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Temperature dependence of the elastic moduli of diamond: A Brillouin-scattering study
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Elastic moduli and refractive index of diamond, in the temperature range 300—1600 K, are determined using
Brillouin scattering. The elastic moduli decrease by o8l8% up to 1600 K, indicating that diamond retains
its reputed hardness even at high temperatures. We review the most commonly employed scattering geometries
in Brillouin scattering(viz. backscattering, 90° scattering, and platelet geomgtréesl discuss in detail the
experimental errors which must be considered in each ¢86463-18208)02205-X]

[. INTRODUCTION specimens as small ascarat, in contrast to the 22 carat
sample used by McSkimiat al® Finally, the Brillouin scat-

The strong, tetrahedrally coordinated, covalent bonds betering geometries can be suitably devised which obviate the
tween nearest neighbors and the light mass of the constituefged for the knowledge of the refractive index in deducing
atoms lead to many striking and unique properties of diathe elastic moduli from the Brillouin shiftS. _
mond, e.g., the largest elastic modudi;j known for any Various aspects of .Bnlloum scattering are considered
material and correspondingly, the largest sound veloditfes; here. After a brief review of the fundamental and well-

a very large Debye temperature, making it a “quamum"known aspects, we review the scattering geometries Whlc_h
crystal even at room temperaturé? Its hardness and abra- Were used in these experiments and present a detailed dis-
sive qualities, highly valued in technology and gem industry CUssion of the errors whlch affect Brillouin scattering experi-
are controlled by the large elastic modulThe diamond an- Ments in each scattering geometry. The equations pertaining
vil cell, which has literally revolutionized high pressure re- to the uncertainties are presented in the Appendix.

search, exploits the extreme hardness of dianfoftiese

illustrative examples clearly underscore the importance of Il. BACKGROUND

establishing precise values of elastic moduli and their varia-

tion with temperature. . . 2
° emperature Jouin scattering™*?In the context of the present article it is

It is in this context that we have measured the elasti - o
moduli of diamond in the temperature range 300 to 1600 Ksufﬂment to recall that the phonons, satisfying wave vector

We note here that Zouboulis and Grimsdit¢see also Her- conservation in a given Brillouin scattering geometry in a

chen and Capeflj have reported the behavior of the RamanCUbiC and hence optically isotropic material, have wave vec-

active zone center optical phonon as a function of temperat-OrS given by

ture up to _1900 K. Smpe the frequenayo() of theF,4 zone . q=+(ki—ko; |ql==2|k;| sin(6/2), (1)

center optical mode is determined by the bond stretching

(k) and bond bendingk;) force constants which also de- whereq, k;, andk, are the wave vectors of the phonon, and

termine the elastic constants, a combination of the Ramaimcident and scattered light, respectively, ahd the angle

and Brillouin results will allow the temperature dependencesubtended bk; andk. Note that thek’s and 6 are defined

of the microscopic force constants to be extracted. inside the material so that refraction effects at the surfaces
The elastic moduli of a material can be measured withare not yet included in Eq(l). Each phonon in a given

great precision from the frequency shifts of monochromatiomaterial is characterized by a combinationcgfs which we

radiation inelastically scattered by the long wavelengthcall X=puv? (p density andy sound velocity.

acoustic phonons, viz., from the Brillouin shift©etermina- The frequency shifts of Brillouin componen(s/pically

tion of ultrasonic velocities from the round trip transit titne 0.1-5 cm?) make the multipasséditandent* Fabry-Perot

is the alternative technique which is equally precise. How-nterferometef® the instrument of choice. In the context of

ever, Brillouin scattering offers special advantages: it is ahe present experiments both multipassing and tandem opera-

“contactless” technique; oriented specimens as small as #on are crucial: multipassing provides the necessary contrast

few millimeters in dimension are entirely satisfactory andso that the Brillouin lines can be observed in the presence of

can be conveniently placed in a high-temperature environthe, sometimes strong, background due to the unshifted ra-

ment, the incident light being brought to the samples and théiation; tandem operation is necessary to reduce the black-

scattered light collected with appropriate optical windows. Inbody radiation by eliminating the folding of successive inter-

contrast, the ultrasonic technique requires, for precisionference orders present in nontandem operation.

