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The chemical structure of sodium aluminosilicate glasses is determined by high resolution x-ray
photoelectron spectroscogXPS) as silicon is gradually replaced by aluminum. A well-defined
chemical state is found for silicon, aluminum, and sodium atoms, while three different environments
are identified for oxygen atoms corresponding te @-Si, Si—O—Al, and Si—-O—Nhonds. The
binding energy of Na 4 photoelectrons increases significantly with increasing aluminum
substitution while that of Al p and components of Oslphotoelectrons remains approximately
constant. Thus, the ionicity of sodium increases with aluminum amount, but the over all electron
density around silicon, aluminum, and different types of oxygen atoms remains unchanged. The
dielectric constant of the glasses increases with increasing aluminum substitution. It is analyzed in
terms of the polarizabilities of constituent structural uniti,., silicon tetrahedra, nonbridging
oxygen—sodium ion pairs, and aluminum tetrahedron—sodium ion pairs. The electronic
polarizability of oxygen ions depends linearly on their negative charge and can be correlated to the
O 1s XPS binding energy. The ionic polarizability of sodium ions increases with an increasing
aluminum amount, and correlates directly with the NaXPS binding energy. ©1996 American
Institute of Physicq.S0021-897@6)06015-X

I. INTRODUCTION that the substitution of highly polarizable Pbions by less
polarizable B* or Si** ions decreases the overall polariz-
Dielectric constant is a property of glass which is par-ability and increases the stability of glasses. Hamptbal®
ticularly important for many applications in electronics. For and El-Mallawany® have explained the dielectric constant of
example, glass with low dielectric constdrt10) is a crucial  pyre and binary tellurite glasses by considering the polariz-
element of high-performance microelectronic systems. It isability of TeO, and WG, units. They report that the polariz-
used as a substrate or a passivation and dielectric layer Ebility is higher for a Te@than a Te@-WO; unit. Sidek
semiconductor packagirg’ and in thick film resistorS. ot 511 have found for the samarium phosphate glasses that

Glzsses dfor.sugh apdpllcatlong '_r(‘)%'%?g S'I'ﬁa anhd bzrosé“catethOs does not alter the polarizability at low concentrations
and cordierite-based compositigns. On the other hand, 8 54 that the dielectric constant is determined by th@®sP

glass with high dlglectrlc constant Is _deswable for_ appllca'polarizability. Often, the polarizability has been considered
tions such as high energy capacitorand multilayer

dielectrics? Typically, high dielectric constant glasses con- mdepepdent of composn.lon. For example, in the study of
tain heavy-metal cations like Pb, Ba, Bi, and'W. cordierite-based oxyfluoride glassete same value of po-
To tailor the dielectric constant of glass for a certain!arlzablllty has been as.5|.gned for oxygen and fluorine lons
application, it is important to understand the mechanism O*ndepend_ent _O_f c_ompos!tlon. On the other hand, sometlme_s
dielectric polarization which arises from the constituent speiN€ Polarizability is considered to be dependent on composi-
cies including ions, ion pairs, and other building units of thel!o": sugh as, in the study of pure and binary tellurite
structure. Typically the dielectric constant is analyzed inglasses, where the decrease of polarizability from Tg0
terms of the polarizability of the ions or structural units. For 1€Q~WO; units is explained by the increase in Te-O and
example, Kenmuiet al® have studied Mg—Al-Si oxynitride W—0 bond energies.
glasses and found that the addition of nitrogen increases the In general, one expects that the polarizability of ions and
dielectric constant. Singer and Tomozawmve found for ~ structural units would depend on the charge and bond
cordierite-based oxyfluoride glasses that fluorine substitutiogtrength of the polarizable species. However, to the best of
results in a lower dielectric constant. They conclude thatour knowledge an explicit correlation between the dielectric
along with the reduced number of polarizable ions per unittonstant and chemical structure has never been established.
volume, the lower polarizability of fluorine than that of oxy- In our previous study of the structure of sodium aluminosili-
gen ions reduces the dielectric constant. For thecate (SAS glasses by x-ray photoelectron spectroscopy
PbO-B0,;-Si0—GeQ glasses, Kobayashhas suggested (XPS),'? it was found that sodium ions are only partially
ionized in sodium trisilicate glass and their ionicity increases
dAuthor to whom correspondence should be addressed; Electronic maiWhen silicon is substituted by aluminum. The phySicaI struc-
hjoo@lehigh.edu ture of the glass remains essentially unaffected because the
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FIG. 1. X-ray photoelectron spectra @&) Si 2p, (b) Al 2p, (c) Na 1s, and(d) O 1s for the SAS glasses.

