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The effects of zero-point motion and the anharmonicity of the lattice vibrations of diamond have been
explored theoretically in the context of a valence force model explicitly incorporating the isotopic composition.
The predictions are tested in a study of the elastic modil) deduced from Brillouin spectra and the zone
center optical mode frequencw§) from Raman spectra of isotopically controlled diamond specimens. On the
basis of the anharmonicity parameter of the model associated with bond stretching, deduced from a comparison
of the theory with experimentally reported dependence of the lattice parameter with the atomic fraction of
Bc in 2c,_,*C, diamond, it is predicted that the bulk modulus BC diamond exceeds that fdPC
diamond by one part in a thousand, just below the experimental sensitivity accessible with Brillouin measure-
ments;w, exceeds the value expected from te *2 dependence, wheid is the average atomic mass, by
~ 0.3 cm™ %, consistent with observation. The Grisen parameter fab, and the third-order bulk modulus
are consistent with the theoretical estimates from the present model. The elastic moduli for natural diamond
determined in the present study, viz;;=10.8045), c,,=1.270(10), andc,,=5.766(5) in units of
10*3(dyn/cn?) are the most accurate yet obtaing80163-182606)03330-9

I. INTRODUCTION the entire Brillouin zoné&;all the elastic moduli with high
precision’ and an absolute Raman cross section of the zone
The cubic modification of crystalline carbon, diamond, iscenter optical phonon from an intercomparison of the inten-
characterized by a tetrahedral coordination underlying itsities of theF,y Raman line and the Brillouin components
structure dictated by thep® bonding between the nearest recorded in the same experiment with a double
neighbor atoms. It belongs to the space gr@lp(F41/d3 monochromatof.
2/m) with two atoms per primitivéBravaig cell. The strong The above experiments were performed on naturally oc-
covalent bonding and the light mass of the constituent atomeurring diamond and hence with an isotopic composition
result in a large frequency for the zone center, Raman active&orresponding to 98.9%'%C and 1.1% °C natural
infrared inactive, triply degenerakg, model? For the same abundancé. The successful synthesis of diamond by the
reason, the elastic moduli of diamond are the largest knowhigh-pressure—high-temperatu(ePHT) technique(Bundy
for any material and thus lead to Brillouin components withet al®) and the low-temperature growth from the gaseous
large frequency shifts. Its crystalline perfection and transparphase(Eversolé® and Derjaguiret al') by chemical vapor
ency make diamond ideally suited for inelastic light scatter-deposition (CVD) have triggered renewed interest in the
ing studies. And indeed, soon after the discovery of the Raphysics of diamond. In particular, the isotopic composition
man effect, the first-order Raman spectrum of diamond wasf the CVD diamond can now be controlled by that of the
recorded by RamaswanlyThe second-order Raman spec- gas employed; in turn, the isotopically controlled polycrys-
trum of diamond was reported by Krishnahe Brillouin  talline diamond can be used in the HPHT technique to pro-
components in the spectrum of the scattered light from diaduce single crystal¥: Thus an extraordinary opportunity has
mond were observed by Krishrfaand studied further by arisen for the study of the properties of diamond in which its
ChandrasekharahSolin and Ramd&sinvestigated the first- isotopic composition plays a special role. Thermal
and second-order Raman spectra of diamond by exploitingonductivity’® lattice  paramete¥; indirect gap'®
the unique advantages of laser excitation, scanning mondaman®*®and Brillouin scattering? and multiphonon in-
chromators, and photoelectric detection with the associateffared absorption spectroscdpyare illustrative examples of
photon counting electronics. Grimsditch and Ramidami-  a wide range of phenomena which have been investigated
larly made a comprehensive study of Brillouin scattering inspecifically in the context of isotopic effects. Thermal con-
diamond using a piezo-electrically scanned, multipassedjuctivity of isotopically enriched’C diamond exhibits as
Fabry-Peot interferometer for spectral analysis. On the basignuch as 50% enhancement at room temperature relative to
of their investigations, they deduced the frequencies of thé¢hat of natural diamonéf this remarkable enhancement has
phonons with wave vectors corresponding to a large numbdveen shown by Hasat al'’ and Olsoret al® to be due to
of critical points of the phonon dispersion curves spanningN processes, normally ineffective, playing a special role. The
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lattice constant of diamond determined by Hollovetyal'*  whereE; andy; are, respectively, the average energy at tem-
exhibits a decrease linear iy the atomic fraction of'®C;  peratureT and the Grueisen parameter of thi¢h phonon
this decrease has been fully accounted for in terms of thenode whileB is the bulk modulus of the cryst&l.The zero-
effects of zero-point motion in conjunction with anharmonic- point motion and the anharmonicity enter Edj) indirectly
ity as was demonstrated by Buschettal?! in isotopically  through the Groeisen parameters. This approach does not
enriched germanium. Chrenoand Hasset al. *” studied allow one to relate the isotopic dependence of the lattice
the frequency of th&,, zone center optical phonom() in constant to those in other quantities suchwgsandc;; .
a series of diamond specimens which ranged in isotopic It is, therefore, desirable to formulate a theory based on
composition fromx=0.011 to 0.99; the latter deduced lattice dynamics which will simultaneously give expressions
from the mass spectroscopic analysis of CO produced in théor isotope effects on the lattice constant, the elastic moduli,
combustion of the diamonds in oxygen. The decreasggn the frequency of the zone center optical phonon and the
is found to follow a predominantlyN,) ~¥? dependence ex- third-order bulk modulus. Lattice-dynamical theories for
pected from the virtual crystal approximatigCA), the  crystals with the diamond structure have been given by Mus-
force constants being essentially independent of the isotopigrave and Popl& by Keating? and by Martif* based on
composition[here M,=xM 3+ (1—Xx)M,]. The departure models in which the strain energy of a crystal is expressed in
from the (M,) ~ ¥ dependence has been interpreted by Hasterms of the changes in the bond lengths and the bond
et all”in terms of a coherent potential approximati@PA)  angles. In this approach, called the valence-force-field
combined with disorder-induced mixing with phonon modesmethod, the potential is manifestly invariant under both
of lower frequencies. translations and rotatiorfS. Anharmonic forces have been
We recently studied the effect of isotopic composition used by Keatin®f in a model involving two harmonic and
on the elastic moduli of a single crystal. More specifically, three anharmonic force constants. In this paper we consider a
we comparea,; and (C,;+ 2¢,,+ 4¢4,)/3 deduced from the simple model containing four parameters, two harmonic and
Brillouin shifts produced by longitudinal acoustic waves in two anharmonic. The harmonic part is identical to that em-
the back scattering geometry for several natural andG  ployed by Musgravé’ Of the two anharmonic force con-
diamond. Based on the concentration '8€H, used in its  stants, only one is of significance in our discussion, namely,
growth, the'3C concentration in the latter was assumed to behe anharmonicity of the bond stretching energy.
x=0.99. The elastic moduli for the ¥C” diamond was Consider the diamond structure with lattice vectors
~0.5% higher than those for natural diamond. A simple Ein-n=(a/2)(ny,n,,n3), wherea is the conventional lattice pa-
stein model, incorporating zero-point motion and anharmo¥ameter anch,,n,, andn; are integers whose sum is even.
nicity, yielded expressions for thedependence of the elas- Associated with each lattice pointthere is a basis of two
tic moduli c;;, the lattice parametem, and w,. The identical atoms at0,0,0 and (a/4,a/4,a/4). The nearest
anharmonicity parameter deduced from the theoretical exaeighbor distance i®R=(a\/3/4) and each atom has four
pression fora(x), in conjunction with its experimental value nearest neighbors as shown in Fig. 1 whEris the atom at
yielded a satisfactory agreement with the valuesvgfand  (a/4,a/4,a/4) with nearest neighbors atA(0,0,0),
cj;'s for the x=0.99 13C diamond when compared to those B(0,a/2,a/2), C(a/2,0,a/2), andD(a/2,a/2,0). Anarbitrary

