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FINAL REPORT
ON
INFRARED STUDIES OF CRYSTALS

L. PURPOSE OF THE INVESTIGATION

The general purpose of this investigation was teo use
infrared analysis as a means of exploring the structure of
certain crystals. In particular it was originally hoped that
light could be thrown on: (a) the nature of the changss in
structure which accompany the changes in the ferro-electric
properties of barium titanate and possibly throw further light
on the cause of the ferroelectric effect; (b) the nature of
the structural differences between Type I and Type II diamonds;
(¢) the nature of the differences between various miecas in so

far as these are due to the positions of the hydrogen atoms.

As the work progressed, it seemed advisable (before
tackling (¢) in detail) that a simpler erysbal containing OH
ions should first be investigated. For this reascn, a
geparate research was made on the infrared spectrum of brucite
(Mg(OH)2). 1In fact 1t turned out that the spectrum of brucite
proved much harder to interpret than those of certain micas,
Nevertheless, the results obtained on brucite are of consider-
able interest in the general field of infrared analysis of
erystal structure, since these indicate that the positions of
the hydrogen atoms deduced from X-ray analysis may be wrong.
Alternatively, a new effect has been found in the infrared

gpectra of crystals which cannot be accounted for on current

-1-
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theories,

I, ABSTRACT

This report gives an overall survey of research
carried out between 15 May 1951 and 15 May 1954 at the
University of Michigan on the infrared spectra of various
erystals, There were four separate investigations which ran
concurrently, the emphasis on each varying from time to time,
depending on the supply of suitable personnel and other
local circumstances,

The first investigation was on Barium Titanate

and assoclated with 1it, some work was done on other titanates
and on titanium dioxide.
The second investigation was on Diamond; associated

with this were investigations on Silicon and Germanium,

egpecially on the theoretical side.

The third investigation was on Brucite (l.e.
magnesium hydroxide),

The fourth investigation was on Micas, especlally
muscovite, blotite and phlogopite.

This report will deal with the investigations in
the above order instead of following the chronological order,
although the latter corresponds to the former in a general
way. Since a good deal of the detail of this work has
already been reported either in quarterly or technical
reports or in publications, we shall not repeat more of the

detail than 1s consldered necessary. Instead, references will

-
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be given to earlier accounts of detalls and here the general
results and conclusions will be emphasised. However, lmportant
details which have not been reported earlier will be given

in the appropriate place,

IIT, PUBLICATIONS AND REPORTS

Publications

"The Infrared Spectrum of Brucite" by R, T. Mara and G.B.B.M.
Sutherland, J. Opt. Soc., Amer. 43, 1100 (1953).

"The Rule of Mutual Exclusion"” by T. Venkatarayudu, J. Chem,
Phys, 22, 1269 (1954),

"The Infrared Spectrum of Barium Titanate" by R. T. Mara,
G.BsB.M, Sutherland and H, V., Tyrell, submitted to the
Physical Review, September, 1954 and will appear in
November, 1954,

"The Problem of the Two Types of Diamond" by G.B.B.M, Sutherland,
D, E, Blackwell, and W, G, Simeral, submitted to "Nature"
September 1954 and accepted for early publication.

Talks

"Interpretation of the Infrared Spectrum of Diamond" by
W, G, Simeral and G.BB.M. Sutherland
Ohio State Symposium in NMolecular Spectra at
Columbus, Ohio, June 15, 1953,
"The Location of the Hydrogen Atoms in Muscovite and Biotite"
by C. Y. Pan Llang and G.B,B.M.'Sutherland
Ohio State Symposium on Molecular Spectra at

Columbus, Ohio, June 17, 1954,
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"Relation between X-ray Results and the Infrared Spectra of

ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

Large Molecules" by G.B.B.M. Sutherland
Gordon Conference on Infrared Spectra at

Meriden, N. H,, August 5, 1954,

IV, FACTUAL DATA

May 1954 1is given in the following inset paragraphs which are
a copy of a letter recently submitted for publication to the

"Physics Review."

A, Barium_Titanate

The general situation reached on barium titanate by 15th

The Infrared Spectrum of Barium Titanate

The infrared absorption of barium
titanate (BaTi03z) has been studied between
2p and 33u. The spectrum obtained (Fig. A)
consists of two broad bands, one centered
near 550 em~l, the other starting near
450 em=1 and reaching a maximum beyond 300 om=1,
The low transmission in the high frequency end
of the spectrum is due to scattering since the
barium titanate was examined as a fine powder
deposited on a KBr (or NaGl) plate from a
suspension in isopropyl alcohol.

Several speclimens of barium titanate were
examined. The majority showed additional bands
at 6,95, 9.45, and 11,65y, which were proved to
be due to carbonate ilon impurities. Other

impurity bands were noted at 7.1, 10.3, 11.05,

.a4=
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11,4, 11.85, and 12,85y, but the impurities were
not ldentified. The spectrum of a very pure
gpecimen of powdered strontium titanate (SrT105)
was observed between 2u and 15u, (Fig. B) It
is identical with that of barium titanate
obtained under similar conditions over that
region of the spectrum. Nolandl has recently
reported the spectrum of a single crystal of
strontium titanate between 1lp and 10,5p, at which
wavelength the extinctlon coefficient l1s greater
than 100 cm~l and is still increasing. He finds
two weak bands near 5.5y and 7.5p. These could
easlly have been missed by us since our effective
thickness was much less than the thickness he
used, We might add that the spectrum of a
single crystal of barium titanate just run in
this laboratory by M. Haas shows a weak band at
8y and a "eut off" near 11.2u. The spectrum of
ilmenite (FeT105) has been recorded by Hunt and
others2, With the exception of a weak band at
100 cm?l, it is also very similar to thet of
barium titanate,

Apart from impurity bands, there appears to
be no difference between the spectrum of barium
titanate in the hexagonal and in the tetragonal
form over the range 2y to 15u. No change was

observed in the spectrum of barium titanate

= Gen
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(ceramic) when heated to 150° C,

The foregoing observations may be considered in
the light of”recent theories about the ferroelectric
character of barium titanate,

Jayn683 has predicted from an electronic theory
that there should be an infrared absorption at 1000
cm™l, There is definitely no strong absorption band
in the neighborhood of 1000 cm=1l, Although a few
specimens have shown a very weak absorption near

1000 em~+

, this 1s most probably due to Ba0 impurity.
Megaw4 hasa proposed that the change from the
cubic form (above the Curie point of 120° C.) to
the tetragonal form corresponds to a change in the
character of the bonds round the Ti and O atoms, If
this were so, one might expect a change in the
spectrum on heating to 150° C, and also differences
between the spectra of the tetragonal and hexagonal
forms of BaTi0z since the latter 1s not ferroelectric.
This change should be very marked in the strong band
near 600 cm~l since this band (which is common to
all titanates and is found also in rutile (Ti02) is
undoubtedly connected with a vibration of the TiOg
tetrahedra. No such change was observed, It is
possible, of course, that changes may have occurred
at lower frequencles beyond the range of detection.

This work was sponsored by the U. S. Army Signal
Corps under Contract DA 36=039 sc-5581 from the

n8¢=
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Squier Signal Laboratory.

R, T, Mara
G.B.B,M, Sutherland
H, V, Tyrell

Randsall Physics Laboratory
University of Michigan
Ann Arbor, Michigan
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The above letter contains all of the important fundamental
results on barium titanate. The details have already been
given in Quarterly Reports 1, 2, 3 and 4 or in the First Annual
Report (August 1952).

With regard to Ti0p, there 1s nothing to add to the work
reported in the First Annual Report (August 1952).

IV, B, Diamond, Silicon and Germanium

All of the factual data on dlamond, silicon and germanium
have been given in Technical Report No., 1 (June, 1953) with one
exception. In the summer of 1953, Dr, Harmon Cralg of the
Institute for Nuclear Studies In Chicago Univeraity kindly
agreed to meke an analysis of diamonds of various types to
determine the C19/012 ratio as we thought this might throw
light on the cause of anomalous absorption in Type I diamonds,
We sent him three diamond chips; one was a strong Type I, one
a weak Type I and one a Type II., We have now received the
report of his analysis., It turned out that the strong Type I
had the lowest C13/012 patio, while the Type II had an inter-
mediate value of this ratioc. This proves that the €13 content
of diamond is quite unconnected with differences between Type I
and Type II diamonds.

Our general conclusions on Diasmond at present are
contained in the following lnset paragraphs which are a copy of

an article recently submitted for publication to "Nature®,

-1 0=
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The Problem of the Two Types of Diamond

birefringence.

