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Abstract

Iron-gold alloys for the gold concentration ranging from % at. 1  till % at. 70  were
investigated by means of the keV 14.4Fe57 −  Mössbauer spectroscopy, X-ray diffraction and
scanning electron microscopy. Samples were prepared by arc melting of the elements, and
investigated as cast and after annealing. A single BCC phase is obtained for the gold
concentration up to about % at. 3 , while for the higher gold concentration one obtains mixed
phase samples containing BCC and FCC phases both. The BCC phase is ferromagnetically
ordered at room temperature. Contributions to the charge and spin density on iron atoms in
the BCC phase due to the gold impurities were determined up to the second neighbors. The
FCC phase is either magnetically ordered at room temperature or it is paramagnetic at the
above temperature depending upon iron concentration, as the magnetic transition temperature
is increasing with the increasing iron concentration. BCC/FCC mixed phase samples are
characterized by very small crystallites (nanoparticles) of both phases. These nanoparticles
form hierarchical fractal structures on the scale ranging from more than mm 1  till less than

nm 30 .
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1. Introduction

Iron-gold system has been subject to numerous investigations by variety of methods. Despite
its simplicity (no intermetallic compounds) many issues seem still unsatisfactorily understood
[1]. This system is characterized by the presence of two crystalline phases at ambient
temperature except for the compositions being either close to the pure gold or to the pure iron.
The BCC phase is composed mainly of the iron atoms with some gold atoms dissolved more
or less randomly on the iron sites, and the FCC phase is made primarily of gold with the iron
atoms on the gold sites. Solubility of gold in the BCC phase is rather low, while the FCC
phase is able to accept a lot of iron [1]. Hence, the BCC phase remains ferromagnetic at
ambient temperature and its Curie temperature is close to the Curie temperature of the pure

Feα − . On the other hand, magnetic properties of the FCC phase critically depend on the iron
content [2, 3]. It is observed that the iron content might vary between various crystallites of
the FCC phase [4]. Pure gold is diamagnetic, while the iron atoms dissolved in gold are
characterized by the fairly well localized magnetic moment. Isolated iron atoms in the gold-
matrix form Kondo-like system at low temperatures [5, 6]. It seems that the atomic magnetic
moment freezes along one of the easy axes at very low temperatures and it has to be
characterized by the effective spin 2

1  in order to observe the unique hyperfine field on the iron
nucleus even without applying external magnetic field [5]. Such behavior leads to the spin
glass like magnetic properties observed by the macroscopic methods at higher concentration
of iron [7]. Finally ferromagnetism sets up at the percolation limit being about % at. 16  of
iron in the ground state of the system [2, 3]. A transition to the ferromagnetic state moves to
higher iron concentrations with the increasing temperature. It is about % at. 25  of iron at
room temperature [3]. A competition between spin glass and ferromagnetic order was found
close to the percolation limit and at low temperature [8]. Actually the majority of papers
concentrated on the alloys rich in gold, while there are far less reports concerned with the iron
rich side of the system. In particular the knowledge on the mixed BCC/FCC phase region is
scarce. The BCC-iron phase with gold impurities has been studied by few authors by means
of the Mössbauer spectroscopy on Fe57  up to now [9, 10]. The average hyperfine field and
isomer shift on the iron nucleus has been determined solely [9]. The present contribution is
concerned with the BCC phase containing gold, and with the mixed BCC/FCC region. It is
interesting to note that co-deposition of the iron and gold vapor on the very cold substrate
could lead to the amorphous structure within relatively wide composition range [11]. Such
behavior is the necessary condition for the formation of extremely small crystallites upon
crystallization and phase decomposition.

2. Experimental

Iron-gold alloys were prepared by arc melting of the appropriate amounts of the gold-metal
having % at. 9699.  purity and iron-metal having % at. 9799 +.  purity. Samples of about g 1.5
were molten three times under high purity argon atmosphere. Annealed specimens were made
by means of annealing powders of the required alloys at C 500 o  for h 48  under vacuum.
Some samples were pre-annealed at C 250 o  for h 24  under vacuum as well. Powders were
made with the help of the diamond file. Mössbauer absorbers were prepared using above
powders embedded in the epoxy disks. The same powders were used for the X-ray diffraction,
while the bulk ingots of the as-cast alloys were investigated additionally by means of the
electron micro probe. Mössbauer spectra were collected at room temperature using
commercial Co(Rh)57  source kept at room temperature as well. For the most of
measurements the MsAa-3 spectrometer was used [12]. Mössbauer spectra were evaluated
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within the transmission integral formalism using Gmbern program of MOSGRAF [13] except
for the Hesse-Rübartsch [14] analysis of the hyperfine field distribution. All shifts are
reported versus room temperature Feα − . It has been assumed that the recoilless fractions are
the same in the BCC and FCC phases. Powder X-ray diffraction patterns were obtained at
room temperature using 1,2CuKα  radiation monochromatized by means of the pyrolytic
graphite filter located on the detector side. The Siemens D5000 diffractometer was used. X-
ray data were analyzed by the Rietveld method using FULLPROF program [15]. High-
resolution scanning electron microscope Nova 200 NanoSEM was used to investigate as-cast
samples by means of the back-scattered electrons at various magnifications ranging from
200x  till 300000x . Sample surface was polished without any further chemical treatment.

