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Abstract

Bulk Te;Cl, and Te;Br, glasses were prepared using Te tetrahalide and elemental Te as starting materials; they
displayed glass transition temperatures of 357 and 348 K, respectively. In these stoichiometric chalcohalide glasses, a
trimodal distribution of Te-cation sites is observed from '*Te absorption and '*1 emission Mdssbauer spectroscopies. The
electric hyperfine structure reveals two of the sites (A, B) to be Te-intrachain sites characteristic of chains of c-Te;Cl,. The
third site (A'), peculiar to the glasses, is identified as a chain terminator (or edge) site with a onefold-coordinated halogen
atom. The average length of the chains in the glasses deduced from the observed Mossbauer site intensity ratios of the edge
to interior (I} /1, and I, /Ig) sites reveals a value of 1.5 nm in both glasses.

1. Introduction

Profound progress in decoding the nature of build-
ing blocks (short range order SRO) in network glasses
has emerged from advances in experimental methods
over the years. Elastic scattering methods (X-ray [1]
and neutron pair-distribution functions [2]), vibra-
tional spectroscopies (IR, Raman scattering [3], in-
elastic neutron scattering [4] and Lamb-M0ossbauer
factors [5]) and local methods (nuclear quadrupole
resonance [6] (NQR), nuclear magnetic resonance
(NMR) and magic angle spinning (MAS)-NMR [7]
and Mossbauer effect [8]) each has provided comple-
mentary information on glass structure. In spite of
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these advances, the manner and extent to which local
building blocks couple to form elements of medium
range structure (MRS) in a glass continues to be
speculative. Historically, the first sharp diffraction
peak (FSDP) in the structure factor of network glasses
has been widely regarded as signature of MRS,
although its structural origin continues to be contro-
versial [9-12]. Some [9-11] have ascribed the FSDP
to a quasi-periodic arrangement of building blocks,
as in a molecular cluster, extending over a character-
istic length scale (cluster size). Elliott [12] has sug-
gested that the commonality of this peak in a variety
of glasses reflects a quasi-periodic distribution of
free volume, i.e., inter-cluster correlations in the
networks. This view has, however, not found support
in recently reported first principles molecular dy-
namic simulations in glasses performed by Sarnthein
et al. [12]. Raman scattering [13,14] in selective
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Fig. 1. (a) Polymeric chain structure of ¢-Te;Cl, following the
work of Kniep et al. [18]. (b) Proposed molecular structure of
g-Te;Cl, and g-Te,Br,. It consists of halogen (filled circles)
terminated Te-chain fragments based on the molecular structure of
¢-Te,Cl,. (¢) Local chemical structures of daughter 2°1 sites A/,
A and B (shaded circles) formed upon decay of 129 pem parent
atoms (open circles) in the stoichiometric glasses.

glasses, such as SiO,, B,0, and GeSe,, has re-
vealed narrow vibrational bands that provide some of
the best examples of MRS in the form of ‘n-num-
bered rings’ in these glasses. Yet the concentration
of such rings, their distribution and particularly how
these connect to the rest of the network remain
uncertain.

Chemically specific local methods, such as the
Méssbauer spectroscopy [8], MAS-NMR [7] and
NQR [6] through measurements of local fields (such
as electric field gradients, isomer shifts, chemical
shifts), serve as fingerprints of local chemical envi-
ronment in glasses and crystals. In favorable in-
stances, when a multi-modal distribution of sites is
observed, and one can discriminate surface (or edge)
from interior (or volume) sites, it is also possible to
deduce elements of MRO in the network. In the
present work, we demonstrate the realization of this
simple idea for the chalcohalide glasses using the
Mbssbauer effect.

The Te; X, (X = C}, Br) chalcohalides are ideally
suited for Mdssbauer effect studies because one can
probe [15] the coordination chemistry of the Te

cation elegantly using both *Te and '*’I spec-
troscopy. In an earlier work [16], we had used this
method to probe anion-chemistry in GeS, (or Se,)
glasses using Te as a dopant. Second, the present
chalcohalides are excellent bulk glass formers [17]
because the average coordination number (cn) of the
underlying molecular structure is low (= 2). These
glasses are usually modeled after c-Te,Cl,, which
consists [18] of a polymeric chain structure in which
two types of Te cations occur: site A, twofold-coor-
dinated to two Te nearest neighbors (nns); and site
B, fourfold-coordinated to two Te and two Cl nns in
a trigonal bipyramid coordination, as illustrated in
Fig. 1(a). In the infinitely long chains characterizing
the crystalline phase, we note that the ratio of the
frequency of occurrence of sites A:B is 2 and the
average cn of the chain structure is 2. In analogy to
elemental Se, or S, the pronounced glass-forming
tendency of these chalcohalides derives from the
intrinsic floppiness of such a chain structure, follow-
ing the ideas of the Phillips—Thorpe constraint the-
ory [19,20].

