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The results of a study of the atomic structure and crystallization behavior of As-Te
glasses are reported. The primary tool of this investigation is Mdssbauer-effect spectros-
copy of the Te sites. Strikingly different behavior of the spectra is observed depending on
whether the As content is above or below 40 at. %. In As-rich compositions, a well-defined
Te site exists in which Te is twofold covalently bonded to As. For As-poor compositions,
both twofold and threefold Te sites are observed. The poor glass-forming abilities of As-Te
alloys (compared to As-Se or As-S) can be associated with the presence of these two types of

Te environments.

1. INTRODUCTION

Information on the atomic structure of pnictide
glasses (As, X,_,, X=S, Se, or Te) is very limited,
despite the fact that they represent some of the most
studied inorganic glasses. Raman and ir spectra of
these glasses are devoid of the kind of sharp features
that are observed in the spectra of tetrahedral
glasses! (Ge,X,_,; X=S, Se). °As nuclear quadru-
pole resonance (NQR) spectra’ of the pnictide
glasses (As,X3) exhibit broad featureless unimodal
distributions of quadrupole couplings. These obser-
vations have been attributed to the geometrical
properties of the pyramidal AsXj;,, units believed to
dominate the atomic structure. This, of course, does
not imply that the nature of chemical short- and
medium-range order in pnictide glasses is so poorly
defined as not to be amenable to experimental inves-
tigations. Experience has shown that in studying
structurally disordered materials certain experimen-
tal observables are more suitable to measure than
others. As an example, measurements of the asym-
metry parameter of the "°As electric field gradient
(EFG) in As,X; (X=S, Se, and Te) glasses® have
yielded more structural information than measure-
ments of the NQR frequencies.’

A method that has been particularly successful in
studying the network morphology of chalcogenide
glasses is Mdssbauer ('2°1) emission* and ('*°Te) ab-
sorption spectroscopy.” It was shown in an earlier
paper through the use of '*°I emission spectroscopy
that a breakdown in the 8 —N coordination rule
occurs in the glassy system As,Te;_,.° These '*°I
Mossbauer spectra exhibited a multimodal distribu-
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tion of quadrupole couplings whose symmetry char-
acter (n) is directly accessible from the spectra. In
this case the EFG’s are well defined because they are
largely determined by the near-neighbor coordina-
tion shell. Unlike NQR spectroscopy, quadrupolar
line broadening due to relaxation and dipolar in-
teractions is usually absent in the Mossbauer spectra
of these materials. By combining the results of
125Te absorption with those of '’ emission spec-
troscopy, crucial information on both the nature of
the chalcogen chemical order and the crystallization
process of As, Te;_, glasses is obtained.

Recently, Phillips has theoretically examined the
topological properties of 3-2 (coordinated) glasses
such as As-S and As-Se.” According to him, a max-
imum in glass-forming tendency results when the
number of constraints per atom in the network
equals the number of degrees of freedom. For As-S
and As-Se the optimum composition for glass for-
mation is predicted to occur at Asg4o(S or Se)g ¢o-
The case of As,Te; is particularly interesting be-
cause of the weaker bond-bending forces associated
with Te as compared to S or Se. The implications of
this on the structure of As-Te glasses will be dis-
cussed.

II. EXPERIMENTAL

Alloys of As,Te;_, (x=0.30, 0.50, and 0.57) were
prepared by melting 99.999%-pure elemental As
and Te in sealed, evacuated (pressure less than
7% 107 Torr), fused silica tubes. The materials were
heated to 800°C, slowly cooled, and allowed to
equilibrate at approximately 50°C above the melting
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point for one hour. At this point the melts were
quenched in ice-cold water. The typical size of the
alloys was 200 mg, and the compositions reported
here are the nominal ones. The crystallization of
x=0.30 and 0.50 glasses was studied on samples
which were subjected to a variety of heat treatments
after quenching. In each case, a quantity of the ap-
propriate composition was quenched as above and
heat treated in the same sealed tube. As-prepared
samples were characterized by x-ray diffraction (Cu
Ka radiation, scanning rate equal to 0.02°/min) and
atomic density measurements.