3. Discussion of results

The BCC as-cast phase is characterized by the strong lattice constant a  variation versus gold
concentration c  as shown in Figure 1. It has to be remembered that the gold concentration
varies in this phase up to about % at. 3 , as for the sample with % at. 43.  of gold some
precipitates of the FCC phase could be seen by means of the scanning electron microscope.
The lattice constant at room temperature increases from nm )2(286650.  for pure iron till

nm (3)288250.  for the gold saturated phase. However it seems that alloying is fairly random
as the Vegard’s law is very well satisfied within the solubility range with the slope

% nm/at. 10 x (3)74 4−. . On the other hand, lattice distortions around gold impurities are
significant as could be seen from the inset in Figure 1. The latter inset showing half-width of
the strongest reflection versus gold concentration.

Fig. 1
Lattice constant expansion of the as-cast single BCC phase versus gold concentration. Inset
shows corresponding evolution of the strongest Bragg reflection half-width.

Room temperature hyperfine interactions in the as-cast BCC phase could be described by shift
and magnetic field distributions generated by the 2=σ  model described in detail in Ref. [16,
17]. The model relies on the assumption that individual randomly distributed impurities
around the iron atom have influence on the shift and hyperfine field till the σ  co-ordination
shell inclusive. Contributions due to particular impurities are additive in the algebraic sense.
There is no measurable contribution due to the electric field gradient as neither additional
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shift of the particular hyperfine lines nor the corresponding broadening is seen versus
accessible gold concentration [18]. Respective Mössbauer spectra are shown in Figure 2,
while the essential results are summarized in Table 1. The average field of the 2=σ  model

2>< B  and the corresponding average isomer shift 2>< S  slightly increase with the
increasing gold concentration in the linear fashion with the respective slopes

% T/at. 08202 .dc/Bd =><  and % at. mm/s 00802 .dc/Sd =>< . Parameters )2(
0B  and )2(

0S
describing effective field and isomer shift due to the distant shells beyond the second shell are
independent of the gold concentration indicating that shells beyond the second neighbor shell
have no influence on the charge and spin density on iron. These trends are shown in Figure 3.
The nearest neighbor gold atoms contribute solely to modification of the spin density on the
iron nuclei, as the contribution to the hyperfine field caused by the second gold neighbor 2B∆
is almost equal zero for all accessible gold concentrations. A contribution to the hyperfine
field on iron due to the nearest gold neighbor 1B∆  is fairly constant versus gold concentration,
as the value for the sample with % at. 1  gold is uncertain experimentally due to the low
concentration of impurities. The charge density on iron nuclei is decreased due to the first and
second gold neighbors, as both contributions to the isomer shift are positive, i.e., parameters

1S∆  and 2S∆  are positive. It is interesting to note that second neighbors have larger influence
on the charge density in comparison with the nearest neighbors. Actually the second neighbor
gold atom causes exceptionally large depletion of the charge density on the iron nucleus in the
metallic system of the BCC structure [16-21]. The above model is characterized by few
adjustable parameters allowing rather accurate determination of their values.

Fig. 2
Mössbauer spectra in the as-cast single-phase
region of the BCC phase for various gold
concentrations.
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Table 1
Essential Mössbauer parameters for the as-cast BCC phase. The last row shows respective
averages for % at. 32.  and % at. 43.  samples.

c
(at. %)
±0.1

2>< B
(T)
±0.02

)2(
0B

(T)
±0.02

1B∆
(T)
±0.02

2B∆
(T)
±0.02

2>< S
(mm/s)
±0.002

)2(
0S

(mm/s)
±0.002

1S∆
(mm/s)
±0.002

2S∆
(mm/s)
±0.002

0 32.97 0
1.0 33.02 32.97 0.70   0.02 0.008 0.001 0.006 0.114
2.3 33.17 33.01 0.87 −0.01 0.020 0.002 0.012 0.114
3.4 33.24 33.01 0.85   0.01 0.026 0.000 0.014 0.109

33.01 0.86   0.00 0.001 0.013 0.111

Fig. 3
Evolution of the 2=σ  model hyperfine
parameters is shown versus gold concentration
in the region of the BCC as cast single-phase.

