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o INTRODUCTION

Taorei the Raman spectrum of barytes has been studied in detail by many
workhers, 1 pattwalar by RO S Krishnan! and Lo Couture,* the infra-red
absorption  stihes hive remained  inadequate, The carlier works have
heen thene of Coblents,?, Schieter and Schubertt and Matossi and Kindler®
m the short waselengths from 2p to 164 by absorption and  reflexion
methends s “and of Liebisch and Rubens® in the far infra-red upto 3004 by
reflevion mcthodd The  present swither has reinvestigated the infra-red
wectra of Barstes by fransanession in the range e to 25-540 In this paper
@i propesad to present the experimental resalts obtained by the author
and disvuss them mn the bpht of selection rules and the Raman effect data.

Yo ExprriMENTAL RESuLTS

The crastals of harytes were examined in the 001 and 110 cleavage
wctions A Techman infricied spectrophotometer provided with KBr-optics
was waesd Lo measute the percentuge transmission at 0-05 0 intervals and at
Jill closet antervals pear wbsorption maxima, Ten specimens of different
thicknesses were cxamined. We reproduce in Figs. 1, 2 and 3, the infra-
red spectra (7, cutoff ve Ap) of three specimens showing all the features in
the dearest manner. (B 1 Speaimen VI, 001 seetion, thic':kths 1»71’{1m,;
Fig. 20 Specuncn VI (0 sevtion, thickness 30 mm.; Fig. 3: SPW{“’”“
VILL 110 section, thichness 0 25mm.) - The fullowing features are noticed.

1 Numerous sery weah absorption maxima are cxhibitec} between
bpoand Ag, vz, ab 2 Sp Ay Bdp o and 3-5u for specimen VI;
at) S, 3 3 Ao and BT for specimen VI at 2-54, 3p, 3'3{% 3.5#
and at 37 5 for apevimen VL OF these the 3+ 3 1 absorption maximum is
the srongest and s brought out hest in Fig. 2. Matossi aml Kindler found
addivenal bands at 235, 24lp, 266, 319p, 3-8p and 3:9 p.
Coblentz reporied the one ut 3-0p. .l
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Fic. 1. Infra-red absorption spectrum of barytes (Specimen VI)
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FiG 2. Infra-red absorption spectrum of barytes (Specimen VII) .
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Fiio 3 Infraered sbsorption spectrum of barytes (Specimen VIIN)

. The region between 4 and 7x shows intense and well defined
absorption maxima.  Fig. | shows a sharply defined band at 4-8 » with a
companion at 494, weak one at 5:9 4, an intense doublet at 6-4 p and
6:7Tp, Fig. 2 shows a slightly broad band between 47y to 4-9u; the
59p bund v rather strong and well brought out, while instead of a well
resolved doublet 6-4 4 and 607, a maximum at 6-4 u and an inflexion at
6 Tp ure observed.  This is due to the greater thickness of specimen VII.
In Fig. 3, bunds at 49 (intense), 575, 5-85u (very weak), and a well
resolved doublet 6-d 5 and 67 4, the latter being the stronger band. These
differences observed between specimens VI and VII on the one hand and
specimen VI on the other are evidently connected with the fact that the
former nre 001 sections and the latter is a 110 section.  In this range Matossi
und Kindler reported  the following maxima: 4-32u, 4:61lpu, 4:-82p4,
8 32p, 5 87p, 6:27p, 6:51p and 6:99u; Coblentz observed bands at
d:6p, 620 und 654,

1L, The region from T to 12 is one of intense cut-off. Reflexion
studies of Coblenty and of Schiefer and Schubert reveal reststrahlen maxima
at 83, B-93 0 and 91 g indicating the presence of fundamentals.  Observa-
tions with polarised light and orientational studies show that these reflexion
maxima are polarised along the @, b and ¢ axes of the crystal.  Figs. 1 and 2
exhibit strong cut-off between 84 and 1l . In Fig. 3 there are indications
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of resolution of this strong band into several maxima such as those at 8-3 p,
8:8u, 9-6u and 10-2 p, with an inflexion at 10-8 p.