basic building block of the structure, SjQetrahedron, is Na,CO;, Al,O;, and SiQ by conventional melt-quench
simply replaced by an Al@tetrahedron without appreciably method. The annealed glass samples were homogeneous and
affecting the molar volume. These observations offer sshowed no stress when viewed with polarized light. The
model example for understanding how the redistribution ofsamples were cut to 1 mm thickness for further experiments.
electrons and a change of chemical structure can affect thieor details of glass preparation, the reader is referred to Ref.
dielectric constant of glasses. Thus, the purpose of this art2.
ticle is: first, to present additional details of XPS for under-
standing all the bonding changes in the structure of sodium
aluminosilicate glass; second, to investigate the polarizability
of ions or structural units; and finally, to discuss the correla-B. X-ray photoelectron spectroscopy
tion between dielectric constant and chemical structure. The Si 2, Na 1s, O 1s, and Al 2p x-ray photoelectron
spectra were obtained using a high resolution Scienta ESCA-
300 spectrometer. The instrument was operated in a mode
A. Sample preparation that yielded a Eermi Iev_el width of 0.4 eV.for §ilver. At th_is

' level of resolution, the instrumental contribution to the line

The glasses were prepared according to the formulavidth was extremely small. The spectra were taken on a

Na,0 xAl,05(3—2x)SiO, wherex=0, 0.2, 0.4, and 0.6. This freshly created sample surface obtained by fracturinigp it
composition series emphasizes the substitution of silicon bgitu inside the high vacuum chamber. The sample surface
aluminum so that the ratio of the concentration of networkwas flooded with a beam of low energy electrons to mini-
modifier (Na) to network former(Si+Al) cations remained mize the surface charging. Further details of the experiment
constant. The glasses were made from reagent gradee given elsewherg.

Il. EXPERIMENT
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C. Dielectric constant measurement TABLE I. Binding energy(eV) of Na 1s, O 1s, and Al 2p electrons of the
) ) ) SAS glasses.
The dielectric constant was measured using a Generat

Radio 1621 capacitance measurement system which utilizes O1s

a Wheatstone-type capacitance bridge Wlth transformer ratioana Nals  Si—O-Si Si—-O-Al Si—O-Na Al2p

arms. Gold electrodes with a three-terminal configuration

were applied to the sample surfaces by vacuum evaporation. 1072.64) 533.1 531.0

The sample was placed in a tube furnace, and the tempera-,’ 1072.85) 233.2 2326 2312 755
h % 0.4 1073.19) 533.2 532.5 531.1 75.6

ture was monitored by a thermocouple which almost touched ¢ ¢ 1073.81) 5335 532.6 531.3 75.6

the sample. The sample cell and all leads were surrounded ly

a shield connected to ground to avoid electromagnetic inter-

ference. The ac capacitan€z and conductanc&, of the

samples were determined by balancing the capacitanoghen the frequency increases. To obtain the dielectric con-

bridge in the frequency range of 10 Hz—100 kHz at room stant that arises only from the electronic and ionic polariza-

temperature. Dielectric constar(f ), was calculated from tions, the data are analyzed using Cole—Cole plot for com-

capacitance by multiplying with an appropriate geometricplex dielectric constard* =€’ —i €”, wheree' is the real part,

factor. and €’ is the imaginary part of the dielectric constaat.is
equal to the measureqg and €'=o/we, Whereo is the con-
D. Density measurement ductivity, w is the angular frequency, ang is the vacuum

IPermittivity. A Cole—Cole plot is a complex dielectric con-
Stant plot withe’ on thex-axis ande” on they-axis to show

the dielectric relaxation behavior of a material. It is known
empirically*® that the conductivity of glass follows a power
law at high frequenciess=oy.+Aw®, whereoy. is the fre-
guency independent dc conductivity, aAdands (0<s<1)

A. X-ray photoelectron spectroscopy are fitting parameters. We identify the frequency dependent
component of total conductivity witler,~Aw®. Therefore,
gne hase” = €gc T €4, Whereey, = og/wey and e

The density was measured at room temperature using t
Archimedes method with deionized water with an error
<0.1%.

