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Abstract

The temperature dependence of the Lamb—M®ssbauer factor, f(T), in a solid provides the first inverse, (1/w), and
second inverse, {1/ w?), moments of the vibrational density of states. In network glasses, these moments serve as local
probes of low-frequency vibrational excitations, such as floppy modes, and provide a means to establish the rigidity
percolation threshold. Lamb—Mbssbauer results on prototypical chalcogenide glasses (Ge,Se; _,) correlate well with those
of Raman scattering, inelastic neutron scattering and MO0ssbauer hyperfine structure experiments in indicating that the
rigidity percolation threshold occurs near {r). = 2.46(4). These observations provide experimental support for predictions of
the Phillips—Thorpe constraint theory, when provision is made for a small but finite concentration of broken bond-bending

constraints around chalcogen sites.

1. Introduction

Vibrational excitations in glasses and correspond-
ing crystals display similarities as well as differ-
ences. The similarities, in general, can be traced to
elements of short-range order (SRO), i.e., to the
nature of the building blocks of the network. Elastic
scattering experiments [1] using a beam of X-rays or
neutrons have shown over the years that elements of
SRO between glasses and crystals are similar al-
though not without exceptions [2]. On the other
hand, differences in vibrational excitations between
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glasses and crystals possessing the same SRO arise
in general from atomic correlations extending to
larger distances. Glasses differ from crystals in that
their networks do not possess long-range order. The
vibrational features intrinsic to glasses, particularly
in the low-frequency regime, continue to attract in-
terest [3] because these are tied to elements of
medium-range order (MRO), ie., to the way and
extent building blocks are correlated both spatially
and vibrationally in a glass network.

Traditionally, the experimental methods used to
establish the vibrational density of states (VDOS) in
a glass have included inelastic neutron scattering [4],
Raman scattering [5] and IR reflectance [6]. In this
paper we introduce a new method — vibrational
spectroscopy based on measurements of the Lamb—
Méssbauer factors [7]. The Lamb—Mdssbauer factor,
also known as the f-factor, physically measures the
probability for recoilless (zero phonon) emission or
absorption of a y-ray by a resonant atomic nucleus
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in a solid. It is akin to Debye—Waller factors for
X-ray scattering. Broadly speaking, f-factors in a
nuclear resonance experiment are determined by the
integrated area under the observed lineshape. Physi-
cally, their magnitude at a given temperature is
determined by two parameters, the energy of the
y-ray being resonantly absorbed or emitted or scat-
tered as the case may be and, second, the hardness of
the solid host material often described in terms of the
Debye temperature, 6y,

In this paper, we review results of specific Lamb—
Mossbauer factor experiments on Sn-doped Ge -
Se, _ . glasses that bear on the idea of rigidity perco-
lation threshold predicted [8-10] by the Phillips—
Thorpe constraint theory of glasses. The underlying
low-frequency vibrational excitations in an underco-
ordinated network glass, also called floppy-modes,
have been observed [11] directly in inelastic neutron
scattering experiments. The presence of these floppy
modes leads to a softening [12] of f-factors in under-
coordinated glasses. Results of these neutron scatter-
ing and f-factor experiments correlate with the Ra-
man A, breathing mode [13], the frequency shifts of
Ge(Se, ), units and the Te Mossbauer site-intensity
ratios [14], all studied systematically as a function of
the glass composition. These results taken together
provide persuasive experimental evidence for the
existence of the stiffness threshold predicted by the
constraint theory of glasses.

2. Lamb-Madssbauer factors as probe of low-
frequency vibrational excitations

The probability of nuclear resonant absorption in
a solid, f, is described [7] by the Lamb~Mdssbauer
factor

f= exp(—((k'u)2>), (1)

where k is the v-ray wave vector and u is the
displacement vector of the resonant nucleus; the
angular brackets imply a thermal average. For a
harmonic oscillator at low temperature, T (T — 0),
the mean-square displacement as T — 0, is given by

<u2>T—>o=<u2>0=3ﬁ/2Mw, (2)

while at high T (T > 6,)
(Wyr=3ksT/Mw®. (3)

By combining Eq. (2) and (3) with Eq. (1), one
obtains the first and second inverse moments of the
vibrational density of states in a Debye solid

(1/w) = (2AMc*/EZ)(~1n fy) (4)
and

o BMcE 1 d
(1/w* =E_3k_uﬁ(_1“ ) (5)

In the harmonic approximation, Eq. (4) suggests that
one can obtain the first inverse moment of the
VDOS in a network glass by measuring f,, the
T — 0 limit of the Lamb—Mdssbauer factor. Eq. (5)
shows that the second-inverse moment of the VDOS
can be established by measuring the slope,
d(=In f)/dT at T> 6p. In general, the T-depen-
dence of f(T) in a harmonic solid possessing a
Debye-like VDOS can be written [7] as

6R |1 (T P oyr X dx
kBBD 4 GD '/(‘) ex - 1 '
(6)

The first term on the right, which is T-independent,
describes the zero-point motion contribution to the
ffactor. The second-term is T-dependent and, for
T> 0p, In f(T) decreases lincarly with T, with the
slope being inversely proportional to 62, as illus-
trated in Fig. 1.

