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Longitudinal and Transverse Optical Lattice Vibrations in Quartz

J. F. Scorr ANn S. P. S. PoRro
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The vibrational Raman spectrum of quartz has been obtained by means of argon laser excitation. Vibra-
tions ascribed by earlier investigators to multiphonon processes are shown to be longitudinal components
of the doubly degenerate species-E vibrations. The frequency splittings observed between the longitudinal
and transverse components of each species-E mode are shown to agree very well with the values calculated
using classical oscillator theory. The frequency and symmetry of each of the vibrations in a-quartz are cor-
related with those of P-quartz. A discussion of the complications introduced by birefringence and anisotropy
is also presented. It is shown that frequency splittings between longitudinal and transverse vibrations due
to electrostatic forces are in some cases much greater for quartz than the frequency shifts due to the aniso-
tropy of the short, -range interatomic forces, contrary to what has been concluded previously in the literature.

INTRODUCTION

A LTHOUGH the phonon spectrum of quartz has
been studied extensively' 5 in the past by means

of both infrared and Raman techniques, renewed
experimental study of this crystal is important for
several reasons. First, quartz is uniaxial, ionic, and
birefringent. Uniaxial crystals are of maximum interest
at present because the theory of the first-order spectra
of cubic crystals has been worked out in detail, while
that of biaxial crystals has not yet been attacked; that
of uniaxial crystals is in an active state of development.
Uniaxial ionic crystals are expected to exhibit frequency
shifts due to anisotropy of short-range interionic forces
and also shifts due to long-range electrostatic forces. It is
not known a priori which of these two effects pre-
dominates in a given crystal; this determination requires
detailed experimental study. Second, quartz is complex.
The theories pretaining to first-order phonon spectra in
uniaxial crystals have generally been developed for
diatomic lattices; it is of particular interest to examine
their extension to more complex crystals, such as
quartz, which has nine atoms per unit cell and, conse-
quently, several different phonon modes. Third, quartz
undergoes a phase change at an easily accessible
temperature (575'K), and both phases have been
considered previously with respect to group-theory and
normal-mode analyses. This permits correlation of
phonon characteristics above and below the transition
temperature. Fourth, previous assignments of the
spectral features observed for quartz are varied and
inconsistent and have not considered some aspects of
contemporary theory. Fifth, accurate indentification of
the first-order spectrum is requisite for the development
of polariton theory —a topic of current interest —for a
given crystal (a separate paper on the spectrum of

' S. D. Saksena, Proc. Ind. Acad. Sci., Sec. A 12, 93
(1940).

~ R. S. Krishnan, Proc. Ind. Acad. Sci. 22, 329 I'1945).' D. Krishnamurti, Proc. Ind. Acad. Sci., Sec. A 47, 276
(1958).

4 K. R. Lippincott, A. Van Valkenburg, C. E. Weir, and E. N.
Bunting, J. Res. Natl. Bur. Std. (U. S.) 61, 61 (1958).'I. Simon and H. O. McMahon, I. Chem. Phys. 21, 23
(1953).

these mixed electromagnetic-mechanical excitations in
quartz is forthcoming).

We shall show that the "extra" lines in the quartz
spectrum are not multiphonon processes, as proposed
by most of the earlier workers, but are the longitudinal
vibrations. We shall use classical oscillator theory to
calculate the frequencies of these longitudinal modes,
and we shall show that our experimental results agree
very well with our theoretical calculations. The orienta-
tion-dependent frequency shifts are interpreted as the
effects of anisotropy and are consistent with the theoret-
ically predicted dependence upon the angle between the
c axis of the crystal and the direction of phonon propaga-
tion. Correlation of the results of the analysis of n-quartz
with that of P-quartz will also be made, showing the
effect the phase transition has upon the symmetry of
the normal modes.

THEORY

Discussions of the ordinary Raman effect have been
given by Placzek, ' Huang, Menzies, and, recently,
Loudon. ' lt is convenient to summarize here some of the
theoretical relationships which facilitate experimental
analysis. For the vibrational Raman process in crystals,
a photon of energy hv; and momentum k, incident upon
the crystal is inelastically scattered. It is annihilated at
the scattering center, exciting a mechanical lattice
vibration (phonon) of energy hv„and momentum k„
and an emission photon (Stokes wave) of energy hv,
and momentum k, . Conservation of energy and momen-
tum requires that

hv, =h v„+hv.
or

~i=&v+&s p

and
k, =k„+k,.

