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Universal structural phase transition in network glasses
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Raman and Mossbauer spectroscopy provide evidence for a transition from a molecular-cluster
network at X=O to a continuous network at x=0.35 in Ge& „Sn„Se2 alloy glasses. The nature of
this morphological transition can be understood in terms of a reformation of molecular-cluster sur-
faces in the heterogeneous phase to yield a homogeneous phase. The transition is believed to be a
universal property of covalent networks and can be effected in one of several ways. In the present
experiments, this transition has been stimulated by alloying, i.e., chemical tuning of cation con-
straints.

I. INTRODUCTION

Until a few years ago it was fashionable to discuss the
structure of stoichiometric melt-quenched network glasses
in terms of chemically ordered continuous random net-
works (CRN's). ' Glasses of the type AB2, such as Sion,
GeS2, and GeSez, in analogy to a-Ge, for example, were
taken to be random networks of geometrically well-
defined A (Bi~@)4 tetrahedral building blocks.

The availability of new spectroscopic results in the past
four years has shown, however, that the structure of these
network glasses is not all that random. Specifically, Ra-
man and Mossbauer-spectroscopy experiments show
that some fraction of like-atom bonds A —A and B—B ap-
pears to be an intrinsic feature of the completely relaxed
stoichiometric GeSe2 and GeS2 bulk glasses. The presence
of a finite and reproducible broken chemical order and
particularly its composition dependence in A ~ yB2+y
glasses (A denotes Ge and B denotes S or Se) indicates
that the microscopic origin of these like-atom bonds can-
not be due to isolated bonding defects in a completely po-
lymerized A (B&~z)4 network.

To quantitatively understand the observation of broken
chemical order, it has been suggested '" that these AB2
glasses consist of at least two types of morphologically
and stoichiometrically distinct large molecular clusters,
analogous to donor and acceptor molecules in molecular
crystals. In this molecular-cluster-network (MCN) model,
proposed by Phillips, cluster surfaces play an integral
role in determining the glass-forming tendency. In this
model the degree of broken chemical order is derived
from the surface to volume ratio or the size of the clus-
ters.

This new conceptual approach has suggested several in-
teresting possibilities for inducing a transformation of a
network from its partially polymerized state as in a MCN
to a completely polymerized state as in a CRN. One can
imagine that erasure of like-atom bonds accompanied by
the fusion of cluster interfaces in an AB2 glass can be af-

fected in one of several ways: (a) optically, (b) thermally,
(c) by hydrostatic pressure, and (d) chemically by alloy-
ing. Griffiths et al. have recently demonstrated feasibili-
ty of case (a) outlined above. These workers have ob-
served photoinduced reversible reconstruction of a bulk
GeSe2 glass network from its virgin MCN state to a CRN
("quasicrystalline") state with the help of sub-band-gap
photons. In this experiment the reconstruction was
detected optically using Raman spectroscopy. Recently,
Murase and Fukunaga have reported the observation, by
optical means, of a pressure-induced reversible structural
phase transition in g-GeSe2 at P=49 kbar. The high-
pressure phase is believed to be a quasi-three-dimensional
network (CRN) in which the chemical order of the net-
work is nearly completely restored. For GeSe2, we have
succeeded in demonstrating the feasibility of case (d) by
both anion and cation . pseudobinary alloying using
nuclear-resonance spectroscopy. Experiments on anion
(Te) alloying involved studying the broken chemical order
in pseudobinary GeSe2 Te„glasses using both emission
and absorption Mossbauer spectroscopy. Brief reports on
that work have appeared elsewhere. In the present paper
we provide details of experiments involving erasure of
like-atom bonds in GeSe2 glass by cation (Sn) alloying.
The chemical order in ternary glasses of the type
Ge~ Sn Se2 has been probed as a function of x using
both " Sn Mossbauer spectroscopy and Raman spectros-
copy. We will show that the MCN of GeSe2 glass
transforms to a CRN at x=X, =0.3S. This may well
represent the first realization of a strongly chemically or-
dered, fully polymerized melt-quenched glass stable at
normal temperature and pressure.

In Secs. II and III of this paper we present details of the
experiments undertaken and results obtained. In Sec. IV
we identify the Mossbauer sites and Raman vibrational
modes. In Sec. V we interpret these in terms of a univer-
sal structural phase transition in network glasses. We
summarize the principal conclusions emerging from our
work in Sec. VI.
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II. EXPERIMENTAL CONSIDERATIONS

The experimental procedure consisted of preparing
melt-quenched glasses of composition Ge~ „Sn„Se2 and
recording spectra as a function of x. All samples ap-
peared to be homogeneous glasses, as characterized by
their glass transitions studied by differential scanning
calorimetry. Some of the glasses were subsequently crys-
tallized by heating to T„. The crystallization behavior of
these ternary glasses will be discussed in greater depth in a
forthcoming paper.
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A. Sample preparation

Small bulk glasses of 0.25 g size were made by alloying
the pure elements in vacuum-sealed quartz tubes of 5 mm
i.d. at approximately 950 C. The quartz tubes were held
vertical, enabling the melts to uniformly mix and ho-
mogenize. 99.9999%-pure elemental Sn and Se from Spex
Industries and 99.999%-elemental Ge from Cerac, Inc.
were used as starting materials. After homogenizing the
Inelts at 950 C for 1 or 2 d, the temperature was lowered
in increments as large as 250'C and the melts equilibrated
at this lower temperature for an additional 1 or 2 d before
water-quenching. Glasses exhibiting reproducible
Mossbauer spectra could be made in this manner for the
composition range 0 ~x &0.6.

