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Abstract

The Raman Spectra and Structure of
Silica and the Soda-Silica Glasses

by
George B, Wilmot

Submitted to the Department of Chemistry on November 12, 1954
in partial fulfillment of the requirements for the
degree of Doctor of Philosophy

- The Raman spectra of X -quartz, vitreous silica and
a series of soda-silica glasses from 9 to Y4 mole percent
Nas0 were studied. Quantitative photographic intensity
measurements were made. These permitted a comparison of
the total intensity of the Raman scattering of quartz with
that of vitreous silica, and a study of the band intensities
in the glasses as a function of composition. The inter-
pretation of the Raman spectrum of quartz differed little
from those given in the literature. Frequency and in-
tensity distributions in the spectrum of vitreous silica
were found to be different fiom those in the quartz spectrum
at frequencies below 500 em™+, However the total in-
tensitles of the Raman scattering of the two substances
were of the same order. The continuum found in the Raman
spectrum of vitreous silica in the range 100 - 500 cm—1
was interpreted to indicate that any microscopic order
cannot extend over dimensions larger than a few times the
unlt-cell size of quartz, .

In the spectra of the soda-silica glasses, the bands
assaciated with the three-dimensional silica nebwork

(as found in vitreous silica) decreased progressively in
intensity with increasing soda content. Conversely bands
assoclated with various kinds of Si-0= linkages progressively
increased in intensity. Frequencies have been assigned to
stretching and bending modes of the Si-0~ groups. Agreement
between the Raman frequencies of the soda-silica glasses and
the published infrared frequencies is rather poor. It is not
apparent whether this disparity is due to experimental causes
or has a more fundamental origin such as pseudo-symmetry
which causes strongly Raman-active modes of vibration to be
weak in the infrared and vice versa,
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Introduction

Recent work by Simon and I'»f':ch'vIahonBS’36 on the infrared
spectra of silica and the soda-silica glasSes has indicated:
that the study of the vibrational spectra of vitreous
materials promises to aid the understanding of the structure
of these materials. These workers found a strong similarity
between the spectra of the crystalline modifications of
silica, particularly that of cristobalite, and the spectrum
of vitreous silica. They also studied the progréssive
modification of the vitreous silica spectrum as a function

of increasing soda content of these binary glasses.

The purpose of the present investigation of the
Réman spectrum of silica and the soda-silica glasszs was
to supplement and extend the inirared work of Simon and
McMahon. By means of the Raman effect, the vibrational
frequencies can be studied over the entire frequency range.
In addition; a study of the Raman spectra might uncover
new bands even in regions accessible to infrared study
since it is known that several of the strongest Raman bands
in the crystalline forms of silica aré infrared inactive.
Hence the corresponding bands in vitreous silica might be
expected to be very weak (and hence undetectable) in the
infrared. This is particularly true since the infrared
study was a study of the reflectionbspectra. This method

is incapable of detecting weak bands.
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Prior to the initiation of this research, the only
published Haman study of glasses of simple; known composi-
tions was that of Vuks and IoffeXC who studied the spectra
of a series of soda-silica glasses ranging from 73 to 50
mole % silica. They found only four bands in each glass

and no bands below 530 cm‘l.

Since the Raman spectrum of vitreous silica exteﬁds
at least down to 250 cm’l, it was felt that a study of
glasses of higher silica content would be helpful in esta-
blishing more carefully the connection between the Raman
- frequencies of vitreous silica and those of the soda-
silica glasses. In addition the lack of égreement between

the infrared data of Simon and MclMahon and the Raman work

of Vuks and Ioffe might be resolved.

While this research was in progress, the work of Gross
and Kolesova 11 was published giving the Raman frequencies
of the Naj0-5i0,, K»0-Si0, and Li;0-5i0, systems. Here
again no glasses were studied with silica contents greater
than 80 mole percent. In addition the spectra were measured
visually and the intensities given were visual estimates.
Because of the broad diffuse nature of the Raman bands in
these vitreous maierials, it is virtually essential to
study the spectra by means of densitometry, both in order
to measure frequencies accurately and to obtain accurate

estimates of intensities.




Although the Raman spectrum of vitreous silica has

been reported several times in the literaturell’12’15’21’22’23’24,
the results are not in complete agreement. In particular;

in the region below 500 cm‘l, Some workers have reported

several bands, while others only a single continuum. In
~order to determine the extent to which these discrepancies

are attributable to differences in the methods of manufacture

of the various samples,'a study was made of Samples of

vitreous silica made by a variety of methods.

The Raman spectrum of quartz has been the subject of
numerous investigations since the earliest déys of Raman
spectroscopy? The work of Saksenall is especially complete,
giving polarization data and group-theoretical analysis.

The spectrum obtained by Krishnan?0 was excited by the mer-
cury line at 2537A and contains a large number of lines
attributable to overtones and combination tones_in‘addition

to the spectrum usﬁally obtained.

In view of the large amount of reliable‘ﬁork in the
literature, it was deéided not to make a complete restudy
of the Raman spectrum of quartz, but to study merely those
a spects, such as intensity, which have a direct bearing on

the spectrum of vitreous silica.

Since the work Simon and McMahon showed that the

*See Ref. 29 for extensive bibliography




spectrum of vitreous silica is more nearly like that of
cristobalite than any other of the crystalline form of
silica, it seemed desirable to obtain the Raman spectrum
of cristobalite and, accordingly an attempt was made to
excite the Raman spectrum of a finely powdered sample of
cristobalite, However,'this attempt proved unsuccessful.

An account of the method is given in Appendix III.




II.

Experimental
A. Samples

All samples of quartz studied were - ®-quartz,
the modification stable below 575°C. The quartz
samples were ih the form of rods of rectangular
cross section. Two samplew were cut with the optic

axis parallel to the direction of observation and

were 90 x 10 x 9.8 mm and 80 x 9.5 x 9 mm. The

other two samples were cut with the optic axis per-
pendicular to the direction of observation and were
60 x 12 x 7.5 mm, and 80 x 9.5 x 9 mm. In all cases

the long dimension was the direction of observation.

Three samples of vitreous silica were studied to
ascértain whether the spectrum was dependent on the
method of manufacture. Sample No. l; a rod of regular
commercial silica 7 mm in diameter and 150 mm in

length, was obtained from McAllister-Bicknell Company.

Sample No. 2, a rod 12 mm in diameter and 120 mm
in length was especially prepared by Hanovia Chemical
Company for this research. It was drawn from a
larger<rod‘which was built up layer by layer by
deposition of finely powdered quartz at high tempera-
tures. A ccording to the manufacturer; it is highly
unlikely that a rod manufactured in this fashion would
contain any cr&stalline regions resulting from

incompletely fused crystalline quartz.
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Sample No. 3, 56 x 9.25 x 9,25 mm; was silica of
very high purity, prepareq from 81014 by oxidation tq
the dioxide. This sample, since it wgs not prepared by
the fusion of crystalline quartz, could, of course, con-
tain no regions of crystallinity attributable to partially

fused quartz.

The compositions of the samples of the soda-silica
glasses are given in Table I. The samples were prepared
and anaiyzed in the Research and Development Laboratories
of the Owens-Illinois Glass Co. According to Dr, S. W,
Barber3 of that Company the samples were prepared as
follows:

"The rods were formed by drawing up the fluid melts into

the steel mold by Vacuum. This produced a very drastic
qﬁench but fracture was avoided probably because the sur-
faces of the samples were in compression. These highly
strained samples were placed in a cold annealing oven and--
except for samples 1, 2, and 3--heated to within about 25°C
of the annealing temperatures used by Glaze, Young, and Finn,
(NBS; Jr. of Research, 9, 799) where they were held for
~about 3 hours. They were then cooled overnight at a mech-

. anically controlled rate which did not execeed about 1°C per
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minute. They were, hot to the touch when removed from the
oven and wrapped in tin foil to avoid surface damage from
handling. Samples 1, 2, and 3 became bluish, evidently
due to devitrification, when treated in this way. Con-
sequently they were held for only about 1 hour at 550°
(i.e. 50°C lower thah the prescribed annealing tempera-

ture) and cooled as above."

For observation of the Raman scattering the rods
were ground and polished on one end. As the soda con-
tent increased beyond 25%; the glasses becams increasing-'
ly hygroscopic and the grinding had to be carried out with
glycerine as a grinding fluid. Polishing proved possible

with rouge and small amounts of water.

The samples containing less than 25% Na0 were 11 mm
in diameter, while those above 25% Na,0 were 8 mm in diameter.

The lengths of the rods varied from 8 to 10 cm.

Visual examination indicated a considerable lack of
homogeneity in the form of waviness which decreased with
increasing soda content. In most cases the Raman spectra
were excited with the glass rods surrounded by "Nujol" to
'minim;ze scattering of light by the irregular surfaces of
the glasses and to protect the glasses from atmpspheric

water vapor.



B. Equipment and Techniques

The earlier part of the work was concerned with
the measurement of the Raman frequencies of the various
samples, long exposure times being used to bring out
the weak lines., For this work the spectra were excited
in a unit containing six General Electric AH-2 type
mercury arcs. The mercury line at‘h358A was used for
the excitation of all spectra reported in this research.
Before reaching the samples the radiation was filtered
through a 1 cm layer of saturated sodium nitrite solu-
tion and 5 mm layer of a concentrated solution of
praseodymium chloride. The nitrite filter greatly re-
duces the ihtensity of radiation below 420C0A while the
praseodymium chloride remov:ss to a considerable extent
the continuum in the region 4380 to 46004 (approximately
100 to 120C cm~l from 4358A). The transmission curves
for these filters have been given by Stamm.37 It was
estimated from these curves that the transmission of the

filter combination used here was about 25% at 43584,

For these experiments, a Zeiss three prism spectro-
graph of aperture f/h.5 was used which gave a plate factor
of about 29A/mm (147 dm‘l/mm) at AAELA'(5OO cm;l from
L3584). |

Under these conditions, exposures of two to ten hours
duration were made of the spectrum of quartz, and of 20

to 100 hours for the spectra of the glasses and vitreous
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silica. Exposures of longer duration were not successful
due to the high background produced by the scattering of

the continuum in the mercury arc radiation.

