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The local structure of As,Te o, glassy semiconductors has been studied using x-ray anomalous
scattering and x-ray-absorption spectroscopy as a function of the composition. Two important findings
are (a) tellurium (Te) atoms are twofold coordinated in arsenic (As) rich alloys (x >40), while the Te
coordination suddenly increases to 2.4 at the stoichiometric AsyTeq composition, which indicates a
large fraction (about 50%) of threefold Te sites in this glass. This percentage of occupancy of the three-
fold Te sites remains almost constant with increasing further the Te concentration; (b) a significant level
of chemical disorder, marked by the existence of homopolar As-As and Te-Te pairs in the first coordina-
tion shell, is observed for all the investigated glasses. At the As,Tes composition, nearly about the
same amount of As-As and Te-Te pairs do exist in the first coordination shell. Thus the stoichiometric
AsyTego composition is not a chemical threshold as it is the case for the Se- or S-based glasses. Based on
these results, a number of peculiar and unique features in the physical properties of these glasses, such as
the glass transition temperature (T,), the microhardness, the glass forming ability, and the electrical con-

ductivity, can be understood.

I. INTRODUCTION

The ultimate goal for the structural study of amor-
phous materials is to try to understand their macroscopic
properties in terms of their microscopic structure. In re-
cent years, chalcogenide glasses have created a great deal
of interest due to their semiconducting properties. In
comparison with the sulfur and selenium-based glasses,
which have been extensively studied,! the tellurium-based
glasses have been far less investigated. This is especially
true for the As,Te o, glasses. Among chalocogenide
glasses, the As,Te,q_, glasses have the highest electric
conductivities? and present switching and memory prop-
erties® as well as a deep transmission in the infrared band
of the electromagnetic spectrum.* A systematic study of
these glasses carried out by Cornet and Rossier® shows a
number of peculiar and unique features in their physical
properties. For instance, the glass forming ability (GFA)
is maximal at the eutectic As,Tes, and As,;Te;; compo-
sitions, but minimal at the stoichiometric As,,Tegy com-
position while, on the contrary, the GFA for As,S;g—,
or As,Se;q_, Systems is maximal at the stoichiometric
composition. The 7, monotonically increases with the
As content while for As, S;p0_, Or As,Se;p—, glasses, it
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shows a maximum at the stoichiometric composition.

In an early x-ray-diffraction study® of the As, Teg,
glass, it was already claimed that the glassy structure is a
random packing of AsTe; ,, pyramidal units and that the
local coordination in the glass is different from that in the
crystalline phase. Cornet and Rossier’ also carried out
the structural study using mainly an x-ray-diffraction
technique for the As, Te;y_, glasses with x =30-60.
Their main achievements are summarized as follows.

(a) At the AsyTeq, composition, arsenic atoms are
threefold coordinated by tellurium ones and Te atoms are
twofold coordinated by As ones with full chemical order-
ing, as reported in Ref. 6.

(b) For As-rich glasses (x >40), an additional As site
emerges as x increases, which has one As and two Te
neighbors. The short strong covalent As-As bond is con-
sidered as a pair lock stabilizing the glassy structure.

(¢) For Te-rich glasses (x <40), As atoms are still
threefold coordinated while Te atoms are twofold and
threefold coordinated and the concentration of the three-
fold Te sites rapidly increases with the increase of the Te
content. By using x-ray photoemission spectroscopy
(XPS) and neutron scattering,® they also suggested the ex-
istence of the sixfold As sites in Te-rich glasses. The ex-
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istence of threefold Te sites has also been indicated by
Tenhover, Boolchand, and Bresser® using Mossbauer
spectroscopy.

Later, an extended x-ray-absorption fine-structure
(EXAFS) at the AsK edge was performed for the
As, Teq, glass by Pettifer'® using synchrotron radiation.
He pointed out that a minimum at about 130 eV in the
spectrum might be either due to a splitting of the first Te
shell or to a minimum in the Te backscattering ampli-
tude. A theoretical simulation performed by using the
curved wave approximation gave the best fit of the data
when assuming two Te atoms at 2. 67 A and one As atom
at 2.52 A. Thus he suggested the necessity of including
homopolar As-As bonds to account for the strong
minimum at 130 eV.

Obviously the structural information concerning the
local chemical order in the As,Teq, glass is controver-
sial. Moreover, both the increase of the mean coordina-
tion number of the Te atoms and the existence of sixfold
As sites, suggested for Te-rich glasses, lack experimental
evidence. The higher glass forming ability at the eutectic
composition (x =27) was explained by Cornet and Ros-
sier as resulting from an equilibrium of competition be-
tween twofold and threefold Te sites. Such an interpreta-
tion is somewhat too crude and does not provide a pic-
ture of the involved mechanism. It also lacks experimen-
tal support. Phillips has discussed!! the use of the con-
straint theory to explain the GFA of covalent glasses.
This theory is rather successful for the sulfur- and
selenium-based chalcogenide glasses such as Ge, Se;pp—»
As, S 00—y, and As, Se;oy_,. For these glasses, the max-
imum of the GFA is correctly predicted to occur at the
so-called percolation threshold, where the mean coordi-
nation number is 2.4. Based on the available structural
information, the maximum of the GFA for the
As,Te|po—, glasses should also occur at the
stoichiometric AsyTes, composition since the mean
coordination number for this composition is equal to 2.4
as well. This is inconsistent with the experimental obser-
vation of a minimum in the GFA. In fact, our present
knowledge lacks a detailed and accurate description of
the glassy As,Te o, structures and does not allow a
comprehensive understanding of the unique features in
the physical properties of the glasses.

The reason for the limited structural information yield-
ed by the previous studies lies in the lack of suitable tech-
niques for the structural investigations, e.g., the lack of
suitable isotopes to use neutron diffraction to separate
out the partial distribution functions. That is why we
have undertaken a structural study of these glasses by us-
ing x-ray-absorption spectroscopy and x-ray difference
anomalous scattering (DAS), which are relatively new.
Both of them can provide selective structural informa-
tion. A DAS spectrum can be analyzed down to k£ =0.
This yields information about the structure over the
medium range up to 8 or 10 A. In this respect, the DAS
technique is complementary to EXAFS, for which the
low k part, e.g., below ~3.5 A, of an EXAFS spectrum
has to be cut since it is difficult to interpret due to the
multiple-scattering processes. The medium range struc-
ture derived from a determination of partial structure
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factors based on the data from our anomalous scattering
measurements will be discussed in another paper. In this
paper, we report the results about the local structure and
discuss its relation with some physical properties of the
glasses. In Sec. II, we describe the sample preparation,
the experimental procedure and the data processing. We
give the results from our EXAFS analysis in Sec. III and
a description of our DAS results in Sec. IV. In Sec. V, we
try to explain some peculiar features in the physical prop-
erties of the glasses, such as the GFA, the Tg, the mi-
crohardness, and the transport property, in terms of the
microscopic structure.

