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Determination of the local order in amorphous cobalt films
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The local atomic structure of amorphous cobalt films prepared by vapor condensation on a
low-temperature substrate is determined by extended x-ray-absorption fine structure. The de-
duced radial distribution function corresponding to the first shell of neighbors is broadened com-
pared to that of crystalline cobalt and is asymmetrical. The measured profile allows us to con-
clude the existence of a true amorphous monometallic sample and compares well with the calcu-
lated one assuming a random packing of hard spheres. The existence domain of this structure is

then outlined.

The question of the stabilization of a pure amorphous
transition-metal film has been open for many years.! The
knowledge of the atomic structure of amorphous monome-
tallic transition metals is fundamental for the understand-
ing of their remarkable electronic and magnetic proper-
ties? and it represents the starting point for the determina-
tion of the microscopic phenomenology of crystallization.

Although studies have been carried out on various
classes of amorphous metallic alloys, very little is known
about the amorphous phase of transition metals. We
present in this paper the first direct analysis of the local
crystallographic environment of low-temperature con-
densed cobalt films prepared in ultrahigh vacuum; more-
over, we followed its evolution with temperature.

In contrast to the large theoretical effort which has
been devoted to the modeling of the amorphous state of
pure metals, the experimental information is scarce due to
the difficulty of the sample preparation and characteriza-
tion. The objective of the structural models>* was to fit
the general shape of the radial distribution function
(RDF) deduced from electron diffraction studies on
different monometallic amorphous samples:>~7 it is
characterized by a well-defined first shell and a second
shell divided in two components. However, these structur-
al experiments are not sensitive to the shape of the first
shell: Different extended x-ray-absorption fine-structure
(EXAFS) studies on amorphous metallic alloys have
determined an asymmetrical first shell of neighbors which
can be simulated by the superposition of two Gaussian
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profiles,® while the classical neutron or x-ray diffraction
experiments on the same samples lead to a first-shell
profile which is an average value of the asymmetrical
RDF obtained by EXAFS. Up to now no EXAFS study
has been done on monometallic amorphous samples since
they need a high vacuum and a low-temperature environ-
ment. The surface EXAFS setup’ available at the La-
boratoire pour I'Utilisation du Rayonnement Electro-
magnétique (LURE) enabled us to do this experiment.
Moreover the use of electron collection to record x-ray-
absorption spectra allows us to study amorphous cobalt
films of different thicknesses (2 to 100 A) and on different
substrates.

Previous studies have shown that when a cobalt film is
prepared by low-temperature condensation it exhibits an
amorphouslike structure.>!®!! Moreover temperature-
dependent measurements have shown a drop in the resis-
tivity (at about 38 K) for such an amorphous cobalt (a-
Co) sample prepared at 4 K. A simultaneous measure-
ment of the resistivity and a scanning electron diffraction
study of thin films allowed Leung and Wright® to attri-
bute this change to a crystallization into a microcrystal-
line structure. The temperature of this transition is
strongly dependent on the impurity content of the sample.
The EXAFS study presented here also allows a precise
determination of the evolution of the local atomic struc-
ture of these amorphous films as the temperature is in-
creased.

The cobalt is evaporated from a high purity cobalt wire
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heated by electron bombardment in a vacuum never
exceeding 5%107!° mbar (base pressure is 2x10~1°
mbar). It is deposited at a rate of about 10'% atoms/ cm?s
on a thin glass slide glued with silver paint on the copper
end of a helium flow cryostat. The temperature measured
with a Pt resistor glued in a small hole in the copper is
below 20 K and no modification is observed during eva-
poration thanks to the use of a radiation shielding. The
evaporation rate is calibrated prior to the evaporation with
a quartz microbalance. Then the thickness of the film is
checked by measuring the x-ray-absorption edge jump of
the sample at the cobalt K edge. Using this calibration,
we estimate the thickness of the grown film with an accu-
racy of 10% (the films are assumed to be homogeneous).
The local atomic structure of the films is then studied with
EXAFS spectra which are recorded at low temperature
even for the annealed samples in order to avoid differences
in the thermal disorder.

The surface EXAFS experiments are performed at
LURE on the Dispositif de Collisions dans I'Igloo (DCI)
storage ring at Orsay with a Si(311) double-crystal mono-
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FIG. 1. (a) EXAFS spectra of a 50-A-cobalt film as con-
densed on a glass substrate at T < 20 K (lower curve) and after
an anneal of 5 mn at 120 K. Both spectra are recorded at 20 K.
(b) The same data after Fourier transform between k =3.1 A ™!
and k=11.1. A~! (lower curve, as evaporated; middle curve, an-
nealed film) and reference Fourier transform of hcp cobalt
(upper curve).
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chromator. The variations of the x-ray-absorption
coefficient of the sample are measured above the K edge
(7709 eV) of cobalt in the total yield mode. Experimental
spectra recorded on a 50-A film of cobalt are represented
in Fig. 1(a) both for the sample just after its preparation
(20 K) and after an annealing of 5 min at 120 K.
Relevant steps of the EXAFS analysis are displayed in
Figs. 1(b) and 2. The Fourier transform for the annealed
sample is very similar to that of bulk cobalt; for the low-
temperature sample it has the typical shape usually found
for an amorphous structure:®!? shorter distance and
lower amplitude for the first shell, quasiabsence of more
distant shells.