Because of the broad, and in some cases assymmetric
nature of the Raman bands in glasses; the measurement of
band frequenciés Was difficult. Of the methods tried -
visual comparison with the iron spectrum by means of a
hand lens or microscope comparator, photographic enlarge-
.ment, and measurement from densitometer curves - only the

last . proved feasible in most cases.

The densities of the bands on all good plates were
measured on a Baird Recording Densitometer, enabling fre-
quencies to be measured and qualitative band intensities to
be assigned. The frequencies of the Raman bands of quartsz
were measured by interpolation between the lines of the
iron spectrum which was imposed on every plate., These

interpolations weré¢ made with the help of a Hilger Comparator.

Because the relatively high ratio of continuum intensity
to the intensity of Hg 4358A in the spectrum of the AH-2
arcs would greatly'hinder quantitative intensity measure-
ments, especially those made photoelectrically, it seemed
desirable to construct mercury arcs of the "Toronto" type;h7
These are direct-current arcs with water-cooled mercury-
pool electrodes, and have been shown to give very little

continuunm,

*We are greatly indebted to Mr. R. O. Carpenter of
Baird Associates, Cambridge, Mass. for the use of th
instrument. B
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A new excitation unit was therefore constructed employ-
ing two arcs of this type. A detailed account of the
design and performance of these arcs together with a con-

parison of the two excitation units is given in Appendix I.

Most of the measurements of the spectra excited by
this new unit were made with a fast grating spectrograph
of high dispersion. The optics of this instrument have
been discussed elsewherelé’31 but briefly it employs an
off-axis paraboloid as its collimating element and a
plane grating with 30 in® of ruled area 30;000 lines/in.

as its dispersing element.

A spectrum can be either photographed with an f/5.4
camera or measured photoelectrically at the exit slit.
In the latter case; the instrument is a spectrometer of
the autocollimating type, the spectrum being scanned by

rotation of the grating.

In the second order, this instrument has a plaﬁe factor
of 4.6A/mm (23 cm~l/mm) at L500A. While this high dispersion
was useful in the study of the Raman spectrum of quartz
where there are sharp and closely spaced lines, the high
.resolution was not needed in the study of the glass spectra
| where the bands were broad. However; the high dispersion
facilitated the measurement of the Raman frequencies .even

where the bands were broad. In addition, .the grating
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spectrograph proved to be somewhat more free of stray
and scattered light than the prism instrument and con-
sequently gave cleaner spectra. A disadvantage was the
pfesence of grating ghosts which became evident when the

sample scattered an abnormal amount of Hg 4358A. This

condition was serious only in the case of glasses con-

i taining about 16% Na50.

As the initial work on the spectra of the glasses
showed striking intensity changes with increase in soda
content; it became evident that quantitative measure-
ments of the intensities would be of great value in the
interpretation of these spectra. Because of the well-
known difficulties of photographic photometry, it was
decided to make these measurements photoelectrically

using the grating spectrometer.

The amplifier and recorder available for this work
had been designed to be used for the recording of fluor-
escent spectra, and the amplification was not sufficiently

i high to detect the low signals produced by the very weak

light of the Raman effect. Accordingly a preamplifier was
built in the electronics shop of the‘Laboratory of Nuclear
Science and Enginéering which permitted the detection of

light signals whose intensities were i/ldd of the previous

lower limit.
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It was hoped that the spectra of the samples might
be recorded photoelectrically.with the new excitation. unit
and;the'improved amplifier. This proved to be possible
only for cfystalline quartz, in which case six or so of
the strdngest lines could be recorded. Although the
strong bands in the glasses could be detected, the signal-
to-noise ratio at the highest level of amplification
proved fo be so lbw that the band shapes and positions
were greatly distorted by the noise despite the high
degree of filtration used in the circuit. Thus no quan-

titative measurements could be made photoelectrically.

After a great deal of experimentation with excitation
conditions and circuitry in an effort to improve the signal-
to-noise ratio; it was concluded that successful measure-
»ments would require a photomultiplier tube of higher
quality and possibly a new amplifying circuit. As neither
of these was iﬁediately available, it was decided to make
the measurements photographically with the realization

that the precision of this method would be rather low.

Exposures of seven hours duration were then taken of
the spectrum of each glass on the grating instrument with
the water cooled arcs as exciting sources. The details
of exposure conditions and plate calibration and processing

are given in Appendix II. The densities and band frequencies
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were measured on a Jarrell-Ash Model JA-23C5 Recording
Microphotometer,* The densities were converted into
intensities by means of calibration spectra taken on

each plate.

For some compositions of the glasses, polarization
measurements were made using the two-exposure method of
Edsall and'Wilsoﬂ'a. For these experiments the Zeiss

‘spectrograph was used.

*We are greatly indebted to Dr. F. Breck of the Jarrell-
Ash Company, Newtonv1lle, Mass, for the ‘use of this
instrument.
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Results of the Measurements

The measured frequencies of the Raman lines of

‘quartz are compared with the values recorded in the

literature in Table II. Tt is estimated that the pre-

cision of our measurements is * 1 cm‘l.

The spectra

of éamples of quartz with optic axis (¥ ) both parallel
and perpendicular to the directionoof observation are
given in Figure 1. Figure 3 shows the spectrum of
quartz as recorded photoelectrically with the optic

axis parallel to the direction of observation.

The agreement between our values and the literature
values is good. The weak line reported at 479 cm—t by
Saksena3l has not been found by any other workers and
probably does not exist.” He was able to observe it
only in polarization experiments in which the intensity
of the strong neighboring line at 465 cm~1 was greatly
reduced. We have examined the spectrum using sufficient
dispersion to separate these ﬁwo lines and have not been
able to find it. Krishnan20 has also examined the
spectrum at High dispersion and with long e osure times.
Although he has reported many weak lines not reported
by Saksena, he did not find this line. ‘

*However an infrared band has been reported at 480 cm -1
by Barnes and Haccuria. See Table VII,
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Table II - Raman Spectrum of Quartz (em=1)

This Saksena3l  Rasetti>®  Nedungadi?®  Krishnan®
research )
39 (1)
x 95 (2)
128 128(13) 128 (5) 127(20) 127.7(20)
‘ 145 (3)
170 (2)
206 207(10) 207 (10) 207(15 206 (14)
240 (2)
265 267(5) 265.9(2) 263(4) 266 (8)
356 358(4) 356.5(3) 354(6) 357 (7)
o4 391(3) ot . 4(1 397(4) a9h.8(6)
2 03(3) 03.5 03.8(6)
450 452(3) 453(3) Ls2  (7)
465 t6623?) 466 .,4(20) 465(30) tgg (30)
79(0 .
505(1) 501(1) ggg (4)—-
548 (2)
588 (0)
697 695(2) 696,8 69%(3) ggg.h(s)
796 95(2) 96,.6(1) 794(3) 79%.7(6)
806 g06(3) go9.3(2) 805(3) 805.8(6)
842 (1)
864
92
%L (o)
961
1040 (0)
1066 1063(1) 1063.1(1) 1064(2) 1063.7(5)
1081 1082(2) 1082.5(2) 1082(2) 1081.9(4)
1160 1160(k4) 1160,2(2) © 1158(5) 1159,3(8)
1228 1228(1) 1227 (1) - 1228(2) 1228,0(4)
X NUMBERS IN PARSNTHESEY ARE E S7/mATED JMTENS (T2

S (g 0 0 A 0 B9 i ATt e BRI  AS Ea E radPht
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We have not found all the lines reported by Krishnan who
excited the spectrum by Hg 2537A and used long exposure times.

The frequencies of the Raman bands of vitreous silica are
given in Table III together with the valﬁes taken from the
literature., The spectra given by the three samples of vitre-
ous silica employed were 1dentical in all respects. The
agreement between our measurements and those reported in the
literature is fairly good. However we have found né in-
dication on our densitometer curves of the maxima found by
some workers by visual examination in the region 250 to 500
cm‘l. In some cases we have been unable to find very wéak
lines reported by other workers., However, the early work
of Gross and Romanoval? is rather doubtful as many of their

bands have not been reported by other workers. The band at

21 but

800 cm~l has been reported as a doublet by Krishnan
our densitometer curves indicated only a single asymmetric
band whose maximum i1s at 794 cm‘l. Krishnan did not find
the band at 599 cm‘1 because of interference by the mercury
line at 25764 (609 cm™l).

- The intensities as photographically determined of
vitreous silica and quartz are compared 1in Figure“2,  These
measurements are based on plates taken under identical
conditions with samples of the same size and shape and with
exposurés of the same duration. After a correctlion was
applied for the difference 1n density between quartz and
vitreous silica (i.e difference in number of Si0, groups

per unit volume), the integrated intensities of the two
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spectra from 16C to 1300 cm™L were equal within exper-
imental error. However, the inaccuracy of the photo-
graphic intensity measurements may be seen by comparing
Figure 2 with TFigure 3 which shows the Raman spectrum
of quartz as recorded photoelectrically. It will be
noted that the ratios of the intensities of the 207 and
466 cm™l lines are quite different in the two figures.
The factor-of-ten greater exposure time hecessary to
photograph the spectrum of vitreous silica as compared
ﬁo the exposure time necessary in the case of quartz is
due only to the broad, diffuse nature of the bands in

vitreous silica.

Figure L4 shows the intensities of the laman bands of
vitreous silica and the glasses as a function of frequency.
The plates upon which these curfes werelbased were all of
seven hours duration and taken under identical conditions,
corrections being applied for differences in sample sizes.
These spectra were photographed with the grating spectro-
graph in the second order ﬁsing a 16 cm-1 spectralislit_
width. The frequencies of the Raman bands in the glasses
are given in Table IV. It is estimated that the precision
in measuring the bands is f’5 em~1 for those measured féom

densitometer curves,

No intensity measurements were performed on the glass
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Table IV - Raman Frequencies of Nap0-SiOp Glasses

lMole % Nax0 Frequencies in CM~1
% | |
o k25 490 599  (720) 794 1060 1180
9.01 40 (5129 (600) 791 1088 (1170)
12.69 4L4,C  (525) (600) . 797 1088 (1170)
16.05 (450) (522) (810) (1095
25.26 (450) 543 779 947 1098
29.0 551 769 951 1097
33.26 575 757 942 1099
42 .82 601 (740) (850) 954 1060

* The frequencies in parenthesis have been
measured by visual comparison with the
iron spectrum.

