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Is there a relation between glass-forming ability and first 
sharp diffraction peak? 
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Received 22 November 1995 

Abstracl. Available data for the fin1 sharp diffraction peak (FSDP), which is observed in many 
amorphous substances including glasses, is analysed from the point of view of lhe glass-forming 
ability @FA) of a substance. To clarify the subject, the ways of defining GFA and numerid 
evaluation are discussed first of all. It is shown that, in contrast to intuition. there is no direct 
connection between FSDP and GFA. Moreover, a non-glass-forming melt or a glass at the boundary 
of the glass-forming region may demonstrate strong and narrow FSDP. On the other hand, the 
obtained correlations between FSDP characteristics (position, intensity. halfwidth) and sample 
parameters, both internal (chemical composition. short-range order) and external (temperahue. 
pressure), need explanations in terms of models that try to understand the origin of FSDP and 
corresponding medium-range order in the amorphous state, the glassy state being a particular 
case. 

1. Introduction 

The first sharp diffraction peak (FSDP) in the structure factor, a Characteristic feature of 
glasses and glass-forming Iiquids, has attracted attention for a long time (see [ I 4 1  for 
reviews). However. its understanding has remained controversial up to now. The only 
generally accepted statement concerning FSDP is that it is the signature of medium-range 
order (mo) or, synonymously, intermediaterange order of ahout 10 8, scale beyond 
ordinary short-range order of 2 4  8, scale. 

As far as FSDP is typical for glasses, one may conclude that the stronger it is, the higher 
the glass-forming abili (GFA) of a substance. In fact, in the excellent glass-former Bz03 

the diffraction pattern (see e.g. [ZJ), while in the poor glass-former Sb& which may be 
obtained only at fast cooling of a small amount of melt, there is a small but still obvious 
FSDP at Ql - 1.0 A (characteristic of chalcogenide glasses) [5] .  Moreover, when analysing 
the glass-forming system A,B,-, one may observe that FSDP vanishes at the boundaries of 
the glass-forming region (see examples in [ 1,2]). This connection was specially investigated 
recently by Salmon and Liu [6] in a series of Ge,Set-, melts with y = 0.30.0.40, 0.50 and 
1.00 (where the first is a glass-forming liquid, the intermediates are very poor glass-formers, 
and Ge is non-glass-forming at all, i.e. it cannot be obtained by melt cooling by ordinary 
quenching rates of - 10' K s-'. It was shown that even in GeSe (y = 0.50) FSDP is 
virtually eliminated. 

However, there is no direct connection between PSDP and GFA, because a strong 
characteristic FSDP is observed in the non-glass-forming melts APB [7] and ASn [SI (A 
= K, Na, Rb, Cs), which cannot be obtained in the solid amorphous state. On the other 
hand, it was shown recently [9]  that these melts clearly differ from glass-forming ones when 

the FSDP at Ql - 1.5 1 (a characteristic value for oxide glasses) is the strongest peak in 
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scaling their position Ql in the 6-q plot. where = d/rl (with d = Zrr/Ql known as 
‘equivalent distance’) is the scale of MRO and r ,  is the first interatomic distance obtained 
from the radial distribution function. Each group (glasses, amorphous metals, APb melts, 
etc.) occupies a definite curve in the e-rl plot, but the concrete disposition of a glass on 
the ‘glassy’ correlation curve says nothing about the GFA of the corresponding substance in 
comparison with other glass-forming substances. 

Thus, the connection between FSDP and GFA, if one does exist, is not trivial and needs 
special investigation by using both FSDP data (position, intensity, halfwidth) and GFA data, 
with special attention paid to the numerical characterization of GFA (see section 2). Such 
an analysis represents a significant part of this paper (section 3). and a new insight into the 
nature of FSDP based on the revealed correlations is suggested (section 4). 

2. Glass-forming abiity: delkition and numericd evaluation 

The glassy state, as is generally accepted, is obtained when cooling a melt far below its 
melting point T, wjith a final transition into amorphous solid below the glass transition 
temperature Ts - (;)T,. Obviously, the lower the minimum cooling rate and the more 
stable this amorphous solid is to further crystallization, the higher the glass-forming ability 
(GFA) of a substance. Therefore, a number of definitions for GFA, from qualitative to 
quantitative, exist. 

First, one may call ‘glass’ every amorphous substance that has been prepared by melt 
cooling. However, in this case there is no difference between, say GeOz prepared easily 
in the form of bulk amorphous material by means of slow cooling of a massive melt, 
and Ge, which can be prepared as an amorphous solid from the melt only in the form 
of a thin film obtained by melt sputtering [lo], the usual method of obtaining a-Ge being 
deposition from vapour onto a cooled substrate. To reduce this uncertainty, let us call ‘glass’ 
a bulk amorphous solid (1 g and more) that was obtained by relatively slow melt cooling 
(10’ K s-‘ and lower, respectively), thus distinguishing glass-forming substances (or, more 
strictly, glass-forming melts) from non-glass-forming ones [ 1 I].  

