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Thermodynamics and Lattice Vibrations of Minerals' 
2. Vibrational Characteristics of Silicates 

SUSAN WERNER KIEFFER • 
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General lattice vibrational properties of minerals, particularly those properties which strongly influence 
the thermodynamic behavior, are discussed in this paper (the second of a series relating thermodynamic 
and lattice vibrational properties of minerals). Infrared (IR), Raman (R), and inelastic neutron scattering 
(INS) data are summarized, if known, for the following minerals: halite (INS), periclase (INS), corundum 
(IR, R), brucite (IR, R, partial INS), quartz (R, IR, INS), cristobalite (IR, R), silica glass (IR, R, partial 
INS), stishovite (IR), rutile (R, IR, INS), albite (IR, R), microcline (IR), spinel (IR, R), muscovite (IR, 
R), jadeite (IR), diopside (IR, R), enstatite (IR, R), olivine (IR, R), zircon (IR, R), kyanite (IR), 
andalusite (IR), sillimanite (IR), pyrope (IR), andradite (IR), grossular (IR), and calcite (IR, R, INS). 
New high-resolution infrared data are given for kyanite, andalusite, sillimanite, stishovite, coesite, jadeite, 
diopside, pyrope, andradite, and grossular. The data presented and summarized show that optic modes of 
vibration of silicates are spread over a range of frequencies, generally from wave numbers as low as 75 
cm -x to wave numbers as high as 1200 cm -•. The far-infrared (low frequency) optic modes are particularly 
important in this study because they strongly influence the low-temperature heat capacity and therefore 
the entropy. The mid-infrared (high frequency) optic modes generally arise from the vibrations of tightly 
bound clusters within the structures and can generally be recognized as isolated bands in the vibrational 
spectrum. A method is given for enumeration of the fraction of total vibrational modes which are internal 
stretching modes. Inelastic neutron scattering data are reviewed to show the magnitude of anisotropy and 
dispersion of acoustic modes and of dispersion of optic modes in the minerals. The combined infrared, 
Raman, and INS data show that, excluding the stretching modes of quasi-molecular clusters within the 
minerals, the optic modes do not appear to follow a simple recognizable distribution, such as a Debye 
distribution, but are rather uniformly distributed across a broad range of frequencies. 
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1. INTRODUCTION 

Infrared (IR), Raman (R), and inelastic neutron scattering 
(INS) spectra provide information about lattice vibrational 
properties. In general, all three types of spectra are required 
for a complete description of the lattice vibrations, because 
Raman or infrared spectra by themselves reveal only lattice 
vibrations which interact with photons under particular, re- 
stricted experimental conditions (see, for example, discussions 
in the work of Farmer [1974a, b], Hadni [1974], and Karr 
[1975]). Complete vibrational characterizations are available 
for only a few minerals, but these data allow some general- 
izations about mineral spectra to be made. A brief summary of 
existing data, with emphasis on the properties important in 
thermodynamic calculations, new data on the minerals of in- 
terest in this study, and a method for enumerating intra- 
molecular cluster modes are presented here. These spectro- 
scopic data and concepts provide the basis for a generalized 
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thermodynamic model for minerals described in paper 3 of this 
series [Kieffer, 1979b]. 

2. MINERALS STUDIED 

The minerals studied have a wide range of compositions and 
structures. They are listed below according to the classification 
of Bragg et al. [1965] (for silicates). This classification is conve- 
nient because it is based on the polymerization of the tetrahe- 
dral silicon-oxygen groups, a property which influences the 
vibrational characteristics. 

1. Simple minerals and oxides studied for comparison with 
Debye solids are halite, corundum, spinel, stishovite, rutile, 
periclase, and (for comparison with periclase) brucite. 

2. The framework silicates studied are quartz, cristobalite, 
silica glass, coesite, albite, and microcline. Stishovite and rutile 
will often be discussed with the framework silicates in order to 

provide a comparison of effects arising from fourfold and 
sixfold coordination of the cations. 

3. The sheet and chain silicates studied are muscovite, 
jadeitc, diopside, and enstatite. 

4. The minerals containing isolated clusters studied in- 
clude the orthosilicates forsteritc, zircon, kyanite, andalusite, 
sillimanite, grossular, pyrope, and andradite and calcite with 
the isolated CO8 -•' ion. 

3. DATA: MODES OBSERVED IN INFRARED, RAMAN, 
AND INELASTIC NEUTRON SCATTERING SPECTRA 

Infrared and Raman Data 

Infrared and Raman spectra provide information about the 
frequency of the optical lattice vibrational modes at wave 
vector K - 0. Mid-infrared data (400 < w < 4000 cm -x) are 
relatively abundant, Raman data are less abundant, and far- 
infrared data (w ( 400 cm -x) are relatively rare. Existing data 
for the minerals used in this thermodynamic study are summa- 
rized in Tables 1-4 (table notes are given in the appendix); new 
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Fig. 1. (a) Mid-infrared and far-infrared spectra of coesite and stishovite. Spectrometer grating changes are shown by 
the arrows; offsets in the spectra at these points may be artifacts. The weak line at 140 cm -• in the coesite spectrum could 
not be reproduced in other runs and is therefore probably due to an impurity. See notes to Table 2 in the appendix. (b) 
Mid-infrared spectra of the A12SiO5 polymorphs. See notes to Table 4 in the appendix. (c) Far-infrared spectra of the 
AI2SiO5 polymorphs and three garnets. See notes to Table 4 in the appendix. (d) Far-infrared spectra of-microcline, albite, 
jadeite, and diopside. See notes to Tables 2 and 3 in the appendix. 

high-resolution infrared data are shown in Figure 1. Compo- 
sition and lattice constants for the minerals shown in Figure 1 
are shown in Table 5. The data are for polycrystalline samples 
unless otherwise noted. Detailed comments about the individ- 

ual minerals and comparison with spectra of other authors are 

included in the tables and appendix. In the tables, vibrational 
bands are listed, with a vertical spacing approximately propor- 
tional to frequency or wave number, in a way that schemat- 
ically shows the distribution of modes. For clarity and sim- 
plicity in the tables, modes reported by different authors are 
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TABLE 1. Vibrational Modes (K = 0) of Simple Substances 

Halite 

w, cm- • Activity 

Periclase B rucite Corundum S pinel 

w, cm -• Activity w, cm -• Activity w, cm -• Activity w, cm -• Activity 

3688 IR 
3652 R 

730 INS 725 R 

390 INS 

256 INS 280 INS, R 

173 INS 

751 R 
825 R (weak, 

impurity?) 
750-688 IR, R 

645 R 663 R 
633 INS 635 IR 

583 IR 600 R 
578 R 580 IR 
569 IR 555 R 

461' IR 451 R 522 IR 
442 IR 485 R 

443 R 432 R 463 R 
416 IR 418 R 435 R 

400 IR 405 R 

361' INS, IR 385 IR 375 R 
378 R 330 R 

309 IR 
280 R 
225 R 

Halite frequencies are from Raunio et al. [ 1969]. Periclase data are from Sangster et al. [ 1970]. Brucite 
INS data are from Safford et al. [1963], and IR data from Buchanan et al. [1963] and Dawson et al. [1973]. 
Corundum Raman data are from White [1975] and Porto and Krishnan [1967], and IR data from Farmer 
[1974e] and Barker [1963]. Spinel IR data are from Preudhomme and Tarte [1971a, b, c, 1972], and 
Raman d,ath are from Fraas and Moore [1972] and Fraas et al. [1973]. 