Introduction

Exactly twenty years ago, Robertson, Fox and
Martinl reported the existence of two types of
diamond having marked differences in infrared and
ultraviolet absorption, in photoconductivity and
Somewhat later, Raman and Nikalantaﬂ2
reported that many diamonds had extra spots or streaks
in thelr X~-ray diffraction patterns, This observa-
tion was confirmed by Lonsdale and Smiths, who
reported that extra streaks were characteristic of
Type I diamonds and also that in general Type II
diamonds appear to be much more mossic in struzture
than Ty?e I diamonds. The principal characteristics

of the two types of diamond as determined from these

early investigations are summarized in Table I,

TABLE I

Characteristic Features of the Two Types of Diamond
Physical .
Property Type I Type 1II
Infrared Bands at 4 to 5p Bands at 4 tc 5u
Absorption Absorption 8 to 1oy None between 8 and 10w
Ultraviolet Complete beyond
Absorption 3000 A, Transparent to 2250 A.
X-ray Shows extra spots '
diffraction and streaks Normal
Photocon-
ductivity Poor Good
Birefringence Present Absent

Subsequently Sutherland and Willis? and also

Ramanathan showed that Type I diamonds are not uniform

]l
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in their infrared absorption, since the extinction
coefficient of the 8-10p band varies very widely

from diamond to diamond., Thus the Type II diamond may
be regarded as a limiting case in which the value of
the extinction coefficient of the 8 - 10y band has
become vanishingly small. A similar gradation. has
been found in the position of the ultraviolet cut-off
and in.-the intensity of the extra spots in the X-ray
diffraction patterns. Thus diamonds may be mors
satisfactorily classed as extreme Type I, medium Type
I, weak Type I and Type II, It should be added that
Blackweil and Sutherland® have reported two types of
Type II diamond, neither of which exhibited any
absorption in the 8 = 10p region but which showed
differences in the 3 = 5y region.

No explanation for these anomalies in the physical

properties of diamonds has been yet put forward which
has received general acceptance, In an éttempt to
seek a satisfactory solution of this puzzling
phenomenon, we have made an extensive investigation of
the infrared and ultraviolet spectra of a selection

of diamonds. In a short paper giving an account of
some of the early results®, we suggested that the Type
II diamond was a normal pure diamond while all Type I
diamonds had some impurity or imperfection in their
structure which wOuld account for the anomalies. The

purpose of the present note is to present briefly the
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Type I and Type II Diamonds

main results of our investigations with particular

reference to the imperfection theory.

First, however, it is necessary to consider a
little more carefully the distingulshing features of
Type I and Type II diamonds. Although any one of the
propertles listed in Table I has been generally
accepted as a reliable guide in distinguishing Type II
from Type I dlamonds, the parallelism of all the
physical properties is not at all satisfactory in
classifying Type I as "extreme", "medium", or "weak",
and occasionally a diamond classed as Type II on the
basis of one physical property would be classified as
Type I, if one of the other properties were used. In
a paper primarily concerned with possible correlations
between the counting properties of diamonds and their
crystal texture (as shown by divergent beam X-ray
photographs) Grenville-Wells’ has listed‘various
physical properties of 38 dlamonds. Four of these
diamonds had a cutwoff in the ultraviole® below 2400 A.,
yet exhibited anomalous extra strong X-ray streaks,
l.e. by ultraviolet examination these four diamonds
would have been classed as weak Type I but by X-ray
streaks as medium or strohg Type I, Similarly three
diamonds which showed no extra streaks (and would
therefore have been classified as Type iI) had their

ultraviolet cut-off at wavelengths longer than 2830 A.

-]B~-
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(indicating that they were medium or strong Type I).
Through the courtesy of Dr. Grenville~Wells, we have
been able to examine the infrared spectra of 13 of
these 38 diamonds. We have found that in every case
there is excellent correlétion between the infrared and
ultraviolet method bf clagsifying diamonds, but very
poor correlation between the infrared and X-ray method.
In this connection 1t should also be added that the
obgservations of Grenville-Wells has shown that mosaic
character cannot be reliably correlated with Type II
diamonds as originally suggested by Lonsdale®,

There is, therefore, strong evidence that the
same cause operates in producing the extra absorption
found in the infrared and ultraviolet spectra of all
Type I diamonds but that additional factors may be
the cause of the extra streaks and of the mosaic
character found in the X-ray photographs of certain
diamonds. In view of this, we propcse to use a
modified nomenclature in the fubure for the description
of Type I and Type II diamonds. A diamond which is
found to be Type I (or Type II) by spectroscopic means
will be denoted by IS (or IIS) while a diamond
clasgified by X-ray methods will be denoted by IX (or
IIX). The spectroscopic symbol can be elaborated to
read Sir or Suv depending on whether infrared or
ultraviolet radiation was used in making the classi-

fication; similarly, the X-ray symbol should be

-14-
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modified to read X1 or Xd to indicate whether the
diamond was clagsified by extra streaks on a Laue
photograph or mosaic character as shown by a divergent
beam technique. Possible extensions of this notation
by using combinations of the X and S symbols together
with e, m and w to denote extreme, medium eand weak

are sufficiently obvious and need not be discussed
here.

The distinctions just drawn between the various
Type I and Type II diamonds are important in what
follows, because in this communication we shall
restrict our discussion to IS and IIS diamonds. It
appears to us that at least some of the confusion
in the diamond problem can be eliminated in this way,
In other words, there are gseveral Type I and Type II
dlamond problems and we propose to start with the IS
and IIS types, since the classification by infrared
and ultraviolet absorption has been f@und'(by~the
examination of several hundred stones) to give very
congistent results.

We may begin by considering what would be
predicted for the ultraviolet and infrared spectra of
diamond assuming the Bragg structure and the current
theories of molecular spectra,

Ultraviolet Absorption of an Ideal Diamond

From the examlination of the ultraviolet spectra

of large numbers of hydrocarbons, it has been found
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that only those hydrocarbons which contain a double

or triple carbon-carbon bond exhibit absorption at
wavelengths longer than 2000 A, Since diamond
presumably contains only single bonds, its ultraviolet
cut=-off might be  expected to be below 2000 A, Since
no IIS diamonds have been found with a cub-off below
2200 A., it appears abt filrst sight as if all diamonds
are anomalous in their u,v, absorption with IIS less
andmalous than IS. However, Klevens and Platt® in an
investigation of the ultraviolet spectra of branched
saturated hydrocarbons have shown that as the degree
of branching increases, the edge of the ultraviolet
cut=off moves to longer wavelengths, e.g. from 1715 A,
in nepentane, to 1795 A, in 2,2,3,3-tetramethylpentane.
One might, therefore, anticipate that diamond (which
from this point of view resembles an extremely highly
branched large hydrocarbon molecule) would have its
ultraviolet cut=off in the neighborhood of 2000 A.

In order to test this hypothesisg we have examined the
ultraviolet spectrum of adamentane (01®H16) which
consists of four "fused" cyclohexane rings end which
would yleld diamond if it ever could be "polymerised."
The ultraviolet cut-off of adamantane, while not as
sharp as that of a IIS diamond, is indeed very close
to 2200 A, We should add that Herman® has recently
made a theoretical calculation of the separation

between the filled and unfilled electronic energy
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levels of diamond and obtained a value of approximately
6 electron=volts. This corresponds to an absorption
edge of about 2050 A, We therefore conclude that the
IIS diamonds have perfectly normal ultraviolet
absorption and that only the IS diamonds are anomalous.

Infrared Absorption of an Ideal Diamond

From investigations on the infrared absorption
spectra of hydrocarbons, the force constants involving
carbon=carbon bonds are sufficiently accurately known
to make 1t certain that the fundamental frequency
gpectrum of the diamond lattice must extend from about
1400 em=1 (7.1p) to about 300 cm=1 (33u), The exact
distribution of the normal modes over this range is a
much more difficult problem but calculations have been
made by Smithl® which give reasonable agreement with
the observed second order Raman spectrum, and her
resultas can be regarded as a very good firgt approxi=-
mation to the true distribution. It is necessary to
consider next to what extent these frequencies may be
expected to be active in absorption. Using the
results of Tellerll and Lifshitzl?, it can be shown
that none of the fundamental frequencies should be
active in absorption but that combinations of funda-
mentals may give rise to absorption.

Now IIS diamonds exhibit no absorption between
1800 cm™! and 100 em=1 (i.e. the fundamental region)
but do have bands between 3500 cm~l and 1800 cm~1
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(i.e. the region of combination frequencies). Thus
ITS diamonds are completely normal in their infrared
as well as their ultraviolet absorption,

Problem of the IS Diamonds

The conclusion that IIS diamonds are perfectly
normal in their optical absorption properties is an
important one. The problem of the IS and IIS types of
diamond is now reduced to the problem of why IS
diamonds show anomalous absorption. A few years ago,
two of us suggested6 that the extra absorption found
in IS diamonds might be due to impurity centres in
diamond, The exact nature of these was not specified.
Impurity centres may consist of 1) foreign atoms,

2) missing carbon atoms, or 3) carbon atoms which are
not in the same electronic state as the majority of
carbon atoms in the diamond lattice. We may now
consider what the effects of such impurity centres
would be on the absorption spectrum of diamond,

a) Ultraviolet Spectrum

It is now well established that chemical
impurities in silicon and germanium cause the edge of
the main absorption band in these elements to move to
longer wavelengthsls, Thus the shift of the absorp-
tion edge from 2250 A, in IIS diamonds to 3000 A, (or
even further) in IS diamonds could be due to chemical
impurities. The effect of missing carbon atoms on

the ultraviolet spectrum is not so easy to predict,
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but, in general, lattice defects of this Type may be
eXpected to decrease the gap between the ground state
and the lower edge of the first band of energy levels.
Thus the observations are probably also consistent with
this second type of impurity centre., The third type of
impurity centre might also be expected to cause a shift
of the absorption edge to longer wave-~lengths, but in
addition might be expected to give rise to discrete
lines superimposed on the continuous absorption. Such
discrete lines are observed énd we have been able to
prove that certain of these lines are closely
correlated with certain infrared absorption bands in
the range below 1800 em™l (cf. (2) below).

