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Lead bora te (PB) and lead a luminobora te (PBA) glasses in the S y s t e m s x P b O · ( 1 0 0 - χ ) Β 2 θ 3 (0 < χ < 75 m o l % ) a n d 
x P b O · (95 - χ)Β2θ3, 5AI2O3 (0 < χ < 80 mol%) , respectively, have been p repa red a n d invest igated by R a m a n a n d infrared reflec­
tance spectroscopy to obta in quahta t ive and quant i ta t ive informat ion o n the s t ruc ture of glasses. Us ing the Mar t i n -Bren ig m o d e l , 
s t ructural correlat ion lengths were de terminated from boson peak pos i t ions of t empera tu re - reduced R a m a n spectra a n d t r ansver sa l 
sound velocities. Kramers -Kron ig analysis was used to t ransform the measu red infrared reflectance spectra in to complex dielectr ic 
funcdons. T h e imaginary pa r t of the complex dielectric funcdon con ta ins the abso rp t ion proper t ies of the mater ia l . Α b a n d sepa-
r adon C o m p u t e r p rog ramme has been used to get more detailed in fo rmat ion from the spectra . F a r infrared a n d low-frequency 
R a m a n spectra conta in information about vibrat ions of the P b O c o m p o n e n t wi thin the ne twork . 

Schwingungsspektroskopische Untersuchungen von Bleiborat- und Bleialumoborat-Gläsern 

Bleiborat(PB)- und Ble ia lumobora t (PBA)-Gläser der Z u s a m m e n s e t z u n g (Stoffmengenantei l in % ) : x P b O · ( 1 0 0 - χ ) Β 2 θ 3 
(0 < X < 75) bzw. x P b O · ( 9 5 - χ )Β2θ3 , 5AI2O3 (0 < χ < 80) wurden hergestell t u n d du rch R a m a n - u n d Inf ra ro t -Ref lex ionsspekt ro­
skopie untersucht , u m qualitative und quant i ta t ive Informat ionen zur G l a s s t r u k t u r zu e rha l ten . Aus den Boson-Peakf requenzen de r 
tempera turreduzier ten Raman-Spek t ren und gemessenen t ransversalen Schal lgeschwindigkei ten w u r d e n übe r das M a r t i n - B r e n i g -
Model l St rukturkorre la t ions längen bes t immt. Mi t der Kramers -Kron ig -Ana lyse w u r d e n aus gemessenen IR-Ref lex ionsspek t ren 
komplexe dielektrische Funk t ionen und aus deren Imaginärteil die Absorp t ionse igenschaf ten der Gläse r ermit te l t . U m deta i l l ier tere 
Informat ionen zu erhal ten, wurde ein C o m p u t e r - B a n d e n t r e n n u n g s p r o g r a m m benutz t . F I R - u n d niederf requente R a m a n - S p e k t r e n 
lieferten Informat ionen über Schwingungen der PbO-Baueinhei ten im Glasne tzwerk . 

1. Introduction 
Lead oxide is an interesting componen t of borate glasses 
because P b O can enter the glass bo th as a network 
modifier and as a network former. The extreme differ­
ence between the masses of boron and lead a toms leads 
to a Separation of vibrational modes of the borate net­
work and of the P b O polyhedra and favours spectro­
scopic investigations. On the other hand , the large mass 
of the lead a tom results in very low-lying fundamental 
vibrations of the P b O polyhedra and in overlapping with 
boson peaks of the low-frequency R a m a n spectra. 

R a m a n spectroscopic studies in the frequency ränge 
above 500 c m " ^ have been carried out on PB glasses for 
P b O contents varying between 22 and 85 m o l % [1 to 3] . 
In addit ion to high frequencies, the low-frequency ränge 
of glasses with P b O concentrat ions ( v ) below 20 mol% 
were investigated, which are opaque as a result of liquid 
phase Separat ion. Quan t i t a t i ve results were ob ta ined 
concerning the content of boroxol and borate rings 
[4 and 5]. Fur thermore , structural aspects of specific 
glasses with 25, 3 3 . 3 , 50 and 75 m o l % P b O are studied 
[6 and 7]. The present paper extends the structural 
studies to glasses containing 5 m o l % AI2O3, because 

Received August 2 1 , revised manuscr ip t November 13, 1995. 

they do no t show visible l iquid phase Separation and , 
thus , allow the recording of R a m a n spectra in the b o s o n 
peak region because of their optical t ransparency. 

T h e majori ty of infrared investigations of glasses in 
the past were based on t ransmi t t ance measuremen t s . 
Powdered glass samples were dispersed in K B r o r o the r 
mat r ix materials. But the influence of the mat r ix mate r ­
ial can lead to d is tor t ions of the line shapes of the IR 
bands . The extent of these d is tor t ions depends o n the 
dielectric proper t ies of the mat r ix mater ia l a n d o n the 
part icle size of the glass powder. For this reason , I R re­
flectance spectroscopy on compac t samples seems to be 
a bet ter m e t h o d for investigations of glasses. K r a m e r s -
Kron ig analysis makes it possible to calculate the t rue 
value of the dielectric function of a mater ial from its I R 
reflectance spec t rum. Infrared reflectance m e a s u r e m e n t s 
in the mid and far infrared region were carr ied ou t on 
l i thium bora te glasses [8] and alkali d ibora te glasses [9]. 
Results of far infrared t ransmi t tance m e a s u r e m e n t s of 
lead bora te glasses have been publ ished [10]. I R a n d 
R a m a n spectra of some lead bora te glasses con ta in ing 
2 0 m o l % Cr203 besides up to 1 0 m o l % of A I 2 O 3 have 
been analyzed [11]. 

