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The Brillouin spectrum of diamond excited with either the Ar+ or .He-Ne laser radiation is measured

with a triple-passed piezoelectrically scanned Fabry-Perot interferometer. The polarization features and

the selection rules have been verified for a number of scattering geometries, From the measured

frequency shifts of the Brillouin components, the following values are obtained for the elastic moduli:

c &&
= 10.764 ~ 0.002 ' c i2 ——1.252 + 0.023, and c 44 ——5.774 + 0.014 in units of 10" dyn/cm'. The

relative intensities of the observed Brillouin components for a variety of scattering geometries are
consistent with the following elasto-optic contants: p 44

———0.172 and p»-p» ———0.292 determined by

Denning et al. and p» + 2p ~2 = 0.1640 obtained by Schneider, From a comparison of the Brillouin

spectrum and the Raman sp:ctrum associated with the zone-center optical phonon, observed under

identical conditions, we obtaIin a value for the single independent component characterizing the Raman

tensor per unit cell, viz. , ~a
~

= 4.4 ~ 0.3 A'.

I. INTRODUCTION

Spectral analysis of light scatteired by crystals,
Raman and Brillouin scattering, is now a well-es-
tablished technique for investigating phonons in

crystals. As is well known, the Raman effect as-
sociated with the one-phonon process involves zone-
center optical phonons, whereas that arising from
multiphonon processes yields information on the
critical points in the phonon dispersion curves
throughout the Brillouin zone. Pn the other hand,
Brillouin scattering arises from the interaction of
light with phonons of the acoustic branch close to
the zone center. Diamond, an elemental crystal
of considerable importance in solid-state physics
in view of the simplicity of its structure and as a
prototype of covalent crystals, is transparent
throughout the visible and near-ultraviolet region
of the spectrum. It is thus eminently suited for
light-scattering studies. The first- and second-
order Raman spectra of diamond have been the sub-
ject of several investigations, the most recent one
being that of Solin and Ramdas, ' who used laser
excitation and photoelectric detection. They were
able to interpret their results in terms of the crit-
ical points of the phonon dispersion curves as de-
termined by inelastic neutron scattering. The
strong covalent bonding results in a large frequency
for the zone-center Raman-active, infrared-inac-
tive, triply degenerate optical phonon. For the
same reason, the elastic constants of diamond are
some of the largest known for any material and thus
lead to Brillouin components with large frequency
shifts. Indeed, Brillouin- scattering experiments
were carried out by Krishnan, Chandrasekharan,
and Krishnan et al. using the 2537-A resonance
radiation of mercury (Rasetti technique) and a high-
dispersion quartz spectrograph. The elastic con-
stants determined from their measurements differ

somewhat from the most recent determinations of
McSkimin and Andreatch, who used the ultrasonic-
pulse technique. In this context, it appears to us
that a redetermination of the elastic constants from
a Brillouin-scattering investigation using laser ex-
citation and a high-resolution Fabry-Perot inter-
ferometer is worthwhile. Also, the values for the
elasto-optic constants for diamond which appear in
the literature differ among themselves significant-
ly. The phenomenological theory of Brillouin
scattering gives intensities of Brillouin components
in terms of elasto-optic constants. Thus there is
considerable interest in reliable intensity measure-
ments of Brillouin components which are attainable
with photoelectric detection. The purpose of the
present paper is to report the results of an investi-
gation' undertaken with the above considerations.

II. THEORY

The energies of the phonons involved in Brillouin
scattering studied with visible radiation are usually
much smaller than the thermal energy; also, the
wavelength of these phonons is much longer than
the interatomic distances. A continuum classical
description of the phenomenon is therefore general-
ly adequate. This approach is well described in
the literature, '"' and in this section we summa-
rize the results relevant for comparison with our
experiments. From the classical point of view the
scattering is a result of a Bragg reflection from
the optical stratifications produced by the long-
wavelength acoustic phonons in the medium; the
Doppler shifts associated with these "moving mir-
rors" produce the Brillouin components. For
given incident (t') and scattered (s) directions, the
frequency shifts 4~ of the Brillouin components
in a cubic crystal are given by

2&uLn(v, /c) sin( —,'8)

3139



3140 M. H. GRIMSDITCH AND A. K. RAMDAS

I= const X (2)

where e, and e& are unit vectors along the polariza-
tion direction of the scattered and incident light,
respectively, and the constant of proportionality
is a function of the refractive index, temperature,
and the scattered frequency. In Table II we give
the intensities of the Brillouin components for the
right-angle scattering configuration with incident
and scattered light along [110]and [110], respec-
tively; this is a geometry we have examined ex-
perimentally in some detail.

