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Abstract

X-ray scattering has been used to investigate the structure of glassy As,Tes,
prepared by quenching in liquid nitrogen. The result of the coherent scattered
x-ray intensity proved that the medium-range order (MRO) is very weak, and
this was attributed to the higher metallic nature of the glass. Analysis of the first
two peaks in the curve of the total radial distribution function, 7 (r), revealed
that the short-range order (SRO) in the glassy state is different from that in the
crystalline state, and that the first coordination sphere includes As—As and Te—
Te bonds in addition to the As—Te bonds.

1. Introduction

Although a large number of studies have been devoted to understanding the structure of glassy
As,Tes [1-6], the exact atomic arrangement is still unclear. There are two prevalent models
that were proposed to explain the short-range order of this compound. In the first model, the
glass is considered to be made up of random, covalently bonded AsTes;, pyramids units, as
in As;S; and As,Ses glasses, arranged in a three-dimensional network, and the coordination
number of arsenic and tellurium atoms are three and two, respectively [1-3]. The second model
proposes that the SRO is chemically disordered and homopolar pairs of As—As and Te-Te, in
addition to the hetropolar As—Te pairs, are found in the first coordination shell [4, 5]. The
last two models agree in that the short-range order in the glassy state is different from that in
the crystalline state. In disagreement with this model, Tverjanovich et al [6] concluded, from
x-ray diffraction data, that a proportion of the arsenic atoms in glassy As,Tes; have octahedral
coordination, similar to that in the crystalline state, in addition to the trigonal arrangements.

In this work we tried to collect more information concerning the SRO and MRO of this
interesting compound using x-ray scattering data.

2. Experimental details

2.1. Sample preparation

The glassy sample was prepared using the conventional melt-quenching technique. A total
weight of 5 g of high-purity (SN) constituent elements was sealed under a vacuum of
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1073 Pa into a cylindrical quartz ampoule, which was then heated in an electric furnace.
The temperature was slowly raised to 1000 K and the melt kept at this temperature for
24 h. During the melting process, the ampoule was frequently agitated in order to achieve
homogenous mixing. The glassy state of As,Te; was produced by quenching the melt in
liquid nitrogen [1]. The samples for x-ray measurements were prepared by pressing tablets
of dimensions 10 x 10 x 0.5 mm?>.

2.2. X-ray measurements

A horizontal goniometer with a four-slit collimation system, previously described in [7], was
used to perform x-ray scattering experiments using a symmetrical transmission technique with
0-26 control (where 26 is the scattering angle). The x-ray radiation was Ag Ko (wavelength
A = 0.559 A) from a rotating anode (50 kV, 180 mA) with a primary beam graphite monochro-
mator. The intensities were measured at room temperature (approximately 20 °C) from 26 =
1.5° to 120° at 0.25° intervals, i.e. the scattering vector k (where k = 4 sinf/A) changed
from 0.2933 to 19.4 A~ The individual scattering curves were measured at least five times to
minimize any long-term instrumental drift, and 10 000 counts at each angle were averaged.

3. Data reduction

The intensities mentioned above were corrected for background radiation, polarization of the
x-ray beam reflected by the sample and monochromator, and absorption [8, 9]. The individual
atomic scattering factors, f(k), were taken from [10] and corrected for anomalous dispersion.
The average incoherent scattering, /iy (k), was calculated according to [10] and multiplied by
the Berit—Dirac recoil factor [9].