I R reflectance spectra of lead bora te glasses were 
measured in the mid infrared region (4000 to 400 cm"^ ) 
to get informat ion abou t the con ten t of s t ruc tura l bo ra t e 



groups as a function of the P b O concent ra t ion . Meas­
urements in the far infrared region (400 to 20 cm"^) help 
to unde r s t and the s t ructura l role of Pb^"^ cat ions within 
the glass ne twork . 

2. Experimental 
2.1 Glass preparation 

Glasses were p repa red from chemically pure (p.a.) 
reagents, H 3 B O 3 , Pb304, and A I 2 O 3 , which were melted 
in a p la t inum crucible for 30 min at 800 to 1200 °C 
depending on chemical compos i t ion . T h e melt was 
pressed between steel plates and , after annealing, was 
cooled d o w n to r o o m tempera ture . Pieces with the di­
mens ions (3 X 3 X 0.2) cm'^ were cut with a d iamond cut­
ting disk and polished with b o r o n carbide and d iamond 
powder with part icle sizes of 7 and 2.4 p m for the infra­
red studies. 

2.2 Spectroscopic measurements 
R a m a n spectra were recorded with a D I L O R X Y spec­
t rometer ( D I L O R , Bensheim (Germany) ) , equipped 
with a ni t rogen-cooled C C D camera ( C C D = Charge-
Coupled Device) as a detector. Samples were excited 
using the 514.5 n m line from a Carl Zeiss I L A 120 argon 
ion laser (Carl Zeiss Jena (Germany) ) with power levels 
u p to 80 m W incident in to the en t rance optics. Back 
scattering geometry was used for irregularly formed 
glassy pieces to record spectra inclusive their low-fre­
quency parts . The vv polar iza t ion scat tering arrange­
men t supplies spectra of füll intensity of all R a m a n ac­
tive modes , while the hv one spectra of relative low 
intensity of polar ized bands . In the case of high B 2 O 3 

conten t glasses, fresh fracture surfaces were used to ex­
clude recording spectra of bor ic acid built by hydrolysis. 

T h e infrared measu remen t s were carr ied out on the 
B R U K E R IFS66V spectrometer (Bruker, Karlsruhe 
(Germany) ) , equipped with the far infrared Option. Α 
reflectance attachment with variable angle of incidence 
(Θ = 20° to 80°) and polar izers for the mid and far IR 
were used. A n angle of 20° and the direct ion of polari­
zat ion perpendicu la r to the p lane of incidence were 
selected. 

T h e mid infrared spectrum and four spectra 
Segments of the far infrared spectrum were measured 
separately by using a K B r b e a m splitter for the mid in­
frared region and four M y l a r beam Splitters of various 
thicknesses (6, 12, 23 a n d 50 pm) for the far infrared 
region. T h e five spectra were merged into one reflectance 
spec t rum conta in ing the whole infrared region from 
4000 to 2 0 c m - ^ 

Transverse sound velocities were measured using the 
Ultrasonic pulse echo overlap m e t h o d (a) and the 
Impulse excitation technique (b). For measurements by 
m e t h o d (a), each sample h a d a pair of end faces that 
are flat and mutual ly parallel and the d imensions were 

(40 X 20 X 10) mm^. Ultrasonic travel time was measured 
AT frequencies of 50 and 80 Hz and a T E M P E R A T U R E of 
298 K. For use of method (b), dimensions of the glassy 
pieces were like those of me thod (a), but the faces were 
not ground and polished. The procedure consists of ex-
citing the test object by means of a light external me­
chanical impulse and of analyzing the transient natural 
V I B R A T I O N dur ing the subsequent free R E L A X A T I O N . Α device 
type M K 5 "Indus t r ia l" of the Company Gr indo Sonic, 
St. Louis (USA), was used to measure the elastic con­
stants from which the sound velocities were calculated 
according to the Hooke 's law. 

2.3 Computer calculations 

The IR reflectance measurements are followed by some 
C O M P U T E R calculations, which are carried out by means 
of the FSOS Software System [12]. 

The complex dielectric function 

έ{ν) = ε'{ν) + ίε"{ν) (1) 

includes all optic and dielectric properties of a material. 
It can be calculated from the complex reflectivity r(v) 
by solving the inverse Fresnel equations. For radiation 
polarized perpendicular to the plane of incidence the in­
verse Fresnel equat ions result in the following ex­
pression: 

ε^ = ßi sin- ^, + cos-
1 - r , 

1 + r , 
(2) 

with £ 2 = complex dielectric function of the second me­

dium (glass), ε[ = dielectric constant of the first medium 
(air), independent of the wavelengths, θγ = angle of inci­
dence, = perpendicular componen t of the complex 
reflectivity r(v). 

The complex reflectivity f{v) is defined as 

f(v) = {Κ{ν)Ϋ'~ · e'̂ (̂ "̂ ) (3) 

where R(v) is the a m o u n t of refiectivity and φ(ί^) is the 
phase angle difference between refiected and incident 
wave. 

φ(ν) is commonly calculated from the amoun t of re­
flectivity R(v) using the classical Kramers-Kronig t rans-
formation according to the equat ion 

2VO 7 \n{R(v)Y 
-dv. 

π 0 v" 
(4) 

The physical equivalent Peterson-Knight transforma­
d o n 

2 ^ 
φ(νο) = — / dr sin vo / / \n(R(v)Y^~ cos ν r dv (5) 

π 0 0 

is used within the FSOS System instead of equadon (4). 