Ill. RESULTS

The photoelectron spectra for Sp2Al 2p, and Na &

electrons show a symmetric single peak for the present SA . .
y ge p b = o,/ wey = Alw' S¢,. Since a Cole—Cole plot is to repre-

glasseg[Figs. Xa)—1(c)]. The spectra for O 4 electrons, ) ) St )
however, reveal in Fig.(t) a sec[())nd peak at the lower bind- sent the dielectric relaxatiom,. is used in the plot. Accord-

ing energy side of the main peak for sodium trisilicate glass!ngdto,, th? t}?]rarrr]l_ers—fKronlg trans;ormatlgn |Wh'(§h| rel?ta?sb
which becomes gradually smaller, ultimately appearing as gnd €ac & ¢ € r:? i requtT_nC)(/j er: , the Ig_e_ /get ptﬁ e
shoulder of the main peak when the substitution by Al in-cOMes a straight lineé inclined at an angle-s)m/2 to the

creases. This result was explained by considering the pre:E(—eal aX||sl, laf' thc;wn 'gtF'gt'. 3 fo; the tShAS glasses.d‘!-leg@
ence of three distinct types of oxygen atoms irG-Si, was calculated by sublracting,. rom thé measurea, oge

Si—O—Al, and Si—O—Nonds'2 Here the O  spectra are itself was determined by the complex impedance analsis.
decompo,sed into three combonents by first choosing th he dielectric constant obtained by extrapolating each line to
relative charge density of various types of oxygen as a guidé e real axis is shown in Fig. 4. It is called the intermediate-
for the initial binding energies for the three components. The

computer program then determines the best fitted parameters

ac’

with the constraint that the peak positions remain within 40

+0.5 eV. Under these conditions, the error bar-i8.1 eV .

for the various oxygen peaks, which is the same as the ex- 350 o x=0

perimental error. For evaluating the various spectra, the Si : A

2p peak at 103.5 eV is chosen as the most appropriate inter- 30 F i

nal binding energy reference because the chemical environ- r

ment of silicon remains essentially unaffected by aluminum 25 |

substitution'? The binding energies of NasL Al 2p, and O w |

1s peaks for the three types of oxygen ions are reported in 20 F

Table I. It can be seen from Table | that, while the binding [

energies of A1 p and O Is electrons do not change signifi- 15 F

cantly, the binding energy of Naslelectrons increases by :

~0.7 eV from sodium trisilicate glass to the glass containing 10 : v

the largest amount of aluminum. ' S
nl Ll L nl Tt ) 1

B. Dielectric constant 10 1 10° 10f 10°

f (Hz)

The measured dielectric constants of the four glasses at

25+0.7 °C are repqrted asa function of frequency in Fig. 2.rig. 2. Frequency dependence of the dielectric constant of the SAS glasses
It shows that the dielectric constant decreases for each glass2s °C.
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FIG. 3. Cole—Cole plots of the SAS glasses at 25 °C. FIG. 5. Densities of the SAS glasses at room temperature.

IV. DISCUSSION

frequency dielectric constanf; to distinguish it from the A. Chemical structure of SAS glasses

optical-frequency dielectric constaat which usually stands In the previous XPS study of the SAS glasti, was

for the dielectric cons_tant from glectronic po_Iarization or)Iy. found from the analysis of Oslspectra that aluminum ions

It can be seen from Fig. 4 thaf; increases with the alumi- ¢, four coordinated tetrahedra at the expense of nonbridg-
hum content in the glass. ing oxygen ions. Since the aluminum tetrahedra, like the
nonbridging oxygen ions, have a formal negative charge on
them, some of the sodium ions which were associated with
the nonbridging oxygen ions in the sodium trisilicate glass
would become associated with the aluminum tetrahedra.