of natural diamond. We note here that, for the “3C” distortion of the structure can be described in terms of the
sample was 1284.8 cit, not 1282.1 cm* as obtained by vector distances between the atoms. tigtbe the vectors
Hasset all’ for a diamond withx=0.99. AF, BF, CF, andDF in a particular primitive celln; i de-

Since this earlier study, with a variety of isotopically con- notes A,B,C, or D. In equilibrium, rgo)zAF
trolled diamond single crystals withranging from 0.001 to = (a/4,a/4,a/4), r&=BF=(a/4,—al4,—al4), r9=CF
0.99 grown by one of usT.R.A,), we have performed both —(_a/4 a/4,—a/4), andr©=DF=(-a/4,—a/4,a/4).
Raman and Brillouin scattering experiments. On the basis of | ot Ar;, be the change in the distance betwdenand
our new results we have to assign for the earliefC” Xin (Xin=An,Bp,Cp, or D) andA 6;;,, be the change in the

sample a lower value of, viz., 0.945. We have also rgfor- angle between the bond§,F, andX;,F,. The energy re-
mulated the theory for the dependence aby, &, andc;; i qguired to stretchor contract a bond byAr; is

terms of a lattice dynamical description for the zone center
optical F,4 phonon and the bulk modulus, incorporating an-
harmonicity as well as zero-point motion. In this paper we
present the theory thus reformulated, the new experimental
data, and a comparison of the experimental data with the
theory.

1k Ar;)? ! Ar)3
> 1(Ary) _691( r°+---, (2

while that required to alter the angle between the bonds
Il THEORY XiF andX;F is
From a simple thermodynamic argument, the difference in 1 1

the molar vqum.esV andV+AV of two chemically id(_enti— _ Ekz(RA gij)Z_ 6gZ(RA 9”.)3+ . 3
cal, nonconducting crystals consisting of atoms of isotopic
massesv andM + AM, respectively, can be shown to be

Herek,; andk, are the force constants for the harmonic part
(1) of the potential, whereag, andg, define the lowest order

AV B AM ( T aEi)
i ' anharmonic contributions.
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other, as in ther,, zone center optical mode and letbe
along[111], i.e., alongAF. The distancéAF changes by
but BF,CF, and DF change by—u/3. Furthermore, the
bond angles change from their static value arceds()
=109°. The angles betweel- and BF, AF and CF, and
AF and DF change by—(2+2u/3R) while those between
BF and CF, CF and DF, and BF and DF change by
(24/2u/3R). Noting that the terms iy, cancel exactly, the
deformation energy due to this relative displacement is

AU=N| 2 (ki + 4k, 02 49, 9
=N|3(ka+dk)u™= —o—=+ . 9

The kinetic energy per primitive cell associated with the
relative motion of the fcc sublattices R2/M whereP is the
momentum canonically conjugatedcandM the mass of the
atom (M/2 being the reduced mgsdhus, the Hamiltonian
per primitive cell associated with this motion is

i in di Pz 2
FIG. 1. The tetrahedral bonding of a carbon atom in diamond H=— 1 §(k1+4k2)u2—

with its four nearest neighbor® is the bond length whereas M

selected to be alongl11], is the relative displacement of the two . . . . .
foc sublattices with respect to each other in the triply degeneratdeglecting the cubic term, the equation of motion tois