III. EXPERIMENTAL PROCEDURE

AND APPARATUS

Three oriented diamonds were used in this in-
vestigation; they are natural crystals, two of type
IIb and one of type IIa in the form of rectangular
yarallelepipeds, all six faces being polished. "
The two type-Iib specimens have (001), (110),
(110) and (111), (110), (112) faces, respectively.
The type-Ila specimen has [100}faces. The faces
are within 1 or 2 from the specified crystallo-

graphicc

directions.
The Brillouin spectra were excited with a co-

herent-radiation Ar' laser (Model 52A). The 5145-
and 4880-A lines were employed and were single
moded when necessary with a model-490 oven-sta-
bilized etalon in the laser cavity. The scattered
radiation was analyzed with a piezoelectrically
scanned Fabry- Perot interferometer. This in-
strument was triple passed following the technique
described by Sandercoek. ~ Two sets of matched
etalon plates were used; both pairs had a broad
band reflection coating for the range between 4880
and 6300 A. The pair of higher ref lectivity [(94

Here &L is the excitation frequency, n the refractive
index, c the velocity of light in vacuum, 6) the
scattering angle, and v, the velocity of the appro-
priate sound wave responsible for the Bragg reflec-
tion. For a general direction of propagation, there
will be three values for v, corresponding to two
guasitransverse (QT) and one quasilongitudinal
(QL) sound waves; v, in turn can be written as
VX/p, where Ã is an appropriate combination of
the elastic moduli (c&&) and p is the density. The
intensity of a Brillouin component is obtained from
the changes in the refractive index produced by the
strains generated by the sound wave. The changes
in refractive index are related to the strains
through the elasto-optic constants (P,&). The anal-
ysis based on the above considerations leads to a
scattering tensor T characterizing a given yhonon;
these are listed in Table I for simple crystallo-
graphic directions. The intensities are derived
from this tensor using the following equation:

+ 3)'%%up] was used for the intensity measurements;
these measurements were made with large free-
spectral ranges (-10 cm '), where large pinholes
could be used to offset the loss of intensity due to
absorption. The other pair, of lower ref lectivity
[(66.5 + 1. 5)%%uo], was used with small free- spectral
ranges (-0. 5 cm '); in these cases small pinholes
had to be used and the consequent loss of intensity
was made up for by the lower ref lectivity of the
mirrors. The latter measurements were made to
obtain the frequency shifts of the Brillouin compo-
nents with high precision. The relative intensities
of the Brillouin lines to the Haman line were ob-
tained using a 1-m double monochromator. ' The
detection system consisted of a cooled photomulti-
plier and associated photon-counting electronics. '
An RCA V265 and an ITT FW-130 yhotomultiyliers
were used in the Fabry-Perot and the double mono-
chromator, respectively. In many experiments,
an Iz filter was utilized to suppress the unshifted
parasitic radiation. This filter was used only in
experiments with poor specimens or with difficult
scattering geometries; only frequency shifts were
deduced from these experiments since the inten-
sities were distorted by the filter. In all the ex-
periments performed with the Fabry-Perot inter-
ferometer, a narrow-band interference filter with
a bandwidth of - 10 A was used to restrict the
scattered radiation analyzed to the Brillouin com-
ponents and to exclude the Raman spectrum.