Secondly, when analysing a glass-forming system (e.g. SiO2-Naz0, A s S ,  etc.), the first 
task is to determine its glass-forming region, which, first of all, depends on the conditions 
of melt cooling in a concrete experiment. This region is minimum for slow cooling when 
a large amount of melt freezes in a furnace, larger when the furnace is blown through with 
air, and maximum when special quenching into air, water, or other fast cooling agent is 
employed. Such data may be used for a semiquantitative determination of GFA, as shown 
in figure 1 (curve l), where ‘glass-forming difficulty’ is inverse GFA. 

Finally, one may obtain a curve 1 in figure 1 in a quantitative form by means of a 
special critical cooling rate ( E R )  experiment, the CCR value Q, being defined usually as 
‘the cooling rate below which detectable crystalline phases are obtained from the melt’ 1141. 
The problem is what amount of crystalline phase is considered as ‘detectable’; it  varies from 
crystallization degree X = 1% (lo-’) to X = 10-4-10-6. The latter is usual in the cases 
when experimental crystallization data are extrapolated by means of classical crystallization 
equations [151 (e.g. curve 2 in figure 1 was obtained just by this method with X = I@). 

It should be noted here that experimental determination of CCR is a highly laborious 
task. Therefore, there have been only a few investigations carried out in oxide systems 
(AzWO.+-WOs, where A is alkali metal 1161, AzMoOa-MoO3 [171, SiOz-AzO [18], BzO3- 
NazO [19], Gaz01-Ca0 with impurities 1201 and SiOz-Liz0 with impurities [21]) and 
in chalcogenide ones (As-Te [22], As~Se3-AszTe3, AszSeS-TltSe, AszTes-TlzTe, GeSe2- 
TI$e and AszTe34azTe3 [23], Se-Te [NI and S f f i e  (see curve 1 in figure 1)). In addition, 
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Figure 1. Glass-forming ability (inverse of 
glass-forming difficulty) in the Se,Gel_, system. 
Broken curve 1 is a semiquantitative estimation 
made on the basis of data from [12. figure 21 
wilh A referred to as ‘slow cooling’, B ‘air 
quenching’ and C ‘water quenching‘, Full curve 2 
is experimental CCR a h  Dembovsky el nl (cited 
by 113, p 1471). Letters ‘e’ and ’c’ indicate 
eutectics and compound (GeSez) in the Se-Ge 
phase diagram _x 

it should have been borne in mind that the precise determination of Q. is impossible since 
CCR depends on the chosen X (10-2...10-6), the experimental procedure, impurities [20,21] 
and the extrapolation treatment of crystallization data, if used. Nevertheless, when using 
one and the same method for a group of substances in which GFA is to be compared, the 
obtained Q, values give quite sufficient quantitative information about GFA. In the much 
more frequent case when such information is absent, we shall use both calculated Q, data 
from [15] and [ 13, (p 145)] and semiquantitative or quantitative evaluations of GFA discussed 
in this section. 

3. First sharp diffraction peak in substances with different glass-forming abilities 

3.1. Temperature dependence of first sharp diffraction peak 

The critical cooling rate, as a quantitative characteristic of GFA, has to be related to the 
melting point (T,,), since above T,, an amorphous substance represents a true melt, and 
below T,, the lower the temperature, the lower the cooling rate that may be applied without 
violation of the amorphous state of a substance, which now represents a supercooled melt. 
Similarly, with the object of quantitative comparison of different substances as concerns 
FSDP, the data should be reduced to a reference temperature since FSDP, especially its 
intensity. is temperature-dependent. To illustrate this, a summary of experimental data is 
presented in figure 2. 

It is seen clearly in figure 2 that the FSDP intensity (here in the unified form of structure 
factor) displays a less or more complex temperature behaviour depending on the substance 
and the temperature interval investigated and, possibly, on some other factors not so obvious 
(compare lines 2 and 3 for instance). One may see also that there are no two substances in 
figure 2 that look like one another, and therefore each case should be considemi separately. 

For the GeSz glass (i.e. bulk amorphous solid existing below Tg, contrary to supercooled 
liquid existing at T, =z T < T,, or melt at T > T,,), there is an increase of the FSDP intensity 
with temperature (see line 1 in figure 2). Remember that in crystals the temperature 
behaviour of all the diffraction peaks is the opposite: due to increasing thermal motion 
‘reflections become progressively more diffuse and finally merge with the background’ [33, 
p 1461. Moreover, it follows from the theory that the first peak in the diffraction pattern 
should decrease most rapidly in accordance with the rapid decrease of the Debye-Waller 
factor with increasing angle 0 [33, p 1461. Thus, the temperatureinduced sbengthening of 
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inserf is discussed in the text. , r  r 4  

FSDP and thus ordering in medium-range order when heating are surprising facts that are 
not explained sufficiently up to now. 