It was also our experience that if the melt size is in-
creased to 0.40 g, water-quenching invariably leads to par-
tially crystalline samples. This is in accord with the find-
ings of Fukunaga et al. , ' who could not obtain complete-
ly glassy samples in the present ternary phase for x & 0 in
working with 10-g samples. There is evidence that c-SnSe
appears to precipitate in the interior of such large bulk
samples. Apparently the quench rates accessible by
water-quenching are not sufficiently high to render larger
melts completely glassy.

B. Scanning calorimetry

A Perkin-Elmer model 1B differential scanning
calorimeter at a conventional scan rate of 10 K/min was
utilized to study the glass-transition endotherm. The
glass-transition temperatures were sys'tematically mea-
sured as a function of x, and the results are summarized
in Fig. 1.
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FIG. 1. (a) Cxlass transitions (T~) of Ge~ „Sn„Se2 glasses
plotted as a function of x. (b) Normalized A & /(2 ] +A )

scattering strength of the 3 l
—Ge(Se~~2)4 companion mode in

Raman spectra of Ge~ „Sn„Se~ glasses plotted as a function of
x. Here, A represents the sum of the A ~

—Cre(Se~~2)4,
3

&
—Sn(Se~~2)4, and A l —Sn(Se~~2)4 mode strengths. The

dashed line is the expected x variation of the A ~-mode strength
in a model where Sn randomly replaces Ge in the CzeSe2 net-
work. The observed extinction of the 3 ~ mode near x =0.40 in-
dicates- that a structural transition occurs in these glasses be-
tween x =0.20 and 0.40. The secondary maximum near
x =0.20 may arise from an intermediate stage in cluster degra-
dation, where the six-chain "rafts" present at x =0 are replaced
by two-chain "rafts." See Fig. 8 for details.

C. Raman spectroscopy

Raman spectra of the bulk glasses were taken in a back-
scattering geometry using the 5145-A exciting line from
an Ar-ion laser. The scattered light was collected with a
50-mm high-quality camera lens and analyzed with a
Spex double spectrometer. The spectral resolution of the
system was approximately 2 cm '. A laser power of 40
mW was used in all measurements. This was done to
prevent high-power densities from locally heating and
crystallizing the glass samples. In our geometry, crystalli-
zation of the glass samples was first observed to occur
when a laser power of 120 rnW was used.

D. Mossbauer spectroscopy

Mossbauer spectra of the glasses were recorded using a
conventional constant-acceleration drive. A 2-mCi source
of " Sn in CaSn03 was used to populate the 23.8-keV
Mossbauer level. Both the source and absorber were
cooled in an exchange-gas Dewar system. Spectra were
recorded at 78 and 4.2 K. Data reduction was done" on
an Apple computer using a least-squares analysis. The
spectra were plotted on an IBM digital plotter interfaced
to the Apple computer.
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FIG. 2. Raman spectra of Ge& „Sn„Se& glasses at indicated
compositions (x). Note the red shift of the A &-mode frequency
with increasing x. This is due to the reduced Sn—Se stretching
force constant in tetrahedral Sn(Se&&2)~ units formed at the ex-

pense of Ge(Se~q2}4 units. Also, the A ~-mode scattering strength
declines to the point where at x =0.35 it is barely visible.

III. EXPERIMENTAL RESULTS

A. Differential scanning calorimetry

Figure 1 provides a summary of the glass transitions Tg
measured as a function of Sn content x in the
Ge~ „Sn„Se2 ternary glass. Our Tg value for a sample at
x =0 is in accord with previous measurements on GeSeq
glass reported by Sarrach et al. ' Tg(x) decreases mono-
tonically as the amount of Sn in the glasses increases, and
there appears to be two regions to this curve. One for
x & 0.40, in which the Tg decreases relatively slowly from
point to point, and a second, for 0.40 &x & 0.50, where Tz
drops almost by 200 K in a narrow composition range
with what appears to be a steplike behavior.

B. Raman spectroscopy

Figure 2 reproduces Raman spectra of Ge& „Sn„Se2
ternary glasses at selected values of x. Our Raman spec-
tra of a ternary glass at x =0.03 are very similar to previ-
ously published' spectra of the GeSe2 glass. In the
bond-stretching regime, we observe the A I and A

&
modes

at 198 and 213 cm ', respectively. In the spectrum we
also see a low-frequency shoulder to the A

&
mode at 180

cm ', which also has been reported in the spectrum of
GeSe2 by other workers. ' ' Upon alloying GeSe2 with
SnSe2, two noteworthy changes occur: The principal A~
mode red-shifts in a manner that is displayed in Fig. 3,
and, second, the intensity of the A ~ mode reduces to near-
ly zero as x approaches 0.35=X,„. In Sec. III C we will

x dependence of (A()-mode frequency obtained
from the Raman spectra of Ge~ „Sn„Se2 glasses. The point at
x=1 is taken from the Raman spectrum of an rf-sputtered
SnSeq film. Note the steplike jump in (A ~ ) seen near x =0.27.
The smooth curve represents plots of Eq. (4) for the indicated A,

value.