In the present case the reflectivity R(v) is known 
from the reflectance spectrum and the dielectric function 
ε(ν) has to be calculated. The first step is the calculation 
of the phase angle difference spectrum φ{ν) according to 
equat ion (5). After that the complex reflectivity r(v) is 
known (equadon (3)). Equat ion (2) is used to calculate 
the dielectric function Siiv) of the glass. 

The absorpt ion coefficient spectra a(v) are calcu­
lated from the dielectric functions 6 2 (v) as follows: 

a{v) = 4nv ' Im(V )̂. (6) 

Α band Separation Computer p rogramme (part of the 
O P U S package of the B R U K E R Company) is used to 
obta in quanti tat ive results. All of the absorpt ion coef­
ficient spectra are separated into 11 to 13 bands (sums 
of Gauss ian and Lorentzian functions) within the fre­
quency region 20 to 2000 c m ~ ' . Each of the calculated 
bands is represented by wave number posit ion, maxi­
m u m absorpt ion coefficient, bandwidth , integral and 
bandshape. 

3. Results 
The R a m a n spectra of the investigated PBA glasses are 
given in figure 1. They are very similar to those of the 
PB glasses [5]. Spectra of glasses containing up to 
20 mo l% P b O are dominated by a sharp strong band at 
805 c m ~ ^ shifting its posit ion towards lower wave num­
bers and decreasing in intensity with increasing content 
of PbO. On the contrary, a shoulder /band at - 7 7 0 cm~^ 
grows in intensity by the same measure. The intensity 
ratio / 7 7 0 / / 8 0 5 is lower than that for the PB glasses. While 
the Inversion of that intensity ratio occurs below 
2 5 m o l % P b O for the PB glasses, it takes place above 
25 m o l % P b O for the PBA glasses. Α linear relationship 
exists between the logari thm of that intensity ratio and 
the oxide content , Λ ' Μ Ο ^ for PB glasses [5] and other 
binary borate glasses [13]. For PBA glasses, the relation­
ship 

ln(/77o//805) = ln (Ö) = 0.112 .Vpbo " 3.112 (7) 

results from 16 measured intensity ratios of six glasses 
with different P b O contents from 5 up to 30 mol% with 
a Standard deviation of 0.011 and a correlation coef­
ficient of 0.994. 

The addit ion of AI2O3 to the System P b O - B 2 0 3 
avoids visible liquid phase Separation or crystallizadon 
of melts for P b O contents below 20 m o l % and allows to 
obta in optical t ransparent glasses. Vibrat ional spectra 
do not directly indicate the presence of AIO4 units by 
separate bands; however, differences between the spectra 
of PB and PBA glasses may be at t r ibuted to the effect 
of the AIO4 units on the formation and connecfion of 
B O 3 and BO4 groups, respectively. 

The region of the spectra between 1150 and 
1500cm~ ' shows a broad, unresolved band of consider-
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Figure 1. R a m a n spectra (vv-polar ized) of P B A glasses. 

able relative intensity. Band m a x i m a change the i r posi­
t ion and relative intensity with increasing lead oxide 
content . This poin ts to the fact that R a m a n b a n d s unde r 
each envelope must be assigned to different bo ra t e 
groups. 

T h e ränge below 200 c m " ^ of the hv-pola r ized 
spectra is presented in the tempera ture - reduced form. 
R e d u c ü o n was d o n e assuming that where 
Cb is the coupl ing coefficient, and ω the R a m a n fre­
quency [14]: I{T) = Ι(ω)/[\ + η(ω)1 η{ω) = 
= [Qxp{hcv/{k Γ ) ) - 1 ] - ΐ ; Γ = 3 0 0 K (// = P lanck ' s con­
stant , c = speed of light, k = Bol tzmann 's cons t an t ; fig­
ure 2). As a result of this reduct ion, very low-lying peaks 
slightly shift their posi t ion to higher wave numbers . Ex-
cept ing the vi treous B2O3 and the glasses c o n t a i n i n g 
more t han 5 0 m o l % P b O , the rest of the spectra show 
one b road asymmetr ic b a n d only, the boson peak , whose 
Posit ion increases from 27 cm~^ for B2O3 to 51 cm~^ for 
the 4 0 m o l % P b O glass and decreases again t o 33 c m " ' 
for the 80 m o l % P b O glass. Α second b a n d deve lops in 
the high-frequency wing of the boson peak from a weak 
Shoulder at about 80 c m " ' for the 2 0 m o l % P b O glass 
into a b road pla teau from —40 to ~ 1 3 0 c m ~ ' for the 
60 m o l % P b O glass and splits up into a very s t rong b a n d 
at 135 and a weaker one at — 8 0 c m " ' for the investi­
gated glass with the highest P b O content . C o n t r a r y to 
the boson peak , these bands are polar ized a n d have a 
higher relative intensity in the vv-polarized spec t ra . Re­
cording in a hv-polar ized scattering a r r a n g e m e n t was 
chosen in order to reduce their relative intensi ty and , 
thus, to reduce their influence on the posi t ion of the b o -
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Figure 2. Tempera tu re - reduced hiv-polarized low-frequency 
R a m a n spectra of PBA glasses ( O m o l % P b O glass wi thout AI2O3). 
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Figure 3. I R absorp t ion coefficient spectra of PB glasses cal­
cula ted by K r a m e r s - K r o n i g analysis from reflectance spectra. 

son peak (compare hv-polarized spectrum, figure 2, and 
vv-polarized one (figure 7) of the 80 m o l % P b O PBA 
glass). 