4g,u®
27

... (10

F, ZOne center optical mode. harmonic with angular frequency of the,f~zone center op-
tical phonon
Neglecting interactions other than those between nearest Ko+ Ak 112
neighbor atoms, the deformation energy is — 8(ky +4k,) 11
1 2 1 2
AU= En: AU,= En: Eklz (Arjp)+ EKZZ‘] (RA6i5) In order to estimate the effect of the zero-point motion we

quantize the Hamiltonian in E10) and investigate the na-
ture of the ground state of such a system by a variational

) procedure. Choosing a displaced Gaussian distribution char-
acterized by the normalized wave function

(a) Bulk modulus. The energy associated with the defor- 12 )
mation in which all nearest neighbor distances change from W (u)= s exn — “_(u_ 8)2
R to R+u (u<R) without change in symmetry, i.e., Jr 2

Ari,=uandA6;;,=0 is o )
where @ and § are variational parameters, one obtains the

1 1
TG (Arin)’= 502 (RAGm™ -

: (12

2 expectation value of in stateW(u), viz.,
AU=N| 2ku?— =g u3+--- |, 5
3 2a? 1
— 2
whereN is the number of primitive cells in the crystal. The E(a,0)= oM + §(k1+4k2) o+ ﬁ)
change in volume idAV=(3VU/R) so that
49, 5 36
ki(AV)?  gy(AV)? BEANRET I 13
AU= 6av I (6)
723V For a givend, the minimum ofE(«, §) occurs for
Recalling the change in free energywith volume (MO, 12 169,514 y
AF 1(AV)2( °F (AV)?B - “T\ 2 ~om02 (19
= — _Z . ~ ,
2 A% 0 2V and
whereB is the bulk modulus. A comparison of Ed$), and 2 2 2
(7) at zero temperature yields E(5):ﬁ00+1 w2l 5— 8hg, |°_ 16470 T
2 47707 oam205]  8IM3Qg
B= ﬁ (8) 9
3a with
(b) Zone center optical mode. Consider a motion in which 3% g2
the two face-centered-cubifcc) sublattices of the structure wo= 0( 1— —315) (16)
experience a relative displacemantwith respect to each 8IM>(g
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We note that the minimum of the total energy correspond€VD apparatus was constructed out of materials such as cop-
to a displacemen'ﬁz(8ﬁgll9M293) with respect to the per and quartz containing little or no carbon to avoid con-
classical value obtained neglecting the kinetic energy arisinggmination of the isotopically pure films. The reactor was run
from the zero-point motion of the atoms. As a result, thefor 48 h with pure flowing hydrogen prior to the diamond
zone center optical phonon frequensy is the renormalized  deposition run so that atomic hydrogen generated by the hot

value given by Eq(16).

tungsten filament at 2000 °C would remove any carbon con-

(c) Bulk modulus: Effect of zero-point motion. Consider tamination in the reactor by reacting with carbon impurities
now a uniform expansion of the crystal, without altering itsto form methane which was subsequently swept out of the
symmetry, but including the effect of zero-point motion. By reactor by the flowing hydrogen. During CVD diamond
a procedure similar to that employed above for the zone cergrowth, isotopically pure methaffewas used at a 1% con-
ter optical phonon, one can relate additional macroscopigentration in a methane-hydrogen gas mixture. CVD dia-

parameters to the microscopic parametersandg,. For a

mond formed on a 850 °C molybdenum substrate that was

uniform change in volume, the Hamiltonian per primitive spaced 8 mm from a hot tungsten filament at a temperature

cell is
P2

2 2 3
H=V+2k1u —39u +. (17)

Taking a variational wave function of the form defined in Eq.
(12) and minimizing the expectation value of the Hamil-

tonian given in Eq(17) with respect to the parametar one
obtains

1/2
+2K1(6—50)2+-~, (19

E(5)—#| 29
=AW
whereK is the renormalized stiffness constant
fg:

8\/§k§/2M 1/2 (19)

Klzkl( 1-

and

19112

50=W- (20)
The renormalized bulk modulug, is then given by

Ky

Bzﬁ.

(21)

The lattice parameter is obtained frdR+= R., + o where

of 2050 °C. Diamond deposition runs were typically several
hundred hours long in order to produce films approximately
100 pm thick.

On completion of the CVD diamond deposition, the films
were removed from the reactor and crushed into powder and
used as feed stock to grow high quality diamond gemstones.
The advantage of using diamond as a feedstock instead of
graphite is that there is no volume change in the diamond
growth cell during crystal growth of the diamond gemstone.
If graphite is used as a feedstock, there is a large volume
change in the diamond growth cell as grapHiteolar vol-
ume =5.3 cn’) converts to diamond(molar volume
=3.41 cn?). The constancy of cell volume during crystal
growth allows good control of the temperature and pressure
in the cell during the 3-day growth run and ensures the
steady growth rate that produces high quality diamond crys-
tals.

The actual HPHT process as described by Strong and
Wentorf? is carried out at a pressure of 55 kbars and a
temperature of 1450 °C. At one end of the diamond growth
cell, a diamond seed with [®01] orientation is implanted in
an end plug of sodium chloride such that only {661) facet
is exposed. At the other end of the growth cell, the crushed
mixture of isotopic CVD diamond is placed. Between the
diamond seed and the diamond feedstock is a layer of liquid
metal of 95% Fe and 5% Al by weight. The Al lowers the
melting point of the mixture and getters any nitrogen in the
cell to ensure that the diamond gemstone is free of nitrogen.