Although the Si02 glass demonstrates a 'normal' temperature behaviour, there is no 
quantitative agreement between the data from different sources (see lines 2 and 3 in figure 2). 
Moreover, in an early x-ray study [34] there was found to be an increase in the FSDP 
intensity with temperature, namely 450 eut  (300 K) <475 eu (723 K) 430 eu (923 K), 
i.e. there is an 18% increase when T/T, varies from 0.20 to 0.62. Note that there is 
a 5% and 17% decreare in structure factor in the same temperature interval for lines 2 
and 3 in figure 2, respectively. In order to clear up this discrepancy, the authors of [26] 
(neutron scattering) have measured especially the x-ray diffraction patterns and found that 
there is no temperature dependence of FSDP intensity in the (0.2-0.9) (TIT,) interval. The 
proposed explanation is that neutrons and x-rays differ in their sensitivity to 0-0 and Si- 
Si structural correlations [26]. However, the question remains why, when using the same 
radiation, different quantitative [26,27] (neutron) or even qualitative [26,34] (x-ray) results 
were obtained? 

If there were no serious experimental mistakes, one should conclude that the sample 
prehistory (thermal history, impurities, geometry etc.) may influence not only the S(Q1) 
value but also the character of the S(Q1) temperature dependence. Remember that GFA in 
the form of CCR was shown to be sensitive to impurities-see Q. in the Se,Gel-, system 
in the low-Ge region (figure 1) and [20.21]. To clarify the situation, it would be useful to 
join the CCR and FSDP studies in the framework of a single work dealing with one and the 
same sample with known prehistory. Unfortunately, those studying FSDP are indifferent to 
the problem of GFA, at least in the quantitative form of CCR, and vice versa. 

t E l m n  units. 



Glass-forming ability and first sharp difiaclion peak 3103 

For GeSez there are only four points (marked 6 and 7 in figure 2) in a wide temperature 
interval including both glasses and melts (the characteristic temperatures are Tg = 673 K 
and T,, = 1013 K Tm/Tg = 1.51). The fact that these points lie on one line S(Q1) versus 
Ql, which is presented in the insert. makes it possible to consider them as belonging to one 
and the same group of data, thus uniting them by the chain curve 6 7 .  If this operation 
is correct, one may say that GeSe?. demonstrates both decrease (in glass) and increase (in 
melt) of the FSDP intensity with temperature. 

For AaSe, the data of [30,31] may be interconnected too (see full curve 8 and triangles 
9 in figure 2) in spite of different probes (neutrons [30] and x-rays [31]) and prehistory. 
Conlrary to CeSe2, there is a slight increase of FSDP in glass and decrease in melt. 

In the last three cases, liquid (I) KSn (points 4). I-S (5) and I-CCL (lo), one may see 
examples of both the 'normal' decrease of FSDP intensity with temperature (strong for KSn 
and rather weak for CC14) and the complex behaviour for S whose specific temperature TA 
corresponds to the A-point where strong structure rebuilding of melt takes place. 

Table 1. FSDP VerSUS CCR in (a) glasses and (b) Ge,Sel_, melts. FSDP intensity is after figure 2 
(glasses) and [6] (melts), S m  being panial number-number shllchue factor hat gives the 
main contribution to FSDP. Q. without references are f" figure 1 (curve 2); in parentheses = 
estimation, with asterisk = calculated value S(Q1) for TITE = 0.5. 

(a)  Classes (b) Ge,Sel-y melts 

Si& 1.4 -2.9' [35] 0.40 0.53 0.98 t 1.4 
AszSel 0.48 -2.0 [U] 0.5 0.23 1 . 1 1  (4) 
GeSel 0.44 +3.1 1.0 - - + 7' I131 

Returning to the initial question about the possible relation between FSDP and GFA, 
we have to admit its absence, even when FSDP is reduced to a reference temperature, say 
Tg or T / T g  = 0.5 (see figure 2 and table l(a)).  However, one observation seems to be 
interesting: all glass-forming melts (5,9,10) demonstrate an increase or slight decrease of 
FSDP intensity with heating, while in non-glass-forming KSn melt the intensity falls rapidly 
with temperature rise, i.e. the sign and, especially, the velocity of the structure factor change 
on heating a melt may be critical for glass formation. Of course, to prove this statement, 
the range of melts under investigation should be widened. 

3.2. Concentration dependence offirst sharp diffraction peak 

One may propose that the correlation between FSDP and GPA will be better when using strong 
compositional dependence of both. However, as seen in table l(b) this suggestion is not 
confirmed, at least in the case of GeySel-, melts. The melts, however, are either poor glass- 
formers (y = 0.33 and 0.40) or non-glass-formers (y = 0.5 and l.O), while melts of good 
GFA corresponding to compositions y = M . 2 0  (see figure 1) have not been investigated [6]. 
Unfortunately, to my knowledge there is at present no glass-forming system investigated 
carefully in both the FSDP and CFA respects. Moreover, there are only a few works that 
permit comparison of FSDP and glass-forming region (GFR) of a system, CFR being a very 
rough characteristic of GFA (see section 2). Let us consider these works briefly. 