The absorpt ion coefficient spectra of PB and PBA 
glasses (figures 3 and 4) are the results of Computer cal­
culations from infrared reflectance spectra measured 
with perpendicularly polarized radiat ion by an incident 
angle of 20° using Software package F S O S (see section 
2.3 and [12]). Absorp t ion coefficient spectra determined 
in this way are comparable to absorbance spectra meas­
ured by means of transmission technique (e. g. spectra of 
thin glassy films or of powder probes dispersed in KBr) . 
Figure 5 shows a typical example of a band Separation. 

Nearly all known crystalline borate Compounds show 
a strong band between 1300 and 1390cm~ ' . PB and 
PBA glasses with P b O contents between 20 and 70 mol% 
absorb also very strongly in this region. The band shifts 
towards lower wave numbers with rising amounts of 
PbO. Ano the r band appears between 1240 and 
1260 c m ~ ' , mostly as a Shoulder. Its posit ion shifts from 
1240 to 1190 c m " ' with increasing P b O contents of the 
glasses. In PBA glasses its intensity remains nearly con­
stant. In PB glasses the intensity of this band or 
Shoulder decreases for P b O contents between 20 and 
40 m o l % and rises again between 50 and 70 mol% PbO. 

The spectra of all PB and PBA glasses measured 
show two strongly overlapping bands at about 950 and 
1050 c m " ' . The band at 950 c m " ' grows in intensity 
with increasing amoun t s of P b O up to 40 mol%. For 
higher P b O contents it decreases again. The band at 
1050 c m " ' seems to remain nearly constant for all com­
posit ions (in mol%) from χ = 20 to χ = 50. It attains 
its max imum for χ = 60 and is less intensive again for 
X = 70. 

In the far infrared region an asymmetric band at 
about 1 0 0 c m " ' is found, which shifts towards higher 
wave numbers with increasing P b O content , whereas 
bandwidth and absorpt ion coefficients of this band are 
increasing (figures 3 and 4). For P b O contents higher 
than 5 0 m o l % an addit ional band occurs at about 
300 c m " ' . Also for glasses with high P b O contents, 
ano the r band develops between 400 and 500 c m " ' . 

4. Discussion 
4.1 Size of scattering units 

Low-frequency R a m a n spectra are the subject of an 
increasing number of papers concerned with the in­
vesdgation of the structure of non-crystalline solids. As 
the vibrational frequency tends towards zero, the compe-
tit ion between the decreasing density of vibrational 
states and the increasing thermal popula t ion results in 
the so-called " b o s o n " peak [15] dominat ing in intensity 
the low-frequency par t of the spectra. The Mar t in-
Brenig (M-B) elastic cont inuum model relates the posi­
t ion of the boson peak, ω ^ , of the temperature-reduced 
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Figure 4. IR absorpt ion coefficient spectra of PBA glasses ob­
tained by Kramers -Kron ig analysis from reflectance spectra. 
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Figure 5. Band S e p a r a t i o n of the a b s o r p t i o n c o e f f i c i e n t spec­
t r u m of t h e 35 m o l % P b O PB g l a s s e s . Peaks 1 to 7 c o r r e s p o n d 

to IR b a n d s n o . 1 t o 7 in t a b l e 1. 

R a m a n spectra and the transversal sound velocity, ÜT,-, 
to the size of the ordered regions, the Structural Corre­
lation Lengths (SGL), [16]: 

R,= (8) 

The M-B model provides a direct explanation for the 
universal presence of a low-frequency R a m a n peak for 

oxide glasses and was also a t t r ibuted to a m a x i m u m in 
the R a m a n coupl ing coefficient, which is related t o the 
SGL in the glass [13 and 17]. T h e universali ty of the 
shape of the boson peak was observed for ino rgan ic 
glasses independen t of their chemical compos i t i on [14]. 
O n the basis of the M - B model , the b o s o n peak of alkal i 
a n d tha l l ium bora te glasses has been analyzed [18]. 

Exper imenta l ly de te rmined t ransversal s o u n d 
velocities, b o s o n peak posi t ions and S C L values of b o t h 
PB a n d P B A glasses calculated by equa t ion (8) a re 
shown in figures 6a to c. Sound velocities show a relative 
m a x i m u m for a P b O conten t of abou t 25mol%, which is 
somewhat b roade r for the P B A glass. Α m a x i m u m at the 
same pos i t ion also exists for the dependence of the S C L 
on compos i t ion , a n d broader for the P B A glass. O b ­
viously, sound velocities of low P b O con ten t glasses are 
d o m i n a t e d by SCL. T h e behaviour co r r e sponds to the 
alkali bo ra te glasses [18] with similar sizes of the ca t ion 
( N a ^ , K + ) : S C L values decrease with increasing P b O 
con ten t as a result of increasing sound velocities. H o w ­
ever, the behaviour of the S C L values of glasses wi th 
P b O con ten t s > 6 0 m o l % is con t ra ry to tha t of the 
sound velocities. While sound velocities decrease m o n o -
tonous ly above 30 m o l % P b O , S C L values show a rela­
tive m i n i m u m at 60 m o l % P b O and increase aga in wi th 
higher P b O contents . Together with the growing in ten­
sity of peaks which cor respond to the te t ragona l crystal­
line P b O , the increasing S C L values reflect the growing 
role of P b O as a ne twork former. Such a role of P b O 
also is seen as a result of neu t ron scat ter ing investi­
ga t ions [19]. 

