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I. INTRODUCTION 

It has been fashionable to discuss the. structure of stoi­
chiometric  network glasse$ in  otchemically­
ordered  raildom  (CRN) since Zacharia sen's 
pioneering work on th�  neq.rly 50 years ago [l]. Glasses 
of the type ABz,. such as SiOz and GeSez in analogy to a-Ge, for 
exampl.e, hav� been des"Qribed as random networks of geometrical­
ly well-defipedA(Bl/2)4 tetrahedral units. 

 availability of  .spectroscopic results in the past 
four years h:as shown,  that he structure of these net­
work glasses is. not all that random. Specifically, Raman [2] 

and Mos.sbauer [3] experiments ::;how that some fraction of like­
atom bonds A.,:.A.·and B-B appeare: to be an intrinsic feature of  
completely relaxed stoichiometric melt-quenched GeSez and  
glasses. The presence of a  and reproducible broken chemi­
calorder and particularly its y  dependence in 
Al-yBz+y glc sses (A=Ge, B='=S or Se) indicates [3] that the micros­
copic origin of these lik�-atom' bonds, ca,nnot be due to· isolated 
bonding defects in a.  p(>ly:merized and chemically 
orderedA(Bijz)4 detwork. Trie!>elhomopolar bonds appearto be 
clustered indicating, as we will sh�w, a phase separation of the 
network on a molecular scale. 

This new conceptual approach has been Stimulated by the 
general recognition that although near-neighbor covalent bonding 
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forces are the mos t  important force s contributing  the cohesive 
energy of a gla s s  network, Van der Waals forc e s  als o  play a s ig­
nificant role [4-6] . In chalcogen-ba s ed. materials, Van der Waals 
forces derive from the re sonance of lone pair electrons and th e s e  
forces are known t o  promote chalcoge n-chalcogen pairing a s  well 
as a tendency to form chain-like or ring�Uke or lay er-like struc­
ture s. That these force s mu st play a very special role in GeSez 
gla s s  may be s een fro m mea surements [7] of molar volume s in the 
GexSel-x binary which dis play a striking local ma�imum at the 
s toichiometric compo s ition x = l/3. The s e  data underscore the 
importance of network packing force s (intercluster, interaction) oyer 
covalent near-neighbor bonding force s (intracluster  
which lead to a low atomic den sity network for GeSez. One may 
unders tand why the lowe st energy network configuration of a chal­
cogenide glas s ha s a finite number of homopolar bonds.  in the 
following terms. Apparently, the los s in  energy of a net­
work upon forming a fe w percent o f  homopolar bonds is more tha n

' 

compensated by the  Van der Waals cbl1.trib1ition· to this 
e ne rgy term upon promoting s ome chalcogen-chalcogen pairing [6]. 

To quantitatively understand the observation of  
chemical'order, it ha s been suggested [6] tha� ,these C?e Sez and 
GeS2  consist of at lea s t  two types of  
and stoic}fio metrica lly distinct large molecular clU:sters,  
to donor and acceptor molecules in molecular  In this 

' 

molecular c'luster netW8rk model (MCN) approach, cluster surfaces 
are believed to play an integral role in determining the glass­
forming tendency. In' this approach, the  of broken chemical 
order is d erived from  surface tb volume  namely, the s�e 
of the clusters. In this review, we will highlight some new experi­
mental  that shed light on the idea of  
clustering in network glasses. These new  develop­
ments have utj.lized Mossbauer spectroscopy [8] as a  of . .  

chemical order of both anion and cation site s in the present glasses. 
� ,  , : _, � , - >,': : r c 

Broc;!.dly  pe"'eral thousands  on the 
  .have utilized one of th� four general ·. · 

probe s 'lis ted in Table I.  methods falling in catc;gories 1, 
II I and III I namely I    0],  spectros- . 

COPY [11] 1 and photo-emission  [12]  been fe-
. 

viewed in the literature from time to time.  specti."Rscqpy 
a s  a probe of network structure of semiconducting glasses  
the scope of the pre s ent review. Two previous reviews on the cur­
rent s ubject, one by P. P. Seregin et al. [8] and the other by 
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W. MUller-Warmuth and H. Eckert [8), appeared nearly two year s  
ago. For completeness 1 it may b e  al so mentioned that Mos sbauer 
s pectroscopy has been widely utilized to characterize Fe sites in a 
variety of metallic as well as ins ulating glasse s [9]. Some of th e 
other site spectros copie s ,  particularly N MR [13] and NQR [14]. 

 prob e s  of s tructure in glas s e s  are well  

Our pre s entation in this review is as follows: In S ection II, 
we provid e s ome background material on Mos sbauer spe ctros copy. 
The intention is to familiarize the reader with the method, thus 
making easier the interpretation of the spectra of chalcogenide net­
work glas ses. In S ection III, we pre sent, experimental re s ults on 
g-GeSe 2 , firs t  as revealed by diffraction mea s ure ments and vibra­
tional spectros copy, and then as extended by the pre sent Mos s ­
bauer result s .  Instead of  re s ults on a variety of glas s 
syste m s  1 we have thus cho s en to focus on g-GeSez. This approach 
will permit not only illustration of the application of the pres(nt 
method but al s o  a complete structure discus sion of the prototypical 
glas s .  We conclude our illus trative review with soine cautionary 
general remark s on the. s cope and limitations of  pre s e nt  
in Section VI where we als o  summari z e  our conclusions. 

II. MOSSBAUER SPECTROSCOPY 

Neither Se nor Ge [ 15] offers th e pro:s_pect of a s uitabl e  
Mos sbauer probe for glas s work. The heavier isovalents o f  the s e  
e lements I namely, T e  and Snl have, however, suitable Mo�sbauer 
re sonance s .  The experimental approach, therefore, requires that 
ternary alloys of Ge, Se and Sn or Ge, Se a nd Te be investigated, 
and this is a point we will return to later. Upon alloying trace 
amounts of Sn or Te in GeSez glas s," one can expectthese impurity 
atoms to mimic respectively the bonding chemi stry of the cation 
and anion site s provided no ppase s eparation occurs. In this 
s ection, we introduce the method  principally on ll9sn 
absorption (probe of cation sites) and 1Z9I emi s s ion (probe of 
anion s ites ) s pectro s copy � We !";ave taken examples out  our 
glass work to illustrate the principle s of  method. Excellent 
review article s  on various aspects of the spectroscopy are avail.,­
able in the literature [16]. 

The principal components of a Mos sbauer spe ctrome ter are 
s hown in Fig. 1, and con si s t  of a velocity drive (transducer) I an 
emittr attached to the drive, an absorber that is stationary I and a 
low energy x-ray detector. To display the line shape of the nuclear 
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res onanc e , one records the transmis sion of y-ray s  through an ab­

s orber as a function of energy of the emitted Y-ray s .  The latter 

i s  a ccompli shed u sing the Doppler effect .  By imparting a precis e  

velocity either positive (motio n  toward abs orber} or negative (mo­

tion away from abs orber) , one increases or decreases the e nergy 

of the emitted y-ray  as seen in the frame of reference of the 

stationary ab sorber .  acceleration drives used in con, 
junction with multichannel analysers permit one to continuously 

s can a velocity range , i . e. , a narrow energy window ::1: -t Ey 

centered around the emission line I and ob serve the resonance 

line shape directly . Because of the recoil-free na�ure of the e ffect, 

EMITTER ABSORBER 

 

 

 �-- 
 

TRANSDUCER 

Fig . l 

-2 0 
 (mm/-5) 

Elements of a Mossbauer spectrometer: Transducer, 

emitter I absorber, and detector. Shown below the ex­

 arrangement is the nuclear leve l splitting . 

If the gamma ray energy in the emitter (Ee) exce eds  the 

transition energy in the absorber (Ea) by an amount 6, 

the resonance  will be   at a negative 

Doppler velocity. 
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the linewidth of the nuclear re s onance i s  the natural width given 
by He i s e nberg's uncertainty principle . The linewidth (Zh/r) i s  
determined by the lifetime" (T) o f  the nucle ar e xcited state and thi s  
width i s  typically of t he order o f  lo-7 eV. This linewidth transla tes 
i nto a Doppler velocity w hich i s  u sually a fraction of a mm/s .  
Figure 2 shows a s pe c tra o f  some Sn-bearing crys tals taken with 
such a spectrom eter. 

