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Stochastic random network model in Ge and Si chalcogenide glasses
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A stochastic random network model is proposed for the structure of Ge„S1 „,Ge„Se& „,Si S i

and Si„Se& „(x&0.33) glasses. This model is constructed to explain the existence of two types of
microcrystalline states induced by photoirradiation above or below the threshold intensity. This
model characterizes the glass structure by one parameter P which is related to the existing probabili-

ty of the edge-sharing bonds between the tetrahedral MX& molecules relative to the corner-sharing
bonds. P depends only on the species of atoms forming the glass and not on x. In order to prove
the validity of the present model, Raman scattering experiments were made and the x dependence of
the intensity ratio of the 3

&
companion peak to the 2& peak, I(A'1 )/I(Ai), was obtained. From

the viewpoint of phonon localization, the A
&

mode is assigned to the breathing mode of MX4 mole-
cules and the A

&
mode to the vibration of chalcogen atoms on the edge-sharing double bonds. The

x dependence of the intensity ratio I(A
& )/I(A & ) calculated by the present model is in good agree-

ment with the experimentally obtained ratio. The P obtained increases in order from Ge„S
&

Ge„Se& „,Si Se& to Si„S& „with the same order of tendency of getting edge-sharing bonds in the
crystals. The value of P is independent of the method of making the amorphous but it can be
changed by photoirradiation. P decreases with irradiation below the threshold intensity, but it in-
creases with irradiation above the threshold. The local energy in the glass is lower in the corner-
sharing bonds, but the total energy is lowest in the same structure as the crystal. The threshold irra-
diation intensity for Se glass is less than one-hundredth of that for GeSe2 glass.

I. INTRODUCTION

Intensive experiments on the lattice vibrations have
been done in typical glassy semiconductors Ge„Se&
Ge Si ' Si Se&

' and Si S ' The as-
signment of the Raman peaks and the resulting glassy
structures is, however, still controversial. The characteris-
tic feature in the Raman spectra of GeSe2 glass is the ap-
pearance of two large A& peaks at 201 and 217 cm ' in
place of a large single Ag peak at 211 cm ' in the crystal.
The peak at 217 cm ' in the GeSe2 glass is called the
companion A i peak. The intensity ratio of the A

&
peak

to the A
&

peak, I ( A t ) /I ( A
& ), changes drastically with

the Ge concentration in Ge Se& glasses. '

Before the proposal of the "outrigger-raft" model
(ORM), the chemically ordered random-network model
(RNM) had been generally accepted in x & 0.33, but trials
to explain the x dependence of the intensity ratio
I (A t )/I (A t) by small molecular units have yielded unsa-
tisfactory results. ' It is generally accepted that the A

&

peak is due to the breathing vibrational mode of
methane-like GeSe4iz molecules, but the origin of the A

&

peak has been controversial. Bridenbaugh et al. tried to
explain the A

& peak by the structure which does not exist
in the crystal, and proposed the ORM for the glass struc-
ture of GeSe2. In this model the GeSez glass is composed
of wide bands which have the same structure as the crys-
tal inside the band, but are terminated by Se—Se bonds at
both sides. This model stresses the similarity between the
glass and the crystal.

I found, however, that there exist two different kinds of

photoinduced microcrystalline states. The two distinct
microcrystalline phases are produced according to the in-
tensity of irradiated light and not the accumulated intensi-
ty of light. This two-directional microcrystallization is
more favorable for the RNM than for the ORM, because
the former model has equal opportunity for the structural
change to the different microcrystalline phases, but the
latter model has only one possibility for the crystalliza-
tion.

The purpose of the present paper is to show the validity
of the RNM. The A

&
mode is assigned from the

viewpoint of phonon localization to the vibration of chal-
cogen atoms on the edge-sharing bonds. This assignment
is consistent with the suggestion by Nemanich et al. and
Lucovsky et al. ' Based on this assignment a stochastic
RNM is proposed for the glass structure. This model has
only one parameter P which depends on only the species
of atoms forming the glass and does not depend on x. It
is shown that this model gives the x dependence of the in-
tensity ratio, I(A t)/I(A&), in good accordance with the
experimental results.