#*%* The frequencies given in this column are
the maxima of the continuum.
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of 16.05 mole % NajO since samples of this composition
gave spectra with intense background because of their
strong Rayleigh or Tyndall scattering of arc continuum.
This strong scattering, evidently caused by devitrifica-
tion, was noticed early in this research and new Samples
of approximately the same composition were prepared which
were annealed only long enough to prevent fracture.

When first received, these samples gave spectra with low
background, but ecight months later, when the intensity
measurements were made, they scattered so strong1y that
study on the grating instrument was not possible because
of the intense grating ghosts produced by the exciting
line. The Rayleigh scattering of samples 1 and 2 was also
high but useful spectra could be taken. The samplegul, 2,

and 3 are considered most prone to devitrify.

Comparison of Table IV and Table V, which contains the
frequencies of the Raman bands of the soda-silica glasses
as reported in the literature; shows reasonably good
agreement between both frequencies and gqualitative iﬁtensities.
The bands found by Gross and Kolesovall at 600 em~l for
all the glasses could be measured for“gl§§$§§w}ﬂgpdwgibpt
appeared on our curves only as an asymmetry of the strong
band 540-60C em-1 in the spectra of the}glaSSes of higher
soda content. The band at 1125-1150 cm™1 found by the
same workers appeared only for glasses 1 and 2 on our curves

and could not be detected for glasses of higher soda content.
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Table V -~ Raman Frequencies of Nas0-5i0» Glasses as
Reported in the Literature
Refer-;Mole% "
ence [Nas0 Frequency in CM-t _
(B {2)  (3) (1) (1) . (10) (3)
G* 20 525 590 792 9L, ‘1048 * 1091 114
: (5) ()  (3) (1) (1) (10) (3)
G 23 528 601 778 942 1050 1095 1153
(55) (23) (10) (100)
V* | 23 529 790 960 1091
v 27 555 781 941 1095
(6)  (2) (3) (2) (1)  (0) (3)
G 130 5h2 595 785 943 1053 1097  1lk3
(7) () (3) (3) (1) (9) (2)
G 33.3 567 599 773 942 _”1071_“”m};05”v171}32
(69) (26( (100)
v 33.3 585 756 942 1096
(53) (17) (36) (100)
v 37.6 584 705 9L 1098 |
(2)  (2) (8) (2) (8) (2)
G 40 576 592 786 947 1072 1097 112k
(59) (14) (87) (100)
\ L2.,9 604 755 945 1078
(8) (10) (3) (10)
G L3 590 601 949 1035 1081 )
v L5.5 60k - 91 1068 )
o (3)
G 47 . 1030
(64) 1) (1) (10)  (3)
G 50 601 99927 973 1051 —
(64)  (13) (140) (100)
v 20 618 738 850 %L 1055

V = Vuks and Toffel®

* G = Gross and Romanovalz,

*% Numbers in parenthesis give relative intensities as
estimated visually by G and measured photometrically
by V. '
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These workers also reported a band around 1050 cm-1,
There is some indication of this band on our plates but
it does not show up on the densitometer curves. Since
Vuks and Ioffe also used photometric means to investigate
their spectra while Gross and Kolesova's rneasurements
were made by visual meansk the frequencies given by the

latter workers are open to some doubt as to precision.

From the curves (Figure A4) it can be seen that
there exists Raman scattering below 500 em™l in the

spectra of all glasses, the intensity of the scattering

decreasing with incréasing soda content. This scattering

has not been reported by other workers who investigated

only glasses of higher soda content than 20%. It becomes

increasingly difficult to distinguish Raman scattering

from the Rayleigh scattered background as one approaches the

exciting line. Thus; despite the fact that an attempt was
made in some cases to subtract the Rayleigh scattering from

l the spectral curves, if is uncertain just how much of the

intensity below 400 cm™L is due to Ramen scattering.

Krishnan has found a Raman band in vitreous silidé’/"
exténding from 30 to 120 cm‘f1 using Hg2537A as exciting
line. Thus it is probable that the glasses also have
Raman bands in this region. In the spectral region around
2537A there was no continuum in the mercury arcs used by
Krishnan and hence the baékground in the Raman spectra
was very low. However; soda glasses absorb ultra-violet

and can not be studied with this mercury line.
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One could investigate the low frequency fegioﬁ using
Hg L358A only by employing arcs of very low continuum’in
the region around 440CA and an effective filter such as
praseodymium chloride solution. Other possibilities would
be to use different mercury lines in the visible as ex-
citing lines such as Hg 4LOL7A or Hg 5461A where the
intensity of the continuum may be somewhat less, or to
excite the spectra with He 3889A or some other suitable
spectral line. If photoelectric recording of the glasses
had proved possible, the 1ntenS1ty of this background o
could have been subtracted from the recording down to,

say 100 cm’l, giving reliable results.

Semiquantitative’polarization measuremehte wefe dade
oh the specﬁra of vitreous silica and the glasses containing
12.7 and 42.8 mole percent Nas0. The results of these
measurements are given in Table VI. The depolarization
ra tios of the Raman lines of carbon tetrachloride as
measured under identical conditions are given for compar-
iaon. It was not possible to measure the ratios for the
weaker bands of vitreous silica and the glasses with the

exposure times used.

Comparison with the completely polarized band of
CCl1, shows that any band with a depolarization ratio in
the neighborhood of 0.1 is completely polarlzed. A1l

the bands measured are polarized to some extent.
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Table VI - Depolarization Ratios B_p
Composition Band P (measured) Q (actual)
) 425 strongly polarized
0% Na,0O 500 strongly polarized
' 794 .35
1060 .65
et Tt LLO strongly potarized
12,7% Na0 790 moderately polarized
D : 601 .10
S 1060 .15
B 218 1.0 857
CClh 314 1.1 857
L58 .10 0]

oA s LR B RS S
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Harrand'” has reported that the bands at 79l and
1060 cm~1 are depolarized. However it can be’ seen from
the measurements on CCl, that the direction of the
error in our experiments was such as to make the
depolarization ratios observed higher than fhe actual
ratios. Thus any band that we report as polarized

cannot be depolarized.

F g R
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ITI. Discussion of Results

A. Raman Spectrum aq@fﬁg;yctureWofqgg-Quartz

1. Classification of Frequencies
Several workeré have intcerpreted the infra-

red and Raman spectra of quartz, the most com-
plete interpretation being that of Saksena31
(1940). Since 1940, however, there have been
several studies of the infrared spectrum of
quartz which have made necessary a new inter-
pretation. The infrared bands of quartz and
their polarization characteristics are given
in Table VII. These values; comprising both
reflection and absorption data, have been

taken from the literature.

If vibrational frequencies are measured
by infrared reflection methods; calculations
need to be carried out to obtain the actual
vibrational frequencies from the reflection
maximg?' Much of the infrared data on quartz
in the literature is uncorrected reflection
data and thus not reliable. The vibrational
frequencies given by Simon and MbMBhonsgre :
based on corrected data and appear reliable.
It must also be pointed out that the absorption
measurements of very intense infrared bands such

as the one at 1065 em-1 give frequencies which
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Table VII -~ Infrared Ffequencies‘of Quartz in Cm=1
L Simon ﬂ‘Liebigh
Simoah Mc§2%0%5 dzerny9 Barnes¥ RubiESZE Haccuri%d| Coblent
128 (a)| 128 (a)
263 (a) 253 (a)
| 364 (e)
385 {a)| 385 (o)
455 (o) 476 (o) | 467 (a)
| 188 (a) | 481 (a)
520 (e) 508 (e) | 522 (a)
540 (e) '
| 694 (a) | 687 (o)
780 (e) 775 (a)
8CC (o) 8cd (a) 79, (a) [ 799 (o)
1055 (e)
1065 (o) 1087 (a)
1160 (o) 1190 (a)
1250 (o)

absorption measurement

reflection measurement ordinary ray (class E)

reflection measurement extraordinary ray
(class B)
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are not the true vibrational frequencies because of

the high reflection near such absorption bands.

From the results of x-ray a;nalj,rsisl*8 it is known
that quartz belongs to the space group Dg and has three
510, groups per unit cell. The symmetry of the unit
cell is therefore Dy with a three-fold screw axis (03)
along the optic axis and three two-fold axes (Cp) per-
pendicular to 63. The atomic arrangementfis spiral
around 03 with the silicon atoms lying on the C, axes
and the oxygen atoms lying on no element of symmetry.
Four oxygen atoms are tetrahedrally arranged about

each silicon atom at a distance of 1.61A.

We shall now obtain the selection rules for the

jnfrared and Raman spectra of quartz, using a method
based on the symmetry of the unit cell. This method
has been described several times in the literaturé
(for example; see Winston and Halford¥® or Hor'nig;:!8 ).
Since there are 9 atoms per unit cell, there are

3 x 9 =27 vibrational degrees of freedom. There is
a general selection rule for crystalsl8 39 which
states that only those vibrations for which correspon-
ding atoms of neighboring unit cells vibrate in phase
can be excited in jnfrared absorption or in the Raman

effect. That is, only those vibrations in the crystal

- e i e R e e R S AP
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which have infinite wave length can be active. Thus
the three degrees of freedom corresponding to transla-
tions of the unit cell as a whole are not active either
in infrared absorptlon ‘or in the Raman effect and we

have 2L degrees of freedom to be cor81dered.

