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Phonon spcctra in Si02 sol-gel m~\(Jcgbsses annealed under diffcrent conditions are invcstigatcd using infrared absorption and Raman
scattering. These data are compared wilh those oblained in cornrnercial optical.qualilY quartz. AH (he materials exhibir (he same phonon
bands. the exac( position and the intensity depend on Ihe measuring Icchnique and on Ihe sample preparmion method. The phonon spcctra in
this mmerial are interpretcd on the basis of a simple quasi-linear description of elastic waves in an O.Si-O chain. It is shown {hat the main
features observed in the range 4(XJ-1400 cm-I can be prediclcd using a quasi-lincarchain model in which Ihe band al 1070 cm-1 is assigned
10 the longitudinal optical waves in [he O-Si-O chain with the smallesl possible wavelength al the Brillouin lOne houndary. the band located
around 450 cm-I is assigned 10 the Iransversal optical waves and the band at 800 cm-1 to the longitudinal acoustical waves with the same
wavelength. The degrec of structural disorder can be also deduced within the framework ol' the proposed model.

Ke)"II'ords: Sol-gel glasses; phonon spcctra: infrared and Raman spcctra

Por medio de cspectroscopía infrarroja (IR) y Raman se investigó el espectro de fOllones en vidrios de SiO,¡ producidos por el proceso sol-gel
y trawdos en diferentes condiciones. Se compararon los datos con aquellos ohtenidos sobre cuarzo de calidad óptica. Todos los materiales
ex.hiben las mislTl~lsbandas de fonones; sin embargo, la posición exacta y la intensidad dependen de la (écnica de medición y del método
de preparación de la muestra. El espectro de los fonones en este material se interpreta (omando corno hase la descripción cuasi-lineal de
ondas elásticas en una l'adena de O-Si.O. Se muestra que los principales aspectos observados en el intervalo de 400 a 1400 cm-1 se pueden
predecir usando el modelo de la cadena cuasi.lineal. en el cual la banda a 1070 cm-I se asigna a las ondas ópticas longitudinales en la cadena
de O-Si-O con la longitud de onda más pequea posible en la zona de Brillouin. La banda localizada alrededor de 450 cm-1 se asigna a las
ondas ópticas transversales y la banda en 800 cm-1 a las ondas acústicas de la misma longitud de onda. A partir del modelo propuesto se
puede obtener informaci{m sobre el grado de desorden dentro de la r"d.

J)f'.\cril'to/"('.\",' Vidrios sol-gel; espectro de fonones; espectros Raman e infrarrojo

rAes: 61.41.Fs. 7R.10.Ly

1. Introductinn

Phonon speclra in Si02 glasses havc been the subjecl 01" par-
ticular interest during the last dccadcs. Both theoretical and
experimental works have shown that ccrtain features in the vi.
hrational speclra could be a source 01' ¡nformation about the
slructurc, cOlllposition and the degree of structural disordcr
in lhese miltcrials [1-81. Previous calculations of the phonon
spectra in vitreous SiO:! have been hased on quasi-crystallinc
lTlodcls 10,tI; on largc scale disordercd nctworks [8-10] and
011 molecular cluster modcls [11-131. Previous experimental
invcstigations made on quartz and 011 othcr types of amor-
phous SiO:.? material s preparcd by differcnt techniqucs have
shoWI1 that lhe main fcatmes in the phonon spectra are the
sallle for aH these material s [11-17J. Howcver, the nature of
(ertain hands in thc spectra is still 1101 quite clear. Por cx-
amplc. the infrareo absorption banos centercd around 450,

800, and 1070 cm-1, \Vere assigned [18-20J lo the rack-
ing, bending and strctching vibrations of the Si-O bond, rc-
spectively. Many other papers have heen devoted lO under-
standing the origins ol' these modes and lO assigning the CDr-

responding alomic motions [3,~, 18-23J. At the same lime,
the main fealure in the Raman spectrum of vitreous Si02 at
455 cm-1 122J has heen assigned to the hond-hending vibra-
tion [22;.