The second moment of the VDOS { w?) in a solid
is also accessible from Mdssbauer spectroscopy. It is
obtained by measuring the T-dependence of the nu-
clear resonance lineshape centroid. This was first
recognized by Pound and Rebka [15], and indepen-
dently by Josephson [16), and is familiarly known as
the thermal shift or second-order Doppler shift. This
shift is given by

Sv 1| 9%k0p (1 T\*
v 224 M (8 |6,

3
0p/T X dx
X . 7
-/(‘) 61_1} ( )

f=exp__
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Fig. 1. Temperature dependence of Lamb-M0ssbauer factors in
indicated compounds using the 35.5 keV vy-ray in 125Te, Note that
f-factors saturate at T =0. At high temperatures the f-factors
decrease with T, with the slope d(In f)/dT inversely proportional
to 62. Further note that the ffactors decrease with average
coordination of the compounds. Some parts of this figure are
taken from the work of Bresser et al. [7].

In summary, the Mossbauer effect through the ther-
mal shift becomes a sensitive probe of high-frequency
vibrational excitations, through the T'— 0 limit of
the f-factor, f,, to intermediate-frequency vibra-
tional excitations, and through the slope d(—1In f)/
dT, to low-frequency vibrational excitations in a
solid. The latter two physical observables will be of
special interest in context to floppy modes in a
network glass, as we illustrate in the next section.

In a Mdssbauer effect experiment, when the phys-
ical size of the absorbing grain becomes less than
about 20 nm, such as in nanocrystalline materials or
a molecular cluster in a network glass, then an
unusual circumstance can prevail. The recoil energy,
Er, imparted to the mesoscopic grain during reso-
nant absorption can become comparable with the
natural linewidth, I, of the resonance (for 119Sn,
I =59x107%V), ie,

Eg=1I,. (8)

Eq. (8) defines a critical grain size, d., which for the
case of Sn absorption in GeSe, equals a value of
about 20 nm. In samples with a grain size d <d_,
one can expect a decrease [17] in the f-factor in
proportion to (d, —d) due to displacement of the
grain upon nuclear absorption or emission. Thus
f-factors in such solids have two broad contributions,
one due to displacement of the absorbing atom within

a grain (or molecular cluster) known as the intragrain
ffactor, f .., and the second from a motion of the
grains in relation to each other known as the inter-
grain f-factor, f ... Thus the observed f-factor is
the product of

f=fintrafinter’ (9)

These ideas will help us to understand differences in
f-factors of glasses and crystals as we see below in
Section 4.

3. Phillips—Thorpe constraint theory of glasses

For a covalent network constrained by bond-
stretching, «, and bond-bending, 3, forces, a me-
chanical critical point exists when the number of
constraints per atom, n,, equals the dimensionality
or number of degrees of freedom, n,, of the space in
which is it embedded,

n,=ny. (10)

This general condition, enunciated by Phillips [8] in
1981, has stimulated considerable interest in glass
science. This condition is satisfied exactly in some of
the best glass formers in nature such as As,Se, and
Si0,. In SiO,, the B constraint associated with O
atoms is apparently broken as revealed by experi-
ments and this ensures n, = n,. Eq. (10) is thought
to describe the formation of optimally polymerized
networks [8]. Thorpe [9,10] recognized that the glass
condition (10) can be cast in the language of percola-
tion theory. Specifically, he showed that for covalent
networks in which the N atoms bond chemically
with coordination numbers greater than or equal to
two, the number of zero-frequency modes, F =N
(ng —n,), vanishes when the average coordination
number, {7 ), increases to 2.40,

(ry=2.40. (11)

The character of a covalent network undergoes a
qualitative change [9] from being easily deformable
{r) < 2.40 to being rigid at (r) > 2.40.

Recently, Boolchand and Thorpe [18] have ex-
tended constraint theory to include networks contain-
ing singly coordinated atoms. Specifically, they have
shown that rigidity will percolate in such networks at

(ry=24-04(n,/N), (12)
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where (1, /N) represents the concentration of singly
coordinated atoms in the polymeric (backbone) net-
work structure terminated by singly coordinated
atoms,

These ideas based on the enumeration of « and 8
constraints lead to results that are mathematically
well defined. The floppy modes represent zero-
frequency modes or cyclical modes in the dynamical
matrix. In practice these modes do not possess zero
frequency, but are blue-shifted due to the presence of
residual interactions such as van der Waals forces.