There are ba sica lly three pie c e s of information that can be 
obtained from an a naly s i s  of the s pectra s hown in Fig . 2. This 
i nformation i s  d erived from: 

(a) Line s hift 
(b) Line-sh a p e  or s plitting 
(c) Integrated intensity 

� 0 
 
 

Vl �100 
2 
Vl   
a: 

 

-4 

 (J-Sn 

 

 

Fig. 2 119sn spectra of indicated absorbers taken with a n  e mitter 
of ll9snm in vanadium metal. Lineshifts of c-Si and � - S n  
relative t o  BaSn03 are plotted in Fig. 3. 
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Thes e experimenta l obs ervable s permit one to micro scopica l­
ly characterize the chemica l environments of the prob e  atoms eithe r 
in the emitter or in the ab s orber matrix. The chief utility of this 
spectroscopy deriv e s  from the fact that the s trength o f  hyperfine 
interactions (i. e. , lineshift and lines plitting) usually is larger 
tha n the natural linewidth o f  the nuclear r e s onance, enough to 
permit separation of s ignals from different site s . 
A. Probe o f  Ge Sites in Network Gla s s e s  

In favora ble ca s e s  I one may hope to is olate the  
bonding configuration of Ge sit e s  in a network gla s s  by a lloying 
trace s of Sn and purs uing 119s n ab sorption mea surement s. In s u ch 
mea s urement s I the s pectrum of a Sn-bearing gla s s  or crystal, used 
a s  an a bs orber 1 is taken with a mono-energetic emitter of the 
2 3. 8keV y-ray (3/2 _, 1/2 transition). The abs 'orption spectra of 
indicated ho sts shown in Fig. 2 were taken with a source of 250 
day s 119snm diffused in  metal. 

· · , , 

The location of the abs orp,tion line on the velocity axis 
measured in relation to some standard hos t  is  as the 
s hift or lineshift. The standard host taken for this purpos e  include 
either BaSn03 or CaSn03. Both these  materia ls are examples of 

sn4+1 and show a narrow line who s e o�nter of gra vity is the s ame. 
As can be seen from Fig. 2 ,  the shift s of �-Sn and c-Si are both  
positive and approximately 2. Smm/s and 1. 7mm/ s ,  re spectively . 

·
These shifts in energy units directly provide the difference in 
transition energy of the 2 3. 8keV Y-ray in various ho s ts. Speci­
fically I the spectra of Fig. 2 show that the transition energy in 
BaSn03 to be the smallest  while that in [3-Sn i s  the large st. 

The  shift 6 is generally written a s  

(1) 

The term in square brackets represents the electron charge density 
at the nuclear s ite in the host of interest�measured relative to the 

reference host. In Eci:. (1), A <r2 > ·represeil.ts the chan<Je in the 
nuclear charge radius between the ground and excited state 1 and 
this nuclear moment has  established [16] to be +3. 3 x l0-3fm2 
for 119sn. 

Figure 3 gives a u:sn isomer shift s cale in which we have 
projected shifts of s elected Sn bearing crys tals as well as glasses. 
On this plot, we find that shifts characteris tic of tetrah edral Sn 
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reside in the region of +1.3mm/s to +2.0mm/s, a region which lies 
in-between the shifts of sn4+  The large positive shifts 
of sn2+ can be understood in terms of the two Ss-like valence 
electrons that are localized on Sn. These contribute overwhelm­
ingly to the contact charge density I� (o) 1 2. Just the reverse is 
true for sn4+, which has the lowest 1 � (o) 1 2 because of the absence 
of these Ss electrons. Sn present in a local tetrahedral symmetry, 
as in c-Si, is described in terms of sp3-like covalent bonds. 
This configuration has a shift that resides in-"betweert Sn4+ and 
Sn2+, primarily  only one Ss-like electron contributes to 
' I !/J(o) j 2• 

a-Sn and Sn as an impurity in the group N eleme,ntal semi­
conductors [17] represent some of the few examples of. tetrahedral­
ly coordinated species found in crystalline hosts. Because of its 
more metallic character, Sn tends to choose octahedral over tetra­
hedral coordination in most Sn-bearing crystal!'?. In covalent 
glasses, which are less dense  their crystalline analogues, 
just the reverse is true, and we find, for example,:  Sn is pre­

 tetrahedral in GeX2 glasses (X=S., Se, and TeJ. As 
discussed later, spectra of these glasses display an intense Sn 

 

Fig. 3 
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ll9sn isomer shifts of selected crystals and chalco­
genide glasses. 
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site (usually labelled as A site ) characterized by a narrow line. 
We have found [18] that if one plots the lineshifts of these A sites 

and the shifts of several Sn tetrahalides where the cation is known 

to be fourfold coordinated in a tetrahedral symmetry 1 against the 

Pauling electronegativity difference i:.Xp = X X - Xsn� then a univer­

sal correlation results (Fig. 4). We have shown elsewhere [18] 

that this correlation can be quantitatively understood in terms of 
covalently bonded interactions which are modified by charge trans­

fer effects. This correlation serves as conclusive evidence that 
the A sites seen in the GeXz glasses represent geometrically and 

chemically tetrahedrally coordinated Sn species. This is a point 

that has largely gone unappreciated by Soviet workers in the field 

(see P . P. Seregin et al in ref. 8) who have in our view erroneously 
ascribe.d this site A to sn4+ 1 an octahedrally coordinated species, 
as found in corresponding crystals. 

Fig. 4 

2.0 a-Sn 4· G.�Te2 

� 1.5 Si • GeSe2 

S Se o • GeS2 E 
E 

 

n 2 .. .  • SnBr4 
    

  TETRAHEDRAL 

 

 o 

OCTAHEDRAL  
G 

�Xp 

3.0 

ll9sn isomer.  of SnX4 tetrahedral species plotted 

as a function of Pauling electronegativity difference 

i:.Xp = Xx- Xsn· Figw-e is reproduced from ref. 18. 
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The isomer shift of Sn2+ species in covalent networks usually 
tends to be in the vicinity of 2. 9mm/s to 3. 4mm/s and furthermore 
is correlated with the quadrupole splitting that invariably accom-. 
panies such species. This correlation has been discussed by a 
number of previous workers in the field and the reader is referred 
to ref. [l9ffor a more complete discussion. 

(i) Line Splitting 

It is usual not to observe single lines but a multiplet struc­
ture when probe atoms reside in a host that is magnetic and/or 
noncubic. The origin of this multiplet structure can be traced to 
either an electric quadrupolar and/or p1agnetic dipolar interaction· 

which may be static or dynamic in origin. Specifically, when 
probe atoms occupy sites of noncubic local symmetry, the presence 
of an Electric Field Gradient (EFG) tensor leads to a splitting of 
the resonance line into a multiplet. In ll9sn spectroscopy, this 
multiplet consists of a doublet  arises due to the presence 
of an electric quadrupole interaction in the 3/2+ 23. 8�eV state 
(Fig. 5), given by the relation 

e2 Q Vzz 1/2 1: = 
.. . (l + Tl2 /3) (2) 2 

where eQ = -0.065 barns is the nuclear quadrupole amount of the 
3/2+ states  In insulating and covalent networks, ·which may 

be crystalline or glassy, the principal contribution to the EFG 
(eV zz) arises due to <;m imbalance of the atomic-like Sp charge 

cloud of Sn and one can write the EFG as follows: 

4e [ Ux+  
eVZZ =- 5<r3> Uz - 2 (l+R) (3) 

where Ux,y,z denote the population of the Px' Py� and Pz orbitals, 
while R represents the Sterhei mer shielding factor [20]. The EFG 
physically provides a measure of the asphericity of the charge 

d istribution about probe nuclear sites. 

A second source of EFG arises due to charges e*ternal to· 
probe atoms and in crystals of high symmetry (such as hexagonal) 
lattice sum calcula tions have been used to estimate this host 
contribution of the EFG. Several theoretical approaches have been 

used to estimate EFG in disordered solids. In cpnducting glasses 
whichare described in terms of closed packed s:tructures, dis'":" 

tribution of EFG parameters has been estimated for the case of 
dense  packing [21]. In semic.4)nducting glasses, an atom-
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istic approach [2 2] (extended Buckel  procedure )  and als o  a band 
approach [2 2] ha s been used to  ca lculate EFGs. It  i s  be yond the 
s cope of this review to discuss thes e approaches in any d etail. 
(ii )  Integrated Inte�sity 

I nformation pertaini ng to atomic dynamics o f  probe atoms is  
contained in the area un der the re sona nce line.  Specifically, 
temperature variation of the integrated inte nsity provide s  a .me ans 
to obtain the mean square displ acement of the probe atom s . In 
gla s s e s ,  this can be relate d to specific low freque ncy vibrational 
modes in the one phonon density of states. Mos sbauer s pectros­
copy can, thus , s erve a s  a che mica lly s pe cific vibratio nal spec­
troscopy . 