The (GeO~),(NazO)I-, system whose GFR is x = 1.0-0.6 [36] was studied by x-ray 
diffraction [37]. In the x = 1.C-O.7 region under investigation both glasses and glass- 
forming melts showed FSDP at Ql - 1.5 A-', which changed from an individual peak in 
GeOz to a shoulder on the next peak on decreasing x .  
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The Se,PI-, system has two GFR: x = 1-0.52 and x = 0.40-0.33 1381. (This case is 
analogous to that shown in figure 1 for G e S e  system: if we use Q, = 10' K s-I as the 
limiting value for glass formation, then there are two GFR, at x = 1-0.72 and x = 0.63- 
0.57.) Contrary to the previous case the strongest FSDP is demonstrated by the compositions 
arranged at the boundaries of GFR (namely, x = 0.50 and x = 0.40). while the glass-forming 
compositions (x  = 1.0, i.e. pure Se, and x = 0.95) do not show an observable FSDP [39]. 

Melts of the (ZnCl~)~(Kcl)j-, system whose GFR is x = 1.0-0.4 [40] were investigated 
twice: in 141, p 1461 by x-rays for x = 1.0, 0.69, 0.54, 0.46, 0.29, 0; and in [42] by 
neutrons for x = 1.0, 0.67, 0.50, 0.33, 0.19, 0.10, 0.05, 0. The data of 1411 show a gradual 
degradation of FSDP on decreasing x .  However, by means of numerical data from [42], it 
reveals a more complex behaviour shown in figure 3, from which it is seen that the most 
intense FSDP corresponds to the GFR boundary, like in the previous system. 

- 

- 

-1.3 

-1.2 -7 
'4 
0- 

1.1 

1.0 

0-0.9 
0.8 0.6 0.4 0.2 

ZnC[, 

Figure 3. The structure factor and the position of FSDP as a function of composition and 
temperature of the (ZnC12X(KCI)I-, melts. Poinfs (after 1421) correspond to 330/34C "C (0, 
a), 450 'C (A, A), 600 'C (V, V) and 820 T! (U. H). The glass-forming region (after 1401) is 
shown by the hatched suip. 

In the (H~PO&(H~O)I -~  system (glasses are obtained by cooling of aqueous solutions), 
the GFR is located at x = 1.0-0.85, and aqueous solutions under investigation (x  = 0.71, 
0.25, 0.11 and 0.07) show a continuous decrease of FSDP from an individual peak to a 
shoulder when decreasing x [43] similar to the (GeOz),(NazO)l-, system considered above. 
It is interesting that the last two compositions, which are inside the GFR, demonstrate FSDP 
as a well defined shoulder on the next peak. 

Finally, the Se,Sil, system was investigated by Johnson er al [44] most thoroughly, 
and as concerns not only FSDP (intensity, position, halfwidth) but also properties (phase 
diagram for x > 0.4, molar volume, neutron diffraction, extended x-ray absorption fine 
structure). Based on the similarity between Si and Ge and that between phase diagrams 
of the S i S e  and Ge-Se systems, one may suppose the same for their GFA concentration 
dependence, namely, GFA is expected to increase when moving from GeSiz to eutectic 
(x  = 0.92 for GBSe and x = 0.88 for S iSe )  in accordance with figure 1. However, as 
seen in figure 4, the FSDP intensity shows the opposite dependence: when increasing x from 
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0.67 to 1 (Se) FSDP becomes weaker and weaker and cannot be observed as a separate peak 
at x > 0.83, being practically invisible in pure Se. On the other hand, Se is known to be 
a better glass-former in comparison with SiSez, which can be obtained as amorphous solid 
only by quenching and easily crystallizes on slow cooling of the melt [45]. 

700 

500 

1.2 1.4 1.6 1 8  2.0 2.2 2.4 

Figure 4. The FSDP pJrameters as a function of 
"position for SexSil-r glasses. Points are after 
[U]. Extrapolation to Se is shown by broken lines and 
arrows. 2. 

Figure 5. First pe8k of lhe normalized experimental 
intensity in Se glass ailer [47] (curve l), and FSDP [3] 
exhacted from it as the difference between curves 1 and 

Thus, there is again no clear relation between GFA and FSDP; moreover, the exemplary 
glass Se seems to be lacking in FSDP, the well established attribute of the glassy state. On 
the other hand, it was proposed earlier [46] that FSDP in Se glass is hidden bebind the first 
diffise peak with maximum at Q - 2.0 A-', being a low-Q shoulder on it. When using 
a detailed peak profile one may extract this shoulder, as is done in figure 5. The obtained 
parameters (Qsh = 1.45 A-] and Wsh = 0.35 A-') are close to those obtained by h e a r  
extrapolation in figure 4 to x = 1 (Se): Ql = 1.38 A-] and iVl = 0.34 A-]. Thus, Se 
does possess FSDP, like other glasses, but its position is not characteristic for chalcogenide 
glasses (- 1.0 A-]) and just that is the question. 