4, Rigidity percolation threshold in chalcogenide
glasses

The prediction of a stiffness threshold or a rigidity
percolation threshold in a glassy network at {r) =
2.40 (based on Eq. (11)) has stimulated much experi-
mental activity over the years. The binary glass
systems Ge Se,_, and Ge,S,_, in which cations
and anions are known to be four- and two-fold-coor-
dinated provide convenient test systems for these
ideas. In these binaries, one can prepare homoge-
neous bulk glasses over a wide composition range
0 <x<040, in which the average coordination
number of the network can be tuned to include
{r) = 2.40. According to constraint theory, one must
exclude monomeric species such as Sg or Seg units,
which apparently phase-separate at low x (x < 0.20)
in the respective networks, since these molecular
clusters do not form part of the backbone structure to
which the constraint arguments apply. Further, since
the stoichiometric chemical compounds occur at x =
0(SeorS), x=1/3(GeSe, or GeS,) and x=1/2
(GeSe and GeS), sufficiently far removed from the
projected stiffness threshold composition at x, = 0.20
(corresponding to {r) =4x,+ 2(1 —x_) = 2.4), one
is in a position to separate the more delicate mechan-
ical effects from the overwhelming chemical ones
associated with stoichiometric crystalline compound
formation.

4.1. Inelastic neutron scattering
Direct evidence for the existence of floppy modes

in binary Ge,Se,_, glasses has emerged from the
inelastic neutron scattering measurements of Kami-
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Fig. 2. VDOS for Se~As-Ge alloy glasses. Starting from the
bottom ({r) = 3.00), successive curves have been shifted up to
0.015 units on the vertical scale. The top curve ({r) = 2.00) is for
pure Sc glass. The other alloy glasses in order are {r) = 2.08,
SegyGey; () = 2,16, SeggAsgeGeys: () = 2.24, SeyGeya; (1)
=240, Sey75AS 250G 0753 () = 2,60, Sey3Asy,Gess (1) = 2.80,
Ses; AsigGey; and {r) =3.00, SeygsAsqypGeygs. The peak at
~ 35 meV is identified as the floppy mode peak. This figure is
taken from Ref, [11].

takahara et al. [11]. Fig. 2, taken from their work,
shows a plot of the observed density of vibrational
states, g(E), as a function of average coordination
number, {r. The prominent peak at about 5 meV in
g-Se (x=0) has an integrated intensity (over the
energy range 0-8 meV), which is approximately
one-third of the total spectral weight. This constitutes
good evidence that the modes in question are floppy
modes. For a Se chain, in which each atom is
twofold-coordinated, there is one « and one 3 con-
straint yielding two constraints per atom, or one
floppy mode per atom, or one-third of the modes are
floppy as observed.

The first and second inverse moments of the
VDOS deduced from these neutron scattering mea-
surements [12] are displayed in Fig. 3 as a function
of Ge concentration, There is some evidence of a
change in slope in the first-inverse moment near the
composition x = 0.20, corresponding to the stiffness
threshold. The scantiness of the data does not permit
us to localize the threshold composition with any
degree of accuracy, however, The second-inverse
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Fig. 3. First inverse {w, /w) (top panel) and second inverse
{w?l /w?) (bottom panel) moments of the density of vibrational
states deduced from inelastic neutron scattering (O), Lamb-—
Maissbauer factors (4 ) and bond-depleted diamond lattice calcula-
tions (<) as a function of Ge concentration, x. Note that { 0, / @)
displays clear evidence of a break in slope near x =0.20 corre-
sponding to the rigidity threshold. This figure is taken from Ref.
[12].
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moment deduced from these neutron scattering mea-
surements provides no evidence of any anomaly
whatsoever near the composition x = 0.20, a point
we shall return to later.

It is also clear from these neutron scattering re-
sults [11] that the floppy mode strength does not
extrapolate to zero when x increases to 0.20 (corre-
sponding to {r) = 2.4) as predicted by the calcula-
tions of He and Thorpe [10]. There are clearly other
modes in the low-frequency regime ( < 10 meV) that
apparently contribute to the VDOS when x> 0.20
which are most likely due to aspects of MRO emerg-
ing in these networks.

4.2. Raman scattering

An advantage in working with the Ge Se,_, bi-
nary system over the Ge, As,Se, ternary system is
that in the bond-stretching regime one can closely
monitor growth of Raman scattering from the A,
symmetric stretch of Ge(Se, ,,), tetrahedral units at
the expense of the A, stretch of Se, chain units, as
the Ge content, x, of the glasses is monotonically
increased. Murase et al. [13] noticed that the A,
mode frequency of Ge(Se; /,), units blue-shifts sys-
tematically with x, at first linearly in the range
0.05 <x <0.20, and then superlinearly once x>
0.25 (see Fig. 4).

This blue-shift of A, modes is the natural conse-
quence of network stiffening. In the absence of data
in the critical range 0.20 < x < 0.25, one choice is to
draw a smooth curve (broken line) through the data
as reported by Murase et al. [13]. It now appears that
the datapoint at x = 0.25 is not only correct (i.e., not
spurious), but it actually forms part of a smooth
trend shown by the continuous line drawn in Fig. 4.
It is clear from the trend of these Raman results at
compositions x> 0.25, and those at x <0.20, that
there apparently exists some type of a discontinuity
in the critical range 0.20 <x < 0.25. The location
and nature of this discontinuity remains to be estab-
lished, however.