The vibrational Raman process in crystals involves
a coupling between an electromagnetic field and the

' G. Placzek, Akad. Verlagsgesellschait 2, 209 (1934).' K. Huang, Proc. Roy. Soc. (London) 208A, 352 (1951).
8 A. C. Menzies, Rept. Progr. Phys. 16, 83 (j.953).
R. Loudon, Advan. Phys. 13, 423 {1964).
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TALK I. Symmetry and matrix elements of vibrations
in quartz (Ref. 12).

Group D3.'n-quartz

Vibrations
Symmetry

Acoustic Optic
Aj 0 4

A2
E

Group

Vibrations
Symmetry

Acoustic Optic
Ag 0 1

Bg
A2
82
Zr(A )
g2(g+)

Nonzero matrix elements
Raman Infrared

azz and 0
l l

Aga =Clyy
0

l
CXa~ = 0!yy

(Very
l2 l2ngz =0.'yz

Mz
M =My

D6'. P-quartz

Nonzero matrix elements
P~aman Infrared

Azz and 0
l l

Otal =Qyy

0
0
0

l2 l2
O!xz =ayz

~ay
l

Qyy

0
M,
0

M =My
0

optical lattice vibrations. If the Hamiltoniao density for
the C~ySt~l IS Written as Htotal=Hradiation+Hvibration

+Hinteraotion~ then the explicit fol III Of Hinteraotion is
simply IV(P. E,) or E(n.E;) E„where E is the number
of scattering centers per unit volume, P is the polariza-
tion, E; is the incident radiation field, E, is the scattered
radiation 6eld, and e is the polarizability tensor and is
assumed in the Placzek. model to be a linear function of
the normal (vibrational) coordinates:

BQ;j
crit'=crit +Q qtr

—~go-o

wherei, j=x, y, or s; &=i, 2, -, m normal modes.
The probability amplitude for a transition via the

vibrational Raman e6ect from state A to state 3 of an
orthonormal basis set is given by

BQyj
(A~H...~8)=zgggZ, Z.'A q, 8 . (5)

L j k gq

The form of the term c)cr,,/itq&, which we shall also
denote by Q;, will depend only upon the symmetry of
the crystal, as is discussed further in the following
sections; for each vibration q& of a symmetric crystal,
certain Q; are zero.

All but one pair of the E', Ej components can be set
equal to zero experimentally in oriented solids by plane
polarizing the incident and scattered radiation. These
considerations allow the experimenter to observe all
vibrations qa for which, for example, ctcr„/Bqa is nonzero,
and converseLy, to And all components Q;; for which, say,
r)n;;/r)qe is nonzero. This information allows a classifica-
tion of vibrations into species. The species are deter-
mined by the crystal symmetry and are labeled accord-

ing to the representations of the transformations which
preserve elements of crystal symmetry.

Now let us consider the normal modes of the uniaxial
crystal quartz. Quartz undergoes a phase change at
about 575'C."The low-temperature phase is designated
n-quartz; the high-temperature phase, P-quartz. rr

quartz is trigonal, of symmetry D3, and has nine atoms
per primitive cell,"with the silicon ions at C2 sites and
the oxygen ions at C& sites. Group-theory calculations"
show that the 3N =27 degrees of freedom are divided
into two acoustic vibrations of A&+E symmetry and
sixteen optical vibrations of 4AI+4A2+. 8E symmetry,
where A~ vibrations are Raman active, A2 vibrations
are infrared active for the extraordinary ray, and the
doubly degenerate E, vibrations are both Raman and
infrared active (ordinary ray). Selection rules" for both
n-quartz and P-quartz are indicated in Table I.

P-quartz also has nine atoms per primitive cell, like
Q-quartz; however, its symmetry is hexagonal D6,"
with silicon ions at D2 sites and oxygen ions at C2 sites.
This results" in a division of optical modes into the
following symmetries: I' =A I+382+2A &+28I+4EI
+482. The Al and Ez modes are Raman active, A2
modes are infrared active, E~ modes are both infrared
and Raman active, and type-8 vibrations are forbidden
for both infrared (electric dipole) and Rarnan (first-
order) effects.

The correlation of modes for n and P-qua-rtz is"
shown in Table II.

Even for the n phase, the E vibrations show evidence
of E~ and E2 characteristics, although this distinction
exists formally only for P-quartz. The irreducible
representations for E~, E2, and E are shown below:

&I(&e)
'0 0 Qg

0 0 Qg

Qy Q] 0

&z(Da)

Q2 Q3

Q3 Qg.0 0

0 Q2 Qg Qy

0 Q3 —Qg Qy

0 Qy Qy 0

For some of the E vibrations of Q-quartz the diRerential
polarizability components Q& above are much larger than
Qa or Q2,

' these vibrations show up only weakly or not at
all when measurement of Q„or Q,„is made. And these
are just the vibrations which we expect to be E~ and
infrared active in P-quartz. Similarly, the F.vibrations
in Q-quartz which yield the strongest Raman lines for
Q, and Q,„measurement should become E2 vibrations
in P-quartz and infrared inactive. Consideration of
these effects, in addition to those discussed in the
preceding sections, has allowed us to extend our inter-
pretation of the quartz spectrum to the P phase,
although the lack of infrared data, especially for

' P. K. Narayanaswamy, Proc. Ind. Acad. Sci., Sec. A
28, 417 (1948); the most recent discussion of the phase transition.