IV. We notice a rather broad absorption from 12:3u to 14:4pu in
Fig. 2, while a well defined maximum at 12-55 u replaces it in both Figs. 1
and 3. In Fig. 1, beyond this, a maximum at 14-4 x is seen followed by
constant and strong absorption region right upto 16-6 u. Thereafter it shows
a rapid fall upto 20-2 . No observations could be made with this specimen

beyond 20-2u as its area was too small for accurate measurements. In
~ Fig. 2, there is almost total cut-off from 15 pto 19u. From 19 u onwards a
slow falling off is seen, and at 21:3u a well defined maximum has been
obtained, with hints of maxima at 22-2, 22-8  and 23-8 u. The very large
area of specimen VII has enabled observations to be made right upto 25-5p,
the limit of the instrument employed in the present work. It appears that
the above maxima beyond 20 have been observed for the first time. In
Fig. 3, an inflexion at 14-4 u is noticed and, instead of the strong cut-off seen
in the other figures, a comparatively narrower band between 154 to 16:4 u
is seen, with definite indications of maxima at 156y, 15-8x and 16-3p.
Matossi and Kindler obtained maxima at 12:35u and 15-65u. Schzfer
and Schubert report a reflexion maximum at 15-8 u.

3. THEORETICAL CONSIDERATIONS

Barytes belongs to the space group V3% (Pnma) with four molecules of
BaSO, per unit cell. - The vibrations of barytes can be divided into two classes :
(1) low frequency lattice oscillations in which SO, molecules move as units
against Ba atoms, and (2) high frequency oscillations which constitute
internal movements of the atoms comprising the SO, molecule. In the
range studied in this investigation, we may expect (as we shall see presently)
only the high frequency oscﬂ]atlons internal to SO, molecules to appear as
fundamentals.

The free SO, molecule belongs to the Ty symmetry. Accordingly it
possesses four fundamental vibrations: totally symmetric v, (A;); doubly
degenerate v, (E); and triply degenerate vy (F,) and v, (F,). All of these are
Raman active, but only the F,-type vibrations are infra-red active.

Corresponding to each of the vibration of the free SO, molecule, one
expects to find a number of vibrations in the crystalline state. The number
and their respective symmetry properties can be found out according to the
procedure outlined by Couture and Mathien.” The effect of the crystalline
state on the free SO, oscillations is two-fold. The symmetry of a single
SO, molecule is changed from the tetrahedral group T4 to the monoclinic

FRakes




R

e

Infra-Red Absorption Spectrum of Barytes 85

local symmetry Cy, lifting the degeneracies of the doubly and triply degene-
rate oscillitions: in this manner the fowr fundamentals of the free SO,
molecule give aine fundamentals. A further increase in the modes of vibra-
tions s brought about by the coupled oscillations of the four SO, molecules
in the unit celly in this way the above nine fundamentals multiply to yield
a total of dhirry-siv internal vibrations of the barytes crystal. The trans-
formation of the vibrations of the free SO, molecule into the internal modes
of burytes can he pictured as given in Table 1.

TanLe |
i |
L Freo MO modecude w1 Lowid svmmetry - Unit cell symmetry
: ‘i'#} ; ({.ﬁ) (V}y)
,‘ silAy) k{ ¥yt (A7) l (AL m® (D), wyt (Bhy), w@1* (Bgy)
T4 00 B . f vt (A ! vat (Arg), wa® (Buy), wo® (1), w2 (Bga)
: v I wa? (A") ; ‘1” P (Bap) vt (B wo! (Ag), wo® (Baw)
§ vyt (A') { vat (Ayy)s wa® (Bag), wy® (Bry), wz* (Bga)
FONE O T *§¥a {A") 1 ra® (Agy), v (Bay)y wn® (Byy) wyt (Bga)
Lyt (A™) Lo (Byp)y wy® (Bap) ws® (Age),  wa® (Baw)
i vat (A7) ’ (74" Ason #a® Bay) wq® (Ba), wa® (Bya)
ralby ) » % ra® (A) et Ar) vt (Buy), we® (Ba), wat (Ba)
{pg? (A" i vat (Bep) w19 (Bag), we® (Ag)y wg® (Baw)

Selection rules show that: for Ty, all are Raman active but only Fy's are
ifrasred wctive: for Cy all are Raman and infra-red active; for Vi, all
g's ure Raman active, infra-red inactive, all s are infra-red active, Raman
mactive, with the exception of Ayy'’s which are inactive in both. The v's
are Ruman active, and the «'s infra-red active, the two sets being mutually
exclusive heenuse of the presence of centre of inversion.  Further, the infra-
red vibrutions are polarised along @ (By,), b (Byy) or ¢ (Byy) axes of the crystal.

