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INFRARED STUDY OF SULFOHALITE

KnrrcRr Ouonl, Inst'itute of Mineralogy, Petrology, and Economic Geology,
Tohohu Uniaersity, Send,ai, Japan

Alsrnecr

Sulfohalite NaoFCI(SOr)z is an anhydrous sulfate showing only a small number of in-
frared absorption bands in therrave number region between 4000 and 60 cm-l. Sulfohalite
was analysed mathematically by factor group analysis on the space group Or,5 and by site
group analysis on Ta oI SOn ion. Force constants of the Urey-Bradley force field are cal-
culated as K 6.45, H 0.70 and F 0.71 md/A for the SO+ ion of sulfohalite. And on the basis
of the Urey-Bradley force field, normal vibrations were calculated. All the absorption bands
tuf sulJohalite and also several anhydrous sulfates such as mascagnite, thenardite, glau-
berite, anhydrite, palmierite, anglesite, barite and celestite can be explained as combina-
tion bands. l'rom the absorption bands of sulfohalite found in the far infrared region, the
force constants of the octahedral FNaa and ClNa6 ions were calculated as K 0.115, H 0.071
and Ir 0.250 md/A and K 0.3C9, H 0.105 and F 0.104 md/A, respectively and the interac-
tion force constants between the FNa6 and SOr ions and also the ClNao and SOI ions were
calculated as ft 0.653 and0.122 md/4, respectively. The modes of these vibrations are the
lattice vibration.

INrnooucuoN

Sulfohalite Na6FCI(SOn)z is an anhydrous sulfate with a peculiar
isometric form but with symmetry somewhat out of balance. It contains
ions of almost similar size including Na, F, Cl, S and O. In the structure,
tetrahedral SOe ions are surrounded by 12 Na ions in the cubic face
centered lattice, combined with octahedra of NaF and NaCl.

The SO+ ion vibrates actively in infrared radiation and shows strong
absorption bands, while both octahedra of NaF and NaCl, combined by
ionic bonds show no absorption bands.

The infrared absorption of sulfohalite differs from that of mascagnite
(NHn)rSOn thaL shows two kinds of infrared absorption bands, for the
NHe ion and SOa ion. Sulfohalite is the anhydrous sulfate with the small-
est number infrared absorption bands.

In the present paper the infrared absorption bands of sulfohalite in
the wave number region between 4000 and 60 cm-l are analyzed math-
ematically.

Sur,lonaltrE UsED ToR TrrE Srupy

A crystal of suliohalite from Searles Lake, California was used for the
study. It was powdered in an agate mortar and a KBr disk was made by
the usual method (Omori and Kerr, 1964) for infrared study in the wave
number region between 4000 and 400 cm-l. The infrared spectrum ob-
tained by using a Perkin-Elmer Type 125 spectrophotometer with grat-
ings is shown in Figure 1. The band between 900 and 400 cm-l was also
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measured accurately by using the Hitachi Type EPI-ST spectro-
photometer with a KBr prism.

For the far infrared spectrum the polyethylene plate method was used,
with the plate covered by nujol mixed with a small amount of the
powdered specimen (Omori, 1968). The f ar infrared spectrum in the wave
number region between 500 and 60 cm-r was obtained by using the
spectrophotometer Hitachi Type FIS-1 with gratings. It is also shown in
Figure 1 with the wave numbers of the absorption bands indicated on the
spectrum, All wave numbers of the bands are compared in Table 1 be-
tween sulfohalite and the free SOr ion.