"W. H. Bragg and R. E. Gibbs, Proc. Roy. Soc. (London)
A109, 405 (1925).

~ J. P. Mathieu, Spectres de Vibratiow et Symmetric (Hermann
R Cie., Paris, 1945).

'a G. Herzberg, Infrared and d'antan Spectra (D. Van Noatrand
Company, Inc., New Vork, 1945).
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P-quartz at wavelengths longer than 15tt and for x-cut
samples, does not permit complete analysis and correla-
tion at this time.

In addition to the short-range interatomic forces
which predominate in the determination of the vibra-
tional frequencies in crystals, the long-range electric
forces inQuence the frequencies of the longitudinal
components of the infrared-active vibrations. These
long-range forces affect both frequency and intensity'4 "
of the longitudinal modes, and hence both frequency
and intensity can differ from those of the associated
transverse mode.

Since the splitting of the species E vibrations in
quartz into longitudinal optical (LO) and transverse
optical (TO) modes is due to electric forces, the theory
appropriate to this discussion is that of the infrared
behavior of crystals and not of Raman susceptibilities;
if the E vibrations were infrared-inactive, no IO-TO
splitting would occur.

Using the model given by Born and Huang" and,
in particular. Barker's' extension of it to crystals with
several infrared-active modes, we assume the polariza-
tion of a uniaxial crystal having m modes of vibration
to be given by

ALE II. Mode symmetries in quartz.

a-quartz

4A2

P-quartz

D6
A1'

3B2
2Ag
28$
4+~
4',

e= 1+4srI'E—', as-

or"

e—e + Q S Ms(M2 Ks)—1 (10)

where
e~:—1+4sl cr~& I

and the mode strength

a The species A1, A 2, B1, and B2 have been called A, B, D, and C, respec-
tively, by many earlier authors (including Refs. 1-5).Our notation follows
Mathieu (Ref. 12) and Herzberg (Ref. 13).

where E is the polarization and is treated as a scalar in
Eq. (6) under the assumption that P is parallel to E,
F. is the strength of the applied electromagnetic Geld,
$I; is the amplitude of the kth normal mode and is a
function of E, and O.„is the value of the polarizability
in the high-frequency limit, where the ions cannot folio~
the oscillation of the held and polarization is entirely
due to electron motion.

The assumption of harmonic modes allows us to
write, neglecting the phenomenological velocity-depend-
ent damping terms which are sometimes added to
explain linewidths,

(7)

Here ~I, is the frequency of the k-th normal mode and
ZI, is the effective charge coeScient for that mode.

Consideration of plane-wave solutions to Eqs. (6) and
(7), i.ejL, P, and $ all proportional to expels(tot —kp) j,
where p= s or x, y, leads immediately to the expression

Sj=—4m.CjZj(oj '.
Equation (10) may be recognized as the equation for
the real part of the dielectric constant obtainable from
a more general and elegant approach, "in which e and
Sj are tensors. The simplification from tensor to scalar
in the present work and the neglect of the familiar
damping constants )assumed zero in Eq. (7)j seems
warranted by the nature of the application; the tensor
nature of c and Sj requires us to treat s-axis equations
separately from x- and y-axis equations, however,
even in the simplest approximation.

Note that the definition of mode strength S; given
above has the result that

m

e(co=0)—= ep ——e„+ g S,to (cot —0) '
j=1

or
m

ep= e~+ Q Ss'. '

j=l

Now, by imposing Maxwell's equations upon the
system and requiring that there be no free charge in
the crystal, we have

|7 D=O. (12)

Equation (8) allows us to express the dielectric constant,

'4 R. Loudon, Proc. Roy. Soc. (London) A275, 218 (1963).
' V. G. Zubov and L. P. Osipova, Kristallogra6ya 6, 623

(1962).
"M. 13orn and K. Huang, Dyrtanrical Theory of Crysta/ Lattices

(Clarendon Press, Oxford, England, 1954).
s7 A. S. Barker, Jr., Phys. Rev. 136, A1290 (1964).

We now assume homogeneity, which allows us to rewrite

' An additional term —co„'e„co should be added to the right
side of Eq. (10) for the case of crystals with free carriers; here co2,

is the plasma frequency. This term is important in the discussion of
LO-plasmon interactions, but is negligible for insulators such as
quartz since co„ is proportional to carrier concentration. See
B.B.Varga, Phys. Rev. 137, A1896 (1965).