large specimens and a suitable bond to the transducer. We The furnace we used is described in detail in Refs. 16 and

note here that Grimsditch and Ramdas employed diamondl7; it allows for both backscattering and 90° scattering ge-

There are many excellent accounts of the theory of Bril-
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CY (b) be reduced by longer accumulation times and curve fitting
i i procedures. These errors can also be greatly reduced by ob-
serving the Brillouin lines in higher-order interferenceto
do so, however, requires the use of the interferometer with-
out its tandem feature, not possible in the present experi-
ments since tandem operation is needed to reduce the black-
body radiation. Systematic errors kw are possible if the
free spectral range has not been accurately calibrated; how-
ever, very accurate calibration is possible using standard
spectral lamp's® so that this source of error can be made
negligible and will not be considered here. Errorgqh de-
pend on the accuracy with which the various angles in the
experiment are known and therefore depend on the particular
geometry being used. The errors specific to each scattering
geometry are discussed in the Appendix. Uncertainties in the
refractive index also lead to errors fig|.
lal = V2 kL, The final source of error is related to uncertainties in the
FIG. 1. Most common scattering geometries used in BriIIouindirection ofq relativ_e .to the crystal_line axes. This depends
not only on uncertainties in the incident and scattered direc-

scattering.(@) 90° scattering,(b) backscattering, an€c) platelet. . . . .
Diagram (d) defines the incident and scattering angles for moretions, but also on the precision with which the crystal faces

general scattering geometries. The magnitude of the wave vector &€ cut and polished relative to the crystal axes. The resulting
indicated for each geometry. error in thec;; due to these “misalignments” also depends

on the particular phonon directions being probed. Close to
ometries to be implemented. The three diamond sample@ropagation along high symmetry directions, the angular de-
used in our experiments were2 X 0.5x 0.5 mnt in size and  pendencies of the phonon velocities possess extrema and

had (100, (010, (001); (110, (110), (001); and (111), hence do not depend strongly on small angular variations,
(110), (112 orientations. To avoid rapid graphitization of whereas along nonsymmetry directions the effects of mis-

the samples, they were enclosed under vacuum in quartz ¢ lignment can be considerably more serious. All but one of

vettes. The highest temperature reached in these experimeﬁ velocities to be reported in this work correspond to high

was 1800 K. At these temperatures partial devitrification oftymmetry directions where the effects of misorientation are

the fused quartz rendered the cuvettes less transparent. Fdpinimal. Even alang these directions effects of misorienta-

I-ron can be clearly experimentally observed in the high reso-

(c)

thermore, shrinking of the cuvette at temperatures highe

than 1600 K—because of the pressure difference inside aot?‘t'on expetrlments c:‘escrlbedhln R.efs. 1t antd d2. Hlovr\/fvr(]ar, n
outside the cuvette—made optical focusing on the surface € present case, where we have investigated only high sym-
the sample extremely difficult so that data above 1600 xmetry directions, and the Brillouin lines were observed in the
were not reliable. Some evidence of graphitization wagsame interference order as the laser line, the errors due to

barely noticeable after a few temperature cycles, particularl”."sa“gnmem. are negl|g|ble and W'” not concern us. The
on the(110) faces. single exception to this statement is the transverse mode for

The three scattering geometries we employed are showfi @°n9[111]. Although it is doubly degenerate alofiifl1],

in Fig. 1; we shall refer to them as backscattering, 90° scat?V& from[111] it splits into two modes, the splitting de-

tering, and platelet geometries. The last diagram in Fig. £€nding linearly on angle away frof11]. As discussed in

defines the angles of incidence for more general scatterin € Apper‘dix_ we expy;ect sy_stematic errors of up to 1.5% for
e combination of;;’s of this phonon.