T.mr,n 1. Ilw'n,lnrl AlsonprroN BeNps ol Sulroner,rrr AND THE Fnan SOa IoN

Sulfohalite Free SOr ion

,ra(Fr)
vso(Fi
, t  (A)

va (Fz)

," (E)

v 0

Yt

v 1

!(t

Y t

Y 9

vto

1155 cm-r
t125
995 (w)
625

370 ( :2Y135;
320
305
235
220
185
78

,t(Fr)

, r (Ar)
,n(F")
,r(E)

1104 cm-t

e81 (R)
613
4s1 (R)

Fecron Gnoup ANelysrs or SuLloHALrrE oF
Spacr, Gnoup Or5

The crystal structure of sulfohalite has been determined by Watanabe
(1934) and Pabst (1934). The space group was considered to be either
On\-Fm3m or 03-F43, cell dimensions given wer€ ds: 10.15 A (Watanabe)
and as:10.08 A (Pabst) and the unit cell constains four molecules of
NaoF.Cl(SOa)2.

The Bravais unit cell, that is the smallest cell suitable to cover the
entire unit cell by translations, contains one molecule-of the formula as
shown in Figure 2.

As shown in a review by Mitra and Gielisse (1964) a crystal composed
of ly' cells with n atoms per cell has 31y'n normal modes of vibration. The
31y'2 modes are classifi.ed in 3a branches, where 3a-3 branches are optical
branches and 3 branches are acoustic branches. If the numbers of the
normal modes are 3n-3, the numbers n are the numbers of atoms per
Bravais unit cell. The svmmetrv classification of the vibration can be
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Frc. 2. Bravais unit cell of sulJohalite used

for the factor group analysis.

determined by the calculation of factor group analysis on the Bravais
unit cell.

Factor group analyses of a number of minerals have been reported.
Bhagavantam and Venkatarayudu (1939) have described the Raman

effect in relation to the crystal structure and have shown method of factor
analysis. Calculated results were shown for diamond, rock salt, calcite
and aragonite. Hass and Sutherland (1956) and Tsuboi (1958) have shown
the result for gypsum, Mitra (1961) has given the factor group analysis
of a crystal containing linear ions such as brucite and Iiishi, Shiro and
Umegaki (1968) have reported the results for corundum and calculated
the elastic constants.

The author has performed a factor group analysis of sulfohalite, space
group O7,5. A character table of the irreducible representations of Or
used in the calculation is shown in Table 2, where the order of group (g)

is 48.
The number of times (1[r) that a particular irreducible representation

(I1) is contained in another representation (I) can be calculated by the
equation

no:  
j  

lhs1 , (R)y i (R) ,
8 i

(D
o

e
S
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O.5
k : 4 8 )

I 8Ca 6Cz 6Ct 3Cz't i. 65+ 8So 3o6 6o4
Sulfohalite

N T T ' R ' N
SOr ion

N T T ' R ' N

0 0 0
0 0 0
0 0 0
0 0 0

2 0 7 0
0 0 0 0
0 0 0 0
1 0 0 0

At"

A2E

Azt

0 0 1 0
7 0 0 2
o 7 0 2
0 0 1 0

2 0 1 1 0
7 1 4 0 2
4 0 2 0 2
2 0 t l o

0
(,

r 0 0 2 2
I  0  0  2 - 2

2 -
2 -

3
3
3
3

Fr"
D.

F2e

F2u

4  0  6  1 0
4 0 6 ( t
2 0 0 2
4 0 6 1 0
1 0 1 1
3 0 5 5
2  0  0 - 2

o 2 0 0 6
0 2 0 0 2
0 2 0 0 2
0 - 2  0  0  6
3  - 1  0  - 1  1
0  2  0  0 - 2

1 0 4
2 2
2 2

3 0 0
3 0
6 0

1 0 0 0 1
1 0 0 0 1

2 0 1 o 1
1 0 0 0 1

aQ)
I/(s)

U(s -t)

(N)

Q)
(T')
( R )

u(p)
U(s)

U(s -t)
(1v )
(r')
(R)

0 0 2
0 0 2
0 0 2
0  0 - 2

0  0 - 2

6 2
6 2
2 0
6 - 6

.5 -3
2 0

2 4

0 0
2 4
1 1

0 0

1 8 6
1 0 4
2 2

5 4 0
3 0

2 7 0
6 0

1V: Number of the total degrees of
freedom

?: Number of the translation
Z: Number of tbe translational lat-

ticc vibration
r?: Number of the rotational lattice

vibration
z: Number of the btramolecular

vibration of the Soa ion

where hi is the number of group operations contained in theyth class, and

xr(R) and yi(R) are the characters of the group operation (R) in the
representations Ir and I, respectively.