3.3. Scale of medium-range order in glass-forming individuals and systems 

The scale of MRO is determined by the equation 5 = d / r l  191, i.e. it represents equivalent 
distance for FSDP (d = %/QI), considered as the MRO dimension, in units of SRO (short- 
range order) dimension r t ,  the first interatomic distance. The scale of MRO was used 
earlier for the construction of the $-rI plot shown in figure 6,  in which different groups 
of amorphous substances (glasses, liquid halides, amorphous metals, AF'b and ASn melts) 
are shown to occupy different correlation curves 191. As to glasses, there are two curves 
designated G and G' and an intermediate region between them at rl - 2.3 A. 

Let us consider glasses that were taken in [9] for consmction of G and G' curves from 
the point of view of their GFA using the following marks for rough estimation of the latter: 
(+++) very good glass-former, (++) ordinary one and (+) satisfactory one. Curve G (its 
equation is ( = a + b/rl with a = 1.10 and b = 2.27 A, its length is from rl = 1.36 A 
to rl = 2.44 A): B~03(+i+). BeFZ(+++), Si02 (++). GeOz(++), AszSs(+++), AszSe3(++). 
Curve G' (U = 0, b = 6.1 A, rl from 2.37 8, to 2.60 A): GeS2(++), P(+), Si32S68(++), 
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1.5 2.0 2.5 3.0 
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Figure 6. The scale of MRO inamorphous “ i s  (A). glasses (G, G’), liquid Nogens (H). ASn 
meits (S) and APb melts (PI; 2 is the fohidden zone. Reproduced from 19, figure 21. 

GeSez(t), As(+), Si~Te7dt ) .  Intermediate region G-G‘ (rl - 2.3 A): Po~Se60(tt), 
ZnClz(tt). Thus, one may note that very good glasses tend to occupy the G curve while 
common and poor glass-formers occupy both C and G’ curves as well as the intermediate 
region between them without any natural law. 

More distinct correlations arise when one passes from separate glasses to glass-forming 
system, e.g. Se,Sil-, shown in figure 7. Homogeneous glasses in this system were obtained 
and investigated in the work cited above [44] (see also figure 4). In figure 7 numerical data 
of [44] are drawn on the c-rl plot, the points x = 0.88, 0.94 and 1.0 being obtained with 
the use of extrapolated Ql values given in figure 4 because FSDP is practically invisible 
in these glasses [44]. It is seen in figure 7 that the glasses under consideration, whose rl 
from 2.294 to 2.359 8, corresponds to the ‘unstable’ value of -2.3 A, fit on one curve, 
and this curve moves smoothly to higher < when .decreasing x, crossing the intermediate 
region between G and G‘ curves. This fact demonstrates an obvious relation between and 
composition, but not between 5 and rl (e.g. for rl = 2.305 8, there are two c,2.6 and 2.9), 
and not between and GFA because the latter should be a much more complex function of 
x (see figure 1 for example) with an expected maximum at eutectic composition x - 0.88. 

It should be noted also that glasses arranged at the GFA boundary, namely, x = 0.63 
and 0.60, as well as Se (x = 1.0). go out from the limits of correlation curves G and 
GI. One may observe the same going out in figure 8 for glass-forming melts of the 
(ZnC12)x(KCI)~-, system represented earlier in figure 3; in this case rl = 2.26-2.29 A, 
however, again corresponds to instability between G and G‘ curves. In these experiments 
a new parameter-temperatureis added, and it is seen that the higher the temperature of a 
melt, the more pronounced deviation from G‘ is observed. 

and T let us consider one 
substance at different temperatures, e.g. Bz03 shown in figure 9. We see that, as in the 
previous case, the higher T ,  the larger and, additionally, their relation changes drastically 
at Tg: the e versus T velocity is rather small in glass (ae/aT = 5 x and high in 
melts (53 x lo-’), both supercooled and true. Note that GFA by definition does not depend 
on temperature. 

Thus, there is no direct connection between scale of MRO and GFA, however, glasses 
tend to group around definite G and G’ curves in the plot, and strong deviation fmm 
the curves, especially in the high-c region, is critical for glass formation. 

Finally, to investigate a possible connection between 
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FSDP is associated with layer-like formations giving Bragg-like reflection (e.g. [31,50]), 
etc. Below, the modified layer model (MLM) after [51] is tested for conformity with the 
correlations obtained. 

In contrast to the conventional layer model, MLM means that underlying formations are 
true layers, and their thickness d = 2~r /Ql  is revealed directly in the diffraction pattern as 
FSDP. Thus, not interlayer distance but the layer itself gives an elementary Bragg reflection. 
This means also that FSDP halfwidth, WI, bears no relation to the length of correlation 
between a group of layers (‘coherence length’), but displays only the roughness of the layer 
surfaces: the smoother the surfaces, the sharper the FSDP (smaller WI). 

The problem about the nature of such layers was solved in  [51]) by means of chemical 
bond arguments with regards to the parameters of g-rl correlation curves obtained earlier 
[9]. It was shown that G and G’ correlation curves characteristic for glasses may be 
compared with realization of three-centre bonds (TCB) holding thc layers, the TCB length 
I >  2rl determining the layer thickness d - I as illustrated in figure 10. 