 
  -4 "'3 

"'3' 
23.8Kev  

231 

Fig. 5 Doublet spectra in U9sn sp�ctroscopy usually result 
due to an electric quadrupole ·interaction in the 3/2+ 

nuclear state. When the EFG is axially symmetric (YJ=O), 
the 1T {:!: 1/2 .. :!: 3/2) and a {:!: 1/2 .. :!: 1/2) are pure trans­
itions. 
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(iii) Multiple Line (Site) Intensity Ratios 

In instances when a spectrum yields multiple sites that are 
chemically inequivalent, Mossbauer spectroscopy provides a 
means to establish directly the relative population of these sites 
by comparin9" the ratio of the areas under respective multiplet 
structures. In glasses 1 site intensity ratios have proved to be a 
powerful probe of network morphology [3, 2 3] I as we shall demons­
trate by some examples in the present work. 

B. Probe of Chalcogen Sites in Network Glasses 

It is possible to probe the chemistry of chalcogen sites in 
crystals or glasses by using the 35. SkeV (3/2+ .. 1/2+) y-resonance 
in l25Te in absorption spectroscopy I or the 2 7. 8keV (5/2+ .. 7 ;z+) 
in 129r, using emission spectroscopy [24]. In the latter approach, 
the glass of interest forms the emitter matrix and its spectrum is 
taken with a monoenergetic absorber. There are several advantages 
to using the latter approach. 

1. The 129r resonance offers an order of magnitude greater 
resolution than the 125Te resonance because of its narrower 
natural linewidth (0. 69mm/s versus 5. Zmm/s). 

2. Second, because the quadrupole moments of the nuclear 
states in 129r  a factor of approximately  larger [16] than 
in 125Te, one has greater sensitivity. One can probe, for example, 
all other  being equal, smaller EFGs • 

3. In  spectroscopy, a change in chemistry occurs on 

going from a 're parent atom to an I daughter atom which con­
siderably simplifies the microscopic interpretation of the NQI 
parameters. Ths simplification can be traced to the tendency of I 
to be onefold coordinated and is a point we shall return to later . 

The chief disadvantage of this method is that the noncrystal­

line host qf interest has to be labelled by 129Tem atoms (radio­
active). While this is not a problem in working with bulk glasses, 
this does pose-difficulties in examining sputtered or evaporated 
samples unless provision for ion implantation exist [25], in which 
case, the probe atoms can be  after tle fact of sample 
preparation. 

In practice, one can co!lbine both absorption and emission 
spectroscopies to gain insights in the chemistry of the chalcogen 
site in covalent network glasses. We have used both approaches 
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to investigate in detail melt-quenched GeSe2_xTex ternary glasses. 
In Section III I we shall describe results obtained from l29r 
emission spectroscopy on this ternary. The reader is referred to 
ref. [26] for discussion of the 125Te absorption spectroscopy re-­
sults on this system • 

The central idea of 129I emission spectroscopy is that one 
infers the bonding chemistry of parent 129Tem atoms (usually 
alloyed or implanted) in the chalcogen-based host by measuring 
the nuclear hyperfine structure of the daughter l29r atoms that are 
formed by nuclear transmutation (�-decay). In this approach 1 the 
matrix of interest is the emitter matrix and one records its spec­
trum with a monoenergetic 129I absorber I which is usually taken 
to be cu}:>ic Nai. This is convenient because the latter host which 
contains I in a closed shell configuration (C) is also used as a 
reference [27] for isomer-shifts measurements. 

In instances when 129r probe atoms are present in a locally 
noncubic environment, one observes a 12 line multiplet structure 
arising out of a NQI in both the 5/2+ ground and 7 /2+ excited state 
as shown in Fig. 6. The multiplet structure can be· theoretically 

129mre 11/2 -

 

Fig. 6 

 
  

-

-  

27.77 kt!N 

 -  - 

r�,29r     
source 

-

JL __ 

 

mi :t1/2 

  .t 1/2  t3/2 
:t5/2 
t7/2 

absorber 
(Nd29:£) 

Electric quadrupole interaction in the 7/2+ �nd s;z+ 
state of 129I showing the 12 transitions that result on 
account of the mixed (MI + E2) nature of the 27. 77keV 
"(-transition. 
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analyzed in terms of 3 parameters: a centroid or isomer shift (o), 
(e20gV 22), nuclear quadrupole coupling in the ground state and 
11 = lvxx- Vyy)/V22I, the asymmetry parameter of the EFG tensor. 
The nuclear'quadrupole moment ratio R (= Oe/Og ) of the excited 
(Oe) to ground state (Og) has been established [28] to be 1.238(1). 
In Fig. 7, we show the 11 dependence of the multiplet structure 
for a fixed e20gV zz value, and note that generally the hyperfine 
structure yields a pattern that lacks inversion symmetry about its 
cenroid. This has the important consequence that the sign of the 
quadrupole coupling constant, and therefore the EFG, can be 
uniquely established from such a spectrum. Only for the case 

100 

98 

z: 0 96 .. 
(j) Cf) 
;: 100 
(j) z: cr: 
� 98 
t-
'Gj 96 u � w 
P- 100 

98 

96 
-IS 

Fig. 7 

' 

100 

··� 98 II 
0 

z: aes 
2 96 
(j)  ;: 100 
(j) z: cr: � 98 t-

02 t-
ffi 96 u � w P- 100 

98 
0.4 

95 
-/.5 0 +/.5  -15 - / . 5 0 +/.5 +15 

UELOCITY CMM/SEC) lJELOC ITY CMM/SEC) 

11 dependence of the 129! electric quadrupole multiplet 
structure for a fixed value of e20gV zz. Note that when 
11 = 0, the spectra reveal a characteristic triplet struc­
ture (shown by arrows) ori one of the main lines. 
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when T] = 1 can thi s not be done b ecause the pattern becomes com­
pletely symmetric and the sign of EFG remains no longer defined. 
In particular, when T] = 0, one obs erves a characteristic triplet 
structure (shown by arrows) on one of the principal line s seen in 
the spectrum . There are primarily two type s of s pectra we shall 
encounter in our glas s work , one where T] = 0 and the other where 
1l = 0. 8 or s o . 

 bonding information in this spectros copy Ls best  
obtained by plotting the isomer shift a s  a function of  quadrupole 
couplil'l.g as shown in Fig. 8. Detailed discussion of this plot 
appears e l sewhere in the literature  and will not be  
here. Different parts of this plot pertain to I pre s ent in different 
chemical state s . Spe cifically, a onefold coordinate I site, as in 
Iz dimer for example , resides along the line drawn due north-eas t  
on this plot . Note that the sign of the quadrupole coupling o f  s uch 
a onefold coordinated species is always negative , and this is a 
point we will return to later . 

Fig . 8 

' •  TeCI4 
• Tet4 

 

7! bonding 

t-Te 

As5pre50 
 a- bonding 

Correlation of 129r i;;omer shift with quadrupole coupling 
taken from ref. 2 9. Note that when I is  onefold coordin­
a ted , the Sign of the coupling is alway s negative. 
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Within the context of NQI as a probe of chalcogen chemis­
try, two central ideas need to be introduced at this stage. It is 
well known that the highly directional nature of bonds that chal­
cogens form arise due to the open p valence shell (s2p4). Speci­
fically, the twofold coordination of these elements arise because 
two of the four p valence electrons enter in covalent bonds with 
two near-neighbors while the remaining two p electr,pns form the 
so-called nonbonding lone-pair electrons. Of course, _the two s 
valence electrons can also participate in bonding by hybridization 
and their principal effect is to increase the chalcogen bond angle 
from 900 to about 102° as is found in the elemental chalcogens 
for example. 

Because of the lack of cubic symmetry around a .twofold 
coordinated Te site, one expects in general a large EFG. The 
magnitude and sign of this EFG can be inferred using an atomistic 
approach. Because of the local Czv symmetry, the   
axis of the EFG tensor is expected to lie. along the lone..-pair elec- . 
tron lobes, while the principal x and y axis to·Ue along the bond­
ing orbitals. This distribution of the four p valence electrons 
requires the net EFG to be negative and of magnitude  

 
 the case of crystalline Te, the sign of the EFG has 

plicitly established [31] , and it is indeed found to be negative as 
expected. We expect the sign of the EFG in general to be nega­
tive so long as Te is twofold coordinated as in the  
chalcogens (p-S, a-Se). 