2. Experimental

We have synthesized the bulk glasses by reacting
99.999% elemental Te with 99.9% TeCl, (or TeBr,)
in thick (3 mm) wall evacuated fused quartz tubings
at 550°C. The melts were homogenized at 500°C
prior to a water quench. Glass transitions, measured
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Fig. 2. 1257 absorption spectrum of g-Te,Cl, showing deconvo-
lution in terms of three sites constrainted to parameters deduced
from 2’1 spectra.
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using a differential scanning calorimeter (Perkin—
Elmer model 2C) at a scan rate of 10 K /min, gave a
glass transition temperature T, =357 K for X =Cl
and 7, = 348 K for X = Br in accord with previous
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Fig. 3. I Méssbauer spectra of g-Te,Cl, deconvoluted in terms

of (a) one, (b) two and (c) three sites. The site parameters deduced
from the three-site fit are projected in Fig. 4.
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Fig. 4. "*°1 isomer shifts, § — 8o, plot as a function of quadrupole
couplings, e?¢Q, for the three sites (A, B and A') observed in
¢-Te,Cl, (+) and in g-Te;Br, (a) along with other standard
compounds. The site microstructures proposed for the three sites
(A, B and A) are shown in Fig, 1(c).

results [17]. "**Te spectra of the glasses recorded at
15 K, using an Mg}**Te™Qy source [21] at 300 K,
displayed partially resolved doublets (Fig. 2), as also
reported [22] earlier for c-Te,Cl,. To gain better
insights into the distribution of Te sites, emission
spectra of ' Te™ labelled glasses were measured
using a Cu'®’I absorber, with both source and ab-
sorber cooled to 4.2 K. The narrow natural linewidth
(I, =0.59 mm/s) of the "I resonance now reveals
considerably more details than was possible using
the broad natural linewidth (I} =52 mm/s) of
the'*>Te resonance. Specifically, to deconvolute the
1291 lineshapes in the glasses, we found the require-
ment of three sites as shown in Fig, 3 to be not only
sufficient but also necessary, a point we discuss
below. In the least-squares fit, a deconvolution of the
lineshape was performed using standard procedures
[15,16] of requiring each site to be composed of a
12-line quadrupole multiplet for the 5/2 = 7/2 nu-
clear spin sequence with the ratio of the excited to
ground state nuclear quadrupole moment fixed at
1.238, but keeping the isomer shift, 8, the quadrupole
coupling, ¢*¢Q, and the asymmetry parameter, 7, of
the EFG at each of the sites as variables. The
observed site (A, B, A') parameters in the glasses,
along with those in reference crystalline compounds,
are summarized in Table 1 and projected on a stan-
dard [15] isomer shift versus quadrupole coupling
plot in Fig. 4. The results plotted in Fig. 4 permit
decoding the local chemical structures of these three
sites. Note that on the plot of Fig. 4, while sites A
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Table I

1 nuclear quadrupole couplings, e2gQ, asymmetry parameter, 7, isomer shift, 8, and observed full-width at half maximum, I, in

indicated Te compounds

Host e2qQ (Mhz) n 8% (mm/s) Ips (mm/s)
8-Te,Cl, A - 1005(20) 0.41(3) 1.28(7) 2.0(1)
A — 1352(50) 0.23(3) 1.80(8)
+652(20) 0.01 1.34(12)
¢-Te,Br, A —-974(17) 0.36(3) 1.37(7) LY
A ~ 1339(50) 0.21(3) 1.75(8)
B +623(10) 0.01 1.37(12)
o-TeO, ° +826(3) 0.56(2) 2.98(5) 1.10(10)
c-Te € -397(2) 0.70 1.08 1.13(2)
* Shifts quoted relative to 17(8,); a shift of 0.13 mm /s is assumed for Cul'?® absorber relative to 1™,
® Ref. [25].
© Ref. [26].

and Al have a negative quadrupole coupling, site B
has a positive one. Also note that site B parameters
place it on the ‘w’ line and this is suggestive of a
high local symmetry environment. Finally site Al
parameters place it in the vicinity of crystalline IBr
and ICI parameters. We discuss the implications of
these results next.