It should he rnentioncd, that must of the cited papcrs
givc a dcscription 01' the differcnt vibralional modes using
the molecular cluster approxirnation, i.e.. considering a rno-
tion of. for cxample, an oxygen atom undcr the action of lhe
elastic forces caused by the deformation of the two adjacent
bonds. This description could Icad te wrong conclusions in
a solid, whcrc perhaps the wave approximation could be "
more rcalistic anJ therefore could provide a more complete
picture of (he vibrationn.1 spectra.
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FIGURE l. IR ahsorption spcclrum from 400 lO 1700 cm-I

(curve 1). Raman spectrum for a sol-gel sample (curve 2) and
Raman spectrum rol' a commercial aplical quality quartz slide
(curve J).

lhe bands llsually observed are presenl in Ihe lhree speclea, al-
lhough lhe inlensily ralio of lhe differenl bands varies from
sample 10 samplc. Thcsc hanos related to vihrations of lhe
Si-O nelwark are loealed al aboul450, 800, and 1070 cm-l.
Thc laucr hand is composcd 01' several [eatures which in-
clude bands al around 1070, 1160, and 1215 cm-l, as re-
ported in prcvious papers, assigned to the T03• L04 and
TOI modes, respeelively [4]. In curve 2 an addilional band
al aboUl 1320 em-I is observed. This band was previously
obser\'ed in lhe IR speelra of sol-gel made samples wilh low
pcreentagc 01' water in the initial solulion. This condition pro-
duces glass not normally structured prcscnling well-defined
Si-O-Si ehains bul nol properly inlereonneeled. NOlice lha!
this band does not appear in the Raman speelrum of the
quartz samplc. Ihercforc this Hne originates from structural
disorder.

Al lhis poinI, we will reslriel our diseussion lO lhe lhree
bands al aholll450, 800, and 1070 cm-l. The effeels due 10
disorder will be discusscd in a subsequent section. Table I
summarizes the detailed position of the bands loeated around
800, and 1070 cm-1 , as oblained by IR and Raman measure-
menlS, far several samples produeed by Ihe sol-gel melhod.
The exact posilion of cach band depends on the sample. hut
Ihere is sorne eorrclation betwcen the shifts of the different
hands: ir the band eentered around 1070 cm-1 moves to a
certain direetion. the nand around 800 cm-l moves towards
the same dircction whereas the 450 cm-1 band moves to the
opposile one, lhis may bc observed in Ihe speelra of Fig. l.
This hehavior is not eonsistenl with the assumption that the
band al 800 em- L eorresponds \O Ihe bond-bending deforma-
tion bcc<luse in such case its rrcquency ought lo be propor.
lional (o ens (R/2) (8 being lhe Si-O-Si angle, see Ihe fig-
ures and eOllsiderations in the next scclion), whereas the fre-
queney 01 lhe bond-slrelching vibralion (I05G-1080 em-1)
is proportional lo sin (B/2). Thcrcfore. any variation of f) in
differcnl samples should shift these hands in opposite direc-

In addilion, lhere has been a 101of eontroversy in relalion
lo how the dcgree ol' structural disorder in vitrcous Sin,! is
relalcd to certain featurcs in the phonon spectra measured by
speelroseopie leehniques [1-5,21-23]. Some works use lhe
relnlivc inlensity of ccrtain bands or lheir widths to estimate
lhe degree of disarder, perhaps a beller way lo do lhal is lo
use thc integrated arca under the corrcsponding bands. In an)'
way. no model has heen proposed so far to relate unambigu-
ously the glass structurnl disorder with the characteristics of
lhe phonon speelra.