We may conclude that the extra absorption shown
by IS diamonds in the ultraviolet can be readily
accounted for in a qualitative manner by an impurity
theory andwthat, of the three types of impurity centre
considered, that arising from carbon atomé in an
abnormal state seems most probable.

b) Infrared Spectrum

Anything which destroys the centre of symmetry
midway between each nelghboring pair of carbon atoms
in the ideal diamond lattice can cause absorption to
occur in the region of fundamental frequencies. Thus
any of the three varieties of impurity centre
considered could conceivably account for absorption by

IS diamonds in the region below 1800 em™L, Before

19~
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discussing which seems most probable, we shall
summarise the most Important results of our investiga=-
tions on the infrared spectra of IS diamonds.

(1) Absorption maxima of variable intensity have
been found in IS diamonds at the following frequencies
below 1800 cm™Ll: 1540, 1520, 1426, 1372, 1332, 1282,
1203, 1171, 1093, 1003, 780, 480 and 328 em™L, Wo
absorption was found between 300 em™L and 100 em™Ls
All but two of these bands appear to fall into two
groups (as shown in Table II) in the genge that the
bands in each group always occur together and have
the same relative intensity but there is no correla-
tion between the bands in the separate groups. The
two maxima near 1530 cm™! have not so far been
correlated with either group, but this may be due to
the difficulty of making accurate intensity measure=-
ments on these weak bands, Many of the Group B bands
(e.g. at 1426, 1372, 1332 and 328 cm™1) are very

sharp, All the Group A bands are broad.

TABLE II

Distribution of the Absorption Bands of I3 Diamonds

Group A Group B
cm~ 1 cm~1
1282 1426
1203 1372
1093 1332

480 1171
1003
780
328

-20-
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(2) It has been found that as the intensity of
the Group A bands increases, the cut-off wavelength in
the ultraviolet moves to longer wavelengths and the
intensity of an ultraviolet line at 3157 A. increases,
However, in IS diamonds containing Group B bands, the
intensity of this group of bands is independent of
the position of the ultraviolet cut=off, but is
correlated with the intensity of an ultraviolet
absorption line at 41565 A,

(3) Following the methods of SmithlC, we have
calculated the branches of the vibration spectrum of
the diamond lattlice and have been able to explain
the high frequency (>1800 cm~l) bands of IS and IIS
diamonds in terms of allowed combinations., The Group
A bands in the low frequency (<1800 cm“l) spectrum of
IS diamonds can also be accounted for in this way,
but most of the Group B bands cannot be associated
with calculated maxima for the ideal diamond lattice.

(4) When IS diamonds are heated to 400° C,, the
only detectable change in the infrared spectrum
(between 4000 and 700 cm'l)'is a decrease of about
30% in the intensity of the 1372 cm™! band. This
band also moves to lower frequencies as the tempera-
ture increases, the temperature coefficlent being
1 em~1/50° C, Diamonds (IS and IIS), which had been
heated to 1700° C, and were re-examined at room

temperature, showed no change in infrared spectrum.

=2~
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(5) The infrared absorption bands of IS
diamonds show no dichroic effects in regions where
optical birefringence is observed,

(6) Irradiation of IIS diamonds by neutrons,
deuterons and x-rays has so far falled entirely to
produce any of the absorption bands characteristic
of IS diamonds, Neutron irradiation appears to give
rise to the formation of graphite. Deuteron irradig-
tion caused color changes in the surface layers
(green for a IIS and brown for a IS diamond).

(7) There is no correlation between variations
in the C13/Cl2 patio in diamonds and the intensity
of the characteristic IS bands.

It is clear from the foregoing results that
there is probably more than one cause for the
appearance of anomalous absorption in IS diamonds,
since the absorption bands fall into at leaat two
classes which exhibit different properties. Moreover,
part of the absorption can be confidently assigned
to the activation of normally forbidden fréquencies
of the ideal diamond lattice but some of the bands
appear to be due elther to chemical impurities or to
carbon atoms in an abnormal state, Isotoplc effects
cannot account for the anomalous absorption. Since
deuteron irradiation fails to convert a IIS into a
IS diamond, 1t seems unlikely that vacant sites are

the cause of the IS anomalies,
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Our present conclusion is that carbon atoms in
an abnormal state and chemical impurities probably
both contribute in varylng degrees to produce IS
diamonds.
which enables them to form double bonds in IS
diamonds, then the bands near 1530 em™l could be due
to the vibration of carbon-carbon double bonds in an
unsymmetrical environment, and the movement of the
ultraviolet absorption edge towards 3000 A. is
congistent with the introduction of a few conjugated
double bonds into the structure. Since graphite is
a more stable form of carbon than diamond, it is
tempting to consider that in IS diamonds some parts

of the structure have gone part way towards graphite,

However,

produce graphite without giving the typical IS

features
chemical
there 1s
presence
and some

diamonds

a point on which we hope to conduct further investiga-

tions.

bands in Group B (which do not seem to belong to the

diamond lattice) 1s most easlly explained by

The appearance of some very narrow absorption

Conclusions

If some carbon atoms exist in a state

the neutron irradiation experiments seem to

as an intermediate stage. With regard to
impurities, it should be realised that
ﬁery good speetroscopic evidencel4 for the
of many impurities in the average diamond
evidencel? (although much wesker) that IIS

are less impure than IS diamonds. This is
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attributing them to the presence of chemical
impurities,

What does seem certain from these investigations
is that Type I diamonds (specifically IS diamonds)
are imperfect., This 1s an unexpected result, since
in our experience all large diamonds of gem stone
quality are always Type I diamonds., While some very
small Type II diamonds are perfect octahedrs, all
the large Type II diamonds which we have examined are
very far from any of the ideal crystalline forms of
diamond (octahedron, cube, etc,) and in fact,
usually exhibit a layered structure with highly
irregular faces and fractured edges. It would almost
appear as though a large single crystal having the
ideal Bragg structure is unstable and requires
certain impurity centres to be incorporated to give
gstability. The beneficial effect of impurities in
the growing of large single crystals is well known
to workers in.that fieldls°

A full account of this work is now being
prepared for publication in a more appropriate
Journal,
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A suitable condensation and revision of the full account of
the work on diamond, silicon and germsnium given in Technical
Report No. 1 (June 1953) is gradually being prepared for
publication.

One other piece of work related to dlamond may be mentioned
at this point. Dr. Venkatarayudu has shown that in the case of
crystals which possess a centre of symmetry (diamond is such a
crystal) the rule of mutual exclusion breaks down for combina-
tion frequencies alfhough it is s8till true for fundementals.
This work has beeh published in the Journal of Chemical Physies

and a copy is given in Appendix I of this report.

IV, C. Brucite

A full account of all the experimental work on Brucite done
in the period covered by this report has already been given in
Technical Report No. 2 (October 1954),

Part of this work has already been published in the
Journal of the Optical Society. This is attached to this report

as Appendix II.

IV, D, Micas

After making a general survey of the spectra of muscovite,
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biotite, phlogopite (natural and synthetic), lepidolite, and
zinnwaldite (which has been described in the first Annual Report
of August 1952), attention was directed to the identification of
bands characteristic of the OH group other than the well-known
3y absorption. The results of this work were rather inconclusive
and were reviewed in the second Annual Report (June 1953). We
therefore concentrated our efforts on a thorough investigation
of the 3p absorption in muscovite and biotite using polarised
radiation, Brief reports of this work have been given in
Quarterly Reports 9 (December 1953) and 10 (March 1954) and in
this section of the report we shall describe the detailed
investigations made on the 3p bands of muscovite and bilotite
and the resulting conclusions reached regarding the location of
the hydrogen atoms in these micas.

The Location of the Hydrogen Atoms in Muscoyite and

Biotite from Investigations on the Dichr¢ism of

Absorption Bands in the 3y Region

Tsuboil has recently reported a similar investigation on

incomplete, and our experimental data are considerably superior.

Vergnoux, Theron and Pouzol? have also attempted to locate the

results of this earlier work will be discussed later when
comparison can be made with our results, It is convenient to
start by describing briefly the results of X-ray studies on the
structure of the micas in order to understand clearly the atomic

framework into which the hydrogen atoms have to fit,

-3
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The first application of X-ray analysis to the structure
of mica was made by Mauguins. Some years later Pauling4
described the general structural scheme, but the only complete
X-ray analysis of a mica structure appears to be that of
Jackson and West® on muscovite. From a study of powder photo-
graphs of several micas, Nagelschmidt6 concluded that there
are two genefal classes into which all micas fall, viz. (a) the
muscovite type and (b) the phlogopite-biotite type. Following
Brindieyv, these two types may be described in terms of two
structural units which we shall call T units and O units,

The T unit (or tetrahedral layer) is composed of linked
S104 tetrahedra (Fig. 1) in vwhich approximately one-fourth of
the S1**** ions are replaced by A1*** ions. The 0 unit (or
octahedral layer) consists of two plane sheets of 0™~ and OH™
ions arranged in hexagons of 0= around each OH", (Fig. 2)
Between these sheets is a plane of ions which are located at the
centers of octahedra formed by joining the vertices of two
triangles such as A B C and A'BfC', one of which belongs to each
sheet, However; only two—thirdsvof the available centers are
occupied by A1+ in the case of muscovite (Fig. 3A), whereas,
in phlogopite Mg*™ ions occupy all of the available centers
(Fig. 3B), while in biotite, some of the Mg+t lons In the
phlogopite structure are replaced by Fe*' ions (Fig. 3C).