X-ray diffraction patterns of the as-cast mixed
BCC/FCC phase indicate that the lattice
constant of the FCC component is significantly
reduced in comparison with the pure gold, the
latter having room temperature lattice constant
of nm 407820.  [22] owing to the presence of
substitutionally dissolved iron. Lattice constants
of the FCC phase vary between nm )1(39230.
and nm )1(39960.  depending upon the batch.
Bragg reflections are very broad due to the
distribution of lattice constants caused by
different iron concentration in various
crystallites. On the other hand, the BCC
component has lattice constant slightly varying
from batch to batch, albeit indicating the gold
content not very far from saturation.

Mössbauer spectra of the mixed BCC/FCC phase alloys are shown in Figure 4, while the
essential results are summarized in Table 2. Data were fitted using fixed sub-profile to the
absorption profile due to the BCC phase as obtained for the sample with % at. 43.  of gold. A
contribution of this sub-profile Au % at. 3.4-FeA  was kept as the only variable describing this
spectral component. Additional magnetic components have been added with the variable
contributions ZA , hyperfine fields B  and shifts S . The sample with % at. 70  of gold was
fitted with the additional effective doublet having contribution QA  and quadrupole splitting
Q . For this case the sub-profile of the BCC phase was approximated by the single Zeeman
pattern with the variable hyperfine parameters and contribution listed in Table 2 under the

⇒BCC  label.
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Table 2
Essential Mössbauer parameters for the as-cast mixed BCC/FCC phase samples.

c
(at. %)

Au % at. 3.4-FeA
(%)
±1

ZA
(%)
±1

B
(T)
±0.1

S
(mm/s)
±0.01

8.5(3) 97 3 33.2 0.40

10 33.8 0.3530(1) 83
7 28.8 0.35

23 33.1 0.37
21 30.1 0.36

50(1) 47

9 26.6 0.39

31 32.8 −0.01
16 10.8 0.28

QA
(%)
±1

Q
(mm/s)
±0.01

S
(mm/s)
±0.01

70(1) ⇒BCC

53 0.67 0.52

Fig. 4
Mössbauer spectra of the mixed as-cast
BCC/FCC phase for various gold
concentrations. Solid lines correspond to the
parameters of Table 2.

The FCC phase for the samples as cast is
magnetically ordered at room temperature till
at least % at. 50  concentration of gold in the
sample. Room temperature keV 14.4-Fe57

Mössbauer spectra in the FCC phase exhibit
several relatively sharply defined Zeeman
patterns for the magnetically ordered iron with
the almost common shift of about mm/s 0.36
(relative to room temperature Feα − ).
Additional sextets due to the magnetic
hyperfine interactions in the FCC component
of the sample with % at. 50  of gold show
broadened lines due to some distribution of
the hyperfine field i.e. outer lines are broader
than the inner lines. A distribution of the
hyperfine fields B  in the FCC phase obtained

by the Hesse-Rübartsch method [14] is shown in Figure 5 for % at. 50  of gold sample. The
above distribution has three maxima, the latter indicating well-defined groups of fields rather
than broad distribution. It seems that the effective electric quadrupole interaction is rather
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small for the above configurations, as the line width does not show any excessive broadening
due to expected random orientations between hyperfine magnetic field and main axes of the
electric field gradient tensor. Random orientations could be expected for uncorrelated
directions between hyperfine field and the main axis of the quadrupole tensor [23]. Patterns
with several groups of hyperfine fields indicate that the magnetic interaction between iron
atomic magnetic moments has long range, and that the FCC phase appears as a mixture of
several FCC phases with relatively narrow concentration range of iron in each. For as-cast
sample with % at. 70  of gold some iron atoms are magnetically ordered in the FCC phase at
room temperature, while other iron atoms remain in the paramagnetic state at room
temperature. There are % 23  of the magnetically ordered iron atoms in the FCC phase, while
the remaining % 77  of the iron atoms exhibit paramagnetic state with the large effective
electric quadrupole interaction and very large positive isomer shift.