Raman scattering on the parallel Ge S, _, binary
glass system was recently studied by us [19]. These
measurements reveal the A, mode frequency of
Ge(S, ,), units to blue-shift in a fashion remarkably
similar to those reported by Murase et al. [13] on the
Ge,Se,_, binary. In particular, we confirm the su-
petlinearity of the A; mode frequency shift in the
composition range 0.23 < x < 0.33, and its linearity
at lower Ge concentration 0.10 <x < 0.20, with an
apparent discontinuity existing in the range 0.20 <x
< 0.23. In retrospect, it is clear that Raman scatter-
ing data at compositions, x, in this range, in both the
Ge—Se and Ge-S binaries, is crucially needed to
better localize the stiffness threshold. Before this is
achieved, however, the effective Ge concentration of
the backbone structure responsible for percolation of
rigidity in these glasses will also need to be estab-
lished. Corrections to the actual glass compositions
for the presence of Sg rings and, to a lesser degree,
Se; rings, molecular species that are known to
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phase-separate in the respective binary glasses, par-
ticularly at low Ge concentrations (x < 0.20), will
have to be made. Fortunately, A, modes of Sq rings
are partially resolved from those of S, chains. A
careful lineshape analysis of the observed vibrational
bands (see Fig. 5) will establish the requisite chalco-
gen concentration present in the backbone network.
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Fig. 4. Top panel shows the results on the Raman stokes shift of
the A; mode of Ge(Se,,,), units in Ge,Se,_, glasses as a
function of x taken from the work of Murase and co-workers
[13,22]. The broken line through the datapoints is the original
trend drawn by the authors. The continuous lines are drawn by the
present authors to highlight a likely discontinuity in the range
0.20 < x < 0.25. Bottom panel shows similar results obtained on
the Ge, S, _, system in the present work.
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Fig. 5. Room-temperature Raman scattering results on indicated
glasses obtained using the 514 nm exciting radiation from an
Ar-jon laser. The A; mode frequency, obtained by least-squares
fitting the lineshape, shows a clear blue-shift with Ge content.

4.3 Lamb—-Mdssbauer factors

Since neither Ge nor S or Se provide viable
Mdssbauer effect probes in these glasses, we have
chosen to add traces of elemental Sn (enriched in
"98n, the resonant isotope) to prepare alloy glasses
of the composition (Geggg5Sn(g0s) (S or Se),_,.
The presence of traces of Sn in these glasses affects
neither the glass transition temperatures, T, nor the
Raman vibrational modes, but this amount of Sn is
sufficient to observe the Mdssbauer effect of 23.8
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keV «y-rays in "985 in these glasses using standard
transmission geometry. There is overwhelming evi-
dence [19,20] that in trace amount the isovalent Sn
additive mimics the local bonding configurations of
Ge sites in these binary glasses. In the composition
range 0 <x<0.32, for example, one observes in
Maossbauer spectroscopy a narrow resonance charac-
teristic of tetrahedrally coordinated Sn(X, /2)4 sites,
where X = S or Se. These sites are chemically equiv-
alent but their vibrational behavior, as studied by
Lamb—Mdssbauer f-factors, is found to depend on
the glass composition in a fashion that closely paral-
lels the vibrational behavior of Ge(X;,,), units as
studied by Raman scattering.

Unlike inelastic neutron scattering measurements,
which require typically 10 g or more of a glass
sample, Raman and Mgssbauer spectroscopy require
a miniscule amount (<1/10 g) of sample. This
amount can be an important consideration in glass
investigations since it is not always usual that large-
sized glass samples of uniform composition can be
prepared. Further, the latter methods also lend them-
selves elegantly to examine thin films and to check
sample inhomogeneities. Micro-Raman as a method
is particularly diagnostic as a check of sample homo-
geneity. Such information can often be used to opti-
mize processing conditions to achieve homogeneous
glass samples.

Fig. 6 illustrates [20] the spectra of (Geggq-
Sng o) x(Se), _, glasses near the stoichiometric com-
position x = 1/3. Two types of Sn site are observed,
a tetrahedral Sn(Se, /,), site, labeled A, and a non-
tetrahedral Sn-site, labeled B. Temperature depen-
dences of the Lamb-Mdssbauer factors for these
sites of the stoichiometric (GeSe,) glass composition
were obtained by cooling the glass sample in a

vibration-free He closed-cycle cryostat and exciting -

the nuclear resonance with an emitter of "°Sn™ in a
CaSnO; matrix kept at a fixed temperature (300 K)
outside the cryostat. The integrated areas under the
site A (single line) and site B (doublet) resonances
were obtained by least-squares fitting the observed
lineshape using standard procedures and plotted sys-
tematically as a function of temperature.

Fig. 7 and 8 provide an overview [12] of the
results. The effective vibrational (Debye) tempera-
ture of site A of #5 =130(5) K is found to be
significantly higher than that of site B of 85 = 100(5)

PERCENT TRANSMISSION

20 2 L
VELOCITY {mm/s)

Fig. 6. "1°Sn Mdssbauer spectra of (Geg goSngq;),Se; -, glasses
showing two sites (A,B) near the stoichiometric composition
x =0.333. This figure is taken from Ref. [12].