*Value confirmed by this study. 

considered to be the same mode if they lie within ñ5 cm -• of 
each other. 

(The terminology used by spectroscopists and solid-state 
physicists to describe vibrational modes is inconsistent. On 
plots of dispersion curves, the wave vector K (in cm-•) is given 
versus frequency co (in radians per second) or •, (in cycles per 
second or terahertz). However, for optical spectra taken at 
K = 0 it is common to give these frequencies as wave numbers 
w (= co/2•rc) in cm -• or even as wavelength 3, (in micrometers). 
The quantity w should be called a wave number rather than a 
frequency. The most common convention in optical spectros- 
copy is to specify w; however, in INS work, frequency is given 
as •, or co. Hence some mixing of units is unavoidable if one 
attempts to use units common to the various experimental 
techniques.) 

The mid-infrared and far-infrared data shown in Figure 1 
were obtained with a Perkin Elmer 180 infrared spectropho- 
tometer. For the mid-infrared study (1200 > w > 300 cm-•), 
• 100 mg of powdered sample were mixed with 200 mg of KBr 
powder and pressed into disks to 20,000 psi (about 1.5 kbar) 
pressure under vacuum. Successive spectra obtained under the 
same operating conditions were reproducible to within +2 

cm -•. For the far-infrared study (w < 400 cm-•), small 
amounts of specimen powder were mixed with Vaseline petro- 
leum jelly on polyethylene plates. Successive spectra were 
taken with varying amounts of powder to obtain maximum 
absorption in weak features. The scanning speed was variable, 
generally from 5 to 10 cm-•/min, and the slit width was also 
variable. Mid-infrared and far-infrared spectra overlapped in 
the region 300-400 cm-•. Lines in this region of overlap were 
reproducible to +2 cm -• with the two techniques. All spectra 
were taken at room temperature. 

General features of optical spectra of minerals and the vari- 
ations of these features within mineral composition and struc- 
ture are well known and will not be reviewed here. Excellent 

reviews are given by Lazarev [1972], Farmer [1974a] and Karr 
[1975]. The reader should note the following major features 
and trends important to the thermodynamic properties consid- 
ered here: (1) the very broad range of frequencies spanned by 
the optical modes, (2) the dependence of the highest-frequency 
modes on the degree of polymerization of the Si-O bond, and 
(3) the dependence of the frequency of the lowest modes on 
cation-oxygen bonds. These points are discussed in detail in 
section 4. 
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TABLE 3. Vibrational Modes (K = 0) of Chain and Sheet Silicates 

Jadeite Diopside Enstatite Muscovite 

w, cm- x Activity w, cm- x Activity w, cm- x Activity w, cm- x Activity 

3633 IR 

1070 IR 1062 IR 
1048 R 1045 IR 1022 IR 

1065 IR 1010 R 1010 R 
995 IR 965 IR 990 IR 
940 IR 920 IR 938 R 935 IR 

865 IR 
860 IR 854 R 863 R 833 IR 

803 IR 

748 IR 758 R 754 IR 
718 IR 710 R 715 R 727 IR 

681 R, IR 697 IR 
664 R, IR 650 R 669 (vw) IR 668 IR 
630 IR 620 IR 

615 IR 610 R 
590 IR 557 R 545 R 553 IR 

523 R 523 R 
510 IR 500 IR 

470 IR 507 R 479 IR 
435' IR 470 IR 450 IR 
408 IR 465,417 R 412 IR 
395* IR 395; 389 IR; R 397 R, IR 
368* IR 366; 357 IR; R 375 R 
328* IR 335', 323 IR; R 350 IR 352 IR 

(313, 288?) 310' IR 340 R 
255* IR 292* IR 275 IR 

245* IR 234 R, IR 263 IR 
176* IR 220* IR "• 190 IR 192 IR 
152' IR 150' IR 186 IR 

(138'?) 140'[ IR "•110 IR 143 IR 
75•' IR 110 IR 

Jadeite data for w > 400 cm -x are from Moenke [1962] and for w < 400 cm -x from this study; Raman 
data are not available. Diopside IR data are from Ornori [1971a], and Raman data from White [1975]. 
Enstatite mid-IR data are from Liese [1975], far-IR data from Kooach [1975], and Raman data from 
White [1975]. Muscovite data are from Farmer [1974c] and Ishii [1967]; vw signifies very weak. 

*Value confirmed by this study. 
•'Value not found in this study. 

Inelastic Neutron Scattering Data 

Inelastic neutron scattering data provide information about 
the freque.•y of both acoustic and optic modes across the 
Brillouin zone from 0 < K < Kmax. INS data are available for 
five minerals: halite, periclase, rutile, calcite, and quartz (Fig- 
ure 2). The reader should note several important features not 
available from optical data alone. 

The behavior of acoustic modes. Acoustic modes have zero 
frequency at K = 0 and therefore are not included in infrared 
and Raman data which are taken at K = 0. INS data show the 

acoustic branches throughout the Brillouin zone and thus 
reveal the degree of anisotropy and dispersion in the branches. 

The presence of modes not optically active. Some optic 
modes are inactive under both IR and Raman conditions, e.g., 
the lowest mode at 113 cm-a in rutile. This mode is especially 
important in consideration of the thermodynamic properties 
because it contributes significantly to the low-temperature heat 
capacity. 

The dispersion of optic modes across the Brillouin zone. The 
frequency of the optic modes changes as K increases from the 
zone center to the zone boundary. The frequency may either 

increase or decrease with increasing wave vector. The change 
may be slight, as it is for the highest-frequency optical modes 
of quartz, in which case the modes are well approximated by 
an Einstein oscillator, or the change may be large, as it is for 
the longitudinal optic branch of halite, in which case the mode 
is not well represented by an Einstein oscillator. The dis- 
persion of the modes across the Brillouin zone is significant in 
terms of thermodynamic calculations because the modes near 
the Brillouin zone boundary (K = Kmax) are more heavily 
weighted in the frequency spectrum than those at the zone 
center (K = 0), as can be seen by examination of (4) in paper l 
[Kieffer, 1979a]. 