'9 D. A. Kleinman and W. G. Spitzer, Phys. Rev. 125, 16
(1962); M. Lax and E. Burstein, ebs'd. 97, 39 (1955).
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Ks

FIG. 3. x (sx) s scattering diagram.
Only 8 vibrations are allowed. One
obtains both v&=Ls(vent)'+as(vi")'g'"
and vc= t si(vga)s+$(vg'i)sg'&

F&G. &. Vector diagram showing the correlation of photon and
phonon propagation and polarization vectors in a crystal of D3
symmetry. The long arrows denote propagation directions; the
short arrows, polarization directions. n„ trace scattering occurs
in the xy plane, or x(sz)y, (Ref. 21). Only A& vibrations will
occur for this scattering process. The phonon will have polari-
zation in the s direction and will be u.&

Eq. (12) as
eV' E=O. (13)

Equation (13) has two roots: V'. E=O, which implies
that k is perpendicular to E (transverse modes), and
a=0, V' E&0, for which k can be parallel to E, yielding
a longitudinal component. The frequencies of these
longitudinal modes will, in general, differ from those of
the transverse modes in a manner expressed by Eq. (10)
for the case e=O. This effect is often referred to as a
generalized Lyddane-Sachs-Teller splitting, after the
workers who first analyzed it in the case of cubic
crystals. "The parameters e„, 5, (mode strengths) and

(transverse mode frequencies) can usually be
determined by dispersion analysis of infrared reQectivity
data; for some symmetry species, for example, the E
vibrations of e-quartz, the co; can also be obtained from
Raman studies. Using such S; and co;, one can solve
Eq. (10) as an equation in ~. The roots obtained for
&=0, co=0,, are the longitudinal mode frequencies and
should agree with those measured directly in the Raman
effect. This is the procedure we have followed in the
present work.

It should be stressed that Eq. (10) expresses the
coupling between vibrations which have polarization
in the same direction. For a uniaxial crystal like quartz
there are two sets of equations like Eqs. (7)—(10), one
for vibrations which have polarization along the s axis,
and one for vibrations which have polarization along
the x or y axis. This corresponds to a separation~of
vibrations into those which are infrared active for the
extraordinary ray and those which are infrared active
for the ordinary ray, which for n-quartz is just a
division into A2 and E modes, respectively.

zi

As discussed above, the degenerate E vibrations will
each be split into longitudinal and transverse modes of
different frequencies, with the transverse frequencies
designated. co; here and the longitudinal frequencies
obtained as roots of Eq. (10) for a=0. In addition, the
anisotropy of the crystal results in slightly diferent
values for the effective charge coefficients Z; and also
for the C; t see Eqs. (7)—(10)j for vibrations which

propagate parallel or perpendicular to the optic axis.
This produces frequencies of vibration, for both trans-
verse and longitudinal modes, which are dependent upon
the angle between the optic axis and the direction of
phonon propagation.

Consideration of electrostatic e6ects predicted, for
o,-quartz, four Ai unsplit vibrations observable in the
Raman effect, four A2 vibrations observable in the
infrared extraordinary ray with frequencies dependent
upon orientation, and eight Evibrations, each a doublet
in the Raman effect, of which only the transverse
component will be infrared active, and in the ordinary
ray only. Not every E vibration is expected to have
resolvable splitting, but in principle the doubling takes
place. The magnitude of the longitudinal-transverse
splittings depends critically upon the mode strengths
S;, as can be determined from Eq. (10).Now, in addition
to these effects, because of the anisotropy each Raman
line can be pure, v", pure v', or a combination, "such
that, assuming electrostatic forces predominate over
anisotropy,

and
vP= (v~" cos8)'+(vt. sin8)'

vP= (v~" sin8)'+ (v~' cos8)',

(14)

where l denotes longitudinal (LO), f denotes transverse
(TO), i~

denotes phonon propagation in the z direction,
denotes phonon propagation in the xy plane, and 8

is the angle between z (or c) axis and the direction of
phonon propagation. Equation (14) and (15), which
were derived' for a diatomic crystal, are not exact and
are based on the assumption that the difference in

KS

Fto. 2. x(sx)y scattering diagram.
Only 8 vibrations are allowed,
both vP and p~&. Ks

FIG. 4. x(yx)y scattering diagram.
Only 8 vibrations are allowed, both
v)~ and v)~.

"R.H. Lyddane, R. G. Sachs, and E. Teller, Phys. Rev. 59,
673 (1941).

