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Short-range orders of two amorphous alloys of the chalcogenide Cu-As-Se family have been studied by
extended x-ray-absorption fine structure (EXAFS) and wide-angle x-ray scattering (WAXS). Up to now,
the construction of spatial models by a modified metropolis Monte Carlo simulation technique carried
out by us was solely based on the information gained in the WAXS experiments. In this work, we also
take into account the information extracted from the spectroscopic EXAFS experiments to get more-
realistic spatial models. In this way, the average coordination numbers of the three different atoms and
their distances to the first coordination sphere have been determined in CugAs,¢Seqs and Cu,zAs;;Sess.
The extraction of the inverse Fourier transforms to the generated atomic distribution function leads us
to a simulated reduced interference function si(s), in good agreement with its experimental counterpart.
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I. INTRODUCTION

During the last few years amorphous semiconductors
have been used in the manufacture of solar cells, bat-
teries, and phototransistors' as well as in some steps of
the technological processing of very-large-scale integra-
tion (VLSI) microelectronic circuits. Recently the chal-
cogenide family (CdS,Se,_,) appears to play an impor-
tant role in the synthesis of materials with nonlinear opti-
cal properties made of a ceramic matrix and the disper-
sion within of a chalcogenide phase.? In this way, the
structural study of these compounds has gained addition-
al interest, as electronic properties are related to the
glassy structure.

The addition of copper to amorphous As-Se alloy sys-
tems has been studied by many authors®>* and there result
significant modifications of its properties, including the
observation of a glass transition, network connectivity,
and electrical conductivity. The last one strongly de-
pends on short-range order® (SRO), and one of the main
purposes of this work is to determine the distances and
pair coordinations of each component. Experimentally,
the metal atoms appear to be tetrahedrally coordinat-
ed,>® and the general structural model proposed by Liu
and Taylor’ gives a tetrahedral structure when the metal
is added to the glasses. The particular spatial models
proposed in this work also satisfy this feature.

Wide-angle x-ray scattering (WAXS) is a mature tech-
nique.® A complete data analysis begins by obtaining the
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radial distribution function (RDF) that carries the global
average structural parameters concerned with the first
coordination shell, such as, the average distance between
atoms pairs and the coordination number. This is related
to the position and area of the first peak.

Extended x-ray-absorption fine structure (EXAFS) is a
very useful technique to determine separately the coordi-
nation number for the three components. In this way the
EXAFS experiments have been performed at the three
absorption K edges corresponding to the Cu, As, and Se
elements at room temperature. The availability of
EXAFS spectroscopy has led to the determination of a
set of parameters describing the SRO that also satisfies
WAXS experiments, which has challenged us to con-
struct dimensional models that include this information.
This means that EXAFS could act as a way of testing and
refining our previous Metropolis Monte Carlo (MC)
simulation technique as a second local probe. The pur-
pose is to reach more realistic and accurate models from
a physical point of view.

II. EXPERIMENTAL

Selected samples were named L and H referring to
their low or high copper concentration. Case L
represents a deviation in the As/Se ratio of the widely
studied composition Cu,-(As,Se;);_,, while the other
presents a higher Cu concentration and an As/Se ratio
equal to 1. Both compositions are included in the
amorphization region (see Borisova®).
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Amorphous materials with the above-mentioned com-
position, were prepared by the usual melt-quenching
technique. The glassy nature of the samples was
confirmed by x-ray diffractometric scanning, showing the
absence of the peaks, which are characteristic of crystal-
line phases. Figure 1 shows the corresponding
diffractograms obtained with Cu-Ka radiation (A=1.54
A). The material densities, measured by the pycnometric
method, are 4.4+0.2 g/cm? and 5.8+0.2 g/cm? for sam-
ples L and H, respectively.

Standard WAXS experiments were performed on a Sie-
mens D500 diffractometer equipped with a graphite
monochromatic, scintillation counter and standard asso-
ciated electronic equipment. Two sets of four series of in-
tensities collected with Bragg-Brentano geometry in the
angle interval 8°<260110° for both Cu-Ka and Mo-Ka
(A=0.71 A) radiation with a step size of A(20)=0.2°,
were used from 8° to 70°, and A(20)=0.5° from 70° to
110°. Counts were measured by keeping a fixed time in-
terval for purposes of automatic data registration by
means of Siemens Daco systems, ensuring in every case at
least 4000 counts in each measured time interval. The in-
tensity assigned to each observation point was the mean
value of those series measured at that point. Most of the
averaged values lie within 3% of the average with a max-
imum deviation of 5%.