Complete Vibrational Spectra 

The complete vibrational spectra represent integrations of 
the individual branches over the entire Brillouin zone. Com- 

plete vibrational spectra for halite, periclase, and rutile, calcu- 
lated from INS data and lattice models, are shown in Figure 3. 
Because of the dispersion of optical modes and, to a certain 
extent, because IR or Raman (or even the combination of 
infrared plus Raman) data alone give an incomplete represen- 
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TABLE 5. Data on Minerals of Tables 1-4 and Figure 1 

Mineral Source Catalog Number 
,, , 

Powder X Ray Diffraction 
Brucite United States UCLA MS 707 

Kyanite Litchfield, Connecticut UCLA MS 3425 
Andalusite Brazil Grieger M 821-4 
Sillimanite Antarctica 

Albite Catalina Island, California UCLA MS 2394 

Microcline Crystal Peak, Colorado UCLA MS 2378A 
(blue) 

UCLA MS 2378B 

(white) 
Jadeite Clear Creek UCLA MS 2970A 

Diopside Ontario, Canada UCLA MS 2947 

Analysis 

pure (< 1% graphite) 
pure 

pure 

pure 

nearly pure, trace (estimated 
to be < 1%) of impurity, 
with d = 2.95, 3.74/lk 

nearly pure, trace of impurity, 
withd= 3.17, 3.70/lk 

nearly pure, trace of feldspar 
possible 

nearly pure, trace of calcite 
and/or feldspar possible 

Microprobe Analyses 
Pyrope Garnet Ridge, Kayenta, UCLA MS 3250 (Mg2.x8 Ca0.38 Fe0.4• Mn0.03) 

Arizona (AIx.sa Cro.x3 Feo.oa) Si3.o20x2 
Grossular Asbestos, Quebec, Canada UCLA MS 3263 (Ca2.•4 Mno.o3 Feo.,)(Ala.ox) 

Si3.0• O• 
Andradite Stanley Butte, Arizona (Caz9? Mn0.0a) (Fex.9? A10.0•) 

Si2.• Oxa 

For microprobe analyses, control samples of wollastonite, magnetite, pyrope, and andradite were run. 
Errors were estimated to be less than -t-2%. The sillimanite sample was courtesy of Ed Grew, University 
of California, Los Angeles, and the andradite samples were courtesy of G. Rossman, California Institute 
of Technology, and J. Rosenfeld, University of California, Los Angeles. Microcline (white) was used for 
X ray analysis. 

tation of the spectra, the complete vibrational spectra are more 
complex, and the modes are generally more evenly distributed, 
than would be believed from inspection of a list of modes 
obtained from optical data alone. This conclusion will provide 
the basis for an extremely simple model of the optic mode 
distribution in paper 3. 

4. INTERPRETATION OF VIBRATIONAL SPECTRA 

It was demonstrated in paper 1 that acoustic modes and 
low-frequency and high-frequency optic modes contribute to 
the observed deviations of silicates from Debyelike behavior. 
From the data presented above, the following generalizations 
about these three spectral regions can be drawn. 

Acoustic Modes 

In general, there are three distinct acoustic modes in each 
direction in reciprocal space, two transverse modes and one 
longitudinal mode. In high-symmetry directions the two trans- 
verse branches may be degenerate. For individual minerals the 
acoustic velocities and hence the slopes of the acoustic 
branches may vary by a factor of approximately 2. All acoustic 
modes show dispersion as the Brillouin zone boundary is 
approached. Many of the modes show approximately the si- 
nusoidal shape predicted by the simple one-dimensional mon- 
atomic model ((23) of paper 1), but a few modes do show 
strong deviation from the sinusoidal dispersion law. 

Low-Frequency Optic Modes 

For most minerals for which far-infrared data are available, 
Raman and INS data are not available at low wave numbers. 

Because of the selection rules (which prevent some modes from 
being active under infrared conditions), the infrared data 
taken alone must be considered to be incomplete. Even where 
both Raman and far-infrared data are available, there is more 
than the usual amount of discrepancy in spectra reported by 

different authors because of experimental difficulties in the 
low-frequency region (e.g., transparency of samples and pres- 
ence of water vapor lines). Some of the discrepancies are 
discussed in the table and figure captions. 

The presence of modes near and below 100 cm -x and their 
importance to thermodynamic properties have not been widely 
recognized, and very few data exist below 300 cm-x to provide 
a basis for generalizations about the far-infrared optic spec- 
trum. As an illustration of the importance of these modes at 
low wave numbers, consider an example taken from paper 3: 
at 25øK, more than half of the heat capacity of microcline is 
due to low-frequency optic vibrations, and at higher temper- 
atures (to • 100øK) the heat capacity behavior is dominated 
by the vibrations near 100 cm -•. In most minerals the low- 
frequency optic modes have a similar relative importance. 

High-Frequency Optic Modes 

The highest-energy optic modes observed in the anhydrous 
silicate minerals are in the region 900-1200 cm -x, at wave 
numbers which are much larger than values obtained for 
acoustic Debye frequencies for silicates. For example, a Debye 
temperature of 0e• • 500øK would correspond, if interpreted 
in terms of (10) of paper l, to a characteristic maximum lattice 
frequency of •6.5 X l0 •3 s-•. For photons interacting with 
phonons of such frequencies the corresponding wave numbers 
would be •350 cm -•. It is thus evident that the actual vibra- 

tional spectra contain, in addition to the necessary acoustic 
portion at low frequencies, an array of vibrations extending to 
much higher frequencies than the upper limit that would be 
anticipated from the form of a Debye spectrum. 

This state of affairs can be expected from the structural 
features of silicates. The strong Si-O bond, with a high force 
constant, binds local portions of the structure together into 
tight units, whose more or less localized internal stretching 
vibrations contribute high frequencies to the vibrational spec- 
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Fig. 2a. INS spectra of halite [Raunio et al., 1969] clearly showing 
the dependence of the mode energy on the magnitude and direction of 
the wave vector K. Solid, dashed, and dotted lines represent a shell 
model, a deformed dipole model, and a breathing shell model, respec- 
tively; experimental data are in generally close agreement. Transverse 
optic (TO) modes are relatively flat (e.g., for the [tOO] direction the TO 
branch varies from 45.1 X t0 •' cps (4170 cm -'•) at K = 0 to 45.2 X 
t0 x•' cps (4173 cm -x) at the zone boundary and reaches an inter- 
mediate maximum of 46.0 X t0 x•' cps (202 cm -x) at 0.8 Kmax). 
Longitudinal optic modes show much larger dispersion (e.g., for the 
[tOO] direction the LO branch varies from 47.5 X t0 x•' cps (4256 
cm -•) at the zone center to 45.7 X t0 •' cps (4192 cm -•) at the zone 
boundary). At the zone boundary the transverse and longitudinal 
optic branches are separated from the corresponding transverse and 
longitudinal acoustic branches, in qualitative agreement with the stop- 
ping band predicted from the diatomic chain model. The frequency 
ratios TO/TA and LO/LA at the zone boundary are 2.07 and 1.36, 
respectively, larger than would be predicted by a simple chain model 
dependence on the square root of the mass ratio, (35/23) •/•' = 1.23. 