3. Discussion

The negative sign of 1291 e2qQ couplings (Table
1 and Fig. 4) at both sites A and A constitute direct
evidence [16] for the Te parent sites to be twofold-
coordinated. For site A, the "I ¢%¢Q coupling of
—1005(20) MHz in Te,Cl, glass is characteristic of
an I-Te o-bonded species, as in an amorphous Te,
chain. This identification suggests a parent 129 Tem
atom coordinated to two Te nearest neighbors (nns),
which leads to an [-daughter that is o-bonded to one
of the two Te nns (see Fig. 1(c)). The Te,Cl,
molecular chains provide naturally for such an intra-
chain site, as shown in Fig. 1. For site A, the '*I
e*qQ coupling of —1350(20) Mhz in Te,Cl, glass
is close to that observed in diatomic I-Cl or I-Br
species (Fig. 4). This identification indicates a Te-
parent site that has a Te and a Cl nn which leads to
an I-daughter that is o-bonded to a CI nn (see Fig.
1(c)). In this case, I o-bonds with the Cl over the Te
nn because such bonding not only enhances charge
transfer effects but also overwhelms the non-bonding

Van der Waals repulsive interactions. In the glass
molecular structure, site A is thought to be formed
by halogens terminating the chains (Fig. 1(b)). Such
a chain-end reconstruction is thought to be intrinsic
to the glass molecular structure of Te,Cl,. For site
B, the shift, §, and positive ¢?gQ coupling of 652(20)
Mhz and 7 — 0 of this site places it in the left
segment of the plot of Fig. 4 on the 4 line. These
parameters indicate a Te-parent and an I-daughter
site that is w-bonded to two Te and two Cl nns in a
pseudo-trigonal bipyramid geometry for which n —
0. We identify this site with the other intra-chain
Te-site intrinsic to the molecular chain structure of
¢-Te,Cl,. Additional confidence in these site assign-
ments derives from the fact that site structures in
Te;Cl, glass bear a close analogy to those in Te;Br,
glass (Fig. 4 and Table 1).

Nuclear resonant cross-sections are independent
of chemical environment, a fact which renders
Madssbauer spectroscopy a quantitative probe of glass
structure. In the present glasses, the observed site
integrated intensity ratios I, /I, (and also I,/I)
directly reflect site concentrations N,,/N, (and also
N, /N3) in the networks. In fact, at 7= 4.2 K, if one
takes the recoil-free fractions of the three sites to be
the same, then the site-intensity ratios equal their
concentration ratios in the network. In the chain-
fragment model of the stoichiometric Te,Cl, (or
Br,) glasses, the chain-end halogen atoms are de-
rived from an intra-chain B-site converting to an
A-site (compare Fig. 1(a) and Fig. 1(b)). In this
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Fig. 5. Solid and dashed curves show a plot of the expected site
concentration ratios Ny /N, and Ny /Ng, respectively, as a
function of chain length, n (see text). The observed site-intensity
ratios [y /1, and Iy /1y for both Te,Cl, and Te,Br, glass fall
in the rectangular boxes and suggest a chain length of n=2
formula units.

simple model of the glass, counting arguments reveal
the site concentration ratios to be given by
Ny/Ny=2/(2n-1), (1)
Ne/Ny=2/(n=1), 2)
where n represents the number of Te,Cl, (or Br,)
formula units in a chain fragment. As the chain
length becomes smaller (n — 1), the surface (chain-
end sites) to volume (intra-chain sites) ratio of a
chain fragment increases. In Fig. 5, the two curves
show a plot of these concentration ratios (Egs. (1)
and (2)) as a function of n, the number of formula
units in a chain. For Te,Cl, (and also Te;Br,) glass,
the observed '*°I site intensity ratios are shown by
rectangular boxes. We note that the observed values
of the I,/I, and I, /Iy ratios, both independently
indicate an average chain length of »n=2 formula
units (see Fig. 1(b)) and corresponds [18] to a length
of about 1.5 nm. This average chain length corre-
sponds to a fictive temperature, T, of 500°C, the
temperature at which the melts were equilibrated.
Melt viscosities and chain lengths are expected to
increase as T; is decreased to approach the liquid
temperature.