4.2 Identification of structural units 

4.2.1 PbO;, species 

It is instructive to establish somewhat like a degree of 
order as the rat io of S C L values to the d imens ions of 
the molecular s t ructura l units. Thus , the d iamete r of the 
B O 3 uni t is 0.25 n m and that of the s ix -membered 
boroxol r ing as a main s t ructure uni t of v i t reous B 2 O 3 

is 0.56 n m [18]. Tetragonal P b O forms a layer s t ruc ture 
of square-based pyramids with the lead a t o m at the apex 
a n d the lead a toms lying alternately above a n d below the 
p lane of oxygen a toms. The base and the edge length of 
a Pb04 pyramid are 0.23 and 0.28 n m , respectively [20]. 
Tak ing in to considera t ion the existence of s t ruc tura l un ­
its larger t han a boroxol ring like di- o r t r ibora te g roups 
for m e d i u m P b O conten ts [1 to 3], the degree of o rde r 
of glasses con ta in ing more t h a n 70 m o l % P b O is h igher 
even than that of pure B 2 O 3 . There is m a x i m a l r an-
domness in the 60 m o l % P b O glasses. T h e R a m a n spec­
t r u m of that glass shows first indicat ions of peaks at ~ 
80 and ~ 1 3 0 c m ~ ' . F r o m 6 0 m o l % upwards , P b O takes 
the domina t ing role as a glass former, a n d the resul t ing 
ne twork s t ructure should be similar to tha t of t e t r agona l 
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Figures 6a to c. S t ruc ture cor re la t ion length (figure a), boson 
b a n d pos i t ion ω^ι (figure b) and t ransversa l s o u n d velocity t̂,-
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Figure 7. vv-polar ized R a m a n spectra . Cu rve 1: t e t ragonal crys­
t a lhne P b O , curve 2: 75 m o l % P b O P B glass, curve 3: 8 0 m o l % 
P b O P B A glass. 

P b O . F igure 7 shows the vv-polarized spectra of the PB 
a n d P B A glasses with the highest P b O contents , respec­
tively, in compar i son with that of t e t ragonal crystalline 
P b O , the b a n d s of which have been assigned to AJG (78), 

BIG (142) and EG (36 and 332 c m " ' ) fundamental vi­
brat ions [20]. The formation of P b 0 4 pyramids in lead 
borate glasses containing high P b O contents is known 
from N M R investigations [21], however, these results do 
not allow the disfinction between tetragonal and or tho-
rhombic pyramids. 

The band in the infrared refiection spectra near 
300 c m " ' corresponds to the band at 290 c m " ' 
(A2u + EU) found for tetragonal PbO. Besides this band, 
due to covalent P b - 0 bonds, another type of P b - 0 
bonds gives IR absorpt ion bands between 100 and 
200 c m " ' . Because of its lower wave number, this band 
is assigned to ionic P b - 0 bonds. It is interpreted to 
come from mot ions of Pb^^ cations in the borate glass 
network. 

Figures 3 and 4 show that wave number posit ion and 
intensity of the Pb^^ cation vibrational band are 
strongly influenced by the P b O content of the glass. 
Both wave number and intensity increase with rising 
a m o u n t of P b O in the glass. Cation vibrations of alkali 
metal cations in borate glass networks have been in­
vestigated [22 to 24]. 

The cations are surrounded by negatively charged 
non-br idging oxygen ions, which are found at breaking-
off sites of the glass network. It has been shown that 
the characteristic frequency, î , of a cation Vibration in a 
network [23] is given by 

_48π-^Γ-εο- μνΐ L Q 
- 2 (9) 

where qc and are the charge of cation and anionic 
site, respectively, c is the speed of light, SQ the permit-
tivity of free space, ρ the repulsion parameter in the 
Born-Mayer potential , and Α a pseudo-Madelung con­
stant. The reduced mass of the Vibration, //, and the 
equil ibrium c a t i o n - o x y g e n distance, TQ, depend on the 
site geometry which includes the coordinat ion number 
of the cation, Z . 

The cation vibrational band shows an asymmetric 
band profile for PB and PBA glasses. It can be separated 
into two Gauss ian bands at different wave number posi­
tions (figure 5). The wave numbers of bo th bands, 
and î 2. increase systematically with rising par t of P b O 
in the glass. The Squares of wave numbers of the two 
calculated cation bands are plotted versus the molar 
concentrat ions of P b O in the glass in figures 8a and b. 
The error bars base on an estimated uncertainty of band 
Position of 5 c m " ' . The dependence is linear over wide 
concentrat ion ranges. The deviation of the measured 
points from the calculated line is higher in the case of 
PB glasses. 

For a specific type of cation, changes of the 
vibrational frequency, v, can be caused by changes of the 
Charge of the anionic site, and /o r by changes of the 
site geometry. Assuming that reduced mass, μ, and equi­
librium c a t i o n - o x y g e n distance, TQ, remain constant , the 
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Figures 8a and b. Squares of wave numbers of Pb^^ cation 
vibrat ions versus lead oxide concent ra t ion of a) PB glasses, 
b) PBA glasses. 

F igures 9a and b. I R b a n d Integrals of the far infrared b a n d s 
versus lead oxide concen t ra t ion of a) P B glasses, b) P B A glasses. 

linear rise of is due to the linear increase of the anionic 
Charge density of the network sites. On the other hand, it 
has been shown for alkali metal borate glasses that 
c a ü o n - o x y g e n distances, reduced masses and the Made­
lung constant vary with the coordination number of the 
cation. An increase of the cation mot ion frequency with 
coordinaüon number was found for all alkali metal cat­
ions [23]. Thus, an increase of the coordination numbers 
of the cations could also contribute to the shift of the 
cation bands to higher wave numbers observed with in­
creasing PbO contents (figures 8a and b). 