~'T. C. Damen, S. P. S. Porto, and B. Tell, Phys. Rev. 142,
570 (1966).
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frequency between longitudinal and transverse vibra-
tions is greater than the frequency difference due to
anisotropy, i.e., that

Pl Vt

and that the difference between the dielectric constants
associated with the z and x (or y) axes is small:

~

e"—s"
~

((s", e'. Equation (16) is applicable to some of the
vibrations of quartz in the present study; see the
following sections. Prior to the present work it had been
thought that the inequality in Eq. (16) should be
reversed for quartz. "For most vibrations in quartz the
inequality in Eq. (16) is not a strong one. It depends,
unlike the case of the diatomic lattice, upon the
particular vibration in question, and need not be
generally true for all of the vibrations of a crystal.
Because of this, frequencies on the left side of Eqs. (14)
and (15) should perhaps not be labeled I or I, since the
vibrations to which they refer are partly transverse
and partly longitudinal (sometimes designated "quasi-
transverse" and "quasilongitudinal"). The 797-cm '
vibration studied by Couture-Mathieu et uI.23 is a case
where Eq. (16) is a near equality and is an example of

Fro. 5. x(yy)s scattering diagram.
Both A~ and E vibrations are allowed.
The Ar are v=p(v'~)'+ —,'(vr)'g, and
the E will consist of both

v~ = Cs (vr')'+ s (vg~ ~)'3"~

vg=p(v r)s+-(vill)sg'/s.

the general case mentioned by Loudon. However, for
one of the vibrations in o,-quartz, the 1072—1235-cm '
doublet, (v~ —v~) is more than twenty times as large as
(v~~ —v'), and consequently Eqs. (14) and (15) are very
good approximations for that case. The validity of the
assumptions implicit in applying Eq. (10) to n-quartz
with complete neglect of anisotropy is empirically
demonstrated in the following sections, which show
excellent agreement between observed LO frequencies
and those calculated from TO frequencies under the
assumption that long-range electrostatic forces pre-
dominate over the anisotropy of short-range inter-
atomic forces. While Eq. (10) is found to hold, Eqs. (14)
and (15) are probably not applicable to vibrations in
o.-quartz, except for the 1072—1235-cm ' TO-LO pair.

Figs. 1—7 illustrate the selection rules which result
from the combined sects of momentum conservation,
symmetry of normal modes and of the polarizability
derivative, electrostatic split tings and anisotropy.
Note that, as shown in Fig. 7, experimental orientation
parameters can be chosen so that the E(t) vibrations

ss H. Poulet, Ann. Phys. (Paris) 10, 908 (1955); R. Loudon,
Advan. Phys. IB, 432 (1964).

23L. Couture-Mathieu, J. A. A. Ketelaar, AV. Vedder, and
J. Fahrenfort, J. Chem. Phys. 20, 1492 (1952).

are allowed while the E(l) vibrations are completely
forbidden for the Raman eBect.

EXPERIMENTAL

The Raman spectra of o.-quartz were excited with an
argon ion laser emitting about 80 mW at 4880A.
Detection was by means of a Spex 1400 tandem grating
spectrometer and a cooled EMI 6256 photomultiplier.
Slit widths were 100' or about 4 cm '. Signal amplifica-
tion from the photomultiplier was via a Keithley 610B
electrometer. Time constants were about 0.3 sec.

The samples were crystals of about 1 cm per side.
The first was cut with one face perpendicular to the
c axis, and the second, which we refer to as "45' cut, "
was cut with the c axis forming the diagonal along one
face. Both crystals were cubes. The advantage of the
second crystal is that it allowed us to study vibrations
in which the direction of phonon propagation was
exactly along the c axis or exactly in the ab plane, thus
allowing the maximum eGect of anisotropy.

Plane-polarized radiation from the laser was focused
inside the crystal at normal incidence to one face.
Scattered radiation was collected perpendicular to the
laser beam and was focused onto the spectrometer
entrance slit. A half-wave plate was used to change the
direction of incident polarization, and a polarizer was
inserted in front of the spectrometer entrance slit to
analyze the scattered light.

Figures 8 and 9 show data from the two crystals
used. The traces are of the scattering processes denoted
by x(ss)y and x(sx)y+x(yx)y, where x(zx)y denotes
(21) incident and Stokes scattered radiation propagat-
ing in the x and y directions, respectively, and incident

/
&s

2& XX

FIG. 7. Diagram for scattering in the xs plane of a 45'-cut
crystal. A1 and E vibrations are allowed. The A& are v~~ and the
E will consist of vg~~ only, no y~~, and, note well, no v~, since no E
vibrations can have polarization in the s direction. This scattering
allows one to eliminate longitudinal E vibrations and thereby
identify them.