The free-spectral range of the Fabry-Perot in-
terferometer was determined by the following pro-
cedure. The wave-number difference 4v of two
spectral lines analyzed by the interferometer is
given by

4v = (bn+P )R Fs (3)

where hn is the difference in interference order
of these lines observed within the same free-spec-
tral range, p the fractional order difference, and

R~s the free-spectral range. From a sufficiently
accurate knowledge of the free-spectral range,
4n, an integer, can be determined unambiguously
for a given 4'. Of course, to achieve this, the
choice of 4v has to be compatible with the accuracy
with which R~, is known. Now the experimental
value of p and the 4n as deduced above yields, us-
ing Eq. (3), a value for Rrs which is more accurate
than the initial estimate. This procedure can now
be repeated successively with pairs of lines with
larger and larger 4v. In our experiments, we ob-
tained the first estimate of R» by measuring the
plate separation with a precision calipers. Spec-
tral lines of known wavelengths were selected for
their sharpness and for their convenient frequency
d'...fferences. By following this iterative procedure,
R» could be determined with an accuracy ranging
from 0. 05 to 0. 01%%u~.
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TABLE I. Scattering tensor (T), X=v, p, and the polarization vector (u) of phonons
traveling along q.
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The present studies were carried out in two
scattering geometries. In the "right-angle" scat-
tering geometry 8 is - 90'+ 5' and in the "back-
scattering" geometry - 165' + 10'. For right- angle
scattering, the sample was mounted on a spectrom-
eter table which allowed angles to be measured
to one minute of arc. After correcting for refrac-
tion at the crystal surfaces and for nonalignment
of the sample along the Fabry-Perot axis, our
estimated error in scattering angle is - 5'. In the
back-scattering geometry we study the Brillouin

shifts as a function of phonon propagation direction
in the vicinity of a symmetry direction of the crys-
tal. This was achieved by mounting the sample on
a goniometer ' which allowed us to measure scat-
tering angles to within 6'.

An effect that becomes important in a material
like diamond, which has a high refractive index,
is the presence of a reflected laser beam from the
exit surface of the crystal. In the case of diamond
this beam is approximately one-sixth as intense
as the incident one. The reflected beam will also
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i ht'
TABLE II. Intensities (I) of B llri ourn components

or ight incident along [110] and scattered alon
n propagation direction q being along [100]. H

(horizontal) and V (vertical) deh t he o e t e polarizations with
respect to the horizontal scattering lane

n su script refer to the scattered and incident polari-
zations, respectively.

L: [100]

T: [010]

[oo1]

yv

4pi~

C11

2P44

c44

gv

0

~p44

c44

{p~2-p«~'

give rise to scattered radiation and if r

be
ion is assumed, the internal scattering an l 'll

complementary to that of th '
d

g e wi
e inci ent beam.

terin an le
For right- angle scatterin th d'g e ifference in scat-
ering angle is usually small enough that the two

peaks will not be resolved. hoe; owever, an estimate
canbe made as to how much the peak will be shifted

turn
and a rough correction made Tha e. ese corrections
urn out to be very small, but they do improve

experiments in this investigation were performed
at -295 K.
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FIG. 1. Brillo 'illouin spectrum of diamond observed with

a triple-passed scanning Fabry-Perot interferometer
and excited with the multimode 4880-A Ar' radiation in-
cident along x' ll [110]and scattered alon '

ll /110];
1]. The scales below and above the base line refer

to t e shifts of the Stokes (S) and anti-Stokes (AS) com-
ponents, respectively. In the labels VH and VV th f'

econd letters denote the polarization (V—vertical,
n e irst

8—horizontal) of the incident and scattered li htere xg, re-
p 'vely, with respect to the horizontal, (001), scat-

tering plane. T (transverse) and L O.ongitudinal) give

f th
the polarization characteristics of th ho e p onon responsible
or the scatterin . Thg. e measurement was made at room

temperature.
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FIG. 2. Conditions under h' h th'w ic xs spectrum was
taken are identical to those desc b d

'
e escrow ed in Fig. 1 except

at the incident polarization is horizontal

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The Brillouinuin spectrum of diamond excit d 'th