The curves in figure 8b which describe the depend­
ence of the Squares of the wave numbers of the cation 
bands from the P b O contents of the PBA glasses show 
a little change in slope at 40 and 50 mol%, respectively. 
This change in slope is no t found for PB glasses (figure 
8a). It may have several origins and shall not be further 
discussed here. 

igures 9a and b present the integral intensit ies of the 
three P b - O vibrat ional b a n d s at abou t 300, 150 a n d 
100 c m ~ ' versus the a m o u n t of P b O in the glass. T h e 
relative error of the b a n d areas used as measure of in ten­
sity a m o u n t s to abou t 20 %. (Er ror bars would m a k e the 
figures less clear. For this reason they were n o t in­
cluded.) The intensity of the cat ion b a n d of h igher wave 
n u m b e r ( 1 5 0 c m ~ ' ) is cont inuously increasing, bu t the 
o the r b a n d (100 c m ~ ' ) becomes m o r e intensive u p to 
4 0 m o l % P b O (PB glasses) or 5 0 m o l % P b O ( P B A 
glasses) and decreases again for higher P b O conten ts . 
T h e b a n d at abou t 300 c m ~ ' is relatively smal l u p t o 
4 5 m o l % and grows very fast at P b O con ten t s above 
45 mol%. These results co r r e spond to those of R a m a n 
spectra. For very low P b O conten t , lead oxide p r e d o m i ­
nant ly acts as modifier (ionic P b - O bond , b a n d s at 100 
a n d 1 5 0 c m ~ ' ) . Wi th increasing P b O conten t , it behaves 
as ne twork modifier as well as glass former (covalent 



Table 1. Ass ignment of b a n d s of the mid infrared spectra to vibrat ions of bora te groups 

I R b a n d no . wave n u m b e r s 
in lead bo ra t e 
glass spectra in c m ~ ' 

band posi t ion 
in crystalline alkali 
borates [8] in c m ~ ' 

ass ignment 

1 1410 to 1475 1440 to 1445 pen tabora te groups, metabora te chains, 
pyrobora te units 

2 1290 to 1360 1300 to 1390 pentabora te , t r iborate and dibora te groups, 
pyrobora te and o r thobora te units 

3 1190 to 1240 1240 to 1260 boroxol rings, pen tabora te and t r ibora te 
groups, metabora te chains and o r thobora t e 
units, pyrobora te units (weak) 

4 1040 to 1100 1100 to 1125 pen tabora te and t r iborate groups, 
pyrobora te units 

5 920 to 975 
980 to 990 

900 to 950 

d ibora te and tr iborate groups 

d ibora te groups, pen tabora te groups (weak) 

6 
725 to 770 
690 to 705 

700 to 775 bending vibrat ions of various bora te units 

7 550 to 630 590 to 650 bending vibrat ions of the isolated BO3" ion 

P b - 0 bonds , b a n d at ca. 3 0 0 c m - ' ) . A b o v e 5 0 m o l % 
P b O , the covalently bonded lead domina tes the ionically 
b o n d e d par t . P b O becomes the domina t i ng network 
former in compar i son to B2O3 above 6 0 m o l % P b O 
( R a m a n spectra) . 

4.2.2 BO;, species 
T h e in terpre ta t ion of the infrared spectra of borate 
glasses was based on the compar i son wi th those of 
crystalline borate Compounds of k n o w n structure, ac­
cording to the mode l of K r o g h - M o e [25] and with the 
spec t rum of pure vi treous B2O3 [27], which is known to 
consist of boroxol rings. Α series of I R absorpt ion co­
efficient spectra was publ ished of carefully prepared and 
measured crystalline l i thium borates [8]. T h e region of 
1200 to 1 5 0 0 c m " ' is assigned to asymmet r ic stretching 
vibra t ions of t r igonal B O 3 units. Asymmet r i c stretching 
vibrat ions of te t rahedra l B O 4 lead to absorp t ion in the 
850 to 1200 c m " ' region. The bands of bend ing vibra­
t ions of var ious bora te segments are found around 
700 c m " ' . In the mid infrared region, the I R absorpt ion 
coefficient spectra of PB and P B A glasses (figures 3 and 
4) are qui te similar to absorbance or abso rp t ion coef­
ficient spectra of alkali and alkaline ear th bora te glasses 
measured by o ther au tho r s [8, 24 to 28]. T h e spectra of 
PB as well as of P B A glasses show three b r o a d bands in 
the 1200 to 1500 c m " ' , the 850 to 1200 c m - ' region and 
a r o u n d 700 c m " ' . The b a n d between 400 a n d 500 c m " ' 
is due to l ibrat ional mo t ions of isolated B O 3 g roups [10] 
and is also present in the spect rum of l i th ium or tho­
bora te [8]. 

The wave n u m b e r posi t ions of the b a n d s of the mid 
infrared PB and P B A glass spectra calculated by band 
Separation are c o m p a r e d with those of the correspond­
ing b a n d s in the spectra of crystalline alkali borates [8] 
in table 1. T h e in terpre ta t ion is added in the last column. 

The wave numbers of all bands in the spectra of crystal­
line alkali borates are on average somewhat higher than 
in those of lead borate glasses. The reason for this differ­
ence is that the bora te groups become more and more 
isolated by the successive addit ion of amoun t s of P b O 
to the glass. The result of Isolation of a structural group 
is the shift of the I R band to lower wave numbers [27]. 
On the other hand , the wave number difference may also 
be the effect of different cations. 