Mossbauer-effect (ME) experiments utilizing the
125Te and '?°I resonances were performed by moving
the appropriate source in the constant acceleration
mode relative to the absorber, with both the source
and absorber cooled to 4.2 K. Details on the experi-
mental techniques can be found in Refs. 4 and 5.
Absorbers for the »Te ME experiments were
prepared by finely powdering the as-quenched or
heat-treated samples and sealing the powder with a
filler (MgO) in an aluminum holder. For the %I
ME experiments, a trace of neutron activation '2*Te
metal® was incorporated in the melts. The same
procedure for quenching and preparing the samples
was followed for these radioactive samples.

In '®Te ME spectroscopy, the experimentally
measured parameters are the quadrupole splitting
(A), the isomer shift (8), and the width of the
resonant lines.’ In general, two resonant lines are
observed for each distinct Te site in nonmagnetic
materials. In '”I ME spectroscopy, there are 12
possible resonant lines in nonmagnetic materials and
in addition to 6 and linewidths, the magnitude and
sign of the electric field gradient (e¥V,,) and the
asymmetry parameter 7 [= | (Viy —V),)/V,, |] can
be determined. Standard means of spectral analysis
were used to interpret the ME spectra.®

III. RESULTS

A. X-ray diffraction

The x-ray diffraction patterns of the quenched
x=0.30, 0.50, and 0.57 samples consisted of a

smooth featureless band, characteristic of amor-
phous materials. Previous investigators™!® have
shown that bulk glasses can be prepared by water
quenching throughout the composition range
0.20<x <0.65 for As, Te;_,. The measured values
of atomic density are displayed in Table I and are in
good agreement with those reported by Ref. 9.

B. '?°Te absorption spectroscopy

125Te ME spectra of the as-quenched samples con-
sisted of well-defined symmetric doublets. A typical
spectrum for amorphous Asg soTeyso is shown in
Fig. 1. The spectra were least-squares-fitted to a
pair of Lorentzian lines from which the values of A,
8, and linewidth were obtained (Table I). The A and
6 values for all these samples are characteristic of Te
sites having a substantial degree of 7 bonding.’
Shown in Fig. 2, are the values for A versus compo-
sition (x) for the three bulk glass samples and the
values for rf-sputtered films from Ref. 11. The
good agreement between the values for films and
glasses indicates that the short-range order about the
Te atoms is not a function of the means of prepara-
tion, but that it is intrinsically related to the compo-
sition.

There are two very interesting features of the A(x)
behavior. First, the value of A we obtain from a
smooth extrapolation for amorphous Te is signifi-
cantly lower than that obtained from the Ge,Te;_,
glassy system.’ This illustrates the importance of
the minority species (As,Ge) in determining the
short-range order of the Te sites. The second
noteworthy feature of the A(x) systematics is the
saturation at high As concentrations (x > 0.50).

A significant result of the present study is the
measurement of the linewidths of the glasses. Be-
cause of saturation effects having to do with the
thickness dependence of the resonant absorption
cross section'? the sputtered films, which are gen-
erally quite inhomogeneous in thickness, do not per-
mit a detailed comparison of linewidth values. The
ability to produce bulk glasses allows the fabrication
of absorbers which have a well-defined thickness,
thus permitting a useful comparison of the linewidth
values.

TABLE I. '**Te ME data and atomic density values of As,Te;_, alloys.

A 8 Linewidth Atomic density
Sample (mm/sec) (mm/sec) (mm/sec) (g/cm?)
a-AsyTeq 8.67(4) 0.27(8) 6.18(13) 5.54(2)
a-AssoTesy 8.42(5) 0.26(5) 5.81(10) 5.39(3)
c-As,Te; 4.84(8) 0.36(8) 6.84(9) 6.25
c-Te 7.60(6) 0.50(4) 5.80(6) 6.24
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FIG. 1. '®Te absorption Mdssbauer spectra of as-

quenched (amorphous) and heat-treated AsgsoTeq so
glasses. The dots are the actual data points and the
smooth line is a fit of the spectra. All spectra were taken
at 4.2 K.
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FIG. 2. Compositional dependence of the quadrupole
splitting (A) and isomer shift (8) of '*Te in As,Te;_,
glasses. The value of A for amorphous Te is taken from
Ref. 5.