geometries. In Fig. 1 we also show the magnitude and direc- - S . o
tion of the phonon wave vector derived from Efj) assum- Summarizing, the significant sources of error in this in-
vestigation aréi) random errors in the determination of Bril-

ing no uncertainties in the geometrical setup. ' e .. :
g g P ))oum peak positions(ji) systematic errors introduced by un-

shifts, a number of sources of error must be considered. ECETainties in scattering angles, anii) a possible
rors in the measured frequency shift, error in the calculatedhisalignment error for the shear mode alddg 1].
magnitude of the wave vector, and errors in the direction of Il RESULTS
g (which determines the combination of;’s to which the '
velocity is assigned The only source of random error stems  In a crystal of cubic symmetry there exist only three in-
from the frequency measurements; all other sources of errodependent elastic moduli, namety,;, ¢;,, andc,,. In our
being systematic, are not evident in the data themselvegxperiments we have probed phonons al¢ag0], [110],
Since we are not aware of any previous detailed discussiofl11] directions. The particular combinations of elastic
of these errors, they are presented in detail below and in theoduli observed in a given experiment depends, through the
Appendix. scattering tensors, on the scattering geometry; they are sum-
Sound velocities are obtained from=Aw/|g| so that marized in Table I. Figure 2 shows representative Brillouin
errors in bothPAw and|g| must be considered. Random errors spectra of diamond recorded in various scattering geometries
in Aw arise due to statistical noise in the spectra and thend temperatures. The peaks are identified as longitudinal
resulting uncertainty in locating the position of the Brillouin (L) or transverse T). As can be seen in the spectra, the
peaks; it gives rise to scatter in the experimental data and camackground due to blackbody radiation is still not a serious
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TABLE I. Phonon wave vector, phonons observed, and combiproblem at 1600 K. As mentioned in the previous section we
nation ofc;; measured in various scattering geometries. Samples Ayere able to record spectra as high as 1800 K but sample

B, and C refer to th¢100), (010, (001); (110, (110), (001), and

(111), (110), (112 orientations, respectively.

movement due to deformation of the quartz cuvettes intro-
duced such large errors that the results were not suitable for
guantitative analysis.

Geometry and  Phonon  Observed The first step in the data analysis of the 90°- and back-
sample wave vector phonons Measured scattering geometries is to determine the refractive imex
Backscattering [100] L Cyy This was done by taking the appropriate ratios of the fre-
A guency shifts measured in the 90°- or back-scattering geom-
Backscattering [110] L (C11+Cipt2Cy0)/2 etries to those measured in the platelet geometry. As can be
B seen in Fig. 1, becauspdepends om in the former but not
Backscattering [117 L (C11+2C 5+ 4C,)13 in the latter, the ratio of frequency shifts is proportionahto
c Two difficulties are immediately evident in such a scheme;
Backscattering [111] T (€11~ C12+C4g) /3 the spectra in different geometries are seldom recorded at
C exactly the same temperature and the error® iresult in
90° scattering (100] L Cut unacceptably large errors m The first problem is circum-
B _ vented by fitting a quadratic to the measured frequencies in
90° scattering [100] T Caa each geometry and then using the fit values to determine the
B . . ratios. The second is obviated by normalizing the valuge of
io scattering [110] L (Cart C1ot2C49/12 at room temperature to the value of 2.4293 known from the
90° scattering [110] T Can !|terature. .The. temperature dependence oius Qetermmed.
A is shown in I_:lg._3; the dotted Imes were obt.amed from dlf-
Platelet [100] L cn ferent combmqnons of scatterlng geometries and are in-
B tended to provide the reader with a feel for the errors and
Platelet [100] T Can uncertainties associated with this approach. The full line is
B the average of all our determinations, the triangles are ex-
Platelet [110] L (Cyq+ Crot 2C40) /2 perimental datad® and the dashed line is an extrapolation of
B these data. Our determinationrofs in good agreement with
Platelet [110] T Cas Ramachandran’s dat.In fitting our Brillouin results we
B have chosen to use the polynomial fit obtained in Ref. 18 and
its extrapolation to 1600 K, viz.,
100 LI LR LI L L 500'I"' UL L 150""I""I""l""
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FIG. 2. Brillouin spectra recorded at various temperatures and different scattering georhetiesT denote longitudinal and trans-