Table 1 shows that only the band between 920 and 
975 c m " ' is characteristic for diborate and tr iborate 
groups. (Pentaborate groups are ignored because of 
the relatively low intensity of the band in the spectrum 
of the crystalline pentaborate) . All the other bands 
represent at least three different structure elements. Α 
band between 1240 and 1260 c m " ' is present in the spec­
tra of crystalline triborate, pentaborate, metaborate, 
pyroborate and or thobora te [8] and pure vitreous B2O3 
[29], but not in the spectra of diborate [8]. The spectra 
of c rys ta l l ine d ibo ra te a n d t r iborate Compounds c o n t a i n 
a particularly strong band between 980 and 990 c m " ' , 
whereas ano ther strong band between 1100 and 
1125 c m " ' appears in the spectra of crystalline penta­
borate, t r iborate and pyroborate Compounds. For this 
reason it is not possible to identify the structural ele­
ments of the glasses in dependence of composi t ion com­
pletely by means of infrared measurements only. But 
nevertheless, some conclusions can be drawn which have 
to be unders tood more as hypothesis than as proved 
facts. 

It has been recognized that the structures of PB and 
PBA glasses depend in a similar manner on the lead 
oxide content . Structural changes become evident more 
clearly in PB glasses. On the other hand, the behaviour 
of PBA glasses with changing composi t ion is more 
balanced, which is expressed also by the more flat maxi­
m u m of the SCL values for the 10 to 4 0 m o l % P b O 
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Figure 10. Relative conten t of bora te rings versus lead oxide 
concentra t ion for PB ( • ) and PBA ( • ) glasses. 

glasses (figure 6). The relative intensity of the two bands 
around 1000 c m - ' is higher for PB glasses. Tha t means 
that the fraction of boron a toms with fourfold co­
ordination is higher in PB glasses. 

4.3 Quantitative estimation of structural units 
Α difference of the PBA to the PB glasses consists in the 
slower growth of the intensity ratio Q = / 7 7 0 / / 8 0 5 with 
increasing P b O content . Taking into account the assign­
ment of the 805 c m - ' peak to the R I N G V I B R A T I O N of the 
six-membered boroxol R I N G and of the 770 c m - ' peak to 
borate rings with one or two B O 4 units [30], that indi­
cates a delayed t ransformation of boroxol into borate 
ring structures and, thereby, of B O 3 into B O 4 units. The 
presence of AI2O3 obviously stabilizes boroxol ring 
structures in the glass network. R a m a n intensities allow 
a quantitative esdmat ion of the influence of A L U M I N A on 
that t ransformation. The relative scattering cross-sec­
tion, Qo, has been determinated to be 0.41 ± 0.02 for PB 
glasses [4]. That value of QQ corresponds to the value of 
Q for equal concentrat ions of borate and boroxol rings 
in the glass network. These structural units are also the 
main consti tuents in PBA glasses with P b O contents 
below 30 mol%. 

Assuming that the R a m a n cross-sections of the 
breathing modes of bo th boroxol and borate rings are 
not influenced in a different manner by the presence of 
AI2O3 in the network, the value of Qo is transferable to 
PBA glasses. Then, the relative content of borate rings, 
f B 4 , may be calculated by the relationship = 
= ß / ( ö o + ö ) [4 and 5]. Figure 10 illustrates how much 
lower the relative por t ion of borate rings is in PBA 
glasses in compar ison to PB glasses. (The contents of 
boroxol rings equal the difference 1 - C'BX, respectively. 

T h e error of C B 4 mainly is given by uncer ta in ty of QQ 
a n d cor responds to the d imens ion of used symbols in 
figure 10.) T h e con ten t of bora te rings in the P B glasses 
co r responds well to A 4̂ fractions of B O 4 uni ts o b t a i n e d 
by " B - N M R measu remen t s [21]. Theoret ica l con ten t s of 
bo ra t e rings can be calculated from N M R results as­
suming that one or two B O 4 uni ts are incorpora ted in to 
the bora te ring. As expected, compar i son shows tha t the 
R a m a n spectroscopically de te rmined bora te r ing con­
tents b o t h for PB [5] and P B A glasses lie close t o con­
tents of bora te rings con ta in ing one B O 4 uni t for lower 
lead oxide concent ra t ions a n d near to the con t en t of 
rings conta in ing two B O 4 uni ts for higher ones. 

T h e integrated intensities of the I R b a n d s above 
8 0 0 c m - ' are p lo t ted in figure I I a for the P B a n d in 
figure I I b for the P B A glasses versus P b O con ten t . T h e 
es t imat ion of error m a d e for figures 9a a n d b shall apply 
to these figures. T h e n u m b e r s of the curves c o r r e s p o n d 
to the numbers of b a n d s in table 1. The sum of all b a n d 
Integrals decreases in these d iagrams because of the 
decreasing conten t of B2O3 wi thin the glass. T h e max i ­
m u m concent ra t ion of di- a n d t r iborates is found at 35 
to 40 m o l % P b O for P B glasses a n d at 30 m o l % P b O for 
P B A glasses (curve 5 in figures I I a and b) . D i b o r a t e s 
and t r iborates show qui te similar I R spectra a n d c a n n o t 
be easily separated from each o ther in bora te glasses. 