Experiments on a wide variety of crystals have indicated the 
following general pattern: whenever the parent 129rem atoms are 
twofold coordinated, as in the elemental chalcogens , the daughter 
129I is nominally onefold coordinated •  This is inferred :from the 
sign of the EFG which undergoes a change from being negative at a 
Te probe to positive at an I probe . We have suggested [24] that 
this pattern is the consequence of a �ond rearrangement on account 
of a change in chemical valence. Specifically, the principal a�is 
of the EFG rotates by 90° in going from a Te probe to an I probe 
(as shown in Fig. 9) as one of the Te 1T-:-bonds breaks . .  ;;).nd  
other 1T -bond becomes an I -CT bond� Because all nuclear quadru­
pole moments are negative, the quadrupole couplings (e2QV22)  
change sign from being positive at Te to negative at I. The posi­
tive sign of the EFG for onefold coordinated I s ite is best under­
stood to arise, as in the case of an Iz dimer, on account of a 
bonding of p2-like hole in the closed shell 5 s2p6 configuration. 
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Experiments also   in instances when the parent 
Te atom has a coordination   than twofold, such as 
threefold or distorted   daughter I continues to re­
main TT-bonded, i.e., the sign    remains unchanged and 
continues to remain negative   in such a case it 
is energetically unfavorable for    of the TT-bonds to 
break to realize a onefold coordinateii  species. 

There are two additional  tirameters that 
serve as microscopic signatures of Te  First•) the 
129! quadrupole coupling of a 1r-bonded    half of 
ad-bonded species for the same isomer    related to 
the fact that although each of the Px, Py1  shields 
the Ss contact charge density by the same a  
of EFG "produced by a Pz orbital is twice that   Px or 
Py orbital. Second 1  reveal that in  
networks, the ratio R of the l25Te  co  the l29r 
quadrupole coupling equals nearly  I and isa  discussed 
elsewhere in   

To  this  makes accessible through 
the 129r NQI parameters several tests of the'Te parent coordina­
tion which derive from (a) sign of the129r eZQgV zz, (b) magnitude 
of 129r isomer shit and e2QgVzz, and (c) ratio of 125Tejl29I · 

Quadrupol� couplings, as discussed above. 

Fig. 9 

129re .. 1291 
•• •• 

\I� 
I •• 

/Te'-. 
-?I� 

.. 

Bonding configuration of 129r daughter atoms formed from 
(a) twofold Te atoms, and (b) threefold Te atoms. The 
filled circle and asterisk designate lone-pair and anti­
bonding electron states. Our usage of the t�nns 'T and a 
bonds here differs from the usual chemical language in 
that these are defined in the principal axes of the EFG 
tensor of Te or I. See ref. 2 9 for addi tiona! details. 
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III . EXPERI MENTAL RES ULTS    AND DISC USSION 

To probe the cation site    of intere st, we have 
examined ternary (Ge0 • g g Sno .   glasses prepared by melt 
quenching in water in the    Our approach is to ex­
amine the compositional   the s pectra as x approaches 
1/3 . For probing the   we have chos en to look at 
ternary GeSez-xTex    similar fashion, focussing on 
the nature of sites   x approaches 0 :  In what follows, 
we shall summarize   these experiments which have been 
published    

 

A . Ge   
1 1 9 sn   at s e lected compositions near 

x = 1/3 in  are  in Fig . 
1 0 .  The most  �tesult to emerge from the s e  spectra is the 
presence of  t>fSn sites : a  site A which shows 
a single line and  asymmetrc site B which exhibft ;a quadrupole 
doublet (Table II) . The site intensity ratio I Is/(IA +' I8) 1 increas e·s 
with x in a manner that is s ketched in Fig .  This figure also 
shows the Tg of the  corresponding gla s s e s  for comparisoD:  
serves as a check of  stoichiometry . The obs erved line":"' 
widths in the gla s se s r (full width at  = 0 . 9 3 (3 )mtn/s 

Table II  1 1 9 sn i somer shift (6) and  splitting ( �) in 
indicated glass (g) and crystalline  sampies . The 
shifts are quoted relative to BaSn03 . 

Sample o (mm/s) A (mm/s) 
 

g-Ge S e 2  A 1 . 5 5 (3) 
B 3 . 2 0 (3)  2 . 1 3 (3) 

c- SnSe 2 1 . 3 6 (2 ) 

c- SnS e 3 . 3 1  (2)  0 .  74 {2) 
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are ju st a s  narrow as the one s  s een in the SnSez and SnSe cry stals . 

This indicate s that the s ites (A , B) s e en in the gla s ses  are che mi­

cally well defined . 

We identi fy  A in our spectra with S n  atoms that replace 

Ge in a symmetric tetrahedral Ge (Se l/2) 4 unit . The evidence to 

support this  include s  (i ) the single-line nature of this 

s ite which i s  consi stent with a vani shing EFG in a local tetrahedral  

coordination , (ii ) the isomer shift of the single line (see Fig . 3 and 

Table II) which is  characteri stic of a Sn site that is  

and chemically tetrahedrally coordinated to four Se near-neighbors . 

The dominant nature of site A at  x = l/3 (shown by I B/1 = 0 .. 1 6  

i n  Fig � 1 1 )  i s  i n  accord with re sults o f  Raman vibrationa l spectro s­

copy which reveal that Ge (Se l/2) 4 units comprise the principal 

Fig .  1 0  

z 0 
 
 If} z <( 0:· 

I­z UJ 
 

1 00  

9 7  
9 1.  

100  . -

9 8  
96 

& 97 
9L. X=  0: 34 

9 1 

L.  -2   
VE LOC ITY. !mm/sl 

 

l l 9 sn spectra of indicated (G eo . gg Sno . o l >xSe l-x 
gla s s e s showing the pre s ence of two Sn site s :  Site A 
i s  the intense  line near v = O mm/s I while Site B 

is  the quadrupole doublet centered at about + l .  5 mm/s . 

Figure is  taken from ref . 2 6 .  
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building block of a GeSe2 glas s .  In our spectra , we identify site 
B with Sn atoms that replace one of the Ge site s in an ethane-like 
Ge2 (Se 1;2 ) 6 unit . The evidence in support of this identification 
include s the doublet nature of this site which we believe re sults 
due to the locally a symmetric  Sn coordination in such a clu ster I and 

/ X  
Ge- Sn-X 

'X 
in which the broken tetrahedral  symmetry cau ses  a finite EFG and 
therefore a quadrupole splitting . Secondly I the 1B/I data of Fig . 

1 1  shows that site B dominates as  x approache s 2/5 . Thi s con­
stitutes strong evidence in favor of the proposed identification 
becaus e it has been shown by optical [3 2] and by chemical [3 3] 

Fig . 1 1  

.. 
, ,. 

CD 
.. 

032 036 
x --

Obs erved x-dependence of the site intensity ratio Is/I 

and gla s s  transitions  in melt quenched 
(Geo . ggSn0 • 0 1 )xSe l�x glasses .  The parameter C des 
cribe s chemiCal  of Sn to choose A over B 
sites . C = 1 implies that Sn chooses  to attach in A and 
local units randomly . 
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means that Ge 2 (Se l/2 ) 6  ethane-like unit constitute s  th e  principa l 
building block o f  a Ge 2S e 3 gla s s . In our s pe ctra , the obs ervation 

of a finite intensity of site B at x = 0 .  3 3 3  con stitute s , th erefore , 

the firs t  c lear evidence for intrinsica lly broken Ge che mical order 
in a GeSe2 g lass .  We have deve loped a model to re late the popu­
lations (NA and NB) of Ge (Se l/2 ) 4 and Ge2 (Se 1;2 ) 6 units in the 
gla s s network to the measured Sn s ite occupation s (intens itie s IA 
and IB ) of these units. Let us suppose that IB/I i s  a s mooth func­
tion of x and take s  on values of 0 and l at x = Xo and � = xr .  
Further , let u s  suppo se that the intensities (IA , IB) d epend on the 
populati ons (NA , N8) and o n  the che mical a ffinity 

C = exp [ (EB -  Sn atom s to attach themselves in res­

pective Ge units . EB - EA repre s e nts the bond energy  

in moving a Sn atom from a s ite B to a site ,A . On minimizing the 

free energy , one can show that 

IB NB 

IA + IB = C Ny2 + NB 
= c (x1 - x)/z + (x - x0) • 

The smooth curve through the data points in Fig . 11 is a fit to 

(4) 

Eq . (4) , and yi eld s C ,;,  1 . 0 ,  x1 = 0 . 3·85 (4) . The  of C = 1 
indicate s that Sn a tams choo s e  randomly the available Ge units , 
and further that IB/I equals the fraction of Ge sites in ethane-like 
units of the network . We define the degree of broken order (DBO) 
in a GeSe2 glass as the fraction of Ge site s in  units 
of the network , i. e . , 2Ns/(NA + 2NB) a nd find its value to be 

0 . 1 6 ( 1 ) . 