II. EXPERIMENTAL AND DATA PROCESSING
A. Sample preparation and characterization

The formation of homogeneous As, Te o, glassy ma-
terials by quenching the liquid state has been observed
over a large range of compositions, for 40 <x <60 by
Tsugane, Haradome, and Hioki,'? 20 <x <70 by Cornet
and Rossier,’® 40<x <75 by Qumn,14 43 <x <70 by
Tenhover, Boolchand, and Bresser,!®> and 45 <x <65 by
Savage.!® Our sample preparation method is based on
the procedure described by Rouland et al. 17 We have
prepared five glassy samples with arsenic concentration
x =20, 30, 40, 50, and 60. Except for x =40, they have
been obtained in the following way: chemically pure As
and Te (99.999%) are weighted according to the desired
composition. Their mixture is immediately sealed in an
air evacuated silica ampoule (external diameter 6 mm,
length 30 mm), which is then heated in an electric oven.
The temperature is slowly raised up to 200°C above the
melting point and the melt is kept at this temperature,
typically for 24 h. Then quenching the melt into water
yields the glassy state material. A 0.2-0.5 g sample can
be obtained at each preparation, depending on the com-
position. However, the glassy state at the stoichiometric
AsyTeg, composition cannot be prepared by a water
quench. Glassy ribbons have thus been obtained by using
the melt spinning method,'® which provides a quenching
rate higher than 10°°C/sec. We have characterized our
samples by x-ray large- and small-angle scattering and by
EXAFS and electron microscopy as well.

(a) All the samples have been checked to be amorphous
by x-ray diffraction. The EXAFS spectra measured for
the glasses are very different from those for the crystal-
line As,yTeqy phase, as will be shown in the following sec-
tion. The EXAFS oscillations for the crystal are much
weaker than for the glasses. Since EXAFS takes place
only over a length of a few angstroms, the difference in
the spectra should be due to the difference in the local
structures. Thus it rules out the possibility that the
glasses are aggregates of microscystalline grains.

(b) To check the possible existence of segregations, x-
ray small-angle scattering measurements have been per-
formed for the AsSOTeso and AsyTeg, glasses. There are
no scattering patterns in the range from 0.1 to 0.8 A~
for both samples. This indicates a homogeneous struc-
ture over distances of about 60 A at least. Electron mi-
croscopy preliminary results for the As,,Teg, glass sug-
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gest that there is no phase segregation over larger dis-
tances in the bulk of grains, except maybe on their sur-
face.!®

The crystalline AsyyTeg, B phase was prepared follow-
ing the procedure described in Ref. 20 and used as a
reference material for heteropolar As-Te or Te-As pairs
in the EXAFS analysis. The homogeneity and purity of
the Asy,Tes, B phase have been checked by x-ray
diffraction. Moreover, amorphous As and metallic Te
were used as reference materials for homopolar As-As
and Te-Te pairs. In the B phase, As atoms are sixfold
coordinated by Te ones with three neighbors at 2.735 A
and with three other ones at a larger distance of 3.15 A.
Te atoms occupy two different sites. Two thirds of them
are coordinated by three As atoms at 2.735 A and further
by three Te nexghbors at a larger distance of 3.68 A, and
one third by six As atoms at 3.15 A. In average, each Te
atom is thus coordinated by four As neighbors (two at
2.735 A and two at 3.15A). In fact, the crystalline struc-
ture can be considered as a stacking of five atomic planes
(TeAsTeAsTe), coupled together by weak Van der Waals
forces. The structure of amorphous As is based on
pyramid-shaped four-atom molecular units in which As is
threefold coordinated at 2.47 A.2! The structure of ele-
mental Te is isomorphous to that of Se, which is aggre-
gates of zigzag chains, Te atoms being twofold coordinat-
ed with an interatomic distance of 2.86 A.22

B. EXAFS experiment and data processing

EXAFS measurements were performed at the AsK
edge (11 867 eV) in transmission mode at the EXAFS IV
station, using the beam delivered from a bending magnet
at DCI in LURE. Experiments at the Te K edge (31 830
eV) were performed at the Romeo II EXAFS station at
HASYLAB (Hamburg). Unfocussed Si (311) monochro-
mators were used in both cases. Data were taken at room
and liquid-nitrogen temperatures with an energy step of 2
eV using ionization chambers as detectors for both edge
measurements, data at the absorption edges being collect-
ed with a 0.5 eV step.

We have measured the x-ray absorption spectra for the
reference materials and for the As, Te o, glasses. The
samples were prepared by crushing and grinding the ma-
terials into particles finer than 20 um, which are then
homogeneously stacked on Kapton tapes. The number of
tapes used for the measurement varies with composition,
the criterion being to get a jump of about 1 at the absorp-
tion edge. Several samples of different thicknesses were
measured to make sure than the EXAFS amplitudes were
not reduced by pinhole effects.

The EXAFS oscillations X(k) were separated from
their backgrounds by using Victoreen fits. The electron
wave vector k is defined as [2m (E —Eo)/ﬁ2]1/2, where E
and E, are, respectively, the energy of the measurement
and that of the absorption threshold. By making a num-
ber of approximations,?® like the single scattering and
plane-wave ones, X (k) is given by
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m s N;F;(2k)
47’h%k 7 rj2

Xsin[2kr; +¢;(k)] . (1)

— —252L2
e 2rj/Ae 2¢7jk

x(k)=

F;(2k) is the backscattering amplitude scattered by each
of the N; neighboring atoms of the jth type located at a
distance r; from the photoexcited (absorbing) atom and
¥;(k) is the total phase shift experienced by the photo-
electron, being equal to ¢,(k)+¢;(k), where ¢,(k) and
¢;(k ) are, respectively, the phase shifts due to the absorb-
ing and scattering atoms (the absorbers and scatterers).
Both F;(2k) and ¢;(k) are chemically sensitive. o is the
Debye-Waller factor which is the standard deviation of
interatomic distances relative to their mean value r;. The

—2r; /A

damping term e ’/ is due to inelastic losses in the
scattering process, A(k) being the electron mean free
path which is taken as k /T in our case. The I value is
obtained from the calibration of the EXAFS spectra of
the reference materials. In Eq. (1), we neglect intratomic
effects within the absorbing atom which are in fact incor-
porated in the backscattering amplitude. Through the
EXAFS analysis, the information about N;, r;, and o;
around the absorbing atom can, in prmcnple, be obtained
for each partial coordination shell. The modulus of the
sine Fourier transform (FT) of Eq. (1) gives a pseudoradi-
al distribution function (RDF) in real space.

Figure 1 shows the EXAFS spectra measured at room
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FIG. 1. Compositional dependence of the glassy EXAFS
spectra measured at room temperature around the As (above)
and Te (below) K edges: (a) B-AsyTeq, crystal, and the glasses
(b) AsgTey, (c) AsspgTesp, (d) AsyTegy, (€) Ass;gTes, and ()
ASzOTego.
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temperature at the As and Te K edges for the As,Teq,
crystal and for the glassy samples. As already mentioned
earlier, the EXAFS oscillations are much weaker for the
AsyoTeg crystal than for the glasses. This is not the usu-
al case. Similar observations were obtained for measure-
ments at liquid-nitrogen temperature (LNT). Figure 2
displays the moduli of the Fourier transforms of the k*
weighted EXAFS spectra of the crystalline and glassy
AsyTegy phases measured at LNT. The FT moduli for
the glassy phase are much more intense than those for
the crystalline phase.