Curve 2 shows its m a x i m u m at 20 m o l % P b O ( P B A 
glasses) and 2 5 m o l % P b O (PB glasses), respectively. 
Because di- and t r ibora te g roups have their m a x i m u m 
concent ra t ion at higher P b O conten ts and py ro - a n d 
o r thobo ra t e units were never found in bora te glasses at 
such low concent ra t ions of the ne twork modif ier c o m ­
ponen t , this m a x i m u m represents mainly p e n t a b o r a t e 
groups. T h e concent ra t ion of pen tabora te g roups 
decreases with further addi t ion of PbO. F r o m 30 to 
60 m o l % P b O di- a n d t r ibora te cont r ibu te to the in ten­
sity of b a n d 2. The saddle po in t at 50 m o l % P b O m a r k s 
the creat ion of pyro- and / or o r t h o b o r a t e units. C u r v e 
3 represents all borate Compounds except of diborate 
groups. In the case of PB glasses a little m a x i m u m is 
found at 20 mol%, which could be due to boroxol rings. 
It is known from R a m a n investigations [2] tha t boroxol 
rings exist up to 30 m o l % PbO. Above 50 m o l % P b O a 
significant rise of the curve is observed. This change in 
slope is probably due to the format ion of pyro- a n d / o r 
o r t h o b o r a t e groups, which also cor responds to the be­
haviour of curve 2. In the spectra of P B A glasses b a n d 
no. 3 remains nearly cons tan t over the whole concen­
t ra t ion ränge. 

Curve 1 decreases cont inuous ly with increasing lead 
oxide concent ra t ion . T h e relatively high intensi ty for 
20 m o l % P b O derives from pen tabora te groups. T h e con­
cent ra t ion of pen tabora tes becomes smaller for h igher 
P b O contents . Me tabo ra t e chains and pyrobora t e g roups 
seem to arise only in relatively low concen t ra t ions be­
cause no rise of curve 1 can be not iced. For lead concen­
t ra t ions above 6 0 m o l % P b O the b a n d at 1450 c m " ' 
nearly disappears . At this lead oxide concen t r a t ion 
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Figures 1 l a a n d b. I R b a n d Integrals of bo ra t e s t ruc tura l units 
versus lead oxide c o n c e n t r a d o n ( IR b a n d s no . 1 to 5 in table 1) 
of a) P B glasses, b) P B A glasses. 

b o r o n probably exists mainly in the form of o r thobora te 

uni ts which d o n o t absorb at 1450 c m " ' . 

5. Conclusions 
T h e discussion of v ibrat ional spectra using model cal­

culat ions leads to quali tat ive and part ial ly quanti tat ive 

s t ructura l in format ion on lead bora te a n d lead a lumino­

bora te glasses. 

Us ing the Mar t in -Bren ig model , s t ruc tura l corre­

lat ion lengths were de te rmined from b o s o n peak posi­

t ions of the tempera ture- reduced R a m a n spectra and the 

macroscopic t ransversal sound velocities. These struc­

tural corre la t ion lengths give informat ion on the 

"middle- range o r d e r " of glasses. 

Low-frequency R a m a n and far infrared spectra con­

tain information about vibrations of the P b O compo­

nent within the network. F rom 60 mol% upwards, P b O 

takes the d o m i n a d n g role as a former of the glass net­

work structure, which should be similar to that of tetra­

gonal PbO. 

The interpretat ion of the mid infrared spectra was 

founded on the C O M P A R I S O N with those of CRYSTALLINE 

borate C O M P O U N D S of known structure according to the 

model of Krogh-Moe [25] and with the spectrum of pure 

vitreous B 2 O 3 [26] which is known to consist of 

boroxol rings. 

6. Symbols 

Α 

C 

Cb 
H 
hv 

/ 
K 

η (ω) 
Q 
QO 

R{V) 
RC 

F{V) 
r± 

Τ 
Ί 
Vir 

Ζ 

Α{Ν) 
ΗΝ) 
Ε'{Ν) 
Ε" [Ν) 

£ί 

ε. (ν) 

μ 
Ν 
Ν 
Q 
Φ{Ν) 

pseudo -Made lung cons tant 

S Y M B O L S of symmetry types of vibrat ions 
speed of light in cm/s 
relative conten t of bora te rings 
relative content of boroxol rings 
coupl ing coefficient 
Planck's cons tan t in J s 
electric vectors of incident and scattered light per­
pendicular to each other 
intensity of a R a m a n band of the wave number / 
and j \ respectively 
imaginary number 
Bol tzmann 's cons tan t in ]/K 
[QXP{HCVL{K Γ ) ) - 1 ] - ' 
relative R a m a n intensity ratio / , / / ; 
relative scattering cross-section 
C h a r g e of anionic site 
C h a r g e of cat ion site 
a m o u n t of reflectivity 
s t ructural correlat ion lengths (SCL) in n m 
equ ihbr ium c a t i o n - o x y g e n distance 
complex reflectivity 
perpendicular c o m p o n e n t of the complex re­
flectivity r(v) 
tempera ture in Κ 
d m e in s 
transversal sound velocity (in nm/s for the calcu­
lation of i?c) 
electric vectors of incident and scattered light 
parallel to each other 
content of metal oxide in m o l % 
coord ina t ion number of the cation 

absorp t ion coefficient spectra 
complex dielectric function 
real par t of dielectric function 
imaginary par t of dielectric function 
permit t ivi ty of free space 
dielectric cons tan t of the first med ium (air), inde­
pendent of the wavelengths 
complex dielectric function of the second med ium 
(glass) 
angle of incidence 
reduced mass 
frequency in Hz 
wave number in c m ~ ' 
repulsion pa ramete r in the Born-Mayer potent ial 
phase angle difference between reflected and inci­
dent wave 
R a m a n wave number in the temperature-reduced 
spectra in c m " ' 
wave number of the boson peak of the tempera­
ture-reduced R a m a n spectra in c m ~ ' 
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