trum. During broad-scale compression or deformation of the 
structure, as occurs in the propagation of low-frequency 
acoustic waves, the tightly bound units tend not to compress 
or deform internally but instead to shift in relation to one 
another by the distortion of weaker bonds, with lower force 
constants, between the tightly bound units. In orthosilicates 
the relatively weak bonds are the cation-oxygen bonds such as 
Mg-O. In tectosilicates, bending of the Si-O-Si linkages pro- 
vides the soft mechanism for relative shifts of SiO4 -4 tetrahedra. 
In silicates of intermediate polymerization, both mechanisms 
operate. The soft deformation mechanisms dominate the elas- 
tic behavior so that the acoustic velocities are relatively low, a 
(in (6) of paper 1) is large, and the inferred cutoff frequency 
(from (9) of paper 1) is relatively small. The hard deformation 
mechanisms dominate the high frequencies in the actual spec- 
trum. The frequencies of vibration of the tightly bound units 
are thus shifted to frequencies higher than would occur in the 
absence of any change of effective force constant with fre- 
quency and hence are higher than the inferred 

In order to interpret vibrational modes of complex crystals 
and to distinguish between vibrations arising from hard and 
soft deformations, spectroscopists and molecular physicists 
frequently attempt to identify a priori the well-bound mole- 
cules and polyatomic clusters (such as ionic radicals) within 
crystals [Herzberg, 1945; Venkataraman and Sahni, 1970]. The 
concept of identification of clusters was developed in the treat- 
ment of isolated molecules, but since many solid-state prob- 
lems are greatly simplified by the identification of clusters, it is 
advantageous to extend this concept as far as possible into 
considerations of solid substances. In this paper a 'molecule' 

of a substance will be taken as the group of atoms on which the 
chemical formula is based, and a 'molecular group' or 'cluster' 
as more tightly bound members of the molecule, for ex- 
ample, isolated SiO• -4 tetrahedra, AIO• -5 tetrahedra, CO8 -2 
clusters, or structural chains, rings, or octahedra. If the groups 
are treated as rigid bodies (with due consideration for the 
coupling between various cluster units in the crystal), trans- 
lational and rotational modes of the rigid bodies can be enu- 
merated. These modes, plus translational modes of the individ- 
ual ions, are the so-called 'external modes' of vibration. Effects 
due to nonrigidity of the molecular groups may be examined 
separately; these are the so-called 'internal modes.' It is useful 
to consider further the bond stretching and bond bending of 
the molecular groups separately. This concept was introduced 
by Mecke [1930a, b], and is also found in the work of Herzberg 
[1945], who postulated that to every bond in an isolated group 
there corresponds a high-frequency vibration in which it is 
stretched and a lower-frequency vibration in which it is bent. 
Although this concept was developed for isolated molecules, it 
will be demonstrated that it is useful to examine minerals in a 

similar way. 
Molecular clusters can be treated as rigid bodies if the forces 

coupling atoms within the group are much stronger than those 
coupling the clusters together in the crystal [Venkataraman and 
$ahni, 1970, p. 411]. Experimental evidence which may be used 
to indicate clustering is two-fold. 

1. A close similarity of the vibrational frequencies of the 
isolated group (e.g., in a vapor) and of the groups in the crystal 
is an indication that bonding within a cluster is strong in 
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Fig. 2b. INS spectra of periclase [Sangster et al., 1970] showing 
that the TO mode is relatively flat and that the LO mode is more 
strongly dispersed (e.g., for the [00t] direction the TO mode varies 
from 4 t 1.7 X t0 •' cps (4390 cm -•) at K = 0 to about 412.9 X t0 •' 
cps (4430 cm -•) at the zone boundary; the LO mode varies from 
421.9 X t0 •' cps (4730 cm -•) at the zone center to •t5.9 X t0 •' cps 
(•530 cm -x) at the zone boundary). The acoustic branches are nearly 
sinusoidal in form in the high-symmetry directions ([ tOO] and [ t t t ]) in 
which the TA branch is degenerate, but they are much more irregular 
in shape in the other directions. The curves shown are for a breathing 
shell model; they agree well with experimental data which are not 
reproduced in the figure. 
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2,6- 2. A large difference in force constants within a crystal 
indicates clustering. Relative values of the bond-stretching and 

800 2-4 - 800 bond-bending force constants, which have been calculated for 
,•2,2, isolated or linked SiO4 -4 tetrahedra by various authors [Sak- 700• 700C E .. send, 1942, 1945; Lazareo, 1972; Elcombe, 1967], provide a 
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600•, •g, lSt '•600 • rions. For example, on the basis of a Born-van Karman • •6 c= model, Elcombe [1967] assigned a value of 4.33 X 105 dyn to 

c • •:• • the silicon-oxygen stretching force constant and a much 500 

500• •'•4•1 smaller value of 0.54 X 105 dyn to the O_Si_O bond bending force constant for isolated SiO4 -• tetrahedra. Although other 
400 •2,- 400 linkages in crystals may alter the values of these force con- 

•0 - stants somewhat, the relatively high strength of the stretching 
force constant compared to the bending force constant ap- 

300 300 pears to be retained in most structures in which the tetrahedra 
are identifiable units. 