K. These sites represent the dopant (Sn) replacing
available Ge sites in two distinct local environments:
a tetrahedral one (Ge(Se, ,,),) and a non-tetrahedral
one (Ge(Se; ,,);Ge, /,). Raman scattering provides
unambiguous evidence [21] for these building blocks
(modes at 203 and 180 cm™!, respectively). Since
the masses of Ge and Se are nearly the same, it is
difficult to understand their formation in the same
polymeric network since the f-factors of the two
sites are measurably different. On the other hand, if
site A is formed in a large Se-rich cluster in which
all cations are tetrahedral, and site B is formed in a
much smaller Ge-rich cluster consisting of ethane-like
units, then one can reconcile their different f-factors.
The reduced f-factor of site B in relation to that of
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Fig. 7. Temperature dependence of the integrated intensity of site
A (singlet) and site B (doublet) revealing the widely different
vibrational (Debye) temperatures, 8. This figure is taken from
Ref. {12].
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Fig. 8. Site A temperature dependence of the Mdssbauer—Debye—
Waller factor, f(T), in (GeggoSngg),Se; -, glasses at indicated
cation concentration, x. In c-GeSe,, note that f(T) is well fitted
by one Debye temperature, while in glasses a softening of f(T) is
observed at low T on account of the floppy modes. This figure is
taken from Ref. [12].

site A in such a model of the stoichiometric glass
derives from intergrain effects and not intragrain
ones, as alluded to in Section 2. A more subtle
observation is the systematic misfit of the f-factor at
T <100 K to a unique Debye temperature. At these
lower temperatures, the presence of some floppy
modes in the VDOS (sce Scction 4.1.) at 5 meV
leads to an enhanced mean square displacement that
results in a softening of the f-factors.

These softening effects are understandably far
more dramatic [12] as the Ge concentration in the
glasses is systematically reduced. At a lower average
coordination number, inelastic neutron scattering re-
sults reveal the floppy mode strength to increase
progressively. A perusal of the ffactor results in
Fig. 8§ clearly demonstrates that the f-factor softening
is rather dramatic in a Se-rich glass (x = 0.02) corre-
sponding to an average coordination number of two.

To quantitatively compare these Lamb—M&ssbauer
f-factors to the neutron scattering results, we have
obtained the normalized first and second inverse
moments of the VDOS and these results appear in
Fig. 3. These experimental results are compared with
DOVS calculations based on a simple bond-depleted
diamond lattice using a method developed by He and
Thorpe [10]. These calculations utilize a Keating
potential with « and B forces. In essence, the
calculations contain the single most important pa-
rameter of the network, the SRO, or the average
coordination number which apparently controls many
of the physical effects observed [12].

The most striking experimental result to emerge
from the f-factor measurements is the break in slope
near x=10.20 in the first inverse moment. This
composition corresponds to an average coordination
number, {r) = 2.4, and thus serves to provide sup-
port for the prediction (Eq. (11)) of constraint theory.
It is also clear that, based on these f-factor results
alone, given the large compositional steps studied
around x = 0.20 and given the accuracy to which
values of f, have been extracted (data handling),
one can do better and localize the stiffness threshold
more accurately. There is an interest in refining these
measurements further, because Raman scattering and
independent Te Mdssbauer site intensity ratio mea-
surements on the same Ge,Se,_, binary provide
gvidence that the stiffness threshold in these glasses
may be closer to x = 0,23 than to x = 0.20. This has
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some important consequences which we discuss Sec-
tion 5.

The second-inverse moment of the VDOS in
Ge,Se,_, glasses reveals no apparent discontinuity
near x = 0.20 in both the ffactor and the inelastic
neutron scattering results. There may be an important
message behind this result. It suggests that the sec-
ond-inverse moment, which weighs lower-frequency
vibrational excitations more than the first-inverse
moment can, becomes less sensitive to the presence
of these floppy modes because these modes are
blue-shifted due to residual interactions. One can
then expect bulk elastic constants which probe the
low-frequency slope of w(q) for acoustic phonons in
these glasses to become even less sensitive to the
stiffness threshold, a point that has generally not
been recognized.

4.4. '’ Méssbauer hyperfine structure in chalco-
genide glasses

The use of T Mdssbauer emission spectroscopy
as a probe of both SRO and the MRO in chalco-
genide glasses was developed [23] several years ago.
We also discussed these results in relation to the
structural manifestations of the onset of rigidity in
the Ge, Se,_, binary [24]. In the I experiments,
broadly speaking, we used traces of 29Te™ dopant
to probe the chalcogen chemical order. We inferred
the SRO by decoding the multimodal distribution of
sites through the nuclear hyperfine structure. In the
Ge,Se,_, binary at x <1/3, we expected, in gen-
eral, three types of Te site to be populated: site A;
twofold-coordinated to Ge nearest neighbors (nn)