verse, respectively. No significance should be attached to relative intensities between spectra. Backgrounds observed at room temperature art

due to luminescence.
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FIG. 3. Refractive index of diamond vs. temperature. The dotted
lines are from individual ratios of scattering geometries and are
intended to provide an estimate of the experimental errors. The full 1160 F
line is the average of all our determinations. The triangles are data
from Ref. 18 and the dashed line is the extrapolation of that data.

n(T)=2.429+2.2x10 3(T—300) +1.7x 10" 8(T—300)2. 1120 [
2 i

The increase of the index of refraction of diamond with tem-
perature has its origin in two distinct physical phenomena:
the thermal expansion and the temperature dependence of th
electron band structurd-?! The former usually produces a
decrease in the refractive index but in diamond becayse
+2p;, is negative it produces an increagSee footnote in
Ref. 2: using thep;; from Ref. 1 this increase is only about
one fifth of the measured changerin The rest of the mea-
sured change must originate in thermally induced changes in
the band structure. In general the changa iis expected to

be linear above half its Debye temperature. Since for dia-
mond ®p 2246 K, over the range of our measurements
(300-1600 K, a quadratic temperature dependence is appro-
priate. 1100 —+—H——+—+—}—+—+F—+—+——+
With the above considerations for the refractive index and =~~~ _ Backscattering q || [111]
taking the density ap=3.513+7.4x10 ® T—3.8x10 8 | « T
T2+7.1x10 *?T® as deduced from the thermal expansion 510 1
data of Slack and Bartrais,the measured frequency shifts I
lead to the elastic moduli shown in Figs. 4—6. The dots are
our measured values; the full and dashed lines are fits to be
described below.

Figures 4—6 contain all our experimental data obtained at
different temperatures, different scattering geometries and
for different samples. To fit the data we proceeded as fol-
lows: each one of the three elastic moduli was assumed to be
described by a quadratic of the form 470 bt L

, 200 500 800 1100 1400 1700
Cij=Co+ Cy(T—300)+C,(T?~300) ©) TEMPERATURE (K)

thereby introducing nine fitting parameters. Furthermore, be- FIG. 4. Elastic moduli obtained in the backscattering geometry

cause only the IOn_gltudlnaI backscattering data are frefa frorﬁlong different crystallographic directions. The lines are fits de-
possible systematic errors, the data from other scattering 9€¢ined in the text.

ometries were allowed an additional multiplicative factor.

Since this factor must be the same for all phonons observed

in a given experiment, it introduces five extra fitting param-=576.6 GPa. The fitting procedure was then repeated. At
eters. All the data in Figs. 4—6 were “least squares fit” tothis stage we found that some of the linear terms in @).
such a scheme and produc€q values in agreement with were positive—since this appeared to be rather unphysical
literature values. Based on this agreement the room temperase attempted fits setting the linear terms to zero—the sur-
ture values in Eq(3) were replaced with the more accurate prising result was that the overall chi squared value of the fit
literaturé ones, viz., c;;=1080.4, ¢;,=127.0, andc,, changed by less than 0.3% indicating essentially no deterio-

1080

1200 |

ELASTIC MODULI (GPa)

1150

490

(cl 1 c1z+c44)/3
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FIG. 5. Elastic moduli obtained in the 90°-scattering geometry  FIG. 6. Elastic moduli obtained in the platelet scattering geom-
along different crystallographic directions. The lines are fits de-etry along different crystallographic directions. The lines are fits
scribed in the text. described in the text.