To determine how these 24 degrees of freedom are
apportioned among the symmetry species of the D3
symmetry -group of the unit cell, we have merely to use
the standard group theoretical formulas or consult
the tables given by Herzbergl7. Theﬂcharacter table
for the D3 group is given in Table VIII. The number
of vibrations in each symmetry species and their infra-
red and Raman activity are also given here. ‘hether
the vibrations of a given species will be active in
infraredé absorption or in the Raman effect is determined
just as it is in the case of moleculesl’. The analysis'
(Table VIII) shows that of the 24 genuine vibrational
modes of the unit cell, four are in the totally symmetric
class A; which is Raman active and infrared inactive,
four are in the infrared active, Raman inactive class B;
and eight are in the degenerate class E which is both

infrared and Raman active.

The Raman lines in class A and class E may be dis-
tinguished by study of the polarization characteristics
of the Raman lines. This has been done by several

workers whose results are in good agreement.6,31

s




- 34 -

Table VIII - Character Tablewfor,23 Group and Selection

Rules for Quartz

Tlass B ¢ 30— Tofal T —
) °  Motes | Iations
1 1 1 N E;—-_e_¥
1 1 -1 N J
E 2 =1 0 9 “ g

Trans-
Modes

= direction of optic axis

L
L
8

RA
IR
RA + IR

= two perpendicular axes perpendicular to 7(

=

Raman active

Infrared active
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The infrared active vibrationé of class B are excited

only when the electric vector is parallel to the optic
axis. That is, these vibrations give rise to a change

in dipole moment whose direction is parallel to the

optic axis. The vibrations of class E change the dipole
moment in a direction perpendicular to the optic axis.

The infrared bands of class B and class E are distinguished
by studies of the crystal with various orientations in

polarized infrared radiation.

The classification of the infrared and Raman bands
of quartz based on the preceding reasoning. is given in
Table IX. This assignment of the Raman bands agrees in
most respects with the ones reported in the literature.
An exception im the Raman band at 452 em™1 which, pre- -
viously unclassified, is now assigned as a class E
fundamental because of the infrared band found at 455 em-1
by Simon. The weak band at 1228 em~l cannot be classified

as an overtone or combination band resulting from any of

the strong fundamentals. It should also be pointed out that

Krishnan?Q has found, in addition to the fundamentals and
overtone and combination bands, 12 lines in the region

0-1040 cm-1 that cannot be classified.

Reference to Table VII shows that in the region around

4,60 em~1 the agreement among the infrared data of various

PN
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‘Table IX - Classification of the Fundamental Frequencies
of Quartz
Class | Raman Freguencies Infrared Freqguencies Mode
A 207 D Qa, :
356 %,
4,66 Qa, !
1082 O, |
B 365 Q B,
520 Q B, ]
780 Q 8,
13855 QBq
E 128 128 Q Eya §
265 - 263 Qe .
392}, |
403 | Qrue
L52 455 Q E o
695 694 Eaa
795 N
807 800 Q £
1063 1065 Q Egn
1159 1160 Q e
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workers is poor. According to I, Simon34, his corrected
frequency at 455 em~l has a precision of + 10 em-1 or
better and seems to arise from a dipole change pervendic-
ular to the optic axis although the possibility of a
component parallel to the optic axis cannot be ruled out.
It is on this basis that we have identified it with the

class E Raman line at 452 cm’l.

The bands at 385 cm~! and ,81-8"cn~l in the infré—
red spectrum have no counterpart in the Raman spectrum,
aithough at least the first arises from a dipole-moment
change perpendicular to the optic axis. Also the Raman
doublet at 397-h0§;é£ich has been assigned as a class B
fundamental has no infrared counterpart.

As Simon33 has shown, reflection data must be

corrected in the strongly reflecting and absorbing region
around 1100 em=l, 1In the classification of the fundamental
frequencies (Tablé IX) the corrected infrared data of Simon
and McMahon have been used in the frequency range studied
by them. For the three infrared active fundamentals

1

below 455 cm —, those of the references listed in Table

VII have been employed.,

2. The modes of vibration in quartg.

One can scarcely hope to find the normal modes of

such a complicated system as the quartz lattice. Thus,
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in the correlating of frequencies with vibration modes in
quartz, the discussion must of necessity be only approximate
and quélitative. Barriol? , for example, has considered

the possible motions in @ -quartz, where visualization of
the symmetry modss is simpler because of the higher space-
group symmetry (Dg). Thus, by setting up possible symmetry
modes in @ -quartz and noting how the six symmetry classes
of @ -quartz merge to give thé three classes of & -quartsz,

he was able to discuss the motions of the & -quartz lattice.

Saksena31 has given a set of symmetry modes for &« -quartz,
An actual normal mode belonging to a given symmetry cléss can,
of course, be expressed as a linear combination of the symmetry

modes belonging to the class.

As a first step toward a correlation of frequencies and
vibrational modes, one can consider three types of mcdes in
quartz: first, low frequency modes involving primarily the
heavy silicon atoms, second, middle frequency modes such as
bending modes*, involving primarily motions of oxygen atoms
and third, high frequencies modes involving stretching of the

Si-0 bonds.

The observed frequencies of quartz show a wide division
between the high stretching frequencies and the lower frequen-

cies. There'is a separation of 250 cm~lbetween the highest

*In the remainder of the discussion the middle freguency modes
will be referred to, for convenience, as'"bending modes". This
is not to be taken as a suggestion that the forces involved
arg necessarily directed valence-bond forces such as exist in
H20
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bending mode and the lowest stretching mode. On the other hand,
as might be expected from the relative weights of the oxygen and
silicon atoms, the distinction between the oxygen bending fre-
quencies and the heavy atom frequencies is not sharp. However,

some degree of separation is possible.

Of the four degrees of freedom of totally symmetric
class A, the oxygen atoms contribute three and the silicon
atoms one (see, for examﬁle, Herzbergl7, Table 36). Thus the
class A mode at 207 cm~l is largely a motion of the silicon
atoms, while those at 356, 466 and 1082 cm~l involve motions
of the oxygen atoms, the last being the totally symmetric

stretching frequency.

Glaés B has five degrees of freedom, three contributed
by the oxygen atoms and two by the silicon. However; the
situation is somewhat complicated by the presence of one
translational degree of freedom which; of cburse, contains
motions of both oxygen and silicon atoms. However, we can
set up four symmetry modes corresponding to the genuine
vibrational degrees of freedom., The first will involve a
motion of the silicon atoms only and may be identified with
the class B mode at 364 cm=l. The second, involving motions
of both silicon and oxygen atoms, comes at 520 cm-l. The

other two class B modew involve only oxygen motions and come




- L0 =
at 780 and 1055 cm=t the latter being the stretching mode.

Thereaane 18 degreegﬁof freedom occurring in 9 degenerate
pairs in class E. Of the;e 9 pairs, 6 are contributed by the
oxygen atoms and 3 by the silicon atoms. One pair is con- .
tributed by the two translations perpendicular to the three-
fold axis;gnd‘will‘contain both oxygen and silicon motions.
The vibration at 128 em~l doubtless arises motion of thé
silicon aﬁoms., Perhaps we cannot éxpegt to separate the
oxygen motipns from,the silicoﬁ mo£ions‘in the remaining
class E modes except to say that the class E vibration at
265 cm-l is probably due primarily to motion of the silicon
atoms. Of the remaining low and middle frequency modes, most

involve motion of the oxygen atoms only. There are two stretching

modes in class E, one at 1159 cm~l and the other at 1063 cm-1.

The symmetry modes given by Saksena are reproduced in
Figure 5 and their correlation with the observed frequencies
on the bé;is of the above discussion given in Table IX,
Qualitatively one would expect those modes active in the Raman
effect which involve motions of the highly charged silicon ion
(sith) alone to give rise to intense Raman lines. And, indeed;
the frequéncies at 128 and 207 cm™ of the modes Qg,, and Qgq

respectively afe very intense. Motions of the type Qa_ are




O @O @D & OXYEENS AT LEVELS C/9, 2C/9, 4C/9 '5C/A, 7C/9, 8C/9

FIG. 5 SYMMETRY MODES OF QUARTZ (AFTER SAK SENA)
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known to give rise to largé changes in polarizability and the
line at 466 em=1 identified with this mode is the most intense

in the entire spectrum.

It must be again emphasized that this diécussion serves
only as a qualitative gﬁide to the understanding of the
spectrum of quartz. Symmetry modes are not normal modes
and strictly speaking, cannot be correlated with vibrational

frequencies.
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Raman Spectrum of Vitreous Silica

The structure of vitreous silica according to X-ray
anal'ysis""l”*z’lP3 is a disordered one. Each silicon is
surrounded by four oxygens at about 1.62A. The O-C
distance is abouﬁ 2.45A, the Si-Si distanceVB.ZA and the
S5i-0-Si bond angle about 180°., The relative orientation
of one tetrahedral group with respect to a neighboring
group around the Si-0-Si bond is random. X-ray analysis
gives no definite distances greater than‘the next-nearest
Si-Si distance at 5.2A, Beyond this, the various distances
from a given atom to others depend highly on the relative
orientations of the SiOl+ tetrahedra and give rise to no

definite maxima in the x-ray pattern.

These data for vitreous silica agree closely with

46,48 for which the Si-0 distance is

the values for quartz
1.624, the 0-0 distance 2.62-2.67A and the Si-0-Si angle
144°, Thus we may expect the same type of binding and

the same values of force constants in vitreous silica as

in quartz.

From a spectroscopic point of view, the most impor-
tant difference between quartz and vitreous silica is the
lack of order in the latter. The general selection rule
for crystals (p. 32) greatly liﬁﬁ%é'the number of modes

that can be infrared or Raman active in quartz, with its

g e e
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regular atomic arrangement. This rule states that only

those modes in which corresponding atoms in neighboring
unit cells move in phases can be infréred or Haman
active. Thus in a crystal containing N atoms with n
atoms per unit cell, effectively only 3n-3 of its 3N
normal modes can give fise to infrared or Raman funda-
mentals. This number may be reduced further by the
symmetry of the unit cell., Thus one expects to find a
relatively small number of sharp lines in the Raman

spectrum of quartz and indeed this is the case,

In vitreous silica, on the other hand, there are

no symmetry elements and hence no selection rules that
limit the number of active modes., Vitreous silica may be
consideréd to have a unit cell of infinite size with no
symmetry. Thus one has a very large number of normal
modes to consider., DMany modes will give rise to no net
dipole moment change or polarizability change over
distances éomparable to the wgve length of light and will
make no contribution to_the infrared or Raman spectrum,
But a large number will make such a contribution anda
priori one would expect a large number of frequencies in ;

the spectrum.