Fig. 9. (a) I Méssbaver emission spectrum of g-Ge (Seq g0
Teg o)1, alloy at x=0.20 showing the presence of the two
chemically inequivalent 1297 sites, A and B, with the ratio Iy /1,
=4,040.3. A random cross-linked network model would require
the ratio Iy /I, to be an order of magnitude smaller. This figure
is taken from Ref. [14]. (b) Mossbauer site intensity ratio,
Iy /1(x) studied as a function of x in g-Ge (SeqgoTeq 1))~
alloys. The Iy /I, systematics reveal a peak centered at the
critical composition, x = x, = 0.23(2). At x =0 (i.e., g-Se) only
B sites are observed corresponding to Iy /I, —. The dashed
curve represents a theoretical plot of the site population ratio
Ng /N,(x) based on a random cross-linked chain model. This
figure is taken from Ref. [14]. (¢) Molar volumes of g-Ge,Se;_,
alloys as a function of x, taken from Ref. [25].
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resulting from a chalcogen site acting as a bridge
between a pair of Ge(Se, /2)4 tetrahedra; site B;
twofold-coordinated to Se nns as in a Se chain or
ring; and finally; site B'; twofold-coordinated to a Se
and a Ge nn as would be formed at the Ge cross-links
of Se, chains or edges of GeSe,-like planar frag-
ments. The daughter "*°I sites resulting from this
trimodal distribution of parent 9Te™ sites, display a
bimodal distribution of sites because of an increase
in valence from Te to I. The daughter I resulting
from site A is always found to be singly coordinated,
forming an I-Ge o-bond. The daughter I resulting
from both site B and site B’ is also singly coordi-
nated and forms an I-Se o-bond for reasons dis-
cussed elsewhere. Since the "°I nuclear quadrupole
couplings of an I-Ge o-bond (—890 Mhz) differ
qualitatively from the coupling of an I-Se ¢-bond
(—1385 MHz), one can clearly resolve the concen-
tration of these two *°[ sites from standard lineshape
analysis of the Mdssbauer lineshape (Fig. 9(a)). The
"1 site intensity ratios, I3/1,, have proved to be
particularly insightful in decoding the elements of
MRO in these glasses as discussed elsewhere.

Fig. 9(b) provides a summary of the results. If
binary Ge, Se,_, glasses could be broadly described
as a random network of Ge cross-linked chains of
Se, one would expect the I;/I, ratio to decrease
monotonically (dashed curve in Fig. 9(b)) with x
and to extrapolate to zero at x=1/3 when a chemi-
cally ordered network of corner- or edge-sharing
Ge(Se, ), tetrahedra emerges at the stoichiometric
GeSe, glass. The observed Iy /I, ratio (continuous
line) certainly does display some of this broad trend,
but it also reveals a striking departure from this
trend. One observes a local maximum in the site-in-
tensity ratio centered around x = .23, with the ratio
extrapolating to a finite value of 1.8 instead of zero
at x=1/3.

We have ascribed [14] the presence of this local
maximum to a pair of competing processes. The
increase in Iy/I,(x) in the range 0.10 <x < 0.23
represents nucleation of edge-sharing (ES) Ge-
(Se, ), tetrahedra in the network, while the reduc-
tion in the I /I, ratio at higher x (0.23 <x < 0.33),
represents lateral growth of these ES tetrahedra to
form fragments of the two-dimensional (24) form of
GeSe,. The finite concentration of site B at x=1/3,
is due to an intrinsic phase separation of the network

into Ge-rich and Se-rich clusters, with the site B
signal representing Te dopant segragating to the
edges of the Se-rich cluster,

The morphological structure of Ge, Se,_, glasses
advanced above finds support in molar volumes [25]
(Fig. 9(c)) and Raman scattering results. The latter
reveal growth of the A, companion mode (A7 at 220
em™') strength at x> 0.10 which has now been
positively identified as a mode of edge-sharing
Ge(Se, ;) units by Murase et al. [26]. The growth
of such clusters eventually leads to phase separation
into Ge-rich and Se-rich clusters. The Raman signa-
ture of the former is the mode at 180 cm ™! (Ge—Ge)
and of the latter is the mode at 247 cm™' (Se-Se),
with the scattering strength of both modes nearly
comparable in the stoichiometric glass.

In summary, the local maximum in I;/I, at
x=10.23 correlates with molar volumes and Raman
A, mode frequency shifts of Ge(Se, ,,), units, '’Sn
Lamb-Mossbauer f-factors and suggests that the
stiffness threshold in this binary occurs close to
x=023.

5. Discussion

Historically, once the foundations of constraint
theory of glasses were laid, it appeared logical to
measure bulk elastic constants in the chalcogenides.
Since elastic constants provide a measure of network
rigidity, one expected thesc constants to increase
with (r) and to display a threshold behavior close to
{r) = 2.4. Careful experiments by Yun ct al. [27] on
Ge,Se,_, glasses have shown otherwisc. One can
begin to understand the reasons for this negative
result. Residual van der Waals interaction between
Se-chains blue shift floppy mode frequencies from
zero to about 5 meV, as revealed by the inelastic
neutron scattering measurements [11]. For this rea-
son, the low frequency slope of w(q) for acoustic
phonons becomes only weakly sensitive [27,28] to
changes in floppy mode strength as glass composi-
tion is altered. This suggestion is quite consistent
with Lamb—MGdssbauer factor results on these glasses
which show that although the first-inverse moment
(1/w) can track the stiffness threshold at {r) = 2.4,
the second-inverse moment {1/w?*) merely shows a
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rounding of the transition. The {1/w)-moment
weights more heavily the higher frequency vibra-
tional excitations than is the {1 /w?) moment capa-
ble. Clearly the (1/w?) moment provides a less
sensitive probe of floppy modes than the {1/®)
moment. Bulk elastic constants track stiffness of a
network using long wavelength acoustic modes.
These can be expected to be even less sensitive than
the {1/w?) moment. For these reasons, the absence
of a threshold in the longitudinal and the shear
elastic constants, at () = 2.4 in these glasses is not
due to the absence of a rigidity percolation threshold
but merely due to lack of sensitivity of this experi-
mental method to probe vibrational excitations at
such high energies (5 meV).