The way in which these two units are combined to give a
typical mica is illustrated in Fig. 4, which according to
BraggB, gives three views of the conventional crystallographic

unit cell. Four T units are arranged as shown, i.e. 1in two

=28




Fig. |. Tetrahedral Layer, Composed of Linked Si O4 Tetrahedra.
The circles Represent Oxygen Atoms; the Silicon Atoms
at the Centers of Tetrahedra are not shown

Fig.2. Octahedral Layer. Composed of Two Plane Sheets of
O™ " and OH™ ions. The Red Circles Represent One
Sheet, Black Circles Represent Another Sheet. Circles
in Full Line Represent O™7, in Dotted Line Represent
OH, e Represents Center of One of the Octahedra
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pairs with the vertices of the tetrahedra pointing inwards
towards one another; the two pairs are separated from one
another by a plane of Kt ions (Fig. 4A)., The O units consist
of the 0~ ions of the vertices of the S5i04 tetrahedra together
with OH™ iong at the center of each hexagon of 0== ions and the
intervening layer of metallic ions (Figs. 44 and 4C)

The muscovite structure, in which only two~thirds of the
octahedral centers are occupied is known as dioctahedral, while
biotite and phlogopite in which all of the octahedral positions
are occupied are referred to as trioctahedral,

It should be noted that the crystallographic unit cell
illustrated in Fig. 4 contains 8 OH™ ions although it should be
remembered that some of these OH™ ions may be replaced by F~

ions in natural phlogopite. In synthetic phlogopite, all of

the OH™ ions have been replaced by F~ ions.

Symmetry Properties and Selection Rules for

O0H Vibrations in Muscovite

Let us now restrict our attention to these 8 OH™ ions and
consider a somewhat different view of the crystallographic unit
cell (Fig. 5) in which the ¢ axis is horizontal, and only the
oxygens of the OH™ ions are shown., The space group of muscovite
has been determined by X-ray analysis® to be Cgh. The symmetry
elements are:- (Fig. 5):

(1) A twofold (Cy) axis parallel to the b axis through the

center of the unit cell

(2) Two centers of symmetry (i) located symmetrically with

-32m
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regpect to the two groups of 0 atoms in each half of
the unit cell

(3) A glide plane (c*%) bisecting the unit cell horizontally
i.e. BID'FI'H!,

For the space group C§,, the Bravais unit cell (which deter-
mines the infrared selection rules) i1a smaller than the conven-
tional crystallographic unit cell we have been discussing. The
Bravais unit cell is given by A'B!C!'D'E'F'G'H! and contains
only 4 OH™ ions. X-ray analysis has located the oxygen nuclei
and our problem is to consider possible positions of the hydrogen
nuclel consistent with this space group. It is, of course, only
necessary to determine the location of any one of the four
hydrogens since the positions of the other three are then
determined by the symmetry operations of the space group.

Since the mass of the hydrogen is so much less than that
of the oxygen and the binding forces between these two atoms
are much greater than those between either of them and any
other atom in the latticé, we may consider the vibrations of the
OH™ ions as falling into three classes:

a) Stretching vibrations of the OH™ ions in which the

hydrogens move along the lines of the OH bonds

b) Deformation vibrations of the OH™ ions in which the

hydrogens move at right angles to the OH bonds

¢) Motions of the OH™ ions in which the OH™ ions move

as rigid units,
Using the methods of group theoryg, the 24 fundamental

modes of vibration of the four OH ions can be put into 4

wBd-
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gsymmetry species as shown in Table I, in which n is the number of
stretching vibrations, D of deformation vibrations (pseudo
rotations of the OH™ ions) and T of translational motions.

These last are essentially lattice vibrations involving the
other heavy atoms 1n the structure and need not be considered

in what follows. We shall also ignore the deformation vibra-
tions in this section of the report and concentrate on the
stretching vibrations which are responsible for the absorption

band common to all micas (except synthetic phlogopite) near

2.8,
TABLE I
S| Elo| t |cB| n| p|T | |R
Ag 1 1| 1 1| 1| 2| 3 £ | p
A, 1 1|-1 {2 2] 2| 3 p | £
B, 1| -2 2 1] 1) 2| s £ | p
By, 1] -1 | -2 1 1| 2|3 |p | £

p = permitted, £ = forbidden, IR = Infrared, R = Raman

According to Table I there are 4 OH stretching modes, two
of which (4, By) are permitted in infrared absorption, the
other two (Ag, Bg) being permitted only in Raman spectra. The
physical character of the Aﬁ and B, modes is illustrated in
Fig. 6, which shows projections of the unit cell perpendicular

bz and az planes., The z axis is perpendicular to the a and b
axes and thus mekes an angle of 5° with the ¢ axis., It will be

observed that the change of electric moment for the Ay mode 1s

e
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parallel to the b axis, whereas that for the B, mode has one
component pearallel to the z axis and another component parallel
to the a axis, It will be observed that these two modes of
vibration can be regarded as motions in which the modes for the
two ions in the right and left hand halves of the unit cell are
identical. but are combined in phase and out of phase with one
another, Since the distance between the two oxygens in either
half of the unit cell is much less than the distance between
any two oxygens in opposite halves of the unit cells, we shall
assume that A, and B, give rise to a single absorption band,
i.e. the separation between the A, and B, frequencies is too
small to be obser#ed experimentally. This assumption is
justified by the observation that muscovite only exhibits one
OH stretching frequency at 2.75p even when examined with a
prism of LiF.

The position of any one of the four hydrogen atoms can be
defined by 3 parameters, viz. ag, bg, and z, its coordinates
with reference to the associated oxygen atom measured
respectively along the a, b and z axes, We have assumed in
Fig. 6 that the hydrogen atoms point away from one another but
these directions could all be reversed and there will be a
corresponding ambligulty in our final results.

It is now possible to write down an expression for the
absorption coefficient of the 2.75u absorption band as a
function of a, b, z (the corresponding displacement coordinates)
and the angle of refraction r which the refracted ray makes

with the 2z axis. Two orientations of the crystal should be

-3
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considered (Fig., 7):

{4) The electric vector of the incident radiation is kept
perpendicular to the b axis and the crystal 1is
tilted through a range of angles gbout the b axis,

In this case the absorption coefficientdb
should be proportional to (4a cos r + 4z sin r)z, This
absorption is due solely to the B, specles,

{B) The electric vector of the incident radiation is kept
perpendicular to the a axis and the crystal is tilted
through a range of angles about the a axis.

In this case the absorption coefficient cla
should be proportional to (4b cos r)° + (4z sin r)2.
This absorption is partly due to the A, and partly

tc the B, specles,

EBxperimental Results on Muscovite

The results described below were obtained on a sheet of
mica about 3y thick using a Model 21 Perkin-Elmer Infrared
Spectrometer with a rock salt prism. The directions of the
a and b axes were determined by the optical method+O,

Using a silver chloride Polariser, the absorption of plane
polarised radiation by the muscovite was investigated between
2 and 3,54 (1) with the b axis vertical for various angles of
t1lt about the b axis, (2) with the a axis vertical for a
gimilar range of angles of tilt about the a axis. A typical
series of spectra thus obtained is shown in Fig, 8., The

results are summarized in Table II in which the first colum

-38a
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Fig. 7 Orientations of Muscovite and Electric Moment
Change of OH Stretching Vibrations. (A) b Axis
perpendicular to plane of paper, crystal tilted
about b Axis, Incident E Vector perpendicular
to b Axis. (B) a Axis perpendicular to plane
of paper, crystal tilted about a Axis, Incident
E Vector perpendicular to a Axls.
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TABLE II

Tilted about b axis

E 4 b Bl b
A | Ap 3 b
i r T (Obs. ) [(Cal.) T (Obs. ) (Cal.)
-40° -23°55! 8l.3 .189 .182 38.6 . 870 . 889
~30° -18°231 78.9 225 .225 40.7 «8E3 « 889
-20° -12°281" 75.6 « 273 . 272 41,6 «856 . 889
-10° - 6°17! 72.2 024 .018 41.0 . 887 . 889
0° 0 68.9 B2 « 960 41.0 .892 . 389
+10° + 6°17! 67.4 092 « 396 41,4 « 877 « 889
+20° +12°281 64.5 . 428 423 41.5 .859 . 889
+30° +18°231 62,3 . 449 0441 39.2 .889 «889
+40° +23°551 60,3 . 462 . 449 37.2 « 904 . 889
Tilted about g axis
E 4 g E I a
Aa | A 2 | o
i r T (Obs.) (Gal.) T (Obs. ) (Cali )l
-40° ~-23°551 43.1 « 769 758 68,0 252 « 360
-30° ~-18°231 42,5 .812 .810 70.6 330 « 360
~20° -12°281 42,1 «844 « 852 71.2 532 « 360
-10° - 6°1mM 42,0 . 862 879 71.0 « 040 360
0° 0 41.2 . 887 . 889 70.4 « 301 « 360
+10° + 6°17! 42,3 . 855 . 879 70.0 e 354 « 560
+20° +12°281 42.9 .826 . 852 71.2 332 « 360
+30° +18°23! 42.9 803 .810 70.8 . 028 « 360
+4.0° +23°551 42,3 .786 .758 69.6 « 331 « 960
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gives the angle of incidence (1), the second gives the angle

of refraction (r), the third gives the percent transmission (T),
and the fourth gives the absorption coefficient (ed) computed
from T by the equation

= = 1oge 100
cos r T

The refractive index was assumed to be 1.585 since it can be
shown that for these angles of incidence, the effects of double
refraction can be ignored.

