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Iron pentacarbonyl

has been thermally decomposed

in an organic liquid. Md6ssbauer-

spectroscopy and x-ray-diffraction studies show that the sample contains small particles of a metal-
lic glass. Annealing of the particles at 523 K results in crystallization of the particles into a mixture
of a-Fe and x-FesC,. The mechanism of glass formation is discussed.

PACS numbers: 75.50.Kj, 75.50.Mm, 76.80.+y

Metallic glasses are usually prepared by the liquid-
quench technique! or the vapor-deposition technique.?
Both methods are based on a rapid cooling at a rate
which is sufficient to bypass nucleation and growth of
crystalline phases.

Recently it was observed that an amorphous phase
can be produced by the reaction of a crystalline in-
termetallic compound with hydrogen gas.> The amor-
phous phase prepared by this method consisted of a
hydride. The transition from the crystalline to the
amorphous phase, a solid-state reaction, was explained
in terms of a ‘‘chemical-frustration’ effect. Later it
was found that binary amorphous alloys can be formed
by a solid-state diffusion reaction of pure polycrystal-
line metals under isothermal conditions.* This was ex-
plained by the coincidence of two basic properties of
the reaction: the fast diffusion behavior of one metal
in the other and the existence of a negative heat of
mixing in the amorphous alloy.

In this Letter, it is shown that a metallic glass can be
formed by a pure chemical method, i.e., by the ther-
mal decomposition of Fe(CO)s in an organic liquid.
The decomposition was expected to lead to the forma-
tion of «-Fe particles. This method of carbonyl
decomposition> ¢ has been used to prepare small parti-
cles suitable for use in ferrofluids.

Ferrofluids are colloidal suspensions of small
single-domain particles in a nonmagnetic carrier fluid.”
Colloidal stability is obtained in two ways. Firstly, the
particles are coated with surfactant molecules, i.e.,
long-chain molecules which prevent close approach of
the particles because of entropic repulsion. This
results in a reduction in possible aggregation via
short-range van der Waals forces. Secondly, the parti-
cles are made as small as possible to reduce long-range
magnetic-dipole interactions between the particles.

In the present work, a ferrofluid was prepared by
mixing a surfactant, Sarkosyl-O (n-oleyoyl sarcosine),
and iron pentacarbonyl in Decalin (decahydronaph-
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thalene). The mixture was refluxed and stirred for
5-6 h initially at 390 K rising to 460 K as the reaction
proceeded. Initially a rapid evolution of CO occurred,
when Fe(CO)s decomposed to Fe,(CO)y and
Fe;(CO)q,, setting up an equilibrium mixture of all
three carbonyls. The Fe;(CO),, then decomposed, ul-
timately producing metallic particles of 8.5 nm median
diameter and o =1.0 nm. A constant flow of argon in
the reaction vessel was maintained throughout the
reaction to remove CO gas.®

Méssbauer spectra of the ferrofluid are shown in
Fig. 1. Since the melting point of the fluid is about
220 K, Mdssbauer spectra were only obtained below
this temperature in order to avoid line broadening due
to diffusional motion of the particles.®

The spectrum obtained at 80 K [Fig. 1(b)] contains
a magnetically split component with very broad lines.
The average hyperfine field is By;=26.0 T, and the
isomer shift is 8 = 0.17 mm/s relative to an absorber
of a-Fe at room temperature. The average quadrupole
shift is negligible. The asymmetry in the spectrum is
due to the presence of a Fe?* doublet with line posi-
tions nearly coincident with those of lines 3 and 5 in
the magnetically split component. The M®éssbauer
parameters of the six-line component are significantly
different from those of «-Fe at 80 K (B,;=33.9 T,
8=0.12 mm/s). The line broadening and the dimin-
ishing magnetic hyperfine splitting might be explained
by the influence of collective magnetic excitations,*!!
i.e., fluctuations of the magnetization direction around
an easy magnetization direction. However, the spec-
trum obtained at 80 K in an applied magnetic field,
B.,.=1.0 T, perpendicular to the gamma-ray direction
[Fig. 1(c)] exhibits similar linewidth and hyperfine
splitting. Therefore the results cannot be explained by
the presence of small a-Fe particles affected by such
relaxation effects, since these would be suppressed by
the external magnetic field.1%!! Previous Mdssbauer
studies of 6-nm particles of «-Fe have shown that