formally introduce x,„and X,„as the special x values
where the Mossbauer-site intensity ratio T(x) displays a
local maximum (see Fig. 6). In Fig. 1(b), we plot the x
dependence of the A i-mode strength suitably normalized.
A quaHtatively similar result has been reported by Murase
et al. ' in Ge~ „Sn S3 glasses as x~0.4. A more subtle
observation in our Raman spectra is as follows. In the
spectrum of the ternary glass at x =0.35, one can see a
qualitative enhancement in scattering strength in the vi-
cinity of 260 cm '. This feature appears to become more
prominent for glasses with x & 0.35. A microscopic inter-
pretation of the local modes will be provided in Sec. IV in
connection with the evolution of the glass network with
increasing x.

C. Mossbauer spectroscopy

" Sn Mossbauer spectra of Ge~ Sn Se2 glasses at
selected compositions are displayed in Fig. 4. These spec-
tra in general display two types of sites: an intense nar-
row absorption centered at 0 =1.55 mm/s labeled site A
and a weak absorption near V=3.2 mm/s which forms
part of a quadrupole doublet as site B. The other member
of the site-8 doublet partially overlaps the site-A reso-
nance and is easily deconvoluted by least-squares analysis.
We have analyzed these spectra in terms of two sites. The
shift (5) and quadrupole-splitting (6) parameters of the
sites, and particularly their x dependence, are displayed in
in Fig. 5.

It is abundantly clear from the data of Fig. 5 that the
microscopic character of site A remains x independent in
the range studied. For site B we find that the Mossbauer
parameters change drastically with x in the range
0&x &0.15 and, furthermore, become x independent in
the range 0.15 &x &0.35. For x ~0.35, a small but dis-
tinct discontinuity in the parameters can be inferred from
the available systematics. We suggest that this discon-
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ture of T(x) seen in the selenide glass is discussed in the text.
Note that for x=0.35, T=1.
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(3)

the magnitude of these shifts in terms of covalently bond-
ed interactions that are modified by ionic or charge-
transfer contributions. The reader is referred to the exten-
sive discussion of this point in Ref. 17. We identify the
5~ shift with Sn replacing a Ge site in a loca1 tetrahedral
unit of Ge(Se&&z)&. If Sn were octahedrally coordinated to
six Se near neighbors, as in the model compound c-SnSe2,
one would expect the shift to be + 1.34 mm/s, i.e., 0.21
mm/s less than the value of 5& ——1.55(5) mm/s presently
observed. These observations contribute strong micro-
scopic evidence for the fact that site A represents Sn that
is present in a local Sn(Se~~q)q tetrahedral unit.

The shift 5& per se is unable to resolve an important re-
lated question, viz. , whether the tetrahedral Sn(Seq~z)4
units are formed isolated in a network of Ge(Se~~2)q units,
or, alternatively, they form part of a phase-separated Sn-
rich tetrahedral cluster of SnSe2 stoichiometry. %'e have
recently addressed' this question by contrasting the
crystallization behavior of a Sn-rich (x ~ —,

'
) glass to a

Sn-poor (x & —,
'

) glass in this ternary, and we find radical
differences. These differences are discussed in Ref. 17.
These observations and others lead us to conclude that the
A sites seen in the present Sn-poor ternary glasses
represent isolated tetrahedral Sn(Se&&2)4 units that are
formed in a network of Ge(Se~~2)4 units.

The negligible value of the quadrupole splitting hz
constitutes strong independent evidence for the tetrahedral
character of Sn coordination in a Sn(Se~~@)q local unit. As
is well known, the quadrupole splitting 5& in open p-shell
elements is extremely sensitive to the local symmetry of
the Mossbauer probe atom. It measures the local electric
field gradient (EFG) at the Sn site through the usual rela-
tion

2. Site 8
The origin of 8 sites in a GeSez glass was discussed ear-

lier by us in connection with Mossbauer-site intensity
populations in Sn-doped Ge„Se~ ~ bulk glasses. These
sites were identified with Sn replacing Ge in an ethanelike
linearly polymerized cluster, Ge2(Se, /2)6. In such a clus-
ter, Sn is locally coordinated to three Se near neighbors
and one Ge near neighbor. The lack of tetrahedral chemi
cal symmetry in such a local unit induces a large h~.
This is so because Sn in such a cluster is present in a
largely 2+ state, as revealed by the large positive shift,

TABLE I. Comparison of Mossbauer parameters of the 8
site in Cxe~ „Sn„Se2glasses for x &X,„and of c-SnSe.