. From the increase of Naslbinding energy, it was concluded

is sh 1 Fig. 5. It sh that the density i §Rat sodium ions are only partially ionized in the sodium
IS shown In Fig. >. it Shows that the density INCréases MonOg;q);-41e glass, and their ionicity increases with increasing

tonically with an increasing amount of Al substitution in the amount of aluminum substitution. However, it was not clear

SAS glasses. at that time how the electrons donated by the sodium ions
were distributed in the glass. We intend to answer this ques-
tion in this article and present additional analysis of the
chemical bonding and charge distribution in the SAS glasses.
To obtain a comprehensive picture of the chemical struc-
ture, it is important to first understand the distribution of Na
3s! valence electrons in the glasses. When sodium ions are
i associated with nonbridging oxygen ions, as shown in Fig. 6,
9| the Na 3! electrons participate with O2electrons in the
[ A formation of a bond between the two atoms. The nature of
; these bonds is only partially ionféi.e., the Na 3* electrons
are distributed between the nonbridging oxygen and the so-
- dium ions. On the other hand, when sodium ions are associ-
e ated with aluminum tetrahedra, the Nal'%lectrons are do-
. & nated to the aluminum tetrahedra so that aluminum atoms
7+ may form tetrahedral bonds. The Na'%lectrons are there-
I fore more removed from sodium atoms in this case than in
the previous case. Accordingly, it is expected that the sodium

C. Density

10

0.0

0.2

0.4
Al/Na

0.6

0.8

ions which are associated with aluminum tetrahedra should
have a higher ionicity than those associated with nonbridging
oxygen ions.

If it was possible to distinguish the sodium ions associ-

FIG. 4. Intermediate-frequency dielectric constant of the SAS glasses #t€d with two different kinds of charge-compensating centers

25°C.
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difference, one would expect two N& peaks in the spectra:

one with lower binding energy representing the sodium ions ‘

a$50C|at_ed W'th nonbridging oxygen 1ons, an_d th_e other WIt}’FIG. 7. Environment of a sodium ion consisting ¢ bridging and non-
higher binding energy representing the sodium ions assocbridging oxygen atoms in sodium trisilicate glass, aiwl bridging and
ated with aluminum tetrahedra. Furthermore, the relativeronbridging oxygen atoms as well as aluminum tetrahedra in SAS glass.
area ratio of the higher binding-energy peak to the lower ong"4¢ &€ charges on sodium ions in respective glasses &it.

should increase to reflect the increasing aluminum substitu-

tion fqr silicon in the present SAS glas_;s series. However, the hich sodium ion donates itss3 electron to a particular

experimental results show that there is only one Nho-  honpridging oxygen or aluminum tetrahedron. It appears
toelectron peak which shifts to a higher binding-energy poqre realistic that the sodium ions contribute electrons as a
sition with increasing aluminum substitution. This result iN- group, and the nonbridging oxygen and the aluminum tetra-
dicates that as far as XPS can perceive sodium ions haVg,gron take the electrons according to their need. Appar-
only one well-defined average chemical state in the SAShqy the electron need is greater for an aluminum tetrahe-

glasse_s instgad of hgving_ two.distinct ch_em.ical states COIM&jron than for a nonbridging oxygen. Accordingly the average
sponding to its bonding with either nonbridging oxygen ionsg|ectron density on each sodium ion decreases when more

or aluminum tetrahedra. , ~__aluminum atoms substitute in the glass structure.

In recent studies of the structure of sodium aluminosili- A, important feature of the above model is that with
cate glalsss by extended x-ray absorption f'”eleﬁgr_ucwr%arying aluminum substitution, there is no appreciable
(EXAFS)™ and molecular dynamieMD) simulation;” "t change in electron density around aluminum and the three
is found that the oxygen coordination number of sodium i0NSynes of oxygen ions; only the amounts of these species
is ~5-8. This coordination number would include all of the change. This is consistent with the XPS results that the bind-
three types of oxygen that can be distinguished by XPSig energies of Al p and the three O 4 peaks do not vary
viz., S|—O—S|(br|(_jg|ng oxygem,. SI.—O—A| (in alumlnum significantly with composition.
tetrahedrop and Si—O—Nanonbridging oxygen A sodium In summary, sodium ions have a well-defined chemical
ion is, therefore, charge compensated by nonbridging oxygegate in the SAS glasses. They are only partially ionized in
ions and aluminum tetrahedra at the same time rather thag,qjym trisilicate glass, and their ionicity increases when
being associated with just one of them. This is illustratedgjjicon s substituted by aluminum. A sodium ion is sur-
schematically in Fig. @ for a sodium ion surrounded by 5 nded by a number of nonbridging oxygen ions and alu-
nonbridging oxygen ions(for charge compensationand  inym tetrahedra, and it is not possible to distinguish be-
bridging oxygen atoms representing the sodium trisilicat§yeen the sodium ions which contribute the electron to a
glass; for the case of the SAS glasses, a sodium ion is SNOWyain nonbridging oxygen ion or aluminum tetrahedron.
in Fig. 7(b) to be surrounded by both nonbridging 0xygen the xps binding energy of the inner electrons of silicon,