2-00 2-00 Semiquantitative assignment of observed modes to 'ex- 
ternal' and 'internal' modes of the clusters is relatively easy for 

•00 crystals in which the clusters are isolated units, e.g., NH•CI, 
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Fig. 2c. Dispersion curves of a-quartz [Elcorobe, 1967] calculated 
from a Born-van Karman model. The seven lowest curves with wave 
vectors in the z direction were also measured by INS at room temper- 
ature. The calculated curves are in good qualitative agreement with the 
measured data but agree quantitatively for only a few branches. All six 
modes in the upper band correspond to atomic vibrations in which the 
length of the silicon-oxygen bond changes. 

relation to bonding between clusters. Characteristic group fre- 
quencies are observed in different molecules containing the 
same groups [Herzberg, 1945; Moenke, 1974, p. 11]. For ex- 
ample, all molecules containing the triple C--H bond are ob- 
served to have vibrational modes at about 3300 and 700 cm -• 

(e.g., C•.H•. and HCN). The values of the wave numbers of 
these modes usually hold within 4-100 cm -• in the different 
molecules. Another example is found in the silicates: all mole- 
cules containing tetrahedrally coordinated silicon are observed 
to have a complex absorption band due to Si-O stretching in 
the range 800-1100 cm -•, independent of the construction of 
the silicon-oxygen radical as reported by Saksend [1961] and 
many others. The exact position of this band is affected by the 
degree of polymerization of the SiO• -• tetrahedra, being at 
highest energies (•,1100 cm -•) in framework silicates, at 
•, 1000 cm- • in the chain silicates, and at the lowest frequencies 
(•,900-950 cm -•) in orthosilicates (see the studies by, for 
example, Griffith [1969a, b], Keller et al. [1952], Launer [1952], 
Hunt et al. [1950], and White [1975]). Aluminum oxides and 
aluminum-containing silicates have characteristic vibrational 
frequencies associated with AI-O stretching modes. If alumi- 
num is in fourfold covalent coordination with oxygen (e.g., in 
albite, orthoclase, and leucite), a characteristic vibration band 
is observed in the region 720-780 cm -• [Kalesova, 1959]. In 
these compounds, the AI-O distances are 1.72-1.75 A. If, 
however, the aluminum atoms do not enter the 'anion shell' of 

the silicate but replace alkali and alkaline-earth metals, not 

NaNao. [Venkataraman and Sahni, 1970], and, of the cases of 
interest here, orthosilicates. However, the problem of internal 
mode enumeration is more complicated in polymerized lattices 
than in molecular lattices because the quasi-molecular units 
which act as molecular clusters with respect to stretching vi- 
brations are, in fact, linked together in various ways such that 
a unit cell or formula unit does not represent or contain within 
it integral units of the isolated molecular cluster; for example, 
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Fig. 2d. INS spectra of calcite for the ten lowest branches [Cowley 
and Pant, 1973]. There are a total of 30 branches: 12 correspond to 
internal motions of the carbonate groups and have frequencies be- 
tween 21 and 43 X 10 •' cps (700 and 1440 cm-•); the remaining 18 are 
external vibrations and have frequencies ranging up to 12 X 10 •' cps 
(400 cm-•). The curves are calculated with a shell model which con- 
tains 10 adjustable parameters. 
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in quartz the cluster is not an SiO2 molecule but is the SiO4 -4 
tetrahedron. Thus some scheme must be devised which ac- 

counts correctly for the sharing of oxygens among the quasi- 
molecular clusters. 

Consider first the silicates in which silicon is in tetrahedral 

coordination. Each silicon is surrounded by four oxygens, 
giving five particles per cluster. Therefore an isolated tetrahe- 
dron would have 15 degrees of freedom. Of these, (5 - 1 =) 4 
would be stretching modes; in a simple way, one can think of 
one stretching mode per independent Si-O bond. If the tetra- 
hedra are linked to form a simple chain, two oxygens per 
silicon are shared, and one oxygen per silicon is removed from 
the formula (as is implied in the pyroxene formula XSiOs). In 
this case there are only four particles per cluster (Si + Ononbr + 

•O•r, where nonbr stands for a nonbridging 
oxygen and br for a bridging oxygen), and there are only 12 
degrees of freedom per cluster, of which (4 - 1 =) 3 are 
stretching; in a simple way, this implies one stretching mode 
for each Si-O bond with a nonbridging oxygen and a shared 
mode for the silicon between the bridging oxygens. Similarly, 
in a framework silicate, in which all oxygens are shared, two 
oxygens per silicon are removed, as is implied in the formula 
SiO2 or X(Si, A1)408. In this case, there are only three particles 
per cluster (Si + •O•r + •O•r + •Obr + •O•r) and hence only 9 
degrees of freedom per cluster, of which (3 - 1 =) 2 are 
internal stretching modes. Amphiboles and sheet silicates rep- 
resent intermediate cases between the single chains and the 
framework silicates and can be treated similarly. 
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Fig. 2e. Dispersion curves of ruffle at room temperature: mea- 
sured curves (heavy) and shell model curves (light) from Traylot et al. 
[1971]. INS data show that the frequency of the low-frequency optic 
mode at 5.18 X 10 ]' cps (172 cm -]) at K = 0 decreases by 18% to 4.25 
X 10 •' cps (142 cm -•) at 4.2øK. 
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Fig. 3. Vibrational spectra of halite, periclase, and ruffle. For 

halite [Neuberger and Hatcher, 1961] the frequency distribution func- 
tion was calculated from an extended form of the Born and Blackman 

anharmonic potential theory applied to the Kellerman model of the 
NaCI crystal. For periclase [Sangster et al., 1970] the frequency distri- 
bution was obtained from the breathing shell model shown in Figure 
2. This spectrum gives a low-temperature heat capacity in good agree- 
ment with measured heat capacities. For ruffle [Traylot et al., 1971] 
the frequency distribution was obtained from the room temperature 
shell model shown in Figure 2. The distribution cannot predict the 
low-temperature heat capacity accurately because the frequency of the 
low-frequency optic mode at 5.1 X 10 •' cps (172 cm -•) changes with 
temperature. 

Two substances with cations in octahedral coordination 

were examined in this study, stishovite and ruffle. In this case, 
all cation-oxygen bonds are shared, e.g., each oxygen with 
three cations. Each cluster contains, conceptually, only three 
particles (e.g., Si + •tO + •O + ".) and therefore has associ- 
ated with it (3 X 3 = ) 9 degrees of freedom, of which ( 3 - 1 - ) 
2 are stretching modes. 

This enumeration scheme can be tested from spectral data 
for four minerals: quartz, calcite, zircon, and ruffle. Consider 
first the internal stretching modes of quartz. For the unit cell 
of nine atoms the above scheme predicts six internal stretching 
modes per unit cell; these modes account for 22% of the total 
degrees of freedom. Neutron scattering data of Elcorobe [1967, 
p. 954], shown here in Figure 2c, clearly show these six modes 
in an isolated narrow band between 1055 and 1172 cm -x, 

separated by a wide gap from the next band at 767 cm-•. The 
strongest feature in the (infrared) spectrum at 1055-1060 cm -x 
was assigned as the main valence stretching (•-•-g•) vibration 
by Simon and McMahon [1953]. Assignments to other vibra- 
tions of the stretching modes have been given by Saksena 
[1940, 1961] and Matossi [1949]. 

