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Amorphous Co100_jP.r foils in the concentration range 13.4 < x < 26 were produced by elec-
trodeposition. The extended X-ray absorption fine structure (EXAFS) at the phosphorous K-edge 
was measured in transmission mode. The phase shift was determined from the EXAFS spectrum of 
a crystalline Co2P reference sample. The EXAFS spectra of the amorphous Co-P alloys are charac-
terized mainly by one single contribution from a shell of Co-atoms at a distance of 2.3 A around 
the P-atoms. A small additional contribution at a shorter distance of 2.0 A may be a hint on some 
direct P-P neighbours. The evaluation of reliable coordination numbers from the EXAFS spectra of 
the amorphous alloys is not possible. 

1. Introduction 

For many amorphous alloys the determination of 
all atomic distances and partial coordination numbers 
is difficult because there are not enough independent 
methods available for their structural characteriza-
tion, e.g. due to the lack of stable isotopes for a con-
trast variation in neutron diffraction experiments. In 
such cases the combination of EXAFS with X-ray-
and neutron diffraction may provide a solution of this 
general problem. EXAFS is very promising, because 
it allows to select the absorption edge of a specific 
component in the alloy, and thus to probe the imme-
diate surrounding of the absorbing atom [1]. It was the 
motivation for the present work to supplement the re-
sults from X-ray- and neutron diffraction experiments 
with amorphous Co-P alloys [2, 3] by EXAFS exper-
iments at the phosphorous K-edge. Very few EXAFS 
studies at the absorption edge of the metalloid atoms 
in metal-metalloid glasses are known, most probably 
because the experiments are difficult to be performed. 
If one works in transmission mode, the rather soft X-
rays require very thin samples with a thickness of the 
order of 1 pm. EXAFS at the P-K-edge of a sput-
tered Co 8 0P 2 0 sample has been reported in [4]. It is 
well known that for amorphous alloys the quantita-
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tive evaluation of atomic distances and (even more) 
of coordination numbers from EXAFS data is much 
more complicated than from diffraction data. In this 
respect the present investigation may be regarded as 
a feasibility study of the EXAFS method applied to 
the phosphorous K-edge. An extensive compilation 
of the relevant literature is presented. 

2. Theoretical Fundamentals 

The fine structure of the linear X-ray absorption co-
efficient within the energy range of several hundred 
eV above the absorption edge depends very sensi-
tively on the immediate atomic surrounding of the 
absorbing atom [1]. It is treated theoretically by the 
so called short range order theory [5 - 13]. The linear 
absorption coefficient / /(£) in the energy range above 
the absorption edge is separated into an unmodulated 
share p0(E) and into a share x(£) which describes the 
EXAFS oscillations. 

H(E) = fi0(E)-[l+x(E)]. (1) 

Usually, the oscillations are presented as a function 
of the modulus k of the wave vector k of the photo-
electron: 

k = ^ • ( £ - £ ( > ) , (2) 
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where m is the electron mass and E0 is the energy 
for the production of a photoelectron with the wave 
vector k = 0. In the framework of the short range order 
theory the normalized EXAFS-modulation can 
be written as 

X(k) = £ ^ P [ - 2 ^ ] (3a) 
j i 

x exp [~2Rj/Xj(k)] sin(2kRj +<f>ij(k)) 

or 

X(k) = Y , MV • sin(2kR j + &,•(*)). (3b) j 

The sum includes all coordination spheres j , each of 
them containing N j atoms of type j at the distance 
R j from the absorbing atom of type i. 

The amplitude reduction factor Si(k) takes into ac-
count that the photoelectron which is produced during 
the absorption of an X-ray photon can lose more or 
less energy to a valence electron of the absorbing atom 
by so called shake up/off processes [14- 16]. The 
backscattering amplitude Fj(k) of the backscattered 
electron wave determines very strongly the shape of 
the EXAFS-amplitude function and can be used to 
identify the type of the backscattering atoms [17]. 
The two exponential terms in (3) are attenuation 
factors. The first term mainly describes the damp-
ing of with increasing lva lues by means of a 
Debye-Waller factor, containing the damping param-
eter Gj. It takes into account the thermal vibrations 
of the atoms and the static mean square deviation of 
a Gaussian distance distribution of the backscattering 
atoms [18-21] . The second attenuation term in (3) 
takes into account the finite mean free path A j ( k ) of 
the photoelectrons. Inelastic scattering of the photo-
electrons and the finite lifetime of the unoccupied hole 
within the absorbing atom mean reduced interference 
ability between outgoing and backscattered wave and 
cause an attenuation of \(k) mainly at small ^-values 
[15, 22, 23]. The total phase of the sine-function in 
(3) consists of a geometrical share 2 k R j and a phase 
shift <pij(k) which is caused by interaction of the elec-
tron wave with the electron shells of the absorbing 
atom and the backscattering atom [24]. 