It will be observed that the absorption coefficients O(g
and.o(g are very nearly constant for all angles. We define
; and C{g as the absorption coefficients corresponding to‘a(a
and c{b when the electric vector 1s parallel to the axis of
tilt. It can be readily shown that alg should be proportional
to (4b)% and cl; should be proportional to (4a)®, This is a
test of our experimental error, since the coefficient should be
constant for such a series of observations. However, when the
electric vector is perpendicular to the axis of tilt, °(varies
with 1., Using all the data from normal incidence, we have

(according to the expressions above)

(42)%

[L)

0.36 and (4b)2 = 0.89
giving 43 = 0.6 and 4b = 0,943,
Using next the data with 1 =-30°, r = ~18°23"' for tilt about
b and E perpendicular to b we get
(4a cos 18° 23! - 4z gin 18° 23')2 = 0,225
giving 4z = 0,3.

If now these values of a, b and z are substituted in the above
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expressions fora(a anda(_b_ we obtain predicted values for L g
andcx b for all other angles. These values are given in the
fifth columns of Table II. It will be seen that the agreement
is very satisfactory.

It will be noticed that in the above computations z was
assumed positive. This is equivalent to saying that the two
hydrogens in one half of the unit cell cannot point towards
one another., This seems a reasonable assumption because if
they point towards one another, then internuclear distance
becomes about 1.93. Secondly it 1s necessary to take a
positive in order to get agreement with the observed values
of o be The sign of b is gtill undetermined. If, however,
we choose b to be negative (according to the conventional
orientation of the axes) the hydrogen assumes a much more likely
position in the unit cell than for b positive. The resulting
orientation of the OH group in the first layer of the Bravais
cell 1s shown in Figure 9.

Qur result may now be compared with that given by Tsuboil.
Corresponding to the values we find of 15° and 58° respectively
for the angles HOB and BOA (Fig. 9), Tsuboi obtained values
of 20° and 51°, He discarded these values as improbable on
symmetry considerations and replaced them with the figures
16.5° and 60° attributing the difference to "the vibration of
the H atoms about their equilibrium positions". It is clear
from our work that this lagst assumption is unnecessary. We
can only conclude that Tsuboi's measurements of the absorption

coefficients are in error for some unknown reason.

D -
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Fig. 9 The Orientation of OH group (No, 1 in Fig. 5)
in Muscovite. <ZHOB = 15°, ZBOA = 58°
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The work of Vergnoux, Theron and Pouzol® enabled them to
determine only the angle BOA (Fig. 9) for which they obtained
a value of 59°, Our value for this angle is 58°, Thus our
results agree with those obtained by an entirely independent

method viz. birefringence measurements,

Symmetry Properties and Selection Rules for OH Vibrations in

The space group of blotite does not appear to have been
determined by X-ray methods. We assumed at first that it was
the game &s muscovite (i.e, Cgh) but this would not account
for the fact that biotite shows two well resolved OH stretching
frequencies near 3p where muscovite has only one., If, however,
the Bravais cell for biotite is twlce as large asvthat for
muscovite, then this doubling becomes understandable. We were
led in thig way to the concluslon that the space group for
biotite must be Cgh ingtead of Cgh’ but initisally we assumed
that this distinction only applied when the positicns ¢f the
hydrogen atoms were taken into account. Subssqusnt examinstion
of a model of biotite in which only the positions of the atoms
heavier than hydrogen are considered has shown that biotite
gh gpace group. The proof will be outlined,
although it i1s hard to follow without a spatial model.

can belong to the C

The necessary and sufficlent conditions for s lattice to
have a Cgh gpace group can be described in the following wayll.
Take the origin-of coordinates at a center of symmetry (1) and

the x, y and z axes parallel to the crystallographic axes a,
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b and ¢ respectively (Fig. 5). For any arbitrary position
(x, ¥, z) the following coordinates must be equivalent:

(1) x £ a/2, y ¥ v/2, z.

(2) %, v, z.

(3) %, y, ¢/2 = z.

(4) x, 57, c/2 + z.
This means that if (x, y, z) represent the coordinates of any
of the atoms_in the unit cell, then an equivalent atom will be
found at the position given by these four transformations. It
may readily be verified from a model that these conditions are
fulfilled by all thé atoms in muscovite., However, condition (1)
cannot be fulfilled by the Fe and Mg atoms in biotite. Since
the necessary and sufficient conditions for g C%h space group
are just (2), (3) and (4), (which correspond respectively to
the symmetry elements i, Cg and a-ﬁ), and can be fulfilled by
all of the atoms in biotite, we conclude that the space group
for biotite should be CZ

2h
It should be remarked that the partial replacement (i.e.

. 6
instead of C2hf

one quarter) of the Si atoms by Al atoms in the Si0, tetrahedra
means that strictly speaking the conditions for Cgh and Cgh
space groups are exactly fulfilled by none of the micas.
However, the conditions are fulfilled by the 0 atoms of the OH™
groups and the selection rules are essentially determined by
this fact.

The Bravails cell for the Cgh gpace group is exactly twice

ag large as that for the Cgh gpace group. It coincides with
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the conventional crystallographic unit cell of Fig. 5 and thus
contains 8 OH groups. The resulting 48 fundamental modes of
vibration fall into 4 symmetry species as shown in Table III.
Thus there are now 4 OH™ gtretching modes active in infrared
abgorption., The physical character of these four modes is
illustrated in Figs. 10 and 11 together with the resulting
changes of electric moment. The pair of modes shown in Fig, 10
may be expected to have the same frequency value for the same
reason that the two active modes in muscovite had the same
numerical value, i.e. negligible interaction across the plane

of the K* ions. The same is true for the other pair of Fig. 11.

TABLE III

2. | E |, 1 o8 n | D 7 IR R
bg | 1 1 1 1 2 4 6 £ p
a, | 1 1 | -1 -1 2 4 6 £
By | 1 | -1 1 -1 2 4 6 £ o
B, | 1 [-1 | =1 1 2 4 6 p

In order to construct Figs. 10 and 11 it was necessary to
assume a direction for one of the 4 OH™ groups which are inside
the Bravais cell for muscovite and another direction for one of
the 4 OH™ groups which are outside of this cell. The orienta-
tiona of all of the 8 OH™ groups in the Bravais cell of the
Cgh space group are then fixed by symmetry.

Using the same notation as for muscovite, we may now write
down expfessions for the absorption coefficlents of the two

absorption bands as functions of ay, by, 2z7, 89, bg, zg (the

4
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respective displacement coordinates of any one of the inner 4
hydrogen atoms and any one of the outer 4 hydrogen atoms) and r.
Thus we obtain:

For Modes of Vibration of Figure 10 (2.729 absorption band)

db {[4(&11 - ag)cos r + 4(z7 + zg) sin r]g, a?ﬁ ([4 (bq = 1::2)]2
aa {[4(101 - bgo)cos r]g“—l—[é(zl + z5) sin r]z, and o(g {[4(&11- 32)] g

For Modes of Vibration of Figure 11 (2.85g absorption band)
O{b{]:é(a-l + az)cos r + 4(21 + zg) sin r]g, o(vg{[é(bl + bz)]z
[4(by + bg) 12 +faz, + z,) sin ]2 a ol g (aa + ]2
oA gk 1 o)cos T [ %1 * zg) sin r|®, an a a; + ag

The orientations of the crystal which should be considered
for these vibrations are illustrated in Fig., 12 and 13.

It should be noted that the orientations of the OH™ groups
here are agsumed in an arbitrary way. The true values (relative)
of a;, by, Zqs etec. have to be determined by experimental

results. We may now discuss the experimental data on biotite.

Experimental Results on Biotite

The same techniques were used here as for muscovite and
the results are summarized in Table IV and V. The crystal
section was much thickér ( 225p) than for muscovite. A
typical series of sgpectra is illustrated in Fig. 14, while
Fig. 15 1llustrates the variation in thé absorption coefficients
of each band as the crystal is tilted about either the a or the
b axis., It will be noticed in Fig. 14 that the high frequency
band (2.72u) increases greatly in intensity for tilting about

either the a or the b axis. Thus the change of moment for this

-50=
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Z 2
“>E &> E
1r (Bw) (A
4 4@ 2 (' 4b-b) b
; ] S
4(ztz)\ 4(2,12,)
(Bu) | \| (By)
N 4
(A) (B)

Fig 12. Orientations of Biotite and Eleéctric Moment Change
of OH Stretching Vibrations (2.72p band). (A) and
(B) similar to Fig. 7.