In the present sludy we compare lhe phonoo speclra mea-
sured on pure and doped Si02 samplcs obtained using the
sol-gel melhod wilh lhal oblained in oplieal qualily quartz.
In lhe doped sol-gel made samples, eopper impurilies have
been added and the samples treated al various lcmperaturcs
with the intention lo modify the structural disorder anJ there-
lore lo he ahle to estahlish a rclation belwcen certain features
ohscrvcd in the IR speclra and the dcgrce of structural disor-
tler in thcse malerials. The analysis is maJe on the basis of
a simple description of clastic wavcs in a quasi-linear O-Si-
O chain. this chain hcing the main constituent of the glass
nelwork. The results of lhis analysis give a reasonahly goou
descriplion of lhe hehavior of lhe differenl phonon bands. In
addition, il provides a model that corre lates Ihe shape of thc
phollon spcetra with the struetural disorder in these matcrials.

2. Materials and methods

The sol-gel samples were prepared hy mixing the starling
solUlions eomposed 01' tetraethylorthosilicale (TEOS), waler
ami elhanol. The elhanol lo TEOS and waler lo TEOS molar
ralios \\'crc 4: 1 and 11.7: 1, respectively. The eopper was in-
troduced inlo lhe solution in lhe [mm of nilrate. To catalyze
lhe hydrolysis/eondensation reaelions, a small amounl of ni-
trie acid \I,'asadded. After mixing. lhe solution was placcd in a
closco stainless stcel container in a constant temperature bath
at 35°C. At thesc conoitions the solution viscosity gradually
increaseo reaehing solidifieation at ahout 36 hours. Powdcrcd
samples were obtaincd aner grinding the pieces ol' so lid glass.
Fllrlher delails ahOUI lhe sol-gel melhod can be found else-
where [24. 25]. Sorne samples werc heal treated underoxidiz-
ing or reducing eonditions depending upon the annealing at-
mospherc (air oc CO. respeetively). The Raman speetra were
ohtaincd using a Miero~Raman system with the 632.8 nm
laser ¡¡ghl as exeilation source and with typical power den-
silies of 10 \V/em'- The IR absorplion speelea were oblained
Wilha Ff-IR speelromeler Perkin Elmcr Syslem model 2000,
used il in the diffuse retleetance moJe.

3. Experimental spectra

Figure I shows a Iyrical IR absorption speclrum in the range
of 400-1700 em-l (curve 1), Ihe Raman speelrum far a
sol-gel sample (curve 2) and lhe Raman speetrum for com-
Inercial oplical qualily quartz slide (curve 3). The majerity 01'
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TAlH.E 1. Vibralional frequcncies fN ¡he indicaled b,mds and rcl~ltcd LImafor diffcrent SiOl glasscs (s.g. = sol-gel).
Sarnple Treallllellt Speclra "'o w' wl/wo

(CI11-I) (l'In-1)

s.g. SiOl 501YC, ox. IR 1051.2 798.5 0.760
SiO!, Corning gJass None Raman 1071.5 8OJ.5 0.750

s.g. SiOl 300°C. red Rarnan 10.\-1.7 789.5 0.756
quarl/. None Ríllllan 10-180 786.1 (J.750

s.g. SiO,(O.3CuO) SOO°C, red IR 1077.8 811.2 0.753
S.g. SiO,((UClIO) 5()()0C, red m 1081.2 808.7 0.758
s.g. SiO,lO.3ClIO) 300°C, red m 1073.8 806.7 0.750
s.g. SiO:.?(0.6CuO) XOO°C,red IR 1083.6 81-1.7 0.752
s.g. SiOl(O.6CuO) 500°C. red IR 107-1.3 X06.J 0.751

s.g.SiOl 100° C, ox. Raman 10-1-17 789.5 0.756
s.g. S,O,(0.6CoO) 800° C. retl Raman 1085.0 813.5 0.750
s.g. SiOlW3Fc20J) 5()()°C, red m 1065.0 801.0 0.752

{w') ::::::S02A. standard devi;llion = 9.75. rclativc dispcrsion 1.2%
{•...'o) ::::::IOGG.7.,standard dcviation ::::::15.5, rcJativc dispersiol1 1.45%
{w'/v,}n) = 0.753, slandard devbtion ::::::0.0035, rclalive dispcrsion (J ..1G%.