The group characters yi(R) are obtained by the following equations.
The group character xi (N) of all unit cell modes in 3rc Cartesian

coordinates

xi (l'-) : (t(ilGl * 2 cos 0n),

where U(p) is the number of atoms remaining invariant under the sym-
metry operation (R) and Qrd is the angle of rotation corresponding to the
symmetry operation (R). The signs plus and minus stand for proper and
improper rotations, respectively.

The group character for the acoustic modes is

x i f ) :  +  1 +  2 c o s Q a .

When I/(s) is the number of the structural groups remaining invariant
under an operation (R), the group character of the translatory lattice
modes

Tmr,n 2. Fecron Gnow Ax,rr,vsrs or Sur-FoHAr,rrE oF Tr{E Specr Gnoup Ons
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x i ? ) :  [ n ( ' )  -  t ] ( t 1  |  2  c o s  d a ) .

Then, t/(s-u) is the number of the polyatomic groups remaining in-

variant under the operation (R), the group character of the rotatory

lattice modes

xi (R' )  :  [a ' ( t  -  u) ] (1 f  2  cos dn) ,

where u is the number of the monatomic group and the signs plus and

minus stand for proper and improper rotation, respectively.

The characters of sulfohalite and the SOr ion are shown in the fifth

and sixth broad columns in Table 2, while the classifi,ed numbers of the

modes of vibration are shown in the third and fourth broad rows in

Table 2.
The total number of lattice vibrations is obtained as the sum of ?'

and R' and the number of the molecular vibrations is obtained from the

subtraction

n :  I , {  -  T  -  T '  -  R ' .

Although the symmetry species Fr' belongs to the infrared active

species, combinations exist between Fro and F2u, thus the numbers (z)

of the molecular vibration of the SO+ ion are found as two' and the

numbers of the lattice vibration of sulfohalite are six from the sum of the

numbers (?') in Fro and F2". The numbers calculated are similar to the

numbers of the band obtained on the infrared spectrum.

SrrB Gnoup ANervsrs

In the classified description (Bragg, Laue, Ilermann et al- 1935) of the

space group, Onb has a subgroup ?6, and 03 has no subgroup ?6, thus

the tetrahedral SOE ion contained in Or,5 belongs to the site group ?a'

The total number of the normal modes of vibration of the SOe ion is

calculated as nine (3X5-6:9). The nine degrees of freedom are clas-

sif ied as A1+E+2F2 by calculations using the character table of the

irreducible representation of Za and the equation (1). It is given from the

calculation of the selection rules that the infrared active vibrational

modes are2Fz.
When the SOa ion belongs to the point group C3', the total modes of

vibration are 3Arl34 where the infrared active modes are 3Ar*38.

When it belongs to the point group C"u, C, and Sa, the infrared active

mode is 4Ar+zBL+282,5A+48 and 3B-128, respectively.

There are differences between the numbers of the infrared active

modes of T]4, C3u, Cru, C, and S+. Since the point group ?a belongs to the

space group 065, although there are two bands of z3 on the spectrum of
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F A C T O R  G R O U P
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T a

A t s

A z u

E q

E u

Frc. 3. Correlation chart of the normal modes of
vibration of the SOr ion between 016 and ?a.

sulfohalite, it may be considered that the tetrahedral So.r ion is in the
site group ?a and the splitting of the stretching zs band appears owing
to the combinations of the vibrational modes. And Fro and F2n species
in on6 are correlated with the F2 species in z6 from the correlation
chart shown in Figure 3.