A Z

“E <P E
il (Buw) +r (Ay)
[ «@&td) o [ A(bith)

‘ € b

( 427z y 142y
T (Bw =Y (Buw)

(A) (B)

Fig. 13. QOrientation of Biotite and Electric Moment Change
of OH Stretching Vibrations (2.83p band), (A4) and

(B) similar to Fig. 7.
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TABLE IV  Absorption Coefficients of 2,72y Band

_ Tilted ipout b axis ‘ Tilted Epout a axis
E AL D BE AL a
i r Ap (0bs. )| dp (Cale) | g (Obs.) | o (Cal.)
-40° | -23°55¢ 1.053 |  1.280 1.061 1.280
-30° | -18°23" .750 774 772 | 774
-20° | -12°28! 391 . 362 . 439 .362
-10° | - 6°17! o079 | . 0953 .109 . 093
0 0 0o 0 | 0 0
4100 | + go17t .115 . 093 .103 . 0953
+20° | +12°28! 442 362 . 4453 362
+30° | +18°23! 779 774 .795 774
+40° | +23°551 1.097 1.280 1.109 1.280

TABLE V Absorption Coefficients of 2,83u Band

E L b E L a

i r Ab (0bs.)| Jb (Cal.) | Jda (Obs.) |Jgq (Cal.)
-40° | -23°551 . 541 .490 . 437 . 406
-30° | -18°231 . 564 .528 . 457 | . 437
-20° | -12°281 .582 . 559 . 470 463
-10° | - &°171 . 585 . 580 .485 . 480
0 0 587 | .587 . 486 . 488
¥10° | + 60171 .562 . 580 .485 480
+20° | +12°28¢ . 535 . 559 . 479 463
+30° | +18°23! .517 .528 . 458 . 437
+40° | +23°551 . 475 . 490 .424 . 406
Tilted about b axis ‘Tilted about a axis

-52=~
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mode of vibration must be almost entirely along z (or ¢) axis,
This corresponds to the behavior predicted for the mode of
vibration of Fig. 10 if aq and bl are respectively nearly equal
to ag and bo. We therefore assign the 2,72 band to Fig. 10
mode, Similarly the 2.83p band is assigned to Fig. 11 mode.

If there were no absorption at 2.72u for normal incidence, the
change of moment should be exactly along the z axis. Investiga~-
tion of the behavior of this band at low and high temperature
made 1t appear that this residual absorption for normal
incidence was due to other causes (c,f. Quarterly Report I of
September  1954) and in this report we shall ignore this
absorption., That means we assume a; = 25 and bl - bz, and we
shall call them just a and b, In Table IV we shall assume it
is zero as a first approximation.

According to Fig. 13(A), if the difference between # and
zg 1s large, we should observe an asymmetric variation in the
absorption coefficient of the 2.83p band as the crystal is
tilted about the b axis to the positive (+r) or negative (-r)
gide of its original position., The variastion of o(b in Table V
shows very little asymmetry indicating that z, and zy are
nearly equal. Therefore we shall also assume z| & Zo Bz as &
first approximation.

In computing oe, the refractive index was assumed to be
1.585, We may now compute a, b and z from the experimental data

as follows:-
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Using the data from the 2.83u band with normal incidence,

we have

(8a)2 = (.587) and (8b)2 = (.486)

t.766 and 8b = 1,697

giving 8a
Using next the data from the 2,72y band with i =130°,
r = % 18°231, for tilt about b or a and E
perpendicular to b or a we get
(8z sin r)2 = (8z sin 18°25')2 = 0.774 (average value)

giving 8z = T 2,70,

If now these values of a, b and z are substituted in the
above expressions for aza and Ozb for each band, we obtain
predicted values for °2a and Ozb for all other angles. These
values are given in the fourth and sixth columns of Table IV

and V,

The resulting orientation of the OH group in the first
layer of the unit cell is shown in Fig. 16. The sign of z can
be reasonably assumed as positive because if the hydrogen
atoms point towards one another the internuclegr H-H distance
will be less than 13. The signs of a and b cannot be determined
by computation. These are under investigation now, and a full

discussion will be given in a subsequent report.
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Fig. 16. The Orientation of OH Group (No. 1 in Fig. 5)
in Biotite. <HOB = 70°, 4BOA ® 42°,

~57-
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V. MAJOR CONCLUSIONS

A, Barium Titanate

The experimental work done on barium titanate does not
support the theory of Jaynes., At present, 1t also does not
suprort that of Megaw, but observations at longer wavelengths are

required to verify this tentative conclusion.

B. Diamond

The work on diamond gives strong support to the idea that
Type I diamonds are imperfect but does not yet establish the
source of imperfection. There are probably several sources of
imperfection, foreign atoms or carbon atoms in anomalous states

being most strongly indicated.

C. Brucite

Qur investigations on brucite lead to the conclusion that
either the unit cell 1s much larger than that determined by
X-ray methods which have not placed the hydrogen atoms correctly
or some new effect has been found in the infra-red spectra of
crystals which cannot be explained in current theories of the

vibration spectra of crystals.

D. Micas
The work on the micas has shown that the orientation of the

OH groups in muscovite and biotite are very different., There is

%h space group

a strong indication that biotite belongs to the C
in contrast to muscovite which belongs to the Cgh gpace group.

The orientations of the OH groups in muscovite and biotite have

=50~
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not yet been absolutely determined, but 1t has been possible to
reduce the choice of these orientations to a very limited number

of possibilities.

Vi, FUTURE PROGRAM

A, Barium Titanate

Work will continue on the differences between the infra-red
spectra of the various forms of barium titanate and also the
spectrum of strontium titanate, Once real differences have been
established, it 1is hoped that these will throw light on the

origin of ferroelectricity in barium titanate.

B. Diamond
An attempt wlll be made to determine the nature of chemical
impurities in various diamonds (Type I and Type II) by means of

spectrographic (emission) analysis.

C, Brucite
If time and personnel are avallable, an attempt will be made
to resolve the disagreement found here between X=-ray and 1lnfra-

red methods of analysis of the structure of brucite,

D. Micas
Work will continue on the determination of the absolute

orientation of the OH groups in muscovite and bilotite. The

over-all interpretation of the spectra of all micas will also be

studied.
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VIII, Appendix I

(This is a more complete version of the note
published in Jour. of Chem. Physics 22:1269 (1954)

SELECTION RULES FOR SOME COMBINATION AND OVERTONE

LINES IN DIAMOND

by
T. Venkatarayudu, M. Ao ’ Pho Do s Fo A. SCO

Structure of Diamond:- Dilamond may be regarded as having been

made up of two interpenetrating cubic face-centered simple
structure of carbon atoms. ZEach atom of one structure is at the
center of the tetrahedron formed by its four nearest neighbours
of the other structure. The positions of the carbon atoms in

the crystal are usually described with reference to the
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crystallographic axes, which are the edges of a cube. Accord-
ingly, the co=-ordinates of the eight atoms in the unit cube are
given by (0,0,0), (1/2,1/2,1/2), (1/2,0,1/2), (0,1/2,1/2},
(1/4,1/4,1/4), (3/4,3/4,1/4), (3/4,1/4,3/4), (1/4,3/4,3/4). The
above description is convenient for enumerating the symmetry
elements of the crystal. But for a study of the frequency
spectrum of diamond, it 1s advantageous to describe the
co~ordinates of the atoms in the Bravais cell. The Bravals cell,
in this case, is the parellelopiped formed by the edges 12, 13
and 14 and contains only two non-equivalent atoms (1 and 5 in
the figure). (Two atoms are sald to be equivalent, if one of
them can be obtained from the other by means of a lattice
translation,

Factor Group Analysis:- It is well known that all modes of

oscillation, other than those in which equivalent atoms have
ldentical motion, are forbildden in their fundamentals both in
Raman effect and in the Infra-red absorption. Normal modes in
which equivalent atoms have identical motion may be studied by
considering the crystallographic point group of the crystal.

The effect of a translational operation of symmetry on such
modes 1s the same as that of identity. The symmetry operations
of the point group Ohv, the appropriate character table and the
gelection rules for the fundamental modes etec. are tabulated
below with the usual notation. Symmetry modes coming under Alg,

E, and Fy,, are Infra-red active. We thus see that diamond hasg

g
only one normal mode of oscillation which is active in its

fundamental in Raman effect and forbidden in the Infra-Red

- B2




— ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN —

absorption.

0, |E |8C3|3Co| 6 |654| 1|83s| 3 602 |6Cs |k3

Alg 1 1 1 1 1 1 1 1 1 1 | o Raman
Active

Agg 1 1 1 =1 -1 1 1 1 -1 =1 lo

Eg 2 -1 2 o) (o} 2 -1 2 o 0 |o Raman
Active

Flg 3 o) -1 =1 1 3 o| -1 -1 1 |o

Fog |5 o| =-1] 1 -1 3 o|-1 1| -1 |1 Raman
Active

A1 |1 1 1 1 1 (-1 -1 | =1 -1 -1 {0

Aoy |1 1 1( =1 =1 | =1 -1 (=1 1 1l 1o

E., 2 -1 2 s} o | =2 1l =2 s} o |o

Flu 3 o} -1 | =1 11=3 o} 1 1 -1 {90

F2u ) o -1 1 -1 ] =3 o 1l -1 1 |1 Transla-
tion(M)

Ur 2 2 2 2 2 o} 0 o 0 0

6 8! -6 | 12 -12 0 0 0 (4} o]

Finite Space Group Analysis:- A detalled study of the Finite

Space Group Analysis is under investigation., In the fellowing
discussion, we restrict ourselves to the case where the motions
of atoms separated by twice the primitive translations are
identical. The repeating unit’'cell i1s then formed by taking
eight times the Bravais cell. This cell containsg 16 non-
equivalent atoms. (Two atoms are now called equivalent if one
can be obtained from the other by twice a primitive translation.)
In the figure is shown a portion of the diamond structure,