In high frequency modes such as the bond stretching

type the motions of the two atoms involved are largely |
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independent of the motions of the rest of the atoms.
Thus a mode involving the stretching of the Si-0 bohd
would be expected to have nearly the same frequency in
all forms of silica and be nearly indebendénﬁ of the
specific nature of the structure. This will also apply
to certain types of bending modes which involve only

interactions between neighboring atoms.,

In contrast, for the low frequency modes involving
interactions between large numbers of atoms, the coupling ,
between one region and another in the lattice is" high.

Thus the number and frequencies of these modes will be
highly dependent on the specific nature of the lattice.
In particular; in the disordered lattice of vitreous
silica, one would expect to find a large number of active

modes at low frequencies.

Comparing these predictions with the observed spectrum
of vitreous silica (Fig. 2, Table III); we see that in
the low frequency region there are a large number of fre-
quencies. In fact; there is a continuum of frequencies

from below 100 cm™ to 500 em~l. Because these low fre- , ; g

s

quencies are highly dependent on the specific nature of the X

sy e e

lattice, one would not necessarily expect the distribution
of spectfoscopically active low frequencies in vitreous

silica to be closely related to those in the cfystélline
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forms of silica. Thus in the spectrum of quartz the
strongest line is at 466 cm~l, while in vitreous silica

the maximum of the continuum is about 425 em-l. However,
just as for quartz, the frequencies below approximately |
L0OC em-1 are due to modes involving chiefly motions of

the heavy atoms. For the higher modes, where thso forces
involved are localized an& the coupling is small, one
expects fewer discrete frequencies in vitreous silica and

a better correspondence between the various forms of silica.
Thus the Raman band at 1060 cm-l in the spectrum of vitreous
silica may arise from the same stretching mode as the class

E mode in quartz at 1065 cm-l.

A serious difficulty in .the study of the spectra of
vitreous materials is the broadﬁess of ﬁhe bands. This
has:. two effects: the bands are weak and hence difficult
to detect and measure; and there is the possibility that
even weaker bands may be covered up by stronger broad bands.
However the Raman bands at 1060 and 1180 cm™! are symmetric
in shape, which indicates that any other bands present are

extremely weak and diffuse.

There are two and perhaps three stretching modes in the
Raman spectrum of vitreous silica. The two are at 1060 and

1180 em™t with the possibility that the very weak band at

910 cu~l is a third stretching frequency. The infrared

sy

.
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spectrum of vitreous silica (Table X) contains three fre-

quencies in the region 9CC to 1200 cm'l, two bands of |
moderate intensity at 970 and 1152 en~L and a very intense
band at 1100 em~l. Tone of these occurs near enough to a

Raman band to be identified with it if we accept the

reported accuracy of the infrared and Raman measurements.

Two bands have been found in this region in the in-
frared reflection spectrum of cristobalite by Simon and
McMahon3®. The band at 1100 cm-l is very intense and the
one at 1192 cm-l rather weak. Since neither of these can

be related clearly to corresponding bands in the spectrum

silica are somewhat dependent on the nature of the lattice.

On the basis of the coincidence between the strong

infrared bands in vitreous silica a"nd cristobalite at ===

1100 em~l and 1095 cm-l respectively, Simon and lclahon>?

bt i e SRR

have reasoned that the structure of vitreous silica is
more nearly like that of cristobalite than that ol quartz. 5

They also assume that the band at 1065 cm-l in quartz is

S e R .

due to a mode of the type that gives rise to the strong
infrared band at 11CC cm-l in vitreous silica. The Raman
band at 1060 cm-l in vitreous silica makes this assumption

open to question. In fact, a comparison of the infrared and -
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Table X - INFRARED SPECTRUM OF VITREOUS SILICA

ot S 5 Gt i it

465 | 467
477

800 | 794
970 948
11100 ' 1100
1152 1220
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Raman spectra of the various forms of silica shows that
the stretching frequencies of vitreous silica cannot be
uniquely identified with those of some crystalline form

of silica.

The lack of coincidences between the Raman and in- |
frared bands is rather puzzling. There might be three
reasons for this. First the observed bands because of
their broad nature, might hide weaker bands. However,
all bands that are strong in thé infrared would then have
to be weak in the Daman effect, and vice versa. Second,
it is possible that certain vibrations could occur in the
infrared, foriinstance, but would be silent in the Raman
effect for reasons of symmetry or quasi-symmetry. An
example is the strong infrared band at 1100 en~L assuning
its assignment as a stretching vibration of the typeigi:B-ga
is correct.28’37 If the Si-0-Si bond angle is 180°, then
this group effectively has a center of symmetry. Vibrations
ahtisymmetric to a symmetry center are infrared active and
Raman inactivel7. However it seems doubtful that all the

lack of coincidences in this region can be ascribed to

effects of this sort. A third reason for the lack of coin- =

cidences might be inaccurate measurements. This danger
applies to both infrared and Raman measurements but espec-
ially to the former where both the experimental techniques

and the theory are involved.
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Just as for quartz, the oxygen bending frequencies in

ot
@
s

vitreous silica lie in the region from 80C to 400 cm-1,

There are four distinct frequencies'in this region (Tables

IIT and X) and in addition, a large part of the continuum
in the 400 cm’1 region must be due to modes of this type.
Thése lower bending modes are sure to be more strongly
coupled to the heavy atom frequencies than are the higher

ones.

The band near 80C cm~l is remarkable in that it
appears in the infrared and Raman spectra of all crystal-
line forms of silical3s35 as well as in the spectrum of

vitreous silica.

This band is also present in the spectra of the soda-
silica glasses up to at least 33.3% NapO. Thus while this

mode is apparently connected with the structure of the

three dimensional network in silica and the silicates, its
nature is such that its frequency is independent of the

specific symmetry of the lattice.

In summary it can be said that the infrared and Raman !

frequencies of vitreous silica can be separated into three

groups depending on the type of vibration. In the region
below 500 cm'l, the modes become highly dependent on the
specific nature of the lattice and the spectrum of the
vitreous material is quite different from those of the

crystalline forms. Although the frequency distribution in

RGBT e

the Raman spectrum of quartz and vitreous silica is different,




no great difference in the total integrated intensity of
the Raman scattering is expected. A justification of this

expectation is given in the following discussion.

The. distribution of. frequencies in quartz is different
from that of vitreous silica since the atomic arrangements
dre different in the two substances. As a consequence of
the translational symmetry of the quartz lattice, only
those normal modes for which the phase angle between cor-

responding atoms in neighboring unit cells is zero can

give rise to infrared or Raman fundamentals (cf. p.32).
The intensity of an infrared band* is proportional to the
square of the dipole-moment change produced by the mode
of vibration in question. If we let the dipole-moment
change associated with a certain vibration of frequency“1/
be my in the ith ynit cell, the intensity of the infrared

absorption will be proportional to

N

2?””?

7
.

vwhere N are the number of unit cells in a wave length of
the radiation of frequency?’ . However since corresponding

atoms in different unit célls vibrate in phase, the dipole-

moment changes have the same magnitude, direction and phase.
Therefore they are equal and their amplitudes can be added.
Thus the intensity will be proportional to

2 A
N

The distribution of frequencies in vitreous silica is =

*For ease of visualization, the discussion will be given in

.

terms of dipole-moment changes and infrared intensities

rather than in terms of changes in polarizability and Raman

intensities. However exactly the same arguments apply to
the latter.




- 51 -
different from that in qﬁartz as a consequence of the
different atomic arrangements in the two substances. In
addition, there is no symmetry and no reguirements on the
phase éngles between neighboring atoms. Thus all the modes
are infrared or Raman active. The intensity of an infra-
red band of frequency vill be determined by the net
dipole-coment change over a distance of the order of the
wave length of radiation of frequency‘V just as in the
case of quartz. The iﬂtensity will be provortional to
Lt
<
where mj is the dipole-moment change associated with a
group of atoms of the same size as the unit cell in
quartz, there being N of these groups in the wave length
of the radiation. In the case of vitreous silica, however,
the mj's in different groups do not have the same phasé
and the mi's cannot be added, but only their gquares.

Thus the intensity is proporticnal to
Now™

where m is the average dipole-pole moment change in the

group of atoms.

Thus in quartz there are only a few sharp bands in
the spectra, but they are intense because the dipole-moment
change over the wave length of the radiation is large due

to the phase relation imposed by the translational symmetry.