The trend of an increase il1 the site intensity ratio I8/I with 
x (Fig . 9) ,  particularly in the composition range x0< x < 0 . 3 3 3 ,  
where  of the gla ss e s  increa s e s  so rap�dly , is  remarkable 

res ult .  trend is much too steep to be de scl;ibed by a model in 
which the chemica l order breaking site B i s  identified with some 
Ge-Ge bonds that are forme d  at random in an ordered  network . 

This is s e en by comparing the ob s erved slope d (I8/I)/dx at 
x = 0 . 3 3 of  [Fig . 1 1  and Eq . (4)] with the calculated slope 
d {NGe-Ge/N)/dx of l8  describing the ch�mge in the fraction .of Ge 

site s in Ge'- Ge  at x =  in a n  ordered bond network. 
Indeed , as the number of Ge-"<'ie bonds at x = 0 . 3 3 3  increases {in­
crea sed di sorder), the slope d (NGe-Ge/)/dx can be .shown to 
decrea s e  frbm its maximum value of 1 8  to a minimum value of 4 ,  
for a completely random  network . This trend , on the 
other hand , is better d e s cribed a s  re flecting a rapid growth in the 
fraction of Ge site s in Ge 2 {se 1;2 ) 6 clu sters with x. Such site s 
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corre s pond to Ge-Ge bonds � According to our data , the fraction 
Ge 2 (S e 1;2 ) 6 clu sters , i . e . , Ns/(NA + Ns) , is  predicted to vary 
nearly linearly with x (straight line corre sponding to C = 2 in Fig . 
9 ) . Thi s linear variation is "' expected to sca le with the s cattering 
strength of the 1 8 0 cm- l feature [shown in ref .  3 2 to be the bench­
mark of a Ge 2 (Se 1;2 ) 6 unit in Raman spectra of Gexs e 1 _x gla s se s] . 
The overa ll picture of the network structure e merging from different 
type s of mea surements will be di s cu s sed in S ection IV . 

B . S e  Che mical Order 

S elected 1 2 9I emis sion spectra of  ternary GeSe2-xTex 
gla s se s  [2 3 , 3 0] and the elemental  chalcogens are displayed in 
Fig . 1 2 . The . central result to emerge from thes e  spectra is that 
in glas s e s  of GeSe2 -xTex and GeS 2-:xTex � even a s  x approache s 
0 ,  there are two inequivalent I sites , A and B .  For exa mple , a s  
can be s e en i n  Fig . 1 2 , a qualitative improvement i n  the fi t  t o  a 
g-GeSe 2  s pe ctrum results in   a one- site to a two- site 
fit .  The NQI parameters   TtB � arid Tt A for 
GeS e2 _xTex alloys are .shown• .as. a funct.ton' of x in Fig . 1 3  • . .  These. 
para meters were obtained by standard r Mos sbauer spectra analysis;· ·, 
d e scribed in Section II . B ,  and for x .. 0 ,  tey are co·mpared in 
Table III· with the .elemental solute parameters . Nete that . .  the . sign 
of e2qQ is negative at both A and B site s , sugge sting that  
parent Te· site is twofold coordinat�d · in each ins.tance • . . .  �her(l is . .  

compelling evidence that the two sites s een in th.e ·pz:esent  
do not originate from a nuclear aftereffect , such as  bond breaking 
following nuc�ear transmutation . To date , such an e ffect h�s not 
been _obs eved in .any metallip or s emiconducting ho st • .  Our 'ob­
serv'ation of a uniqu'e an.q s ta�c NQI in the eleme;ntal gla s s e s  <:l>· ..    )   .  . .  . : 
($ , Se) , s ee  1 2  atld T�ble HI , follows thi s   and it 
strongy sug��sts 'the .iili sehce of a nucl(l�r aftereffect  the s e .  
semlcoriductfng' gla s s e s . ' ' · · ' . • .  J 

Mo.st recent workers have a ssumed that 'tle atomic  .  
of  cha1c-g.enide glas ses  can be described in temt s  a chemical ... 
ly ordered  a s  originally proposed by Zacharia sei [ 1] . Our , · 
data provide the· .first direct evidence . that this is not �the c�se : · . · "  

Specifically , let u s  $uppos � that chalcogen sites are of two .t)':pes ; :  
a chemically ordered site }r bonoed:t :twq  Ge atoms , and 'site�.a . · · . ·.� 

bonded to .a Ge atom and a: cblacogen atom . Let the pz:obability 
that a Te atom occupies an  or B site be  or pB , �nd let the .  

brartching probabilitie s that B site �aughter I atoms will choo s e . 
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to attach the m s elve s to the Ge or cha1co�en neighbors b e  fG or 
fc . Then , the probabilities PG r C that 1 9I will be bonded to Ge 
or the cha lcogen are given by 

_ A B 
PG - p + p fG , 

Pc = pBfc · 

( 5 )  
( 6 ) 

Returning to Table I ,  we see by compari son with the ele ­
menta l  chalcogen parameters (e2QV z z , f1 ,  and isome:r shift) that 
for x .. 0 ,  i . e . , Ge S e 2  (and also GeSz) , the B site definitely cor­
re s ponds to  I- chalcogen bond . Further , we note by comparing 

Fig. 1 2  

-10 · - 5 0 5 10 
VELOC I TY ( mm;s ) 

1 2 9r emission spectra of indic.ated hos t� taken  ref.  3 0 . A noticeable improvement in the fit to the s pe ctrum 
of g- Ge Se 2  re sults in going from a one- site to a two­
s ite fit . 
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A- s ite parameters in GeSe 2 with the A- site para meter in GeS z that 
the s e  are rea lly the s ame site , and identify it with an 1 - Ge bond . 
Regard le s s  of the trans mutat:i.onal branching probabiliti e s  fG and 
fc , Eq . ( 6 )  tells u s  that there mu st be a subs tantial probability p

8 

o f  the type B Te site s in the gla s s ,  i . e .  , the chemica l ord eri ng 
mu st be intrinsically broken . 

According 
7
tO Fig . 1 3 ,  I�x) > IA {x) , ' i . e .  , Pc:; {x) > PG (x) , a t  

x = 0 a nd further Pc (x) , e20V z z , and 11
8 

all sharply change with 
increa sing x ,  e s pecia lly Pc which is already halved at x = 0 .  2 .  
This s ugge sts  s evera l interpretations of the chalcogen environments 

Fig . 1 3  

N 
. .c 

1 6 

08  
04 
0 2  
00 

-1 3 00 

-� - 1 100 

- 9 00  
' 

 
 

/ � .. -
- -

 

' 

' 

 
A �� 

 ..-+ t 

  

·700  
2.0 1.6 1.2 0.8 0.4 0 

 

The obs erved variation of the quadrupole couplings 
(e 20gV 22) , intensity ratio Ig/IA , and a s ymmetry para­
meter (T]) for the two site s  in  alloy s  
of the gla s s . 
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and the physica l mechanism responsible for the transmutational 
branching ratio ,  pC (O ) > pG (O ) , we conclude that fG/fc 
is small and is probably close to zero, i . e .  , I prefers to form 
I- Se (S) rather than I-Ge bonds in the glass . This result is some­
what surprising , because according to Pauling [34] the ionic 
contribution to the heat of formation of I - Ge bonds should be al­
most 50 times greater than that of I-Se(S) bonds . We must 
remember, however , that these bonds are not f0rmed in the vapor 
or in dilute solution . Instead , they are formed in the melt 
quenched glass which is 90% as dense as the crystal .  In dense 
covalent networks the Van der Walls  energy between 
nonbonded lone-pair electrons can be quite large , as is shown 
by the near equality of bonded and nonbonded interatomic  
in elemental Se crystals . Thus, at B sites, I-Se(Se) bonds are 
formed in preference to I-Ge bonds, apparently because in the 
latter case ,  the repulsive or steric hindrance nonbonded I-Se(S) 
interacton�? overwhelm the ionic energy difference. 

The rapid variation in  site intensity ratio  in 
Fig . 1 3  with x will be discussed in the next section in connec­
tion with the structure -of GeSez glas s .  

Table III 129r quadrupole coupling (e2QV22) , asymmetry para­
meter (11 ) , and isomer shift (o) deduced from spectra 
of Fig . 1 .  o is quoted  to Na1 2 9r .  

Host 

t-Te 

a.:. se 

p:. S 

GeSe2 · ?t . .  
Gese2 B 
Ge92  

. \ 

GeS.z B 

e2QV zz (MHz) 

- 3 9 7  (2) 

-. 1 3 4 1  (10) 
- 1 4 5 3  (6 ) 

, _ . 