R., is the nearest neighbor distance if the atomic mass wer@ Small temperature gradient is applied across the cell such
infinitely large and hence the zero-point motion negligible.that the CVD diamond feedstock end is 30 °C hotter than the

We obtain

a—at (22)
TG 312\ p 112"
V6k32m
IIl. EXPERIMENTAL PROCEDURE AND APPARATUS
A. Sample growth

diamond seed. The solubility of diamond in the Fe-Al liquid
increases with increasing temperature. As a result, the con-
centration of carbon is higher at the feedstock end than at the
seed end of the cell. The resulting carbon concentration gra-
dient transports dissolved carbon atoms from the dissolving
CVD feedstock to the growing diamond seed. Diamond
growth rates are approximately %20 7 cm/sec (20
pmm/h). In a typical run, 50% of the diamond feedstock is
successfully converted into single crystal diamond. The re-

Two different methods were used to prepare our diamondnaining feedstock remains as carbon dissolved in the liquid
samples. The first method was determined solely by technimetal, undissolved CVD feedstock or spurious secondary
cal considerations while the second method took into considdiamonds that nucleate randomly in the cold end of the cell.

eration the extremely high cost of the purifiétC isotope.

The diamond gems are typically type Ila with a color

For samples with a lowC content, a two-stage process grade ofE on the gemological color scalgems are graded
was used to prepare the diamond gemstones with varyingy gemologists on a color scale ranging fr@nto Z with
isotopic compositions. First, thin polycrystalline films of D being the best and rarest designatiddf all the elements,
pure 1°C and *C diamond were made by a low-pressureonly nitrogen and boron can dissolve to any extent in dia-

CVD diamond deposition procesd:}??® A hot-filament

mond. The absence of any significant color implies that both
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nitrogen and boron concentrations are less than 1 ppm sinassing the known wavelengths from a spectral lathfhe
their concentration in excess of 1 ppm produce yellow andrequency shifts are thus determined with an accuracy of
blue colored gems, respectively. The average size of th8.001 cmi *.

gems was about 44x4 mm and average weight was 0.8  Extracting the sound velocity() from the measured fre-
carats (1 g=5 caraty. The gem crystals typically exhibit duency shift requires knowledge of the refractive index
large (001) and (111) facets and sometimes sméll10 and and the scattering ang® Uncertainty in the latter leads to
(113) facets. All of the gems contain some small microscopican error in the wave vectdg|. In our case the uncertainty
inclusions of graphite and the Fe-Al metal that were en-rising from the finite collection aperture leads to
trapped during crystal growth. The dislocation density of the(A@/@)=7x10"°. This error is systematic and affects all

crystals was determined by etching them in molten KNO our measurements in the same fashion and hence has no
for 20 min in air at 650 °C and found to be f16m?2 effect on the intersample comparison presented here. Errors

due to uncertainty in the refractive indémumerical values

For samples containing significant amounts '€ car- are given in Sec. I¥fall into the same category. There could
bon, economic considerations forced us to grow gem dia; 9 : gory.

: ; . ; : be a systematic error due to the value chosen for natural
mond directly from |sot(_)p|ca||y enrlch.ed graph e feedStOdeiamon)éiS' this error again does not affect our intercompari-
_becau_s e of the much higher conversion efﬂue_f&iy%) O.f son. We r,1ave however made a correction to the refractive
isotopically pure™*CH, to graphite in a pyrolytic cracking indéx to account for density changes between samples with

rocess! as compared to the low conversion efficieri2gb) . ) . 1Sty 9 - amp
pf. . 13C : . different isotopic constitution. Uncertainties arising from
of isotopically pure~“CH, to diamond in the low-pressure . o o
011 ; ; . corrections to the refractive index are negligible. Thus
CVD process ! For example, the costs of just the isotopi- (Avo/v,) is ~0.000 25
cally pure ¥*CH, gas for an isotopically puré3C diamond Us'Us ' '

made from CVD diamond and graphite feed stock, respecs Th_e final step in extracting the e_Iastlc moduh_mvolves thg
density of the samples. Here again any error in the density

:a’:ly’evr\;esrewfis’ggg aglsc:tgzlgo' rig?;’re?ﬁaeg“){’gé%thﬁerS(;UdyChosen for natural diamond will contribute only a systematic
rowgn from ara hitep feedstoca instead of CVD diamond €™ However, the uncertainties in tHéC concentration
9 grap (x) will introduce uncertainty in the density. The overall