In vitreous silica, on the other hand, there are many

frequencies in the spectra, but each makes a relatively
small contribution since the net dipole-moment changes are
small as a consequence of the lack of phase relations be-

tween the motions of the atoms.
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C. Raman Spectra.: and Structure of the Soda-silica Glasses

As soda is introduced into the vitreous silica
structure, a new kind of bond is formed, in which an
oxygen is shared between a silicon and a sodium ion
(the Si-0~ bond). For each sodium ion introduced,
aﬁ oxygen atom formerly shared by two silicon atoms
(the Si-0-Si bond) will now be bonded to only one.
Thué,’the number of singly bonded oxygens will be
- equal to the number of sodium ions. Table XI gives

the relative number of these as a function of the

soda content of the glasses. As the soda content of the

glasses is increased, there are increasing numbers

of singly bonded oxygens and decreasing numbers of
oxygens bonded to two silicons. In the glasses of

high soda content the bands corresmonding to the
motions of the singly bonded oxygens would be expected
to be intense. In the glasses of low soda content,

a strong resemblance between their spectré and that of
fitreous silica would be expected., Figure L shows that
this is the case. Ixcept for the new band at 1088 cm? ,
the spectra of the glasses of 9% and 12.7% Nax0 content

are very similar to that of vitreous silica. At 25.3%

Na,0, two other new bands show up clearly, one at

543 cm"l and the other at 947 cm® . These three new
bands steadily increase in intensity with increasing
soda content up'to 33.3% Na,0, while the bands related

to the spectrum of vitreous silica gradually disappear.

s
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Table XI -~ The Number and Types of Oxygen Atoms

Per Silicon Atom in the Soda-silica Glasses

Number of Number of
oxXygens singly
bonded to bonded
» - two silicon| oxygens
Mole % Naz0 lole % SiO2 8i/0 per silicon per silicon

0 10C o5 L 0
9.0 51 277 | 3.0 | 2
12.7 87.3 466 3.7 3

16 8k 4,56 - 3.62 | .38

25.3 7.1 128 3.33 | .67

29.0 71.0 A415 3.17 .83

33.3 65.7 - 3 1

42.8 | 57.2 364 2.5 1.5

50 | 50 1,333 2 2
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The decrease in intensity of these bands is attributable
not only to the decreasing number of moles of'SiO2 per
unit volume (Table I, p. 7) but also to increasing‘numbers

of 8i-0" bends formed as the soda content increases,

" Further increase in soda %o h2.8%'shows a pronounced change

in the spectrum in the region around 1000 cm -1,
§3;g§gh19g_£;§ggggg;g§= Just as for vitreous silica we
can divide the frequencies into stretching, bending,
and heavy-atom frequencles which come in the regions
1200 to 900 em-1, 900>to k00 cm'l, and 400 to O cm™1
respectively. In the stretching region, there will be
two types of modes, those involving oxygens bonded to
only one silicon and those involving oxygens bonded to
two silicons. The stretching frequéncies in the Raman
spectrum of vitreous silica are weak and are soon sub-
merged by the intense frequencies associated with the
singly bonded oxygens as soda 1s added. However the
band at 1180 em~! is evident up to at least 12.7% Na,0
(Figure 4) and possibly up to 40% Na,0 (Gross and Kole-
sova, Table V). The band at 1060 em™l is close to the
strong band at 1095 ecm=1l in the glasses but there is
evidence of it up to 33.3% Na,0.

The stretching frequencies of the singly bonded oxygen
are evidently those at 950 and 1095 em~l, It is to be
noticed, however, that the intensities of these two bands

do not vary in the same manner with increasing soda content.
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The band at 1088 - 110C cm~! is apparent in the spectra
of glasses of very low soda content; and increases in
intensity up to 33.3% NapO . At higher soda content, it
shifts in frequency and decreases in intensity. The band
at 950 cm-1 is‘ﬁot evident in the spectra of the glassecs
below 25% Nago, but from 25% Na,0 increases steadily in

intensity up to 42.8% Na,O.

This difference in behavior suggests the following
explahation. We assume that the singiy bonded oxygens
arevrandOmly distributed among the silicon aﬁoms and ask
how many silicon atoms have no singly bonded oxygens,
how many have nne and how many hafe two. While the
problem of finding the distribution of singly bonded
oxygens among the‘silicons is a function of sodg content

is very complex, a qualitative discussion will suffice for

our PUrposes.

In the glasses of low soda content, there will be very
few silicons with two singly bonded oxygens as compared to
those with only one. At 33.3% lla,0 there are about as many
singly bonded oxygens as there are silicon atoms (Table KI).
This composition will have the highest number of silicons
with only one such oxygen, but above 33.3% NasO the number
of these silicons will decrease while the number having
two singly bonded oxygen atoms will rapidly increase. At
50% NaoO there are, of course, twice as many singly bonded
oxygens as there are silicon atoms and each silicon will

have, on the average, two such oxygens.
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On the basis of this rough reasoning and the behavior

of the intensities of the two bands as a function of soda

1

content, the band at 1095 cm™ is assigned as a stretching

vibration of the Si-0" bond when there is only one such

oxygen per silicon atom. The band at 950 cn-l is assigned
{

as a stretching vibration involving the S;
b/ l‘ \o-

group.

- Considered as an }solated unit, this group has two
S¢ s

stretching modes,__o/' N and  ~ -o No- .
[ 4 O’ ¥ s

The first should be strong in the Raman effect, while
the second ought to be weaker and of somewhat higher
frequency. The modes involving the Si-Owbbnd are not
strongly coupled with the stretchin% modes of the silica
network and the two rodes of the_o/f‘\o— group might be
expected to give rise to two Raman frequencies. Under
this interpretation the frequency observed at 950 cm'l
would be due to the symmetric mode. Thé higher freguency

of the antisymmetric mode is probably obscured by the

strong band at 1095 em™Ll. The presence of this antisymmetric

mode might explain the shift of the center of gravity of the

5i-0= band from 1099 cm=l in the 33.3% Naz0 glass to 1060
em~l in the 42.8% Nas0 glass. - |

~

Bending frequencies: The bending frequencies of the oxygen

“atoms at 795 em~l and in the region 400 to 500 cm-l are of
the same type as those observed in the spectrum of vitreous
silica and greatly decrease in intensity as the soda con-

tent increases until they are hardly evident in the glass

B A S
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of 42.8% Naj0. The new bending frequencies of the singly
bonded oxygen atoms come in the region 500-700 cm'l.
Below 25% Nao0, they are barely detected, but in the

~ glasses from 25 to 42.8%, there is‘a relatively strong
band centered at about 550 em™1 which increases in inten-
sity up to 33% Naj0, after which there is a slight decrease,
The asymmetric nature of this band indicates that at least
two of these modes cnntribute to the Raman spectrum., While
no intensity measurements could be made on the individual ‘
components of the band, the component of lower frequency is

by far the more intense., From its intensity at 25% Na20,

it seems that this component must.be due to a bending mode

involving the Si0™ group.
As one might expect, the bending modes of the S1i-07

and the Si -groups are not strongly coupled to

other motions of the lattice, and give sharper bands than

the bending modes of the oxygens shared by two silicons.

j Heavy atom freguencies: The frequencies of the modes in-

| volving primarily the motions of the silicon atoms appear
below 400 cm'1 and are difficult to distinguish from the
scattered background in the intensity curves. Motion due

- to the dodium ions, because of the weak binding between
the sodium and oxygeﬁ ions, also give rise to very low fre-
quencies which cannot be distinguished from the low fre-

" quencies of the silicon atoms. In their study of the binary
glasses L1,0-810,, Nay0-510,, and K,0-S10,, Gross and Kolesovall
showed that the spectra are little affected by the

nature of the cation. Thus the cation frequencies

—
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are indeed low, and are probably weak and diffuse besides.

Discussion of the results in the literature: In their

study of the Raman spectra of glasses, Gross and Kolesova11

state that there are no.bands in the spectra of the soda-
silica glasses of less than 45% Na,0 that cannot be
identified with some band in the spectrum of vitreous
silica. Thus the strong band in the region 1080-110C cm'l
was identified with the band at 106C em™% in vitreous silica;
- the band at 950 cm"l with the very weak band at 91C cm“l in

vitreous silica and so on for the lower bands.

If we accept theif interpretation of the spectra of
the glasses, it is difficult to explain the remarkable
changes in intensity énd frequency that occur with increasing
soda content. One would have to explain why the 490 cm~t
band in vitreous silica decreases in intensity in glasses
of 9 and 12.7% Nay0 and then increases so markedly with
soda content in the glasses of higher soda content. These .
workers made no intensity measurements nor did they study
the low soda‘glasses. Thus they were unable to follow
changes in frequency and intensity step by step. There
seems to be no doubt that the new bands that occur in the
soda glasses are due to new bonds formed by the introduction

of soda.

The infrared frequencies of the soda-silica glasses as
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34,36 are given in Table XII.

reported by Simon and kMcMahon
Their curves show a steady decrease in intensity with in-
creasing soda for all bands. An exception is the band in

the region 925-950 cm™t

in the spectra of the glasses of
36% Nas0 and higher. Thése workers did not find this

band in the infrared spectra of the glasses below 36% Nazo.
From this fact they conclude that there ex1sts a deflnlte
cr1t1cal region in the comp051t10n at 335 NagO. If thls

band is the same as the Raman band at 950 cm'1

y as it
probably is, then this view is not correct, since the
Raman band is evident at 25% Nazo.and increasss uniformly

in intensity up to 42.8% Na,O.

The strong infrared band at 1100 cm-1 decfeases both
in frequency and intensity with increasing soda. This
behavior seens to indicate that this band is not the same
as the Raman band in the same region. In addition the
frequencies of the two bands do not agree. The explana-
tion of this band as an antisymmetric Si-0-Si vibration
agrees with its infrared behavior and its absence from the

Raman spectrum.

In the region 450 to 55C cm'l, the strong infrared
band in the spectrum of vitreous silica increases in fre-
quency and decreases in intensity with increasing soda con-
tent. It can be ascribed to one of the behding rodes in-
volving the motions of cxygen atoms that are shared by two

silicon atomé._ This band is the only infrared band in the
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Table XII - Infrared Frequencies of the Nap0 - Si0,

Glasses. (Simonugnd McMahon3h’36)*

Mole % Na,0 Frequencies in Cm-1
o 45 800 970 1100 1152 1360
9 476 (1000) 1100 (1150) 1330
e 100 Qus0)
16 M80 (51)++(530) 1090 (1150)
25 — Qoo 1087 (1)
- 566 : — - h
31+ | 1060
- —— 951\ 1056MM,
42,3 514 - o 925 101+5 |
” ' : v§30,;wibssw -

* These glasses were not measured below 700cm"1

*% The bands in parentheses appear as shoulders on
the stronger bands

J *x* Not measured above 600 cm~1
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region 40O to 60C cm-i.

It is puzzling that the bending frequencies of the Si-O‘
‘group do not appear in the infrared spectra. A possible
explanation of this fact is that the sodium ions and hence
the singly bonded oxygens might occur in pairs. One would
expect that an 07 ion would try to surround itself with as
many Na* ions as possible;band this method is a possible

way to satisfy this condition. There would then be groups

of the type
\ Na /
— S —0- O — S‘ -
/ Na. \

This configuration has, in effect, a center of symmetry, so

that vibrations of the type

\ '3 v s
S -0 0 — Si—

. are Raman active but infrared inactive, while vibrations of

T 1 ;
the type \ Nt N

are infrared active and Raman inactive. The ffequency of the
latter could be lower than that of the former and thus might
lie below the range of the infrared measurements, i.e. below

L00 cm~L.
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Summary of Structural Conclusions about Silica and
the Soda-silica Glasses from Infrared and Raman Spectra --

Suggestions for Future Work.