For the calcite unit cell of 10 atoms the CO8 •- ion is taken as 
the molecular cluster, and the above scheme predicts six 
stretching modes. Only five of the six stretching modes are 
active in infrared and Raman spectra (doubly degenerate 
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TABLE 6. Mode Partitioning for the Minerals 

Mineral Formula n 3n Cation X 

Number of 
X-O 

Stretching 
Vibrations 

per X 

Halite NaCI 2 6 
Periclase MgO 2 6 
Brucite Mg(OH): 5 15 
a.Corundum AI:O8 5 15 
Spinel AI:MgO4 7 21 
a-Quartz SiO: 3 9 
a-Cristobalite SiO: 3 9 
Coesite SiO: 3 9 
Glass SiO: 3 9 
Stishovite SiO: 3 9 
Ruffle TiO: 3 9 
Albite Na(Alx/4Sis/40:)4 13 39 
Microcline K(AI,/4Si•/40:)4 13 39 
Muscovite KAl:(AISiaOxo)(OH ): 21 63 

Talc Mgs(Si4Oxo)(OH h 21 63 

Enstatite MgSiOa 5 15 
Jadeite NaAl(SiOa): 10 30 
Diopside CaMg(SiOs)a 10 30 
Tremolite CaaMg•Si8Oa:(OH)a 41 123 

Forsterite Mg•SiO4 7 21 
Zircon ZrSiO4 6 18 
Sillimanite AlVlAllvO(SiO4) 8 24 
Kyanite Al:VIO(SiO)4 8 24 
Andalusite AlVlAlvO(SiO4) 8 24 
Pyrope MgaAl:(SiO4)a 20 60 
Grossular CaaAl:(SiO4)a 20 60 
Spessartine MnsAl:SiaO:: 20 60 
Almandine FeqAI:Si.•O• 20 60 
Andradite CaaFen(SiO4)a 20 60 
Calcite CaCOa 5 15 

0 
0 

O-H I 0.13 
0 

Mg 4 0.19 
Si 2 0.22 
Si 2 0.22 
Si 2 0.22 
Si 2 0.22 
Si 2 0.22 
Ti 2 0.22 

(Si, AI) 2 0.205 
(Si, Al) 2 0.205 
(Si, AI) 2.5 0.159 
(O-H) I 0.032 
Si 2.5 0.159 
O-H I 0.32 
Si 3 0.20 
Si 3 0.20 
Si 3 0.20 
Si 2.75 0.179 
O-H I 0.016 
Si 4 0.19 
Si 4 0.22 
Si I 0.04 
Si 4 0.167 
Si 4 0.167 
Si 4 0.20 
Si 4 0.20 
Si 4 0.20 
Si 4 0.20 
Si 4 0.20 
C 3 0.20 

In this table, n is the number of particles per formula unit, X is the cation at the center of the group or 
cluster for which the stretching modes are being calculated, and q is the fraction of the total modes 
which are stretching modes. 

modes at 1432 cm -• (v8 g) and 1407 cm -• (rs") and a single 
mode at 1088 cm -• (v•g)); the sixth mode (v•") is inactive but 
presumably lies at a frequency near 1088 cm -• because the 
frequency splitting of antiphase and in-phase pairs ('factor 
group splitting') is only 25 cm- • for the v• mode, a mode which 
is similar in stretching deformation. Frequencies and dis- 
placements of atoms in the vibrations are given by White 
[1974, pp. 231-233]. The stretching modes are well isolated 
from the internal bending modes, the highest of which are at 
872 and 712-714 cm-L Thus the above enumeration scheme 
works well for calcite. 

The primitive unit cell of zircon contains 12 atoms. This 
model predicts eight stretching modes for the unit cell, i.e., 
four per tetrahedron. Dawson et al. [1971] find these modes at 
974 cm -• (v•) and at 1008, 989, and 885 cm -• (v•). Therefore 
the model gives results in good agreement with the spectro- 
scopic data. 

An examination of data for rutile provides an opportunity 
to test the idea of quasi-molecular units and the above enume- 
ration scheme for continuous frameworks of linked octahedra, 
for which we a priori might expect that the assumption of 
molecular clusters is weak. Many investigators have, in the 
past, found it convenient to adopt the idea of quasi-molecular 
units for purposes of interpreting the rutile spectrum, but the 
idea has not been universally accepted [e.g., Matossi, 1951; 
Pandey, 1965; Porto et al. 1967]. The above scheme gives four 
internal stretching modes per unit cell for the rutile unit cell of 

six atoms. Three of these modes, at 824, 841, and 810 cm -•, are 
readily identifiable in neutron scattering experiments and re- 
lated theory (see Figure 2e) and are assigned as predominantly 
stretching deformations by Traylor et al. [1971]. The fourth 
mode is either an A:• (Mulliken notation) mode that has not 
been found in either optic or neutron work or an A • mode at 
610 cm-L The mode which has not been found is a 'rocking 
mode' and seems to be an implausible candidate for an inter- 
nal stretching mode; the 610-cm -• mode is a stretching defor- 
mation. The four modes at 610, 824, 841, and 810 cm -• are 
reasonably isolated from the bending modes which all lie at 
wave numbers below 500 cm-•. Thus the assumption of quasi- 
molecular clusters and the above enumeration scheme can be 

extended with some qualification to rutile. 
The success of the enumeration scheme in predicting the 

fraction of modes which are internal stretching vibrations for 
these four minerals suggests that it may be generally useful as a 
method of prediction for other minerals, for example, for 
chain and orthosilicates in which the silica tetrahedra are more 

polymerized and the Si-O linkages are nonlinear. Mode parti- 
tioning values, denoted by q, for all of the minerals considered 
in this study are given in Table 6. 

5. CONCLUSIONS 

General features of silicate vibrational spectra can be in- 
ferred from existing data, but for most minerals, data are 
insufficient to allow a detailed formulation of vibrational 
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properties. In general, it can be inferred that there are three 
acoustic branches which may show considerable anisotropy 
and dispersion; a sine wave dispersion law approximates the 
behavior of these branches in a qualitative way. Optic modes 
span a much wider range of frequencies than would be ex- 
pected by application of a Debye model. The lowest optic 
modes are associated with cation-oxygen bending vibrations. 
They generally lie above the lowest transverse acoustic mode 
but may overlap the higher transverse acoustic and longitudi- 
nal acoustic modes. In some cases the optic modes occur as 
low as 75-100 cm-1; in many cases, spectral data are not 
complete and the lowest-energy mode cannot be specified. 
Many of the higher-frequency optic modes are associated with 
Si-O or, in some cases, AI-O stretching vibrations and can be 
identified at characteristic frequencies. If molecular 'clusters' 
can be identified in the crystal, the fraction of total modes 
associated with internal stretching of the clusters can be calcu- 
lated. Other than the acoustic modes and cluster stretching 
modes the optic modes do not appear to follow a simple 
recognizable distribution, such as a Debye distribution, but 
are rather widely dispersed across a range of frequencies. 