The usual formula giving the EXAFS modulation func-
tion y for a monoatomic disordered system with a radial
distribution function F(r) is: 13

20 = [ B* () [P () /Klsinl2kr + () dr

where P(r) =F(r)/r? is an “effective distribution” since
F(r) is the probability of finding the neighbor of the ab-
sorbing atom in the range r to » +dr including static and
thermal disorder. B* (k) =B (k)exp(—2r/1), where A is
the mean free path of the photoelectron, k its wave num-
ber, and B(k) the backscattering amplitude. In the
analysis of the first shell of neighbors we will approximate
exp(—2r/A) by its mean value on this shell,
exp(—2(r)/A), and assume that this term is identical in
the amorphous and in the crystalline cobalt samples.
[2kr +8(k)] is the total phase shift taking into account
atomic potentials.

The first-shell distribution function is asymmetrical in
systems in which the static arrangement of the atoms is
described as a dense random packing of hard spheres.*
Eisenberger and Brown have shown !3 that if the standard
EXAFS formula assuming a Gaussian RDF is used to fit
data of a system in which the effective distribution func-
tion is asymmetric, incorrect values are obtained both for
distances and coordination numbers. One solution to this
problem is to use the cumulant expansion approach to
EXAFS data analysis introduced by Bunker;'* the first
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FIG. 2. The dotted curves are inverse Fourier transforms of
the first shell for the annealed and unannealed 50-A film (upper
and lower part). The continuous curves are calculated using cu-
mulants deduced from the analysis of these data (see text).
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cumulants are:
Co=In [fP(r)dr] R
C, -f(r—F)zP(r)dr/fP(r)dr ,

C3 -f(r —F) 3P(r)dr/f1>(r)dr ,

where 7=[rP(r)dr/ fP(r)dr is the centroid of the
effective distribution. Third- and higher-order cumulants
measure the deviation of P(r) from a Gaussian distribu-
tion. If we just consider the first term of this deviation C3
which measures the asymmetry of the distribution, the
EXAFS formula for the first shell becomes:

kx(k) =A(k) sin®(k) , 1)

where A (k) =B*(k)exp(Co—2C2k?) and ®(k)=5(k)
+2kr —[(2k)3/311C;.

As a reference, we use the EXAFS spectrum recorded
at 20 K of a 60-A-thick film of cobalt annealed at 500 K.
The first shell of neighbors in hcp cobalt consists of two
atoms at 2.48 A, four at 2.50 A, six at 2.51 A, and a
Debye-Waller factor at 20 K of 0.0027 A% !5 we can ap-
proximate it by a single shell of N,s=12 atoms at
Ris=2.50 A with the same Debye-Waller factor o2
Then

kxeer(k) = (N ot/ RE)B* (k)exp(— 2k c2s)
XSin[2kR e+ 5(k)] = A es(k)sin®d (k) .

The local environment of the different samples is deter-
mined by a ratio method. We plot In[4(k)/A4 (k)] and
®(k) — (k) vs k2 and k, respectively, for an indepen-
dent determination of the cumulants by a polynomial fit in
the k range 3-8 A ~!. These cumulants are used to calcu-
late ky (k) from Eq. (1); the result is then compared to the
fitered EXAFS spectrum. This comparison is done in
Fig. 2 for both the amorphous recrystallized 50-A film.
The experimental values for different films are given in
Table I, N is the number of first neighbors and (R) the
mean r value on the RDF [R)=(F’+37rC,+C;)/
(724 C,)]1. Then the cumulants are used to construct the
RDF.!%!" These first-shell RDF are shown in Fig. 3 for
the crystallized sample and two amorphous films of
different thicknesses: 12 and 50 A. All the amorphous
samples RDF’s that we have measured are very similar
which means that this profile is characteristic of a-Co. By
comparing it with the crystalline sample RDF one can
conclude that when going from the crystallized to the
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FIG. 3. (a) Radial distribution function of the first shell as
derived from the experiment: dashed and dashed-dotted lines
are for the amorphous and annealed 50 A film, respectively,
solid line for the 12 A amorphous film; (b) RDF of the first shell
calculated by Heimendahl (Ref. 4) (solid line) and by Baer et
al. (Ref. 18) (dotted line).

amorphous sample (i) the maximum RDF value decreases
by a factor of 2.3, (ii) the full width at half maximum in-
creases by a factor of 2.1, (iii) the shape becomes very
asymmetrical: the RDF has a steep edge for the short dis-
tances and a skewed profile at longer distances (the third
cumulant C; is positive). This is the first experimental
determination of the asymmetry of the first shell in a
monometallic amorphous sample. The monometallic na-
ture of our samples render the quantitative determination
of the asymmetry of the first shell all the more precise due
to the presence of just one kind of neighbor. The first-
neighbor distance and coordination number deduced from
electron diffraction® are equal to the average values (R)
and N that we have measured.