(mm/s)
5

(mm/s)Host

b, = —,'e V~Q(1+g /3)'~

In tetrahedral geometry,

1.02(4)
0.74(2)

3.33(10)
3.31(2)

8-site (x pX,„)
c-SnSe

(2)

vanishes because the p~-, p„-, and p, -orbital populations
U„, U», and U, are identical. The origin of the small but
nonzero value of b,„ inferred from our experiments has
several possibilities. First, our experiments show that the
value of b, ~ in g-GeSez and c-GeSez are identical. This
could be a Jahn-Teller distortion induced by Sn when it
replaces Ge in a Ge(Se~ ~z)4 unit. Alternatively, this
slightly broken tetrahedra1 symmetry could be an intrinsic
feature of the host Ge(Se&~2)q tetrahedral units comprising
the molecular structure of both g-GeSeq and c-GeSez. In
the latter instance, the Sn guest atom merely inherits the
distortion when it replaces Ge in such a unit. This latter
interpretation is supported by calculations of the " Sn
EFG in the high-temperature phase of c-GeSe2 using the
extended Huckel procedure. ' These calculations yield a
value of A~ in agreement with our observed value, when
we assume that Sn merely occupies Ge sites of the net-
work. This is a point which shall be elaborated on in a
forthcoming paper. '
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6~. The largely divalent character of Sn can be reconciled
in terms of atomic-size considerations of the guest Sn
atom in such a molecular unit, and is a point discussed
earlier. ' '

The rapid x variation of both 6~ and hz in the range
0 &x ~X,„ is in sharp contrast to the lack of variation of
the corresponding parameters of site A. We associate this
rapid x variation of site-8 parameters with the low
dimensionality of this cluster, and, in particular, to a sys-
tematic relaxation of the intercluster (cluster-8 —cluster-
A) interaction upon alloying GeSe2 glass with SnSe2. We
have investigated the underlying microscopic mechanism
by calculating the EFG in characteristic molecular clus-
ters. Results of these calculations will be discussed else-
where. "

For x &X,„, the evidence of a mild break in the 5~(x )

and b,ii(x) parameters is due to a microscopic change in
the nature of 8 sites. We are struck by the close similari-

ty of these parameters with those of crystalline SnSe (see
Table I). On this basis we argue that the 8 sites seen for
x &X „represent a segregated Sn-rich amorphous SnSe
phase in which Sn + is present in a distorted octahedral
arrangement of Se anions. Apparently, in this composi-
tion range, Sn largely phase-segregates into this amor-
phous phase, as evidenced by a monotonic decrease in
T(x) This p.articular interpretation of 8 sites is further
supported by our Raman measurements, which are dis-
cussed next.

B. Raman spectroscopy and local AI and A
&

modes

The A& mode at 198 cm ' in GeSe2 has been unam-
biguously identified by a number of previous workers' as
a symmetric breathing mode of a Ge(Sei~2)4 tetrahedral
unit, while the 3 I mode at 213 cm ' is generally taken to
be signature of medium-range order of the glass net-
work. '" The microscopic origin of the A& mode as a
cluster-edge mode is supported by recent photostructural
transformation studies and vibrational density-of-states
calculations. '

The effect of alloying GeSez with SnSe2 is to systemati-
cally red-shift the Ai mode at 198 cm '. This is due pri-
marily to the larger Sn mass, as well as a reduced Sn—Se
stretching force constant in tetrahedral Sn(Se~~2)4 units.
It is for this reason, for example, that, in sputtered a-
SnSe2, which is shown to be predominantly a tetrahedral
network, we find a lower A~-mode frequency of 18220

cm . For intermediate compositions, deconvolution of
the A I mode into an A I -Ge mode and an 2 I -Sn mode is,
at best, difficult. This is because the AI-mode frequen-
cies, as mell as their scattering strengths, can be expected
to change with x on account of the weak but nonzero in-
tertetrahedral interactions. The presence of these subtle
effects is best inferred by plotting the (Ai )-mode fre-
quency versus x. We define (A i ) as the frequency of the
observed peak in the Raman spectra. This turns out to be
an experimentally well-defined quantity because the total
red shift in the 2 I -mode frequency, 2 I

' —A I"——16
cm ', is of the order of the linewidth of the AI modes.
Under such conditions, one can write

A i '(1 —x)+MA, "
1+(k—1)x

(4)

where k is an adjustable parameter. Upon keeping the
end values fixed at A

&

' ——198 crn ' and A I"——182 cm
and taking A, = 1.4 in Eq. (4), one finds that this equation
does not adequately account for the observed (Ai(x))
behavior (Fig. 3). This is significant because the value of
A, that we chose, 1.4, actually represents the ratio of the
absolute Raman cross section ' of Ai modes of isolated
SnC1& to GeC14 units. This ratio should presumably also
provide the 3 I polarization normalization for isolated
Sn(Seine@)4 to Ge(Sei&z)4 tetrahedral units. We find from
Fig. 3 that a substantially larger X value is needed to
describe the data, and, in particular, for x ~X „,a value
of A, =2.5, while for x &X,„, a value of A, =4.0 is satis-
factory. These striking changes in weight enhancement
are the result of changing intertetrahedral couplings of the
network glass. For small x values, isolated Sn(Seine&)&
units are formed, embedded in a predominantly Ge(Sei&2)&
network which is known to be in a state of high stress as
revealed by pressure-dependent Raman studies of Murase
et ah. ' Upon increasing x, the network, in general, re-
laxes, since tetrahedral Sn sites act as stress-releasing
centers. The intertetrahedral couplings of Sn(Seine@)q units
are presumably weaker than of Ge(Seine@)z units. When
x~X,„,a major reorganization of the network occurs in
which both Sn(Sei &q)4 and Ge(Sei &2)& units become
markedly decoupled. The sharp steplike lowering of
( A i (x) ) by 4 cm ' that occurs over a narrow composi-
tion range 0.25 &x & 0.30 is reminiscent of a qualitatively
similar effect seen by Magana and Lannin in Raman
spectra of glassy and liquid GeSe2. In liquid GeSe2, the
A I mode red-shifts by about 6 cm ' in relation to glassy
GeSe2. These observations suggest that the steplike
behavior seen in our ternary glass (Fig. 3) is driven pri-
marily from a red shift of the A i

' modes as the network
stress first begins to be released near x =0.25. Obviously,
this stress-release mechanism (unclamping effect) is more
pronounced in the glass-to-liquid transition than in the
glass-to-glass transition. This cooperative unclamping
leads to a morphological phase transformation in the
present ternary glass at x =0.35. We will return to this
point in Sec. V.