Molecular vibrations of the SOr ion appear partially in the crystal
lattice, while the lattice vibrations can propagate through the entire
crystal lattice. combinations of these two kinds of vibration cause the
splitting of the band and it is considered that the force constants of the
Son ion of sulfohalite differ somewhat from these of the free soo ion.
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Foncp CoNsraNrs or rrrE TBrnenBnnar SO.r

IoN ol SurronartrB

Urey and Bradley (1931) have calculated the vibrational frequencies

of tetrahedral molecules such as the ccla, Sncla' cBra' snBra' clo+ and

SOa ions under an assumption that the restoring forces can be best

chosen as harmonic restoring forces along the directions of the chemical

bonds and perpendicular to them. There are two possible cases of form-

ing the SOa ion from 56+ and 4O2- and from 52+ and 4O1-, and in the

latter case the SOa ion is believed to be tetrahedral, but the actual ion

may be a combination of both of these and perhaps of other configura-

tions. It was also reported that the inverse repulsive force is in need of

the additional term o{ the electronic charge.

Shimanouti (1949) has calculated the normal modes of vibration as

treated by the Urey-Bradley force field, and Decius (1948) has reported

a useful tabulation of general formulae for inverse kinetic energy matrix

elements in an acyclic molecule. Recently colthup, Daly and wiberley

(1964) reported a systematic method to calculate the normal modes of

vibration of the molecule and described in detail an example, CHCh'

The aulhor has calculated the force constants of the Urey-Bradley

force field for the SOa ion of sulfohalite from the GF matrices using

Decius' table of the kinetic energy matrix. The force constants obtained

are K(S-O) 6.45, H(O-S-O) 0.70 and F(O ' '  '  O) 0.71 md/A' ttre

force constants of the free SOa ion are already reported as K 6'01,

H 0.43 and F 0.76 md/ A.
From the comparison of the force constants of the SOa ion between

sulfohalite and the free SO.r ion, it is known that the stretching force

constant (K) and the bending force constant (H) of sulfohalite are

larger and the repulsive force constant (F) is smaller than the force

constant of the free SOr ion.
tsV using the force constants the wave numbers of the normal vibra-

tions were calculated a.s n 995, vz Il42 and vq 625 cm-l, all of which are

near similar to the wave numbers measured.

CoMsrNarroN BANDS or SULFoHALTTE

Combination bands appear because of the direct interactions between

the infrared radiation and the phonons in the crystal lattice. And a

phonon is absorbed and through the state where the normal mode of

vibration is excited, two phonons are created. The combination trands

exist where a phonon is absorbed and two or more phonons are emitted.

The infrared absorption bands of sulfohalite are attributed to the

combination bands. The summation of each band is examined and the

results obtained shown below.
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The yau band (1155 cm-l) :

Ya, I vd I us : 1165 cm-1 l
vq *  vz t  , r :  1149 I

vs I  v t f  , ,  *  zro :  115g I  
Mean 1155 cm- l

I
v s  I  v z  *  r u l  v s J .  v n :  1 1 5 8  j

Since za: z6f 27,

zsr, :  *[5(zr * r) * 2(ru + 2v, * rro)].

The z3o band (1125 cm-r ) :

Sinceva:v6lv7,

zr. :  f  [5(25 I ,r) * 2(ru -f  2vs I vn)f.

The splitting of 235 and hs of F2 mode is due to the variation between the
absorption band zs and ze.

The summation of band z3 (981 cm-l) of the free SOn ion

v3 :  2v5  *  , r  *  vg  t  vn :  1104 cm-r .

Variations of the bands between v5 o"Ld v7, between va and ys and between
zs and /e are considered to originate the band variations between 236,
zsa and za.

The zr band (625 cm-r):

y4 : y5 I v, : 625 crn-l

The summation of zr band (613 cm-1) for the free SOr ion

vs , :  2 (va  *  o to )  :  596 cm- l .

'I'he za band of sulfohalite is due to the variation between v6 o.D.d v6,
where 4: zsf 216.

The zr band (995 cm-l):

This is an apparent band in the infrared spectrum.

yr :  v4  I  vo  :  995 cm-1

The zr band (981 cm-l) of the free SOr ion has the following combination.

v1 : 2vs -f ,, : 980 cm-r
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And vz band (450 cm-r) of the free SOr ion is the combination band as

v2 : yo * yro : 448 cm-r.