© 1985 The American Physical Society



VOLUME 55, NUMBER 4

PHYSICAL REVIEW LETTERS

22 JULY 1985

r,:h-.ww".“ .A w&‘e-‘,
‘\ 5
A ¥ a
» -
o ."\\ P~
“r - A
. *
-
~.
Vo ¥
-
e Y .}“-‘v,.
\. -
Y J
c .'l s b
] * "
= \ M 3
o \ . ~
Q K PR M
g 'qk\‘ P ﬁs?.
LR
e
4 g
h "v e «
\l -~
e, / c
-
~ Y
Ay /
L -
CR A A 7/
¥ ! P
LIV NS
3
-12 -8 -4 0 4 8 12

Velocity (mmy/s)

FIG. 1. Méssbauer spectra of the ferrofluid. (a) 166 K,
Bey=0; (b) 80 K, B.,=0; and (c) 80 K, Bex,=1.0T.

under such conditions only the atoms in the first sur-
face layer exhibit a magnetic hyperfine field that is sig-
nificantly different from the bulk value.'>!3 In the
present study the only significant effect of the applied
field is an increase in the relative intensities of lines 2
and 5, indicating that the particles are ferromagnetic
and the magnetic moments of the particles are aligned
parallel to the applied magnetic field.

At 166 K [Fig. 1(a)] a doublet appears in the spec-
trum indicating that some of the particles are super-
paramagnetic at this temperature.'® The finite value of
the quadrupole splitting shows that the iron atoms are
in noncubic environments. This result also shows that
the particles do not consist of a-Fe.

During the decomposition of the iron carbonyls
carbon-monoxide molecules may be chemisorbed and
dissociated at the surface of the particles and this
might lead to formation of iron oxides and iron car-
bides.!* However, the Md&ssbauer parameters of the
particles are significantly different from those of iron
oxides and they are also different from those of crys-
talline iron carbides.!> 16

The spectra are, however, very similar to those of
metallic glasses. Specifically, the Md&ssbauer parame-
ters are almost identical to those of an amorphous
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FIG. 2. Room-temperature Mossbauer spectrum of the
particles after heating in hydrogen at 523 K. The full line in-
dicates a computer fit of the spectrum with a six-line com-
ponent due to «-Fe, and three six-line components due to
X -FesC,, as shown by the bar diagrams.

iron-carbon alloy with 5-10 at.% carbon, prepared by
sputtering.!” This type of metallic glass crystallizes
into a mixture of a-Fe and iron carbides at 523 K.!7
Therefore we have studied the sample after evapora-
tion of the carrier liquid and heating at temperatures
above 523 K. The spectrum obtained after heating in
argon at 573 K showed that the six-line component,
which is predominant in Fig. 1(b), had disappeared,
and a new six-line component, due to «-Fe, had ap-
peared. However, part of the iron was oxidized during
the annealing and this makes a detailed analysis of the
crystallization difficult.

Therefore, another sample of the ferrofluid was
dried and heated at 523 K in an in situ cell of Pyrex
glass!® in a flow of hydrogen. Figure 2 shows the
room-temperature spectrum obtained after this treat-
ment. The predominant component was unambigu-
ously identified as the spectrum of «-Fe. The remain-
ing weak absorption lines indicate the presence of oth-
er magnetic phases with smaller magnetic hyperfine
fields. The best computer fit (which is shown in Fig.
2) was obtained by including three additional six-line
components of low intensity. The parameters of these
components are in accordance with published values
for X -FesC,.!>1¢ The X-carbide component constitutes
about 8% of the spectral area corresponding to about
11 at.% carbon in the particles.

Thus the Mdssbauer studies show that the decompo-
sition of Fe(CO);s in the fluid results in the formation
of metallic glass particles which crystallize into «-Fe
and iron carbide upon heating. The metallic glass
prepared in the present work seems to be very similar
to the amorphous iron-carbon alloy prepared by
sputtering.

The «a-Fe component in Fig. 2 exhibits area ratios of
the six lines which are different from those expected
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for polycrystalline samples with random orientation of
the magnetic domains, i.e., 3:2:1:1:2:3. The reduced
intensity of lines 2 and 5 shows that the magnetization
is preferentially parallel to the y-ray direction during
the recording of the Mdssbauer spectrum. This effect
can be explained by the fact that the sample is exposed
to a magnetic field produced by the heating coil during
the recrystallization. The annealing then results in a
macroscopic magnetization which is maintained after
the heating current is switched off.