In concluding this section, we would like to make a fi-
nal observation. Our Raman spectra of Fig. 2 also pro-
vide qualitative evidence for an enhancement of scattering
strength near 260 cm ' when x &X,„. This enhance-
ment in scattering could arise from a narrowing of the
Ge(Sei&2)& F2-band upon chemical ordering of the glass.
For x &X~,„,continued growth of scattering at 260 cm
most probably results from, among other modes, Se„
chainlike Se—Se stretching modes. In the present ternary
glass, apparently some degree of phase separation of the
glass network occurs into a Se-rich cluster. and Se-poor
clusters when x &X,„. The Se-rich cluster presumably
consists of Se„chains or ringlike fragments, as found in
amorphous Se, while the Se-deficient cluster consists of an
amorphous distorted octahedral SnSe phase. The latter
phase provides the B signal in the Mossbauer experiments.
The stoichiometric relation governing this phase separa-
tion is then



31 UNIVERSAL STRUCTURAL PHASE TRANSITION IN. . . 987

n SnSe2 ——n (a-SnSe)+Se„, (5)

with the remainder of the glass network consisting of
tetrahedral units. The growth in the Mossbauer B-site in-
tensities for x &X,„(Fig. 6) concomitant with an in-
crease in Raman scattering strength of the 260-cm
mode provide justification for this phase separation.

U. MODEL INTERPRETATION
OF SPECTROSCOPIC DATA

T(x)= (8)
(Ng+Ng)

is valid only if fz fz. Temperatu——re-dependent measure-
ments of the Mossbauer f factor in g-GeSe2 have been
performed in our laboratory and these show that, at
T=4.2 K, fz/fz ——0.94. In other words, corrections to
T(x) on accou'nt of the f factors amount to about 5%,
and this is comparable to the error in measurement of
T(x) itself. Furthermore, this correction term to first or-
der, is expected to be independent of x and, henceforth,
will not be considered in our quantitative discussion of the
trends of T(x) which show the two-peak structure (Fig.
6).

A. Structural interpretation of spectroscopic
results on Ge~ „Sn„Se2
1. Composition x ~0

To analyze the structural implications emerging from
the present spectroscopic results, we will now study the x

In preceding sections we have identified the local modes
seen in Raman spectra, and the different types of Sn sites
observed in the Mossbauer spectra of the present
Geq „Sn„Sez ternary glass. These identifications already
limit the scope of structural models that can be used to
describe the present glasses, but perhaps the most severe
restrictions on modeling these network glasses arise from
the x variation of the Mossbauer-site intensity ratio T(x)
and the A ~ Raman strength. We will conclude this sec-
tion by showing that our spectroscopic data provide
strong evidence of a structural phase transition involving
a change in microphase morphology of the present ternary
glass with composition.

Our definition of T(x) =I& /(I~ + I~~ and the identifi-
cation of A sites as tetrahedral Sn sites lends a precise
meaning to T(x). It represents the fraction of Sn sites
that are present in both a chemically and geometrically
tetrahedral environment in the network. This statement is
subject to the following minor qualification. In
Mossbauer spectroscopy, generally speaking, site intensi-
ties (I) are related to site populations (N) through the site
recoil-free fraction (f):

IX f~Nx where——X=A,B (6)

Consequently,

f~N~
T(x)=

SANA +fBNB NA +(fa /f A )Na

where fz~~~ and Nz~z~ represent the site recoil-free frac-
tions and populations, respectively. Consequently, the
simple relation

variation of 2;-mode strength [Fig. 1(a)], the (A~(x))-
mode frequency (Fig. 3), and T(x) (Fig. 6). The starting
point for this discussion is the end-member composition
(x =0). T(x =0)=0.84 implies the existence of an 0.16
fraction of nontetrahedral Ge sites in GeSeq bulk glass.
We have previously shown that the microscopic origin of
this broken symmetry can be quantitatively understood in
terms of a MCN consisting of a specific Se-rich cluster of
Ge22Se46 stoichiometry and a Ge-rich cluster of Ge2Se3
stoichiometry. The stoichiometric relation governing this
molecular phase separation is approximately given by

26 GeSeq ——Ge22Se46+2 Ge2Se3 . (9)

1 —T= =4/26=0. 154,
(Ng+Ng)

