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Elasticity of carbon allotropes. Il. Modified anharmonic Keating model for hexagonal diamond
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The parameters of the modified Keating model deduced for cubic diamond are used to predict the elastic
constants and zone-center optic mode frequencies of hexagonal diamond. A geometrical difference between the
two structures at the third-neighbor level requires an adjustment tg*thgarameter that results in excellent
agreement between the model and the three observed Raman frequencies. The lower symmetry and extra
degree of freedom associated with the hexagonal unit cell permit exploration of three distjmese
quasi-cD(same bond lengths, atomic volume asi@ ratio), equal bondlengths with increasefh ratio, and
unequal bondlengths with unchangge ratio. Numerically there is little difference between the predictions in
each case. The quasi-cD case implies first an isotropic compressibility consistent with the observed constancy
of the c/a ratio over a wide range of pressure and second no lifting of the triply degenerate Raman frequency
which is consistent with experiment but slightly at variance with a first-principles calculation. All three cases
yield a bulk modulus slightly smaller than the fitted value for the cubic allotrope, and similar values for the
pressure derivatives of the elastic constants and of the optic mode frequencies.

DOI: 10.1103/PhysRevB.67.024108 PACS nuni®er62.20.Dc, 81.40.J;

I. INTRODUCTION Il. THE HEXAGONAL DIAMOND STRUCTURE

. . , Even though the Keating model is limited to first and
The possibility of a hexagonal form of diamond was first second neighbors, small differences can still be accommo-
suggested by Lonsdale in 194aVhen, twenty three years o as a result of the lower symmetry of hD. The extra
later, a mineral having the expected x-ray diffraction patteimyeqree of freedom, resulting from two lattice parameters in
was found to comprise over 30% of the diamonds in theyiace of one, allows the equality of the four bond lengths to
Canyon Diablo and Goalpara meteorites it was nameghq rg|axed: the axial bond may differ in length from the three

lonsdaleité in her honor. It was suggested that the mineralyonayial bonds. The structures of the two diamond allotropes
formed from crystalline graphite inclusions by impact shock, .6 described in C1.

either on collision with Earth or by earlier collisions in

space’ More recently there has been a different suggestion:
various laboratory simulations seem to favor its formation by A. The quasi-cD case
vapor deposition, most probably in a presolar, circumstellar

condensation proce$st has also been found, again accom- lengths are taken to be the same as those in cD, is depicted in
panying cD, as an inclusion in Viethamese ruti¢ess ex- Fig. 1. Takinga.=3.567 A the lattice parameters in the

otically hD is formed when hG is subjected to a pressure . _ _ _
above 14 GPa. As will be seen in Ref. 6, this critical pressurequaSI cD case ara ac/\/i 25222 A ande 2aC/\/§

~_ — 2
is closely predicted by the modified Keating model to Which;g';g? é Tr']l'he volums g)(lar taht(?mf_lo— \Eca /8
the hG elasticity data has been fitted. ' - The common bond length 1S given by

hD is more complex than cD, with more elastic constants
at both second and third order, and with many more inner
elastic constants. The formal details of the inner elastic con-
stants and the zone-center optic modes were treated in Ref. "
(hereafter Cland the anatomy of the total second- and third- a,
order elastic constants in Ref.(82).

As both ¢D and hD arsp® bonded, it is to be expected
that total energies, bond lengths, and elastic constants will be
very similar when compared in the appropriate manner. In
fact some of the lattice properties of cD and hD have been 3)
calculated recently by Wu and Xuwsing a total energy ) ©)
method. The small differences in total energies, bond &
lengths, and bulk moduli that they found reflect the fact that 4 &
both structures have the same first- and second-neighbor e
vironments, but different third-neighbor ones. The frequen- () (b)
cies of zone-center optic phonons were also calculated: the
triple-degeneracy of the cD Raman mode was partially lifted FIG. 1. (a) The triple-hexagonal cell for cD an) the primitive
and the frequencies of the hD modes were about 2% smalléiexagonal cell of hD. The numbers indicate the distinct sublattices
than their cubic counterpart. on which the atoms lie.