Figure 10. Origin of FSDP as the first-order Bngg 
refleetian from layen ( I )  divided by amorphous 
network (2) in a model elementary glass. Here 
circles are atoms. short lines are covalent bonds 
(CB) and springs are Lhree-eentre bonds (TCB). 

From figure IO it is seen that, while TCB exist only in the limits of the layers, covalent 
bonds (CB) are present both within (1) and outside (2) them. When considering the layer as 
an ordered formation, one should conclude that there are two ‘types’ of covalent network, 
and network (1) is more ordered in comparison with network (2), which is in fact the famous 
continuous random network (CRN) after Zachariasen. As experimental justification of two 
coexisting covalent networks, one may mention the so-called ‘defect’ peaks on vibrational 
bands known as D1 and D2 in vitreous silica [52], such peaks being observed also in other 
glasses (e.g. GeSy [53] and As& [54]). I think that these rather sharp co-peaks originate 
just from intmlayer covalent bonds existing in the ordered quasicrystalline state, while the 
diffuse main bands are provided by ‘normal’ vibrations in CRN. Then the change of Dl(2) 
parameters under various external actions described earlier [52,56,57] originates from the 
change of the network (1) topology but not from CRN. 

The temperature dependence of the FSDP intensity was shown to have a complex 
character, both increasing and decreasing with temperature, even for one and the same 
substance if it is measured over a sufficiently wide temperature interval (see GeSez (6,7), 
As& (8,9) and S (5) in figure 2). A priori evaluation of temperature dependence for 
FSDP in the framework of MLM given in table 2 predicts such behaviour because there are 
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Table 2 Layer parameters as factors influencing FSDP temperarure dependence. 

3109 

Change on meb On FSDP 

Factor Notation increasing T Ql S(Qd WI 
Increase - - - lr2 NTCB 

concentration 
layer NI Canst or increase - Const or increase - 
wncentntion 

Increase or wnst - - - Layer PrCB 
population 
Roughness R Increase (figure ll(b)) - Decrease Increase 
of layer 

of layer 
Thickness d Increase (figure Il(b)) Decrease - - 

Figure 11. Schemes of TCB layen in ideal (a) and distofied (b,c,d) states; the extemal distorting 
factors are indicated in circles. 

two oppositely acting factors: the temperature-activated rise in the number of layers and 
the temperature-stimulated distortion of reflecting surfaces illustrated in figure 11. 

Some comments to table 2 are useful for further discussion. Note that TCB themselves 
do not influence FSDP since the latter arises only when TCB are organized into reflecting 
layers. Therefore, concentration of TCB is an influential factor only through TCB participation 
in population of the layer and concentration of layers. If TCB generation is a thermally 
activated process (in the simplest case NTCB - exp(-s/kT)), there are two limiting ways 
for the newly generated TCB arrangement: by means of creating new layers without change 
of their population (N,  increases and p r c ~  = const), and by means of increasing layer 
population without change of layer concenhation (pres increases and N I  = const). Thus 
a discontinuous character of the S(Qt) temperature dependence is possible; however, to 
reveal such behaviour a more refined experiment is needed. 

After [58] the case of N, = const is realized at T/T,, and we see for AszSe3 (curve 8, 
9 in figure 2) that there is a constant or slight increase of S(Q1) in glass. At higher 
temperatures the defrozen N I  lifts S(Q1) initially; however, the opposite action of thermal 
distortion of the layer surfaces (R increases) gradually depresses this effect and becomes 
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prevailing at T/T, > 1.5. 
For GeSez (curve 6-7 in figure 2) the R factor is essential just at T << '7,. which 

follows from a strong drop of S(Q1) when heating from low temperatures. On the other 
hand, temperature-induced generation of new layers taking place at T T8 acts in the 
opposite way, leading ultimately to fast increase of FSDP intensity in the melt. 

Thus, the temperature dependence of FSDP should be a complex function, the concrete 
character of which is determined by the nature of the substance under investigation. Of 
course, the scheme in table 2 is only a rough approximation, which does not take into 
account a possible rearrangement of TCB in the layer, which leads to change of its reflecting 
ability, or lransformation of TCB [13] at heatinghooling, etc. Such complications are pointed 
out from experiment. e.g. the flourish for sulfur at h-point (see curve 5 in figure 2) may 
be a signature of layer rebuilding at TA, and the impurity influence (compare lines 2 and 
3 for Si02 in figure 2) indicates that the process of layer formation (like the process of 
crystallizalion [ZO,Zl]) is sensitive to foreign atoms. 

Finally, the difference between non-glass-forming KSn and glass-forming melts, which 
was emphasized above as the fast decrease of FSDP when heating of the former (figure 2), 
may be explained in terms of MLM too. After [51] the bonds that form reflecting layers differ 
in different groups of substances; they are proposed to be the Zintl ion dimers in the case 
of APb(Sn) melts. It seem likely that heating not only generates new layers but also tends 
to destroy these ordered formations; then TCB layers in glass-forming melts demonstrate 
higher thermal resistivity in comparison with the layers held by Zintl ion dimers, which are, 
therefore, inclined to depolymerization on heating. 