(10)

and this is in accord with our experimental result, 0.16.
In Raman spectroscopy, where scattering strengths scale
as the number of bonds, it is immediately apparent from
Eq. (9) that the same degree of phase separation will lead
to two homopolar (Ge—Ge) bonds for every 100 heteropo-
lar (Ge—Se) ones. If the scattering strengths of the
Ge—Se bond and Ge—Ge bond are taken to be the same
(which may seem unlikely a priori), it becomes transpar-
ent, from Fig 2, that .the observed scattering strength ra-
tio of the 180-cm ' mode (A~g ethanelike mode) to the
202-cm ' mode (A~ mode) of 3% or so (see Nemanich
e~ al. in Ref. 1) is in surprisingly good agreement with the
present model of molecular phase separation for GeSe&
glass, which gives the fraction of Ge—Ge bonds,
fG N(Ge Ge——)/N(Ge—Se)=0 02 —It is o. f .interest to
compare our measured estimate of the fraction of Ge—Ge
bonds, fG ——0.02, with the value that can be obtained by
assuming that bond energies are mutually independent
(i.e., no bond-bond interactions). We also assume that fa
is independent of topological or packing constraints.
Then,

fG exp(EH//2k' ),—— (11)
where AH~ is the heat of formation per GeSe2 formula
unit, each of which contains four shared (two unshared)
Ge—Se bonds. With Tg ——700 K and hH~ ———21.7
kcal/mol, Eq. (11) gives fG ——0.0002, i e , 2 order. s. of

The Se-rich cluster (shown in Fig. 8) consists of a frag-
ment of the high-temperature phase of c-GeSez, which
has been terminated laterally (along the b axis) by Se Se-
bonds. This cluster differs from the original "outrigger
raft" proposal of Phillips in that it has nearly 3 times the
lateral width. There are six corner-sharing chains running
along the b axis instead of two. The length of the "rafts"
along the a axis is unknown. All Ge sites present in this
cluster, in principle, are possible A sites, while one of the
two Ge sites in the ethanelike clusters could be the B sites
seen in Mossbauer spectroscopy. Because Sn randomly
selects A- and B-type Ge sites, the observed Sn
tetrahedral fraction equals the Ge tetrahedral fraction of
the glass network.

According to Eq. (9), since there are four B-type Ge
sites for every 22 A-type Ge sites, the fraction 1 —T of
chemically nontetrahedral sites (degree of broken chemi-
cal order) is
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FIG. 8. Fragment of the high-temperature phase of e-GeSe2
showing corner-sharing chains running laterally along the b
axis. The small circles represent fourfold coordinated Ge
atoms, while the larger circles represent twofold-coordinated Se
atoms. In the glass this fragment is believed to be bordered by
Se-Se dimers. This fragment, also known as a "raft," is thus
Se-rich. The degree of broken chemical order (DBO) of the
glass network is "raft"-size dependent. In particular, for a
two-chain "raft*' the DBO is 0.4, while for a six-chain "raft"
the DBO is 0.15. The observed DBO in GeSe2 glass is compati-
ble with a six-chain "raft," i.e., a cluster about 50 A wide.

magnitude smaller than the measured value. One possible
interpretation is that, in g-oeSe2, the population of like-
atom bonds is strongly influenced by packing constraints,
and the approximation of no bond-bond interactions is in-
valid. This is independently suggested by molar-volume
measurements in the Ge Se~ binary that display a
striking maximum at x= —,, i.e, a low-density or open
network with a large internal surface area associated with
broken chemical order.

2. Composition range 0&x & 0.2

We are struck by the x variation of 2 ~-mode strength
[Fig. 1(b)], which displays an inverse correlation with
T(x), as shown in Fig. 6. Specifically, we note that a lo-
cal maximum in 3 ~-mode strength corresponds to a local
minimum in T(x). In particular, when the A&-mode
strength approaches 0 at x =0.35, T = I. These results
are significant for several reasons. First, they demon-
strate that both these microscopic observables, which are
chemically specific to Sn and Ge, respectively, are direct
manifestations of the network structure. Second, this
correlation supports the view that the A ~ mode, like the T
fraction, is a signature of incomplete chemical ordering of
the glass network. Consequently, we must argue that our
results are inconsistent with the identification of the 2

&

mode as merely evidence for medium-range order (of a
large ring species embedded) in a chemically ordered net-
work, as suggested by Nemanich et al. ' On the other
hand, our results do support the notion that the 3

&
mode

is a signature of (a cluster-edge-mode) broken chemical or-
der of the glass network, as first pointed out by Briden-
baugh et al. '

The two maxima in T(x) can be understood in terms of

a MCN description of the alloy glasses as follows. The
rapid growth in T(x) in the range 0&x ~0.07 can be
qualitatively understood in terms of edge segregation of
Sn atoms selectively occupying Ge sites on the two outer-
most chains (or "logs") of the six-chain-containing
GezzSe46 "raft" (Fig. 8). The attendant stress that has ac-
cumulated on the surface of this cluster, where recon-
structed Se—Se bonds occur, can now be relieved by sub-
stituting an atom of larger covalent radius than Ge. Ap-
parently this process rapidly saturates even when only
half of the available Ge edge sites in the "raft" structure
are occupied. Increasing x above 0.07, we conjecture that
this causes the six-chain "raft" to break up into "rafts" of
smaller lateral extensions such as a five-chain or even a
four-chain "raft " . In this composition range, 0.07
&x &0.20, the role of Sn changes. It progressively de-
polymerizes the layered network prevailing at x=0.07.
This is clearly evidenced by the increase in the A ~-mode
strength and the decrease of T(x), both signatures of a
higher degree of clustering or broken chemical order. The
trend of a growth in population of 8 sites at the expense
of A sites is remarkable because it is just the reverse of
what one would have predicted based on ionic or charge-
transfer contributions to the nearest-neighbor covalent-
bonding energies. Our spectroscopic data highlight the
delicate interplay between strain fields and valence force
fields that determines the mechanical equilibrium of a
network glass.