4880-A radiation incident along [110]and scattered
along [T10] is shown in Figs. 1 and 2. For this

the s
scattering geometry, the phonon resyonsibl f

e scattering has its propagation direction along
[100]; as can be seen from Table 1, a pure longi-
tudinal and a doublu y egenerate pure transverse
phonon can propagate along this direction. The
Brillouin components were identif' d f
nitu e and sign of their frequency shifts and a
knowledge of the elastic moduli thee labels T, L,

horizon
H, V, S, and AS stand for transverse ion it d'

orizontal, vertical, Stokes, and anti-Stokes, re-
spectively. The observed polarization features can
be compared with the predictions of Table II for
this scatterin e'

g g ometry. The disappearance of
the lines labeled T in the HH d VVan polarizations

tions strikin
and of those labeled L in the HV and VHan H yolariza-
ions strikingly confirms the assignments. As

expected the inten
'sities of the transverse compo-

nents are equal in the HV and VH polarizations
The relative intensity of the transverse to the lon-

ight vertically polarized yields (P' c c
y, IT:IL for incident light horizontally po-

multaneous observation of both the transverse and

r is use
e a ove measurements permits a reliable de-

termination of the above intensity ratios, since the
effects ofs o changes in laser intensity and finesse
can be minimize'mized. From the experimental intensity
ratios and the values of the elastic moduli deter-
mined in the present study, we have obtained

(P
IP44 gal and IP44/(Pgg-pg2)l, and deduced Ip /

zz-P&2) I. It is of interest to compare th
12

ratio
re ese

ios with those computed from the values of p &'sues of pqg s
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TABLE III. Elasto-optic constants of diamond.

3143

p fj Ramachandran Ramachandran' I3enning et al. Grodzinski-Fisher' Schneider Go et al. ~

p«
P12
p44

P«P12
P11+2p12

—0.42
+0.27
—0. 162
—0.688
+0. 12

—0.49
+ 0. 196
—0. 162
—0.688
—0. 10

-0.244
+ 0.042
—0. 172
-0.292
—0. 160

—0.218
—0.381

(-0.249)
(+ 0. 043)
(-0. 172)
(-0.292)
—0. 1640

—0.172
-0.283
—0.16

In this table we have computed, where necessary, the p,.&'s from the q;&'s determined by the various workers using
the c;,'s of. Ref. 8. With the exception of Schneider (Ref. 26), none of the investigators report dispersion of the elasto-
optic constants.

Reference 22. The absolute path differences used in this reference have been recalculated using the c;,'s of Ref. 8
rather than those of Ref. 32.

'Reference 22. The absolute path difference was not corrected as in b. In most of the literature, e.g. , Ref. 9, the
p&&'s are calculated without the correction mentioned above.

Reference 23.
'The q,-,.'s from which these are calculated are given in Ref. 23.
Reference 26. The values in parentheses are obtained using p«-p12 and p44 from Ref. 23 together with p11+ 2p, 2 of

Ref. 26 for &=5461. This wavelength is close to that used by Denning et z). (Ref. 23).
"Reference 25.

given in the literature. Table GI contains the P&&'s

determined by various workers or calculated
by us from their piezo-optic constants (q&&). In
Table IV we give ratios of suitable combinations
of P&&'s computed from the values given in Table III
and compare them with the values obtained in the
present investigation fnr 5145- A excitation. As
can be seen, the values of the ratios obtained in
this study are in agreement with those of columns
3-6 in Table IV. We have also measured the ab-
solute value of the constants p44 and p» -pq2 by
comparing the intensities of the Brillouin compo-
nents in diamond with that of toluene. We ob-
tained tp44I = 0. 18+0.04 and Ipii-P12I = 0. 31+0.06,
in very good agreement with the values of Denning
et al. We feel that the results in column 6, Table
III, are the most reliable experimental values of
elasto-optic constants of diamond because they
combine the most accurate results of Denning et
al. for p&&- p» and p44 with that for p»+ 2p&2 as
given by Schneider.