ration of the fit quality. TheT? coefficients for the three plicative factors the percentage systematic error for the 90°
constants are given in Table Il. The full lines in the figuresscattering geometry is between 0.6 and 0.9 %, while in the
are calculated using only the values given in Table Il, thecase of the platelet geometry it is between 1.5 and 4 %.
dashed lines include the additional fitting parameters whiclThese values are consistent, albeit slightly larger in one case,
account for systematic errors. Note that the multiplicativewith the estimates made in the appendix. The systematic er-
factors give us an estimate of the systematic error involvedor of ~ 1% in the shear mode alof11] is also consistent

in each particular geometry. From the values of these multiwith our estimates.
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TABLE Il. Temperature dependence of the three independent TABLE Ill. Comparison of experimental and calculated proper-

elastic stiffness constants of diamond (300-1600 Kj);=C,
+C,(T2—300). The C, values are taken from Ref. 2, the linear
temperature coefficient is zero within experimental accur@ee

ties based on the Keatingref. 23 and Musgrave-Popl&Ref. 29
models. The force constants used deg/a=1090 GPa,k,/a
=280 GPa,a/a=315 GPa, ang/a=240 GPa.

text), and theC, terms are obtained from our fits.

Model Cyy C1» Caa M w?/8a
Co(GPa) C,(10 8 GPa/K®) :
Experimental 1080.4 127.0 576.6 440
C1y 1080.4 —29+ 8 Keating 1035 75 544 555
Cio 127.0 —3+*18 Musgrave-Pople 923 83 414 736
Cas 576.6 —-22+ 7

o ) ) form k(1—k'T?). The k's were least squares fitted to the
~ The volume compressibility of diamond, or equivalently experimental valueswve ignored the temperature dependence
its inverse the bulk modulu, is an important parameter for f ¢, because of its large error, see Tablg th yield k}
experimenters using diamond-anvil celBAC), or other ap-  _ 4 g k,=0.8,a’=2.3, andB’ =3.0 in units of 10% K~2.

plications involving high_ hydrostatic pressures at e_Ievatetquhe uncertainty in these temperature coefficients is large be-
temperatures. For a cubic crystal _the bulk modulus IS qU5use there is a very strong correlation between each pair of
10 (C41+2C4,)/3. Using the values in Table Il we obtain, in values: equivalent fits can be obtained by decreasing one of
the temperature range from 300 to 1600 K, the values and increasing the other. Nonetheless, using the
B(T)=444.8-0.000012T2— 30(?). (4) above values we haye reqalculated the experimental ones; the
results are summarized in Table IV. We note that, for the
We conclude that the bulk modulus and the elastic stiffnesgxperimental value of w3/ T?w3) given in Table 1V, it can
constants of diamond soften only by 7-9 %, when diamonge shown that the temperature dependenca o&n be ig-
is heated from ambient temperature to 1600 K. nored. Given the substantial discrepancies between experi-
ment and fit values in Table IV and the uncertainties in the
parameters themselves, it does not seem reasonable to at-
tribute any quantitative physical significance to the tempera-

The temperature dependence of the elastic congtants ire dependence of the force constants other than the obvious
ported here together with that of the zone center optical phos

non previously reportéd enables an estimate to be made ofdecrease as temperature increases.
the temperature changes in the force constants at the atomic
level. There are two well-known models that relate the Ra-

man activeF,4 frequency (o) and elastic moduli to micro- . . . . i
scopic interatomic force constants: formulated by Kedfing ' the literature, the interesting subject of the “obvious

and by Musgrave and Popté The assumptions in the two relation .between thg elastic moduli anq the hardngis)sc(f
models are similar but lead to slightly different expressions? Material has received the most detailed discussion in Ref.
for the various physical properties. Keating's model has only>- 1he author makes a universal plot of ldgMoh’s hard-

two parameters and3 related to bond stretching and bend- N€s$ of different materials vs the corresponding value of
ing, respectively, the other model includes four force conJ0d €11, and dl;s;govers that a straight line through the data
stants. In the following analysis we keep only the two con-Yi€ldS 1, a H™ The author cautions the reader “not to
stants which describe stretching and bendkygandk,). We attach any great significance to this relation” but he also