Fourier-transformation of \ (k) yields a radial den-
sity function F(R) of the backscattering atoms around 
the absorbing atom [25 - 27]. 

1 Mmax 
F(R) = —j= / W(k)knx(k)e2lkRdk. (4) 

v 2 7 T J k m n 

The window function W{k) is applied for a smooth 
transition from zero to unity at the integration limits 
kmin and fcmax in order to reduce the termination effect 
[7, 28, 29], The weighting factor k n , with n = 1,2 or 3, 
compensates for the strong attenuation of x(k) at large 
fc-values which is necessary mainly for backscattering 
atoms with small atomic number [8, 30]. 

The modulus | F ( ß ) | of the radial density func-
tion is a measure for the number density of the 
neighbouring atoms. The positions of the peaks of 
|F(i?)|, however, occur at distances which are smaller 
than the true atomic distances, since during the 
Fourier-transformation the phase shift (j)tJ (k) was ne-
glected [31]. Therefore, the determination of atomic 
distances usually is done by fitting a theoretical model 
function to x(k)-

3. Experimental 

3.1. Sample Preparation 

Co-P samples were prepared with P-contents in the 
range 13.4 at% < cp < 26 at%. For the EXAFS mea-
surements at the P-K-edge very thin samples had to be 
produced. Using the electrodeposition method as de-
scribed in [2,3] it was possible to prepare Co-P foils 
with a thickness of only 1 fj.m. For the experimental 
determination of the phase shift two crystalline speci-
mens were used. One was obtained by sputtering from 
an Co2P-target onto a 6.2 |im thick mylar foil and the 
other by crystallization of an amorphous Co75P25 foil 
(500 °C; 24 h; atmosphere: Argon 5N). 

3.2. EXAFS Experiments 

The EXAFS experiments at the phosphorous K-
edge of the amorphous and crystalline Co-P alloys 
were done in transmission mode using the KMC 
equipment at BESSY (Berlin, Germany) [32 - 34]. 
It uses an In-Sb double crystal monochromator which 
works in UHV. The beam cross section at the speci-
men amounts to 2 x 3 mm2. The primary intensity 70 

was measured by recording the photo current from 
a Cu-grid in front of the specimen. The transmit-
ted intensity I was measured either by a GaAsP/Au 
Schottky diode (type G2119, Hamamatsu Inc.) or by a 
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E [keV] 

Fig. 1. Amorphous Co75P25: EXAFS experiment, a) inten-
sity of incident beam /0, b) intensity of transmitted beam /, 
c) absorption pd = ln (/0/7). fit to the range in front of 
the P-K edge. 

silicon diode (type XUV 100C, United Detector Tech-
nologies) which both are very suitable for the phos-
phorous K-edge [35, 36]. The EXAFS spectra were 
measured between 2 keV and 2.75 keV in 1.5 eV steps 
for one second each. From each alloy 50 spectra were 
measured and averaged. The adjustment of the KMC 
station was checked using the sulfur K-edge and the 
gold M-edge. 

3.3. Data Reduction 

Figure l a shows the intensity 70 which is deter-
mined by the spectral characteristics of the radiation 
source, the reflectivity of the monochromator, and 
by the other optical components of the beam line. 
Figure l b shows the intensity transmitted through 
an amorphous Co7 5P2 5 samle with the phospho-
rous K-edge at 2.148 keV. Figure l c finally shows 
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Fig. 2. Amorphous Co75P25: phosphorous K-absorption. 
— polynomial fit, representing the unmodulated part. 

pd = ln(/0/7), where d is the specimen thickness. 
Directly above the edge the rather strong oscillat-
ing XANES region occurs which is followed by the 
EXAFS region. The dashed line shows the contribu-
tion pb{E) to the absorption, which is caused by the 
cobalt atoms and by the L- and M-absorption of the 
phosphorous atoms. It was determinded by fitting a 
Victoreen-function [37] to the measured pd function 
in front of the P K-edge: 

A*b(£) = ai • ( j ^ J + a 2 - ( j ^ j , (5) 

where a j and a 2 are the fitting parameters (see [38]). 
Subtraction of the background pb(E) yields the cor-

rected absorption pK(E)d, as shown in Fig. 2 versus 
the wave vector k. The threshold energy E0 was de-
termined from the energy at half of the height of the 
absorption edge [39 - 42]. For all alloys we used E0 = 
2.148 keV. The unmodulated part p0{E)d in (1) was 
obtained by fitting a polynomial of the order of three 
to the EXAFS region (dashed line in Figure 2). Fi-
nally, the EXAFS function x(k) was calculated from 
(1) where the thickness d cancels out. 

