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Abstract. Transmission electron microscopy and Mossbauer effect measurements were made
on a coevaporated Fe, Mgy, alloy in order to investigate both the initial amorphous state and
the amorphous-to-crystalline transition. Tn the initial state, the nearest-neighbour spacing
was determined to be 0.257 nm while the Mdssbauer spectroscopy exhibited a doublet, the
average quadrupolar separation of which was 0.54 mm s~ a1 293 K. A superparamagnetic-
like behaviour was also detected at 77 K. The temperature range for the amorphous-to-
crystalline transition was found to be 464-482 K. The index u and activation energy Q in
the Johnson-Mehl-Avrami plot were found to be 1 and 310 kJ mol™!, respectively. The
transition was clearly a eutectic crystallization of Fe + Mg.

1. Introduction

In thermal equilibrium, binary systems for which the heat AH; of formation is positive
generally exhibit a small miscibility in the solid state. For large values of A H;, amiscibility
gapoverawide compositionrange exists evenin the liquidstate. Therefore, conventional
alloying techniques are not applicable for such systems. The recent progress of evap-
oration techniques for preparing thin films has made it possible to fabricate alloys of
completely immiscible element systems for instance by coevaporation or ion beam
mixing [1].

In the present work, the same approach has been applied to the Fe-Mg system. In
this case, Fe has a BCC structure different to the HCp structure of Mg. The difference in
their atomic radii reaches about 30%. These metals are insoluble in each other even in
the liquid phase; the value of AH;is close to 23 kJ mol~!. From the literature, it appears
that it is possible to form amorphous Fe-Mg alloys by the evaporation technique [2] as
well as via superlattices [3-7]. Thus Fe-Mg films are to be regarded as typical artificial
materials and for this reason offer an interesting field of research. Here the Mdssbauer
effect working either in transmission or scattering geometry and transmission electron
microscopy (TEM) are combined to study both the initial amorphous state and the

+ Present address: Département de Physique, Faculté des Sciences, F-76130 Mont Saint-Aignan, France.

0953-8984/90/499907 + 11 $03.50 © 1990 IOP Publishing Ltd 9907



9908 J P Eymery et al

Figure 1. sappr taken at 77 K for as-coevaporated Figure 2. Dark-ficld image of magnesium zones.
chMgm

amorphous-to-crystalline (A/C) transition in films of Fe-Mg alloys prepared by co-
evaporation.

2. Experimental techniques

The experiment first consisted in preparing coevaporated samples of Fe-Mg alloy, the
thickness of which was adjusted according to the requirements of the investigation
techniques. The films were deposited using two electron beams installed in a high-
vacuum chamber [8]. The starting pressure was 1 X 107® Pa and during deposition it was
maintained at about (2-3) X 107° Pa. The deposition rate of each element, typically 0.2
0.3 nm ™', and the thickness of the layer were monitored by two quartz oscillators. The
following samples were prepared: 100 nm films on NaCl for TEM, 200 nm films on kapton
for the conversion electron Mdssbauer spectroscopy (CEMS) and 3 um films also on
kapton substrates for the transmission Mdssbauer effect (TME). In the latter case, four
samples were superposed so that the total thickness analysed was 12 um.

Microstructural characterization was performed in a JEOL 200 CX transmission
electron microscope operating at 200 kV. The composition of the samples was deter-
mined by x-ray microanalysis with a Si-Li detector in connection with the microscope.
The Mdossbauer investigations were conducted using a conventional spectrometer. The
electron scattering spectra were taken with a helium flow proportional counter which
has recently been described in [9]; a mixture of He-5% CH , was allowed to flow through
it; the anode was made of two W wires (31 um in diameter) located apart from the
sample surface. However, a single spectrum was taken at 77 K using a channeltron
equipped unit working under vacuum. Calibration was achieved with a-iron at room
temperature.

3. Results and discussion

3.1. As-coevaporated state

3.1.1. Transmission electron microscopy results. The composition and structure of the
thin films were first determined by x-ray microanalysis and TEM. The measured com-
position of the samples under study was 54.5 at.% Fe and 45.5 at.% Mg. The selected-
area diffraction pattern (SADP) taken at 77 K indicates that most of the material is
amorphous (figure 1). However, the presence of additional rings indicates the existence
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Figure 3. Bright-field image of the initial amorph-
ous state.
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Figure 4. Transmission Mossbaucr fitted spectrum at room temperature taken from thick
FeMgy, films.

of small crystalline zones, the nature of which has been identified to be magnesium. A
typical pattern of the magnesium remaining zones is displayed in figure 2 which is a dark-
field image taken with a [0113] reflection. A rough estimation of the atomic percentage
of free magnesium was about 10% so that the composition of the amorphous alloy would
be close to Feq Mgy, a result in agreement with Mdssbauer data.