For the purpose of getting the exact ratio I (A
&
)/I (A

&
)

Raman scattering experiments were done on Ge„S&
Ge Set „, Si„S, „, and Si„Sei „(x&0.33). In the ex-
periment of photoinduced crystallization of glassy GeSez
and SiSez, it is found that P can be changed by the pho-
toirradiation.

The interpretation of Raman spectra from the
viewpoint of localized phonons is presented in Sec. II.
Experimental results of Raman scattering and the Gauss-
ian decomposition of the spectra are given in Sec. III.
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the corner-sharing GeSe&t2 tetrahedra, and the companion
mode at 215 cm ' in the crystal to the A& mode in the
edge-sharing tetrahedra. The origin of the companion
peak at 212 cm ' in the glass was the problem. The ener-

gy difference 14 cm ' between the A
&

and its companion
modes in the glass is much larger than the difference 5
cm ' in the crystal. The relative scattering intensity of

The stochastic random network model is presented in Sec.
IV. Itt is shown that this model reproduces the intensity
ratio I(,A~)i/I(, A~) in good accordance with the experi-
mental results. The change of the parameter P in the
course of photoinduced crystallization is demonstrated in
Sec. V. The origin of the low-frequency peak and other
problems are discussed in Sec. VI.

II. INTERPRETATION OF THE RAMAN SPECTRA
FROM THE VIEWPOINT OF PHONON LOCALIZATION

Most of the analyses of lattice vibrations in glasses have
been done by analogy with the crystals. In those analyses
the main difference from the crystal is the lack of
momentum conservation. The spectra in glasses are inter-
preted as the phonon density of states in the crystals 8

6, 32
a s. ri-

denbaugh et al. ' compared the Raman spectra in the
glassy GeSeq with those from the I -point modes in the
crystal. They assigned the 210 cm ' mode in the crystal
and the 198 cm ' mode in the glass to the A& mode in
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FIG. 6. The intensity ratio I ( A ~ ) /I ( A
~ ) normalized at

x ==0.33. Thhe curve is calculated by the stochastic random net-
work model presented in the text.
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the companion peak in the crystal is much smaller than in
the glass. From those facts they concluded that the com-
panion mode in the glass is different from the edge-
sharing mode as in the crystal. They proposed the ORM
to give the structure which does not exist in the crystal
and assigned the A

&
mode to the vibration of dimerized

Se atoms at the edges of the outrigger-raft clusters.
I, however, propose to assign the A

&
and the A

&
peaks

in the glass to the localized modes at the corner-sharing
bonds and the edge-sharing bonds, respectively. These
bonding forms exist even in the crystal, but the phonon
energy in the crystal is quite different from both energies
of the A& and A

&
modes in the glass, because the energy

of the nonlocalized mode in the crystal is not the pure A
&

mode at the corner-sharing bonds nor that at the edge-
sharing bonds. The energies and the eigenvectors of the
crystalline modes are determined by solving the charac-
teristic equation including the interaction between the A

&

and the A
&

modes.
Very recently Akkermans and Maynard presented the

theory of phonon localization in disordered materials by
the use of analogy with the Anderson localization of elec-
trons. The theory uses the mass defect model in the weak
localization regime. The theory elucidates the existence of
a threshold frequency for the localization of phonon den-
sity fluctuation. The threshold frequency is expressed by
c03 —0.5 10~ coD in the three-dimensional case, where
erg is the local fluctuation of mass and coD is the Debye
frequency. For the extreme case of disorder AM —1 and
c03 is less, but not far from coD . The theory shows the
enhancement of the one-phonon spectral density and the
shortening of the one-phonon mean lifetime in the vicinity
of co3 via the anharmonic interphonon interaction. It is
suggested that the localization of the acoustic phonon
density at co3 could explain the origin of existence of a
plateau at around 10 K in thermal conductivity accom-
panied by excess specific heat in all glasses.