Hence under fiuvourable conditions one should be able to observe cighteen
Raman lines and fifteen infra-red lines corresponding to the internal modes
of 5O, i barytes,

4. IISCUsSIoN OF RESULTS

The four fundumentals of the free SO, molecule from studies of Rmnan

effect in the immd stute are found to be: 980 em.* [y, (A))], 450 cm.™

[ve (E)}, 620em. ' [y, (Fp] and 1100em. " [vg(Fy)].  According to the
analysis given above cighteen Raman lines and fifteen infra-red lines of the
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internal type should be observed in the proximity of these f“n:qm:m:"im
falling into four groups as indicated. The two sets are mutually exclusive,

Couture? has been able to discover thirteen internal fundamental Raman
lines and give them proper assignments, hy a detailed investigation of their
depolarisation values with directional excitation.

The infra-red active fundamentals corresponding to s, (Fy), cxpected
in the neighbourhood of 1100 cm. ! lic in a region of intense cuf-off.  The
reflexion studies, however, give three maxima at 8-3 0, 8-93 0 and 91 4, and
according to their polarisations one can ascribe to them Byy, By, and By
types respectively. In the present studies we get maxima at 8-3u, R -8pu
and 9-6 p with 110 section. The former two are presumably the same as
8-3p and 8-93 u reflexion maxima while 9-6 1 appears to be a weak By
type of vibration. We have entered them as the infra-red active fundamentals
in Table II.

The infra-red fundamental corresponding to r, (A,) is taken as the one
at 10-2 . observed in the present study. The », (A,) is u totully symmetric
infra-red inactive, Raman-active vibration. The infra-red activity which
the corresponding vibrations in the crystalline state acquire will be us a result
of the distortion caused by the crystalline state. Barytes is weukly birefring-
ent (Ng — Np =0-012) and thus, though qualitatively allowed to appear

on symmetry considerations alone, quantitatively the vibrations muy appear

only weakly. However, these can be expected to appear with great inten-
sity in Raman effect, especially the totally symmetric one,  The most intense
Raman line observed by Krishnan is the onc at 9886 em, ! (Agyg).  Another
Raman line at 967 cm,~! has been observed by Krishnan which he describes
as “the most intense one (of the 2nd order lines) as it appears even in the
lightly exposed photograph’. It has not been possible to identify it as an
overtone or a combination. This is highly suggestive of its being the »,# (Byy)
vibration.

Similar remarks as to the activity of the infra-red vibrations correspond-
ing to v, (E) can be made. We have observed in the present work fairly
strong and sharp maximum at 21°3 4 (469-5 e 1y and a rather weuk one
at 22-8 pu (439 em.Y) using a very thick crystal. These have been ubserved
with 001 section and hence must belong to By, or By, symmetry, Polarisation
studies must be made to decide to which of them they actually belong.
The Raman lines at 453 cm.~t and 462 cm."! are among the most intense
Raman lines observed by Krishnan. ‘

' The knovyledge of the infra-red active fundamentals representing vy (Fyg)
in the crystal is perhaps the least, Theoretically, five vibrations are expected,
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three in the 001 section and all the five in the 110 section. Reflexion studies
have yielded but one at 15-8 p with 001 section and the present work three
at 15-6pu, 15-8p and 16-3p with 110 section. Nothing is known about
their polarisation properties.

The Raman active and the infra-red active internal oscillations of
barytes which can be derived from the data available can be summarised
as in Table II.

TaBLE I1

Raman active

Infra-red active

Raman active

Infra-red active

v,1%(Bgy) =967

le (Alg) =453
1{22(329) =453
v28(Byy) =462

1’24(330) =

»1(A1,) =988 cm. 7t

w1 (B1u)
980 cm.™!
wy? (Bsu)

wz?'(Bgu or B]_u) =439
w23(Blu or Bzu) =470

w24{Bau) =7

val(Ay,) =622 cm.~?
v32(Aq,) =630

138 (Bgy) = ?
va?(Ba,) =647
v35(Byy) =—2
y38(Ba,) =622
»2(Aq,) =1105
v42(A1,) =1145
v43(B2,) =1138
¥44(By,) =1167

wg'(Bya) )
w3?(Bgu)
w3®(B14)
w3*(Bsy)

641 cm.—2
r633
614

9

w38(B2u) J
t\.'*l(B]_u) =1136
w4e?(Bgy) =1042

“’43 (B:l.u) TR

uM"( B3u) =1205
245(Byy) =~

v4%(Bs,) =1084 w48 (Bay) =1100

As described in the experimental part of the paper, there are several
absorption maxima in the wavelengths below 8 u. These will naturally find
explanation only as harmonics of the fundamentals. Selection rules show
that they too will be polarised along the axes a, b or ¢. Hence to give them
proper assignments, their polarisations should be considered. Matossi
and Kindler have given assignments to these higher order absorption maxima
on the basis of the four fundamentals of the free SO, molecule. As the
theory predicts and the experiments confirm, one has to explain the infra-red
and Raman spectra on the basis of vibrations of the four SO, molecules con-
tained in the unit cell of the crystal. Even with the incomplete knowledge
of the fundamentals, it is possible to give satisfactory assignments to the
entire body of data (Table III). When the remaining unknown fundamentals