Bulk elastic constants in Ge,Se;_, glasses dis-
play a threshold behavior close to {r) = 2.67 corre-
sponding to the chemical composition GeSe,. Tanaka
[29] in an extensive review has suggested that this
result may represent a mechanical threshold of a
covalent network composed of globaly 3D but lo-
cally planar (2D) fragments. This assumption would
require tetrahedral building blocks of such layered
fragments to be locally planar instead of 3D and to
thus have three S constraints instead of five, a
premise that is difficult to rationalize for such a
building block. Finally, one would also have to
justify calculating the left-hand side of Eq. (2) in 2D
and equating it to the right hand-side of the equation
calculated in 3D to obtain the result (r) =2.67. It
appears to us that the most likely interpretation of
the threshold at 2.67 is that it represents a chemical
effect.

There is a basic interest to establish if the stiffness
threshold in these 4—2-coordinated glassy networks
occurs exactly at {r) =2.4 or at an {r) somewhat
greater than 2.40. Theoretically, an increased {r)
could arise if the B constraint around some of the
twofold-coordinated anions is broken. Zhang and
Boolchand have recently shown [30] that the stiff-
ness threshold in a general covalent network contain-
ing a fraction m,/N of twofold-coordinated sites
around which the B constraint is broken is given by

(r)=24-04(n, ~m,)/N. (13)
In a 4—2-coordinated glassy network, since there are

no singly coordinated atoms, we have n,/N=0. If
15% of the anion sites in the network have their

angular constraint broken then, according to Eq. (13)
the stiffness threshold is predicted to occur at

(r) =246, (14)

a circumstance that could conceivably occur in the
Ge—Se and Ge-S binaries. Of course, the celebrated
example of a 4-2 glassy network for which all anion
sites have their 8 constraints broken is the Zachari-
asen glass, SiO,. We note in passing that, for this
case, n,/N=0 and m,/N=2/3, and Eq. (14)
predicts rigidity to percolate at (r) = 2.67. This {r)
corresponds exactly to the chemical composition SiO,
and thus serves to demonstrate the propensity of this
material to form a glass since the Phillips glass
condition (Eq. (10)) is exactly satisfied in this case
only when broken [ constraints are taken into ac-
count.

We would be amiss not to mention the work of
Tatsumisago et al. [31], which bears on thermal
measurements of chalcogenide glassy liquids. Acti-
vation energies for enthalpy relaxation close to T,
activation energies for viscosity, and the specific
heat jumps, AC,, at T, examined in ternary Ge—As—
Se glassy liquids, all reveal evidence of a threshold
behavior close to {r) = 2.40. Clearly these ideas on
rigidity percolation in covalent networks apply not
only to glassy solids but also extend to glassy lig-
uids. This is expected given that the glassy solid
evolves upon supercooling the liquid.

6. Conclusions

Raman A, mode frequencies of Ge(Se, ,,), units,
%8y Lamb—Mdssbauer f-factors of Sn(Se, /2)q sites,
"] Mossbauer site intensity ratios I/I,(x) and
molar volumes, all studied as a function of x in the
binary Ge,Se,_, glass system provide persuasive
evidence for the stiffness threshold to occur near the
Ge concentration x = 0.23. This threshold can be
understood in terms of Phillips—Thorpe constraint
theory of glasses if 15% of the anion sites have their
angular constraint broken.

It is a pleasure to acknowledge discussions with
Jim Phillips, Mike Thorpe, Bernard Goodman and
Darl McDaniel during the course of this work. The
authors particularly appreciate the assistance of Dr



154 P. Boolchand et al. / Journal of Non-Crystalline Solids 182 (1995) 143154

Howard Schaffer in the Raman scattering measure-
ments. This work was supported by grant DMR-92-
07166 from the National Science Foundation.

References

[1] E.A. Porai Koshits, in: Glass Science and Technology, Vol.
4A, ed. D.R. Ulhmann and N.J. Kreidl, p. 1. Also see G.N.
Greaves, in: Glass Science and Technology, Vol. 4B, ed.
D.R. Uhlmann and N.J. Kreidl, Vol. 4B (Academic Press,
Boston, MA, 1990) p. 1.

[2] A. Bienenstock, J. Non-Cryst. Solids 11 (1974) 447;

R.N. Enzweiler and P. Boolchand, Solid State Commun. 62
(1987) 197.