The Raman spectra in glassy GeSz, GeSez, SiS2, and
SiSez are shown in Fig. l. All of these spectra have the
A& and A

& peaks in spite of the variety of their crystal
structures, although the intensity ratio depends on the ma-
terial. The crystal structures of these compounds are
composed of methane-like MJ4.~q molecules. The differ-
ence in the materials is how the molecules are bonded.
Two kinds of bonding forms, the corner-sharing single
bond and the edge-sharing double bond, are known for the
bonding between two molecules. These are shown in Fig.
2. The low-temperature phase of GeS2 is a three-
dimensional structure composed of only corner-sharing
bonds. CseSe2 (Ref. 35) and the high-temperature phase
of GeS2 (Ref. 36) are two dimensional and composed of
two kinds of bonds. SiS2 and SiSe2 crystallize in one-
dimensional structures which have only edge-sharing
bonds.

In the present analysis of Raman spectra in Ge and Si
chalcogenide glasses we suppose that the A~ and the A I

modes in these glasses are in the localization limit, and
the vibrational frequency is determined only by the molec-
ular units. The A& mode is assigned to the breathing
mode in the methane-like molecule joined by the corner-
sharing bonds and the A

&
mode to the vibration of chal-
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Raman scattering experiments were made in a back-
scattering configuration at room temperature. A 6328 A
He-Ne laser was used for selenide glasses and a 5145 A
Ar-ion laser for sulfide glasses. The Ar-ion laser was
operated at 4579 A in the experiments of photoinduced
crystallization of SiSe2 glass. The samples were kept in
quartz ampoules which were used in the synthesis process.
For the experiments of Raman scattering, except for the
photoinduced crystallization, a cylindrical lens was used
in order to reduce the photon density. The incident light
was weakened by neutral density filters for Se-rich sam-
ples of x &0.1, because they crystallize very easily by the
laser beam. In sulfide glasses the crystallization becomes

very easy even in the dark at room temperature, on ap-
proaching pure sulfer. The sample changes from trans-
parent yellow to milky yellow within several minutes or
several tens of minutes after quenching into ice water.
Most of Raman data were obtained from the transparent
areas.

Figure 3 shows the concentration dependence of Raman
spectra in Cxe„Se& „glasses (0~x ~0.33). These spectra
are consistent with the reported data. ' ' ' In order to
obtain the peak energy, width, and relative scattering in-
tensity exactly, the normalized spectra by the Bose occu-
pation factor are decomposed into a set of Gaussian peaks
as

I„, ,~;„d(cu) =I,b, (co) l[n(co, T)+ l]= Q I~(2mcrj )
'~ exp[ —(co —co~) /2aj']

J

Most of the calculations are made by the least-squares method. Some of the spectra for which the calculations cannot
give convergent results are decomposed by comparing the spectra with the sum of Gaussian peaks on a microcomputer
screen. The obtained fitting parameters are listed in Table II. The typical results of fitting are shown in Fig. 4. The en-
ergies of the A& and A

&
modes in the GeSe4&2 tetrahedra and the AI mode in the Se8 rings are shown in Fig. 5 as a

function of x. The edges of the screen tones show the energies of coj+a J. The x dependence of the relative intensity of
the companion peak to the A& peak, I(At)/I(A~), are plotted in Fig. 6. The I(A ~,x) was estimated by

IG(222 cm ', x =0)IG(236—270 cm ', x)
I(A i,x) =IG(A i,x)—

IG(234 cm ', x =0)+IG(253 cm ', x =0)

500 to eliminate the scattering component from the pure Se
glass, where I& is the scattering intensity obtained from
the Gaussian fit. The x dependence is gentler than the re-
ported results, ' because the linewidth increases with the
decrease of x as listed in Table II. These ratios are com-
pared with the calculated values from the stochastic
RNM which is presented in the next section.