KS
/

1

X

Fzo. 6. Diagram for scattering in the xs plane of a 45'-cut
crystal. A1 and E vibrations are allowed. The A~ are v~ and the
E vibrations will consist of v~~ and vg~.
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PEG. 8. a„scattering in o.-quartz.

1085

WAVE NUMBER (c~-t)
464 356 207 145

A summary of wave numbers and symmetries of the
vibrations observed in the infrared and Raman spectra
of n-quartz and P-quartz is given in Table III. The Az
assignments are those of Spitzer and Kleinman";
earlier authors have given di6erent assignments, and,
in particular, some argument' has been given for the
assignment of a vibration at 145—148 cm ' (see Fig. 8)
as an A2 fundamental. We have observed the 145 cm '
vibration in our own Raman study for the n„scattering.
A2 vibrations are Raman forbidden, and while it might

TABLE III. Lattice vibrations in quartz.

n-Quartz
Wave number

(cm ')

20/
356
464

1085
364
495
778

1080
128
265
394
401
450
509
697
'?95
807

1072
1162
1231
1235

Species

A1
A1
A1
A1
A.
Ag
A2
A2

E (t) +E(l)
E(t)+~(l)

E~(t}
E(l)
E(t)
E(l)

~(t)+~(t)
& (t)
E(l)
E(t)

E(l)+E(t)
E(l)g
E(l) li

P-Quartz'
Wave number

Species (cm-1)

32
82
AI
82
g b

Ag
~1
A.„
E2
El

Forbidden
Forbidden

453
Forbidden
Forbidden

~ ~ ~

Forbidden
r ~ ~

97
250
395

E2
~ ~ ~

686
'?92
~ ~ ~

1060
1154

~ 4 ~

a Data from Simon and McMahon (Ref. 5) and Narayanaswamy
(Ref. 10).

b Calculated; Narain and Saksena (Ref. 26).

' -W, G. Spitzer and D. A, Kleinlnan, Phys. Rev. 121, 1324
(1961),

and scattered beam polarizations, respectively, in the
s and x directions. In other words, x(zx)y refers to
measurement of 0., for a phonon propagating in the
xy plane: a v'. Figure 8 shows the four A & fundamentals
and a line of uncertain assignment. Figure 9 shows the
eight E vibrations, both longitudinal and transverse
components, plus some indication, due to misorienta-
tion, of the A ~ line at 464 cm '. The weak lines marked
Ar are argon emission lines from the laser at 5062 A
and 5009 A.

DrSCUSSrom

be speculated that this line is an A~ vibration for
which such n„Raman eGect is allowed due to lattice
perturbation (strain, etc.), we find such arguments
insufhcient to refute the assignments and calculations
of Spitzer and Kleinman. ""awhile the nature of the
145-cm ' line is uncertain at this point, it seems fair to
say that it is not one of the eight fundamental vibra-
tions. The only infrared study of this spectral region"
is inconclusive.

The P-quartz data are those of Simon and McMahon'
and Narayanaswamy, ' but the assignments are ours.
The correlation of vibrations of rr- and p-quartz
apparently has not been understood by some investiga-
tors. For example, in an attempt to explain the dis-

appearance of an infrared line upon reaching the
transition temperature, Simon and McMahon have
stated' that a type-E vibration in o;-quartz becomes
a type-2 vibration in P-quartz. This would imply that
a degeneracy is removed, and such is not the case. The
phenomenon they observed is due to the fact that the E
vibration they studied is one of four which becomes E&
in p-quartz and is therefore not infrared active at
temperatures above 575'C. It does, however, remain a
doubly degenerate vibration; no degeneracies are
removed by the rrp transition in quartz.

The E~ and E2 assignments given in Table III are
not certain in all cases and could be con6rmed by
infrared studies on p-quartz at long wavelengths or by
polarized Raman studies of p-quartz, neither of which
have been performed yet. Our assignment is most
certain in the case of the E~ line at 1154 cm ', which
vanishes entirely in the infrared' in going through the
transition temperature but remains undiminished in
the Raman eGect. ' Theoretical calculations by others, "
however, have predicted that this 1T54-cm line is E~,
which shows the inaccuracy of force-constant calcula-
tions for the E vibrations. The force-constant calcula-
tions for A2 and Bt vibrations of P-quartz involve only
quadratic equations in ~' and are more reliable than
those for E& and E2 vibrations, which involve quartic
equations. The former appear to be fairly 'accurate, and
we have used them to determine which A2 modes of
rr-quartz remain A2 in p-quartz and which become 8&,
in lieu of infrared data on x-cut p-quartz.