Regarding the initial amorphous state, the structure is depicted in figure 3 which is
a bright-field image; it shows a domain morphology close to that described by Phillips
[10] and ascribed to accumulated strains. From the saDp, the nearest-neighbour spacing
was determined to be 0.257 nm using the Ehrenfest formula. This value is in close
agreement with that of other metallic glasses, for instance 0.262 nmin the case of Nix Tis,
amorphized by ion implantation [11].

3.1.2. Transmission Mdossbauer effect results. The room-temperature TME spectrum is
presented in figure 4 which shows a doublet consisting of two unequal lines. No magnetic
splitting has been detected in the (=8, +8) mm s™' velocity range. The average quad-
rupolar effect and isomer shift were foundtobe A = 0.54 mm s~'and § = Orespectively;
the total linewidths of the Lorentzian components were 0.36 and 0.45 mm s™! from left
to right. The values of the electric interactions are in very good agreement with those
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Figure 5. Transmission Mdssbauer fitted spectra at 77 K taken from thick Fe, Mgy, films in
(@) the (—8, +8) mm s™! and in () the (-2, +2) mm s~} velocity range.

determined in [2] and thus strongly support the analysis of the amorphous alloy given in
section 3.1.1.

The liquid-nitrogen-temperature TME spectra are shown in figure 5. The spectrum in
figure 5(a) has been achieved in the (=8, +8) mm s~ ! velocity range. Although the Curie
temperature of the material is T = 200 K [2], there is no magnetic hyperfine splitting
so that the magnetic properties of Feq;Mgy, can be understood in analogy with super-
paramagnetism. The details of the two-line spectrum appear more clearly in figure
5(b) which corresponds to the (-2, +2) mms~! velocity range. The average electric
interactions were calculated to be A = 0.59 mm s™! and § = 0.13 mm s~! without cor-
rection due to second-order Doppler shift. The linewidths of the components were 0.51
and 0.58 mm s !,

When comparing the 293 and 77 K spectra, i.e. figures 4 and 5(b), it is clear that the
second spectrum is slightly broadened with respect to the first spectrum. In order to
show this resonance broadening better, an analysis of both spectra using an electric field
gradient distribution P(A) was undertaken. The fits were performed by summing eight
elementary doublets having the natural linewidth for the spectrum at 293 K and 20
doublets for the spectrum at 77 K. The smoothed distributions P(A) are presented in
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Figure 6. Electric field gradient distributions P(A) corresponding to the Mossbauer spectra
in figures 4(a) and 5(b).

figures 6(a) and 6(b), respectively. It is satisfactory to note that the shapes of both
distributions are nearly the same in the (0, 1.2) mm s™! range. On the other hand, the
long tail which appears in figure 6(b) at high values of A is connected to the resonance
broadening observed at 77 K. These results will be discussed in section 3.1.4.

3.1.3. CcEMs results. Previous spectra concerned samples as thick as 3 um. Thinner
samples (200 nm) were also analysed by the CEMS technique. The 293 K and 77 K spectra
are presented in figures 7(a) and 7(b), respectively. The absence of magnetic splitting is
also apparent for thin films. A simple analysis in terms of two lines leads to A =
0.52 mm s~!and & = 0 for the spectrum at 293 K. These results are quite similar to those
obtained with thick films. In contrast to the TME spectra, the thin films give nearly the
same spectra at both 293 and 77 K. Since A = 0.54 mm s~!, there is not much resonance
broadening at liquid-nitrogen temperature, which is a result typical of fast relaxation.

3.1.4. Discussion of Mdssbauer results. As already mentioned, the magnetic properties
of FegyMg,, could be understood in analogy with superparamagnetism, i.e. the rate of
collective fluctuations of the magnetization becomes faster than the nuclear Larmor
frequency at 77 K. This suggests that magnetic ordering exists in the alloy at 77 K but
the moments with iron atoms are collectively fluctuating. The hypothesis of iron-rich
clustersis the most probable, which is not very surprising since Fe and Mg are not usually
miscible.