Figure 7 shows the Raman spectra in Ge S& glasses.
The best fitting parameters for the Gaussian decomposi-

GexS]-x

C3
~ ~00—
CC
UJ
Z'.
LU

~ 08

—0.6

350—
/////////////////////////////////////////////~//////////////////7///////////////////

~~~~~~~E///i////5/////////j/j/j//j//j/jjjgyjgpjgjj///////////////////////////////

t4
04,

X

0.2

I

0.1
I

0.2 0.3 0.1 0.2 0.3

FIG. 9. The x dependence of the Al and A ~ modes in the
GeS4 tetrahedra and the A l mode in the S8 rings. The edges of
the screen tones show the energies of coj+0'j.

FICx. 10. The intensity ratio I(A &)/I(Ai) normalized at
x =0.33. The curve is calculated by the stochastic RNM
presented in the text.
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Let's imagine adding an atom M on an MX4 molecule.
After the atom M is attached to the MX4 molecule by a
single bond, the probability that the second bond is
ormed with the atom X which remains unbound in the

first MX4 molecule is supposed to be P times the proba-
bility that the second bond is not formed with the first
MX4 molecule. In the case of M XI „, which is written

FIG. 15. The Raman spectra in SiS2 glass.

as (MXz)„X, 3„, the probability that an X atom of a mol-
ecule MX4 joins to an M atom is PM ——x/(1 —2x), and
the probability to an X atom is P~ ——(1—3x)/(1 —2x).

Figure 16 shows all the possible forms of bonding
around an MX4 molecule. The existing probability for
each figure is listed in Table III. As for the central MX4
molecule, the bonding forms in Figs. 16(a)—16(e) consist
of X—X bonds and corner-sharing bonds, the forms
16(f)—16(h) X—X, corner-sharing, and edge-sharing
bonds, and the form 16(i) only edge-sharing bonds. It is

supposed that the X atoms of the MX4 molecule on the
X—X bonds and those on the corner-sharing bonds give
almost the same vibrational frequency. We tentatively
suppose that the Raman intensity is simply proportional
to the number of X atoms which belong to the modes in
Figs. 2(a) and 2(b) although the Raman scattering proba-
bility is generally different between them. Each of the
bonding forms of Figs. 16(a)—16(e) contributes two to the
Fig. 2(a) type, each of the forms of Figs. 16(f)—16(h) con-
tributes one to each of the Fig. 2(a) and 2(b) types, and the
form of Fig. 16(i) contributes two to the Fig. 2(b) type.
The calculated intensity ratio I (A I )/I(A I ) at x =0.33 is
shown in Fig. 17 as a function of P. The ratio increases
monotonically with P. The x dependence of the ratio is
shown in Fig. 18 for P =0.1, 1, and 5. The decrease of
the intensity ratio, on decreasing x from x =0.33, be-
comes drastic with the increase of P.

The best fits for the x dependence of the ratio
—0.8—

~ 06—
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C3
LU
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X
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0.2—
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,
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pl

Ge ( Si)

0 Se (S)

FIG. 14. The intensity ratio I(A
&
)/I(A I) normalized at

K =0.33. T=0. . The curve is calculated by the stochastic RNM
presented in the text.

FIG. 1G. 16. The possible bonding forms around a tetrahedral
MX4 molecule.
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Bonding
form

(a)

(b)

(c)

(d)

(e)

TABLE III. The existing probability for the bonding forms shown in Fig. 16.

Ps

Probability

1+p ( (+p)2 (1+p)3

I 1

1+P (].+p)2 (1+P)(1+2P) {1+P) (1+P) (1+2P) (1+P)(1+2P)'

Ps PG (1+P)(1+2P) (1+P) (1+2P) (1+P)(1+2P) (1+P)(1+2P)(1+3P)+,' + 2+

P4 1

(1+P)(1+2P)(1+3P)

p (1 p)2 (1 p)3

(g) 1+P (1+P)' (1+P)(1+2P) (1+P)'(1+2P)

PGP + + 3

(1+P) (1+P) (1+2P) (1+P)(1+2P)(1+3P)
1 2

(1+P) (1+P) (1+2P)

GeSe2
2D-HT GeS22D-HT GeS2Structure