ions and aluminum tetrahedra for charge compensation, ar%ﬂuminum, and oxygen ions remains essentially unchanged.
bridging oxygen atoms. Furthermore, since the oxygen coor-

dination number of sodium ion is high, it is reasonable to
think that the sodium coordination number of nonbridging
oxygen or aluminum tetrahedron is also more than one in the Dielectric constant of a material originates from the elec-
present SAS glasses. It is, therefore, not possible to identifirical polarization of atoms, ion pairs, or molecular units at a

Y

B. Dielectric constant of SAS glasses
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TABLE II. Analysis of the dielectric constant of the SAS glasses.is the intermediate-frequency dielectric constantjs the high-frequency dielectric
constantp is the densityV, is the molar volumeP , is the molar polarizabilitye is the total molecular polarizabilityy; is the polarizability of thgth unit,
where unit 1, 2, and 3 af&Sio,], [0,,—Nal, and[AlO,—Nal, respectively A« is the difference of total molecular polarizability between a SAS glass and
sodium trisilicate glass, anfle; is the polarizability difference between unit 3 and units 1 and 2. The supersergndi refer to the electronic and ionic
contributions, respectively.

Total polarizability

p Vi Pm A @ Ay Ag;
AllNa i (g/en?) (cmm) (cm) (A) A A3 A3
0 7.3 2.441 24.81 16.81 6.66 a,: 5.48
0.2 7.6 2.469 25.43 17.48 6.93 az: 9.92 0.27 -0.79
0.4 8.0 2.493 26.17 18.32 7.26 @3:10.09 0.60 —-0.62
0.6 8.8 2.506 27.15 19.61 7.77 @3:10.53 111 -0.18
Fused 3.8 2.20 27.31 13.18 5.23 o 5.23
silica
Electronic polarizability
Ps of of Aot Ad?
AlNa . (cm?) A3 A% A% A3
0 2.236 7.24 2.87 a5: 1.30
0.2 2.248 7.47 2.96 a5: 3.70 0.09 —-0.56
0.4 2.254 7.72 3.06 a5: 3.68 0.19 —-0.58
0.6 2.287 8.15 3.23 o5: 3.85 0.36 —-0.41
Fused 2.13 7.47 2.96 of: 2.96
silica
lonic polarizability
Pim ait o Aait Aa}
AllNa (cm) (R3) R3) R3) R
0 9.57 3.79 ah: 4.19
0.2 10.01 3.97 ak: 6.22 0.18 -0.23
0.4 10.60 4.20 oy 6.41 0.41 —0.04
0.6 11.46 4.54 o: 6.68 0.75 0.23
Fused 5.71 2.26 ah: 2.26
silica

microscopic level. Classical Clausius—Mossotti equation redensity; the molar polarizability was calculated from [Eg).
lates dielectric constang to the polarizability« of these using observed andV,,. The results of these calculations

structural units and their number densily, are reported in Table II.
The mechanisms of dielectric polarization responsible
ﬁ: 4_77 S Nia (1 for € include both the electronic polarization and the ionic
e+2 3 9 0 polarization. The molar polarizability is, therefore, a sum of

the electronic molar polarizabilits,, and the ionic molar

Equation(1) is in cgs units, and the summation is taken OVerpolarizability P i.e., P,,=P&+P' . The electronic molar

various j structural units. The disordered nature of glas_spolarizability can be calculated by the Clausius—Mossotti

structure satisfies the assumption of local field used in de”"équivalent Lorentz—Lorenz equation for optical frequencies,

ing the Clausius—Mossotti equation. The number dersjty by using optical frequency dielectric constagt which is

can be ?xpressed al;=NoNjm/Vin, Where No is the o164 to the index of refraction by the equatiore, =n
Avogadro’s numbe;, is the mole fraction ofth structural 1,4 jonic molar polarizability is, therefore, calculated by

unit., and\_/m is the molar volume. If the molar polarizability subtractingP®, from P,.. The indices of refraction of the
Pm is defined a¥ SAS glasses are taken from Ref. 19 with-1.495, 1.499,