The vo band (370 cm-l) is an overtone of the ze band,

vo :  2vg :  370 cm-r .

And the differences between vr &nd yz and between z6 and /8 are similar.

Y5 -  Y7 :  15 cm-1

v 6  -  v s :  t $

Similar combinations of bands are also found in other anhydrous

sulfates. The examples are shown in Table 3, where all the wave numbers

of absorption bands have been measured by the author on the spectra

shown in Figure 4. The inner molecular vibrations vibrate partially in

the crystal lattice and vibrate in harmony with the vibrations in the

far infrared region, which propagate in the entire crystal lattice. The

splitting of the absorption bands and the vibration of the wave number

are attributed to the different combinations of the characteristic phonons.

Ansonprron Ba,Nos rN THE Fan INlnenED REGToN

Although seven absorption bands are found in the far infrared region

of the spectrum of sulfohalite, the zo band at 370 cm-r seems to be an

overtone of the zg band at 185 cm-r.
The octahedral ions, FNao and ClNao, are found in the crystal struc-

ture of sulfohalite. The force constants, K, H and F, of the octahedral

ions were calculated by using the GF matrices. The force constants

obtained and the wave numbers calculated are shown below.

O c t a h e d r a l  F N a e  i o n :  K : 0 . 1 1 5 ,  H : 0 . 0 i 1  a n d  F  : 0 ' 2 5 0  m d / A

Wave nu.mbers rneasured 32O(v) and 235(26)

Wave numbers calculated 321 242

Octaheclral ClNa6 ion: K : 0.309, H : 0'105 and F : 0.104 md/A

Wave numbers measured 305(zz) and220(v)

Wave uumbers calculated 305 2O2.

Then, the force constant k oI the interaction between the (F,Cl)Nao

and SOr ions was calculated by using the following equation

^ :  
+ 

fr  [2p11r,cry*our '  *  / rr .onr] ,



l'enr,n 3. Cougrltar:rons ol trrr IxrnerBo AssonprroN
Bexos ol ANnvrxous Sur,.n,errs

1 Mascaguite

(v r )  970 (w)  450+220X2+80=970 cm I
(zr) 450 (w) 220X2:14O

380+80:460

sgs 283+19r+120:594
283+173 +140:s96

(zr)  510 191+173+140:504
283 173+105:278

140X2 :280
238 140+105:245

12oX2:24O
2. Sulfohalite

(,t 11s5 625+320+220:1165
62s+30s+220:1140
625 +23s +22O+78:11s8
320+305 +235+220 +?8 :11s8

1,125 .625+320+185=1130
62s+30s+185 :1115
625 +23s + 185 +78 :1123
320+305+23s+185+78 : r  123

(vr) 995 (rv) 625{370 =995
(vr) 625 320+305 :625

37O 185 X2:370

3. Thenardite

(r3)  1155(sh) 1010+145 :1155
1120 617+180X2+14s:1122

(vr)  1010 617+180+145+75:1017
(.va) 633 450{180:630

617 180+145X2+7sx2:620
(n) 4.50 145X2+?5X2:44o

r45  75  X2 :150

4 Glauberite

r 140  .  . 995+13s  =1130
I 105 645 f464:1109

630+475:r105
99s .475+288+230 =993
645 464f 186 =650

288+230+135:653
609 288+186+13s =609
475 288+186:474
464 (w) 230X2 :460

6 Palmierite

(rs) 1190

1 140

I 105

(vr) 990

7. Anglesite

(23) 1105

1 165
1045

(r) 060

(vt) 620

\ .Y4)

\Y2)

J4J +295 +190+ 166 :eq4
6s0 (w) 295 *190*166 :65 1
635(sh)  343*295:638
615 343+166+105:614
475 295*19O:483
445 343*105:448
295 t9O+1O5:295