feedstock. accuracy in the elastic moduli Xj is (AX/X)
=2(Avglvg) + (Ax/12)=0.0005+ (Ax/12).
The Brillouin experiments were performed in the back-
scattering geometry for phonon propagation vectpedong
The 5145 A line from an Af laser(Coherent Radiation [001], [111], and[110]. The incident beam was normal to the
Model 10 and the 5309 A line from a K laser(Spectra  sample surface; by adjusting the retroreflected beam to be
Physics Model 17lwere used to excite Raman scattering of collinear with the incident beam over a distance of more than
the samples held at room temperature. The inelastically scagg cm, this was accurate to within 1°. Since the facets pro-
tered light was spectrally analyzed with a computer conguced during growth for natural and synthetic diamonds are
trolled Spex 14018 doublériple) monochromator and de- exactlynormal to the desired direction, single measurements
tected with an RCA photomultiplier tubéype C31034A  gare sufficient to determine the Brillouin shift for each par-
using photon counting and associated data acquisition Sygcular wavevector(This fact was also verified experimen-
tem. For optimal mechanical reproducibility the Spectromete[a”y on a number of Samp|es|_:0r diamond surfaces which
drive was advanced only towards lower wave numbers, scaryad been prepared by polishing, and hence possibly misori-
ning the laser line followed by the first-ordér,; Raman ented by a few degrees, the Brillouin shift was measured for
line. Each spectrum thus acquired was fitted with a Gaussiaghe various propagation directions close to the surface nor-
and Lorentzian for the laser and the Raman peak, respeenal. (Note that this does not change the scattering angle
tively. The peak pOSition of the Raman line could be deter-@_) Since the frequency shift is a&‘xtremun’a]ong the three
mined reproducibly within+0.05 cm*. symmetry directions considered, the procedure leads to plots
similar to those shown in Fig. 2 where the Brillouin shifts as
o function of angle forg in the vicinity of [111] and[001] are
C. Brillouin depicted for samples with polished surfaces, clearly showing
A single moded AF laser (Coherent Radiation, Innova the occurrence of extrema along the desired crystallographic
90) provided the monochromatic radiation (=5145 A) for ~ directions forq; here the departure from the desirgdis
exciting the Brillouin components. The scattered light was~5°. Figure 3a) shows the Brillouin components recorded
spectrally analyzed with a high contrast, piezoelectricallyin first order, the tandem feature being operational in the
scanned, multipassed Fabryr@einterferometef? The high Fabry-Peot interferometer. Those recorded without the tan-
precision in the measurements of the Brillouin shifts wasdem feature and in high interference order are displayed in
achieved using the interferometer without its tandem feature~igs. 3b) and 3c).
The free spectral rangd-SR was set at a value for which
the Brillouin components argeparatedrom the parent laser IV. EXPERIMENTAL RESULTS AND ANALYSIS
line by as many as 8 full orders and a fraction of the FSR.
The frequency shift is then given by ¢8f) FSR wheref is
the fraction of a free spectral range and can typically be The first-order Raman spectrum, i.e., the Raman line as-
measured with an accuracy better thar0.0015 . The FSR  sociated with the zone centén,y mode (), is of funda-
is determined with an accuracyAFSR/FSR of 3xX10 °  mental importance in the context of the theme of the present

B. Raman

A. Raman spectra: Isotopic composition
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FIG. 2. Brillouin shift as a function of the external angle of the ] ] )
scattering direction with respect to the normal of a polished surface. FIG. 4. The first-order Raman spectra of diamond specimens for
The solid line is a polynomial fit from which the extremum of the X=0.001,x=0.011,x=0.47, andx=0.99.

Brillouin shift is extracted. In Fig. 4 we display the~,; Raman line for four speci-

. o ) . mens with isotopic compositions corresponding o
investigation. On the one hand, one can establish a calibra= g 9p1,0.011,0.47, and 0.99, where we quote the “nomi-

tion for the isotopic composition on the basis of the positionn 51 values forx. The peak positions of the Raman line for
of th%Raman line, as was indeed accomplished by Hasseyen natural diamonddive type lla and two type Ilp
et al. ' (This required the “destructive” mass spectroscoplcyie|ded a value of 1332.400.05 cm . The positions for
analysis of the CP produced by the combustion of the diathe synthetic diamonds are listed in Table I. It is of interest to
monds in OXVQEﬁ;) On the other hand, the dependence of e ‘that the natural abundances of the stable isotopes of
wq includes contributions from the combined effects of Z€r0-carhon, viz.22C and 13C, correspond ta=0.0110 as quoted
point motion and the anharmonicity as deduced in Sec. Il. ”by DeLaeteret al® with the “warning” that a more accurate
\{iew of these considerations we made a_careful study _of thgssessment of the natural abundance may be necessary for
first-order Raman spectra of all the diamond specimenggh precision experiments. In this context the following
available to us. comment by Orlo¥ on natural diamonds is significant: “On
the basis of these investigations, we can state the following
conclusion. The isotope composition of carbon in diamond
crystals(irrespective of their variejyand in coarse-grained
bort is approximately the same. Thé4C*3 ratios for these
varieties vary within a narrow range: 89.24 to 89.78.” We
have thus ascribed to all the natural specimens used in the
present study a value of,,~=0.011 05(3) and assign the
value wy=1332.40(5) cm! to the zone center optical pho-
non frequency of natural diamond.

On the basis of the data of Hassall” and that for natu-
ral diamond, the following polynomial fit can be established
for wg(X):
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TABLE I. The *3C molar fraction &) in the *2C,_,'C, dia-
mond specimens deduced from the measured Raman shift of the
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FIG. 3. Brillouin spectra of natural and isotopically enriched _ Observed Ezfxman shift
diamonds.(a) The spectra were recorded in the backscattering geSample  x (nomina) (em™) x (calculated

ometry for 5145 A radiation incident alori@11] and the backscat-

tered light analyzed with &+4) tandem Fabry-Ret interferom- Bi; 8881 iggg;g _%%«0‘2)
eter. The phonon wave vector is alofidL1]. HereL andT denote : ' )

longitudinal and transverse, respectively). Brillouin spectrum for D25 0.001 1332.87 -0.003)
13C diamond in the same geometry as fay but analyzed with a D357 0.011 1332.20 0.018)
five-pass interferometer with a FRS of 0.670 67 ¢mand withan D28 0.47 1313.44 0.4%B)
analyzer in the scattered beam to reduce the intensity of the longP 24 0.99 1284.80 0.943)
tudinal peaks. The longitudindl and transversel peaks are D30 0.99 1281.63 0.992)
~8.4 and~5.4 orders from their parent laser line as indicated byD31 0.99 1281.61 0.992)

the arrows(c) Same agb) but for *°C diamond. The. andT peaks
are now~8.7 and~5.7 orders from their parent line, respectively. Synthetic type-l diamond of natural composition.
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TABLE 1. Brillouin frequency shiftsA w, squares of sound velocitie2=X/p, and elastic modulK as
measured for variou$®C concentrations and phonon wave vecigrs