Since the least-squares analysis of the spectra of
the as-quenched samples is constrained to consist of
a single pair of lines, the linewidth values are a mea-
sure of the A and 8 distribution experienced by the
Te atoms. As Fig. 2 clearly shows, § is not a func-
tion of composition for the As, Te;_, system. This
implies that all Te sites have about the same value
of 6 and that the linewidth values give a direct mea-
sure of the A distribution. Examining the linewidth
values of Table I, it is found that the x=0.50 and
0.57 samples have approximately the same values
while the x=0.30 glass has a significantly higher
linewidth than the other two.

C. %I emission spectroscopy

The %I spectra of As;oTe;, and AssoTes, glasses
have been reported in Ref. 6 by the authors. The
spectra are shown in Fig. 3. In this work it was
found that the spectra can best be understood as a
superposition of at least two distinct Te sites. The
parameters obtained by an analysis of the spectra are
listed in Table II along with the values of crystalline
As,Te; and trigonal Te. As illustrated in Table II,
the chemical identities of the two sites are not a
function of composition. Instead, the changes in the
spectra with composition can be attributed to a
change in the relative amounts of each phase. In
Ref. 6 the authors have asserted that site 4 results
from a parent Te site having two As neighbors. Site
B, on the other hand, represents a threefold-
coordinated Te site similar to that of the Te site in
crystalline As,Te;.!!

D. Crystallization

The crystallization of x=0.30 and 0.50 glasses
was studied by ME and x-ray diffraction experi-
ments. Guided by the work of Cornet and Rossier,’
samples of x=0.30 were subjected to heat treat-
ments of a 160°C anneal for 2 h and a 227 °C anneal
for 2 h. After the 160°C, 2-h anneal, the x-ray pat-
tern showed that the sample consisted of an amor-
phous phase (presumably richer in As) and the
Bragg reflections of crystalline Te. The Te peaks
were very broad and slightly shifted to higher an-
gles. This implies that the Te crystals are very small
and that there is probably some As substitution in
the Te structure. The ME spectrum for such a sam-
ple consisted of two very broad lines having A=8.20
mm/sec and a linewidth of 6.4 mm/sec. Note that
A is smaller than the starting amorphous value and
larger than the value for crystalline Te (A=7.60
mm/sec). The large linewidth suggests that the
spectrum is a superposition of at least two Te sites,
presumably Te in the amorphous phase (now richer
in As) and Te in the form of crystalline Te with
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FIG. 3. Méssbauer spectra of 2™Te sources in indicat-

ed hosts taken at 4.2 K using a Na!? I absorber. Note the

qualitative improvement in the fit to the spectra of g-

As;oTeyo (as-quenched amorphous) in going from a one-

site to a two-site fit. The spectra further reveal that the

second site (site B) reduces in relative intensity as the As
content of the glass increases.

some As substitutions. After the 227 °C, 2-h anneal-
ing treatment, the x-ray diffraction pattern con-
tained only the reflections of crystalline Te and crys-
talline As,Te;. The corresponding ME spectrum
could be well fit to a superposition of the lines of
crystalline Te and As,Te;. The fit yielded not only

TABLE II. '”I ME parameters of As,Te,_, glasses
and crystals.

e2QV,, 5
Sample Site (MHz) n (mm/sec)
a-As3oTer A —868(4) 0.22(1) 1.13(1)
B +363(9) 0.10° 1.134)
a-AssoTeso A —889(3) 0.21(1) 1.13(1)
B +387(13)  0.10° 1.22(5)
c-As;Tes +186(4) 0.21(9) 1.14(1)
c-Te —397(2) 0.70(1) 1.16(1)

3Relative to Na'?’L
*Parameter kept fixed in fit.

the proper values of A and & for the two sites, but
also the proper relative intensities.

The more interesting results of the crystallization
study concern the x=0.50 samples. Glasses of
x=0.50 were heat-treated at 190°C for various times
as described in Table III. The values for A and
linewidth resulting from fitting the spectra to two
lines are shown along with the x-ray diffraction and
atomic density measurements. The identification of
the crystalline phase that appears after 190°C anneal
for 1 h in the x-ray patterns is somewhat tentative,
being based on only six reflections yielding a lattice
parameter a,=5.7510.30 A (assuming NaCl struc-
ture). A more complete analysis by Quinn'® has
shown that this phase is AsTe having the NaCl
structure with four As-Te units per cell and a lattice
parameter of ay=5.778 A. Because this metastable
phase can only be produced by heat treating the
glass’ and because it exists together with the amor-
phous matrix the resulting Bragg peaks are weak
and somewhat broad. The increase in atomic densi-
ty observed for the heat-treated samples supports the
notion of a high-density phase crystallizing from the
glass.'® From the '>*Te ME spectra, the rapid drop
in the average A as this cubic AsTe phase emerges
demonstrates that it is characterized by a small
value of A. Crystalline As,Te; has a A of 4.84
mm/sec, so that the average value of A actually falls

TABLE III. Crystallization of AssoTes, glasses at 190°C for various time periods.