Further evidence for the formation of an amorphous
alloy was obtained from x-ray-diffraction (XRD) stud-
ies. Figure 3(b) shows an XRD spectrum of the ferro-
fluid. The absence of diffraction lines in this spectrum
indicates that the particles are indeed amorphous.
However, since the particles are suspended in a liquid
the result might also be explained by scattering of the
x rays by the liquid which could prevent observation of
diffraction lines from crystalline particles. Therefore,
an XRD spectrum of another ferrofluid, containing 9-
nm magnetite particles, was obtained under identical
conditions. This spectrum, which is shown in Fig.
3(a), contains very distinct diffraction lines. Thus the
absence of diffraction lines in Fig. 3(b) is not due to
scattering of the x rays by the liquid, but must be ex-
plained by the absence of crystalline phases in the fer-
rofluid prepared by carbonyl decomposition.

It is interesting to compare the mechanism of glass
formation during carbonyl decomposition with the
mechanisms involved during metallic glass formation
by other techniques.

N i

20° 30° 40° 50° 60° 70°
Diffraction angle, 206 (deg.)

FIG. 3. X-ray diffractographs of (spectrum a) a ferrofluid
with 9-nm magnetite particles, and (spectrum b) the ferro-
fluid prepared by carbonyl decomposition. The samples
were run under identical conditions with use of Cu K « radi-
ation.
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In order to form a glassy phase by liquid quenching
the material must cool rapidly from the liquid state.
The rates of nucleation and crystal growth, which are
related to the diffusion rate, are significant in a tem-
perature interval between the melting temperature,
T,,, and the glass-transition temperature, T,. Below
T, the rate of crystallization is negligible. Typically,
quenching rates > 10° K s~! are used in the tempera-
ture interval between T, and 7,. In this way the
atoms are prevented from diffusing a sufficient dis-
tance to enable formation of nuciei.!9-22

Preparation of amorphous alloys by vapor deposition
or sputter deposition is based on condensation of the
hot atoms onto a substrate which is kept at a tempera-
ture well below 7. In this case the condensation pro-
cess is presumably a vapor-solid transition.!® The con-
dition for glass formation is that the condensed atoms
are prevented from diffusing more than one atomic
distance at the surface before they are fixed in position
by the arrival of additional atoms.?2® When using these
techniques the glassy state may be stabilized by gas im-
purity atoms.1%22

The mechanism of glass formation by carbonyl
decomposition in a liquid seems to be different from
both of the methods discussed above. The chemical
reactions which lead to the formation of the ferrofluid
are quite complex. Previous studies of decomposition
of iron® and cobalt?® carbonyls in organic liquids indi-
cate that interactions between carbonyl molecules and
surfactant molecules take place. Moreover, during the
growth of the particles catalytic decomposition of car-
bonyl molecules may take place at the surface of the
particles.?

It is noteworthy that the molecules forming the me-
tallic glass particles are at a temperature which does
not exceed the boiling point of the liquid ( — 460 K).
Thus the carbonyl-decomposition method, contrary to
the two other methods discussed above, is not based
on rapid cooling from a high temperature, but the
mechanism is based on growth of alloy particles in a
system which is kept at a temperature below T.

Since amorphous pure metals are not easily
formed'® 2! it is likely that the amorphous particles in
the ferrofluid are stabilized by impurity atoms. The
annealing experiment revealed the presence of about
11 at.% carbon impurities in the amorphous particles.
We therefore believe, in accordance with the proposal
by Bjarmon and Wiippling,!” that these impurity atoms
stabilize the amorphous phase. The latter investiga-
tions on sputtered iron showed that very small
amounts of carbon, i.e., less than 6 at.%, can stabilize
the amorphous phase. It is likely that carbon atoms
have entered the particles during the preparation of
the ferrofluid as a result of chemisorption and disin-
tegration of carbon monoxide on the surface of the
particles. It is well known that iron metal catalysts are
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carburized by such a mechanism during Fischer-
Tropsch synthesis.2* 23

In conclusion, we have found evidence for the for-
mation of a metallic glass by thermal decomposition of
Fe(CO)s, i.e., by a pure chemical reaction.
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