The dark vtircles denote atoms belonging to one simple structure

whereas the white circles denote the atoms belonging to the othern

-B83-
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The Bravais cell 1s a rhcmbohedron formed by the primitive
translations Ty, Tg, Tz respectively obtalned by joining the
atoms 1,2; 1,3; 1,4;. This rhombohedron contains only two non-
equivalent atoms which are numbered 1 and 5., The unit cell which
we now choose 1s the rhombohedron formed by the primitive trans-
lations which are twice 1,2; 1,3; and 1l,4;. This rhombohedron
contains 16 non-equivalent atoms which are numbered 1 to 16 in
the figure. The co-ordinates of the atoms referred to cublc
axes are given below,
1,2,3,4: 0,0,0; 0,1/2,1/2; 1/2,1/2,0; 1/2,0,1/2.
5,6,7,8: 1/4,1/4,1/4; 1/4,5/_4,5/4; 3/4,3/4,1/4; 3/4,1/4,3/4.
9,10,11,12: 1,1,1; 1,1/2,1/2; 1/2,1/2,1; 1/2,1,1/%2.
13,14,15,16: 5/4,5/4,5/4; 5/4,3/4,3/4; 3/4,3/4,5/4; 3/4,5/4,3/4.
The group of symmetry elements now 1s of order 384 and they are
obtained by combining the eight translations with the 48 elements
of symmetry which form.the crystallographic point group OhV. The
elements of this group fall into 20 conjugate classes and the
appropriate character table, symmctry modes coming under each
type are given below. The representations designated

A1y Ags Bgs hyy Bqy Hg, Ty, Fo, Fy, Fy

correspond to the factor group representations

Alg’ AZg’ Ays Aoy, Eg: Eys Flg’ F2g’ Flus Foyu
respectively. Ay} E; Fg may be called the activity representa-
tions for Raman effect and the representation Fy may similarly
be called the activity representation for the infra-red. We

further give below the reduction of the product representations

=B
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and also the reduction of the symmetric square representations
from which we can directly read the selection rules for the

simple combination lines and the first overtones.

-B6=
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Simple Combinations:
By xIp =1 Eo x I = Mo
Ep x Ly = 1y Eg x Lo = My
E1 x Lz = Mo Es x Lz = Iy
By x Ly = Mo Eo x Ly = My
By =My = 1p + Lp + 1 Eg x My = Ly + Ly + M
Ey x My 5 Lz + Ly + Mg Eg x Mg = Ly + Lg + M
F1 xFy =2 Ay +E{ +F) +Fy
Fq1 xFo = Ap + E] + Fq + Fo Fo x Fo 2 A + B7 + Fp + Fo
Fi1 xFg = Az + B + Fg + Fy Fo x Fg = Ay + Eg + Fz + Fy
F1 x Fy = Ay + Eg + Fz + Fy Fo x Fy = Az + BEg + Fz + Fy (I.R.)
Fqi x Hy = Ho + Hz + Hy Fo x H] = H] + Ho + Hyg
Fq x Hg = Hy + Hg + Hy Fo x Ho = Hy + Ho + Hgy
Fp x Hg = Hy + Ho + Hy Fo x Hz = Hg 4+ Hz + Hyg
F1 x Hg = Hy + Ho + Hz Fo x Hg = Hy + Hz + Hy
F1 x Iy = Lo + M Fo x Ly = Ly + My
1 xLg =1L + 11 Fo x Lo = Lo + My
Fp x Lz = Lg + Mg Fo x Lz = Lz + Mg
F1 x Ly = Lg + Mo Fo x Lg = Lg + M2
Fp x M =Ly + Lo + 21 Fo x M = Ly + Lg + 2 I
Fp x Mg = Lz + Ly + 2 Mo Fo x Mg = Lz + Lg + 2 Mp
Fz x Fg = Ay + E7 + F] + Fo
Fz x Fy = Ag + Ep + Fq + Fg Fg x F4 = Ay + Ey + F{ + Fo
Fz x Hy = Ho + Hy + Hy Fo x Hl = Hg + Hz + Hyg
Fz X Hp = Hy + Hg + Hgz Fy x Ho = Hy + Hy + Hy
Fz x Hz = H] + Hp + Hy Fyu x Bz = Ho + Hz + Hy
Pz x Hg = Hy + Hz + Hy Fg x Hg = Hp + Hz + Hy
68
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L5+M2

+ 2 Mo
+ 2 My
Ay = A
By = Be
Eg = B
F1 = Fy
Fg = Fa
Fz = Fo
Fg =
H1 = Hyg
Hész
Hz = H
Hy = Hy
Ly = Ly
Ly = L3z
Lz = Lo
Lg = 1p
My = Mg
Mg = My
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X E1 = A + As + Eq

X Fl = Fl + F2 E2
X F2 - Fl + F2 E2
X F5 = F5 -+ F4 E2
X F4 = FS + F4 E2
x Hy = Hy + Hg Eg
X Ho = Ho + Hy Eo
X H5 = Hl + Hg Eo
X H4 = H2 + H4 E2
X Hl - Al + AS + Elﬁ"f' E2 -+ F2 +
XHZ:FI +F2+F3+F4+Hl+
X H5 = A2 + A4 + El + E2 + Fl +
X H4 = Fl + F2 + F5 + F4 + Hl +
XLy =Ig +Lg+ M + M

X Lg = Lg + L4 + Ml + M2

X L5 = Ll + L5 + Ml + M2
XL4:L2+L4+M1+M2

X Ml = Ll + L2 + Ls + L4_ + 2 Ml
X M2 - Ll + L2 + L5 + L4 + 2 Ml
X Hg = Al + A4: + El + Eg + F2 +
b:d H5 = Fl + F2 + F5 + F4 + Hl +
xH4~=A2+A3+E1+E2+F1+
xIp = Lo + Lz + Ml + Mo

X Lo =Ly + Ly + My + M

=70=
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Fg + Hy + Hg + Hz + Hy
Ho + Hz + Hy

F4 + Hl + H2 + HS + H4 (Raman)




ENGINEERING RESEARCH INSTITUTE

X

X

Ly

1

n

1]

"

]

"

H

n

Ls

-+

-+

-+

-+

e

L, + 2 (M1 + My)

Ly + 2 (M + My)

Ly + 2 (M1 + Mg)
Ly + 2 (Ml + M)

L4 + 2 (Ml +M2)
L4: + 2 (M-l +M2)

Hy

Hz Lo
Ho(I.R) Ly
Hy Lo
I-I:L + H2 +
Hy + Hy +
Hy + Hy +

* UNIVERSITY OF MICHIGAN —

Fg + By + Hy + Hg + Hy

Hy + Hyz + Hy

Fz + Hl + Hg + H5 + H4

XL2 A1+F2+H}_+H4

"

x Ly Az + Fyg + Hy + Ho

Hg + Hy (Raman)
H5 + H4 (IcRe)

H5+H4
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Hy

Hz

L4XL4=A1+F2+H1+H4

+ Hy + Hg + Hy (I.R.)

+ Ho + Hz + Hg (Raman)

+ Ho + Hz + Hy

+ Ho + Hg + Hy

+2(F1+F2+H1+H2+H5+H4)

+ 2 (F1 + Fg + Hy + Hy + Hz + Hy)

LzXM2=E2+F5+F4+
L5 b4 L5 = Al + Fl + Hl +
Ly x Ly = Ap + Fy + Ho
LS X Ml = E2 + FS + F4 +
L5 X Mg = El + Fl + Fo +
L4XM2=E1+F1+F2+
MIXM]_:A]_ +A2+E1
FIRST Overtones:
(Ay) = (4)
1 pa
(A0) = A
2 5 1
2
(Ag) = A
9 1
(El)2 = A1 + El
(Bg) = A + By
2
(F,) = (F,) = (Fg) =
1 o 2 o 3
(1) = (Hg) = (Hz) =
2 2 2
(I7) = (Lg) = (Lg) =
1 2 2 5 3
(M) = (M,) = A + E
1 o 2 2 1 1

(F,)
(H4)

(Lg)

2

2

2

1t

A1+A4+E1+E2+F2+H1+H4

A1+F2+H1+H4

+ F) + 2 Fg + 2 Hy + Hg + Hy

-0
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this
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It follows from the previous analysis that the combination

Hy x Ho and Hy x Hy

are active both in Raman Effect and Infra-red absorption.

The author's sincere thanks are due to Professors D. M.
son and G. B., B, M. Sutherland for their kind interest in

work.
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The Infrared Spectrum of Brucite [Mg(OH), T*

R. T. Marat ano G. B. B. M. SUTHERLAND
University of Michigan, Ann Arbor, Michigan
(Received August 17, 1953)

The infrared spectrum of single crystals of brucite [Mg(OH),] has been examined under high resolving
power between 2 and 3. It contains at least 16 bands most of which are shown to be OH stretching fre-
quencies and which exhibit a variety of polarization properties. It follows that the unit cell of brucite must
be much larger than had been previously assumed and that the positions of the hydrogen atoms have been

incorrectly assigned from x-ray data.