lions [111. Thcsc ohser\'<ltions Icad us lo acccpl lhe conclu-
-"ion ohtaincd in Ref. II in which lhe main Raman hanJ
amund 450 cm-I corrcsponds to hond-hcnding vihralions.
Tbis conc/usioll agrecs well wilh lhe hehavior ohscrvcd in
slIch hands \\'hcn structural changcs in the samplcs are in-
dllccd hy either doping or annealing and with the value oflhe
0-5i-0 angle O "" 1350 [f()r whieh sin (0/2)/ ros (0/2) =
2 ..1, and 1070/450 = 2.38J. The nature of the hand al 800
(111-1 ",ill he discussed later in t!lis papero \Ve could also
IllClllioll that the s04called hond-rocking atomic mOlino frc-
quently Illcnlioncd in lilcralurc does 110t. in a IIrst approxi-
Illalioll. produce any hond dcfonnalion amI, thcrcfore. should
nol givc <In oscillatioll mode at all. The hand al abolll 900
L"1Il-1 in speclra I and 2 is duc lO the strelching vihration 01'
Ihe silanol group (Si-Oll).

ot. I'honon spcclra in a quasi-lincar O-Si-O
chain

T() ()nlain a general description al' the phonon spectra in SiO:!
glasses. a simple calculation has been carried out ror clas-
tic wavcs travcling in a quasi.)inear O-Si-O chain. \Ve have
follO\vcd lhe standard proccdure employcd lo calculalc Ihe
phonon dispersion rclation in a diatomic chain. I! is cxpecled
Ihat this approximation coulJ provide a reasonable approach
to Ihe three-dimensional case fUf at leasl Ihe longitudinal
\\laves whcn Ihe atomic lIlolion in one chain causes only a
slIIa!1 pcrturhatioll to the ncighhor chains.

Figure 2A shows a schemalic view 01' Ihe Si.O-Si-O chain
where (he open and closcu circ les represent lhe oxygen and
Ihe silicon atollls, rcspectively. It is gcnerally acceptcd that
this ,hain is Ihe main conslituent ofthc glass network and that

____~ •• e
CJ • '-o

FHiURE 2. 5chcmatic view 01' Ihe Si-0.5i-0 chain (A) and d is.
placclllcnts aJong lhe chain 01'lhe 0- and 5i.¡ltOIllS (B-E).

the Icngth of lhe chain will dcpenJ on lhe degrcc of slructural
disorder in lhe glass. In this calculalion we have assumcd a
pcriol!ic inlinile ch,lin, leaving lhe effecls of disorder for the
next section. The Newlonian equalions for lhe longitudinal
tnolion of Ihe two aloms in lhe cel! numhcr s are

d111S •. .) (J
1110 dt1 =k(lIs + 1J.~_1 - 2Hs)sm-?, (1)

(/'lv" , ,. 2 f)
1IlSi d(1 =1.: (11" + ll.~+1 - 2vs) SIIl 2' (2)

where tnO,Si are lhe masscs of Ihe oxygcn and silicon atoms.
k is lhe elastic coefficicnt of the slrclching bond, and H and
vare Ihe displacements along the ehain (see Fig_ 211-2E) of
Ihe 0- and Si-atoms. rcspcclively.

11"". Mex. Pis. 45 (2) (1999) 150-155
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h) l\ has the highest possihle valuc (zonc edgc)
f\" 1\-l1l:lx = n/a (n = 2a see Fig. 2B and 2e). In this
case,

úl1 opl

úl2 úl)

]: úlO
~g
•, úl~
f~ ac

Wopt = wo,

W(\I" =w' = 1110 -ro::-- = 0.1 J(X.,o.
11IS¡

(8)

00
Waveveetor (k) -"-• e) /, = 2/3/,,,,.,, the wavclength ,\ = 3" (see Fig. 2D)

FIOURE 3. Solution 01' Ihe Eq. (5) for the 0plical ami acollsli(:al

phonons.
w" = 1.10.1"'11' (9)