Fig. 5
Distribution of the hyperfine magnetic fields B  in the FCC component of the as-cast sample
with % at. 50  of gold obtained by means of the Hesse-Rübartsch method. Note three groups
of hyperfine fields indicating presence of several FCC phases with various content of iron.
The smoothing parameter was adopted as 300=γ  [14].

Upon annealing the FCC phase is paramagnetic at room temperature. Mössbauer spectra of
the mixed phase annealed samples are shown in Figure 6, while the corresponding parameters
are gathered in Table 3. The paramagnetic component of the spectrum is described by
effective doublet due to several iron environments characterized by relatively large electric
quadrupole tensors. The latter tensors are generated by neighbor iron [24]. The shift of the
doublet amounts to mm/s 0.53 , i.e. the electron density is lower than in the magnetically
ordered phase due to the decreased iron concentration. The effective splitting of mm/s 0.56  is
very large for the metallic system being further indication for the low conduction electron
density. Magnetically split components are practically due to pure Feα − .

The sample containing % at. 70  of gold shows two distinct sets of the Bragg reflections for
the FCC phase upon pre-annealing in C 250 o  for h 24 . Reflections get narrower upon such
pre-annealing due to the removal of the original stress, and hence one can distinguish different
groups of lattice constants due to the variation of the iron concentration among various
crystallites. Upon annealing of all mixed phase samples at C 500 o  for h 48  one observes the
following effects: (1) iron tends to move out of the FCC phase as the lattice constant of this
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phase increases. (2) One observes transfer of iron between crystallites of the FCC phase
tending to make the iron concentration homogeneous within the FCC phase. (3) Gold moves
out of the BCC phase leaving almost pure iron behind. Such behavior is consistent with the
decomposition of the iron rich FCC phase into iron depleted FCC phase and almost gold-free
BCC phase as observed by Whittle et al. [25]. Due to decreasing concentration of iron in the
FCC phase a percolation limit is crossed leading to the increased paramagnetic component in
the Mössbauer spectra collected at ambient temperature. X-ray diffraction data for the
annealed samples are collected in Table 4, while some diffraction patterns are shown in
Figure 7.

Table 3
Essential Mössbauer parameters for the annealed mixed BCC/FCC phase samples.

c
(at. %)

ZA
(%)
±1

B
(T)
±0.02

S
(mm/s)
±0.01

QA
(%)
±1

Q
(mm/s)
±0.01

S
(mm/s)
±0.01

8.5 96 33.11 0.00 4 0.56 0.54
30 88 32.98 0.00 12 0.56 0.53
50 66 32.95 0.00 34 0.57 0.51
70 33 33.08 0.02 67 0.57 0.53

Fig. 6
Mössbauer spectra of the mixed annealed BCC/FCC phase for various gold concentrations.
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Fig. 7
X-ray diffraction patterns for the samples with the high gold content.

It is interesting to note that in the mixed phase region crystallites of both phases are very
small forming some kind of nanoparticles. Table 4 contains average diameter D  of
crystallites determined by the method described by Thompson et al. [26], if possible.
Unfortunately as-cast samples experience so much strain that size of the crystallites cannot be
determined by this method. The same statement applies to the pre-annealed samples, as the
latter samples exhibit some range of the iron concentration in the FCC phase. Hence, results
are shown for the annealed samples with the homogeneous distribution of iron in the FCC
phase. The smallest crystallites are observed for samples with comparable amounts of both
phases.

The as-cast sample with % at. 30  of gold is composed of the iron rich islands embedded in the
gold rich matrix. Islands contain % at. 14  of gold, while the remainder contains % at. 51  of
gold, respectively. Hence, islands and remainder of the sample are composed of both phases,
i.e. FCC and BCC. Figure 8 shows scanning electron patterns of the as-cast sample with

% at. 30  of gold. One can clearly distinguish fractal-like structures on the scales ranging by
more than three orders of magnitude. Other samples containing both phases exhibit similar
structure, albeit less pronounced.
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Table 4
Essential X-ray diffraction results for the annealed or pre-annealed mixed BCC/FCC phase
samples. Symbols FCCA  and BCCA  denote relative contributions of respective phases.

FCC BCC
c

(at. %)
a   

(nm)
FCCA

(at. %)
D

(nm)
a   

(nm)
BCCA

(at. %)
D

(nm)
8.5 0.40226(2) 12(1) 0.28678(1) 88(1)
30 0.40207(3) 38(1) 57(6) 0.28683(3) 62(1) 50(4)
50 0.40211(2) 67(1) 49(3) 0.28680(3) 33(1)

0.39975(6) 35(1)70
pre-

annealed
0.40410(9) 57(1)

0.2875(3) 8(1)

70 0.40100(2) 90(1) 130(70) 0.28669(5) 10(1)

Fig. 8
Scanning electron
microscope images of the
as-cast sample with

% at. 30  of gold at various
magnifications. Images
were obtained detecting
back-scattered electrons.
Dark areas are iron-rich,
while the shining areas are
gold-rich as they are able
to scatter more electrons
due to the high atomic
number of gold in
comparison with iron.