APPENDIX 

Notes for Table 1 

Halite and periclase. Because of the highly ionic character 
of these compounds the single triply degenerate infrared-active 
mode predicted by simple theory is replaced by a broad band 
of absorption which corresponds rather closely to the restrah- 
len curve extending continuously from the lower-frequency 
transverse optic mode to the higher-frequency longitudinal 
mode [Farmer, 1974b, e]. There are no first-order Raman 
modes. Dispersion of modes is shown in Figure 2. 

Brucite. The two modes at 3688 and 3652 cm -1 are associ- 

ated with out-of-phase and in-phase stretchings of the hy- 
droxyl group, respectively [Buchanan et al., 1963, p. 1149]. The 
remaining optically active modes [Dawson et al., 1973] are at 
lower energies than the MgO modes. A single broad acoustic 
mode has been observed in INS work at 120-135 ½m -1 [Saf- 
ford et al., 1963]. 

Corundum. Although complete Raman and infrared data 
are available for Al,.O•, no satisfactory assignments have yet 
been published for the vibrations of the corundum structures 
[Farmer, 1974e]. There are six IR-active, seven Raman-active, 
and two inactive modes. 

Spinel. Infrared spectra are available for spineIs of varying 
compositions [Preudhomme and Tarte, 1971a, b, c, 1972], but 
Raman data are available only for a few spinels with Cr or V 
impurities. The IR spectra show four major features. In 
MgAl•O• these features and their assignments are as follows: 
680-750 cm- 1, Mg-O-Al stretching; 580 cm- 1, A1-O-A1 stretch- 
ing; 522 cm-1, Al vibrating in opposition to A1; 309 cm-1, Mg 
versus Al. Five Raman modes are predicted by theory [White 
and De Angelis, 1967], but ten are observed, possibly because 
of impurity resonant Raman effects [Fraas and Moore, 1972; 
Fraas et al., 1973]. 

Notes for Table 2 

Quartz. Data may be considered to be complete and re- 
liable. The highest frequency modes are associated with Si-O 
stretching modes. 

Cristobalite. The high-frequency mode distribution is simi- 
lar to that of quartz. The lowest infrared mode of cristobalite 

_ is at 298 cm-1, much higher than the lowest vibrational mode 

of quartz. Raman data are not available, but INS data [Lead- 
better, 1969, p. 785] show coherence effects as low as 100 cm -a, 
and Leadbetter attributes these effects to optic modes; it 
should therefore be assumed that optic modes extend lower 
than the lowest mode revealed by infrared data. 

Silica glass. The high-frequency mode distribution of glass 
is similar to that of quartz and cristobalite. The lowest opti- 
cally active mode is a Raman-active mode at 440 cm-L How- 
ever, the Raman spectrum shows an intense continuum ex- 
tending from 560 cm -• to 8 cm -1 [Flubacher et al., 1959, p. 57]. 
Within this continuum are intense bands at 48, 432, and 490 
cm-1, as well as the infrared band at 468 cm -1. The cause of 
the continuum, its similarity to the cristobalite spectrum at 
wave numbers above 100 cm -1, and its relation to the well- 
known excess heat capacity of vitreous silica have been the 
subject of much controversy [Flubacher et al., 1959; Anderson, 
1959; Clark and Strakna, 1962; Leadbetter, 1968]. This con- 
troversy will be examined in further detail in paper 3. 

Coesite. The high-frequency mode distribution of coesite 
is similar to that of quartz, cristobalite, and glass. It is reason- 
able to assume that the modes at w > 1000 cm -1 are Si-O 

stretching modes. The spectrum exhibits strong infrared ab- 
sorption bands down to 265 cm-1. A weak band is observed at 
140 cm-1; however, it cannot be assigned unambiguously to 
coesite. The sample of coesite on which the spectrum was 
taken was naturally shocked coesite recovered by HF acid 
treatment from shocked Coconino sandstone from Meteor 

Crater, Arizona [Kieffer, 1971]. This material was used be- 
cause it is the same source material as was used in Cv experi- 
ments [Holm et al., 1967] and because pure synthetic coesite 
and stishovite are difficult to obtain. It contains traces of rutile 

and stishovite which may contribute weak lines to the infrared 
spectrum (Figure 1 ), stishovite lines at 960 and 880 cm-1 and 
possibly rutile lines at 490 and 140 cm-•. Hence the weak lines 
in the coesite spectrum cannot be attributed with assurance to 
coesite, although the possibility exists that they are weak IR 
lines or even forbidden Raman lines appearing because a large 
amount of sample was used. 

Stishovite and rutile. Stishovite and rutile are structurally 
similar and, in a simple model, might be expected to show 
vibrational differences arising solely from differences in cation 
properties, e.g., from mass differences. However, particularly 
high dipole moments are developed during vibrations in- 
volving displacement of Ti relative to O in rutile, and as a 
result the rutile spectrum is complex. The spectrum of stisho- 
vite is qualitatively similar to that of rutile: both have an 
absorption feature of considerable width isolated at high fre- 
quencies (830-1000 cm -• for stishovite and 800-900 cm -1 for 
rutile), a second deep feature (800-600 cm-a for stishovite and 
500-370 cm -1 for rutile), and isolated lines at lower frequen- 
cies. Spectral features which may correspond (e.g., the highest 
bands in both spectra probably represent cation-oxygen 
stretching modes) are at higher wave numbers in the stishovite 
spectrum than in the rutile spectrum, as would be expected 
from the relative masses of the cations. The lowest observed 

infrared mode of stishovite is at 220 cm-1; Raman data are not 
available. For comparison the lowest infrared-active mode of 
rutile is at 172 cm -1, but there are two modes at even lower 
energies which are not IR active, a Raman mode at 141 cm -1 
and an optically inactive mode which appears only in INS data 
at 113 cm -1. The stishovite sample used was recovered from 
shocked Coconino sandstone from Meteor Crater, Arizona, 
and, as a result, was very fine grained (d < 1000 •) and 
probably contained impurities of minerals not soluble in HF 
or HNOs. 
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Albite and microcline. The spectra of albite and microcline 
show the lowest far-infrared bands of any minerals in this 
study, 92 cm-x for albite and 98 cm -x for microcline. Lower- 
energy bands in feldspars have been reported [liishi et al., 
1971; Kovach et al., 1975] but were not confirmed in this study. 
The 98-cm -x band was found in two different samples of 
microcline, but the 74-cm -x line was not found, although a 
careful search of this spectral region was made. 