[3] A.P. Sokolov, A. Kisliuk, M. Soltwisch and D. Quitmann,
Phys. Rev. Lett. 69 (1992), 1540;

S.R. Elliott, Phys. Rev. Lett. 67 (1991) 711,

[4] For a review see R. Zallen, The Physics of Amorphous
Solids (Wiley, Chichester, 1983);

F.L. Galeener and G. Lucovsky, Phys. Rev. Lett. 37 (1976)
1471; F.L. Galeener, Phys. Rev. B19 (1979) 4292;
LT. Penfold and P.S. Salmon, Phys. Rev. Lett. 67 (1991) 97.

[5]1 G. Lucovsky, F.L. Galeener, R.C. Keezer, R.H. Geils and
H.A. Six, Phys. Rev. B10 (1974) 5134;

J.E. Griffiths, G.P. Espinosa, J.P. Remeika and J.C. Phillips,
Phys. Rev. B25 (1982) 1272;

M. Tenhover, M.A. Hazzle and R.K. Grasseli, Phys. Rev.
Lett. 51 (1983) 404.

[6] K. Murase, T. Fukunaga, Y. Tanaka, K. Yakushiji and I
Yunoki, Physica 117B&118B (1983) 962.

[7] W.E. Lamb Jr.,, Phys. Rev. 55 (1939) 190; R.L. Mossbauer.
Z. Phys. 151 (1958) 124. For a more curtent description of
the f-factor see: N.N. Greenwood and T.C. Gibb, Mssbauer
Spectroscopy (Chapman and Hall. London, 1971) p. 9. For a
recent example of such measurements using '>*Te Mossbauer
spectroscopy, see W. Bresser, M. Zhang, L. Koudelka, 1.
Wells, P. Boolchand, G.J. Ehrhart and P. Miller, Phys. Rev.
B47 (1993) 11663.

[8] J.C. Phillips, J. Non-Cryst. Solids 43 (1981) 37.

[9] M.F. Thorpe, J. Non-Cryst. Solids 57 (1983) 355.

{10] H. He and M.F. Thorpe, Phys. Rev. Lett. 54 (1985) 2107.
[11] W.A. Kamitakahara, R.L. Cappelletti, P. Boolchand, B. Half-

pap, F. Gompf, D.A. Neumann and H. Mutka, Phys. Rev.
B44 (1991) 94,

[12] P. Boolchand, R.N, Enzweiler, R.L. Cappelletti, W.A. Kami-
takahara, Y. Cai and M.F. Thorpe, Solid State Ionics 39
(1990) 81.

[13] K. Murase, T. Fukunaga, K. Yakushiji, T. Yoshimi and L
Yunoki, J. Non-Cryst. Solids 5960, (1983) 883;
also see 1.C. Phillips, Phys. Rev. B31 (1985) 8157.

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

[15] R.V. Pound and G.A. Rebka Jr,, Phys. Rev. Lett. 4 (1960)
274,

[16] B.D. Josephson, Phys. Rev. Lett, 4 (1960) 341,

[17] B. Kolk, in: Dynamical Properties of Solids, Vol. 5, ed. G.R.
Horton and A.A. Maradudin (North-Holland, Amsterdam
1984) p. 109.

[18] P. Boolchand and M.F. Thorpe, Phys. Rev. B30 (1994)
10366.

[19] P. Boolchand, W. Bresser, M. Zhang, Y. Wu and H. Schaf-
fer, unpublished.

[20] P. Boolchand in: Physical Propertics of Amorphous Materi-
als, ed. D. Adler, B.B. Schwariz and M.C. Stecl (Plenum,
New York, 1985) p. 221; M, Stevens, P. Boolchand and LH.
Hernandez, Phys. Rev. B31 (1985) 981,

[21] P. Boolchand, J. Grothaus, W.J, Bresser and P, Suranyi,
Phys. Rev. B25 (1982) 2975,

{22] K. Murase and T. Fukunaga, in; Defects in Glasses, Mater.
Res. Soc. Symp. 61 (1986) 101,

{23] W.J. Bresser, P. Boolchand, P. Suranyi and J.P, deNeufville,
Phys. Rev. Lett. 46 (1981) 1689.

{24] P. Boolchand, Key Eng, Mater, 13~15 (1987) 131.

[25] A. Feltz, H. Aust and A. Bleyer, J. Non-Cryst. Solids 55
(1983) 179.

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

[27] S.S. Yun, Hui Li, R.L. Cappelletti, R.N, Enzweiler and P.
Boolchand, Phys. Rev, B39 (1989) 8702,

[28] Y. Cai and M.F, Thorpe, Phys. Rev. B40 (1989) 10535,

[29] K. Tanaka, Phys. Rev. B39 (1989) 1270,

{30} M. Zhang and P. Boolchand, Scicnee (25 Nov, 1994).

{31] M. Tatsumisago, B.L. Halfpap, J.L. Green, S.M. Lindsay and
C.A. Angell, Phys. Rev. Lett, 64 (1990) 1549; C.A. Angell,
J. Non-Cryst. Solids 73 (1985) 1.

vk