EXAFS experiments were carried out on the beamline
EXAFS-III at the DCI storage ring (Orsay) with an elec-
tron beam energy of 1.85 GeV and an average current of
250 mA. Data were collected with a fixed-exit mono-
chromator using two flat Si(311) crystals in transmission
mode. Detection was carried out using two ion chambers
with air fill gas. The air pressure was selected in order to
have a good signal-to-noise ratio and a good linearity; no
significant changes have been observed in the Fourier
transform of the EXAFS data when different thickness of
the sample were measured. The fast EXAFS acquisition
operative mode!® was used to collect at least ten spectra
in order to average them. The energy resolution was es-
timated to be about 2 eV by the Cu foil 3d near edge
feature. The energy calibration was monitored using the
Cu foil sample and was set at 8991 eV at the first max-
imum above the edge.

INTENSITY (arb. units)
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FIG. 1. X-ray diffractogram with Cu-Ka radiation for
Cu,6As;;Ses; (above) and CugAs,sSeqs (below) samples.
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Samples were prepared by powdering, sieving, and then
selecting particles smaller than 10 microns by floating the
powder. The particles were then deposed on tape. About
two layers of tape were used to make samples with Aux
of 0.1-1.0 and a total ux less than 1.5.

III. ANALYSIS OF THE RESULTS

A. RDF from x-ray-scattering experiments

The observed intensities were corrected for back-
ground, polarization, and multiple scattering and were
normalized into electron units (e.u.) by the high-angle
method,!! and, subsequently, the incoherent scattering
was subtracted.

The RDF is calculated as follows:

amrp(r)=4mrip,+rG(r) , (1)

where p, and p(r) represent the mean atomic distribution
and the local atomic density, respectively, and G (r)
stands for the Fourier transform of a function of experi-
mental intensities, being

G(r= [ Fis)sin(srds )

with s being equal to the scattering vector modulus, and
F (s) being the interference function given by

F(s)=si(s) , (3)
with i(s) being a function given by
Iow =3 x:f7
¥ ]2

where x; is the atomic fraction of the i element and f; the
atomic scattering factor with i =Cu, As, or Se, and I,
represent the resulting intensity values in electronic units
after correction.

The interference functions F(s), were built up takmg
the Cu-Ka data for the interval 0.57 =5 <4.01 A~ 'and
those of Mo-K a for 4.01<5<11.77 A~ for the L sam-
ple. Similarly these limits are 0.57<5<3.98 A™! and
3.98<5<11.67 A™!, for the H sample. Then the data
were theoretically extended by the method described by
D’Anjou and Sanz'2 up to s =30 A~! to avoid spurious
oscillations in G (r) due to the cutoff. The RDF after the
above-mentioned procedure is plotted in Fig. 2, for both
samples.

The alloys under study were obtained in a second in-
stance, and the entire experimental and numerical pro-
cess was repeated up to the point of evaluating and com-
paring both RDF’s. No difference has been observed be-
tween these two assays, increasing the confidence in the
method’s accuracy.

From the RDF point of view, the following informa-
tion can be gathered: the limits of the first peak range in
the L sample from 2.19 up to 2.59 A, and for the H sam-
ple between 2.20 and 2.65 A. The range does not allow
us to reject any kind of bond between the different ele-
ments in the alloys, as all the standard bond distances are
included in these limits. The first peak position for the

i(s)= , 4)
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FIG. 2. Extended radial distribution function up to r =12 A
(a) for the CuyAs;,Se;; alloy and (b) for the CugAs,¢Seqs alloy.

low-Cu-concentration sample is 2.40 A, and for the high-
Cu-concentration sample it is 2.44 A.

The area under the first peak represents the first-
neighbors average coordination (i.e., the atomic network
connectivity). The ideal average coordination value for
covalent amorphous chalcogenides in the Phillips sense is
2.45 atoms'® and the obtained value for the L sample is
Agrpr(L)=2.54 atoms. It indicates a slightly higher con-
nectivity than in Ref. 14, representing an important devi-
ation of the structure’s covalent behavior. However, the
value obtained for the H alloy Agpp(H)=3.58 atoms
clearly indicates a high connectivity involving the pres-
ence of noncovalent bonds. On the other hand, the
theoretical expression of the area under the first peak is

[zxz]zggxzzm,, 5)

where Z; is the atomic number of element i and n;; the
average number of i-type atoms in the first coordination
sphere of a j-type atom.