list below expressions and values for our measured physicR0ints out that “it may be useful in indicating the order of
properties in terms of these atomic force constants: magnitude to be expected for an elastic constant in a new
substance.” If we consider diamond at 1600 K as “new

substance,” we can estimate the decrease in its hardness
compared with the hardness at ambient temperature. The re-
sult is H(1600 K)~0.964(300 K). Although this is only a
rough estimate, it nevertheless tends to indicate that diamond
“conserves” a large portion of its reputed hardness even at
temperatures as high as 1600 K.

IV. MICROSCOPIC FORCE CONSTANTS

V. CONCLUSIONS

C1,=1080.4 GPa (k,+6k,)/3a=(a+38)/a,
C12:127.0 GPa:(k1—3k2)/3a=(a—ﬁ)/a,
C44:576.0 GP&3k1k2/[a(k1+4k2)]=4a,8/[a(a'+,8)],

(5

wherea is the lattice constar8.567 A andM the mass of
a carbon atom. Performing a least squares fit to the expre
sions and values in Eq5) we obtaink;/a=1090 GPa,
k,/a=280 GPa, a/a=315 GPa, andB/a=240 GPa. In
Table 11l we recalculated the various constants using thes

M w3/8a=440 GPa=(k,+4k,)/3a=(a+ B)/a,

TABLE IV. Temperature dependence of elastic properties cal-
gulated atT=1600 K. We have use#;=4.8,k;=0.8, a’'=2.3,
and 8’=3.0 in units of 108 K2, Values in the table are given in
the same units.

2 2 212 2
values. Considering that the models contain only two adjusti-?/IOdeI Acu/Ten  ACu/TCa  Awg/T” wp
able parameters and attempt to describe the complete disp&@xperimental 2.50.6 3.5:1.2 2.1+0.1
sion curves, the overall agreement is reasonable. Keating 2.8 2.7 2.6

To extract the temperature dependence of the force convusgrave-Pople 2.4 2.8 2.8

stants we assume that their temperature dependence is of the
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Finally, we cite two more referencéRefs. 25 and 26in (where § is expressed in radiansin our experiments, in
which the phenomenological hardness of a crystal is relatedrder to avoid the direct reflection of the laser beam into the
to an “elastic coefficient.” In Ref. 25 the author relates the spectrometer, we useff= #5=10°. This translates into an
“shear modulus” of a crystal with its phenomenological error of around 0.3% i which can be neglected compared
hardness, while the authors of Ref. 26 correlate “Young’sto the random errors iAw.
modulus” of a crystal with its phenomenological hardness. |t is also easy to show that, in this geomefmymakes an
Both of these elastic moduli can be expressed as combingngle of (0:+ ais)/Zi 5/2n with the surface normal, in our
tions of thecij of the material. The relation is linear on a case~4°. As discussed in the main text, this misa"gnment
log-log scale in Ref. 25, and almost linear—with a positivehag a negligible effect<0.4%) on the combination af;
second derivative in the region of large Young's near an extremum. For the transverse mode aldrid],
modulus—in Ref. 26. Irrespective of which approach ishowever, it leads, using the knovey to calculate the angu-
adopted our elastic moduli indicate only a small loss of hardigy dependencies of the velocities, to a 1.5% uncertainty.
ness at high temperatures. When evaluating the combination of;’s which enters the
expression for the velocity it must also be recalled that, un-
less the surface is prepared by cleavage, the normal to the
surface may not coincide exactly with the desired crystallo-

The work was supported by the U.S. Department of Engraphic direction. Samples oriented with Laue x-ray photo-
ergy, BES Materials Sciences Grant No. W-31-109-ENG-38raphs can often be off by a few degrees.
at Argonne National Laboratories and by the National Sci- (i) 90° scattering The ideal 90°-scattering geometry is
ence FoundatiofGrant No. DMR 93-03186at Purdue Uni- shown in Fig. 1a). It assumes that the incident and scattered
versity. light are exactly at 90° and that the entrance and exit faces

on the sample are also exactly at 90°. Let the error in these
two angles bes and e, respectively. It is easy to show that