In Te-bearing molecular solids, it has been recog-

nized [23] that the parent Te-site quadrupole cou-
plings directly scale with daughter I-site quadrupole
couplings. Using these scaling arguments, one may
predict "5 Te quadrupole couplings and site-intensity
ratios from the "I results, Such a three-site con-
strained fit to the observed '*Te Mdssbauer line-
shape is displayed in Fig. 2. The good quality of this
fit, based on y?/degree considerations, suggests
that the trimodal I-site distribution derives from a
parallel Te-parent site distribution in the glasses.

The observed linewidths (full-width at half maxi-
mum) deduced from the I nuclear lineshapes in
the glasses are found to be 2.0 £ 0.1 mm/s. These
linewidths are larger than the linewidth observed in a
typical crystalline solid, such as «-TeO, (1.1 +£0.1
mm,/s) measured using the same Cul'® absorber.
The excess linewidth in the glass compared with the
crystal provides a measure of the quadrupole cou-
pling broadening which, in the glasses, derives from
some bending and twisting of the partially polymer-
ized chains. Specifically to account for the 0.9 mm /s
excess linewidth in the glasses, the mean nuclear
quadrupole coupling at each site must display a
spread of about 20 Mhz. This spread represents
about 2-5% of the observed mean-quadrupole cou-
pling at the various sites (Table 1).

The trimodal '*°1 site distribution in the present
glasses, deduced from the lineshape analysis (Fig. 3),
is not only sufficient but also necessary. Inclusion of
a fourth site in the refinement of the '*’I nuclear
resonance lineshape in the glasses leads the fourth
site parameters (e2Qq, m, &) to refine to values that
are close (< 10%) to either the A or the A or the B
site parameters with concomitant bifurcation of inte-
grated intensities, The fourth site is, thus, not a new
site, but its inclusion in the deconvolution merely
supports a finite broadening of the nuclear quadrupole
couplings at each site. In a four-site refinement of
the lineshape, we were unable to obtain site parame-
ters remarkably different from those of either sites A,
or site A' or site B (Table 1). These observations
indicate that the deconvolution of the lineshapes in
terms of three sites is not only sufficient, but it is
also necessary. We conclude that the underlying
number of sites and their microstructure (Table 1) in
the glasses (Fig. 1) appear to be unique. The site
microstructures were made possible by an interpreta-
tion of the '*’I hyperfine structure parameters in
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terms of the available database on model crystalline
compounds (Fig. 4).

In the present work, we provide the first direct
absolute chain-length measurement in the chalco-
halide glasses. In Se, one of the most studied chain
glass, melt viscosities have been modelled to indi-
rectly deduce relative chain-length reduction with
temperature. A perusal of the literature reveals that
the absolute value of Se chain length at a fixed
temperature, in these model studies [24], is found to
vary by more than four orders of magnitude, how-
ever. It would be interesting to measure and model
viscosities of Te;Cl, (or Br,) melts.

4. Conclusions

We have shown for the first time that a local
probe such as Mdssbauer spectroscopy, in addition to
yielding short range order, can in favorable cases
also provide elements of the medium range structure
in a network glass. We have recognized that these
favorable conditions are met for the case of Te;Cl,
(or Br,) chain glasses in which intra-chain Te-sites
can be discriminated from chain terminating Te-sites
using nuclear quadrupole interactions. From the tri-
modal distribution of the Te-cation sites observed in
these glasses using Mdssbauer spectroscopy, we have
established the average chain length in melts
quenched from a fictive temperature of 500°C to be
about 1.5 nm.

Acknowledgements

It is a pleasure to acknowledge the assistance of
Rich Burrows and Darl McDaniel in the preparation
of the glasses. This work was supported by NSF
grants DMR-92-07166 and DMR-93-09061.

References

[1] For a review, see R. Zallen, in: The Physics of Amorphous
Solids (Wiley, New York, 1983); G.N. Greaves, in: Glass
Science and Technology, Vol. 4B, ed. D.R. Uhlmann and
N.J. Kreidl (Academic Press, Boston, 1990) p. 1.

[2] 1.T. Penfold and P.S. Salmon, Phys. Rev. Lett. 67 (1991) 97,

P. Boolchand and J.C. Phillips, Phys. Rev. Lett. 68 (1992)
252.

[3] F.L. Galeener and G. Lucovsky, Phys. Rev. Lett. 37 (1976)
1471; K. Murase, T. Fukunaga, K. Yakushiji, T. Yoshimi
and I. Yunoki, J. Non-Cryst. Solids 59&60 (1983) 883.