The relative intensities of Brillouin components

for phonon propagation directions other than the
one discussed above can be used as further checks
on the values of the elasto-optic constants. For
this purpose we used right-angle scattering with
the phonon propagation direction l1 confined to the
(1TO) plane. It can be shown that for such a q there
exists a pure transverse phonon polarized along
[ITO] and a quasitransverse (QT) and a quasilongi-
tudinal (QL) phonon polarized in the (110) plane.
The polarization directions for the QT and QL pho-
nons were computed by solving the Christoffel equa-
tions using the elastic moduli determined in this
section. Once the propagation and polarization di-
rections of the phonon are known the scattering tensor
can be constructed in a straightforward manner. In
Table V we present the intensity ratios of Brillouin
components we have measured using the 5145-A
exciting radiation. It is clear that most of the ex-
perimental values and the ratios calculated using
the P&&'s of column 6, Table III, are in agreement.
The discrepancies arise in two of the cases because
of the difference between almost equal terms in the

TABLE IV. Ratios of elasto-optic constants of diamond.

p4~

P12 P11
0.235 0.236 0.589 0.572 0.589

Present
study

0.608 0. 572+ 0. 009

0.600 0. 820 4.095 4. 00 4.195 3.66+0. 09

P12

P12 P11
0.392 0.286 0. 144 0. 147 0. 145 0. 156 + 0.007

Refs. b-g correspond to those given in Table III. The values quoted for the present
study are for 5145-A. excitation.
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TABLE V. Intensity ratios of Brillouin components for different directions of
incident (k&) and scattered (ks) light. The calculated values were obtained using
p&&'s from Table III, column 6. H—horizontal; V—vertical; T—transverse;
QL—quasilongitudinal.

Intensity ratio Calc.

(i) k)II[112], k ll [111],qll[llb], b=4+3~
(Iv)T 1 (pf2 pf f+2bp44)
(I)g)T 2 (pi f pi2+ bp44)

0. 95 + 0.04

(IH:)T =2(~- 1)2 (Pff Pi2+ bp44) Xa7 2

(Iggg, (3.76(p(( —p(2) + 0.9492p4d
& XT

1.19 1.17+0.04

(I&v)T (~-1)2 [- (Pif -Pf2)+»P44]'
(Iv) ~ 18 (0.0388pf f + 1.9576pi2 —0.0776p44) 2 XTV 15.2

X~ = 10.922 x 10 dyn/cm T = 5.751 x lpf2 dyn/cm2

(ii) kill [111];ksll [li2]; qll [11b]; b=4 —3~2

8.8+ 0.5

(Iv)w =2
(Ix)T

+H)~

Pf2) + bP44][- (pf i -Pi2)+ 2bp44]

(&2+1) [- (Pff @f2) +2bP/4]
[-1.8028(pff -pi2) —4.8764p44]' XT

0.89

1.09

0.87+ 0.03

1.03+ 0.02

(Iv)T (v 2+1 [(Pff P12) bp44] X~ 5 4(I()(g, 9 (0.9669p)g+ 1.0324p(2 —1.9338p44)~ X 7.8+0.2

X~ = 11.854 x 10 dyn/cm; XT =4.804 x 10f2 dyn/cm

{iii) kill[001], ksll[ ] qll[ H2

(Iv) T 4p44

(IK)T (pn-pi2)'

(IH)T (p«- pf2)'
(IH) ~ (-1.9986p44)2 2XT

2P44 X~
(Iv)cg (0.5175pfi+1.4811p,2-1.0350p44)2 XT

X~=12.04x10 dyn/cm; XT-5, 256 x10 dyn/Cm2

(iv) k; ll [100], ksll [010], qll [1Io]

(IH)T Cii + C j2+ 2C44

(I H) L 4C44

(IV)T p44 Cii + f2+ 44
E 2

(IP)g p, 2 4c44

1.39

0.83

10.6

1.02

16.3

1.26+0. 03

1.00 + 0.01

11.0+0.6

1.06+ 0.05

13.6+1.5

denominators of the calculated ratios.
The wavelength dependence of the p&&'s has been

studied by various authors. Ramachandran found

no dispersion in the region from 5893 to 4358 A

and Poindextera found no change in q44 in the re-
gion from 7VOO to 4400 g. Schneider, however,
found p ff + 2p f2 to vary from —0. 1586 at 5893 A to
—0. 2033 at 3663 A. We measured the ratios Ip~~/

(p„-pfa)) and )p44/p&2( at various wavelengths
and our results are summarized in Table VI. From
the results in this table it is not clear whether the
ratio lP44/(Pqq-Pq2) I shows any appreciable dis-
persion, but IP«/P»l has a definite wavelength
dependence. If we assume that p44 and P» have

little dispersion, our results would imply that the
absolute value of p» decreases with decreasing
wavelength. Schneider's results are consistent
with the above interpretation.