4. Conclusions

It was found that the
substitutional gold atoms
cause perturbation of the
charge and spin density on
the iron nucleus up to the
second neighbor in the

Feα − . A dominant
contribution to the spin
density decrease comes
from the nearest neighbors,
while the electron density
is decreased mainly due to
the second neighbors.

Solubility of iron in the
FCC gold is very large, and it strongly depends upon the cooling rate from the liquid phase.
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Table 5 shows iron content in the FCC component for the as-cast and annealed samples. It is
clearly seen that annealing at moderate temperatures ( C 500 o  for h 48 ) transfers a lot of iron
from the FCC to the BCC phase allowing to cross the percolation limit for the magnetic
ordering at room temperature.

Table 5
Iron content in the as-cast and annealed FCC phase for samples having comparable
concentrations of gold and iron. The iron content has been calculated from the Mössbauer
data.

Fe in FCC phase (at. %) ±2c  (at. %)
as-cast

ferromagnetic
annealed

paramagnetic
30 31 22
50 36 25

It is interesting to note that the para-ferromagnetic transition in the FCC gold with high iron
content is far above the room temperature, while the high pressure stabilized pure Feγ −
orders antiferromagnetically and at very low temperatures [27].

BCC/FCC mixed phase iron-gold alloys exhibit fractal-like structure of the crystallites
(nanoparticles) upon rapid quench from the liquid state. This structure covers more than three
orders of the scale magnitude at least, i.e., from more than mm 1  till less than nm 30 . It is
interesting to note that our X-ray data strongly suggest survival of the nanoparticles and
fractal-like structure upon annealing at moderate temperatures up to about C 500 o  for h 48 .
Closer inspection of Figure 8 reveals that the fractal-like structure resembles two
interpenetrating and exactly matching Menger sponges. Hence, a projection of this structure
on the image plane resembles two interpenetrating and matching Sierpiński carpets. Neither
sponges nor carpets are perfect, as the relaxation of the elastic energy tends to produce rather
ellipsoidal islands instead of cubic. Some stochastic distribution of the islands orientation and
size is present on all scales as well. However the self-similarity is clearly discernible allowing
conclusion about the fractal-like character of the structure. One has to bear in mind that
perfect fractal structures do not exist, as the self-similarity has to break at both ends of the
scale. On the large scale one eventually encounters the sample size limit. What is more, the
large structures could develop during slow cooling, but under such conditions the fractal-like
structure is likely to disappear due to the precipitation of large crystallites of one phase in the
matrix of the another phase. On the small scale, one approaches finally the atomic scale limit
without any fractal structure beyond. Our samples are crystalline, and hence the small-scale
limit has to be reached above the chemical unit cell size of the larger cell involved. One can
conclude that this limit is reached at about nm 5030−  for our samples, as this is the
coherence length for the X-ray scattering from each phase. It is likely that this limit depends
on the cooling rate, as quite significant elastic strain energy is involved while lowering this
limit. In principle one can calculate fractal dimension of the observed structure, but such
attempt is useless due to the fact that this structure finally breaks at some small distances. For
a perfect Menger sponge one obtains null volume at infinite surface. Such systems do not
exist, of course, as finally self-similarity is broken at small scales and atoms are no longer
fractal.
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The fractal-like behavior could explain many earlier observations of the iron rich islands in
these alloys [25]. Yoshida et al. [24] found anti-clustering effect for iron-iron nearest
neighbor dissolved in gold, and some attraction between iron-iron third neighbors. Such effect
could enhance formation of the fractal-like structure. On the other hand, the fractal structure
could have some influence on the magnetic properties of iron atoms in the FCC phase, as the
electron density is rather low in this phase, the latter implying rather long-range interaction
between magnetic moments of iron. The low temperature iron clustering in gold reported by
Whittle and Campbell [28, 29] is likely to be due to the cold rolling of their samples, and it
has nothing to do with the interaction potentials between nearest neighbor iron atoms in gold.
There is no physical reason to change attraction into repulsion of nearest neighbor iron atoms
at C 175 o  as reported in [28, 29].
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