In order to analyze the glassy EXAFS spectra, we need
an accurate knowledge of the phase shifts and amplitudes
for the heteropolar As-Te or Te-As ones. Obviously, the
amplitudes extracted from the cystalline B-As,yTeq, spec-
tra cannot be directly used because they are too weak.
We point out that trials to get a better reference have not
been successful since the EXAFS spectra of crystalline
telluride compounds which involve atoms close to As,
like GeTe, for instance, also exhibit weak oscillations.
We thus considered the use of amplitudes and phase
shifts calculated by Mac Kale et al.?* These data should
be reasonably accurate in the low k range since being cal-
culated in the curved wave approximation at several in-
teratomic distances. We have thus interpolated Mac
Kale et al.’s data at the specific distance of interest. In
order to determine the I' value, we have tried to fit the
EXAFS spectra of the reference materials using Mac
Kale et al.’s data and the crystallographic data N; given
in Sec. II A. This also allows us to determine the best
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FIG. 2. The moduli of the k*® weighted Fourier transforms of
the As (above) and Te (below) K edges EXAFS spectra (LNT) of
glassy (full line) and crystalline (dashed line) As,Teq states.
’E}lely were calculated by using the data from k=3.5 to ~14
A .
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value of the threshold energy E, used to calculate the
momentum K.

A good quality of simulations is achieved for all the
references, as shown in Fig. 3, and the parameters deter-
mined from these calibrations are given in Table I. We
point out that, for the AsK edge, the interatomic As-As
and As-Te distances determined from the fits agree with
their crystallographic values within ~0.01 A and that
there is a reasonable energy shift AE, with respect to the
threshold energy. For the Te K edge, the interatomic
Te-Te and Te-As distances determined from the fits are
shorter by 0.04 A than their crystallographic ones and a
large energy shift (~—12 or —25 eV) is needed. This
suggests a poorer quality of Mac Kale et al.’s phase
shifts for heavy atoms like Te. We also notice that the
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FIG. 3. Simulations of the reference EXAFS spectra by using
Mac Kale et al.’s amplitudes and phase shifts with only the
coordination numbers fixed: (a) amorphous As, (b) B-AsyTeg
crystal at the As K edge, (c) B-As,Teq, crystal at the Te K edge,
and (d) metallic Te. Fits are shown by dots and the experimen-
tal data by full lines.



16 336

Q. MA, D. RAOUX, AND S. BENAZETH 48

TABLEI Ther, T, 0,and AE, values yielded from the fitting of the reference EXAFS spectra using
Mac Kale’s data. Crystallographic values are given in parentheses.

Amorphous As

Metallic Te

Crystalline As,yTeg,

As K edge Te K edge As K edge Te K edge
r (‘zt) 2.475 (2.47) 2.82 (2.86) 2.724 (2.735) 2.693 (2.735)
o (z;“)‘2 0.083 0.076 0.102 0.100
r A’ 1.00 2.98 2.00 3.98
AE, (eV) ~8.9 ~—12.0 ~2.8 ~—25.0

contribution from the shells at 3.15 A in the B-AsyTeg,
crystal is negligible for both the As- and Te-edge EX-
AFS, which are thus gominated by the contribution of
the scatterers at 2.735 A. It is noteworthy that the values
of the Debye-Waller factors o are the same for the As-Te
and Te-As pairs, determined, respectively, from the fits of
the As and TeK edge EXAFS spectra of B-AsyTeg,.
This demonstrates the coherency of the analysis and indi-
cates that the quality of the calculated amplitudes is rath-
er good. However, the accuracy of Mac Kale et al.’s am-
plitudes may not be precisely checked at large k (or E)
values for the heteropolar pairs because of the strong
damping of the B-AsyTesy EXAFS oscillations. This is
one of the reasons for which we also used the x-ray anom-
alous scattering method to check on a few cases the valid-
ity of our EXAFS results.

C. Anomalous scattering experiment and data processing

The differential anomalous x-ray scattering (DAS)
technique makes use of the resonant changes in the x-ray
scattering factor (f =f,—f'+if") of an atom when the
x-ray energy is tuned close to its absorption edge.?’ It
provides another possibility to probe selectively the or-
dering around each component in amorphous materials,
though it is less chemically sensitive than EXAFS be-
cause it lacks the phase information. Its use, however,
does not rely on the availability of reference materials as
much as EXAFS does. This is an advantage over
EXAFS. Thus, for the As,Te;y_, glasses, it may allow
us to avoid the difficulty met in the calibration of the am-
plitudes for the As-Te and Te-As pairs. Safer informa-
tion may be obtained in particular about the mean coor-
dination number around each component in the glass.
We have thus measured the scattering from three glassy
samples with arsenic concentration x =20, 40, and 50,
which have already been investigated by EXAFS.

The x-ray scattering experiments at wavelengths
around the As and Te K edges were carried out using a
two axis vertical diffractometer in the symmetric
reflection mode using the x-ray beams delivered from a
bending magnet and a superconducting wiggler, respec-
tively, at DCI in LURE. Unfocused double crystal
[Si(220)] monochromators were employed in both cases to
select the beam energy. The intensities scattered by the
three samples were registered using a Si:Li solid-state
detector with an energy resolution of about 200 eV at
12000 eV.

For an alloy, the x-ray scattered intensity I is connect-

ed to the structure factor S(q,E) through
I=N[{f(g,E*)+{f(q,E))XS(g,E)—1)], (2)

where N is the number of atoms in the sample, ( ) means
the chemical average, g =4 sin6/A is the magnitude of
the scattering vector (note that 2k in EXAFS is the
scattering vector equivalent to g in x-ray scattering), and
for a binary alloy,

i’j

in which S;;(q) is the partial structure factor (PSF) and

cicjfi(q:E)fj(qu)
(flg,E))?

where ¢; or c; is the atomic fraction for atoms of the
species i or j. If two measurements are performed at two
different x-ray photon energies in the vicinity of the ab-
sorption edge of one atomic species, for instance, of atom
A, the difference of the two scattering patterns can be ex-

pressed as
AI=A 4[{f(q,E)*)—(f(q,E))?]
+A,{f(qg,E))S%Mgq), (3)

I/Vij(qrE):

b

where S%f(g) is a difference structure factor (DSF) con-
taining only the PSFs which involve atom A. The infor-
mation about B-B correlation pairs is eliminated since the
atomic scattering factor of atom B does not vary appreci-
ably with the x-ray wavelength in the vicinity of the ab-
sorption edge of atom A. Similarly, S§f(g) can be ob-
tained if the measurements are performed around the ab-
sorption edge of atom B. As the RDF is defined as the
sine Fourier transform of ¢q[S(q,E)—1], we can equally
define a difference distribution function (DDF) as