4. Results and Discussion 

Figure 3 shows as an example the \(k) spectrum for 
amorphous Co7 5P2 5 together with the modulus |F(J2)| 
of the complex Fourier-transform. For twelve further 
P-concentrations the corresponding spectra are pre-
sented in [2], The EXAFS oscillations can be well 
described by one single frequency which indicates 
that in amorphous Co-P alloys only one atomic dis-
tance around the P-atoms is dominant. |F( i?) | shows 
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Fig. 3. Amorphous Co75P25: a) normalized EXAFS-oscil-
lations x(k)- — x(^) experimental, Xi(k) back-trans-
formed first shell, • fit to Xi(k) according to (3). b) modulus 
of the Fourier transform of \(k). window function for 
the back-transformation of the first coordination shell. 

a main peak at R = 2.25 A which reflects the distribu-
tion of nearest neighbour atoms around a central phos-
phorous atom. The second sphere in |F(i?) | is very 
weak and further spheres cannot be detected since 
the mean free path of a photoelectron only amounts 
to 10 A and therefore only a region with a radius of 
about 5 A around the absorbing atom can be detected 
[10, 15]. 

4.1. Atomic Distances 

Due to the phase shift (f)lJ (k) in (3), which is not 
taken into account in the Fourier-transformation (4), 
the peaks of |F(Ä) | in Fig. 3b are shifted to smaller R-
values. Therefore the distances were determined by a 
fitting procedure in £-space. The |F(i2)| function was 
back-transformed, where by the use of a Hanning-type 
window function W(R) [2] (dashed curve in Fig. 3b) 
the contribution of the first coordination sphere was 
isolated [5, 30, 43, 44]. Furthermore, for short dis-
tances the fit within fc-space yields better results than 
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Fig. 4. Crystalline Co2P: a) normalized EXAFS-oscillations 
x(k). — x(k) experimental, — Xi(k) back-transformed first 
shell, - • - X2(k) back-transformed second shell, b) modulus 
of the Fourier transform of x(k)- window function for 
the first coordination shell, - • - window function for the 
second coordination shell. 

in .R-space [31, 43, 45]. By the back-transformation 
of the first sphere also multiple scattering effects are 
eliminated [46-51] . The back-transformed function 
Xi(k) is shown in Fig. 3a as dashed line. For the fit 
to Xi(£)> according to (3), the phase shift <j>ijik) was 
determined by employing the concept of the transfer-
ability of phase shifts. 

An EXAFS spectrum of a reference substance with 
well known atomic distances has to be measured 
[8, 52, 53]. From this reference spectrum the phase 
shift 4>ij(k) can be determined by fitting (3) to the 
EXAFS oscillations x(k) using the known atomic dis-
tances. The distances for the amorphous alloys then 
can be obtained by transferring the phase shift to the 
amorphous alloy and the subsequent fitting of the 
EXAFS equation to the back-transformed Xi(^) func-
tion [9, 10, 20, 54, 55], The transferability of phase 
shifts, as determined with crystalline reference sub-
stances, to amorphous alloys is well known and re-
liable [31, 43, 52, 56, 57], presupposed that the sur-
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Table 1. Orthorhombic Co2P: atomic distances R and coor-
dination numbers N. 

Central 
Co1 

R[A) N 

— Neighbour — 
Co11 

R[ A] N 
P 

R[k] N 

Co1 2.54 2 2.665 6 
Co11 2.93 4 
P 2.21 4 2.434 5 3.27 2 

£ 0 

10 11 

Fig. 5. Crystalline Co2P: Phase shift <f>CoP(k). —experimen-
tal from crystalline Co2P, — according to McKale. 

roundings of the absorbing atoms in the reference sub-
stance and in the amorphous alloy are rather similar. 

Figure 4a shows the EXAFS reference spectrum 
\(k) for crystalline Co2P, which contains compared to 
the amorphous alloys also contributions with higher 
frequencies from larger interatomic distances. The 
modulus |F(Ä) | for crystalline Co2P in Fig. 4b shows 
a second maximum at R = 4.21 A which was not ob-
served with the amorphous alloy. The main peak at 
R = 2.25 A is narrower than in the amorphous case. 
For fitting of the back-transformed function Xi(^) 
from the first sphere a linear fit routine was devel-
oped which uses the simplex method combined with 
the method of simulated annealing [2]. 