ACKNOWLEDGMENTS

APPENDIX the (interna) scattering angle, defined in Eq(1) is
In discussing the directions of the wavevectors of the in-
cident and scattered light it is necessary to distinguish be- 6=90—s+¢&/n+d/n, (A2)

tween directions inside and outside the sample. In the fol-

lowing, superscriptse and i will be used to designate so that the error im is
parameters external and internal to the sample. Outside the
sample it is trivial to determine the direction of the incident
beam relative to a sample surface since one usually deals
with a well collimated laser beam. The direction of the Scat'Uncertainties of 1° ine and 8 lead to svstematic errors of
tered beam is less easy to establish: it is not always exactlg d1% i din th locities: ”3]/ " .
along the line joining the center of the collection lens to the roun 0Inqg and In the velocities, the resulling error in

Lis ~ 20, i
entrance pinhole. Although methods can be devised to accﬁ_bg Ctlrj1 Is ~2 5. I tlhe _tsamp(;e,ls accgrgtel;(/j Cllf]} so that
rately establish the “center” of the scattered beam direction; € errors In velocity and;; s are ©.5 and 17, respec-
ively. The uncertainty in the direction af will again de-

usually involving auxiliary laser beams and/or retroreflec- o )
( y g y pend trivially one and § and also on the accuracy with

tion from the interferometer mirroys this procedure be- . :
ys P yvhlch the sample faces are known relative to the crystallo-

comes unwieldy when a furnace or a cryostat is utilized. Fo . -
example a 1 mmadjustment made to a 35 mm collection graphic axes. These two latter effects lead to negligible er-
rors in our case.

lens translates into an error of 1.5° in the directiorkgf In . . -

many cases, especially with samples placed in cryostats qr (i) I'Dlatel'et.The 'd?a' platelet geome;ry is shown in F|g.
furnaces, errors of this magnitude may be unavoidable. Sinc (c). Since it is relatlvely_ easy to fabrlcate_samples with
the effect of this uncertainty is different for the different accurgtely parallel faces, Itis usually safe to ignore the error
scattering geometries we discuss them individually below. resulting from nonparallelicity. The usually relevant uncer-

(i) BackscatteringThe diagram for backscattering shown tainties are in theexterna) scattering "’.‘”9.'95 and the re-
in Fig. 1(b) is the strict definition wherk; and k. are anti- quirement that the sample bisect the incident and scattered

parallel and normal to the surface. In general the term backg'reftlor;iistEt uihatshsumefthat the '”‘l"dlfr.‘t beam rT‘akte_S an
scattering is used whenever the incident and scattered lig gie o cwi € surface normal. 1t 1S convenient in

enter and leave the sample through the same surface. If tﬁg's geometry to consider the compor_lentmoﬂ)arallel_and
incident and scattered beams subtend angfeand 6¢ with perpendicular to the sample faces. Simple geometrical con-
| S

the surface normdksee Fig. 1d)] it is trivial to calculateag siderations yield

and #; using Snell's law. As mentioned above the erropfn

can usually be made quite small by appropriate use of ret- g =Kk[sin(45+ {) +sin(45— ¢+ 6)]. (A4)
roreflection of the incident laser beam. Let the errodirbe

S (typically ~1.5° as mentioned aboneFrom Eq.(1) it If {andéare small,

follows that

Ag/q=(—e+eln+8/n)/2. (A3)

Ag/q=(8/n)2+(SIn)sin(6i— 6. (A1) and
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Aqy/ay=dl2. (A6)
Notice that the error ing| does not depend ofiand thats
=1° leads to a~1% error inq, 2% inc;; .