The comparison of the 77 K spectrum of the thick films (3 um) with that of the thin
films (200 nm) indicates a slower relaxation and a faster relaxation, respectively. This
suggests thatiron-rich clusters would be smallerin thin films thanin thick films. However,
the determination of the average number of atoms per cluster would require other
experiments at lower temperatures as well as the choice of a theoretical model for
superparamagnetism. Finally, it should be pointed out that this superparamagnetic-like
behaviour has already been observed by Shinjo ez al [4] for Fe (0.8 nm)/Mg (2.4 nm)
multilayers.

3.2. Amorphous-to-crystalline transition

3.2.1. Mossbauer results. The A/C transition has been studied through the variations
in spectrum shape as a function of annealing temperature and time. Isochronal and
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Figure 7. Electron conversion Mdssbauer fitted spectra taken from thin Fe,, Mgy, films at (a)
293 K and (b) 77 K.

isothermal anneals have been carried out in a small vacuum cell in order to avoid surface
contamination. For this purpose a special device was built which was immersed into an
oil bath at around 470 K so that the actual temperature of the sample was known with
an accuracy of better than 2 K. Both thin (200 nm) and thick (3 ym) films were analysed
using CEMS and TME, respectively. A first series of isochronal measurements (1 h) on
thick samples was used to obtain a rough estimate of the temperature range of the A/C
transition. Then other series were undertaken in order to determine more accurately
the variation in crystallized Fe fraction C as a function of time ¢ or temperature T. Special
attention was paid to the determination of the Johnson-Mehl-Avrami (JMA) law

C=1-exp[—(ar)"]

where « is the kinetic constant and u the Avrami exponent which characterizes the
crystallization mechanism. The kinetic constant follows an Arrhenius law according to

@ = &, exp(—Q/RT)

where «, is a constant, Q the activation energy of the process and R the ideal gas
constant.
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The temperature range of the AC transition was determined accurately for both kinds
of sample. It was found to be very short, namely 464-482 K for thick films and 454-
472 K for thin films. The second range is shifted towards lower temperatures by about
10 K with respect to the first one. During the transition, which happens over only 18 K,
the Mdssbauer spectra consist of both a doublet corresponding to the amorphous
component and a sextet corresponding to the crystallized iron containing fraction. In
fact, the hyperfine field of the sextet is close to that of a-iron (figure 8 and table 1). It
should be noted that the determination of C using the Méssbauer effect does not take
into account the crystallized magnesium which can only be detected by TEM,

Anisothermal anneal was undertaken at 467 K using thick films in order to determine
the Avrami exponent u. The plot of In[1/(1 — C)] against ¢ is presented in figure 9 using
logarithmic scales. From the slope of the straight line, it is deduced that y is close to
unity (the actual value determined is 0.955). The relatively low value of u indicates the
reaction is probably controlled by external surface growth. Similar results were obtained
for thin films.

Isochronal kinetics were also conducted for both kinds of sample in order to calculate
the activation energy Q. The A/C transition is well depicted for thin films in both figure
8andtable 1. The annealing temperatures were 467,476,481 and 500 K and the annealing
time was 1 h exactly. The Mdssbauer spectra from a doublet (figure 8(a)) towards a
sextet (figure 8(e)) evolves through intermediary stages where both kinds of component
are clearly obvious. The hyperfine interactions together with the values of 1 — C cal-
culated using a Lorentzian fitting procedure appear in table 1. It should be noted that
the hyperfine field of the sextet is somewhat less than that of pure iron; the decrease
of about 2% may be attributed to a very small particle size and/or to magnesium
substitutions. Similarly, the average quadrupolar effect of the amorphous component
slightly decreases with increasing temperature up to 476 K. The values of 1 — C were
used to calculate the activation energy; the plot of In{ln[1/(1 — C)]} against 1/T is
presented in figure 10 from which an activation energy of 310 kJ mol~! may be deduced.
This value compares quite well with those in the literature for metallic glasses, for
instance Q = 300 kJ mol~! for Cu-Ti alloys [12]. Finally, it is clear that there is not much
difference between thin and thick films.

3.2.2. TEMresults. As previously outlined, the thickness of the samples under study was
100 nm. They were heated inside the microscope from room temperature to 550 K. The
temperature range of the A/C transition was found to be in agreement with Mossbauer
results. A typical pattern of the iron grains is displayed in figure 11 which is a dark-field
image taken witha 110reflection, after a 10 min anneal at473 K. Crystallization statistics
have also been performed at the same temperature from which an average grain size of
20 nm can be calculated. Concerning the end products, both investigation techniques
lead to the same conclusion with respect to crystallized a-iron. From the SADP analysis,
the following components appear: Mg and MgO; the presence of the latter is easy to
understand since the vacuum inside the microscope is not enough to avoid oxidation.
From the above results the A/C transition appears to be eutectic.