\Vc employ oscillatory solutions 01'the form:

lIs = uexpi(Kas -w/), W"2 = 1.1G7r....o. ( 10)

jI.~ = vcxpi(I{(Js - wi),

- /'[ /2( + ¡".',wI\(" - \. O' 11'0 U10Si (/

The acoustical hranch near K = O is approximalely linear:

,

Now we see thal if one takcs (,.v'o = 1065 cm -l. the values
for "-':1,2,1 = 117-1, 1244, and 1330 cm-1 ean be obtained,
respectively. As pointed out oefofc in the texto Ihe hanos
[,¡.,'o. W;¡, and I.N':? have oeen previously reported and atlrihulcd
lo lhe ro:l, LQ.1 ami To.¡ modes respectively. the last one is
ooserved in the Raman spectra 01'Fig. l. From this approach,
all lhe hanos ohscrved in thc range 1000--1350 cm-1 corre-
spond lo different oplical phonons of lhe longituoinal branch
amI all are nf the LO-type.

ThL'dCllsity 01'slales in Jo( -space is unifofm, Iherefore, lhe
highest dcnsity 01'stales corrcsponlis to the llat parlS ol' lhe
dispersioll curves (j,l'. is ohserved !'orwo, W¡ ano w'). From
Pigs. 2B-2E one ohserves Ihat all phonoos. exccpt lhose wilh
). = 2(/((.(.,'= w'), are accompanied hy lhe Illolion of Si-
atollls, which will result in SOIllCdissipation of vihralional
energy due lo the intercollnection wilh the surrounoing O-Si-
O chains. rOl' thal rcason Ihe inleosity ol' the infrarcd hand
correspontiing lo (;...'= Wo is dominant.

Tite hand around HOO cm-I is assigncd lo lhe acoustic
phonons wilh lhe highcsl wave vector (A = 2(1, W = w'). As
it is evident from lhe Tahle 1, Ihe ratio wl/I.J.,'o is very c10se
lo Ihe theoretical value givcn hy Eq. (8), and its relalive ois-
pcrsion less Ihan 0.5%, which is lll11chsmaller than the dis-
persion 01"Ihe vallles ror Wo antl w' which are 1.5 anJ 1.2%.
respeclively. This means that somc correlalioll exists oetwcen
lhe values of l.J.,'o ami w'. in agrecmcnt with our considerations.

For the transversal waves, thal is, for atomic displace-
menls normal to those shown in Pig. 2, a similar approach
will produce a dispcrsion law 01' the samc kind, hut with a
scaling factor proportionalto ms (0/2) instcad 01' sin (e/2).
11is easy to see lhat lhe wave nurnhers between 1070 ano
1320 cm-I heing divided hy lhe factor sin (e /2) eos (e /2) =
2.4 would give lhe valllcs 446--550 cm-l which corrcspond
lo the main Raman o.mus ohserved in this material. But we
do not attempt lo make a detaileJ analysis ofthis region since
the applicahility 01' the quasi-Iinear approach lo this case is
nol quite jllstificd.

(7)

«(, )

WI = 1.252wo.

wo = )20/1110.

where we denote

,1 •.• 11/0 + /l/Si') 2o:?
w -""----w-+---(I-cosf{a)=O. (5)

1II01HSi 11I01l/Si

(l hcing the laHice constant 01' lhe chain, ami ohlain Ihe sys-
Icm nf cquations

where" = ksill'(0/2).
Solving the quadratic cquations ahovc. il is ohtained lhe

equation for w

-w' //lo u =011[1 + (,Xl' (-if{ a)) - 20/1, (3)

-W"2l/1Si l' =011[1 + t'xpiKa] - 201' (4)