DDF,~(r)=47rr2p0+%T[fq[s,-dm(q)—~l]sin(qr)dq
(i=AorB). (4

The DDF,(r) is a chemically specified RDF which con-
tains the contributions from only the 4-4 and A4-B (or
A-B and B-B) correlation pairs and thus provides a selec-
tive structural information as EXAFS does. The area of
a peak in the DDF;(r) yields an average coordination
number around atoms and by an hypothetical scatterer
with a scattering factor equal to the average value {f).
It is, in fact, a linear combination of the two partial coor-
dination numbers times, respectively, their weights (Pij )
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which are the Fourier transforms of W;;(q,E)’s

In our data processing, the energy 1ndependent part
(fo) of the atomic scattering factor is taken from tabulat-
ed values.?® The f' and f” values far from the edges
(11103 and 30215 eV) are taken from Sasaki’s data?’
which are calculated for free atoms. The f'' values
around both edges (11864 and 31793 eV) were deter-
mined from the EXAFS measurement while the f’ values
were calculated by using the Kramers-Kronig relation-
ship. In the calculation, the near-edge range f'’' values
from EXAFS are matched to Sasaki’s theoretical data to
meet the requirement of a large integration range.”® The
values of the measuring energies and of the correspond-
ing f' and f" for the As,yTe¢, glass are given in Table II.
Note that the relative change Af /f is about 0.3 for the
arsenic atom, while it is only about 0.1 for the tellurium
atom.

Since a Si:Li solid detector is used to register the data,
the elastic and inelastic scattering intensities cannot be
resolved. When using x-ray wavelengths close to an ab-
sorption edge, the K4z fluorescence or Raman resonant
scattering which is excited can neither be separated. The
intensity of the inelastic Compton scattering is simulated
by using the formula given by Palinkas.?’ The subtraction
of the Ky fluorescence from the intensity registered at
wavelengths near the edge is performed by scaling the in-
tensity of the K, fluorescence by a ratio Kg/K,. The
measurement of this ratio is performed at an energy high
enough above the absorption edge so that the scattering
and the K fluorescence are separated by the detector.
The value of the ratio has been corrected for absorption.
For the As fluorescence, the value is found to be 0.17 and
for the Te one 0.19. Since the center of the synchrotron
radiation beam is extremely well horizontally polarized
and since we use a vertical diffractometer, the polariza-
tion correction is weak. The scattered intensity is nor-
malized by the K, fluorescence one in order to eliminate
possible geometrical effects like the distortion at small an-
gles due to the limited sample size, since both processes
follow the same optical path. Finally, the normalization
constant, which is necessary to get the intensity per atom,
is determined by the Krogh-Moe and Norman® integral
method.

The structure factors derived from the intensities regis-
tered at several x-ray wavelengths for the As;yTes, glass
are shown in Fig. 4 as an example. They show only a
weak energy dependence. This is the reason why the
DSFs are rather noisy, as shown in Figs. 5 and 6 for the
AssgTesy and AsyyTeq, glasses. We point out that a
prepeak appears at about 1 A in the As-edge DSF of the
AssyTes, glass as well as in that of the As,Teq, one,
which is not found either in the Te-edge DSFs or in the

TABLE II. f' and f"' values for the As,,Te¢, glass.

Energy (eV) Sas As [7e SfTe
11103 —24 0.56 —0.2 3.70
11864 —92 1.01 —0.3 3.30
30215 0.14 0.76 —20 0.60
31793 0.13 0.69 —6.5 0.65
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FIG. 4. The structure factors measured at different x-ray en-
ergies for the Ass Tes, glass. (a) 11103, eV, (b) 11864 eV, (c)
12658 eV, (d) 30215 eV, (¢) 31793 eV.
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FIG. 5. The difference structure factors (DSF) of the
AssoTes, glass obtained around the (a) As and (b) Te K edges.
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FIG. 6. The difference structure factors (DSF) of the
AsyoTeq, glass obtained around the (a) As and (b) Te K edges.
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FIG 7. The difference radial distribution functions (DDF) for
the AssoTes, glass obtained around the As (full line) and Te
(dashed line) K edges.

total structure factors. It is thus due to cation-cation
correlatlons (As-As ones) extending over distances up to
8 A7, as is also the case for Ge-Se glasses.”>?! Due to
the weak As concentration, we could not get a correct
DSF around the As edge for the As,yTeg, glass. Also due
to the low As concentration and to the strong decrease of
fas>» the measurement performed near the As edge con-
tains contribution from the As-As pairs as weak as 1.2%.
It yields a structure factor, which is, in fact, equivalent to
a Te-edge DSF. Thus the DAS measurement around the
Te K edge is not necessary for the As,,Teg, glass. The
Fourier transforms of these DSFs are performed using
the data up to about 9.5 A7! and the corresponding
DDFs are shown in Figs. 7 and 8.

III. EXAFS RESULTS

We first discuss some qualitative findings. From Fig. 1
we notice that beat nodes appear at low energies in all the
glassy spectra and that they evolve with composition.
The FTs of these spectra are shown in Fig. 9. There is no
information on higher shells in any case. Thus the beat
node should result from the interference of the back-
scattering from scatterers at different distances in the first
shell. We also note that the position of the maximum
shifts towards a higher distance with the increase of the
Te content. In the case of the As K edge, a shoulder ap-

20 :
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FIG. 8. The difference radial distribution functions (DDF)
for the As,oTeq, glass obtained around the As (full line) and Te
(dashed line) K edges.
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FIG. 9. The moduli of the k* weighted Fourier transforms of
the glassy EXAFS spectra around the As (above) and Te (below)
K edges: the glasses (a) AsgyTey, (b) AssgTesq, (€) AsyTegp, (d)
As;oTeqg, and (e) AsyoTeg. Fourier transforms were performed
by using the data from k=3.5to ~14 A~

pears for the Te-rich glasses on the lower distance side of
the pseudo RDFs and its magnitude enhances with the
Te constant. It is characteristic of the Te backscattering
since a similar shoulder also appears in the FT of the ele-
mental Te EXAFS spectrum. The increase in its intensi-
ty as well as the shift of the peak position evidence an in-
crease in the number of Te scatterers with the increase of
the Te concentration, and thus suggest the existence of
As scatterers in the first shell for As-rich glasses which
tend to smear out the shoulder.