Figure 3 shows the experimental results obtained
for different incident wavelengths for the same
geometry as that of Figs. 1 and 2, the incident light
being horizontally polarized. The Brillouin shifts
increase with decreasing wavelength, in agree-
ment with Eq. (1), with v, assumed to be a con-
stant; i. e. , the elastic constants do not show any
dispersion within our experimental accuracy. The
differences in intensity of a Brillouin component
for different excitation lines are, in the main, due
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TABLE VI. Ratios of e ael»to-opti«onstants as a functioan s as a function of wavelength

p44

j
Pii Pi2

j p44

j pi2

0, 58+ 0.0.03 0.572 + 0.009

3.66 + 0.09

0.572+ 0.007

3.85 +0.09

0.551+0.009
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TABLE VII. Elastic moduli of diamond from Brillouin scattering (units: 10 dynjcm ).

Scattering
geometry

k

[110] [110]
[110] [110]
[001] [110]
[111] fl ll]
[001] [001]
[110] [110]

[1«]
[100]
[11~2
[111]
[001]
f110]

Polarization

L
T
T
L
L
L

Theory

~44

~f 2+ 2~44)

3 (~«+2f-f2+ «44)
Cfi

(Cfi+ Cf2+ 2q44)

10.78 +0.02
G. 774+ 0.015
5.27+ 0.05

12.121+0.002
10.764 + 0.002
ll. 80 + 0.01

10.764 + 0.002
G. 774~ 0.014
G. 265 + 0.013

12.121~0.035
10.764*0.002
11.782+ 0.027

we obtained X as a function of y in the (001) plane
in the vicinity of the [110]direction of q and ob-
served a, maximum fixing the [110]direction of the
crystal, y is now varied in the (110)plane. The
results are shown in Fig. 4, where the observed
minimum is taken to be along the [110]direction.
The fact that the minimum occurs at y-1. 5 shows
that the specified crystallographic direction [110]
departs to that extent from the normal to the sur-
face of the crystal. In Table VII we give the ex-
perimental determinations of X's for the different
scattering geometries we have studied. These
values were obtained with 5145- and/or 4880-A
exciting radiation. The values quoted are aver-
ages of several measurements. Attention should

be drawn to the increased accuracy obtained in

back scattering over right-angle scattering, and

for a symmetry direction over a nonsymmetry di-
rection. In the calculation of X's using Eg. (1) we

have taken p = 3. 512 g/cm', following McSkimin
and Bond; the refractive indices at 5145 and 48SO

A were obtained using the dispersion formula of
Peter. 3 It is clear from Table VII that the value
of f f obtained in the back- scattering geometry
along [001] is very precise and also does not ap-
pear in combination with other c&&'s. Selecting this
as our best value for c ff, we determined e «and
c» by performing a least-squares fit on the X's in

Table VII using the procedure of DuMond and Co-
hen. These values are given in Table VIII; the
combinations of e&&'s appearing in Table VII have

been recalculated using these values and Rre pre-
sented under the column labeled "least- squares
fit. " The agreement between the experimental
values and those given by the least-squares fit
demonstrates the internal consistency of our re-
sults.