[4] W.A. Kamitakahara, R.L. Cappelletti, P. Boolchand, B. Half-
pap, F. Gompf, D.A. Neumann and H. Mutka, Phys. Rev.
B44 (1991) 94.

{5] P. Boolchand, W.J. Bresser, M. Zhang, Y. Wu, J. Wells and
R.N. Enzweiler, J. Non-Cryst. Solids 182 (1995) 143.

[6] M. Rubinstein and P.C. Taylor, Phys. Rev. B9 (1974) 4258;
J. Szeftel and H. Alloul, Phys. Rev. Lett. 42 (1979) 1691.

[7] P.E. Stallworth and P.J. Bray, in: Glass Science and Technol-
ogy, Vol. 4B, ed. D.R, Uhlmann and W.J. Kreidl (Academic
Press, Boston, 1990) p. 77, R. Dupree, D. Holland, P.W.
McMilland and R.F. Pettifer, J. Non-Cryst. Solids 68 (1984)
399.

[8] P. Boolchand, in: Physical Properties of Amorphous Materi-
als, ed. D. Adler, B.B. Schwartz and M.C. Steele (Plenum,
New York, 1985) p. 221.

[9] K. Tanaka, J. Non-Cryst. Solids 90 (1987) 371.
[10] L.E. Busse and S.R. Nagel, Phys. Rev. Lett. 47 (1981) 1848,
[11] L. Cervinka, J. Non-Cryst. Solids 90 (1987) 371.
[12] S.R. Elliot, Phys. Rev. Lett. 67 (1991) 711; for a different

view see J. Samthein, A. Pasquarello and R. Car, Phys. Rev.
Lett. 74 (1995) 4682,

[13] F.L. Galeener, in: Structure of Non-crystalline Materials, ed.
P.H. Gaskell, J.M. Parker and E.A. Davis (Taylor or Francis,
London, 1982) p. 337, and also p. 381.

[14] K. Murase, K. Inoye and O. Matsuda, in: Current Topics in
Amorphous Materials: Physics and Technology, ed. Y. Saku-
rai, Y. Hamakawe, T. Masumoto, K. Shirae and K. Suzuki
(Elsevier, Amsterdam, 1993) p. 47.

[15] H. deWaard, in: Mossbauer Effect Data Index, ed. J.G.
Stevens and V.E. Stevens (Plenum, New York, 1973) p. 447;
see also M. Pasternak, R.D. Taylor, M.B. Kruger, R. Jeanloz,
LP. Itie and A. Polian, Phys. Rev. Lett. 72 (1994) 2733.

[16] W. Bresser, P. Boolchand and P. Suranyi, Phys. Rev. Lett.
56 (1986) 2493.

[17] 1. Lucas, Solid State Ionics 39 (1990) 105; also see J. Lucas
and X.H. Zhang, J. Non-Cryst. Solids 125 (1990) 1.

[18] R. Kniep, D. Mootz and A. Rabenau, Angew. Chem. Int. Ed.
12 (1973) 499.

[19] J.C. Phillips, J. Non-Cryst. Solids 34 (1979) 153; 43 (1981)
37.

[20] M.F. Thorpe, J. Non-Cryst. Solids 57 (1983) 355; P. Boolc-
hand and M.F. Thorpe, Phys. Rev. B50 (1994) 10366.

[21] W. Bresser, M. Zhang, L. Koudelka, J. Wells, P. Boolchand,
G.J. Ehrhard and P. Miller, Phys. Rev. B47 (1993) 11663.

[22] M. Takeda and N.N. Greenwood, JCS Dalton (1976) 631.

[23] G. Langouche, B.B. Triplett, N.S. Dixon, Y. Mahmud and
S.S. Hanna, Phys. Rev. B15 (1977) 2504.

[24] W.C. Cooper and R.A. Westburg, in: Selenium, ed. R.A.
Zingaro and W.C. Cooper (Van Nostrand Reinhold, New
York, 1974) p. 108.

[25] M. Zhang, D. McDaniel and P. Boolchand, unpublished.

[26] P. Boolchand, W.J. Bresser and G.J. Ehrhart, Phys. Rev. B23
(1981) 3669.