Time A Linewidth Atomic density

(h) (mm/sec) (mm/sec) X ray (g/cm?)

0 8.42(4) 5.81(10) amorphous 5.39(3)

1 7.96(4) 6.44(9) A + c-AsTe 5.50(3)

2 3.5009) 6.88(16)

3 3.33(10) 6.54(15) A + c-AsTe 5.83(4)

4 3.03(10) 6.17(20)

5 3.48(10) 7.12(16) A +c-AsTe

+ c-As,;Te;
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below this value for 190°C for 2-, 3-, or 4-h heat
treatments. This fact is clearly illustrated in Fig. 1
and Table III. Heat treatments of 190°C for 5 h and
beyond result in an increase in A as crystalline
As,Te; begins to form. The final products of crys-
tallization are As and c-As,Te;.

IV. DISCUSSION AND CONCLUSION

A. Te chemical order in As,Te;_, glasses

A detailed study of various properties of As-Te
glasses has been made by Cornet and Rossier”!? via
measurements of atomic density, microhardness,
glass transition temperature, high-temperature heat
capacity, and an analysis of the kinetics of crystalli-
zation. They concluded that these glasses fall into
two distinct types depending on whether the As con-
tent is greater than or less than 0.40. Through elec-
tron, x-ray, and neutron diffraction studies of thin-
film and bulk samples, they developed an elegant
model for the local structure of As,Te,_, glasses.
The principal conclusions of their work are as fol-
lows: (1) For x=0.40, in contrast to the crystalline
compound As,Te;, the bonding is mainly covalent
with As threefold and Te twofold coordinated. The
first-order approximation to the glassy structure of
Asg 40Teg ¢ is @ random packing of AsTe;, trigonal
units. (2) For x > 0.40, the excess As is accommo-
dated by the formation of As,Te,;,, molecular units
in which As—As bonds form “arsenic-pair locks.”
In this region of composition, Te is coordinated to
two As neighbors while As starts out at x=0.40
with three Te neighbors, and an additional As site
emerges as x increases which has one As and two Te
neighbors. (3) For x <0.40, As atoms occupy the
apex of a AsTe;/, pyramid unit. These units are un-
stable against a rotation about the As;—Te, bond
(see Fig. 4), which leads to the formation of

FIG. 4. Formation of a new Te;—Te, bond and a
threefold Te site (Te;) by rotation of an AsTes;,, pyrami-
dal unit about As;—Te, bond. The figure is reproduced
from Ref. 9.

threefold-coordinated Te sites. As the As content is
decreased, Te clusters begin to develop, and as x ap-
proaches O the local structure evolves to that of
amorphous Te. Thus the tellurium-rich glasses are
more complex than the As-rich glasses due to the
presence of at least two Te sites. At x=0.25, the
simple mechanism described above predicts the for-
mation of one threefold Te site for each pair of two-
fold Te sites. In terms of chemical environments
the situation is quite complicated with the possible
twofold Te sites having (As,As), (As,Te), or (Te,Te)
neighbors and the possible threefold Te sites having
(As,As,Te), (As,Te,Te), or (Te,Te,Te) neighbors.

The ME results of the present study provide
strong evidence for the ideas above and additional
insight into the local structure of the glasses. For
x > 0.40, the narrow linewidths and constant values
of A of the '»Te spectra support the description
given above, namely, that a single well-defined Te
site exists in this composition range. In addition,
the '?I ME data show that the dominant Te site is
one having two As neighbors. At x=0.40 the '*Te
ME parameters of the glass and corresponding crys-
tal are significantly different. The ME parameters
of the glass are characteristic of Te covalently bond-
ed while the values of crystalline As,Te; indicate a
more metalliclike nature for Te.