This case, in which the atomic volume and all bond
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TABLE |. Modified Keating parameters. TABLE Il. The internal strain parameters. The final entry relates
to cubic diamond. Units are A.
Harmonic Anharmonic
_ _ _ _ loa# loc Foa="roc
1 4 3 6
GPa A ev A GPa A eV A Constant Quasi-cD  z=0.0625 2=0.0645
a* 158.6 0.9899 vy —140.8 —0.8788 Ais 0.153 0.152 0.152
B 122.8 0.7663 1) 19.56 0.1221 A%s 0.069 0.070 0.087
cooCuE o ooue e ownmoe Wl om o oow
7 : ' Z _50'55 - 53158 AL, -0.139 —0.140 —0.106
' : Al 0.083
& 0.0 0.0
tion surrounding each atom. Every atomhiD has that same
3 3 : A ;
fom— o= a 1) configuration in what is called the quadd structure above.
0o~ = . . .
8 8 The difference in crystal structure between these two cases is

completely invisible and it is inconceivable that different sets

of Keating parameters would be required. Where a nonideal

c/a ratio andor) unequal bondlengths are present the system

B. The actual hD case can be treated by associating unchanged Keating parameters

The detailed study of the hG to hD transformation under-with the perturbed geometry. The validity of this approach is

taken by Yagiet all® reveals a small departure from the supported by the results obtained.

quasi-cD case. The lattice parameters extrapolated to ambi-

ent pressure ar@=2.513(6) A anc=4.171(5) A, indicat- A. The strain variables

ing a slight decrease in the value abut a 1.3% expansion

in c. Thec/a ratio goes up from the ideal 1.6330 to 1.66 and

and has the value 1.5446 A.

The strains in the modified model for hD are

remains constant to at least 30 GPa pressure. In this case A, =2ri0 i0 0,7, 7w
) i=2r rq +2ryz;+z3z 4
three bond lengths are given by ! p 7pd’a PP PTP @
and
foa= \/Eaer4zzc2 2) 0 .j0, .i0 0
0a 3 Ajj=2r nogt i 1o Zp 1y zp +207g (5)
and the fourth by where terms of order three and higher have been omitted.
L The significance of™ and z” is as follows. Consider the
Moo= (1—42z)c 3) reference atom belonging to sublattice 2 in Fi¢h)11t has
© 2 ’ three bonds to atoms on sublattice 1 and one bond to an atom

. . . _>7T_ "l .
wherez is the structural coordinate that is equal to 1/16 inOn Sublattice 4. Whenrefers to sublattice 7= —¢* (mi-
the quasi-cD case, see Table | in C1. The measurements BES because a positive value indicates 2 relative to 1, 3 rela-
Yagi et al° are not sufficient to give this parameter. If it is Ve t0 2 or 1, or 4 relative to 3, 2 or)1If i refers to
assumed that the structure retains equal bond lengths thenblattice 4 thernz™= {2+ (because 4 relative to 2 is
roa=roc=1.5474 A and z, which is given by 18z equivalent to 3 relative to 2 plus 4 relative to. Similarly
=4a?%3c?, changes from 0.0625 to 0.0645. This scenariofor j andz*, and for the remaining reference atoms.
seems unlikely—it appears to take no advantage of the extra
degree of freedom available. On the other hand the assump-
tion thatz remains at 1/16 produces a marked inequality of ) - )
bond lengthsr,,=1.5417 A andr,.=1.5641 A, a differ- The expressions for the modified energies per cell are the
ence of 1.5%. The actual behavior of hD probably lies someSame as those for cDEgs.(43) and(44) in Ref. 11], except
where in between. Calculations for both these extremes arf@at the summations are now over four sublattices rather than

presented below, together with those for the quasi-cD casefWo. The anharmonic term ifihas been retained for the sake
of formal completeness even though it was found to be in-

significantvis-avis .

B. The energy

Ill. MODIFIED KEATING MODEL

It is not in general possible to transfer force constants @ 1 ‘
between different crystal structures of the same element. Thi§ ~ =5 521 ;1
is shown vividly by comparing the number and values of the

parameters found forD andhG in Refs. 11 and 6, respec- 4 )
The Keating model forcD, however, is exceptionally =1
simple in being focused solely on the tetrahedral configura- (6)
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TABLE lll. The second- and third-order elastic constants, the bulk modulus and the pressure derivatives

of the second-order constants. Constants are in GPa, derivatives are dimensionless.

Toa? loc Foa="roc roa# oc Foa="roc
Constant  Quasi-cD z=0.0625 z=0.0645 Constant  Quasi-cD z=0.0625 z=0.0645
Cpy 1133.5 11111 11111 Cinn —11912.0 —11592.0 —11586.0
Ci 113.8 111.5 111.5 Ciis -101.1  —-101.6  —1045
Cis 70.0 70.9 70.9 Ciss —-1746.4 —1813.6 —1810.9
Cas 1177.3 1231.6 1231.7 Cass —-9662.8 —10367.0 —10380.0
Cu 476.5 482.6 482.6 Cias —4245  —426.7  —429.1
B 439.1 439.6 439.7 Com —1169.6 —11758 —1171.1
Caus —2831.0 —2940.0 —2942.0
Ci 8.78 8.66 8.68 Cies —1321.7 —1286.1 —1284.9
Ci, 1.54 1.53 1.52 Coes —34325 —3340.1 —3338.9
Cis 0.98 0.96 1.00 Cse6 —214.7 —215.7 —217.3
Cis 9.34 9.78 9.65
Cha 3.06 3.08 3.11
B’ 3.76 3.78 3.78
and Table Il. The accidental degeneracy displayed by the
4 4 . quasi-cD parameters is removed on passing to real h®;f
E(3)=£ E 2 AS 4 E " [5A3+ e(A,+ A )AZ is to be compared with th&,, of cD both parameters nee_d to
25~ YAii “ ij T ELRi 172 be scaled: the former bg/2, the latter bya /4, these being