qg; polarization Sample X Aw Xlp X
(cm™) 102 (cm/sec§  10'2 dyn/cn?
[111]; LA D29 0.0 5.8581) 3.4581) 12.1435)
D25 0.0 5.8541) 3.4571) 12.1395)
X=3(Cq1+ 2C15+ 4Cyy) D2 0.01105  5.85(1) 3.4521) 12.13@5)
D28 0.456 5.748) 3.3321) 12.15@10)
D242 0.945 5.6361) 3.2031) 12.14210)
D30 0.992 5.62Q) 3.1881) 12.1317)
D31 0.992 5.62dL) 3.1891) 12.1347)
[111]; TA D29 0.0 3.7991) 1.4551) 5.1113)
X=3(C11— C1p+ Csa) D2 0.01105 3.79Q) 1.4511) 5.10Q3)
D30 0.992 3.648) 1.3421) 5.1075)
[001]; LA D29 0.0 5.527) 3.0751) 10.7995)
D25 0.0 5.5211) 3.0751) 10.7985)
X=cCqq D17 0.01105 5.520) 3.0731) 10.8045)
D28 0.456 5.42¢1) 2.9641) 10.81@10)
D24 0.945 5.31@) 2.85Q1) 10.80810)
D30 0.992 5.304L) 2.8311) 10.7937)
D31 0.992 5.30@L) 2.8351) 10.78Q7)
[110]; LA D29 0.0 5.7781) 3.3621) 11.8085)
D1 0.01105 5.77Q) 3.3581) 11.8045)
X=3(Cy1+ Crpt 2C40) D30 0.992 5.548l) 3.10Q1) 11.79Q7)
D31 0.992 5.548l) 3.1041) 11.79Q7)

3Previously believed to br=0.99 diamond.

wo(X)=1332.82-34.7%— 16.98°. (23 Refs. 7, 19, 37, and 38, on the one hand, and those in the
present paper on the other, i.e., values in the former should
be increased by a factor of 1.000 §4rom the known
elasto-optic constants of natural diaméighd the change in
Viewing light scattering from long wavelength acoustic |attice parameter, a linear interpolation for the index of re-
phonons to be a consequence of the Bragg reflections fromiaction yields n(x)=2.429 30+ 0.000 1%. For the back-
the optical stratifications produced by them, one can ghOWscattering geometry §=180°) employed in the present
that the Doppler shifts of the Brillouin components in a cubicstudy, the experimentally determined elastic moduuss
crystal are thus given by

B. Brillouin scattering

: (24) _ ¢ p(¥)
X(X)_ 4_ﬂ)|2_ nZ(X)

v . [0
Aw=i2w,_n?sm =

2 Aw*(X). (27)

Here o, is the frequency of the incident laser radiation;

the refractive index of the scattering mediuenthe speed of  The scattering intensity for the longitudinal acoustie)

light in vacuum; 6, the scattering angle; and, the velocity  pyjliouin components in the backscattering geometry is non-

of the spund wave re§p0n5|ble for the Brggg reflegtlon. Thgero for(i) q || [001], (i) q || [110], and (i) q || [111]; for

appropriate combinationsX(s) of the elastic moduli ¢;)  transverse acousti@A) phonons with thesa’s it is nonzero

are given by only for (iv) q || [111]. All four cases have been investigated
X=p2 25) and the results are tabulated in Table Il. The corresponding

sP» X, i.e., combinations of the elastic moduj;, for these
wherep is the mass density. We express tHE€ concentra- cases are
tion dependent mass densjiyby p(x) =8M,/a(x)3, where

a(x) has been determined by Holloway al* to be XW=cq,
a(x)=(3.567 15-0.000 5%) A. (26)
iy C1at Cagt 2C44
The calculategh(xn,) =3.5152(1) g/cni based on Eq(26) X =

compares very well with 3.5153 g/chguoted by Mykola-
jewycz et al3® [The value ofp(xn,) used in Ref. 7, 3.512
g/cm?®, quoted from McSkimin and Bontl,should be taken i) - 11 2C151 4Cy,

: X X i o . , 28
into account while comparing the elastic moduli given in 3 (28)
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C117C1oH Caq
—

(a) qll [001] (b) qll[111]

X (iv) —

V. DISCUSSION

In the theoretical approach formulated in Sec. I, a single
parameter, viz.g,, controls all anharmonic effects. It is thus
of interest to establish the validity of the model in correlating
a variety of isotope related effects. In addition, it is worth
exploring the relevance of the model in accounting for other
phenomena in which anharmonicity plays a role.

(a) Lattice parameter and the anharmonicity constant. The
concentration dependent lattice parameter incorporating

Velocity? (10'2cm?/sec?)

00 0t | 02 03
) 1
0.28

27 L !
0.26 0.27

0.29

zero-point motion in combination with anharmonicity, de-
hg;

duced from Eq(22), is
P (BKM 1 (

with M,=(1—X)M,+XxM;3. A comparison of EQq.(29)
with the data of Holloway et all* for a(x) and
k,=3Ba=4.76x10° dyn/cm for natural diamond yields
g:=(4.5=0.4)x 10" erg/cn?. Yamanakaet al3° have re-

a(x)

1/2
M 12) 29

My

Inverse Density (cm®/gm)

FIG. 5. v§ vs p~1(x) for longitudinal acoustic phonons travel-
ing along[001] and[111] in diamond specimens of varying isotopic
composition. Our data points are indicated by solid circles; the solid
line represents a linear least squares fit passing through the origin
[p~(x)=0]. The data points from Tables Il and IV of Hurley al.
(Ref. 49 are represented by open squares; the dashed line passing
through their data points is again a linear least squares fit passing

cently reported results on a remeasurement of the influendérough the origin.
of isotopic composition on the lattice parameter of diamond.