,) 11/0 + rJlSi=W¡ = 2o-~--
11/0HlSi

Equation (5) gives the phonon dispersion la\1,.'for a quasi-
linear chain, 1.C'. the oependence 01'the frcLJucncy [,¡.,' upon lhe
\l.'aVeveclor 1\" = 21r/ A, (A oeing thc wavelenglh). A sim-
ple analysis [2GI shows that Eq. (5) gives lwo hranehes, one
lor lhe oplical ami another for the acollstical phonons (see
Fig. 3); sOlDe important phonons in the dispersion curves are
Ihe following:

a) Small /, (the wavelcngth ,\ » a, /, '" O); the optieal
freqllency is given hy

So,

ReI'. Aler. Fr, 45 (2) (1999) t 50- t 55
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5. Glass disorder elTeels

which mean Ihat lt could have any value whereas 11 is always
zero. For the acouslic wave with the same wavelenglh the re-
lations \\'oulJ he

So, for oplicol phonons wilh .\ = 2a only the oxy-
gcn atoms move. \I,.'hereas for aeoustic mode only Ihe silieon
aloms me in motion.

e). For A = 3(j one gels the I"ollowing relation hetween 11

and v:

12001000

1lA, cm-'
'00
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~ At _~_~~_..ro .,

Z
O

;:~ B_

O

!:~

with long chains. couplc \Vcakly wilh the elcctromagnetic
radiation and therefore \Veak hand intcnsities should be oh.
sen'ed. The disorder violales Ihe compensalion of the dipoles
with opposile momcntum, (hus increasing Ihe intensitics of
the curresponding hands \Iy'ith Ihe frequencies w', Wo and W2.

In Ihis approach Ihe hand W:l should be Ihe lcast sensilive to
the disorder.

In urde!' lo h~ve an experimental evaluation of the dis-
cussed eITec(s. we compared lhe arcas ol' the different hands.
in Ihe s(relching region of Ihe IR speclra of lhe sol-gel mOlde
samples. having diffcrent impurities and heal Ircatcd at dif.
I"crent conditions. The conlinuous line shows the measured
spectra in Fig. 4. It has oeen deconvoluted in several bands
that incluJe Ihe oands corresponding to Wo, W2 and ",",'3. In
this figure, Ihe dolteJ curve is Ihe sum of lhe various features
composing the hond-slretching region. as can he ohscrved Ihe
dotled antl experimenlal curves are very similar. indicaling
an appropriated decomposition. Figure 4A corresponds to an
undoped somple onnealed al IOO°e. \Ve expecI Ihis somple
lo have Ihe leasl degree 01' disorder. In Ihis case. Ihe ratio of
the arcas lindel' Ihe two hands al ""'0 and W.1 is 1.2 and, accord-
ing to OUTschemc rnentioned ahove, this ratio shoulJ incrcase
wilh increasing 01' lhe degree 01"disorder.

Thc spcclrum showll in Fig. 4B corrcsponds lo a copper.
dopcd sample arter heing annealed in oxidizing atmosphcre
al 300°C. In this case Ihe Cu-atoms hreak ¡nto lhe glass
chaios [28] subslituting Ihe Si aloms at randomly located
sites. Thu'\. the chain lenglh decreases and the degree of dis-
order increase. The ratio 01"lhe arcas of lhe two hands corre-

FI(;URE 4. Arcas of the Jillcrcnt hanJs in the strctching region of
¡he IR spcctra for sol-gel sall1ples for Jiffercnt impuritics and heat
trcalmcnts. 1\.lcasureJ spcctra in continuous Une anJ different bands
ofthc Jccon\'olutcd speclr~ in Jottcd line. Figure A corrcsponds to
¡he unJopcd samplc.

( 12)

( I 1)

( 13)

(1-1)

111Si11

v=v) (/11.°)1[=11.
mSi

II = u; (11l
Si
) 11= 11,mo

11 . _ (-l7í)- = -1.1-1+11.0, = -2.28exp --
" 3

inJicaling a phase shift in Ihe motion of Ihe Iwo ditTerent
alOm, (see Fig. 2D).