the projections of the bonds along the;Caxes. This gives

+ (AT AT A+ OA A A+ EA A (A

+A5)] - (7

the values 0.121 and 0.093, respectively. Without gfe
adjustmeniAis=0.117 which scales to 0.093 as is to be ex-

TABLE IV. The composition of the calculated elastic stiffnesses

) ) ) ] and the corresponding compliances and compressibilities for the
There is one important detail relating to the transferable pa<unequal bonds” fgime. Stifinesses are in GPa, second-order com-
rameters that needs attention: the valugbf In the analysis  pliances in TPa® and third-order compliances in TP

of cD B* was introduced as the combinatign- x, wherex

represented the interactions of planar chains of three bonds, —C;— S
and the separation g8 from « was achieved by analysing 1J Partial Internal Total Total
phonon frequencies at the Brillouin zone boundary. In hD
there are only nine chains per atom whereas cD has twelvél 1123.9 —128 11111 0.912
Thus where* was 132.6-95.1+36.9 GPaA! before it is 2 103.9 7.7 1115 —0.089
replaced now by 954 2x36.9=122.8 GPaA™. 13 65.6 5.3 70.9 —0.047
33 1242.5 —-10.9 1231.6 0.817
44 485.2 —2.6 482.6 2.072
C. The partial and inner elastic constants Ea 8;;2
Expressions for the partial and inner elastic constants k: 2:275
have been obtained by identifying the Keating energy density ; ~11985.3 393.6 115917 8.8
with the free energy per unit initial volume, ignoring first- 1312 20.6 1016 04
order terms, and confirmed by using the generalized metho 3 15413 2793 _ 18136 0.7
of homogeneous deformatiofaetailed in C2 with a unit 333 _11285_; 6 918'9 _10366 7 5'3
contribution from each of the model parameters in turn. AS 4, —3066 _120'7 —4267. 0.6
they are much more numerous than those of cD they arg44 —137é 0 202 '3 _1175'8 3‘8
presented in tabular form in the Appendix. Also included in : : ' X
the Tables are the calculated values for each constant fof++ —2942.0 2.0 —2940.0 10.0
each of the three ggmes under consideration. 166 —1566.4 280.3 —1286.1 3.5
266 —3388.3 48.2 —3340.1 11.7
366 —197.0 —18.7 —215.7 -0.2
D. The internal strain parameters ia ;25
Using the appropriate inner elastic constants in(&dj). in KC 21.28

C1 yields the internal strain parameters that are shown ia
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TABLE V. The zone-center optic modes. Experimental frequencies have been converted to THz. Com-
parative information for cD is given at the bottom.

Calculated- loa® o lNoa="oc
Mode Eigenvector Experiment Ref. 9 Quasi-cD z=0.0625 z=0.0645
= z= _ziziz ,22=0 39.42-39.7% 39.12 39.49 39.34 39.34
1
1 3 2
Z,=—2,=—=,25=0
2 N
= P i:i 35.08"/35.22° 35.77 35.80 35.67 35.67
3
1
Z=—25=23= ﬁ
= Z=121=723=0 15.62 19.92 19.84 19.84
75=12;=23=0
Agg Z=— Z§=i2 22=0 39.42-39.7% 39.39 39.49 39.99 40.00
Bag Z= _Zgzzg:i 37.56 39.07 39.57 39.80
V3
By Z=123=23=0 33.55 30.93 31.32 31.19
Tog 39.93¢ 39.99 40.23

8Reference 15.
bReference 13.
‘Reference 12.
dReference 14.