e
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TABLE III
Observed Assignment Calculated
A cm,~1 Section . cm, 1
2-35 4255 001 .
2.41 4149 i 2% Lyt f gt 4142
21’46 +W44‘+1’32 4003
- 2.5 4000 »+110 21’44+w42+1’31(736) 3998
2943+1046+1/31(y36) 3998
2.66 3759 . 3w46+v21(V22) 3758
3.0 3333 » 110 242w, 2 3332
3.2 3125 - " 30,2 3126
3.8 3030 »+110 2mt w2 3018
3-5 2857 5110 Peltygttg,S 2852
3.7 2703 »+110 742+w46+1121(v223 2698
3-8 2632 ' p46+w46+r21(1'22 2637
3.9 2564 & ’y r43+m11+v21(922) 2571
4-32 2315 . 232w, 2 2302
461 2169 ' )'12+W44 2172
4.7 2128 v val+aw,?, valdwy?, ral+wyS, 2126, 2085, 2088,
N NS ¥ +wrl, vyd+ ol 2064, 2118
4.9 2041 -
4.8 2083 v wyltp,l, 1l twyf 2085, 2088
4.9 2041 110 vildwy? 2030
5.12 1953 001 ¥12+wyl 1947
575 1739 110 v32+ wy8 1730
5-85 1709 ' e
5.9 1695 001 .e
8-27 1595 . v3ltwgl, v3ftw, 1 1602
6-4 1562 " vod 4wyt 1562
6.51 1536 sy 1’41+w22 1544
6.7 1493 ' y21+w42, V22+w42 1495
6-99 1431 . roltwl, Vo2 4w, 1433
7-8 1282 ’ rattwg( =633) 128¢
8.3 1203 wq?
8-8 1136 wyl
9.1 1100 w4
9:6 1042 we?
10-2 980 110 wql
10-8 . 926 " 1121+w23 923
12-35 810 001 v3%+164 811
1255 796 »+110 r32+164 794
14-4 694-4 v vl +77 699
156 641
15-8 633} 110 wa’s
16-3 614
21.3 470 001 wo3
22.2 451 v e
22.8 439 " W22
23.8 420 - .

are also discovered, and accurate polarisation studies are made the assign-
ments given in Table IIT, may have to be revised.

The extreme infra-red studies of Liebisch and Rubens already referred
to, revealed the existence of low frequency infra-red fundamentals at 103 cm.™,
161 em.™* (Byy); at 83cm.l, 164 cmt (Bayw); at 77 cm.l, ~140 cm~t
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and 196 cm.”! (Byy). The Raman spectra have given lines at 67 cm.™* (A,g),
T7em™ (Agy), 92ecm™ (Byy), 131 em.™ (A7), 149 cm.™(Bs,) and
193 et (Bgg, Agg?) according to Couture and in addition at 58-5 cm.™?,
88-3cm.™ and 151-4cm.~' according to Krishnan. All these are low
frequency lattice oscillations. According to group theoretical analysis,
eighteen Raman active—infra-red inactive, eleven infra-red active—Raman
inactive, and four inactive in both—thus in all thirty-three lattice oscillations
are expected. These naturally lie beyond the range studied in this investiga-
tion, but combinations between internal and lattice vibrations may appear
when allowed to do so by selection rules. An interpretation on this basis
has been given in Table III in a few cases, where no other assignment is
possible.

In conclusion, I wish to express my best thanks to Professor Sir C. V.
Raman for the encouragement and guidance he gave me during this investi-
gation.

5. SUMMARY

The infra-red absorption spectrum of barytes has been studied in the
range 1p to 25u using ten different specimens, belonging to 001 and 110
sections. The extension of the range of study beyond 16 u has revealed the
presence of fundamentals at 21-3 & (470 cm.™) and 22-8 1 (439 cm.™Y) besides
other absorption maxima. The review of the available data shows that of
the eighteen Raman active internal oscillations of barytes, fourteen can be
identified including the one at 967 cm.” not previously recognised as such.
The infra-red studies give ten of the fifteen theoretically possible infra-red
active internal oscillations. The numerous absorption bands observed in
the range studied find satisfactory explanation in terms of the infra-red active
fundamentals in conjunction with the Raman active ones, applying selection
rules appropriate to the unit cell of the crystal.
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