Further justification for the correctness of these ideas is
derived from our results on Ge~ Sn S2 alloy glasses,
which are also shown in Fig. 3. These exhibit a similar
two-peak structure for T(x) in which x,„=0.10, i.e., the
first peak is shifted towards higher x in relation to the
selenide glasses. This trend of a shift in x,„ to higher x
is precisely what one expects to find if a higher degree of
broken chemical order prevails in the S-rich cluster in re-
lation to the Se-rich cluster. Chemically, this reflects the
greater stability of S—S bonds.

3. Composition range 0.20&x & 0.35 and universal
structural phase transi tion

The most profound result to emerge from our experi-
ments is that T=0.99+0.01 at x =X,„=O.35 in
Ge~ Sn~ Sez glasses. The spectacularly complete restora-
tiori of chemical order accompanied by the coincident ex-
tinction of the 3

&
mode as x =0.35 [Fig. 1(b)] constitutes

strong evidence of a change in the microphase morpholo-
gy of the network. We interpret this as a transition of the
glass network from a MCN to a CRN. Specifically, the
increase of T(x) in the composition range
0.20&x &Lm,„=0.35 is visualized as a process in which
pure and mixed polymerized ethanelike clusters,
Gez(Se&~z)6 and SnGe(Se»z)6, react with the surface of the
Se-rich "raft". clusters to restore the broken chemical or-
der. This reformation process involves the breakdown of
bonds between nearly homopolar pairs such as Sn—Sn,
Sn—Cxe, and Se—Se to form the stronger heterpolar
Ge—Se and Sn—Se bonds. The extinction of the 3

&
mode

is a natural consequence of this bond-reformation process.
This then leads to the first realization of a Phillips CRN
glass, consisting only of tetrahedral units of Sn(Se&&z)4
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and Ge(Se, ~z)4 in the approximate ratio of 1:2. In con-
trast, the partial restoration of chemical order (T=0.60
at x =X-,„=0.40) in Ge~ „Sn„S2 glasses indicates that
the MCN —+CKN transition is incomplete, and that some
degree of molecular clustering prevails both above and
below this transition. '

The steplike jump in (A'(x))-mode frequency that
occurs near x =0.27 (Fig. 3) provides additional insights
in the nature of the CRN. Statistical considerations sug-
gest that the compositional width of this steplike jump
should decrease with increasing physical size of the clus-
ters involved. Specifically, the sharpness of the jurnp in
(A~(x)) as a function'of (x) (Fig. 3) shows that it in-
volves clusters of large microscopic dimensions. This is
seen by comparing the present transition width
(bx-0.05) in the (A~(x))-mode frequency to the transi-
tion width (M-0.20) of free (AgBr) to self-trapped
(AgCl) exciton that is seen in mixed AgBr& „Cl„crys-
tals as x approaches 0.45. Bearing in mind that the size
of the hydrogenlike free exciton in AgBr is 10 A or more,
we estimate that the size of molecular clusters involved in
the structural phase transition in the present ternary glass
is 40 A or more.

4. Composition range 0.35~x ~0.60

In this composition range we visualize the glasses to be
phase-separated into three distinct microphase morpholo-
gies which consist of the three-dimensional tetrahedral
A(Se~~z)4 CRN (A denotes Sn and Ge), prevailing at
x =0.35, a Se-rich Se„chain or ringlike microphase, and
a Sn-rich distorted octahedral amorphous SnSe phase.
The reduction in T when x &0.35 can be traced to the
tendency of Sn to phase-separate into the amorphous SnSe
phase. As discussed earlier, in Sec. IV, the B sites seen in
this composition range are to be identified with this SnSe
phase. The cessation of bulk glass formation when
x &0.60 can be traced to the tendency of Sn to become
sixfold coordinated. The progressive coarsening of the
SnSe amorphous phase when x ~ 0.60 leads such
quenched melts to phase-separate on a macroscopic scale
into a predominant Ge-rich amorphous phase and the Sn-
rich c-SnSe phase. Recently, we succeeded in preparing a
completely. amorphous SnSe2 film by rf-diode-sputtering,
which shows that phase separation can be partially
suppressed by vapor deposition. Kaman and Mossbauer-
spectroscopic results on SnSe2 indicate that it is a predom-
inantly tetrahedral network with about 10—15% of the
Sn atoms present in the amorphous SnSe phase.

B. Continuous —random-network models

Despite the immense popularity' of modeling
stoichiometric glasses after CRN's, the present results on
Ge~ Sn„Se2 ternary glass demonstrate that such a struc-
ture is the exception and not the rule. As discussed earlier
in this section, it is only in a narrow composition range
centered around x =0.35, where T=1, that one can
indeed realize a completely polymerized network of
tetrahedral units.