- 8 60 ( 1 2 )  

- 13 60 (9 )  ';'  

- ��6 ( 1 5 )  

- 1 l!l 3 2  (1 0) 

 o(mm/s) 

0 . 70 ( 1 ) 1 . 1 6 ( 1) 
0 . 1 1  (2 ) - 1. 2 6  (4) 

0 .  '13 (2) 1 . 2 6 (2 ) 

0 . 49 (6 ) 0 . 7 6  (3) 
0 . 1 5  (6)  1 . 28 (4) 

0 . 57 (6 )  0. 6 2 (4) 
0 . 2 5 (6) 1 . 2 9 (4) 
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IV . S TRUC TURE OF Ge S e 2 GLAS S 

The ne twork structure of Ge S e 2 ha s b een the focu s of pre­
vious Ramah and d i ffra ction mea sure ments . In thi s section, we 
will show that th e pre s ent Mo s sbauer results extend in a signifi­
cant way the understanding of the morphological structure of this 
material a s  d educed from the previou s inve s tigations . We s ha ll 
conclude by showing that the pre s ent experiments strongly sugges1 
tha t  Ge Se 2 g la s s  is an incomplete ly polymeriz.ed tetrahedra l  net­
work , and is b etter de s cribed in term s o f  a heteroge neous micro­
s tru cture con si s ting of clusters . 

A .  Diffra ction Experi m ent 

Che mically s pecifi c diffraction 'experiments [3 5] utilizing 
EXAFS of the Ge K edge a nd Se K edge in gla s sy and cry sta lline 
G e S e2 have been obs erved . The interference functionanaly s i s  
indicate s that on an average Ge a nd Se ato ms are  re s ­
pectively to four S e  a nd two Ge ne ar- neighbors in accord wi"!:l the 
8-N coordination rule . These experfihents make it p'lausil:He to 
visualize the GeSe2 glass netWork in  to the ctsta:l to  
s i s t  predominantly of Ge (Se 1;2) 4 tetrahe'ctra l building block s .  

' 

It also appears that the tetrahedral units in the gla s s, a s  in 
the high tempera ture cry s ta lline pha s e  of GeSe 2 , may be pre s ent 
in a layered morphology . �oth x-ray [3 6] and neutron [3 7] struc­
ture fa ctor .of g- GeSe2 revea l  an anomalous sharp diffraction  
a t  k == 1 . 1 A - 1  (s e e  Fig . 14) . Anoma lous x-ray s cattering tech­
niques [3 8] u sin� a syncrhr:otron source  further shown that the 
peak at k = 1 . 1  A - 1  corre s pond s to Ge-Ge correlation . Becau s e  
this correlation  into a rea l space distanc e  of about 6 A 1  
which·also happen s  to be th e  Ge- Ge interlayer di stance in 
�-GeSe2 [39] , it  appears plausible that thi s peak may s ignify thei 
pre s ence of  .medium range order in a network which consists of 
locally layered like  

Neutron diffu s e  s cattering experiments on GeSe2 gla s s  and 
liquid show certain common features . Surpris ingly 1 both structure 
factors display the anomalous s harp first diffraction  at 
k = 1 .  I A - 1, alluded to above 1 albeit the width of this peak being 

 in the liquid pha se . Furthermore 1 Raman spectra  i.quid 
and glassy GeSez both display [40] the so-called A1 companion 
mode . This mod e  is generally taken to be signature of medium­
rang e order and wi ll be di s cussed in more detail next . To sum­
mari ze I chara cteri s tic feature s of both Raman and diffraction 
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exp erim ents , thus , clearly indica te that th e  m ed iu m  -rang e  

stru cture o f  the gla s s b ears some relationship to tha t of the  
liquid . It i s  plau s ible to imagine tha t  chara cteri s tic mole c ular 

frag ments having a  local lay ered- like arrang e ment of tetrah edral 

units p ers i st in both the s e  pha s e s . After a ll ,  the g la s s  d o e s  

evolve from the liquid a n d  i s , in fact , the s upercooled l iq uid . 

B .  Vibrationa l S p ectro s copy 

2 4 7  

Direct confirmation o f  the tetrahedra l nature of .the princi­

pal building block of a Ge S e 2 g la s s  network ha s e merg ed by de­

coding Ra ma n s catteri ng [4 1 , 4 2 ] and IR reflectanc e  s pectra [4 3] . 

The s e  spe ctra reve al s evera l  s harp vibra tional mode s . Severa l 

of the s e  mod e s  have been pos itively ide nti fi ed a s  th e normal 

mod e s  of nearly de coupled tetrahedra l Ge �S e 1;2 > 4 units in 

g-Gese 2 • Varia tion of mode s trength s with gla s s compo sition in 

Ge se 1 gla s s e s , me a s urements' of de polarization ratio s [4 2] ,  
· 

ancf, fi�cilly , co mpari s on of ob s erved mode frequencies with theo-

"' 
Il 

Fig . 1 4  Neutron s cattering s tru cture factor o f  liquid and gla s s  
Ge S e 2  (taken from ref .• 3·7 ) showing the first anoma lou s 
s harp peak at k = I .  1 A - 1 .  



248 P. BOOLCHAN[ 

reti ca l  e s timate s of one phonon d e n s i ty o f  s ta te s  in mod e l  
clu s ters [ 4 5 ]  ha ve s erved to confirm the micro s copic origin o f  the 

mod e s . Specifically , in the Ra man s pectra of g- G e S e 2 ( s e e  Fig . 

1 5 ) I the s harp mode a t 2 0 0  c m- 1 a nd th e broad one a t  3 0 4  cm- 1 

are ide nti fied a s  the A 1 s y mmetric breathing mode and the F 2 high 

freq ue n cy s c i s s or mod e o f  a Ge (Se r;z ) 4 tetrahe dra l unit . In the 
s pe ctrum 1 th ere are two s urpri s e s  I howe ver I a nd th e s e  include 
(a)  a wea k mode a t  1 8 0 c m- 1 which a ppears as a s hould er to the 
A 1 mode 1 a nd (b) a narrow a nd inte n s e mode a t  h 0 em - 1 �  u s u a l l y  
lab e ll e d  a s  AY I the companion o f  the A 1 mode . The micro s copic 
origin of the 1 8 0  e m  - 1 i s  id e ntified a s  th e normal mod e o f  non­
tetrah edraL s p ec ie s I s pe cifi ca lly  mode [4 2] of a n ethane- like 
Ge (Se 1/2 ) 6 c luster � The origin of  A r mod e  I on the other hand I 

has b e e n  the s ubj e c t  o f  s o m e  controvers y .  Ne manich a nd Solin [1] 
were the firs t  to e m pha s i z e  that the rapid varia tion o f  t h e  Ay mod e 
s trength in the S e-rich (x > 1/3 ) pha s e  of the Ge 1 -xSex binary re ­
quire s the pre s e nc e  o f  large clu sters in the gla s s . In the ir mod e l , 
the ir c lu s ters were d e s cribed to b e  1 2 - a tom rings of Ge 6S e 6 which 

Fig . 1 5  

CM� 
 

400 

Ra ma n s p e c trum o f  cry s talline and g la s sy G e S e 2 taken 
fro m  ref. 4 6 . 
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are e mbedded in a perfectly che mically ordered network (Fig . 1 6a) . 
Brid enbaugh et al . [4 6] ,  on the other hand , propo s ed that  
ord er i s  intrinsically broken in th e  stoichiome tric gla s s . The y 
sugg e s ted that two kind s of partia lly polymerized clu sters are 
pre s ent which are either cation-rich or cha lcog en-rich. The latter 
were propo s e d  to be  fragments o f  the high tempera ture 
cry s ta lline form , and were lateral ly bordered by cha lcogen­
cha lcogen bond s  (Fig. 1 6b) . The s e  workers identifie d the A� mode . 
a s  a Ge- S e s tretch mode lo calized at the edges of this chalcogen-

. rich cluster . This parti cula r interpre tation of the   is now 
supported by the re cent photos tructura l  [2] s tudi e s  
and vibrational density of s tate s calculations [45] , a nd al s o by 
our Mo s sbauer spectro s copy re s u lts [ 2 , 2 3 , 3 0 , 4 8] wh ich will be 
discus sed next .  