3.1. Scaling procedure

The main difficulty in the calculation of the radial distribution function (RDF) consists of the
scaling procedure (converting the corrected scattered x-ray intensity, I.o(k), from arbitrary
units to electron units). The scaling procedure was performed in two ways. Firstly, we
applied the two traditional large-k and Krogh—Moe methods to adjust .o (k) to the independent
scattered intensity [(f 2(k)) + e (k)] [11, 12]. Figures 1 and 2 show the corrected and scaled
intensity, I (k), using the last two methods and figures 3 and 4 show the reduced intensity
function, ki (k), (i (k) = {(I (k) — [{f*(k)) + Linc(k)])/ 2, where f, is the electronic scattering
factor). If all the corrections to the experimental data were known accurately and if the coherent
and incoherent scattering factors were correct, the corrected and scaled intensity 7 (k) will
oscillates smoothly about the summation of the theoretical scattering [(f2(k)) + Linc(k)] at
large k-values and ki (k) oscillates about zero [13]. In our case, I (k) and ki (k) do not satisfy
these conditions. This could arise from several sources, such as unidentified instrumental errors
and imperfect correction procedures [14, 15]. Several alternative methods have been applied to
perform the scaling process [15—17]. We have developed the following method.
The correlation function o (r) was calculated from the direct Fourier transformation of the
corrected intensity, I.or(k), according to the following equation [18];
1 Kmax
o(r)=— Lo (k) sinkr dk. (1
27.[2 ‘min
The function o (r) represents the electronic density distribution in real space without the
sharpening function 1/ f2, which accentuates the errors of measurements, especially in the
high-angle region. After calculating o (r), a very smoothed intensity curve, Ismoot(k), was
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Figure 1. The k-dependent intensity distribution, 7 (k), of glassy As,Tes (curve 1) scaled to absolute
units using the large-k method. Curve (2) is the theoretical scattered intensity, [( f2(k)) + Iinc (k)].
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Figure 2. The k-dependent intensity distribution, 7(k), of glassy AspTes (curve 1) scaled to
absolute units using the Krogh-Moh method. Curve (2), is the theoretical scattered intensity,

[{f2()) + Line (K)].

produced by Fourier transformation of o () in a range of small real-space distance r; — r5:

)
Ismoot(k) =4 / U(r) sinkr dr. (2)

r
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Figure 3. The reduced interference function, ki (k), of the glassy As,Tes, calculated from the scaled
intensity, 7 (k), using the large-k method.

The range r; — r, was selected carefully to make the produced oot (k) have the same
features of the independent scattered intensity, especially in the high-k range (k > 10 Ail).
Inasmuch as the first main peak in the radial distribution function corresponds to the functional
form of the scattered x-ray intensity in the high-k range [19, 20], we selected the dotted region
from the o (r) curve in figure 5 for making the Fourier transformation. Figure 6 shows the
smoothed intensity curve Igmeot(k) and I.on (k). The scaling process is produced by least-
squares fitting of the smoothed curve Iiyoot (k) according to

Lmoot (k) = ((f2(k)) + Iinc(k)) x F (k). 3)

The polynomial F (k) takes the form
F(k) = Z aik' “4)
i=0

where a; and n are the polynomial parameters and degree, respectively. Dividing through
equation (3) by ({f2(k)) + Iinc(k)), the actual least-squares fit can be visualized. Then the
corrected and scaled intensity can be written as

Leore (k)

F(k) ~ ©)

I(k) =

The polynomial degree was selected to be low (n ~ 2), so that real distance correlations
in Iy (k) are not affected. Figures 7 and 8 show [ (k) scaled to electron units using the new
method and the produced ki (k). We can notice that I (k) satisfies the condition of scaling and
ki (k) oscillates regularly around zero in the high k-values.
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Figure 4. The reduced interference function, ki (k), of the glassy As,Tes, calculated from the scaled
intensity, 7 (k), using the Krogh—-Moe method.
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Figure 5. The correlation function, o (r), versus r. The dotted region is the selected range for
making the Fourier transformation.

3.2. Radial distribution function

The radial distribution function (RDF), in units of e? A71 and in steps of 0.06 A, was calculated
from the equation [21]
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Figure 6. The corrected x-ray scattered intensity curve, I.or, and the smoothed intensity curve,
Ismoo.» versus k for glassy As;Tes.
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Figure 7. The k-dependent intensity distribution, 7 (k), of glassy Asp;Tes (curve 1). Scaled to
absolute units using the new method. Curve (2) is the theoretical scattered intensity, [(f 2(k)) +
Iinc (k)]

_ _ 2 o
RDF(r) = ) Kpdnrign(r) =) Kndmrig+ ;r / ki (k) sinrk dk, (6)
cu cu 0

where K, is the effective number of electrons in an atom of kind m in order to obtain the
Fourier transformation; K,, was calculated using the constant effective-K approximation [21].



On the structure of As,Te3 glass 6219

4 T T T T T T T T T

= a
0- A /\ /J\A MAAMNAH )
\\V/ﬂ vV T

VYV T

ki(k) [eu.u.c.]