The pressure dependence of FSDP may be evaluated apriori too. Pressure (i) compresses 
the layers, (ii) destorys them and (iii) reorients them. Compression is a general effect, so 
d decreases and Ql increases in every case. There are two way of effecting compression 
shown in figures l l ( c )  and (d). The first way (c) distorts the layer surfaces and may lead to 
layer destruction above a critical stress, so WI increases and S(Q1) decreases. The second 
way (d )  does not distort the surfaces and may even smooth them, so Wj decreases due 
to R decreasing while S(Q1) may either decrease due to NI decreasing or increase due to 
R decreasing. However, this is me only up to a critical angle CY below which the layers 
become unstable. 

Reorientation of the layers should appear when uniaxial (instead of usual hydrostatic) 
pressure is applied. Since reorientation needs layer mobility in a covalent network, this 
effect is expected to be more pronounced at T > Tgr e.g. at viscous Row. However, in the 
low-temperature region a slow reorientation due to the stress-stimulated rebuilding of the 
covalent network (e.g. at plastic flow or glass squeezing) is also possible. The expected 
result of reorientation is the appearance of anisotropy and, as to the FSDP parameters, W, 
increases and S(Q1) decreases due to dynamical frustrations, which cause partial destruction 
and distortion of layers. 

Hydrostatic pressure, in fact, 
provokes decrease of d (increase of Ql) in all glasses investigated so far: AszS3 [59], As 
[60], GeSz and GeOz [61]. The effect is more or less reversible, which means that initially 
compressed layers can straighten themselves after the pressure is removed. Available data 
give no possibility to make definite conclusions about the F'I pressure dependence, but an 
obvious decrease of the FSDP intensity is observed for As&, GeSz and As. On the other 
hand, in GeOz there is observed constant and, what is more, a slight increasing intensity, 
up to 10% at P -+ 3 GPa, followed by slight decrease at further compression [61]. It is 
interesting that after the pressure is removed the intensity does not increase, like in other 
glasses, but falls to 70% of the initial value. Hence the pressure-induced inclined layers in 

Let us compare these predictions with experiment. 
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Ge02 cannot restore their initial state with 01 = 90" and are destroyed after release. Thus, 
although compression usually proceeds by the scheme (c )  in figure 11 the case shown in 
(d)  cannot be excluded. 

As to anisotropy, it arises under the influence of uniaxial pressure on glass [SO]. The 
interpretation given in the original work at first sight is close to that proposed here. However, 
it should be emphasized that there is a major difference between the 'layers' considered in 
[50], etc., and in MLM [51]. In usual layer models there are no alternative bonds characteristic 
for the amorphous state, and the layers are similar to those existing in the corresponding 
crystals, e.g. in AS&, which consists of covalent sheets with the distance d between them. 
The fact that FSDP exists in amorphous substances without a 2D crystal parent needs special 
justification that weakens these models. In MLM the crystal motif of bonding (lD, 2D. 3D) is 
of no importance because the layers under consideration are self-sufficient formations based 
on alternative bonds. This means that in usual layer models pressure influences CRN, while 
in MLM it influences both CRN (network (2) in figure 10) and the layers (TCB coexisting with 
network (1)) and just the latter ordered network we observe by means of pressure-induced 
changes in FSDP. 

In contrast to the temperature and pressure dependences of FSDP, the concentration 
dependence (see figures 3,4,7, 8) cannot be predicted by MLM in its present form. However, 
it is possible to comment on incorporation of foreign atoms (e.g. Si in Se, or K in ZnClz) 
in terms of internal pressure and effective heating considered below. 

In Se,Sil-, glasses continuous increase of Ql with x (figure 4) points out that 
incorporating Si atoms causes the layers to burst. Then the Si action may be associated 
with the increase of intralayer pressure PI whose value is determined by 

AQI[FI(Ax)] =AQl[P(xo)] Ax=xo-x=cons t  

where P(x0)  is the external pressure that should be applied to a given composition (xo) in 
order to eliminate the effects of incorporated Si atoms on Ql when xo + x. 