Taking into account the relationships for pair coordi-

nation in our ternary compounds

nl.j:nﬁ?j . (6)

where i and j are Cu, As, or Se, and P; and P; are the
percentages of each i and j component in the sample, the
following equations for the area under the first peak for

the L and H samples were obtained:
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A =8.99(0.769n 43 +0.583n,3+0.283n,,
+0.158n3+0.153n,, +0.067n,,) , (7)
A=9.56(0.427n4;+0.823n,,+0.403n,,
+0.513n,,+0.498n, +0.219n,,) ®)
with 1=Cu, 2=As, and 3=Se.

B. EXAFS spectra

The recordings of the absorption spectra at the K edge
for the three components of CugAs,cSes and
Cu,4As3;Se;; have been performed on samples with the
same thickness, and has been reported previously.!?

A classical procedure has been used to analyze the
EXAFS spectrum. Above the edge, the background sig-
nal was removed by a multiple-iteration curve smoothing
procedure. The analysis of the EXAFS signal to get the
position of the neighbors around the absorbing atom has
beenlgarried out using the well-known EXAFS expres-
sion:

x(k)=3 N exp( —2k%0%)exp | — —i fi(k)
< kR} / Tk
Xsin[2kR; +¢;(k)], 9)

which describes the EXAFS oscillations for a Gaussian
distribution of neighbors around the central atom, in the
single scattering theory and in the plane-wave approxi-
mation. k is the wave vector of the photoelectron, which
is related to the electron mass (m,) and with the thresh-
old energy (E,) by

172

k= |—%(E —E,) (10)

N; is the average coordination number for the Gaussian
distribution of distances centered at the R; value; o; is
the Debye-Waller contribution; ¢;=26+y;(k) is the
phase shift, with 8 and y; being the central and back-
scattering atom phase shifts, respectively; f;(k) is the
amplitude of the backscattering atoms; and I'; is related
to the photoelectron’s mean free path.

Data analysis has been carried out by comparing the
filtered data with the EXAFS contribution calculated in
the k and R spaces. After this interactive process, a stan-
dard minimization procedure has been applied in order to
obtain the parameter that best fits the experimental data.
The backscattering amplitude and phase functions were
taken as the reported ones by Mckale et al.!” Special at-
tention has been paid to the coordination number in or-
der to avoid the possible errors in the calculated ampli-
tude function. First, we have fitted some crystalline sam-
ples'® of these elements, and the fittings work correctly.
These errors must coincide directly with Nj; in this way
the relative coordination will be compatible with the
stoichiometry of the sample and, moreover, we have ad-
ditional data, which are the RDF obtained by WAXS in
order to compare the mean coordination obtained from
EXAFS.
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The analysis shows that, like the conductivity, the T’ j
parameter (which is related to the photoelectron’s mean
free path) hardly changes from one compound to another.
The Debye-Waller factors (0%) were taken in a first ap-
proximation for both samples, as were those obtained for
the crystalline As,Se;, where the distances and coordina-
tion numbers are known, and their EXAFS signals have
been analyzed in the same way. The I'; parameters were
taken to be the same as the corresponding to crystalline
AsSe;Ag. The free parameters in the first step of the data
fitting are the distance and coordination number for the
two backscatterer neighbors, the changes in the threshold
energy (AE,) and the change in Debye-Waller factors.

Physically, each atom may be surrounded by three
different types of atoms. In order to reduce the un-
knowns in Eq. (8), we have performed a first analysis'®
without making any distinction between As and Se as
backscatterers, as the fitting program is unable to find a
solution when working with such a high number of un-
known parameters. This approximation is valid because
of the proximity of As and Se in the Periodic Table. This
leads to a set of n; and r;;, for the best fitting parameters,
which are presented in Table I, in the columns headed N
and d, respectively.

The number of parameters (P) that can be obtained
from the EXAFS measurements is given by
P=2AkAR /7 taking into account the Nyquist cri-
terion,'” where Ak is the range to calculate the Fourier
transform and AR is the range in R space used to per-
form the inverse Fourier transform. Values for those ex-
periments are Ak =11 A~ ' and AR =1.2 A, which allow
a number of parameters P=8.4. In Table I every
EXAFS parameter is listed but not all of them are in-
dependent ones. Distances between two kinds of atoms
must be the same independently from the absorption
edge, from which they have been measured. On the other
side, the mean free path factor I' must be the same at
every edge for each sample; thus, we have 5, 7, and 7 free
parameters for CugAs,sSeqs and 8, 7, and 7 free parame-
ters for CuysAs;;Sez; (at the Cu, As, and Se absorption K
edges, respectively) because we have taken only one
Debye-Waller factor value per absorption-edge fitting.