A 1,502, and 1.512 fox=0, 0.2, 0.4, and 0.6 glasses, respec-
sz? NOE Nima; (2)  tively. The calculated values d?y, and P}, are shown in
J Table II.
then the Clausius—Mossotti equation becomes For the discussion of polarizabilities at microscopic

level, it is convenient to define a total molecular polarizabil-

e-1 P, ity per mole asa;=2>Nj,q; which is then related t®,, by

e+2:V_m' 3 Pmn=(47Ny/3)a;. The variation trend ofP,, and «; is,
therefore, the same because of the linear proportionality.

The molar volume of the present SAS glasses was calculategimilarly, we define  P5=(47Ny/3)af and

usingV,,=M ,/p whereM,, is the molar weight, andis the P! =(4mNy/3)al, where of and o} are the electronic and

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Hsieh, Jain, and Kamitsos 1709
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ionic molecular polarizability, respectively. Note that the po-TABLE liI. Electronic polarizability of oxygen ionsxg, in various struc-
larizabilities are additive, i.e.q=af+al. The calculated 'ura units.

a's, of's, and¢{’s are also reported in Table Il. The varia- o (A%

tion of the molar and the molecular polarizabilities with

composition can be understood in terms of the variation of AVNa Si-O-Si Si-O-Al Si-O-Na

N;'s anda;'s as discussed next. 0 1.48 259
The microscopic sources of dielectric polarization in the 0.2 1.48 1.85 2.59

present SAS glasses can be conveniently considered by di- 04 1-32 i-g‘z‘ ;-gg

viding the structure of glass into three parts: the silicon tet-
rahedra[SiO,], the nonbridging oxygen—sodium ion pairs
[O1,—Nal, and the aluminum tetrahedra—sodium ion units
[AIOZ—Na] The pOlaI‘izabilitieS of these structural units are regard, a po'anzab'“ty differencaat, is defined as the dif-
designated asy; for [SiO,], a, for [Oy,-Nal, and a3 for  ference betweenn, for the SAS and sodium trisilicate
[AIO,—Nal. According to the composition formula of the glasses. Also, a polarizability difference AlO,~Na] and

SAS glasses, there are 3x2nol of [SiO,], 2—2x mol of [SiO,]+[0;,—Na]  structural units is termed as
[Oy-Nal, and Z mol of [AIO;—-Na] per 4x mole glass.  Aq=a;—(ay+ay). It can be deduced from Eq4) that

Therefore, Aa=2xAa; . Therefore, the variation af; with x depends
1 on the polarizability difference betweeAlO,—Na] and
at:; Nimaj=7— [(B—2X)a;+(2—2X) ap+2Xas]. [SiO,]+[0y,—Na] as well as the extent of aluminum substi-

tution. The calculated values dfe; and Aq; are shown in
(4) Table Il. It can be seen that the substitution of Al for Si in

There are, thus, two structural variables and o) for so-  the SAS glasses results in a smaller electronic polarizability
dium trisilicate glass and threle;, a,, andas) for the SAS ~ 0f [AlO,—Na] than that of SiO,]+[O,,—NaJ. The effect of
glasses. Having only one experimentally obtained parametdhis substitution on the ionic polarizability is, however, un-
a, it is not possible to determine;’s independently for clear because of the qualitative nature of the calculajési
each glass composition.