For the As,Teg, composition, Fig. 2 compares the FTs
of the glassy and crystalline EXAFS spectra. It is to be
noted that the pseudo radial distance in the case of the Te
edge is larger for the glass than that for the crystal, while
it is shorter in the case of the As edge. This suggests that
for the glass, the peaks are not only due to As-Te correla-
tions as is the case for the crystalline phase. Homopolar
As-As or/and Te-Te bonds have to occur. Thus a chemi-
cal disorder exists in the first shell in this glass. Figure 10
specifically compares the filtered As-edge EXAFS spectra
for the AsyTeq (full line) and As,gTegy, (dashed line)
glasses. The difference is weak beyond 200 eV, but large
below that energy. Since the As,;Teg, glass is very rich in
the Te content, As atoms are expected to be mainly bind-
ed to Te ones. In that case, the EXAFS amplitude
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FIG. 10. Comparison of the filtered EXAFS spectra of the
first coordination shells for the As,Teq, (full line) and As, Teg,
(dashed line) glasses.

should essentially be due to the backscattering from Te
scatterers. Thus, the difference between the two spectra
observed at low energies in Fig. 10 suggests that the
EXAFS spectrum of the AsyyTeg, glass contains not only
the contribution from the Te neighbors but also that from
other chemically different ones whose amplitudes peak up
in the energy range from 100 to 200 eV. This is the case
for the As scatterer. Thus homopolar As-As pairs do ex-
ist in the first shell in the As, Teq, glass.

We also find that the evolution of the Te-edge EXAFS
spectra in the energy range below 200 eV (Fig. 1) may
suggest that the Te local environment in the As,yTeg
glass is rather similar to that in the As;yTe,, glass, which
is rich in Te, while being rather different from those in
As-rich glasses. This similarity suggest the possible ex-
istence of Te-Te bonds in the As,Teg glass. In sum-
mary, the qualitative findings mentioned above suggest a
splitting of the first coordination shells around both As
and Te atoms into two subshells, probably chemically
different, for almost all the investigated glasses, surely in-
cluding the As,Teq, one.

These findings are quantitatively supported by the at-
tempts to fit the EXAFS data. By using Mac Kale
et al.’s phase shifts and amplitudes, we failed to recon-
struct the glassy spectra with the assumption of only
heteropolar pairs occurring at one or even two distances.
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We thus had to assume the occurrence of homopolar As-
As and Te-Te bonds, that is, for the As K edge we as-
sumed the existence of As-As and As-Te bonds and for
the Te K edge that of Te-As and Te-Te bonds. During
the fitting procedure, the I" values were kept fixed at the
values given in Table I for each kind of atomic pair, but
the structural parameters N j»rj,and 0 ; as well as the en-
ergy threshold E, were allowed to float. For the values
given in Table III, a good quality of fit is obtained for all
the glasses, even in the energy range where a beat node
occurs. Typical examples are shown in Fig. 11. We have
found that the Te-As distance determined for the glasses
from the Te-edge fit is shorter by ~0.03 A than the As-
Te one determined from the As-edge fit. This suggests
that the distance determinations suffer from the same
effects as the ones found in the case of the reference sam-
ples, i.e., Mac Kale et al.’s phase shift ¢,(k), when the
Te atom is the'a}’bsorber, was shown to yield short dis-
tances (by 0.04 A). Moreover, in each case, an energy
shift similar to the one used to fit the EXAFS data for the
references was also required. Thus we accordingly
corrected the distance values determined from the Te-
edge analysis as well as the As-Te distance from the As-
edge analysis by the differences shown in Table I (respec-
tively, 0.04 and 0.01 A). Our simulations clearly show
that the beat nodes in the spectra do result from the in-
terference of the two EXAFS signals pro-
duced by two chemically diiferent types of atomic pairs at
different interatomic distances. From Table III, we find
that for the As-Te pairs, the Debye-Waller factors, and
the interatomic distances determined using the As and
the TeK edge EXAFS data are equal within 10% and
0.01 A, respectively, and that the chemical compliance
such that

NAsTe :(cTe /CAs )NTeAs

is observed. These demonstrate the coherency within our
results. Moreover, the coordination number around the
As atom is roughly equal to 3 for whatever the composi-
tion, which is a reasonable coordination number for As in
amorphous materials.

In order to evaluate the error bars for the coordination

TABLE III. Structural parameters for the As,Te o, glasses.

As K edge A§-As . As-Te N
Sample N r (A) o (A) N r (A) o (A)
AsgTey 2.1 2.47 0.060 1.0 2.67 0.060 3.1
AssoTesy 1.6 2.47 0.060 1.4 2.66 0.064 3.0
AsyTeg 0.8 2.47 0.050 22 2.66 0.064 3.0
As;yTeq 0.5 2.47 0.030 24 2.66 0.065 2.9
As,oTeg 0.2 2.48 0.010 2.8 2.65 0.074 3.0
Te K edge Te-As Te-Te Nt
Sample N r (A) o (A) N r (A) o (A)
AsgTeq 1.7 2.66 0.054 0.3 2.81 0.054 2.0
AssoTesy 1.6 2.66 0.060 0.4 2.80 0.070 2.0
AsyTeq 1.5 2.67 0.065 0.9 2.80 0.075 24
AsyoTeqo 1.1 2.67 0.060 1.4 2.79 0.096 2.5
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numbers, we use as an example the case of the AsyTeg,
glass. The correlations between the coordination num-
bers for the two different atomic pairs As-As and As-Te
(or Te-Te and Te-As) are determined as follows: simula-
tions of the filtered EXAFS spectrum at the As (or Te)
edge are performed by fixing one coordination number,
N gsas ©OF Npore ), and allowing all the other parameters
to float. Figure 12 shows the factors of merit for such
simulations, as well as the yielded N e (OF Nopeas). The
minimum in the factor of merit allows us to determine
the optimum set of parameters given in Table III and also
to appreciate the uncertainty on their determinations, as
given for values of the factors of merit twice larger than
the minimum. As shown in Fig. 12(a), N and Nt
appear to be rather strongly correlated. We would get
AN p¢41r. ~£0.25 and Apz~£0.3 from the values of the
factors of merit twice larger than the minimum. Howev-
er, as shown in Fig. 12(b), Ny.as and Ny.r, are less corre-
lated. Thus, from Fig. 12(b), the uncertainty for Ny.r.
may be determined as +0.2 atom but only as £+0.05 atom
for Ny.as- Through
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Nagre = Nreas=1.5Neas >
CAs

we then have an uncertainty about +0.075 atom for
N ps1e- According to Fig. 12(a), such an error bar yields
an uncertainty of +0.15 for N,.,. Similar analysis can
be performed for all the samples. Finally the uncertainty
for the partial coordination numbers is at most
AN ~ 0.2, while error bars for interatomic distances are
found to be within +0.01 A. However, we point out that
such an appreciation of the uncertainties may be an un-
derestimation since it implicitly assumes a high quality
for the phase shifts and amplitudes used in the fit.

As pointed out earlier, we may question the accuracy
of the structural parameters determined from the EXAFS
study. This is because on the one hand, the essential
differences between the spectra, when passing from one
composition to another situate in the low-energy range,
where the theoretical formulation of the EXAFS process
faces the difficulty due to the multiple-scattering process.
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FIG. 11. Simulations of the glassy EXAFS spectra measured around the As (left) and Te (right) edges by using the calibrated Mac
Kale et al. shifts and amplitudes. Fits are shown by dots and experimental data by full lines.
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On the other hand, the calibration of the I' value for the
As-Te or Te-As pair may be less accurate because of the
weak EXAFS spectra of the crystalline Asy,Teq, B phase,
so that it has been determined only over a short energy
range. This may introduce systematic errors in the coor-
dination number determinations. We thus now present
the results of the DAS analysis for three glasses in order
in verify these EXAFS results by using another tech-
nique.