Some remarks can be made about the coordination of
the three kind of atoms. The average calculated coordi-
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nations, in the case of the Cu K-absorption edge are 3.96
and 3.99, similar to the value 4.0, as reported by Hunter
et al.?® For the As K edge the value of its mean coordi-
nation is 2.97 and 2.99 similar to the value of 3.0 ob-
tained by means of the nuclear quadrupolar resonance
(NQR) experiment reported by Saleh et al.?! According
to the formal valence shell (FVS) proposed by Liu?? and
Taylor in a compound such as Cu,As,Se,, with
x +u +v =1, where n,, is the area under the first peak of
the WAXS RDF, the averaged coordination for Se is
n,, —4x —3u
nSe,FVS:——m . (11
v

For purposes of comparison, the Se average coordina-
tions of both compounds were calculated by application
of the FVS formulas resulting ng, gys(L)=2.18 and
nse,pvs(H)=3.86, which represents a better than 5%
agreement with those obtained from EXAFS analyses,
which are ng, gxaps(L)=2.25 and ng, gxaps(H)=3.83,
respectively.

It should be noted that the resulting coordinations are
compatible with the sample’s stoichiometry, which may
be interpreted as an autoconsistency test, since there was
no a priori supposition on the coordination number. On
the other hand, a good agreement is obtained by compar-
ison of the mean coordination number and distances with
those obtained from WAXS RDF of both samples. The
mean coordination number can be directly obtained from
the area under the first peak of WAXS RDF:
Arpr(L)=2.54 and Agxpp(H)=3.58 atoms. In com-
bination with Eq. (11), they can be compared to those ob-
tained by substituting data of Table I in the approximat-
ed equation of the area below the first peak [Eq. (5)],
which gives Apxaps(L)=2.51 and A4 gxaps(H)=3.6.

C. Modeling technique

The procedure for building up a tridimensional model,
generated from SRO information supplied by the WAXS
RDF and implemented by MC simulation techniques was
reported by Esquivias and Sanz,?® and more recently by
Vazquez et al.** We have modified the methodology to
enable the inclusion of the constraint set supplied by the
EXAFS experiments, and subsequently a comparison of

TABLE I. Fit results of EXAFS experiments for CugAs,¢Se¢s and Cu,zAs;;Ses; alloys.

Sample E, (V) Pair AE, (eV) N d@A) o2 AP) T A
CugAs,¢Seq 8976.0 Cu-Cu
Cu-(AsSe) 10.0 396 243 0.103 2.0
118576  As-Cu 2.0 0.11 2.46 0.062 2.0
As-(AsSe) 286  2.40 0.064
126460  Se-Cu 6.0 044 243 0.070 2.0
Se-(AsSe) 1.81 2.39 0.066
CuysAsy;Ses, 8977.0 Cu-Cu 2.0 029 250 0.080 2.0
Cu-(AsSe) 370 239 0.109
118570  As-Cu 0.0 066 241 0.060 2.0
As-(AsSe) 233 241 0.075
12 646.0 Se-Cu 5.0 193 2.36 0.087 2.0
Se(AsSe) 190 242 0.069
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TABLE II. Number of generated (P) and located (N) positions, with the indicated distributions of

Cu, As, and Se atoms for the alloys L and H.

Sample P N Cu atoms As atoms Se atoms
CugAs,sSegs 475 252 20 66 166
Cu,eAs3;Ses; 429 349 91 129 129

both procedures was carried out.

In any case the basic aim is the determination of the
tridimensional model that verifies, as a necessary condi-
tion, the structural information experimentally obtained,
and simultaneously satisfies, as much as possible, the
known physicochemical properties of the material under
study and its elements.

The basic steps in the modeling process are (i) genera-
tion of the initial model, (ii) calculation of its correspond-
ing reduced RDF given by rG,.4(7), (iii) evaluation of
the average quadratic deviation £° between experimental
and simulated reduced RDF, (iv) random relocation of
selected atomic positions, (v) follow up of the model evo-
lution, and (vi) obtaining the thermal factors and statis-
tics of the best model.