_4 n 1 n 1 n 1 n 1 n 1 n n n
0 2 4 6 8 10 12 14 16 18
k(A

Figure 8. The reduced interference function, ki (k), of glassy As,Tes, calculated from the scaled
intensity, 7 (k), using the new method.

gm(r) and g are the local and the mean electronic density, respectively; i (k) can be written as

coh
(5 = (/2 (0)
1e
where Ifg,h (= I (k) — Ly (k)) is the total coherent scattered x-ray intensity in electron units per
composition unit (cu).
The average electron density around any atom in a spherical shell between radii r; and r,
is given by the area, A, of a peak in RDF(r) extended from r| to r, according to

i(k) = (N

A= / ; RDF(r) dr. (®)

r
On the other hand, A is related to the partial coordination number N;; expressing the
average number of n atoms around an atom of kind m [22]:
A=Y KuK,Npn. ©)
cu
The function that we will use in the determination of the short-range order parameters
(interatomic distances and coordination numbers) is the total correlation distribution function,
T(r):

RDF(r)
=0

_ 2 [o©
T = = Z K dmrgo+ - / ki (k) sinrk dk. (10)
cu 0

The advantage of using 7 (r) is that the instrumental resolution enters as a symmetric
function, and hence the peaks can be defined with more precision [23, 24].
4. Results and discussion

Figure 9 shows the intensity curve, 1, e?;’h /N (curve 1), the theoretical coherent intensity, ( f 2(k))
(curve 2) and the theoretical incoherent intensity, (k) (curve 3). It is noticed that [j,. (k) is
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Figure 9. K-dependent coherent scattered x-ray intensity in electron units per unit of composition
coh

1‘}(; curve (1), the theoretical coherent intensity ( f2(k)) curve (2), and the theoretical incoherent

intensity finc (k) curve (3), for the glassy As;Tes sample.

very much less than (f 2(k)), and this is expected for the heavy elements. I ec,fh /N curve is
characterized by three remarkable peaks at k; = 2.04 Ak =336A"andk; =521 37",
We can also notice a shoulder located at about 1.25 A~ and lying in the range where the
first sharp diffraction peak (FSDP) appears in chalcogenide glasses [25]. This shoulder gives
evidence for the existence of weak medium-range order (MRO) in the glassy As,Te; sample.
According to Vaipolin et al and Mori et al [26, 27], there is a proportionality between the
intensity of the FSDP in As,S(Se, Te); glasses and the intensity of the interlayer peak in
corresponding crystals. The peak intensity in the glasses and the crystals decreases in the
sequence As;Ss, AspSes, and As;Tes. The intensity decrease in heavier atomic systems can be
related to an increase in metallic nature, which reduces the distinction between intra-layer and
inter-layer bonds [28].

To obtain information regarding the short-range order (SRO), the total radial distribution
function, 7 (), was fitted using a sum of Gaussian functions,

N2
T(r):Zai exp|:—<r2_u‘rl> i|, (11)

where r; and u; represent the position and the half-width at half-height of the ith peak,
respectively. The amplitude a; is related to the peak area A; (equation (8)) by:

B 214,‘1’,‘\/;.

Gaussian fitting of the first two peaks of 7'(r) in the range 0.0-4.5 A are shown in figure 10.
The fitting parameters shown in table 1 suggest that, in the As,Tes, the SRO in the glassy state
is different from that in the crystalline state. The crystalline structure of As;Tes; consists of
zigzag chains along the b axis in which the arsenic atoms octahedrally and trigonally bond to
the tellurium atoms [29]. The average values of r; and A in the crystalline state, calculated

ai

(12)
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Figure 10. Fit of two nearest-neighbour shells to the total correlation function, 7' (r), for glassy

AspTes. Solid line: data; dotted line
line: residual.

: fitted peaks; dashed line: sum of fitted peaks; chain-dashed
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Figure 11. Decomposition of the first 7'(r) peak into three peaks due to As—As, As—Te and Te-Te

pairs for glassy As,Tes.

Table 1. The parameters of the two nearest-neighbour coordination shells in glassy As; Tes sample.