So to evaluate they's, an assumption is made that the C. Correlation between dielectric constant and
polarizabilities of structural units remain constant with re-chemical structure
spect to composition. Thea;'s are determined as follows:
first, a; is calculated for fused silica sin¢&iO,] is the only
constituent structural unit; themy, is calculated for sodium The electronic polarization arises from the shift of the
trisilicate glass by using the value af; finally, a5 is calcu-  center of the negative electron cloud in relation to the posi-
lated for SAS glasses by using the valuesrphinda,. It has  tive atom nucleus in an electric field. In the simplest case of
been found that an error from using obtained for fused a monatomic gas, the electronic polarizability of an atom is
silica for analyzingx, for sodium trisilicate glass would only proportional to the volume of the atom. In solids also, the
introduce a constant error in the absolute valuesenfbut  electronic polarizability generally increases with the size of
not in its relative values. Therefore, a variation @f with  the ion, but the dependence on composition is considerably
composition would indicate the possible variations of truemore complicated by the redistribution of charge during
aq, ay, Or ag With composition, and would verify the validity bonding. In general, the density of electron charge is rela-
of our assumption that the polarizabilities of structural unitstively more important for a negative ion since its outer elec-
in the SAS glasses are composition independent. trons are less firmly bound than those of a positive one.

The electronic polarizabilitiesy’s, and the ionic polar- Among the four ions(O, Na, Al, and S), in SAS glasses,
izabilities, a;’s of the structural units can also be calculatedoxygen being an anion has the largest electronic
by the same procedure as adopted above forjtse For the  polarizability?>*® In fact, its electronic polarizability is so
calculation of a;, €;=3.8% €.,=2.13 (n=1.46, and much larger that, by comparison, the polarizability of the
p=2.20 g/cni (Ref. 21) are used for fused silica. The results other three elements may be neglected. Therefore, we discuss
of this calculation given in Table Il show that the ionic po- the calculated electronic polarizability of the SAS glasses in
larizability of the structural units in the SAS glasses variesterms of the polarizability of oxygen ions only.
significantly with composition, but their electronic polariz- As noted in the previous section, the electronic polariz-
ability remains almost constant. Therefore, the overall polarability of the various structural units in SAS glasses remains
izability has a significant composition dependence mainlyessentially constant. It is, then, possible to calculate the elec-
because of the variation of ionic polarizability. The calcu-tronic polarizability of the oxygen iongg by dividing the
lated electronic polarizabilities of the structural units areelectronic polarizability of various units by the number of
close to the true values; whereas, the calculated ionic andxygen ions in each unityviz two oxygen atoms with
overall polarizabilities only indicate the qualitative trend of Si—O-Sibond in a[SiO,] unit; two oxygen atoms with
the true polarizabilities. Si—O-Al bond in a[AlO,—Na] unit; and one half of an

From the above evaluation of the polarizabilities of theoxygen ion with $-O—Nabond in a[O;;,—Na] unit. The
structural units, the effect of the substitution of Al for Si on result of the calculation is shown in Table IIl. The polariz-
molecular polarizability can be readily understood. In thisability for oxygen ions in 0-Si and Si—O—N#onds is

1. Electronic polarizability
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TABLE IV. lonic polarizability of sodium ions:al, as calculated from

3.0 dielectric measurements, and,* as determined theoretically assuming
| - - complete ionization of sodium ions,y is the effective vibration frequency
® Si-O-Si el
. of sodium ions.
u  Si-O-Al i
o5 | A Si-O-Na s Al/Na aiNa s Vet (cmY) aiNa* (AY (aiNalaiNa* 112
e
r e
: e 0 4.14 173 5.68 0.854
— - pd 0.2 4.56 168 6.02 0.870
oL ook e 0.4 5.05 165 6.24 0.899
oo s 0.6 5.67 156 6.98 0.901
3 m
e
e
//
- //
157 '//" the ions. Clearly, the ionic polarizability is strongly affected
by the chemical structure of the ions. The ionic polarizability
I of individual molecular units is more complicated to quan-
ol b tify, but it should depend on the bonding in a similar way. In
534 533.5 533 5325 532 531.5 531 530.5 SAS glasses, the ionic polarizability should include contribu-
O 1s Binding Energy (eV) tion from the vibrations within silicon and aluminum tetra-

hedra, and the vibration of sodium ions with respect to their
FIG. 8. Correlation between the electronic polarizability of oxygen ions andcharge compensating surroundings consisting of nonbridging
the O Is XPS binding energy in the SAS glasses. oxygen ions and aluminum tetrahedra.