IV. DIFFERENTIAL X-RAY
ANOMALOUS SCATTERING RESULTS

The areas (N*) and the interatomic distances (r) mea-
sured from the first peaks of the DDFs for the Ass,Tes,
and As,yTeq, glasses as well as for the RDF obtained at
the AsK edge for the As, Teg, glass are given in Table
IV. The error bars were estimated by varying the param-

TABLE IV. Interatomic distances and integrated areas of the
first peaks of the DDFs.

Sample AssoTes AsgoTeg AsyoTego Note
r(A) 2.63+0.02 2.68+0.02 As-edge DDF
N* 3.040.1  2.9+0.1

r(A) 2.7540.02 2.75+00.02 2.76+0.02 Te-edge DDF

N* 1.7+0.1 2.5+0.1 2.2+0.1
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eters used in the data reduction, e.g., the density, the
noise in the data, possible uncertainties in the values of
the atomic scattering factors as well as the extension in k
space over which the Fourier transformation from k to r
space is performed.

The immediate important findings which can be de-
rived from these results are (1) a drastic change in the Te
coordination number occurring at the stoichiometric
AsyoTeq, composition and (2) the mean interatomic dis-
tances, respectively, determined from the As- and Te-
edge DDFs being significantly different, which readily in-
dicate the existence of a chemical disorder in both the
AssoTesy and AsyTeq, glasses. The values N* of the
average coordination number around As atoms measured
from the As DDFs also suggest the existence of chemical
disorder in these glasses, because they are equal to 3
within the experimental uncertainty. Since we expect As
atoms to be threefold coordinated, we can have an aver-
age coordination number of 3 only when assuming the
simultaneous existence of As-As and As-Te pairs. The
value N*=2.5 measured from the Te DDF for the
AsyoTeg, glass suggests that the Te coordination number
should be larger than 2, since the calculation using the
appropriate weights P;; gives N*=1.6 for two As neigh-
bors and N*=2.25 for two Te ones. This readily indi-
cates the occurrence of threefold Te sites. These results
are unambiguous since the distances and the N* values
given in Table IV are directly derived from the experi-
mental measurements. They fully support our EXAFS
results. Table V gives the P;; values for different atomic
pairs to show their contributions to the distribution func-
tions. They are calculated by

=1 -

when neglecting the g dependence of W;(q).

To deconvolute the RDF or DDF, we assumed the
Gaussian function f;;(7) as the shape of the contribution
of each kind of atomic pairs to a given distribution peak.
We then Fourier transform N;; f;;(r) into g space and ob-
tain F;;(q) as the model PSF. After multiplying F;;(q) by
the corresponding W;(q), we Fourier transform
F;;(q)W;;(q) back into r space using the same g range as
that used to get the experimental RDF or DDF, and ob-
tain the contribution of one kind of atomic pair to the
given distribution peak. This procedure not only allows
us to take into account the g dependence of W;(¢q) but
also to have similar broadening and truncation effects to
those existing in the experimental RDF or DDF. The
sum of the contributions calculated for different atomic
pairs can be compared with the experimental data. We
have checked that such a procedure yields coordination
numbers within an uncertainty of 5%.

Obviously it is not possible to resolve the three contri-
butions, i.e., from As-As, As-Te, and Te-Te, using only
two DSFs. We thus started from the local structural
model determined by the As-edge EXAFS data, which al-
ready gave a reasonable fit of the DDFs. We then adjust-
ed various parameters to yield the best reconstruction.
Note that the chemical compliance ¢1eNrteas =CasV AsTe
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TABLE V. Weights (P;) at ¢ =0 for different atomic pairs in the distribution functions.

Sample AsAs AsTe TeAs TeTe Note
AssoTesy 0.68 1.30 As edge
0.82 1.18 Te edge
AsyoTeg 0.63 1.23 As edge
0.80 1.13 Te edge
AsyoTeg 0.06 0.25 1.00 RDF near the As edge

has been assumed in order to transfer N 1. t0 N for
the deconvolution of the Te-edge DDFs (and vice versa).
In the case of the As, Teg, glass, we fixed Ny, at the
value given by the EXAFS data and obtained Ny... The
structural parameters determined in this way are given in
Table VI, together with the error bars within which the
first distribution peaks can be well simulated. The agree-
ment with the EXAFS results is reasonably good, which
suggests the quality of the amplitudes and phase shifts
used in our EXAFS analysis.

V. RELATIONS BETWEEN THE LOCAL ORDER
AND SOME PHYSICAL PROPERTIES

Our results, clearly and consistently, show the follow-
ing.

(i) As atoms are threefold coordinated throughout the
compositional range. We have no evidence for sixfold
coordinated As sites in Te-rich glasses, contrary to the
assumption of Cornet and Rossier based on XPS data.?

(ii) Te atoms are twofold coordinated in As-rich alloys
(x >40), while, the Te coordination suddenly increases to
2.4 at the stoichiometric As,,Teg, composition, which in-
dicates a large fraction (about 40%) of threefold Te sites
in this glass. This percentage of occupancy seems to
remain almost constant when further increasing the Te
concentration.

(iii) A significant level of chemical disorder is evi-
denced by the existence of homopolar As-As and Te-Te
bonds in the first coordination shell in all the investigated
glasses. At the stoichiometric AsyTeq, composition, the
glassy structure is not chemically ordered and nearly the
same amount of As-As and Te-Te bonds do exist in the
first coordination shell. Thus it is very different from
those of the As,Sg, and As,Seq, glasses, which are
chemically ordered.

(iv) The numbers of homopolar bonds monotonically
evolve with composition.

(v) The local structures of glassy and crystalline
AsyTeg, are very different because of the chemical disor-

der and of the lower coordination numbers in the glassy
state. Moreover, the weak EXAFS oscillations for the
crystalline state are accounted for by a larger Debye-
Waller factor, as shown in Table III, which indicates a
larger dispersion of the interatomic distances in the first
shell in the crystalline state. Obviously these results are
at variance with those obtained by Cornet and Rossier’ in
quite a number of aspects.