In the Te-rich glasses (x <0.40) the nature of the
Te local environments becomes considerably more

- complex. This is reflected in the broader '*Te

linewidth of the x=0.30 glass compared to the
x=0.50 and 0.57 glasses. At this point, a comment
is necessary concerning the nature of the two sites
observed in the '>’I ME of the glasses. Site 4, which
was described as a Te site having two As neighbors,
needs to be generalized as representing Te sites hav-
ing either (As,As) or (As,Te) neighbors. This '*I
site is an As—I o bond® that comes from a parent Te
atom that was twofold-coordinated to (As,As) or
(As,Te). The stronger affinity of I for As means
that in both these cases the o bond that is formed
will be an As-I one. Which site a parent Te atom
that has two Te neighbors contributes to in the '
ME spectra is not as clear as the cases above, al-
though it is likely to add into site 4. Site B is then
made up of contributions from threefold Te sites
having (As,As,Te), (As,Te,Te), and (Te,Te,Te) neigh-
bors.

The increase in the intensity ratio (site B/site A)
with Te content is then an accurate reflection of the
emergence of threefold Te sites. To see how the
threefold sites influence the A(x) behavior for the
125Te experiments, it is useful to compare A(x) for
As, Te;_, glasses to that of the Ge, Te,_, system.’
As Fig. 2 shows, the extrapolation of A(x) to amor-
phous Te for As,Te,_, gives a significantly smaller
value than that obtained from Ge, Te; _,.
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B. Role of As and Ge impurities
in amorphous Te

In the Ge,Te;_, case, the addition of Ge to
amorphous Te results in the formation of Ge(Tey); »
tetrahedral units which probably act as crossing
points of Te chains or rings. Throughout the range
0<x <0.33, the average coordination number of Ge
is four, and that of Te is two. Extrapolating the
A(x) values of Ge,Te;_, should give a reliable esti-
mate of A for amorphous Te. In contrast to this,
the less restrictive nature of AsTes,, units compared
to Ge(Tey);,, tetrahedra permits the formation of
threefold Te sites. These threefold Te sites, like the
threefold-coordinated Te sites in c-As,Te;, are ex-
pected to have relatively low values of A. Starting
from x=0.40 there are two principal contributions
to A(x) as the Te content is increased. The first is
an increase in A(x) as sites like that in amorphous
Te having a large average value begin to emerge.
This increase in A(x) is partially offset by the forma-
tion of threefold Te sites which reduce the average
A. A rapid increase in A(x) is expected therefore as
x approaches 0, due to the reduction of both the
threefold Te sites and AsTe;,, units. Note that if
threefold Te sites did not exist in the As,Te;_, sys-
tem, then A(x) would have been expected to extrapo-
late smoothly to amorphous Te like the Ge, Te|_,
alloys.

C. As,X; glasses

Cornet and Rossier originally discussed the differ-
ences in atomic structure between As-Te and As-
(S,Se) glasses in terms of valence bond angles. They

proposed that threefold Te sites are stabilized by a
rotation of a given AsTe;,, pyramidal unit about an
As;—Te, bond as shown in Fig. 4. They asserted
that this was most likely to occur when the chal-
cogen is Te since the valence angles are closer to 90°
for this case. In the context of the ideas of Phi]lips,7
the differences in atomic structure between As-(S,Se)
and As-Te can be understood in terms of the differ-
ences in bond-bending forces between As-(S,Se) and
As-Te. Te is expected to be considerably more me-
tallic than S or Se and in particular, the free-energy
difference between twofold and threefold Te is ex-
pected to be small. The small bending force associ-
ated with Te (compared to S or Se) reduces the num-
ber of constraints of the network and results in a
different local atomic structure. Furthermore, the
simultaneous presence of twofold and threefold Te
sites leads to the weak glass-forming tendency of
As-Te alloys.”

D. Crystallization of As,Te;_, glasses

The results of the crystallization studies of
x=0.30 and 0.50 glasses are in agreement with pre-
vious investigations.”'® For x <0.40 the first step is
the primary crystallization of Te followed by the
eventual formation of c-As,Te;. On the As-rich
side, the heat treatment of x=0.50 glasses leads first
to the polymorphous crystallization of a metastable
AsTe compound and finally to the equilibrium
phases c-As and c-As,Te;. The ability of ME spec-
troscopy to quantitatively measure the relative frac-
tions of Te containing phases should be useful in ki-
netic studies of the crystallization process.
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