Their data analyzed in the same manner

yieldgginally) less satisfactory representation of the data. The ex-

g1=(4.7£0.4)x 10* erg/cn®. The departure from the ex- perimental reports om(x) in the literature(Chrenkd® and

perimental lineax dependence od expected from Eq(22)
is no more than 10° A in the range ofx=0 tox=1, i.e.,
well below the experimental error.

Spitzeret all®) are in general consistent with E(3). The
disorder-induced term in Eq31), vanishes atx=0 and
x=1; the departure of wy(**C)/we(*?C) from

(b) Raman frequency as a function of concentration. From(M ;,/M;2)*2, i.e., from VCA, is a measure of the contribu-

Egs.(11) and(16) the concentration dependencewy, the

tion due to the zero-point motion. While VCA yields 1280.6

zone center optical phonon frequency, within the virtualem™? for wo(*3C), Eq.(31) predicts 1280.9 cm? in reason-

crystal approximation is

wo(X) [Mpp Y2 3297 Myp| ¥
000\ M, | EmMeg0d| I, [
(30

keeping corrections to the second powerggfonly.
As pointed out by Hasst al!’ and Spitzeret al.® the

isotopic disorder produces a phonon lifetime proportional t
X(1—x) accompanied by a shift in the real part of the fre-

qguency of the formCx(1—x). The justification for this re-

sult is as follows. The deviation of the scattering potential

Vi, or Vi3 from its average (EX)Vi,t+xVi3 is
x(V13—V3p) in the vicinity of a 2C atom and (%x)
X (V1,— V19 around*C. The average lifetime is then pro-
portional to [(1—Xx)x2+Xx(1—x)?](Vi3—V12)?=x(1—X)
X (V13— V192 The shift of w, follows from the Kramers-
Kronig relations and from its imaginary pdiifetime).

We add, thereforeCx(1—x) to Eq.(30), whereC is an
adjustable parameter. The Taylor expansion of

M 1/ M 1/2
s o s 2]

My
31)

is consistent with Eq(23) with C=20.4 cm 1. The neglect
of the second term in the square brackets of(Bd), i.e., the
correction associated with zero-point motion, yield&rer-

32hg? .
81M1,w0(0)°
+Cx(1—Xx)

(0]

able agreement with 1281.07 ¢rh from the polynomial fit
to the Raman data, Eq23).

(c) Elastic moduli. In Table Il we display the results of the
Brillouin measurements for the four directions of phonon
wave vectors investigated. The squares of the velocity of
sound clearly show a decrease with increasing average mass.
The corresponding elastic modiiare calculated according
to Eg. (27). An inspection of the last column of Table I
reveals, within the experimental accuracy, no systematic de-
pendence oK on the isotopic composition. Thus a plot of
v§ as a function ofp~1(x) should yield a straight line pass-
ing through the origin; indeed, such a representation of the
data can be used to detect arydependence ot;;. We
display such plots in Fig. 5 fag || [001] and[111], yielding
(€11)=10.798 and Cy1+2C1p+ 4Cy)/3=12.140, in units of
10* dyn/cn?, respectively.

From the data obtained it is possible to determing,

C12, and c,4 separately forx=0.0, x=0.01105 and
x=0.992. The results are displayed in Table Ill. From these
elastic moduli one can deduce the bulk modulus, the values
being given in the last column of Table Ill. The theoretical
prediction forB(x) is

B(x) a(0) fg: My,|
B(0)  a(x) 8(2KKM 12| = | My
~1+0.001% (32
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TABLE lII. Elastic modulic;; and bulk modulus3 of diamondi(in units of 162 dyn/cn).

X Sample C11 C12 Cas B
0.0 D29 10.7995) 1.24810) 5.7835) 4.4328)
0.01105 D1,D2, andD17 10.8045) 1.27Q10) 5.7665) 4.4488)
0.992 D30 10.7927) 1.24814) 5.7767) 4.42912)
with the values ok; andg, used above. Thus the accuracy B(*C)— B(*%C) .
of the present Brillouin measurements does not allow the WZLSX 10 (39
detection of~ 0.1% increase 5 expected from theory for
B(*?C)IB(*°C). in reasonable agreement with our previous estimate using

(d) Anharmonic effects. The Gneisen parameter for the EQ.(32.
zone center optical phonon of diamond, measured by
Parson® and by Grimsditchet al,** are 1.19-0.09 and VI. COMPARISONS WITH PREVIOUS WORK
1.06+0.08, respectively. Within the theory presented in this
paper the Groeisen parameter can be deduced as

~! 64y2g;a
- 2Mw;

(a) Elastic moduli of natural diamond. The elastic moduli
in Tables Il and Ill must be compared with values in Refs. 7,
312 19, and 38. After accounting for the more accurate density
used in this papefwhich introduces the factor of 1.00094
our present values are in excellent aggreement with those in

(33 Refs. 19 and 38. Also, except for the valuecef, they agree

Thus for diamondy=4.2x 10 1%y, =1.9. While this value is  with those in Ref. 7. Based on the reproducibility of our
gualitatively consistent with that experimentally obtained,current results on various samples we conclude that the
the significance of the difference needs to be understood. (density-scaled value of cq; in Ref. 7 (10.7740.002)

The thermal average of the displacemenin Eq. (17)  should be superseded by 10.802.005 obtained from Ref.