Fig . 1 6 

( b )  

(a ) 

0 Ge 
Q Se 

 
i)o-:) A •  

        • G   
  

' I I 

Elements of  order in  according · 
 to (a ) CRN   (b) outrigger-raft mo::lel;  , 

 a Ge6Se6  clu ster providing for . one  
 {b) shows a G e 6 Sl'l 1 4 outrigger-raft cluster 

viding for two chemically inequivalent A and B Se s ite s . 
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The he terogeneous chara cter of Ge (Se or S) z gla s s  network 
has been bea utifully illus trated in a s eries of recent pres sure de­

 Raman [ 49] and optical ab s orption edge shift [5 0] experi­
ments . In the Raman experiments on g- GeSe 2 for example , Mura s e  
et  a l .  obs erve the s ca ttering s trength o f  the A� mode extra polate 
to z ero at a pre s sure of 48 kbar . Apparently , the molecular clu s ­
ters prevailing at ambient pre s sure coa le s ce through cluster sur­
face reconstruction upon application of pre s sure .. The high 
pre s sure phase  of g- GeSe z may repres ent the s econd clear example 
of  a Zacharia sen network , the first example being the ternary gla s s  
Ge0 •  6 5 sn0 • 

3 5 se2 , a s  illus trated by
, 
the Mos sbauer experiments of 

Stevens et a l . [ 48] • 

c .  Mo s sbauer Spectroscopy 

(i ) Degree of Broken Chemical Order on Cation and 
Anion Sites Compared 

Both the l l 9 sn and 1 2 9r experimental  re sults on 
(Ge o . g gSno . o l ) ,  Se 1 _x, and GeSe z-xTex gla s s e s, which were 
pres ented in Section III , provide conclusive evidence for the 
existence of symmetry breaking B site s in GeSe2 • It is instructive 
to inquire if the degree to which the  order is broken at 
cation sites and anion site s  bears any relationship to each other . 
This requires that we e s tabli sh explicitly the ratio of occupation 
probability of the probe a toms (Sn or Te) to attach them s elves in 
the two chemically inequiva lent (A , B) site s of the n etwork . We 
have already demonstrated in S ection III that for the ca s e  of S n ,  
probe atoms randomly select A and B sites o f  the network . This 
led us to conclude that the fraction of nontetrahedral Ge s ite s  
pres ent in GeSe z network is  0 .) 6 ( 1 ) . 

Our 1 2 91 experiments provide evidence of a high selectivity 
of the Te atoms to replace the symmetry breaking B sites over the 
A site s , and this is  s een by analyzing the variation of the site 
intensity- ratio IB (x)/IA (x) which rapidly ,increas e s  in the composi­
tion range 0 < x < 0 . 1 .  We have built a statistical model [3 0] in 
which GeSe z -xTex alloy gla ss e s  for x < 0 .  1 ar� visualized a s  
made u p  o f  strings consisting o f  single chalcogen strings : 
Ge- Se- Ge and Ge- Te- Ge , and clouble chalcog en string s :  
Ge- Se - Se:-Ge , Ge- Se- Te-Ge , and Ge-Te- Te;_Ge . The cro s slinking 
of the strings at Ge insures that 8 - N  coordination rule is  satisfi ed , 
i . e . , Ge is  a lways fourfold and the cha lcogen always twofold 
coordinated . By a s signing characteristic energie s  to these  s trings 



  

    
  

   
   

    
  

  
   

   
    

   

  

   

   
   

    
    
    

   

   
   

     

    

   

     
     

    
   

    

   
  

  

   

    
   

    

MOSS BAUER SPECTROSCOPY-A REWARDING PROBE 
2 5 1  

and minimizing the free energy of the stringed network , we have 

projected (Fig . 1 7 ) the population ratio R of Ge- Se- Te- Ge string s 

(B s ite s )  to Ge- Te-Ge string s (A s ite s) a s  a function of x .  The 

calculations show that in the Se-rich phas e of the pres ent ternary 

this ratio" depend s  on two parameters P and � .  We define p a s  the 

population ratio of all double chalcogen strings to all s ingle chal­

cogen string s I while � as the probability ratio of Te to select B 

site s over A site s . We find from Fig . 1 7  that to reproduce the 

rapid variation of I 8/IA (x) I the parameters p � l/1 6 and i3 ;; 1 3 . 

The finite value of p indicates that the stringed network is chal­

cogen rich I and is characterized by a s toichiometry of 

GeSe z ( l+2 p )/[( 1 +2 p)/( l+p )] . Specifically , the value of p s: l/1 6 

�mplies that the stringed network ha s on average stoichiometry 

that is Se poorer than Ge 1 7Se3 6 . The value of �  :2: 1 3 1 on the 

other hand , shows that there exists a high preference for Te to 

populate B sites over the A site s • 

Fig . 1 7  

1.6 

1.4 

1.2 
R  

1.0 

 

0.6 

OA .20 .1 6 .12 
 

.oa · 

.o4 o.o 

Plot of R = Ge- Se-Te -Ge strings to Ge-Te-Ge strings in 
 glas s e s a s  .a function of x .  The parameter� 

p =  = #double chalcogen string s/#single chalcogen 

string s ;  and � de s cribe s the chemical preference of Te 
to select B site s over A site s . The data points are taken 

from ref .  2 3 • 
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It become s transparent from the above analysi s  that one can 
describe the GeS e z  gla s s  to be pha s e - s e parated into a Se-rich 
s tringed cluster of Ge 1 7Se3 5  s toichiometry and a compensating 
Ge-rich cluster of Ge z Se 3 s toichiometry as follows : 

Ge 1 7se3 6 + 2 Ge 2 se 3 + 2 1  Gese2 (7) 

then an upper limit to the degree of broken Ge che mical order 
would be 4/(4+ 1 7 ) = 0 . 1 9 .  Note that all Ge s ite s in the ethane­
like clu s ter pos se s s  locally a nontetrahedral' symmetry while 
those in the Se-rich cluster all pos s e s s  locally tetrahedral sym­
metry . We find that this value of Ns/N = 0 . 1 9 i s  very com:Qatible 
with the value of 0 . 1 6 ( 1 )  that we deduced earlier from our I l 9sn 
experiments directly . Thes e  re sults are particularly striking be­
cause the se have been obtained by two comple tely independent 
probes of the chemical order of GeSe z glas s .  

(ii)  B Site s are not :Oefe cts in a CRN 

It is  conceptually helpful  this s tage to recall genera l  
feature s  o f  the Mos sbauer re sults that rule against  a s signing B 

site s to i solated bonding defects (homopolar bond s )  frozen in a CRN 
which consists predominantly of heteropolar bond s . In Section IliA 
and B ,  we indicated that the relative population of B sites seen 
in both the 1 1 9sn and l 2 9r experiments vary rapidly and systema-
tica lly with gla s s composition . This rapid variation requires I on 
account of the law of mas s  action , that the s e  site s be formed in 
a cluster . 

If B site s  were point defe cts in a CRN , one would expect 
their thermal population to change with degree of annea ling of the 
network , as defects normally do in a cry s tal . Guided by the s e 

considerations 1 we performed . 1 19 Sn experiments on melt  
Geo . s g Sno . o iSez and Geo . sgSn0 • 0 1 sz  gla s se s  in their virgin (as 
quenched in water) state and annealed state .  The annea led state 
was achieved by taking the virgin sample to the g la s s  transition 
temperature for the order of tens of minute s and thereafter cooling 
to room temperature s lowly  a period  1 0;. 15  minutes ) . · 
The spectra revealed no measurable change in the DBO on a ccount 
of this thermal annealing . As the temp erature of annealing exceeded 1 

the c!'Ystallizatibn temperature of the gla s s  1 first order �hange s  
the s pectra could be understood in terms of crystallization of speci­
fic pha s e s . These thermal annealing studies  reinforce the view that 
the B s ite s s een in our s pectra form an intrinsic part of the gla ss 
network . 
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(iii) Site s Intensity Ratio:  Signature of C lu s ter Size 

The proposal of outrigger-raft [4 6] for the s tructu re of GeSez 
g la s s  has several .attractive features that provid e a way to under­
s ta nd the M� s sbauer re s ults . In thi s clu s ter , the symmetry break­
ing Ge - Se - S e - G e  s trings (providing a s ourc e  of 1 2 9r B s ite s ) re­
s ide on the oute r edge s of the clu s ter in contra st to a Ge- Se- Ge 
s tring s  (s ource of 1 2 9r A site s ) that occur in the interior of the 
clu s ter .  One may understand the high s el e c tivity (� � 1 3 )  of the 
oversiz e anion prob e  (Te ) to choos e B s ite s over A s ite s  in terms 
of a s train mediated proce s s . Appare ntly , either in the me lt , or 
in the proce s s of quenching , Se replace ment by Te in the interior 
of the clu s ter must induce s u fficient s train to drive the oversized 

impurity to clu s ter surfa c e s  in much the same way that impuritie s 
s egregate at grain boundarie s in polycry stalline materia ls . 