3.2.3. Discussion. The A/C transition centred at T, = 473 K for thick films then appears
to be of eutectic mode as described in detail by Koster [13] for AlsGes,. So it can be
inferred that the iron-rich clusters, which have been detected thanks to the Mdssbauer
spectra taken at 77 K (see sections 3.1.2 and 3.1.4), act as nuclei for iron grain growth.
However, no intermediary metastable solid solution has been detected prior to phase
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Figure 8. Electron conversion Mdssbauer fitted spectra taken at room temperature at various
stages of the A/C transition: (a) as coevaporated; (b)—(e) after 1 h anneals at (b) 467 K, (¢)
476 K; (d) 481 K and (e) S00 K.
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Table 1. Fitting results of the Massbauer clectron spectra for thin films during the aA‘C
transition. The crrors in the hyperfine field and quadrupole splitting are 0.1 T and
£0.02mms ', respectively.

Anncaling Hyperfine ficld Quadrupole splitting Pereentage of
temperature of the sextet of the doublet paramagnetic Fe
(K) (1) (mms ') (%)
293 (as cocvaporated) — 0.54 100
467 323 0.50 82
476 325 0.49 40.5
481 32.5 — 6.4
SO0 32 55 — 0
]
]
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/ =
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Figure 10. Determination of the activation energy
( in the IMA plot.

Figure 11. Dark-ficld image of iron crystallized
grains taken after anncaling at 470 K for 10 min.

separation as reported by several workers, e.g. Marchal er al [14] for the Fe~Au system
and Nastasi ef al [15] for the Cu—W system. The existence of such a metastable solution
is supported by considerations of the height of the kinetic barrier. In the present work,
it may exist but it is possible that our investigation mode cannot show or has not shown
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this. Let us remember that the A/C transition is very sharp; the range is only 18 K when
1 hisochronal anneals are performed.

Although there is no well established correlation between the heat AH; of alloy
formation and the crystallization temperature T, it is interesting to consider alloys of
immiscible elements which exhibit nearly the same values of AH:and T, as FessMgy, for
instance CuysWss[15]. Others which have alower A H;-value show either a crystallization
temperature T, (when initially amorphous) or a decomposition temperature T4 (when
initially crystalline) which is higher. The Fe-Ag alloys, for which AH; = 10 kJ mol~! and
Ty = 570K [16], are an example of the latter. In the case of compounds possessing a
negative heat of formation, Buschow[17] showed that arelation actually existed between
T, and the vacancy heat AH, of formation in amorphous materials:

T.=7.5AH,

where AH, is expressed in kilojoules per mole. The basic physical idea was that the
instability of amorphous alloys was directly connected to the heat of formation and
motion of point defects. Nevertheless Nastasi etal [15] have pointed out that compounds
possessing a positive heat of formation deviated more from this law when AH, was high.
When the above Buschow relation is applied to Feg,Mg,, one obtains T, == 560 K, which
is slightly higher than the experimental value, the deviation being about 90 K. However,
the experimental results which were used to establish the Buschow relation exhibit some
dispersion so that, as a first approximation, one can still note that this relation is roughly
obeyed in the case of FeqgMgy.

4. Conclusion

Amorphous Fey,Mg,, films were grown by electron gun coevaporation in an initial
vacuum of 1 X 107% Pa. Using TEM and the Mdssbauer effect, the structure of the as-
evaporated state as well as the A/C transition were investigated for so-called thin (100~
200 nm) films and thick (3 um) films.

From sADPs, the nearest-neighbour spacing was determined to be 0.257 nm in the
amorphous state. The Mossbauer effect gave a two-line spectrum at 293 K for both kinds
of sample. Although the Curie temperature was 200 K, the spectra taken at 77K
remained doublets instead of sextets. This behaviour was understood by analogy with
superparamagnetism, thus leading to the hypothesis of iron-rich clusters.

The temperature of the A/C transition was determined for both thin and thick films;
it was found to be 464-482 K for thick films and 454-472 K for thin films. The second
range was slightly shifted towards lower temperatures with respect to the first range.
The exponent u in the JMA law was about unity while the activation energy Q was
310 kJ mol™!. We infer a eutectic crystallization of Fe + Mg but the kinetic model of
Buschow is only roughly obeyed.
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