From the analysis of dielectric constant in Sec. IV B, the
jonic polarizability of the structural units in SAS glasses is
ound varying significantly with composition. Since the sili-
con, aluminum, and oxygen XPS peak positions remain al-
most unchangedsee Sec. Il A, the ionic polarizability of

independent of composition as assumed. All the possibl
variation of the electronic polarizability of oxygen ions is
reflected in a small change of the polarizability of oxygen
ions in 3—O—-Al. Nevertheless, there is a significant differ- __ e :
ence among the values for different units, specifically the[_S'02:| and[AlO,] units is assumed to be constant. The varia-

electronic polarizability of oxygen ions increases in the ordell'on, of ionic polarizability with .com.p.osmon 1S, thgreforg,
of Si—O—Sk Si—O—A<Si—O—Na. attributed to the change of polarizability of sodium ions with

respect to their surroundings. Furthermore, since a sodium
and electron charge density around oxygen. According t'on is surrounded by a cage of several nonbridging oxygen

Fig. 8, we find a simple correlation between the electronidohns gnclj atlutmln.tlm 'tstr?hedra,'tﬁnd It h?St a well-deo?ned
polarizability of different types of oxygen ions and the ® 1 ¢ enl;lca S a_de, '3 Vi ;ﬁ lons ¥V' resp”e(i 0 SLérroun 'P?hs
XPS binding energy plotted on a decreasing binding energ an be considered as those of an oscilialor made up of the

scale. A good linear relationship between the two paramete Od'“T" lon |tself apd the gharg_e center 9f lts cage. In this
is given by the dashed straight line which is obtained b escrlptlpn, the ionic polarizability of sodium iomg,, can
linear regression of all the data points in the plot. It wasP€ considered as an average[Oh,—Na] and [AIO,-Na|

previously showf? that the degree of negative charge on tiondzs azccoridingz th?i; rezlati\z/e cogcegtraltion. Tihatdﬁa
oxygen ions is inversely proportional to the G binding =[( - X)a + 2xag)l[(2 = 2x) + 2x] = ( _X.)a?+xa3.
energy. Therefore, as the Osinding energy decreases according to Eq(4). One should note that the ionic polariz-

from S—O-Si to Si-O—Na, thelegree of negative charge ability of aluminum tetrahedra is inherently includeda It

on oxygen ions increases. Consequently, Fig. 8 implies thds not a part of the vibrations of sodium ions and is assumed

the electronic polarizability of oxygen ions increases linearlyl© P& constant. The calculated valuesaqf, are reported in

with the degree of negative charge on the ions in the SAS'I'able IV which shows that the ionic polarizability of sodium

glasses. We believe this is the first demonstration of a simpl&"NS NCI€ases with increasing concentration of aluminum in
the SAS glasses.

relationship between the electronic polarizability and an ex- > X L . . , .
perimentally obtained charge density parameter. . If.t_he descr|pt|.on pf v!bratlon qulvmg sod|gm ons 1S
simplified by considering it as an oscillator, the ionic polar-
izability of sodium ions can be calculated from H§). In
this calculation,y, is taken as the effective vibration fre-
The ionic polarization arises from the displacement ofquency of sodium ions;, obtained from far-infrared spec-
positive and negative ions in relation to one another in anra of the present glassé%?’ Them is taken to be the mass
electric field. The ionic polarizabilityy of ion pairs can be of a sodium ion since the mass of tBite is considerably

Next we examine the relationship between polarizability

2. lonic polarizability

described by the oscillator model as: larger than that of a sodium ion. A directly measured value
2262 of z is not available from experiments, so a valuezefl is
= (5) used assuming a total ionic character of sodium ions. The
(27vg)°m

sodium ionic polarizability thus calculated is designated as
whereze is the charge on an iony, is the lattice vibration — «,* with a superscript to indicate assumed complete ion-
frequency, andn is the reduced magé®> The denominator  ization of sodium withz=1. The results ob; ande,* are

of Eq. (5) is simply the force constant of the bond betweenshown in Table IV. Sincery,, which is obtained from the
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0.91 The electronic polarizability of oxygen ions increases in

the order of $-O-SKSi—O-AKKSi—O-Na. Itdepends lin-
0.90 - R //. early on the negative charge on oxygen ions, and can be
U / correlated to the O 4 XPS binding energy. The ionic polar-
_ // izability of sodium ions increases with increasing amount of
o 089 i aluminum in the SAS glasses. It correlates directly with the
*.F_A‘z" i // Na 1s XPS binding energy.
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