Taking Ihe oxygen and silicon aloms as ncgative and
positive chargcs. respeclively. the resulting distrihulioll 01'
charge along ~he chain induced hy Ihe alomie displacelllents
is shown in Fig. 2. The posilions 01"lhe aloms are dcnoted by
its chnrge. II'hile the equilibrium posilions sholl' the delicil
o" (he corresponding chargc. Thus. the atomic displaccmcnts
originale lhe appearance orthe charges as indicated in the fig.
me. Dne can see that for both optieal and aeoustical phonons
with A = 2(1. thcre appear a series of pairs 01"idenlical Jipoles
\\'ith Opposile oricnlation. resulting in a nel dipole momenl
equal lo lCro. It could be observcd Ihat for ,\ = 4a the silU.
alion is lhe same (nol sho\Vn in Fig. 2). In lhe casc ,\ = 3(1

Ihe orientation of Ihe adjacenl dipolcs is oppositc hut they
are nat compensaling each olher, rcsulting in a non vanishing
dipole momen!. This means that Ihe bands corrcsponding lo
the phonons wilh ,\ = 20 and 40 in the ordered malerial, i.e.

The relolive inlensilies of Ihe differenl honds could he esti-
mated ir \Ve flnd the cffcctive dipolc rnomentum gencralcd hy
Ihe diffcrent vihrations. To do so. we have 10 know lhe dis-
placcmcnt of Ihe atoms during lhe propagation of rhe clastic
lI'oves. For Ihis. one uses Eqs. (3) ond (-1) ond finds Ihe re-
lations bctwecn the valucs ll, l' for the diffcrcnt frcqucncics.
Thc maio rcsults are as follow5:

a). For 1\' ;::;:;:O, thal is ,.\ ---t oo. inlroducing (he corre-
sponding volue (lf w given hy Eq. (5) in Eq. (3A). lI'e gel:

which mcans that lhe displacclTlcnls al' lhe oxygcn and the
silicon atoll1s are invcrscly proportional la thcir mi1SSCS and
have lhe oppositc dircctions so Ihal lhe gravity ccnter 01' lhe
wholc syslCI11 uoes nol changc. a general rule for lhe optical
pl1onon5. lile atumie displaccmcnts for Ihe diffcrcnt vi ora-
tions are shown in Fig. 2.

b). For 1, = ,,/a. 01'.\ = 2a. (lne obloins Ihe correspond-
ing relations for thc optical phonon
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sponding lo lhe frequcncies u.'oand w3 is 21 in Ihis casco Fig-
ure 4C corresponds to a sample containing copper annealcd
in reL!ucing almosphere al ~.mo°c,in ¡his case the Cu-alollls
segregate into lhe eu-particles [28] thus parlially restoring
lhe glass chains. The corresponding area ralio here is l). Al
(he same lime, thc ralio oelween the arcas 01"lhe hands cor-
respol1ding (o lhe frequencies u.'o ami w] is in aH lhree cases
<Irollnd5.

Ií. Conc!lIsions

Bascd on IR and Raman investigalions, lhe phonoll hands
in SiOl samples wilh differenl degrec 01' structural disorder
llave heen analyzed. The Solulion of the dynamic equalions in
a quasi-1inear O-Si-O chain considcring the hond-strelching
wavcs in the chain predicts well the frcqucncy position 01"lhe
main vihratiollal hands ohserved in the experimental dala. It
was so found lhal aH lhe phonon bands observed in lhe r~lIlgc
IODO-USO cm-I correspoml lo dilTerent longitudinal opli-
cal mudes: lhe OIH:al ahoul 1070 cm-I has the wavclenglh
,\ = 20 (o is lhe lalliee eonslant 01"the chain), rOl"those al
aholll 1175. 1245, and 1330 CI11-1,the corresponding wave-
Icnglhs are ,\ :::: :lo, 40 and ,\ -T oo. The hand around
ROO <:m-J originates I"mmthe acoustical phonons at lhe lone
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