In Table VIII we compare the e;,.'s for diamond
determined by various workers. As can be seen,
our results are in excellent agreement with those
of McSkimin and Andreatch, ' who used the ultra-
sonic-pulse technique; it is very gratifying to see
that the accuracy attainable with the current tech-
niques of Brillouin scattering is comparable to that
of the ultrasonic-pulse method. The improvements

in Brillouin-scattering techniques due to the intro-
duction of lasers and scanning interferometers no
doubt account for the differences between our re-
sults and those of Ref. 7. McSkimin and Bondae

have discussed the relative merits of the ultra-
sonic-wedge method and the ultrasonic-pulse
method, and have concluded that the latter should
yield more accurate results. The elastic modulus
e» determined by Prince and %ooster using dif-
fuse scattering of x rays agrees with our value
wlth1n the errors quoted; howevel, their values
for cfog and c ~~ do not agree with ours, even allow-
ing for the error brackets and the temperature de-
pendence of cog s Rs given by MCSklm3n Rnd Andre-
Rtch. The Debye temperRture O&@, cRlculRted for
0 K using our elastic constants and the procedure
given by de Launay, is (2246+ 5) K. This ls in
excellent agreement with the low-temperature 8~,
(2246~ 15) and (2219+ 20) K, as determined by

Burk and Friedberg ' and Desnoyers and Morri-
son, "respectively. This agreement had already
been noted by these workers, using the elastic mod-

X(l0 dyn/Cfli

I 1.80-- +

0
I{degree)

FIG. 4. Effective elastic modulus X as a function of
the angle (y) between the phonon propagation direction
and the normal to the crystal face, in the vicinity of
q(( [110] and y in. the (110) plane. The solid curve repre-
sents a least-squares fit of a second-order polynomial
to the experimental data.
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TABLE VIII. Elastic moduli of diamond (units: 10' dyn/cm ).

3147

Method

Brillouin scattering (- 23 'C)
Brillouin scattering
X-ray diffuse scattering (300'C)
Ultrasonic-wedge method
Ultrasonic-pulse technique (25 'C)

Cfi

10.764+ 0.002
9.49

11.0+ 1.1
9.5

10.79+ 0.05

C12

1.252+ 0.023
1.51

3.3+0.3
3.9

1.24+ 0.05

c44

5.774+ 0.014
5.21

4.4+ 0.4

5.78 +0.02

Ref

Present study; Ref. 10
7

33
32

8

2k~, N'a
(no+ 1),

Pc (dg
(4)

where co& is the frequency of the zone-center optical
phonons [= 2'(1332)rad/sec]; ~,. = &uL —&u&, no is the
Bose population factor; N is the number of primi-
tive cells per unit volume (= 8. 87 x10 /cm'); a is
the single independent component characterizing the
Raman tensor per unit cell. The scattering effi-
ciency of the QL Brillouin component per unit cry-
stal length per unit solid angle is

k T&u4 (- 1.9986P4q)
128 ~ 4 X7T C QL

(5)

where to, = &uL —~@L and X@L= 12.04x10'2 dyn/cmo.

uli of McSkimin and Bond, which in turn are in
excellent agreement with ours. The bulk modulus
K= —,

' (c»+ 2c,o) calculated from our elastic moduli
is (4. 42+ 0. 02) x10' dyn/cm; the experimental
values for K are 6. 3 and 5. 6 in units of 10' dyn/
cm, as determined by Adams and Williamson,
respectively. Also, the calculated Young modulus

(Y) in the (111)plane is 11.64x10'2 dyn/cm com-
pared to 5. 5x10'o dyn/cm2 as measured by Pish-
aroty. 4 We feel that both K and Y should be re-
measured before any physical significance can be
given to the above discrepancies.

In Fig. 5 we present the Brillouin and first-order
Raman spectrum of diamond measured under iden-
tical conditions with a double monochromator. '
The scattering geometry z'(y'x'+y'z')y' was used
to obtain these results, where x', y', and z' are
along [110], [110], and [001], respectively, x'
being vertical. At room temperature, the Stokes
and anti-Stokes Brillouin components are expected
to be equally intense; the small difference in in-
tensity noticed in the figure is thought to be of in-
strumental origin, since the monochromator was
used at the limit of its capabilities. For this scat-
tering geometry the Brillouin component with the
smaller shift is essentially pure transverse, the
quasitransverse being - 250 times weaker, ' the com-
ponent with the larger frequency shift is clearly the
quasilongitudinal (QL). Also, the Raman line and
the QL Brillouin component appear only in the IH

spectrum. The Raman- scattering efficiency per
unit crystal length per unit solid angle in. the I„"
spectrum is given by '
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ancy needs to be resolved by further study.
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