Generation of the initial configuration consists of the
saturation of a sphere of 12- A radius with P spatial posi-
tion (x;,x,,x;) compatible with the bond distance and
the angle determined by a random process, and the as-
signment of identity (Cu, As, or Se) to a set of N posi-
tions, by elimination of those with lower coordination.

N is the number of atoms that can be located inside the
sample, and is a partition of Cu, As, and Se atoms, de-
pending on the samples composition. The value of N is
given by

A

N= Poas
a

(12)

where p, is the experimentally measured density, A4 is
Avogadro’s number, M, is the atomic mass of the com-
position unit, and V is the volume of the simulated mod-
el.

Table II represents the values of P, N, and the distribu-
tion for every kind of atom in samples L and H, within a
sphere volume of 12 A of radii, and large enough to sta-
tistically represent the sample and small enough to be
handled with a reasonable computational effort.

The model’s reduced RDF is calculated by simulating
its diffraction process, and then comparing it with the ex-
perimental sphere obtained by multiplying the reduced
RDF, rG.,,(r), with the one proposed by Mason,?> which
takes into account the sample’s finite extension and
represents the probability of finding a distance 7 inside a
sphere with a radius R, by means of the equation:

D(r)=1.0—1.5(r/2R)+0.5(r /2R)* . (13)

From now on a displacement of A=0.5 A of a ran-
domly selected specific atom and its direction are applied,
and test if a reduction in the €2 occurs, while the remain-
ing above-mentioned constraints are still satisfied. If this
is the case, the movement is accepted and the cycle is re-
peated up to a moment where interactively a decrease in

A is imposed due to very slow observed convergence of
the process and extremely long computation time. This
situation favored the follow up of the process until a
A=0.1Ais applied and the system reaches a near steady
state of convergence with a low €? factor, given by the ex-
pression

M
=(1/M) 3 [1;Goppr;)—

i=1

erod(ri)]z N (14)

where the 7;’s correspond to the M points sampled in the
comparison. Table III gives the number M of valid
movement, and the €2 reached, for every A step, in the
samples L and H for the WAXS RDF procedure and for
the combined WAXS-EXAFS method.

Once the value of A=0.1 A was completely exploited
we did not decrease it again as the lower values have no
physical meaning, since they are obscured by the thermal
agitation. Next a refining of thermal factors was initiat-
ed. By the light of WAXS RDF, we define five coordina-
tion spheres, whose extreme radii depend on their own
WAXS RDFS data (Table IV). Then starting with an ini-
tial thermal isotropic factor of o,=0.1 A, a set of o, j
values (Table IV) was obtained, which best fits the simu-
lated model reduced RDF to the experimental one, using

TABLE III. Positions refining process for WAXS method
and combined WA XS+ EXAFS method for each sample.

Sample A (A) M g2
CugAs,eSeq 0000 3.3745
0.5 0443 1.4461
(WAXS method) 0.4 1338 0.0933
0.3 1435 0.0759
0.2 1674 0.0470
CuyeAsyiSes, 0000 3.7910
0.5 0716 0.7289
(WAXS method) 0.4 1342 0.1489
0.3 1558 0.0899
0.2 1943 0.0392
0.1 2214 0.0266
CugAs,eSeqs 0000 3.0441
0.5 0594 0.2663
(WAXS+EXAFS method) 0.4 0786 0.1250
0.3 0885 0.0845
0.2 0966 0.0619
0.1 1157 0.0411
Cu,eAsi;Sess 0000 3.5810
0.5 0634 0.5341
(WAXS+EXAFS method) 0.4 0798 0.3435
0.3 0887 0.2882
0.2 1143 0.0716
0.1 1504 0.0459
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Thermal isotropic factor (o) refining process

Sample Coord. sphere 7, (A) 7 max (A) o’ (A%
CugAs,¢Segs 1st 0.0 3.0 0.0002
2nd 3.0 4.9 0.0031

(WAXS method) 3rd 4.9 6.5 0.0224
4th 6.5 8.2 0.0384

5th 8.2 12.0 0.0107

CuZéAS37Se37 Ist 0.0 3.0 0.0002
2nd 3.0 5.0 0.0057

(WAXS method) 3rd 5.0 6.6 0.0103
4th 6.6 8.4 0.0446

5th 8.4 12.0 0.0535

a least-squares iterative method, for the WAXS RDF
constraints only. Table IV summarizes the coordination
spheres of the RDF with the best-fit temperature factors.
It is given in order to show their coupling and the devia-
tions compatible with the model. Also a similar set of
values (not shown) was obtained, for the simulation of the
model owing to the WAXS RDF plus EXAFS con-
straints. Once the thermal factor refining process was
finished, the quadratic deviations between the theoretical
and experimental values of rG(r) were reduced for
both simulations assays to the values shown in Table V.
The model is compatible with WAXS data and
WAXS+EXAFS data as both fittings are acceptable,
having the WAXS+EXAFS-based model with a bigger
standard deviation because the modeling is more con-
strained as movements breaking the local order required
by EXAFS analysis are not allowed. The model indicates
the more probable structure from a statistical point of
view is not unique at a local level.