The  model propo sal [4 6] cons isting of two 
comer- sharing chains , on the other hand , is quantitatively in­
compa tible with  degree of brok en che mical ord er deduced fro m 
the pre sent Mos sbauer experiments . Thi s is s een by writing the 
stOichiometry of the two-chain ra ft a s  Ge6 Se1 4 ,  which require s 
that the following s toichiometric relation exi s t  for clus ter pha s e  
separation 

(8) 
The above equation requires that the degre e of broken Ge- chemical 
order be 4/(4+10) = 0 .  40 .  Inspection of the. crys tal s tru cture of 
g-GeS e2 reveals that there are specific latera l dimensions (a long 

b axis)  at which bordering by Se- S e  bonds can be invoked to pro­
duce characteri stic clusters of progre s sively reduced Se exce s s . 
One such Clus ter of Ge z z Se4 6 s toichiometry (Fig . 18)   
of six comer- sharing chains la terally , provide.s , according to our 
data , an excellent candidate to be . the Se-rich cluster of GeSe z 
gla s s . The stoichiometry qf the reconstructed fragment requires 
that we write the mole cular phase separation a s  

. 2 6  Ge Sez = Gez z Se4 6 + 2 GezSe3. (9)  
According to this equation , the broken Ge chemical order is 
expected to be 0 . 1 54 , and it compare s favorably t o  the value of 
0 . 1 6 (1 }   from our l l 9sn experiments . 

D .  Correlation of Raman and Mos sbauer Res ults 

It i s  instructive to inquire at this s tage if one can quantita ­

tive ly understand feature s of broken chemical order from the Raman 
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and Mos s bauer spectra of GeSe 2 gla s s  in term s of the idea of 
molecular phas e  s e paration into a large  Se-rich and a s ma ll Ge­
rich cluster . In Raman s pe ctroscopy , s cattering cro s s  section s  
can vary b y  ord er of magnitude from one vibrational mode to 
another . This , of course I i s  in s harp contra st  to  
spectroscopy where the absorption cro s s  section (na0f; n = area 
density of re sonant nuclei , cr0 = nuclear re sonant cr{)SS  s ection , 
and f = recoil free fraction) i s  nearly site chemistry  
particularly at  te mperature s ,  where f-factor& tend to saturate . 
Furthermore , while s cattering strengths in Raman spe ctros copy 
s cale as the number of bond s , resonant absorption s ignal  in 
Mos sbauer s pectroscopy scale s  a s  the number (n) of s ites . The 
molecular pha s e   of a GeSe z gla s s  described by Eq . (9 ) 
require s that there be two homopolar Ge-Qe .bonds for every 100 . 
heteropolar Ge- Se one s . If one a s sume s a priori that the Raman 
scattering cro s s  s ection of a Ge- Se bond and a Ge- Ge bond is 
the s a me I the n  one finds surprisingly that  obs erved scattering 
s tre ngth [l ]  ratio of the 1 80 cm-

1 (A1 g ethane- like)  202  ctn- 1 
(AI mode ) of 2 % or so (Fig . 15 )  is  in excellent accord with the ; 

pres ent model of molecular phas e  s eparation . 

Fig .  1 8  Crys taJ_ structure of � -GeSe2 showipg provision for 
latera lly terminating the network to form outriger-rCifts 
containing 2 , 4 ,  or 6 chains • As the number of chains 

 the Se exce s s  of the rafts decrea ses and the 

anticipated broken chemical order reduces . 
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v .  CONCLUDING RE MARKS 

We conclude with s everal general comments central to the 
a pplication of Mos sbauer s pectros copy a s  a probe of s tructure 

2 5 5  

o f  n etwork gla s s e s . The se comments are meant to s erve a s  a guide 
to the scope and limitations of the pres ent approach . 

(i) Our us e  o f Sn and Te impurity atoms a s  probe s ot: Ge and S e  

site s (chemical order) in a GeSe2 gla s s  is  contingent upon the 

probe atoms. replacing their lighter is ova lent counterparts in the 
host . If sup ercooled melts of SnSe2/GeS e 2  GeSe2/GeTez dis­

play a prono unced tenden cy to pha se separate I then clearly the 

pre s ent a pproach will not s erve its intended purpo se . As far a s  

we can te ll , the evid e n c e  at  dis posal , from thermodynamics 

and micros copic measurements [ 1 8] , strongly s ugges ts that 
indicated melts when wa ter que nched yield homogeneous single 

phase bulk glas s?s that  a single glas s  transition tempera-  
ture [ 4 7] • Thi s  tran sition 1 furthermore , is found to monotomically 
and nonlinearly decrease with compositon. . The reader i s  referred 
to the extensive di s cu s s ion of this point in  [48) . 

In genera l , the validity of the pre sent method a 13  a probe of  
the morphological structure of network gla s s e s  requires  that probe 
atoms such a s  S n 1  Sb and Te replace their lighter isova:lents Ge , 
As , Se in host chalcogenide networks . 

(ii) Becaus e  of the open S p  shell in the Mos sbauer probe atoms 
Sn , Sb 1 and Te , the EFG para meters and conta ct charge density in 
dense covalent networks can b e  expected to be larg ely determined 

by the distribution pf .va lence electrons . This has the important . 
consequence that the nuclear hyperfine s tructure i s  larg ely deter­
mined by neare s t  neighbor coordination s he ll • . It is for  reason 
that ob servation of chemica ll y inequiva lent  in the s pectra 
e stablishe s   of short-range order of a glass network . 

(iii) The use of overs iz ed ato m s  can be a di stinct advantage to· 
prbbe  chemical order or the lack of  for it may pro­
vide the driving mechanis m  that determines the high selectivity of 
probe atoms to populate one or more of the  sites 
(A, B) of a network . If thi s turns out to b e  the ca s e , this , of 
course 1 need s to b e  e stablished . Thi s  s electivity could  an 
a s s et, particularly if probe atoms have affinity for replacing the 
symmetry breaking site s of a network . The intensity enhancement 
of the B s ite s in 1 2 91 emi s sion spectra of GeSe2 gla ss , where 
IB > IA is  a s pectacular ca s e  in point . 
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(iv) Compo sitional variation of site in ten s ity ratios Is/IA in the 
l Z 9 r e mi s s ion s pectro s copy and in the l l 9 sn absorption spectros­
copy provides important clu e s  on ele ments of medium-range order 
of the network . We have s hown specifically that the ra pid varia­
tion of the s e  site intensity ratio s with x require s , because  of 
statistical cons ideration s ,  that clus tering mu st  occur in the net­
works . The s e  strU<:;:ture results are nice ly complemented by recent 
Raman and optical ab s orption edge measurements [49 , 5 0] .  

(v) Mea surements of T-dependence of Mos s bauer recoil- fre e 
fraction f (T) ca n provide valuable ins ights in the low frequency 
one phonon density of state s in gla s s e s . We have , for example , 
s tudied in detail the f (T) of the two l l 9 sn A and B s ite s in GeSz 
gla s s  and find that the characteris tic vibrational frequency of 
the tetrahedral  A s ite s falls in  domain of the low frequency 
Fz s cis sor mode of tetrahedral Sn (S l/2 ) 4 units seen in Raman

, 

vibrational s pectro scopy . Aspects of this che mically s pecific 
vibrational s pectro scopy of gla s s e s  remain to be explored and 
the se  will complement re sults of IR and Raman spectroscopy on 

the se  materials . A more general , and in some sens e more elabor­
ate , method of studying vibrational excitations in gla s s e s  make 
use  of Rayleigh sca ttering of Mos sbauer re s onant radiat�on, and 
this method ha s been discu s sed in ref .  [5 1] . 

(vi) Becau s e  of the high sensitivity of the pre sent method to 
a sp ects o f  broken chemical ord er , it is  of intere st  to inquire 
what ,  if an.y , is the role of sample preparation on the microstruc­
ture of a network gla s s . Although such questions have been 
surely asked in the pa s t ,  answers on a quantitative level have 
been hard to come by . Using the pre sent approach , however , we 
are now in a position to qti.antitatively  the DBO in a melt 
quenched gla s s  with that of an amorphous film of the same compo­
sition prepared by vapor deposition. , such a s  evapora tion or 
s puttering . Preliminary experiments indica te that e vapora ted GeSez 
films do I indeed I exhibit a substantially higher degree of broken 
order than a melt quench ed gla s s . More signiicantly , the anneal­
ing kinetics of DBO in va por d eposited films are notorious ly slow . 
The se re sults will be discu s sed in forthcoming publications . 
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