TABLE IV. Comparison of P between crystals and glasses. n(ES)/n(CS) is the ratio of the number of chalcogenide atoms on the
edge-sharing double bonds to those on the corner-sharing single bonds. P' is estimated from the n(ES)/n(CS), P from the x depen-
dence of the I(A &)/I(A~) and P from the I(A

&
)/I(A&) at x =0.33 with the assumption of the equal scattering probability be-

tween the edge-sharing and the corner-sharing bonds. 3D indicates three-dimensional, 2D two-dimensional, and 1D one-dimensional.

GeS2 SiS2
1D SiS2

Crystal n(ES)/n(CS)
pl

1

3

0.12

l

3

0.12

Glass P
p g

I(A
& )/I(A ~)

0.07
0.07
0.21

0.15

0.15

0.40

2.2
1.4
3.1

1.7
3.7

- 0.8

~06

~ 04
X
oz 02

0.2 0.3

FIG. 17. The P dependence of the intensity ratio
r(A ~ )/I(A ~) calculated from the stochastic RNM.

FIG. 18. The x dependence of the intensity ratio
r(A', )/r(A, ).
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FKx. 1 . The relative ex'e ex&sting probabilit ofi i y o the molecular bondin fon Ing forms shown in Fi . 1ig. 16 for P =0.07 0 1. 5, and 2.2.
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FIG. 19. ( Continued).

a so listed in Table IV. The order of increasing P (P' andl
P*) from Ge S, „,Ge„Se~ „,Si Se~ „ to Si„S~ „ is the
same in the glassy and the crystalline states. The large
difference of the values of P (P' and P*) between the
glass and the crystal suggests that the glass is not con-
structed simply from the fragment of the crystal.

Figure 19 shows the relative existing probability of the
molecular bonding forms shown in Fig. 16 for the values
of P obtained from the best fit for the x dependence of
I(A

~ )/I(/1 ~) in Ge„S~ „,Ge„Se, „, and Si„Se, „. The

bo]o
most probable bonding form changes with x. Th b-x. e pro a-

t tty of the form of Fig. 16(a) increases monotonically to
one, when x approaches zero. The probability of the
bonding forms of Figs. 16(e), 16(h), and 16(i) increases
monotonically with the increase of x.

V. PHQTQINDUCED MICRQCRYSTALLIZATIQN

The value of P is intrinsic in each disordered material
and not affected by the method used in making the sam-
ple, but it can be changed by the irradiation of light. The
Raman spectrum in amorphous GeSez which is made by
the vacuum evaporation method shows the same structure
as that in the glass which is made by the melt-quenched
method. This fact is difficult to explain within the ORM
in which the companion peak is related to the boundary
structure of the crystalline fragment because it is expected
that the size of the fragment decreases with the increase
of cooling speed.

Photoirradiation can, however, change the P. The irra-

(~1)/I(~ )) in Ge„Se/
glasses are obtained with the adjustable parameter P
which is independent of x. The obtained values are

P =2.2 for Si Sor Si Se& „. The x dependence of the intensity
ratio is plotted using solid curves in Figs. 6, 10, and 14.

he accordance with the experimental results is very
good. The values of P can be obtained independently
from the I(A ~)/I(A&) at x =0.33 with the assumption
that the Raman scattering intensity is proportional to the
number of chalcogen atoms irrespective of the modes in
Figs. 2(a) and 2(b). These values are denoted by P* The.
obtained values of P are 0.15 for Ge Se&, 0.07 for

e ~, and 1.44 for Si Se~ . It should be noticed
that the values of P show small dependence on the in-
cident laser wavelength. The obtained values are summa-
rized in Table IV. The good coincidence between the
values of P and P* obtained from two different ways sug-
gests the appropriateness of the present model.

In the crystals the corresponding P' is presented by the
ratio of the number of chalcogen atoms on th d
s aring (ES) double bonds to that on the corner-sharing
(CS) bonds, n(ES)/n(CS), from Fig. 17 by replacing