Although oxide glasses such as SiO2, GeOz, and BzO3

and chalcogenides glasses such as As2Seq and GeSeq have
been modeled after CRN's, this view has been disputed by
a more recent reinterpretation of the existing vibrational
data. The difference in the degree of polymerization be-
tween CRN's and MCN's, at least for GeSe2 and GeS2, is
too subtle to be discriminated by diffraction experiments
and/or vibrational spectroscopy alone, particularly when
the 8 —X coordination rule is held intact in both model
descriptions.

According to a CRN-model description, one would
scarcely expect T(x) to exhibit the two-peak structure
(Fig. 6) in the present ternary glass. In fact, one would
ideally expect T(x) to be structureless and to have a value
of unity. Only if the symmetry-breaking 8 sites can be
identified with isolated point defects in an ordered-bond
network can the possibility of invoking a CRN model for
the present ternary glass be seriously entertained. At such
point defects isolated Sn atoms could condense, increasing
the concentration of such defects and reducing T(x)
monotonically with increasing X. Such a point-defect
model is inconsistent with the oscillations in T(x) that we
observe, and, specifically, cannot explain the dramatic
peak T=0.98+0.01 at x=0.35 in Ge& Sn Se2 alloys.
Failures of the CKN model to explain qualitative features
of the Raman spectrum of GeSe~ glass have been dis-
cussed in detail by Griffiths et al.

The nuclear-hyperfine-interaction parameters of B sites
rule out two other possible microscopic configurations for
these sites. It is difficult, on this basis, for example, to as-
sign 8 sites to a Sn-rich crystalline impurity phase such as
e-SnO or c-SnSe in the ternary glasses. Furthermore, the
large change in the isomer shift between A (1.55 mm/s)
arid B sites (3.31mm/s) also rules out an additional possi-
bility: B sites result from a geometrically but not chemi-
cally distorted tetrahedral environment, while A sites re-
sult from a regular tetrahedral one. Differences between
edge-sharing and corner-sharing tetrahedral units can, in
principle, be expected to change the magnitude of the b,'
parameter by 10—20%, but such distortions alone could
not change the 5~ parameter significantly. The 5& pa-
rameter which probes the contact charge density is due
primarily to the population of 5s-like electrons at the
"9Sn nucleus. To first order, this contact charge density
is not expected to change if the tetrahedral Sn(Se~~~)4 unit
is merely distorted.

The arguments for the existence of a CRN at x=0.35,
on the other hand, are overwhelming. A11 the objections
raised above in the context of 8 sites clearly do not apply,
since in the Mossbauer spectrum no B sites are observed
at this composition. This clearly shows that all Sn atoms
present in the network occur tetrahedrally coordinated to
four Se atoms. Furthermore, since Sn atoms are known to
replace tetrahedral and nontetrahedral Ge sites with equal
probability, if the latter sites were present in the network
one would clearly expect to observe nontetrahedral Sn
sites as well. This being not the case, one must conclude
that T=1 is also evidence that all Ge cation sites occur
tetrahedrally coordinated at x =0.35.

The justification for the existence of this morphological
transition has been discussed by Phillips on theoretical
grounds. One may understand why alloying GeSez with
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SnSe2 induces a structural phase transformation in terms
of topological principles using the idea of force-field con-
straints. It is well known that although Si and Ge prefer
to be fourfold coordinated, the energy difference between
fourfold and sixfold coordination for the case of the
heavier cation Sn is small at temperatures above room
temperature where the white (metallic) Sn phase is stable.
This indicates that bond-bending forces for Sn are weak.
One can visualize alloying of GeSe2 with SnSez as a pro-
cess that lowers the average number of constraints per
atom in the overconstrained GeSe2-glass network. At
x= —', the constraint theory shows that the number of
constraints per atom in the present ternary glass equals
three, the dimension of the space in which the network is
embedded. The process of cation-tuning of force-field
constraints by alloying thus provides a good quantitative
basis for understanding the structural phase transforma-
tion observed by us at x =X,.

VI. CONCLUDING REMARKS

In the Ge~ Sn„(S or Se)2 cation ternary glasses, we
have selected a system with strong chemical order and a
very stable building block [the Ge(Set~2)q tetrahedron] and
have tuned the number of constraints by replacing Ge
with Sn, i.e., erasing some of the bond-bending constraints
associated with fourfold-coordinated sites. In earlier
work on anion ternary glasses such as Ge(Te„Se~ „)q,
more severe network deformation was occurring because
the coordination number of Te does not always satisfy the

8 —X rule. However, behavior similar to that reported
here was observed as +~1, i.e., the nuclear-quadrupole-
resonance parameters tended to a common value. Unfor-
tunately, this value cannot actually be attained in a bulk
glass because, for x &0.6, devitrification occurs through
the disproportionation reaction GeTe&——GeTe+Te.
Nevertheless, we believe that other examples of continu-
ous glassy networks can exist. There is some evidence
that g-AsqTe3 is such a system.

En conclusion, we have presented new spectroscopic evi-
dence that points to the existence of a universal transition
from a heterogeneous to a homogeneous network mor-
phology for the case of the easy-glass-forming chal-
cogenides. These and other recent experiments highlight
the central role of internal surfaces in stabilizing the glass
network against crystallization that has been extensively
discussed using a topological theory. ' It is the existence
of this transition that most likely is responsible for the
profound photostructural effects native to this class of
distorted materials.
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