In pure Se an abnormally large (for chalcogenides) Ql - 1.4 A-' (figure 5) indicates 
that selenium layers are compressed by surrounding covalent network (2), which leads to 
the situation shown in figure ll(c) with P = Pz. Thus, incorporating Si atoms, which 
increases PI, continuously straighten the initially distorted layers, which is reflected in 
figure 7 as increase of 6 which enters into the 'normal' G-G' region when x c 0.9; this 
transition corresponds to the change from figure 1 l(c) to 1 l(a). Then the composition of 
x - 0.68, where FSDP possesses maximum intensity and minimum halfwidth (figure 4), 
may be considered as corresponding to the case 9 = P2 when total stress on TCB is absent 
(d = do). On further incorporation of Si atoms P1 becomes larger than f2, and the layers 
begin to stretch (d > do) with subsequent distortion of reflecting surfaces: this corresponds 
to change from ( a )  to (b)  in figure 11. For x < 0.60 intralayer stress due to PI is so high 
that TCB and layers themselves begin to be destroyed, which leads to drastic decrease of 

The data for glass-forming melts (ZnC12),(KC1)1-, (figures 3, 8) give an opportunity 
to discuss effective heating, AT', due to the second component of a system. For instance, 
in order to keep 6 in the alloy with x = 0.6 and T = 340 "C (figure 8) when changing 
its composition from, say, 0.60 to 0.53, we should heat it at the same time from 340 "C 
to 450 "C. Therefore, incorporation of corresponding amount of KCI may be described as 
heating of initial melt by AT* = 110 "C. From figure 8 it is seen that, the lower x, the 
larger is AT* for the same Ax, so one may interpret the going out from GFR at x i 0.4 
as the advance of effective superheating (aT* /ax)  (aT*/3x),i t . .  The compositionally 
'superheated' melts Seem to lose the ability for glass formation. 

GFA and going Out from GFR. 
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Thus, MLM may predict, explain and, at least, describe the experimentally observed 
features of FSDP including correlations obtained in this work. To my knowledge, such a 
detailed interpretation has not been achieved in the framework of other models of FSDP. 
However, MLM like other models says nothing about the origin of MRO. Actually, each 
real-space interpretation of FSDP operates with more 01 less definite structural units (see 
[1-4,49,50] and references therein), and MLM is not an exception, the units being layers 
populated with alternative bonds. But the questions are why such units (e.g. soft cation- 
centred clusters after Elliott [24], etc.) are realized in some amorphous substances and not 
in others, what is the mode of their formatioddestruction, and so on. Therefore we must go 
beyond the limits of the above models and try to reveal the origin of underlying structural 
units besides their description. For MLM such a basis is given by the synergetic model of 
FSDP after [%I. 

Figure 12. Three mexisting band waves giving anisotropic cellulate structure with elementary 
cell of A dimension. Vectors V, are wave velocities. Both A and V are temperature dependent. 

The synergetic model considers FSDP and corresponding MRO as a result of inherent 
bond instability in the form of a bond wave; the former means coexistence and exchange 
of main and alternative bonds, and the latter means spatiotemporal correlation of the bond 
exchange acts. Corresponding wavefronts are populated with alternative bonds while the 
medium consists of main bonds only. Thus one may consider figure 10 as an illustration of 
a TCB wave in which two adjacent wavefronts are shown. Interlayer distance A is actually 
the wavelength, and the general consequence of the synergetic model is that there exists 
not only MRO but also LRO (long-range order) of period A. This LRO, however, does not 
exclude isowopy usually observed in amorphous state (figure 12). 

The bond wave is proposed to be travelling above T, and frozen in brittle glass, where 
wavefrontsflayers are immovable. Since wavefronts are occupied by alternative bonds, 
the local properties differ frum average ones, so in glasses, where alternative bonds are 
‘soft’ TCB with I 2 2rl 1131, the layers are softer and less dense formations in comparison 
with interlayer covalent network(2) (see figure IO). Thus, a travelling bond wave may be 
compared with an acoustic wave or periodic density fluctuations in the structure. It should 
be noted that Salmon [49] emphasized that (i) FSDP confers a marked oscillatory character 
of periodicity 2n/kl  (kl = QI), and (ii) underlying ‘structural units, which give rise to 
the density fluctuations on the Ro (E MRO) scale, exist as stable entities for a time scale 
r >> 5 x s’. In the framework of MLM and synergetic model this means that (i) there 
exist also higher-order Bragg reflections (n = 2. 3, . . .) besides FSDP (n = I), and (ii) the 
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frequency of bond wave, which increases with temperature, should not be very high-an 
obvious demand to prevent disruption into chaotic bond exchange instead of bond wave. 

5. Conclusions 

The analysis of available experimental data on FSDP as functions of temperature, pressure 
and composition shows that there is no direct relation between FSDP and GFA. However, the 
FSDP parameters are sensitive to internal processes in glassedmelts and react on the going 
on from the glass-forming region. The correlations obtained should be taken into account by 
any model that pretends to explain the FSDP origin, and the modified layer model was tested 
successfully in this respect. On the other hand, any model that operates with structural 
units (clusters, layers, etc.) should explain not only what these units are but also whence 
they are. Here the synergetic model, which ireats FSDP as a result of self-organization 
of chemical bonds in the form of a bond wave, was used. Each amorphous substance 
possessing conditions for such self-organization, i.e. bond instability and spatiotemporal 
correlation of bond exchange, possesses at the same time FSDP, which is, therefore, a much 
more general phenomenon than glass formation. The specificity of glass-formers consists 
in enhanced stability of bond waves at cooling helow the melting point; then the indirect 
relation between FSDP and GFA is not surprising and needs a deeper investigation. 
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