I(/1 &)/I(A~) with n(ES)/n(CS) and P with P'. In the
low-temperature (LT) phase of GeS2, P' equals zero, since
the structure is composed of only the corner-sharing
bonds. In GeSez and the high-temperature (HT) phase of
GeSz the ratio n(ES)/n(CS) is —, , which corresponds to
P'=0. 12. In SiSz and SiSez, P'= ao since the crystal is
formed of only the edge sharing bonds. These results are
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FIG. 20. The Raman spectra in the microcrystalline states of GeSeq induced by photoirradiation (b)—(d) and by thermal annealing
(e). A 6328 A laser beam was used. The spectrum in (a) is obtained from the glass before the crystallization. The spectrum in (b) was
measured at the incident light power density of 0.6 kW/cm after the irradiation with the same power density for 330 min. The spec-
tra in (c) and (d) were measured at 0.4 kW/cm and 0.8 kW/cm after the irradiation of 0.8 kW/cm for 840 min, respectively. The
spectrum in (c) shows the microcrystalline state formed by the thermal annealing at 400 C for 14 h.
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35 STOCHASTIC RANDOM NETWORK MODEL IN Ge AND Si. . . 1359

Spectrum Mode (cm ') (cm ')

{a) 140.4
178.5
201.2
218.0
240.0
269.5
310.0

0.17
0.18
1.00
0.43
0.05
0.32
0.14

13.9
6.5
7.3
4.2
8.0

20.0
12.0

(b)
A

A,cr
cr
C

181.0
197.0
198.0
207.5
213.3
255.5
271.0
321.0

0.08
0.52
0.48
0.18
0.33
0.09
0.55
0.01

7.0
6.0
2.5
2.8
5.3
6.0

33.0
5.5

(c)

A,cr
cr
C

178.3
198.6
199.2
209.4
213.9
256.0
270.0
305.0
327.0

0.24
0.91
0.09
0.21
0.84
0.13
0.61
0.14
0.02

7.3
7.0
2.0
1.8
5.7

10.0
30.0

8.5
4.0

(d)

cr
C

179.5
198.0
207. 1

212.4
242.0
254.0
255.0
285.0
292.0
301.0
306.0
323.0

0.20
1.00
0.62
1.00
0.04
0.06
0.53
0.03
0.02
0.05
0.18
0.03

8.0
5.6
2.5
5.4
3.5
4.0

23.0
3.0
2.5
3.0

14.0
3.0

(e)
A

CI

C

179.7
202.3
212.0
217.0
250.7
260.5
266.5
298.0
308.0
312.0
331.0

0.09
1.00
0.17
0.65
0.02
0.02
0.50
0.02
0.03
0.18
0.01

5.0
6.8
1.3
5.0
2.0
2.8

23.0
4.0
2.0

12.0
2.0

TABLE V. The phonon energies, scattering intensities nor-
malized by the A I peak intensity and the standard deviations of
the energies in the CseSe2 glass and its microcrystallized states
shown in Fig. 20. The A I mode is denoted by A, the A

& by C
and the dominant crystalline mode by cr.

TABLE VI. The phonon energies, scattering intensities nor-
rnalized by the A

& peak intensity, and the standard deviations of
the energies in the SiSe2 glass and its microcrystallized states
shown in Fig. 21. The A& mode is denoted by A, the A 1 by C
and the dominant crystalline mode by cr.

Spectrum

(a)

(b)

(c)

Mode

C
C

A

C
C

cr

C
cr
C

(crn-')

195.8
212.8
222. 1

239.5
247.0
264.5

210.7
220.4
237.9
245.6
266.0

202.0
207.2
213.0
222.0
241.0
246.3
250.0
264.5

0.23
0.31
0.69
1.29
0.98
0.18

0.46
0.54
1.18
0.61
0.37

0.39
0.51
0.29
0.71
2.37
2.96
0.67
0.59

(cm —')

7.5
3.9
5.2
5. 1

3.5
12.0

6.0
5.5
6.0
4.0

10.0

8.0
2.5
4.0
6.0
6.5
2.5
5.0
6.0

The spectra in Figs. 20(b)—20(e) are composed of the
mixed structure of the glass and the crystal. There is an
essential difference between the spectrum in Fig. 20(b) and
the spectra in Figs. 20(c)—20(e). The energies of many
sharp peaks which appear in the spectra in Figs. 20(c),
20(d), and 20(e) are essentially the same as in the crystal
except for the peaks at 51, 199, and 327 cm ', although
the strong irradiation shifts the peak energies to the
lower-energy direction as shown in the spectrum in Fig.
20(d). The spectrum in Fig. 20(b), obtained after the irra-
diation below the threshold intensity, shows many sharp
crystalline peaks the energies of which are different from
the GeSez crystal. This microcrystalline phase is assigned
to the low-temperature phase of GeS2. The modes at 24,
28, 33, 44, 59, 68, 76, 88.5, 120.5, 135, 159, and 198 cm