"K. K. Plyler and N. Acquista, J. Opt. Soc. Am. 45, 900
(1955)."B.D. Saksena and H. Narain, Proc. Ind. Acad. Sci., Sec.
A 30, 128 (1949).
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All of our Er and Es assignments for P-quartz have
been made on the basis of the relative strengths of the
corresponding transition in O.-quartz for O.„-„and o.„
scattering, as discussed earlier in the text, with the
assumption that n-quartz E modes with a., „)&n„
become Es modes in p-quartz; this is supported by the
small amount of existing infrared data on P-quartz.
Our assignments di8er from those of Refs. 26 and 27
(normal-mode analyses), which also disagree with each
other. Kleinman and Spitzer" have suggested an
alternative method of assigning the E» and E2 vibrations
of p-quartz; they observed that four of the eight E
vibrations in n-quartz are only weakly infrared active
and proposed that these are the four which become E2
and infrared inactive in p-quartz. In every case but one
these E2 assignments of Kleinman and Spitzer agree
with ours; the single difference is that their assignment
would reverse that given in Table III for the 250- and
395-cm ' bands of P-quartz. An infrared study of
P-quartz from 25 to 40 p would resolve the question.

The E& lines of P-quartz should show transverse-
longitudinal electrostatic splittings, like the E lines
of n-quartz; however, the available Raman data"
show no "extra" lines attributable to longitudinal E»
components.

The E(l) or LO assignments for n-quartz are ours.
Most earlier workers attributed these lines to multi-
phonon processes and devised elaborate assignment
schemes. Mathieu and Couture-Mathieu" correctly
supposed that the 394—401- and 795—807-cm ' doublets
consist of a transverse vibration at the lower frequency
and a longitudinal vibration at the higher frequency,
but they were unable to account quantitatively for
the splittings and were erroneous in assigning the
1235-cm ' line as an unresolved transverse-longitudinal
doublet; we show (see Table IV) that it is the longi-
tudinal component associated with the transverse mode
at 1072 cm—'.

Table IV compares the observed anB calculated
frequencies of the longitudinal components of the I;
vibrations of n-quartz. Calculated values were obtained
by inserting the values of ~; from our own measurement
of the transverse vibrations and e„and S; from Spitzer
and Kleinman" and 3 ames" (infrared dispersion
analysis) into Eq. (10) for the case e= 0. S; for the 128-

~7 J. Barriol, J. Phys. Radium 7, 209 (1946).
~8 J. P. Mathieu and L. Couture-Mathieu, Compt. Rend. 234,

1961 (1952)."R. B.Barnes, Phys. Rev. 39, 562 (1932).

and 265-cm ' lines reported by Barnes were taken as
the same as that for the 697-cm ' line on the basis of a
qualitative comparison given by Spitzer and Klein-
man. %'e have neglected anisotropy in this calculation.
Observed and calculation values agree very well in each
case, in view of our 2—3-cm ' resolution.

Since the anisotropic shifts are of the same magnitude
as our spectral resolution, we were able to make
quantitative measurements in very few cases. The
maximum relative shift due to anisotropy occurs for
comparison of phonon propagation along s and along x,
and for o.-quartz this shift is largest for the longitudinal
vibration at 1235 cm '. However, for longitudinal I~"

vibrations, propagation along s is forbidden (see Fig. 7),
so the maximum frequency shift observable is in practice
somewhat less for O.-quartz than that which exists in
principle. Our estimation of the full anisotropic shift
for the 1235-cm ' line is 3 cm ', which is about the same
as that reported by Mathieu and Couture-Mathieu. "
The anisotropy was apparent in the n, scattering in our
work for phonon propagation along the x axis and for
phonon propagation in the xs plane at 45' to the s
axis. The frequency shift between these two cases was
observed in our work to be about 1.5 cm ', with the
lower frequency corresponding to propagation along
x, i.e., for s~'. This shift should be about h, alf the
difference between p&' and v&" Lsee Kqs. (14) and (15)),
and so if the longitudinal vibrations were permitted for
which the phonon propagates along z, it should be
about 3 cm ' higher in frequency than for that along x.

Birefringence and optical activity are well-known
effects in quartz. They undoubtedly created problems
of interpretation in the early work with oriented
samples. For example, consider the scattering process

TAsx.E IV. Transverse and longitudinal vibrations in O.-quartz
of symmetry species 8 (cm ').