The faint band at 83 cm -• for albite (Figure ld) has been 
found in Raman spectra of the same albite crystal (J. Delany, 
private communication, 1978 •, 

Notes for Table 3 

Jadeitc and diopside. Relatively little spectral work has 
been done on jadeitc, but a vibrational mode analysis of the IR 
absorption spectrum of diopside has been given by Omori 
[1971a] with the following results: modes at w > 865 cm -x are 
Si-O stretching modes; the 630-cm -x mode is a bending of 
nonbridging oxygen-silicon bonds; modes between 400 and 
500 cm -x are bending deformations of the chains; modes be- 
tween 335 and 245 cm -x are wagging, rocking, or bending of 
Si-O bonds; and the lower modes are chain-stretching modes. 
The lowest mode at 75 cm -x reported by Omori was not found 
in a careful search in this study. Raman data do not extend 
into the low-energy region. 

Enstatite. The high-frequency part of the enstatite spec- 
trum is generally similar to that of diopside. The far-infrared 
bands near 400 and 350 cm-x are sensitive to iron content and 

can be used to distinguish individual members in the enstatite- 
orthoferrosilite series [Kovach, 1975]. 

Muscovite. The band at 3633 cm -• is an O-H stretching 
band. The bands in the region of 1000 cm-x are Si-O stretching 
modes, the perpendicular Si-O vibration at 1062 cm -x and the 
in-plane Si-O-Si stretching vibrations in the range 990-1062 
cm -• [Farmer, 1974c, p. 350]. Si-O bending vibrations contrib- 
ute to strong absorption in the range 400-550 cm-x; vibrations 
of the octahedral cations appear below 600 cm-x. The band at 
833 cm -x is attributed to an A1-O out-of-plane vibration, and 
the band at 754 cm -• to an A1-O-Si in-plane vibration. Farmer 
[1974c, p. 351] attributes the lowest-frequency band at 110 
cm -x to in-plane vibrations of the K + ion. 

Notes for Table 4 

Olivine. The two infrared-active modes of olivine observed 

at 993 and 960 cm-x have predominately Si-O stretching char- 
acter [Oehler and Giinthard, 1969, p. 4726]. The modes near 
613 cm -• involve motions of the whole MgO6 -•ø octahedron. 
Below 500 cm-x, olivines which contain different divalent cat- 
ions (M in M•.SiO4, where M is Mg •-+, Fe :+, Mn •-+, or Ca •'+) 
exhibit a fairly uniform infrared spectrum in which individual 
bands are sensitive to cation composition [Kovach et al., 1975, 
p. 235]. Bands at 421,408,381,361,319, 295, and 276cm -x are 
assigned to strongly mixed modes of the whole set of atoms in 
the unit cell. The lowest bands at 224, 201, and 144 cm -• have c 
been attributed to mixed vibrational modes involving both the Cv 
SiO4 and MO6 coordination polyhedra [Oehler and Giinthard, K 
1969]. The lowest band at 144 cm -• in Mg•.SiO• moves to Kmax 
progressively lower wave numbers as iron is added in solid q 
solution; it is at 110 cm -• in (Fe80Mg•.0)•.SiO•. 

Zircon. Modes above 880 cm -• are internal symmetric and w 
antisymmetric stretching moOes of the SiO• -• tetrahedra. Inter- 
nal bending modes span the spectrum from 608 to 266 cm-•; 
the 608-cm -• mode is somewhat isolated from the next lower 

bending mode at 439 cm-: •. The external rotary and trans- O•O 

lational modes lie in a relatively narrow range between 400 and 
200 cm -• (mode assignments by Dawson et al. [1971])• 

Kyanite, andalusite, and sillimanite. Spectra of kyanite 
Al?X(SiO4)O, andalusite AlVXAlV(SiO•)O, and sillimanite 
AlV•AlXV(SiO•)O show the influence of the aluminum coordi- 
nation number on vibrational features [Lazarev, 1972, p. 170]. 
Kyanite is a typical orthosilicate and shows three bands in the 
range 1040-940 cm -• corresponding to the three components 
of the •,o8 SiO4 -• vibration and a weaker •,8 SiO4 -• vibration at 
895 cm -•. The features at 1162 and 1075 cm -• in Figure lb are 
not visible in Lazarev's spectra. Lazarev attributes the numerous 
bands between 600 and 715 cm -• to A1-O vibrations. Andalu- 

site also shows characteristics of an orthosilicate in the high 
wave number region: it has three asymmetric stretching bands 
in the region 1005-940 cm -• and the asymmetric stretching 
band at 895 cm -•. Lazarev attributes bands in the region 600- 
700 cm -• to AI-O vibrations. The A1-O bands probably occur 
at higher frequencies in andalusite than in kyanite because the 
covalency of the aluminum bonds with oxygen increases in 
fivefold coordination. In sillimanite, half of the aluminum 
atoms are in fourfold coordination and are ordered into 

(Si•.Al•.O•0)• 'ribbons.' Lazarev [1972, p. 172] calculates that 
such a ribbon would have 14 internal stretching modes and 
hypothesizes that the seven or eight complex bands which lie 
between 650 and 1200 cm-• are internal modes of this ribbon. 

The vibrations below 650 cm -• belong to deformations of the 
AIOR -9 octahedra. 

Garnets (pyrope, grossular, and andradite). The composi- 
tions of the three garnets analyzed are given in Table 5. 
Spectra of a number of garnets have been published by Moore 
et al. [ 1971 ] and of almandine-pyrope by Omori [ 197 lb]. As- 
signments of Raman modes, made by Moore et al. [1971] from 
polarization data obtained from a single crystal of Gr-90, 
provide a guide to the relative frequencies of stretching and 
bending modes. The w• and w8 stretching modes occur above 
695 cm -•, w•. and w• modes between 516 and 662 cm -•, rotary 
(tetrahedral rocking) modes between 378 and 483 cm -•, and 
translational modes below 348 cm -•. The work of Moore et al. 

[1971] demonstrates that although the frequencies of many of 
the bands change systematically with composition and with 
cell parameters, they are not necessarily present in all spectra. 
In general, the lines found in the spectra of Figure lc agree 
with those of Moore et al. [1971; Table 2, p. 58]. 

Calcite. The internal modes of the carbonate ion are well 

separated from the external modes: w3, antisymmetric stretch- 
ing at 1432 cm-•; w•, symmetric stretching at 1097 cm-•; w•., 
out-of-plane bending at 879 cm-•; and w•, in-plane bending at 
714 cm -• [Cifrulak, 1970]. The external modes lie in a narrow 
range between 398 and 92 cm-•. Complete analysis of modes is 
given by White [1974]. 

NOTATION 

speed of light. 
heat capacity. 
wave vector. • 

wave vector at Brillouln zone boundary. 
fraction of vibrational modes which are internal 

stretching modes of molecular clusters (Table 6). 
wave number, cm-•. 
elastic Debye temperature. 
frequency, cycles per second or terahertz. 
frequency, radians per second. 
Debye cutoff frequency. 
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