.The infrared and Raman spectra of & -guartz can be
satisfactorily interpreted in terms of thé structure as
determiﬁedvby x-ray analysis. However, the success of
this interpretation cannot be said to rrove that

-quartz‘has the symmetry of space group D3' Merely
on the basis of the spectra it can be said that quartz has
a rather high symmetry, but has no center of symmetry
since there are infrared and Raman coincidences in the
spectra. The data most easily fit the symmetry of the

Dg space group.

The spectra of vitreous silica are not inconsistawt
with the random network theory of the glassy statel?,49,
In particular the distribution of low frequencies and the
booadness of even the higher Raman bands are most easily
understood on the basis of the random network theory.
Insofar as sharp lines are not found in the Raman spectrum,
no support has been found for the view of Babccck et glz
that there exists a well defined ionic arrangement in
vitreous silica. Since these workers have proposed two
coexisting structures in vitreous silica, the relative
proportions of which are temperature dependent, it is
obvious that a study of the Raman spectrum of vitreous
silica_as at various temperaturés should be carried out

to test this proposal.
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the'Raﬁan.Spectraﬂfor'any_critical region in COmpdsition
where the structure changes sharply. There is a lack of
agreement between the infrared reflection spectra and
the Raman spectra which is difficult to understand although

some explanations are proposed.

It would be desirable to study the spectra of samples
of about 19 and 38 mole percent soda to establish more

clearly the changes produced by changing.soda content.

It is also suggested that the spectra of other
simple silicate glasses be studied. The spectra of the CaO-
510, glasses might help decide whether the Na* ions occur
in the soda glasses in pairs as the specﬁra might be inter-
preted to indicate. For the Ca0-5i0O, system the cations,

being divalent, would not be expected to occur in pairs.
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Appendix I - Design, Operation and Performance of the

Ixcitation Unit

A. Design and COperation
| Diréct current arcs with water-cooled electrodes
have highly desirable characteristics for the excita-
tion of Raman spectrah7.' Because of the low pressure ';
of mercury vapor due to the water cobling, the mercury

lines are narrow and the continuum in the region around

4500 A is very low in intensity. Since this continuum 4
is produced in large part by fluorescence of mercury

molecules Hgy excited by the 2537 A mercury line, its

intensity is understandably reduced by a decrease in

the mercury pressure in the lamp.

Because the temperature is low, the three mercury
lines at140h7, 4,358 and 5416 A are very intense relative

to the rest of the mercury scvectrum in the visible.
y 8¢

These three lines are due to transitions from low lying

levels in the mercury atom. The two mercury lines at
4339 A and 4347 A originate from higher levels and are

much weaker in this type of arc. In older types these

- —ﬁg SR A G T B Iy

lines have frequently complicated the Raman spectrum
excited by 4358 A by exciting the stronger Raman lines
themselves. Also the mercury lines around 5000 A which

interfere with high-frequency Raman lines are absent in

the low pressure arcs.

TEECREOR T T

¥
:

4
§




- 556 =
A further adventage is the absence of foreign gasés and
oxide-coated electrodes usually present in A.C. arcs
for starting purposes. The materials of thesc electrodes
frequently contribute to the spectrum‘of the A.C. arc in
the Raman region around 4500 A. Recently, Crawford,
Welsh,and Harrold® have shown that éooling of the arc
stream itself results in a further improvément in the

spectral characteristics of these arcs.

~ Since the glasses studied scatter the light of the
arcs rather strongly, it seemed'desirable to build arcs
of this type to decrease the intensity of the interfering
continuum. It was decided to build arcs with water-cooled
arc streams as well as water-cooled electrodes to utilize
most fully the advantages of this type of arc. The first
designs tried were built with one cooling chamber for the
column and the lower electrode, and a "cold finger" to
cool the upper electrode. While this desizn was fairly
successful when the lower electrods was the cathode, the
upper electrode was insufficiently cooled and mercury
condensed on the walls of the center portion of the arc

obscuring the radiation.

The second attempt used a design employed by Stoicheff38
and proved to be successful., Figure 6 shows the design of
the arc. The electrodes are kept cool by water flowing

through external chambers. To prevent the condensation
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‘hold two such arcs. It was provided with elliptical

_lati6nwof cooling water and for filter solutions.
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"of mercury vapor, the arc column is maintained at a

S

higher temperature by circulating hot water through the

central jackst. The lamps are made of Fyrex and employ
either ﬁungsten or Kovér to lead the'current iﬁto the
mercury pools. The two electrode-cooling jackets are merely
glass tubes attached to the arcs by rubber stop?ers and

cork gaskets.

Figure 6 also shows the unit which was designed to

reflectors rather than the diffuse reflectors employing

a highly reflecting powder like Mgl because it might be
desirable to make precise depolarization measurcements.

For such measureménts the sample mﬁét be illuminéfed _
from one side only with light perpendicular to the direc-
tibn of observéfibh; Thésé conditibns,c&n be more\easily»
fulfilled with specular than with diffuse reflectors.’
Howevér; éhould it become desirable; the reflectors could
easily be smoked with ¥gC. Surrounding the Raman tube, L
there are chambers formed by‘COnCentric Pyrex tubes sealed

to brass end plates. These chanmbers serve for the cirdu-

The two arés were run in series. The circuit is
Shﬁwn in Figure 7. The arcs were started as follows:
Water at 40°C was circulated through the center jacket.
Tach arc was separately started and allowed to warm up

before they were started together. After they had warmed
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up, switches 1 and 2 (Figurs 7) were moved to position 1,
thus putting Ry and Rp in series with arc A and in parallel
with arc B. Ard A was then started. The resistors Rp

and Ry, produce a voltage across afc B and iﬁ can tﬁen be

started.

The actual starting of an arc is accomplished by
contacting a legk testing coil tb aluminum foil wrappéd
about the arc at the cathode. The method, used by
Stoicheff, is very effective, the arcs starting each
time without the necessity of warming the electrodes.

In pradtice the arcs were run at 1l4.5 amps. At this
current the potential drdp across the two arcs in series
was about 80 volts. prever; the voltage was practically'
independenf of the current over a wide range; The tap
water used to cool the electrodes energed at about 30°C.
Water at 40°C was circulated through thé center jacket

and discharged at 6C°C.

B. Performance

Since the primary advantage of the water cooled
mercury arcs lies in their high ratio of Hg 4358 A.to Continuwrm,
theéontinuum in the old commerqialﬁAHf2 arcs and the water-
cooled arcs was measured and compared. For the same
1nten31ty of Hg 4358 A, the 11tens1ty of the continuum
in the water cooled arcs is about 12% of that in the
AH-2 arcs. This means that much weaker Ramanilines

can be detected with the new excitation gnit_qrwby
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not using optical filters to purify the radiation, %
exposure bimes can be reduced as compared to those of |
the AH-2 source without decreasing the "signal-to-

noise" ratio. The reduction in exposure time is par-

ticularly important in the study of gléss spectra.

It is often necessafy to use a praseodymium chloride

solution with the AH-2 arcs, and this filter transmits

only 20 --25% at 4358 A in optimum'conCentration.

At present the intensity of the new excitation
unit is about 70% that of the old AH-2 arc unit.
When this unit was new, its intensity was about 20%
greater than that of the AH-2 arc unit. This fact
illustrates one disadvantage of the low pressure D.C.
arc. The glass gradually darkens with use and cuts
down the light transmitted. At present; after running
about 500 hours, the source has about 60% of its original
intensity. The blackening can be minimized, according
to Stoicheff38, by using Corning No. 1720 glass instead

of Pyrex in the construction of the arcs. ‘ :

The new»source‘gives narrover mercury lines than
the AH-2 arcs. A comparison of the two sources in this
respect is gifen in Figure 8. This shows the fine - : : g
sfructure of the totally symmetric Raman lineTOf.Carbon
Mtetfachloride as excited by the two types of arcs. The

. separation of the two strongest lines is 3.2 ém-1.~ B
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‘A further advantage of the new type of arcs is that
the intensity of the exciting line is directly proportional
to the current. The relation between intensity and
temperature of the electrodes has been determined by Kamp,
Jones and Durkeel?. Thus by noting the current and exit
témperatufe of the cooling water at frecuent intervals
during an exposure, one can keep these quantities con-
stant by suitable adjustment of can take account of the
effect of their variation on the intensity. It is -
estimated that the intensity of the arcs could be main-
tained constant to within 4% over some months of operation,

apart from the slow decrease of intensity associated

with the darkening of the glass.

W7ith the AH-2 excitatiorn unit there is no precise
way to maintain constant intensity or to estimate the
variation in intensity. The intensity of the AH-2 arc
varies with temperatﬁre and age. 'During use thé arc
loses mercury by absorption in the glass envelope and
thus the discharge becomes weaker, the temperature
lower and the ratio of exciting-line to continuum intensity

higher.
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Appendix II - Details of Intensity NMeasurements

Conditions were kept as constant as pdssible during
egch serics of exposures and in those cases whare conditions
could not be the same from ons glass to another, appropriate
corrections were made. The arc current was kapt constant
to ¥ 0.2 amp by manual adjustment of a rheostat. The
temperature of the electrode cooling water was kept constant
to I 3°C while the temperature of the arc column cooling
water wasvkept constant to % 5°C. The effect of variation
'in these quantities on the intensity of the eiciting mercurj
line is mentionzd in Appendix I. It is estimated tha%t the

intensity of the arcs could be maintained constant to L4%.