990 +190 -  1180
650+343 +190:1183
61s+29s+166+105 :1181
6s0+295 + 190 :1 13s
615+343+190:1148
650+343 +105 :1098
635 f475 :1110
61s+295+190:1100
650{343:99.3

s92 +18s+150+104{73 :  1 10e
960+150 :1110
960+185:114s
592 + 185 +150+ 1 20 : IO1t-
620+150+120+7 3:963
s92+150+120+104:966
185+150+120+1O4*7 3 :632

(rr)

(rr)
(un)

\an)

5. Anhydrite

(yg) 1t90(sh)

I  153

Barite

(.pi ll20

I  180
r080

(vr) 980

lvr) 633
608

608+198+167+112:1115
980t142:1122
980f 198 :1178
633+167 +142+125:1087
608+198+142+12s : lOJ3
633+198+142:973
608+198+167:973
608+ 142 +12s + 100 :97.5
1e8+167 +142+12s:632
198*167 *142*100:607

610+212+r 70+1:t2 :  r r21
99O+132:1122

.99o+212:7202
639 +212 +132+120 :1103
610+212+147 +120:108e
639+212+147:998
610+212+170:992

. 212+170+132+120:634
212+147 +r32.1120:6t1

( r 4 . ,  o / 5  , .

9. Celestite

( / t  1130

I  195
I 095

(/t 990

(ra) 639
610

s95 X2:11e0
675  +510 :1185
67 s+283+238:1196
612+283+r91+r05 :1191
67 S +283+r91: 1149
67s+191+173+120 :1159
612 +238+191+r05 :1146
s95 +283+173 +105 :1156
s9s +238 +173+140:1146
67s +1e1+140+12O:1126
612 +238+140+120:111O
s95 *283 *23E = 1116
595 +283+140+rO5:r123
59s +238+173+120:7126
s10f 173 =683
238 +191+140+105 :674
238+173+14O+120:67 |

612 510+105:615 I
283+191+140 :614  

I
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t 500  l ooo  500  500  400

W A V E  N U M B E R .  C M - r  W A V E
3OO 2oo  t oo  60

N U M B E R ,  C M - I

stite, Strontian Isiand, Lake Erie.

where pr11r,cl)Na.) is the reciprocal mass of either FNao or ClNao ion and

tr(sol) is the reciprocal mass of the SOr ion. The interaction force con-

stants obtained are fr 0.653 md/ A for the FNae and SOa ions from the

absorption band at 185 cm-l(ze) and' k 0.122 md/ A for the ClNae and

SOa ions from the absorption band at 78 cm-1(z1e). The modes of these

vibrations are the lattice vibration.

Coucr-usroNs

Infrared and the far infrared absorption spectra of sulfohalite

NaoF'CI(SOr)2 were studied and in addition mascagnite (NHr):SOn,
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thenardite Na2S04, glauberite Na2Ca(SOn)2, anhydrite CaSOa, pal-
mierite (K,Na)zPb(SOa)2, anglesite pbSO+, barite BaSOa and celestite
SrSOn in the wave number region between 4000 and 60 cm-l.

The single sulfate that contains one ion of SOa in its chemical formula
is orthorhombic dipyramidal, while the double sulfate that contains two
ions of SOa in its chemical formula is either monoclinic prismatic or
rhombohedral scalenohedral. Sulfate containing hologens such as sulfo-
halite is isometric, such as schairerite is rhombohedral or such as chloro-
t  h ioni te is  or t  horhombic.

Among the anhydrous sulfates sulfohalite shows a small number of
infrared absorption band from 4000 cm-l to 60 cm-1. Though the ab-
sorption of mascagnite is also the small number, the bands of the SOa
ion are accompanied by the bands of NHa ion.

Factor group analysis of sulfohalite for Or,5 is shown in Table 2. Site
group analysis of the SOE ion of Za shows that the infrared active modes
are tr^/o F2 shown in Figure 3.