The question now is “how does this measured RDF
profile compare with the different models?”” First, it
clearly excludes all the descriptions of these films as mi-
crocrystallites: indeed, in a microcrystalline structure we
expect a RDF first-shell peak which is not broadened as
compared to the crystalline structure. Different models
were adjusted in order to fit the a-Co RDF deduced from
electron diffraction studies by Leung and Wright,® and in
particular to reproduce the position and shape of the
second split peak and of the third peak. One of them is
the structural diffusion model (SDM) developed recently
by Baer et al.'® Their idea is that the short-range order in
amorphous systems has remnants of the directly compet-
ing crystalline structure; so they have started their SDM

TABLE 1. Structural parameters results of polynomial fits for three different films compared to these
deduced from the electron diffraction experiment by Leung and Wright (Ref. 6).

r C2 C3 (R)
Sample N A) (1073 A? (1073 A3 Q)
Film 12 A 9.5+1 2.49 +0.02 132 1.8+0.5 2.50+0.02
Film 50 A 101 - 2.49+0.02 152 1.4%0.5 2.50+£0.02
Annealed 50 A 124+0.5 2.50+0.01 4+1 0+0.2 2.50+0.01
Ref. 6 11 2.49
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calculation with a fcc crystallographic unit cell which is
then distorted by keeping bond lengths and two of the
internal angles fixed. The RDF of the first-shell calculat-
ed with this model using the parameters determined by
Baer et al.'® is given [Fig. 3(b)]: it is much broader than
the experimental profile and does not present the steep
edge for the short distances which is deduced unambigu-
ously from the EXAFS measurements.

Another a-Co RDF calculation was previously de-
veloped by Heimendahl? using a model based on a dense
random packing of hard spheres relaxed with respect to a
realistic interatomic potential. In addition to a good
reproduction of the diffraction results for the second and
third shells, the first coordination shell profile is precisely
calculated in the model; it could not be compared to ear-
lier experimental data since electron diffraction is not ac-
curate enough to give the first-shell profile. One can see in
Fig. 3 that the agreement between Heimendahl’s model
and the EXAFS data is very good: both the width and the
asymmetry of the first shell were correctly predicted. So
we show here the accuracy of the hard-spheres model to
describe the local structure of an amorphous monometal-
lic sample; moreover, we point out that the precise deter-
mination of the shape of the first shell which is allowed by
EXAFS is necessary to discriminate between different
models which fit higher-shells RDF equally well.

We have explored the range of stability of a-Co films
with respect to film thickness, annealing temperature, and
substrate. Previous studies showed that amorphous films
of Fe and Ni can be prepared by low-temperature conden-
sation only for thicknesses below a critical value: 150 A
(Ref. 6) or 50 A (Ref. 19) for Fe, 30 A (Ref. 7), or al-
ways crystalline (Ref. 6) for Ni. No critical thickness be-
havior has been reported up to now for a-Co.!° In our ex-
periment the higher thickness obtained for amorphous
films prepared on glass substrate is 50 A even at the
lowest temperature. Furthermore, on a substrate which
favors the epitaxial growth like Cu(111) (Refs. 9 and 17),

we could not grow amorphous Co films of any thickness.
The role of the interface structure appears therefore to be
crucial in the stabilization of the amorphous structure of
very clean thin films.

By following the evolution of the Co short-range order
after different annealing steps we observe three different
stages: (i) in a first range of temperature, the spectrum is
unchanged; (ii) in a second one, there is a sharp increase
of the height of the first shell in the Fourier transform; in
a range of about 10 K it reaches its bulk value; (iii) in a
third range the intensities of the higher shells converge
slowly to their bulk values. This can be understood as an
orientational ordering which mainly affects these shells.
The temperature of the second stage (which is the begin-
ning of crystallization) is highly dependent on the thick-
ness of the sample: It decreases continuously from 220 to
110 K for thicknesses increasing from 10 to 50 A.'7 This
behavior consistent with the existence of a critical thick-
ness shows the deciding role of the interfaces in the stabil-
ization of the amorphous structure in these very clean
films. It can be compared to the role of the implanted
metalloid atoms in the stability of amorphous metals. 2

In conclusion, we have measured with EXAFS the
asymmetry of the first-shell RDF in thin a-Co films con-
densed at 20 K in ultrahigh vacuum. The as-determined
profile, broadened with respect to the crystal and highly
asymmetric, allows us to affirm that these films have a
true amorphous structure which can be described by a re-
laxed random close packing of hard spheres. We have
studied the existence domain of this structure as a func-
tion of the substrate, the film thickness, and temperature.
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