Once the refining process has terminated, the resulting
atomic configuration is used to obtain the model’s re-
duced RDF and interference function and to discuss the
main structural parameters. In Fig. 3 we compare along
the same axis the reduced RDF obtained from the spatial
model against the experimental ones for samples L and
H, in the case of simulation based on WAXS RDF plus
EXAFS, a good match can be observed.

With the aim of showing the agreement between the
simulated model and experimental data, and of looking
for some topological features in the medium-range order,
we calculated the inverse Fourier transform to obtain the
model’s reduced interference function (Fig. 4). The
fitting between the experimental and modeled interfer-
ence function is satisfactory but does not reproduce the
first sharp diffraction peak observed in the WAXS RDF
of the H sample, and does so only slightly for the L sam-
ple. .

TABLE V. Quadratic deviations (£?) between theoretical and
experimental values of rG(r), for both modeling approaches.
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FIG. 3. Plot agreement between the experimental and
modeled (pointed line) reduced radial distribution function (a)
for the CuysAs;3;Se;; alloy and (b) for the CugAs,¢Segs alloy.
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modeled (pointed line) reduced interference function (a) for the
CugAs;;Ses; alloy and (b) for the CugAs,¢Seqs alloy.
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TABLE VI. Coordinations (N) and pair distances (d) reached in the models from WAXS method

and combined WAXS + EXAFS method.

Sample Pair N d (A) N d (A)
(WAXS) (WAXS+EXAFS)
CugAS%Se“ Cu-Cu

Cu-As 0.30 2.40 0.20 2.42

Cu-Se 2.80 2.40 3.10 241

As-Cu 0.09 2.40 0.06 2.42

As-As 0.97 2.42 0.33 241

As-Se 1.24 241 2.12 2.40

Se-Cu 0.33 2.40 0.37 241

Se-As 0.49 241 0.88 2.40

Se-Se 1.23 2.41 0.71 2.39

Cu26AS37SC37 Cu-Cu 1.07 2.43 0.28 2.47
Cu-As 1.23 242 0.74 2.42

Cu-Se 1.56 2.44 2.30 2.45

As-Cu 0.86 242 0.59 242

As-As 0.96 242 0.59 2.41

As-Se 0.80 2.42 1.44 ’ 2.44

Se-Cu 1.10 2.44 1.62 2.45

Se-As 0.79 2.42 1.44 2.44

Se-Se 0.99 2.42 0.17 2.42

From the model’s atomic position arrangement, the
coordination distances d and pair distribution statistics N
can be obtained. Table VI shows the WAXS RDF mod-
eling simulation coordination (third and fourth columns),
and WAXS-EXAFS results when both were taken at the
same time (fifth and sixth columns). The simulation re-
sults can be compared with the fifth and sixth columns
from Table 1. The lower values of the fifth columns
against the corresponding values in Table I are logical as
the simulated model has a finite radius and therefore re-
veals the atoms with unsaturated atoms near the peri-
phery. The distance bond lengths are close to those ob-
tained in the EXAFS experiment, except for the Cu-Se
pair, which are compatible with the values found in the
literature.

IV. CONCLUSIONS

The accuracy of the sample generation and obtaining
the RDF has been verified by a double assay with one of
the studied samples. The structural SRO parameter de-
rived from WAXS RDF analysis is a condition satisfied

by the structural parameter reached in the EXAFS spec-
troscopic study of our sample.

A modified modeling MC simulation technique has
been implemented, taking into account the structural in-
formation of both WAXS and EXAFS. The models satis-
fy the coordination and pair distance requirements and
give a fine-tuned set of pair distances. In addition, as a
feasible result, the inverse Fourier transform of the
model’s RDF for both samples agrees well with the ex-
perimental SRO information and even describes some to-
pological aspects of medium-range order for one of them.
Nevertheless the g2 factor is worth in the case of
WAXS+EXAFS assays due to the increased number of
constraints imposed in the numerical process.
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