Accurate, reproducible alignment of the samples in the
excitation unit was insured by the design of the unit (see
Figure 6, Apvendix I). The bottom of the sample is centered
by a conical ring. The scattered light from the sample
passes out through a hole in this ring and the diameter of
this hole determines how riuch of the cross-sectional area
of the sample is seen by the spectrozraph. In all experi-
ments this hole was small enough so that the intensity of the
spectrum was independent of the diameter of the sample

within the range of diameters of the various samples studied.

To correct for the effect of different sample lengths,
the variation of the intensity of the Raman spectrum of
carbon tetrachloride with length of sample exposed to the

arcs was measured photoelectrically., The intensities of
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the Raman spectra of the glasses were corrected accordingly.

Because illumination of different portions of the slit
did not fill the optics of the spectrograph uniformly, the
usual method of plate calibration by means of a step sector
at the slit was not followed. Instead the intensity of
calibrating light was varied by the inverse-sguare-law
methodlé. The intensity of radiaﬁion from a point source
falling on the slit is accurately proportional to the
inverse square of the distance between source and a diffusing

screen used as a secondary source.

The source used in these experiments was a 32 C.P. 6-8
volt auto headlight lamp run from a Cenco constant-voltage
transformer at 6.4 volts. The advantages of an incandescent
tungsten source of this type are several. The small sigze
of the filament relative to the screen rermitted a wide
range of intensities without inconveniently long distances
from source to screen. A sourcé having a continuous spectrum
is a closer approximation to the spectra of the glasses than
one with discrete lines. Thus any errors arising from the
Fberhard effect are smaller. Finally the intensity of such
a source is constant provided a well-regulated power supply

is used.

The auto bulb was mountedkonwankly;/2 meter optical
benich., The light diffused by the screen was then reflected
onto the slit by a right-angle prism, Stray light is a

possible danger with this type of arrangement and all

poi)
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calibration exposures were made with the room lights
extinguished. A check with the photoelectric detector
showed thaﬁ stray light was effectively eliminated, since
'the inverse squaré law held to the limit of reproducibility
of the measurements (about 2%). With this calibration
arrangement, elght one-minute exposures were put on each
plate. An intensity range of 1 to 64 was obtained with

the distances used for the eight exposures.

In order to compare intensities at different wave
"lengths, it was necessary to know the energy radiated by
the source as a function of wave length. This was calcu-
lated from Wien'sl7 radiation ecquation using a color
temperature of 2905°Kf7 A check with the photoelectric
spectrometer agreed cuite well with the results of the
'6aléﬁlétion aftef corrections were ﬁade for the change

of dispersion with wave length and the variation of

photomultiplier tube response with wave length.

The iron arc spectrum waé put on each plate for wave
length calibration. The plates were developed for three
minutes in D-19 devcloper, the emulsion being continuously
brushed during the process. The plates were_then washed
. 30 seconds in diiute acctic acid (Kodek Stop Bath No. 1),

fixed and finally washed for one hour in a supply of

constantly changing filtered water.
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The densities of the plates were read on a2 Jarrell-ish
tecording Microphotometer No. JA-2305. This densitometer
also serves as a comparator and marks corresponding to»the o
position of the iron lines can be put on the record. Thus

frequencies as well as densities can be deterrmined. The

R R R

densities of the calibration spectra were read at three points,
-1
100, 700 and 120C cm . These densities were plotted as a

e

function of log intensity and the densities of the Raman bands
converted into intensities by interpolation between the curves.

A typical set of curves is given in Figure 9. After the inten-

sities of the laman spectra were read, corrections were made for

variations in sample length for the variation of intensity of the
calibrating source with wave length.

| Since ﬁhe exposure tines of the calibration sﬁectra were

one minute and those of the Raman spectra seven hours, the reci-
procity law fails quite seriously. An attempt was made to déter-
rmine the extent of this failure by taking calibration spectra of
seven hours exposure. While the results of these experiments were

not sufficiently accurate to allow a correction to be made, it was

estimated that the error was about 10% for the stronger bands and
somewhat more for the wgaker bands. The direction of the error L
was such that the weaker bands were actually more intense than

measured. An additional error of unknown magnitude was introduced

by the high and variable degree of fog on the high-speed plates
used (Fastman type 103a-0) '
| On some plates, the scattered background from the arcs was

subtracted. In order to distinguish this background from the
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Raman scattering the following procedure was used: a'yeliow
filter, Type K-2 (wrattenA8) was placed in the focal plane
of the camera in such a position that only the exciting line
passed through it. This filter absorbed the exciting line
sufficiently so that its photographic image had a density of
the same order as that of the scattered continuum. The
spectrum bf the arcs was then photﬁgraphed and the ratio of
the intensity of the exciting line to the background at

various points determined.

- With the K-2 filter still in place, a Raman Spectruﬁ
was then photographed and the ratio of the intensity of the
exciting line to that of exciting line in the arc spectrum
plate was measured. It was assumed that the relative inten-

sities of the scattered exciting line and the scattered back-

ground did not change from plate to plate. The intensity of

the background on the Raman plate was found by multiplying

.the intensity of the'background in the arc-spectrum plate by

this ratio.
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Appendix IIT - Study on Cristobalite

Because the work of Simon and lcMahon3? indicated a
closer relation between the spectra of cristobalite and
vitreous silica than between those of quartz and vitreous
silica, it was decided to make a Raman study ofetcristobalite.
Unfbrtunately the only sample offéristobalite that could
be obbvained was in the form of a fine powder whose pérticle
size was of the order of 1 to 10 ® - It appears doubtful

that samples with substantially larger particle size exist.

The spectrum of the powder was observed by a modifi-
cation of the method of Har'r'r:ln<:l:“P . In this method, light
from a vowerful mercury arc was purified by passage through
a high-aperture monochromator. The sample was placed in a
cell directly at the exit slit of the monochromator. The
radiation emergihg from the onposite side of the cell was
then condensed on the entrance slit of a fast spectrograph.
This emerging radiation is a mixture of scattered and
transmitted Hg 4358 A radiation plus any Raman scattering.
By proper adjustment of the thickness of the sample; the
amount of exciting line radiation may be made small and

the intensity of the Raman scattering maximized.

In the present work, this method was somewhat modified.
Filters, either prascodymium chloride solution, or inter-
ference filters, were used in place of the monochromator.

The sample was wet with a solution of ZnCl, whose reflective

R
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index matched that of cristobalite in the region arbund
L50C A. This allowed a much thicker layzsr of sample to
be studied and permitted maximum possible transmission
for the Raman scattering. The sample was contained in
cells whose spacings varied from 0.2 to 1 cm. The cell
was placed directly in front of the entrance slit of the

spectrograph.

The first experiments were directed towards increasing
the intensity of the Raman scattering. Accordingly an AH-4
arc was used in conjunction with a praseodymium chloride
filter. This type of arc has high brightness and small
size and could be effectively condensed on the sample cell.
A small, fast Hilger spectrogfaph of low dispersion was
used. These experiments were unsuccessful because of the
high ratio of continuum intensity to exciting line(Hg 4358 A)
intensity in.the AH-4 arc. The high degree of séattered light
from the exciting line in the spectrograph and its low dis-

version were further disadvantages.

The next scries of experiments were concerned with
increasing the purity of the radiation and decr=asing the
amofint of Hg 4358 A entering the spectrograph. To increase

the purity, an AH-2 arc was substituted for the AH-4. The

AH-2 arc operates at a lower pressure and gives a much
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lower ratio of background intensity to exciting line inten-
sity at some sacrifice in the latter. The radiation was
collimated, passced through two multilayer interference
filters and then condensed on the sample cell. The trans-
mission of the two filters at 4358 A was about 10% and at
L500 A about C.02%. These filters were considerably more
effective than praseodymium chloride solution. The Zeiss
spectrograph was used inAthese experiments. Jith this
arrangement the spectrum of naphthalene'powder could be

photographed in‘25 hours.

In some of the experiments on cristobalite, a cell
containing an alcoholic solution of zinc tetraphanyl-
porphinel, usually 1/10 saturated, was placcd between
the sample cell and the slit to reduce the intensity of
the exciting line. This compound absorbs strongly in the
region 430C A yet transmits quite well in the Raman region.
However the region of high absorption is about 1C0 A too
far in the blue to absorb Hg 43538 A effectively. A 1/10
saturated alcohol solution transmits about 25% at 4358 A,
Also the trensmission in the Raman region is not as high

as might be desired. Thus this filter was not too effective.

The spectrum of cristobalite was not detected for at
least two reasons. First the'scattering in the Zeiss spectro-
graph was still too high despite the precautions taken to

cut down its effect. Second, the properties of interference

R B e i
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filters require their use in collirated light and thus
greatly reduce the amount of Hg 4358 A available at the

sample cell.

In order to maintain a low ratio of continuum intsn-
sity to Hg 4358 A and yet have high‘intensity at the sample
cell, the final series of experiments utilized a low
pressure mercury arc of the "Toronto" type. The grating
spectrograph was used for these experiments because of
its low scattering. ith this arc and a condensing lens
but with no filters except zinc tetraphenylporphine, it
was possible to photograph the spectrum of naphthalene in
5 hours on the grating instrument. This spectrum was as
intense as the 25-hour exposure nentioned above, although
the grating camera is somewhat slower and the spectral slit
width was only 1/4 that usad above. The background on this
plate was also lower indicating that the ratic of continuum
intensity to Hg 4358 A intensity was extremely low. Despite
these improvements, exposures of 100 hours failed to detect

the spectrum of cristobalite.

,

The difficulty was largely due to the small particle
size since the spectrum of quartz with the same experimental
arrangement and quartz powder of comparable particle size
could not be detected. Harrandlh, using the method mentioned
at the beginning of this Appendix, has recently reported
finding three lines of thé Raman spectrum of cristobalite.

One, a fairly strong line, is at 470 cm'l, the other two lines

R S bt




were very weak and came at 105 and 150 to 200 cm~—. This
spectrum is obviously incomplete., ‘O< -cristobalite has
the symmetfy of the space group Dﬁ and the unit cell
contains four 3i0, groupshB. The usual analysis (seec

Herzberg, Ref. 17, Tables 18, 36, 55) shows that thare

~are 29 Raman active fundamentals in & -cristobalite.
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