are originated from this new microcrystalline phase.

The trials to synthesize the new phase of GeSez from
the thermal annealing of glassy GeSeq or a liquid-phase
growth from excess Se liquid resulted in failure till now.
This two-directional photoinduced crystallization is the
first evidence, to the best of my knowledge, that the pho-
toinduced microcrystallization is clearly distinguished
from the thermal crystallization.

As a result of the photoirradiation the intensity ratio of
the glassy peaks, I(A I )/I(AI), changes drastically. The
irradiation below the threshold intensity decreases the in-
tensity ratio from 0.43 (P*=0.16) to 0.33 (P*=0.12),
while the irradiation above it increases the ratio to 1

(P*=0.41) as listed in Table V. The increase of
I(Ai )/I(A|) is contrary to the experimental results by
Griffiths et al. ' They cited the simultaneous disappear-
ance of the 3 i peak and the 178 cm ' peak which has
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been assigned to the vibrational mode in the ethane-like
molecules as the evidence of the validity of the ORM.

In the ORM the 3
&

mode is assigned to the vibration in
the structure which does not exist in the crystal. In the
course of photoinduced crystallization, the ORM predicts
that the 3

&
peak increases and shifts to the energy of the

crystalline Ag peak at 211 crn ' as well as the decrease of
the 3

~ peak. This prediction is contrary to the experi-
mental results that the crystalline peak sprouts at almost
the same energy with the Ag peak in the GeSe2 crystal
and the 2

&
peak does not disappear.

The crystallization by the thermal annealing shows the
saturated behavior to the level which is determined by the
annealing temperature. The peak height strongly depends
on the annealing temperature.

Photoinduced crystallization in SiSez glass is shown in
Fig. 21 together with the Gaussian curves. The data of
the Gaussian decomposition are shown in Table VI. The
Ar-ion laser was operated at 4579 A in this experiment.
The spectrum in Fig. 21(a) was measured before the cry-
stallization at 3 mW (0.3 kW/cm ). The spectra in Figs.
21(b) and 21(c) were measured at 15 mW after the irradia-
tion of 15 mW for 310 min and 30 mW for 10 min,
respectively. The relative intensity I(A

~ )/I(A, ) de-
creases from 2.3 (P*= 1.05) in the glass to 1.8 (P*=0.80)
by the weak light and increases to 3 (P*=1.41) by the
strong light.

This photoinduced crystallization shows that the local
energy is lower in the corner-sharing bond than in the
edge-sharing bond, but the total energy is lowest in the
normal crystal structure. Therefore in the GeSe~ glass the
microcrystals with the low-temperature phase of GeS2 are
formed, when the molecules are excited independently, but
the structure changes to the high-temperature phase of
GeS2, when all molecules are excited simultaneously. The
minimum sizes of the microcrystals which give the crys-
talline spectra are speculated to the order of 10& 10& 10
in the units of the lattice constants of the crystal. In the
case of a-Si a recent high-resolution electron microscope
elucidated the cluster structure. Inside the cluster Si
atoms are arranged as in the crystal. The number of
atoms in a cluster is on the order of 1000. The Raman
spectra from a-Si shows small crystalline peaks which are
superimposed on the broad amorphous peak.

The threshold intensity for the crystallization in Se
glass is less than lpp of that in GeSe2 glass. The threshold
intensity increases rapidly with the increase of Ge or Si
concentration. Figure 22 shows the photoinduced cry-
stallization in Se glass. The spectrum in Fig. 22(a) was
measured at the incident laser beam of 8 mW focused by a
cylindrical lens with the focal length of 10 cm. The effec-