The atomic distances for crystalline Co2P are listed 
in Table 1 [58, 59], The P-atoms are coordinated by 9 
Co-neighbours, four Co^atoms at an average distance 
of .Rco'p = 2.21 A and five Con-atoms at an average 
distance of Rc0nP = 2.43 A. The P-P distance is 3.27 A 
which means no direct P-P contact. 

Figure 5 shows the ^-dependence of the phase 
shift <fiCoP as obtained with crystalline Co2P using the 
Co-P distances from Table 1. Figure 5 also presents 
the phase shift as tabulated by McKale et al. [60] 
which shows discrepancies compared to the experi-
mental run especially at higher k-values. According 
to [52, 61, 62] we prefer the experimental phase shift 
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Fig. 6. Amorphous Co-P alloys: distances RCOP. a) from X-
ray and neutron diffraction [2,3]. b) from EXAFS. • from 
fit according to (3) with one Gaussian and experimental 
4>cop(k), * with two Gaussians and experimental 0CoP(&), 
• with one Gaussian and McKale 4>CoP(k). The lines in a) 
and b) are drawn as guide to the eye. 

for the interpretation of the spectra obtained with the 
amorphous alloys. 

A fit of the function of the amorphous alloys 
with one single Gaussian contribution turned out to 
be not perfect [2]. However, using two Gaussians, 
namely a major contribution at R j = 2.34 A and a small 
contribution at R2 = 2.01 A, a perfect fit is possible 
as shown in Fig. 3a (dots). The main contribution at 
Rl is in accordance with the Co-P distances of about 
2.3 A, which were obtained from diffraction [2, 3], 
whereas the distance R2 is distinctly smaller. From 
the distances RCoc0

 = 2-58 A and RCoP = 2.26 A [2, 3] 
an apparent diameter of the P-atoms can estimated as 
Rpp = 1.94 A, which is close to R2 = 2.01 A. Thus one 
cannot exclude that in amorphous Co74P25 a small 
number of P-P pairs in close contact may exist. 

Figure 6 shows for all amorphous alloys under in-
vestigation the obtained Co-P distances, in the up-
per part from diffraction [2,3] and in the lower part 
from EXAFS. Above the eutectic concentration (19.9 
at% P) the Co-P distances from diffraction become 
smaller, whereas the data from EXAFS do not depend 
significantly on the P-content. The Co-P distances as 
determined by diffraction fall into the region between 
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Fig. 7. Logarithmic plot of the ratio of the EXAFS ampli-
tudes A(k) (c. f. (3b)) of crystalline Co2P and amorphous 
Co75P25 versus kr. 

the EXAFS data obtained once with the phase shift 
f rom crystalline Co 2 P ( • in Fig. 6b) and once with the 
phase shift tabulated by Mc Kale [60] (A in Fig. 6b). 
We state that the Co-P distances of the amorphous 
alloys fall in between the distances i?co>p a n d -Rc0

nP-

4.2. Partial Coordination Numbers 

It is well known that the determination of reliable 
coordination numbers of amorphous alloys from EX-
AFS hardly is possible, even if a crystalline reference 
standard is employed. This can be illustrated by means 
of the so called ratio method [63 - 67]. From (3) fol-
lows for the ratio of the amplitude functions ATef(k) 
and A(k) of a crystalline reference substance and the 
amorphous alloy, respectively: 

where only the first coordination sphere is considered 
and where the mean free paths A(k) are assumed to be 
equal. 

Figure 7 shows the corresponding plot of the ra-
tio versus k2 as obtained from crystalline Co 2 P and 
amorphous Co 7 5P 2 5 . From the fact that this plot does 
not yield a straight line we have to conclude that (6) 
cannot be applied successfully. That means that the 
determination of partial coordination numbers from 
the EXAFS data is not possible in the present case. 

5. Conclusions 

A feasibility study of EXAFS spectroscopy at the 
phosphorous K-edge of amorphous electrodeposited 
Co100_ ; c Px alloys (13.4 < x < 26) was performed. 
It showed that, on the one hand, EXAFS oscillations 
with high quality can be obtained experimentally, but 
that, on the other hand, the difficulties in the extrac-
tion of structural parameters are connected with the 
data reduction procedures. Co-P distances were ob-
tained by fitting the theoretical EXAFS equation to 
the normalized EXAFS spectrum in fc-space using 
two Gaussians. The Co-P distances which were de-
termined by means of EXAFS and by means of the 
diffraction methods were in good agreement. It was 
not possible to deduce reliable coordination numbers 
from the EXAFS spectra. 
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