We have no evidence, from small-angle x-ray scattering
data, that glassy states are phase separated as discussed
earlier. The fact that the values of the Debye-Waller fac-
tors for the As-As bonds in the glasses which range from
0 to 6X1072 A (see Table III) are smaller than that for
amorphous elemental As (~8.3X 1072 A) also seems to
rule out the possibility of a phase separation in the glasses
with the existence of arsenic amorphous clusters. Thus
homopolar bonds should be homogeneously distributed in
the glassy network. In order to understand the origin of
the chemical disorder observed in the glasses, N .4, and
Nrter. (open squares) determined in this work are
displayed, respectively, in Figs. 13(a) and 13(b) as a func-
tion of the arsenic concentration and compared with two
extreme cases, i.e., the full chemical order (curve 1) and
the full chemical disorder (curves 2 and 3), respectively,
around As and Te atoms. In the calculation of the curve
1, we assumed Np,=0 for x <40 and N =0 for
x 240. N a4z, and N1, in the case of chemical order are
then calculated, respectively, for N, =3 whatever the
concentration and for Np.=2 for x >40 while 2.5 for
x =40 by using the relation ¢ (N p¢te =C1eNTeas: FOI @
full chemical disorder around As, we have N a,=3C4s,
yielding the curve 2 in Fig. 13(a). By using the same rela-
tion, the curve 2 in Fig. 13(b) is obtained. The curve 3
describes a full chemical disorder around Te atoms, for
which we have assumed Np.p.=2.5c¢p. for x <40 and
Nrere =2c¢7 for x >40. It is noted in Fig. 13(a) that for
x > 40, the atomic arrangement around As atoms shows a
full chemical disorder, while for x <40, we find an inter-
mediate situation between the two extreme cases. In Fig.
13(b), the atomic arrangement around Te atoms for

TABLE VI. Coordination numbers and interatomic distances from the DDF analysis. Coordination
numbers determined from EXAFS are given in parentheses.

Sample AssoTes AsyTeg AsyoTeg

pairs N r(A) N r (A) N r (A)
As-As 1.5+0.1(1.6) 2.48+0.01 0.8+0.2(0.8) 2.47+0.01 (0.2)

As-Te 1.5£0.1(1.4) 2.70%+0.02 2.1£0.2(2.2) 2.69+0.02 (2.8)

Te-As 1.5+0.1(1.6) 2.70+0.02 1.4+0.1(1.5) 2.69+0.02 0.71+0.1 2.67+0.01
Te-Te 0.4+0.1(0.4) 2.85+0.02 1.1£0.1(0.9) 2.83+0.02 1.7+0.1 2.80+0.01
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FIG. 13. The evolution of the chemical ordering with com-
position. Curve (1) is calculated for the full chemical order,
while curves 2 and 3 for the full chemical disorder, respectively,
around (a) As and (b) Te atoms. Open squares are the experi-
mental values. Number of Te-Te bonds = c1gNt.r. and number
of As-As bond=c N pas-

x <40 also shows an intermediate situation, which is re-
lated to the one found in Fig. 13(a). However, the experi-
mental data demonstrate a clear tendency towards the
chemical order around Te atoms rather than towards the
chemical disorder. For x > 40, the Te-Te bonds still exist
probably until x ~66, as found by linearly extrapolating
the Np.r. curve towards that composition. This can be
readily understood to be due to the full chemical disorder
around As atoms since the experimental data agree well
with the curve 2 for x > 40, as found in Fig. 13(b). These
observations suggest that Te-Te bonds are less favored
while As-As and As-Te are more favored, which is in
good agreement with the bonding energy values reported
in the literature,’ which for the As-As, As-Te, and Te-Te
bonds are 47.7, 45, and 38 kcal/mol, respectively. Since
the bond energies for As-As and As-Te pairs are compa-
rable, the atoms arrange themself around As just at ran-
dom, resulting in the chemical disorder. But the
significant difference in the energies for As-Te and Te-Te
bonds makes As atoms more likely to bind to Te atoms,
yielding the tendency towards the chemical order around
Te atoms. The actual intermediate situation found for
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x <40 is in fact due to the simultaneous requirements of
the chemical order around Te atoms and of the chemical
disorder around As atoms. Thus we have clarified the
origin of the chemical disorder in the As,Te;q,_, glasses.

A. Glass forming ability (GFA) of As, Te;go—, compounds

In recent years, the Phillips’ constraint theory has
often been applied to try to explain the physical proper-
ties of covalent glasses.’>3* Phillips®® suggested that a
maximum of the GFA occurs when the number N, of the
constraints acting on one atom is equal to the number of
the degrees of freedom, which is supposed to be equal to
the space dimension N,;. The minimization of (N, —N,)?
or of A=|N;—N,| is the condition to have a maximal
GFA. In the three-dimensional space N; =3, each bond
is associated to half the stretching constraint since it is
shared by two atoms, and to (2 —3) bending constraints.
We thus have

r;
A=3—N,=3— 3 ¢, 7+(2ri—3) , (5)

where r; is the coordination number and c; the atomic
fraction for atoms of species i. The smaller the A value,
the larger the GFA is. Setting A=0, we obtain an aver-
age coordination number (m )=2.4. In fact, the GFA
can simply be evaluated by using |{(m ) —2.4|. As stated
in the Introduction, the constraint theory broke down up
to now in the case of As, Te o —, alloys. However, since
our results are at large variance with the previous
structural results, we may reexamine the GFA of these
alloys using the constraint theory.

Figure 14 shows the variation of (m ) (crosses) with
composition. A prominent maximum can be observed at
the stoichiometric composition. Following the Phillips’
argument, the GFA for As,Te,y,_, compounds has to be
minimal at this composition, which is consistent with the
experimental observation. Instead of a well-constrained
network as is the case for the As,;S¢, or Asy,Seq, glass,
the glassy Asy,Teg, network is overconstrained due to the
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FIG. 14. Dependences of the mean coordination number on
the composition: crosses represent the mean coordination num-
bers (m ) and triangles the effective mean coordination num-
bers {m') defined in text. Open square is obtained by interpo-
lation and open circles by extrapolation. The error bar for (m )
is £0.05.
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increase in the mean coordination number around Te
atoms at this composition. In addition, a drop in the
(m) value appears around the AssyTes, composition.
Extrapolating the (m ) values obtained for the As-rich
scale, we find that (m ) reaches the critical value 2.4 at
the AsysTes, eutectic as marked by an open circle, which
has not, however, been experimentally investigated. This
explains the easy obtention of the glassy state at this com-
position. On the Te-rich side, our results failed to explain
the higher GFA at the As,,Te;; eutectic at which a
minimum of A does not appear. This may be due to the
difficulty of correctly counting the constraint number.
Such a difficulty occurs when the strengths of different
bonds in the material are very different as already sug-
gested by Thorpe for the silicate glasses.>*

As stated, the Te-Te bond is significantly weaker than
the As-As and As-Te ones. To try to take into account
the bond strength, we give the Te-Te bonds a weaker
weight (W) in the calculation of A in order to reduce
their contribution to the glassy network and to recover a
more correct constraint number. Since the GFA is max-
imum at the As,;Te,; eutectic, we can calculate W for the
Te-Te bonds to get an effective mean coordination num-
ber {m’)=2.4 for the glass at this composition, i.e.,

W=(2.4—caeN ps—C1eNreas)/(CreNrere)

where Ny, and Ny, are obtained by interpolation
from the values experimentally determined for the
As,gTegy, and AsygTes, compositions. We thus get
W ~0.80, which is used to calculate (m'), as shown by
triangles in Fig. 14. Obviously, the interpretation of the
compositional dependence of the GFA for As-rich glasses
and for the As,Teq, glass still remains valid when using
the (m’) values. {m') for the As,,Tey, glass is now
smaller than 2.4, which explains the deterioration of the
GFA on the Te-rich side of the As,;Te;; composition. In
this way the evolution of the GFA can be understood for
all the compositions. This explanation is given here only
to show the weakness of the constraint theory when it
deals with a material in which a large difference among
the bonding strengths exists and to suggest a possible ex-
planation of the GFA behavior in the Te-rich domain.
An appropriate treatment should differentiate the bond
strengths.