Observed
transverse

128+2
265
394
450
697
795

1162
1072

Observed
longitudinal

128+2
265
401
509
697
807

1162
1235

Calculated
longitudinal'

128.3
265.5
402.7
508.7
699.1
807.8

1159.9
1236.8

tL Calculated using Eq. (10) with the ~' transverse frequencies measured
in the present work and given above, Ss and w from Ref. 24, and Ss for the
lines at 128 and 265 cm ' taken as 0.02 from a qualitative comparison of
strengths in Refs. 24 and 27.
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denoted by s(yx)y, which should yield only the E
vibrations. However, due to the optical activity, after
travelling a small distance into the crystal the incident
light will not be y polarized, but will have polarization
intermediate between x and y. The resulting x compo-
nent of the incident field will necessitate simultaneous
measurement of s(yx) y and s(xx)y and will allow the A &

vibrations to be seen also. To avoid this complication we
made, for example, measurement of n„, scattering in the
present work by means of the orientation given by
x(yx)y. Such measurements allow complete discrimina-
tion between A~ and E vibrations.

Unfortunately, birefringence continues to be neg-
lected in experimental work even today. Kiselev and
Osipova have failed to consider this eRect properly in
their most recent work. "As a result, they found for
n qua-rtz a value a,„/a„„=4—5% for the 466-cm ' A~
line. Theoretical considerations dictate that o,. „should
be exactly zero for A& vibrations. We examined the
466-cm ' region for O.,„and n» scattering, in particular,
for y(xy) x and x(yy)z, and found the relative intensities
of the 466-cm ' line to be &(1%. certainly not of the
order of 4%, and well within the limits expected from
slight crystal misorientation or wandering of the s axis.
Indeed, Raman emission at 466 cm ' for y(xy)x scatter-
ing was only barely perceptible. AVe conclude that the
computer 6t to 0,;; for A& lines given by Kiselev and
Osipova is not very meaningful. An explanation of and
correction for such depolarization errors as are present
in Kiselev and Osipova's work has been given by
Giordmaine et al."

As an additional comment, we wish to point out that
our assignment of the vibration at about 1235 cm ' as
the longitudinal component of the E vibration which
has its transverse component at 1072 cm ' seems
certain. We were unsuccessful in our attempts to resolve
the predicted doublet at 1162 cm '. It should appear
unusual when resolved and studied with a 45'-cut
crystal in that it should consist of a longitudinal
vibration at a slightly /ower frequency than the nearby
transverse (normally the effect of electrostatic forces is
to shift the LO to a slightly higher frequency compared
to the TO). This situation is due to the fact that an. E
vibration occurs at 1162 cm ' in O.-quartz, between the
TO and LO components of another vibration of the
same symmetry, and due to the mathematical require-
ment that an LO must occur at a frequency between
every pair of TO's, for a given syDUnetry species.

Our assignment of the 1235- and 509-cm ' lines raises
the question of the occurence of resonances at about

~ D. I'. Kiselev and L. P. Osipova, Kristallografiya 11, 357
(1966).

"S.P. S. Porto, J. A. Giordmaine, and T. C. Damen, Phys.
Rev. 147, 608 (1966).

1225 and 509 cm ' in the infrared reactivity data. "
Since our observed positions of 1235 and 509 cm '
agree very well with our calculated values, and since
we were able to make these lines disappear for scattering
in which the phonon propagates along the s axis, these
two Raman lines are unquestionably E longitudinal and
nothing else. The appearance of resonances at about
these frequencies in infrared data could be a coincidence,
but no evidence is available at present to suggest that
they are binary combination bands (two-phonon
processes).

It seems at least equally likely to us that the observed
phenomenon is a case of electrostatic forces predominat-
ing over the crystal field splitting. There are four pairs
of vibrations in O,-quartz which consist of an A2 and an
8 vibration close in frequency; in the cubic approxima-
tion each of these pairs would be a triply degenerate
vibration. For only two of these cases the A2 vibration
lies at a frequency slightly higher than the E transverse
and hence occurs at a frequency between that of the
E transverse and the E longitudinal. These two E
longitudinal vibrations are the two which appear to be
infrared-active in the extraordinary ray" and hence to
evidence A2 characteristics. The frequencies of the
vibrations in question are 450, 495, 509 cm in the first
case and 1072, 1080, 1235 cm ' in the second case for
E(t), A 2, E(l) vibrations, respectively. The observations
are suggestive of mixed A2+E(l) character for the two
vibrations at 509 and 1235 cm '. Of the infrared res-
onances at 509 and approximately 1225 cm ', the
former is very much the stronger, which is consistent
with its nearness to the 495-cm ' A~, if the mixing
hypothesis is correct. No formalism for the discussion of
this hypothesis will be presented here.

In summary, it appears that o.-quartz provides a
physical system in which the eRects due to electrostatic
forces, anisotropy of short-range forces, and splittings
introduced by the noncubic crystal field are all of
comparable magnitude. As such, it should provide fertile
ground for more detailed calculations in the future and
should be an ideal material for the study of the optical
properties of the most. general uniaxial crystal.
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