INTRODUCTION

N the course of a study of the infrared spectra of a
number of crystalline materials (including mica) it
recently became important to investigate in detail the
spectrum of a crystal of known structure containing
hydroxyl groups or ions. Furthermore, it was desirable
to have a crystal in which the OH groups (or ions) were
all oriented in the same direction and were not hydrogen
bonded. According to the x-ray work of Bernal and
Megaw,! magnesium hydroxide [Mg(OH),] in the
form of brucite crystals fulfills both criteria. In order to
see whether the latter was fulfilled, our first action was
of course to see what Coblentz? had recorded on the
spectra of crystals containing hydroxyl groups. In a
research dealing with the differences between the
infrared spectra of water of crystallization and water
of constitution, Coblentz noted that the infrared spec-
trum of brucite appeared to be anomalous. All the other
compounds that he had studied, containing OH groups
and ions, showed a characteristic band at 2.9u to 3.04,
but brucite was peculiar in that it exhibited a band with
a strong maximum at 2.5 with indications of weaker
maxima near 2.7u and 3.0u. This “anomaly” was very
satisfactory from our point of view since it indicated
that any hydrogen bonding effect in brucite must be
much weaker than it is in alcohols, for instance, where
the free OH band is shifted (as in water) from 2.75u
to 3.0u.
In this paper we present the preliminary results of
our work on the spectrum of brucite, using polarized
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F16. 1. Infrared spectrum of brucite oriented with ¢ axis
parallel to the incident beam and at angles,of 30° and 60°.

* Supported by the U. S. Army Signal Corps.

1 Present address, Department of Physics, Gettysburg College,
Gettysburg, Pennsylvania.

17, D. Bernal and H. D. Megaw, Proc. Roy. Soc. (London)
Al151, 384 (1935).

2W. W. Coblentz, Investigations of Infrared Studies (Carnegie
Institution of Washington, Washington, D. C., 1905-1908).

radiation and high resolving power on single crystals in
various orientations. This spectrum has turned out to
be extremely complex and of great significance,
especially in the relation of infrared to x-ray methods of
investigating molecular structure in the crystalline
state.

EXPERIMENTAL RESULTS

The most striking new feature revealed by our
reexamination of the infrared spectrum of brucite is
the discovery of a highly complex structure in the band
observed by Coblentz near 2.5u. The spectrum of a
cleaved section of brucite with the incident beam
parallel to the ¢ axis (i.e., normal to the cleavage plane)
is given in Fig. 1(A). This spectrum was obtained with
a Perkin-Elmer Model 21 double-beam spectrophotom-
eter equipped with a rock salt prism. While the early
work showed absorption in this interval with maximum
absorption near 2.5u [the approximate position of the
most intense band in Fig. 1(A)], none of these details
were available to Coblentz, who chose only a few points
between 2u and 3u for his point-by-point plot. The
strongest absorption pand is found near 2.48u, and
weaker ones are observed at roughly 2.30u, 2.65u,
2.83u, and 3.07u. It is to be noted that no band is
observed near 2.75u, which is the approximate location
of a “free” OH vibration band in many compounds.
However, the four principal absorption maxima are
located in a roughly symmetrical pattern about this
wavelength. The remainder of the spectrum out to
15u for this crystal orientation is generally in agreement
with that reported by Coblentz and will not be dis-
cussed further in this paper.

If the crystal is inclined so that the ¢ axis is no
longer parallel to the incident beam, then a new band
appears near 2.73u, and its intensity increases with
increasing angle between the ¢ axis and the incident
beam [Fig. 1(B) and 1(C)]. Polarization spectra of a
crystal tilted in this way indicate that the 2.73-u band
is present in the spectrum only when the incident
electric vector has a component parallel to the ¢ axis
of the crystal. Identical results are obtained when the
crystal is rotated about any axis that lies perpendicular
to the ¢ axis.

All the bands that appear on the spectrum when the
incident beam is parallel to the ¢ axis are also observed
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when the beam is normal to the ¢ axis, and in addition
the 2.73-u band and its overtone are present. The
polarization effects for this orientation are very marked.
The polarized spectra from 2u to 3.25u are shown in
Fig. 2. The bands at 2.30y, 2.73p (and probably also
that at 2.83u) exhibit maximum intensities when the
electric vector is parallel to the ¢ axis. The absorption
near 2.48u changes contour for the two polarization
directions, and it appears to have a diminished intensity
when the electric vector is parallel to the ¢ axis. The
2.65u and 3.07u display their maximum intensities for
the electric vector perpendicular to the ¢ axis.

Since a rock salt prism does not have large dispersion
below 8u, a LiF prism was used to scan the 2u- to 3.2-u
region. Portions of the spectra with this higher resolu-
tion are given in Fig. 3. These spectra are for orien-
tations of the crystal with the ¢ axis parallel and perpen-
dicular to the direction of the incident beam. It is
immediately seen that the absorption maxima in Figs.

\, — E Ccaxis.
---- EL GAXIS.
i
Zz
Q
F16. 2. Polarized infrared a
spectra of brucite with s
incident electric vector E 9
parallel and perpendicular <
to the ¢ axis. o .
f
fi
1 1 1 ]
2 3p

1 and 2 are composed of several bands. The absorption
complex near 2.5u is especially interesting, since it
consists of four individual absorption maxima, only one
of which is common to both orientations. Also, the
frequency shift in the band near 3.07u is of interest.
While the high resolution spectrum of the absorption
near 2.73u is not reproduced here, we can report that
it is composed of at least two bands at 2.71u and
2.74u, each of which exhibits its maximum intensity
when the ¢ axis is oriented perpendicular to the incident
beam. In all, sixteen bands have been observed between
2u and 3.1p in the spectrum of brucite, and all of these
are listed in Table I. Those listed in the first column
are observed in the spectrum when the incident electric
vector is perpendicular to the ¢ axis, and those in the
second column appear when the electric vector is
parallel to the ¢ axis. The polarization properties are
also given, where P() indicates maximum absorption
for the incident electric vector E parallel (normal) to

T. T. MARA AND G. B.

B. M. SUTHERLAND Vol. 43
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F16. 3. Portions of infrared spectra of brucite for crystal ¢ axis
oriented parallel and perpendicular to the incident beam.

the ¢ axis. Those values that are in brackets represent
bands which may be present for a particular orientation
but which may be obscured by neighboring absorptions.

Between the time of Coblentz’s and our observations,
other infrared studies of brucite have also been made by
Plyler,® Yeou Ta,* Duval and Lecomte,® and Louisfert,®
But none of this work revealed anything more than
Coblentz had in the region of the OH stretching
fundamental.

DISCUSSION

If the structure of brucite had been as postulated by
Bernal and Megaw, then the OH stretching frequency
should have given rise to a single sharp absorption
line near 2.75u. This follows from their contention that

TasiE I. Infrared absorption bands of brucite.

E 1c axis Ellc axis
2.06u 2.06p
2.19 219 P
2.24 2.24
2.32 232 P
(2.45) 245 P
2.47 471)N
(2.49) 249 P
2.53 253 P
2.64 (2.64) N
271 2711 P

274 P
2.83 283 P(?)
297 297
3.01 3.01
3.06 3.06 N
3.08 P

3 E. K. Plyler, Phys. Rev. 28, 284 (1926).

4 M. Yeou Ta, Compt. rend. 211, 467 (1940).

5C. Duval and J. Lecomte, bull. Soc. chim. 8, 713 (1941);
Bull. soc. frang. minéral. 66, 284 (1943).

8 J. Louisfert, J. phys. radium 8, 21 (1947).



November 1953 THE INFRARED SPECTRUM OF BRUCITE [Mg(OH):]

the unit cell contains only two OH ions and from the
rules set up by Bhagavantam and Venkatarayuda,’
Halford,® and Hornig? for the infrared spectra of
crystals. That is the OH normal modes of a unit cell
would consist of simply the in-phase and out-of-phase
OH vibrations. One of these gives a zero net dipole
moment change and hence is infrared inactive, leaving
only one infrared active frequency associated with the
hydroxyl vibrations. This band should show perfect
polarization, with the change of moment parallel to the
¢ axis,

Such a band is indeed observed by us, but there are
in addition at least 15 other bands in the immediate
neighborhood exhibiting a variety of polarization
properties. It might be argued that these represent
combination vibrations with low lattice frequencies
involving the Mgt+ ions. However, this cannot be so,
for we have examined the spectrum of Mg(OD), and

78. Bhagavantam and T. Venkatarayuda, Proc. Indian Acad.
Sci. A9, 224 (1939).

8 R. S. Halford, J. Chem. Soc. 14, 8 (1946).

9D. F. Hornig, J. Chem. Soc. 16, 1063 (1948).
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the complex pattern of bands is moved by a constant
factor (nearly v2) to longer wavelengths. It follows that
most of the bands observed between 2u and 3.1u are
true OH stretching frequencies, although a small
number of them could conceivably be combinations of
OH stretching fundamentals with OH deformation
lattice modes. This means that the unit cell for brucite
must be very large indeed, containing at least as many
OH~ ions as there are OH stretching fundamentals
observed. Furthermore, from the polarization properties
of these bands it is certain that the positions of the
hydrogen atoms have been incorrectly assigned from
the x-ray data. A full treatment of the problem together
with a discussion of interesting features of the brucite
spectrum at other wavelengths is reserved for a later
paper. Our purpose here was twofold : (a) To show that
one of the pebbles picked by Coblentz on the infrared
beach as of some interest is indeed a very fascinating
one when examined by modern instruments; (b) to
demonstrate the much greater sensitivity of the infrared
method (as compared to the x-ray method) in deciding
about the positions of hydrogen atoms in crystals.