_ &(lnwo) _ &lnwo
YZT0n) T Tag,

a(Inv)
d91

Ba
M

yields the coefficient of volume thermal expansiéras 19 and this work. We also note that the accuracggfand
C44 in the present study is improved over that achieved in
C1(aV)  gikeV3  (v/2)? aq Ref. 7 because the transverse modes were observed in a
“VviaT P_ 2kia sink(y/2)’ (34) backscattering geometry. The values égfs in Table Il for
natural diamonds are the most accurate to date.
where (b) Elastic moduli of *3C diamond. The results in the
POREL present paper must be compared with those of Refs. 19 and
y= _(_1) (35)  46.In Ref. 19 theg;j’s of *°C diamond relied on what turns
kT | M out to be an overestimate »f Using the correcx, the values

This yields3=2.7x10" K -1 at 1000 K. The linear ther- in Ref. 19 incorporated in Table Il show no effect due to
mal expansion coefficient has been measured by Slack isotopic composition. In Ref. 19 it was also found that the
et al. *2to be 4.4< 10" ¢ K ~* at 1000 K, which would imply isotopic hardening could be understood on the basis of a
a volume expansion coefficient B= 13’.2>< 108K 1 This Simple model. The theoretical estimate used in Ref. 19 was

value is markedly hlgher than that predicted and calls fO,based on a Slmpllfled model in which the atoms vibrate about
investigation of other contributing factors. their equilibrium positions independently of one another, i.e.,

The third-order bulk modulug3’ can be expressed in following the Einstein model including anharmonicity. The

terms of the anharmonicity parametgy. We obtain calculation predicted correctly a linear decrease witf the
lattice parameter, an increase i, over and above the

dB V/aB\[ovV\ "t gy g,a M~ %2 dependence and an increase in the bulk modulus. In
B'= aP- Bl gl T = =4.9. the context of the present analysis of the isotope effects in
91/ 1991 1238 43k, diamond, the previous approach overestimatedrésidual

(36) effects inwy(*°C) andc;;’s by a factor of~4.
Assuming the bulk modulus to be a linear function of the ~Recently Hurleyet al:** reported ultrasonic velocity de-
pressure, one obtains the Murnaghan equation of state  termination in isotopically controlled diamonds withrang-
ing from ~0 to 0.99. They have measured the velocity of
Vo B, 1B, longitudinal and transverse sound wavesd@along[001] as
V:(1+ P (37 well as[111]. In Fig. 5 we also display the data of Hurley
0 et al* Their data would yield(c,;)=10.944x 10*? dyn/
where; is the derivative of the bulk modulus with respect cm?, when analyzed in the same manner as in this paper. For
to pressure, evaluated f&x=0. With the experimentally de- q || [111] such an analysis does not appear reasonable in
termined valu& Bj=4.03 we conclude that the molar vol- view of the essential constancy of in Table Il of their
ume of *C diamond equals that ot°C diamond at zero paper; the large;, deduced by them fax=0.99 in compari-
pressure wheP=0.2 GPa. The bulk modulus ofC dia- son to that for x~0, viz. 2.379<10"* dyn/cm® vs
mond at zero pressure must equal that% diamond at 0.2  1.252x 10*2 dyn/cn?, respectively, arises in the main from
GPa. We thus conclude that their v 1*? for
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x=0.99. The nearly factor of 2 increase in the valug  diamond, SiRef. 46, and Ge(Ref. 47, respectively. It thus
reported by them, in contrast to the constancy witlob-  appears that the force constants for bond stretching dominate
served by us, is very puzzlifg. We also note here that, those for bond bending.

contrary to the remark in Hurleet al,** backscattering The isotope effect on the lattice constant has been ob-
along[111] allows both longitudinal and transverse acoustic served by Hollowayet al. and is used to determine the single
phonon modes to generate Brillouin components with relaanharmonicity parameter of the modg,J. The magnitude
tive intensities of P13~ P1o—2P40) 2/ (P11t 2P1o— 2Pas)?,  Of the resulting changes in Raman frequency and elastic
wherep;;, P12 and py, are the elasto-optic constants. This moduli lie just beyond the range of the Raman and Brillouin
ratio can be deduced from Table | of Ref. 7 fpi| [111];  experiments reported here.

note the doubly degenerate transverse modes appear in par-The value ofa.. in Eq. (22), the lattice parameter in the
allel as well as in cross polarization, whereas the longitudinadbsence of zero-point motion, obtained from a fit of the

occurs only in the parallel polarization. variation of the lattice parameter witk, is 3.5542 A. If
¢ diamond could be synthesized, its lattice constant would
VIl. CONCLUDING REMARKS be 3.5662 A, usingvi ,, for M; the bulk modulus would not

) ) significantly differ from that of diamond composed of stable
We have developed a model of anharmonic effects in tEtrsotopes of carbon. The deviation &f, from the M ~112 §e.

rahedrally coordinated materials and used it to analyze thBendence is expected to be1 cm™! with respect to that of

effects of isotopic constitution on material parameters. Thel2c giamond.

model correctly accounts for the Greisen parameter of the

zone center phonon and the third-order bulk modulus. When

applied to the effects of zero-point motion, it predicts

changes in the lattice constant, frequency of the zone center

optical phonon, and elastic moduli. The authors thank M. Cardona for stimulating discus-
Here we note thaf), calculated from Eq(11), neglecting  sions. The work reported in this paper received support from

4k, in comparison tok;, is (8Ba/M)? yielding 1336.8 the National Science FoundatiofGrant No. DMR 93-

cm ! for natural diamond, 507 cm* for Si and 282 cmm* 03186 at Purdue University and from the U.S. Department

for Ge. These are to be compared to the experimentally obef Energy, BES Material Sciencg&rant No. W-31-109-

served Raman shifts of 1332.4, 519, and 304.5 ¢nfor  ENG-38 at the Argonne National Laboratory.
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