B. Glass transition temperature T,

Our structural results indicate a monotoneous change
of the local chemical ordering with the composition. The
T, of As,Tejp_, glasses also monotoneously evolves
with composition. Such a compositional dependence of
the 7, has been noted by several workers>>® and is also
exhibited in our samples. Figure 15 illustrates a clear
correlation between the number of strong As-As bonds,
which is equal to the product of ¢, and N4, and the
T, values for As,Te o, glasses, which were reported by
Cornet and Rossier.’ It appears that the glassy structure
is stabilized with the increase of the number of As-As
bonds. This supports the argument that the T, is mainly

g
determined by the stronger bonding forces in the glassy
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FIG. 15. Compositional dependences of T, (open circles) and
of the number of the As-As bonds (black circles).

structure.’® Based on this argument, we may also under-
stand why the T, values of As,S;y_, or As,Sejg_,
glasses show a maximum at the stoichiometric composi-
tion. Structural studies®”3® have shown that the chemical
ordering is obeyed in these glasses, so that there are no
homopolar bonds appearing in the glass at the As, X,
(X =S8 or Se) composition. Among three kinds of atomic
bond, the heteropolar bonds, i.e., As-S or As-Se, should
be the most favored and thus the most stable. Since the
number of the heteropolar bonds reaches the maximum
at the As,Xq (X=S or Se) composition, yielding a
stable glassy network, the maximum T, value is thus ob-
served for the glass with this composition.

C. Microhardness

Figure 16 shows the compositional dependence of the
microhardness K (solid triangles), which were measured
by Cornet and Rossier,” and of the number of As-As
bonds. They coincide with each other. In comparison
with the T, the microhardness shows an even clearer
correlation with the number of strong As-As bonds. This
is in accordance with the argument that the microhard-
ness is sensitive to the local order. We thus suggest that
it is mainly related to the strong As-As bonds and not
simply to the average coordination number {m ). Notic-
ing the sudden drop of {m ) when passing from As,Teq,
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FIG. 16. Compositional dependences of the microhardness
(solid triangles) and of the number of the As-As bonds (open cir-
cles).
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(~2.7) to AssgTesy (~2.5), we find that Thorpe’s con-
cepts of “rigidity” for overstrained networks with
(m)>2.4 and “floppiness” for underconstrained ones
with {m ) <2.4 do not apply to As, Te o, glasses: for
instance, {m ) is smaller for the AssyTes, glass than for
the As,yTeg, one, thus the first should be more rigid than
the latter though experimentally the situation is reversed
as the K curve shows. The reason for the failure is not
completely clear, but we think that it is probably also due
to the fact that the constraint theory treats different
bonding forces on the same level. In our opinion, the
strong bonds dominate the mechanical properties.

D. Electronic conductivity

Figure 17 compares the compositional dependences of
the conductivity o,9.c (open circles) for As,Te;p—x
glasses, the data being taken from Ref. 2 and of the num-
ber of Te-Te bonds. It thus appears that o is related to
the number of Te-Te bonds and thus to the local order,
which is believed to primarily determine the electric con-
ductivity. Elliott*® pointed out that the width of the band
gap of a material is governed, to a large extent, by the
strength of the bonds which are present. Our results sup-
port this argument. The increase of the number of the
weak Te-Te bonds and the decrease of that of the strong
As-As and As-Te ones with increasing the Te concentra-
tion cause the shrinkage of the band gap and thus the in-
crease of 0.

The correlation shown in Fig. 17 explains the main ten-
dency of the evolution of o with the composition. We
would like, however, to suggest a simply physical mecha-
nism, which may explain the relatively steep increase of
the o values for Te-rich glasses (x <40). It occurs at the
AsyTeqy composition, at which a large amount of three-
fold Te sites appears in the glassy structure. Since a chal-
cogen atom has four electrons in its outer p orbitals, a
twofold coordinated Te atom has a lone pair band whose
energy is higher than that of the valence band. But a
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FIG. 17. Compositional dependences of the conductivity
(open circles) and of the number of the Te-Te bonds (solid cir-
cles).
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threefold coordinated Te atom has three p electrons in-
volved in the bonding with the neighboring atoms, form-
ing the filled valance band. There is only one electron left
which is unstable. This electron may either be promoted
into the conducting band or be trapped in a defect site. If
we assume that this electron lies in the conducting band
and takes part in the conduction, the threefold Te atom
now bears metallic character in the sense of the transport
property. In this case, the appearance of threefold Te
atoms is the main origin of the steep increase of o start-
ing out at As,yTeq,.

The other possibility that the single electron is trapped
in a defect site on a chalcogen atom has been proposed by
Street and Mott*® in order to explain the absence of elec-
tron spin resonance (ESR) signals in chalcogenide glasses.
Since it accommodates the transferred electron, this chal-
cogen atom then becomes onefold coordinated and has
two lone pairs. Thus, there should exist in the glass
threefold positively charged as well as onefold negatively
charged sites, in addition to twofold neutral ones. In our
opinion, it is unlikely that the Mott’s mechanism applies
to the As,Te o, glasses. The decisive reason is that it
requires the same amount of onefold Te sites and of
threefold Te sites to accommodate the transferred elec-
trons. If this were the case, the mean coordination num-
ber around Te for Te-rich glasses should be much smaller
than 2.5, and indeed equal to 2. This is inconsistent with
the structural results obtained in this work.

VI. CONCLUSIONS

By using EXAFS and difference anomalous scattering
which both allow us to selectively probe the environment
around each component, we have determined the local
ordering in As,Te\q_, glasses. We have found the
chemical disorder in these glasses. To our opinion, the
bonding strength plays a dominant role in the arrange-
ment of chemically different constitutes in the solid state.
The chemical disorder in As,Te;y_, glasses should
directly result from the fact that the As-As and As-Te
bonds have similar bonding forces, while the chemical or-
dering is dominated by the strongest As-S or As-Se bonds
in As,S;go—x OF As,Se;p—, glasses. We have also ob-
served a sudden increase of the Te coordination from 2 to
2.4 at the AsyyTeqy composition, which indicates that an
amount of Te atoms undertakes a valence change at the
stoichiometric composition. The observation of the
chemical disorder as well as the valence change of the Te
atom at the As,Tes, composition demonstrate that the
AsyTeq, glass is very different from the As,,Seqq and
AsySeo glasses. Based on our structural results, we have
suggested possible explanations for some peculiar
features of the macroscopic properties of these glasses,
such as the GFA, the T,, the microhardness and the con-
ductivity, which are related either to the monotonic evo-
lution of the chemical ordering with composition or the
valence change of the Te atom at the AsyyTeq, composi-
tion.
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