Position Mean square vibration amplitude  Area
Peak No.i r; (A) (u?) (AY Aj (¢%)
1 2.68£0.02 0.02 4750 £ 40
2 4.0+ 0.04 0.08 23762 £ 85

according to [30], equal 2.84 A and 7207.2 ¢

2, respectively. Therefore, the crystalline structure

has a longer mean interatomic distance and a larger area than that in the glassy state.
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In an early x-ray diffraction study of the glassy As,Tes prepared by quenching in liquid
nitrogen [1], it was already claimed that the coordination numbers of the arsenic and tellurium
atoms are three and two, respectively. The structure of the As,Tes glass is considered to be
made up of random covalently bonded AsTes,, pyramids, as in glassy As,S3. So, we calculated
the area A under the first peak, applying the chemically ordered network model (CONM) [31].
If we considered that the glassy As,Tes is chemically ordered, the heteropolar As—Te bonds
predominate and the atoms interact according to the 8-N [32], then equation (8) takes the
following form:

A]CON = 2CAskAsI?TeNAs—Tec (13)

The calculated area, ASON, of 4118.4 ¢? is smaller than the experimental area of 4750 ¢?.
On the other hand, Cervinka et al concluded the same result by calculating the position of the
second peak in the RDF curve, considering that the SRO consists of only AsTes, units [4].
These results indicate that the CONM is not suitable for describing the structure of glassy
As,Tes. This conclusion was foreshadowed by neutron diffraction on liquid As,Tes [30] and
by electron diffraction on As,Tes films [33].

Kameda er al [34] confirmed, using the time of flight (TOF) neutron diffraction procedure,
that the first coordination shell in liguid As,Tes involves three atomic pairs, e.g. As—Te, As—
As and Te-Te. Then, considering that the random covalent network model (RCNM) [31] is
suitable for interpreting the SRO of our As,Te; glassy sample, 7 (r) was fitted in the range
of the first peak using the three-shell mode, corresponding to the formation of As—As, As—Te
and Te-Te bonds. From equation (8), the area of subpeak A,_,, is connected with the partial
coordination numbers N,,_,,:

Apm = annkmNn—m' (14)

The total coordination number N, of atom n can be obtained from the sum of partial
coordination numbers, such as [35]

NTe = IVTe—As(E (CAS/CTe) X NAs—Te) + NTefTe~ (15)

The fitting parameters and a comparison with representative results from the literature
are shown in table 2. The value of the total coordination number of arsenic atoms, Nas,
was equal to 2.95, which satisfies 8-N rule. On the other hand, the total coordination
number of Te atoms (Nr. = 2.33) exceeds two, as in liquid Te with metallic character, as
reported by Usuki e al [35]. This model explains the higher electrical conductivity of glassy
As;Tes (=5 x 107 Q' em™!) compared with that of As;Se; (=3 x 10713 Q' em™!) [36],
where the SRO in As,Se; is chemically ordered involving only As—Se bonds and the satisfied
8-N rule.

5. Conclusion

A new method, based on using an electronic distribution function o () without a sharpening
factor, was used for scaling the corrected x-ray scattered intensity. The present results of the
scattered x-ray intensity stated that the weak medium-range order (MRO) in the glassy As,Tes
is owing to the high metallic nature of the bonds. Gaussian fitting of the first peak on the
total radial distribution function added a new evidence that the short-range order of the As,Te;
glassy sample is different from that in the crystalline state and that the arrangements of the
atoms in the first coordination sphere is chemically disordered, i.e. As—As and Te—Te bonds, in
addition to the As—Te bonds, are found.



Table 2. Comparison of the first-order atomic distances, r,_,,, root-mean-square displacement, (u2

coordination number N;, derived from x-ray (method 1) and EXAFS (method 2) for glassy As,Tes.

nfm)’

partial coordination number, N,_,,, total

As—As As-Te Te-Te As Te
r (u?) r (u?) r (u?)

Met. Reference  (A) A N &) A N A) AH N N N
1 [ — — 0 26 — 3.0 — — 3.0 2.00
1 2] — — 0 2.66 — 3.0 — — — 3.0 2.00
1 [34] 2.47 — 0.80 2.69 — 2.1 2.83 - 1.1 - -
1 Thiswork  2.50£0.003 0050 0.854+0.02 274001 0064 2.14+003 284003 0075 093+0.03 295+0.04 2.33+0.03
2 [5] 2.47 — 0.80 2.66 — 22 2.80 - 0.90 3.0 2.40
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