The component off perpendicular to the film is, to first
order in the angles,

perp™ k.(612—{)In. (A7)
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This then has no effect, to first order, on the magnitudg of
but determines that the phonon propagation direction is at an
angle (8/2—¢)/(v2n) from the plane of the platelet. In an
unconstrained geometry one can usually achieve to Keep
below +1°, in a constrained geometie.g., inside a fur-
nace values of{ could be even as large as5°. Close to
directions of the extrema, even such large uncertainti€s in

lead to negligible errors in the combinationsaf.
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Physics, Zografou 15780, Greece.

IM. H. Grimsditch and A. K. Ramdas, Phys. Rev.1R, 3139
(1975.

2R. Vogelgesang, A. K. Ramdas, S. Rodriguez, M. Grimsditch
and T. R. Anthony, Phys. Rev. B4, 3989(1996. In this Ref. it
was stated than(x) =2.42930+ 0.0001%, wherex is the con-

New York, 1978.

133, sandercock, ifProceedings of the 2nd International Confer-
ence on Light Scattering in Solidedited by M. Balkanski

»  (Flammarion Sciences, Paris, 19/f. 9.

143, G. Dill, N. C. J. A. van Hijiniugen, F. van Dorst, and R. M.
Aarts, Appl. Opt.20, 1374(1981).

centration of'C. This equation incorrectly indicates an increasei1sy Sandercock, ilight Scattering in Solids I]I Vol. 51 of

in n as the volume decreases. The correct expressio{xs
=2.42930-0.0001%; this change has no discernible effect on
the results presented there.

3D. L. Burk and S. A. Friedberg, Phys. Rell1, 1275(1958.

4J. E. Desnoyers and J. A. Morrison, Philos. Mag42 (1958.

5The Properties of Diamonedited by J. E. Fiel§Academic, New
York, 1979. For hardness in relation to elastic moduli, see, W.
A. Wooster, Rep. Prog. Phy&6, 62 (1953, in particular Fig.
13.

6A. Jayaraman, Rev. Sci. Instrus7, 1013(1986.

"E. S. Zouboulis and M. Grimsditch, Phys. Rev.48, 12 490
(1991).

8H. Herchen and M. A. Cappelli, Phys. Rev.48, 11 740(1991).

9H. J. McSkimin and W. L. Bond, Phys. Rel05 116(1957); H.
J. McSkimin and P. Andreatch, J. Appl. Phyi8, 2944(1972);
H. J. McSkimin, P. Andreatch, and P. Glyninid. 43, 985
(1972.

103, sandercockFestkaperprobleme Vol. XV of Advances in
Solid State Physic€ergamon, Braunschweig, 197p. 183.
M. Born and K. HuangDynamical Theory of Crystal Lattices

(Oxford University Press, London, 1968

Topics in Applied Physicsedited by M. Cardona and G.
Guuntherod{Springer, Berlin, 198g p. 173.

16, s, Zouboulis and M. Grimsditch, J. Geophys. Res;. 4167
(1991.

17E. s. Zouboulis and M. Grimsditch, J. Appl. Phyg0, 772
(199).

18G. N. Ramachandran, Proc. Ind. Acad. Sci28, 266 (1947).

9p. Y. Yu and M. Cardona, Phys. Rev.B 3193(1970.

20y, Tsay, B. Bendow, and S. S. Mitra, Phys. Rev.8B 2688
(1973.

2lg..Y. Zhu, Y.-L. Chen, and J.-X. Fang, Phys. Rev3B 2980
(1987.

22G. A. Slack and S. F. Bartram, J. Appl. Phyi§, 89 (1975.

23p. N. Keating, Phys. Re\l45, 637 (1966.

24M. J. P. Musgrave and J. A. Pople, Proc. R. Soc. London, Ser. A
268 474(1962.

A, P. Gerk, J. Mater. Scil2, 735(1977).

2. Szymanski and J. M. SzymansKardness Estimation of Min-
erals, Rocks and Ceramic MaterialMaterials Science Mono-
graphs No. 49Elsevier, New York, 1980 p. 269.