tive incident power is estimated to 4 W/cm . The spectra
in Figs. 22(b) and 22(c) were successively measured at the
laser power of 15 rnW with the same lens without the spe-
cial time of the photoinduced crystallization. The spec-
trum in Fig. 22(d) was obtained immediately after the
photoirradiation of 15 mW with a spherical lens with the
focal length of 10 cm. The effective incident power is es-
timated to 0.8 kW/cm . The peak at 251.5 crn ' is as-
signed to the 3

~ mode in the Se8 rings and the 234 cm
peak to the 3& mode in the polymeric chains. This

structural change is the same as that by thermal anneal-
ing. A vector charge-density wave model was proposed
for the amorphous structure of Se by Fukutorne. In his
model the amorphous structure is characterized by the
charged soliton caused by the defect in the spiral bonding
structure. The crystallization may be caused by the excit-
ed soliton created by the irradiated light. The existence of
the threshold intensity for the start of crystallization sug-
gests that the cooperative phenomena of excited solitons is
necessary for the crystallization.

VI. DISCUSSION

It is shown in the preceding section that the stochastic
RNM which has only one parameter I' can explain con-
sistently the origin of the 3& and the 3

&
peaks which

have been the cause of the controversy about the amor-
phous structure. In this section the remaining problems
are discussed.

Mossbauer spectroscopy by Bresser et al. showed the
existence of two chalcogen sites in GeSe2 and GeS2
glasses. They assigned one site to the Ge—Se—Ge bond
and another site to the Ge—Se—Se bond. The second Se
site was attributed to the dimerized chalcogen atoms on
the edges of the outrigger-raft clusters. I suggest the pos-
sibility of assignment that the second site can be attribut-
ed to the edge-sharing bond because the interatomic dis-
tance between the chalcogen atoms is shorter than twice
the ionic radius. Some covalent bonding force is expect-
ed between the two chalcogen atoms.

The structure of glass in the RNM is essentially three
dimensional, while the structure in the ORM is two di-
rnensional ~ The low-frequency peak at about 22 cm ' in
the Raman spectra, which is often called the Bose peak, is
explained by the rigid layer mode in the ORM. The rigid
layer mode is a characteristic mode in two-dimensional
materials. However, as shown in Figs. 3, 7, 11, and 15
this peak is observed, only if the surface is good, in SiS2
and Si„Se& with one-dimensional crystal structure, in
Ge„Se& with two-dimensional crystal structure, and in
Ge S& with two- and three-dimensional crystal struc-
tures, and even in Se with one-dimensional and ring struc-
tures. The Bose peak is commonly observed in many
amorphous materials. Martin and Brenig explained
the Bose peak as fluctuation of the polarizability by the
acoustic wave. Nemanich and Arai et al. used this
model for the analysis of the Bose peak in As2S3. Recent
theory of phonon localization by Akkermans et al.
shows that the spectral density is enhanced near the fre-
quency of phonon localization.

The present experimental results of Raman scattering
are consistent with the present stochastic random network
model. It should be stressed again that this model is
based on the interpretation of the Raman spectra from the
viewpoint of phonon localization. When regular structure
extends to several or several tens of the crystalline lattice
constant in each direction, the coherent crystalline mode
appears. This mode extends to the whole cluster and has
the energy of the crystalline Ag mode. Further advances
are highly expected in the theoretical works which solve
the localization-delocalization problem of phonons.
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