Force constants of the Urey-Bradley force field are calculated K(S-O)
6.45, H(O-S-O) 0.70 and F(O . . . O) 0.71 md,/A for the SOr ion of
sulfohalite. The stretching force constant (K) and the bending force
constant (H) of sulfohalite are larger and the repulsive force constant
(F) is smaller than those of the free SOn ion.

From the analyses of the absorption bands in the far infrared region
the force constants K 0.115, H 0.071 and F 0.250 md/ A for the octa-
hedral FNa6 ion and K 0.309, H 0.105 and F 0.104 md/ A for the octa-
hedral ClNa6 ion were obtained. And the interaction force consranrs
k 0.653 and0.122 md/ A were calculated for the FNa6 and SO+ ions and
the ClNao and SOr ions, respectively. The mode of these vibrations is the
lattice vibration.

AcrNowlrnor'lmrts

It is a pleasure to acknowledge for providing numerous suggestions by Professor
Tadanobu Kojima, Department of Physics, Tohoku University and Professor Koyo Aida,
Department of Applied Science, Tohoku University. And also the author is grateful to
Professor Em. Paul F. Kerr of Columbia University for critical review of the manuscript.

Rolrnrucns

Brncavar.rreu, S. Arl T. VnNrarnnavuou (1939) Raman efiect in relation to crystal
structure. Proc. Indian Aca^d, Sci. A9,22+-258.

Bn.a.cc, W. H., M. L.lun, emo C. Hnnuelrx (1935) Internationale Tabellen zur Butimmung
wn Kri,stallstruhhtren. l, Gebrueder Borntraeger, Berlin, 363-365.

Corctue, N. B., L. H. Derv, and S. E. Wrernr,ny (1964) Introdueti.on to InJrared. anil
Roman Spectroscopy. Acad.emic Press, New York 422462.

Ducrus, J. C. (1948) A tabulation of general formulas for inverse kinetic energy matrix
elements in acyclic molecules. J. Chem. Phys. 16, 1025-1034.

Hass, M., .tlqo G. B. B. M. Surnnnrmo (1956) The infrared spectrum and crystal struc-
ture of gypsum. Proc. Roy. Soc. A236,427-45.



1910 KEIICHI OMORI

Iusnr, K., Y. Surto, lNn Y. Uunoaxr (1968) l orce field and elastic constant of corundum.
J. Sci. Hiroshimo Uni.a. C,5, 333-350.

Mrrne, S. S. (1961) Factor group analysis of a crystal containing linear group. Z. Kristal'-
logr. 116, 149-153.

-t ano P. J. Grrr,rsse (1964) InJrared spectra of crystal. In H. A. Szymanski,
Progress i.n InJrared' Spectroscopy Vol. 2,Plenum Press, New York,47-725.

Orvrorr, Knrrcnr (1968) Far-infrared absorption spectrum oI quattz and the analysis of the
absorption bands. J . Mineral. Soc. Japan,9,15-29 [in Japanese].

lwn P. F. Kenn (1964) Infrared studies of sulfates from 17 to 25 microns. Sci.
Rep. Tohoku Unit. Ser.3,9, 1-55.

P.msr, A. (1934) The crystal structure of sulfohalite. Z. Kristal'l'ogr ' 89, 514-517 .
SnruaNoutr, T. (1949) The normal vibrations of polyatomic molecules as treated by Urey-

Bradley field. "r. Chem. Phys.17,245-248.
Tsunor, Masaurcur (1958) Anolyticol Method' oJ the Vibrational, Spectra oJ Crystal'. Kogaku-

no-Ryodki. Suppl,emmt No. 32. Nankodo, Tokyo [in Japanese], p. 3F39.
Unnv, H. C., exo C. A. Bneomv (1931) The vibrations of pentatonic tetrahedral mole-

cules. PZys. Reu. 38, 1969-1978.
WrtaNern, ToruNosurn (1934) The crystal structure of sulfohaiite. Proc. Imp. Acad,.

Tohyo, lO, 575-577.

Monwscript receiad', March 3, 1970; acceptd Jor publicati'on, JuJy 21, 1970.




