe content, probably because the boundary of the
miscibility gap shifts to higher temperature.

Outside the miscibility gap, results of Mossbauer stud-
ies indicate short-range ordering rather than cluster-
ing. ' This tendency towards short-range ordering
might be the reason why the solid solution is metastable
even inside the miscibility gap. Indeed, for a short-range
ordered solution the activation energy for the precipita-
tion of iron would be larger than for a random solid solu-
tion. This might explain why the precipitation of a-iron
does not occur by a homogeneous nucleation process, but
needs the presence of dislocations or grain boundaries.

This study does not give evidence for the formation of
homogeneously distributed Fe clusters, such as GP zones,
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even inside the miscibility gap. The occurrence of small-
angle scattering presented as an evidence for GP zones
(in a sample of Auo 75Feo 25 annealed for 50 h at 339 'C)
is found here to be a consequence of the discontinuous
precipitation of a-iron at dislocations and grain boun-
daries (see Table I). Moreover, and most surprisingly,
strain contrasts in electron microscopic pictures, attribut-
ed to GP zones oriented along (420) planes, ' ' appear
for thermal treatments outside the miscibility gap (such
as Auo s2Feo, s annealed at 500'C) as well as inside the
miscibility gap (e.g., Auo65Feo35 aged at 200'C). This
suggest that the strain contrasts are not due to precipita-
tion but to iron-rich (420) planes appearing within the
ASRO of the solid solution.

Indeed, iron-rich (420) planes are predicted within the
(1—,'0) special-point short-range ordering, " and they
should induce large distortions due to the dift'erence in
size between Au and Fe atoms. The appearance of these
planes would only have to follow a kind of "average"
periodicity along (1—,0) directions in the form of concen-
tration waves, " which need not necessarily be visible in
electron microscopic images. Furthermore, for Fe plates
oriented along (420) with a thickness not exceeding one
atomic layer, one would expect a negative first ASRO pa-
rameter, since there are no nearest-neighbor sites within

one (420) plane. Therefore, the electron microscopic ob-
servation of strain constraints due to iron-rich platelets
on (420) planes '' and the derivation of a negative first
ASRO parameter by Mossbauer spectroscopic measure-
ments ' are both consistent with a (1—,'0) special-point
short-range ordering on the Au-Fe solid solution.

Clearly, still more work is needed to elucidate the pos-
sible atomic arrangements of iron atoms in Au-Fe. But
the present study has shown that for an understanding of
the magnetic properties of these alloys, not only the
thermal treatment, but also the dislocation density has to
be taken into account, since the discontinuous precipita-
tion of ferromagnetic a-iron within the miscibility gap
(shown in Fig. 7) is controlled by the presence of such de-
fects.
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