pected. This shows that thg* adjustment has a significant from column to column. The bulk modulus is in all cases
effect on the internal strain. very close to the observed cD value of 442 GPa. The value
of 445 GPa fit to cD drops to 439 GPa here as a result of the
B* adjustment. The calculations of Wu and *give hD a
bulk modulus 2.3% larger than that of cD, whilst the mea-
surements of Yagietall® give 42525 GPa—equality
within experimental error. The pressure derivative of the
Armed with values of the internal strain and the innerbulk modulus is about 2% more than the value 3.72 found
elastic constants Eq$4), (5), (10), and(11) in C2 can be for cD. Second the “unequal bonds”gene has been se-
used to anatomize the macroscopic constants. In Table Ill thiected to show, in Table IV, the full decomposition of all
results for the total elastic constants at the second and thircbnstants into partial and internal contributions, together
order, the bulk modulus, and the pressure derivatives of thaith the elastic compliances and the compressibilities. The
second-order constants for the thregimges are shown. inner elasticity contributes to every constant in hD, in
There does not appear to be any distinct trend in the changesarked contrast to the situation for cD. The internal share

E. The total elastic constants and associated pressure
derivatives

TABLE VI. Pressure derivatives of optic-mode frequencies. The final entry relates to cubic diamond.
Units are THz GPal.

a7 loc Moa="roc Ioa? Ioc loa="oc
Mode Quasi-cD z=0.0625 z=0.0645 Mode Quasi-cD z=0.0625 z=0.0645

= 0.098 0.099 0099 Ay 0.098 0.099 0.100
Eag 0.092 0.092 0092 By 0.093 0.095 0.096
Eay 0.032 0.031 0031 By, 0.101 0.102 0.101
Tag 0.097 Tag 0.097
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varies between 0.5% and 7.5% for the second-order con- Eyg Ay,
stants and between 0.1% and 30% for the third-order ones. 40+ —— S
The compressibilities are no longer isotropic as they are M
in cD and in the quasi-cD version of hD. For comparison the S N
results for cB' werek=0.749 TPa', K=6.83 TPa?, k, o 307 B
=2.25 TPa?l, andK,=20.5 TPa?2. e
> E2u
% 20+—
F. The zone-center optic modes %
The frequencies and eigenvectors follow from the analy- =107
sis in C1 and are presented in Table V. The calculated triply
degeneratd ,; mode frequency of 40.23 THz in cD corre- 0 . . . .
sponds to the triple degeneracy of the tiwg, and theA, 0 5 10 15 20
modes at 39.49 THz in the quasi-cD calculation. The 1.8% Pressure (GPa)

lower value is due entirely to the reduced valuegdf and

falls nicely in the middle of the range of 0.5% to 2.8% FIG_. 2. Pressure dependence of the zone-center optic-mode fre-
reduction observed by Knight and White.The E,, fre- ~ auencies.

guency is well predicted, only exceeding the observed value

by about 2%. For the Raman active modes the Keatinghe real hD case reveal a slight reduction in the three doubly-
model is in near-perfect agreement with the density funcdegenerate frequencies and show the lifting of the triple de-
tional calculations of Wu and Xt For the optically inactive generacy by an increase in frequency of thg, mode of
modes, however, the agreement is poorer. Calculations fabout 650 GHz. This is rather larger than the 270 GHz found

TABLE VII. Coefficients of the modified Keating parameters in the second-order partial and inner elastic
constants and evaluation of the constants under the thgeeas described in the text. The lattice parameters
area andc, andt is an abbreviation for\/§. The coefficients are valid only for the=1/16 cases.

Foa#loc Moa=Tloc
Constant Factor a B* o T Quasi-cD  z=0.0625 z=0.0645
cy, 4ta%/3c 1 1 -2 1 1147.0 1123.9 1124.0
cY, 4ta?/9c 1 -1 -2 5 106.0 103.9 103.9
cd, tc/12 1 -1 -2 11 64.8 65.6 66.9
(o tc®/32a2 7 5 —14 5 1188.0 1243.0 1238.0
c, tc/12 1 5 -2 -1 479.1 485.2 486.6
Dis 2al/3c -2 2 1 2 —-34.0 -335 -335
Dis t/3 -1 1 1 -18.8 -18.8 -232
D}, t/3 -1 1 1 -18.8 -18.8 -18.9
D1, tc?/8a? 1 -1 -1 375 38.8 29.4
E 4t/3c 2 2 3 -2 280.9 277.4 277.4
= 4t/3c 1 68.8 68.0 68.0
= 4t/3c -1 10.3 10.2 10.2
E3 tc/8a? 8 11 6 -2 350.8 357.8 358.8
E32 tc/8a? 6 1 -6 166.0 169.4 168.0
E3S tc/g8a? 3 -10 6 80.2 81.8 82.6
Eliiii 4t/3c 2 -2 3 6 20.4 20.3 20.3
EXA, 4t/3c 2 37 37 3.7
Erii, 4t/3c -1 10.3 10.2 10.2
S tc/8a? 4 -1 3 12 139.1 143.0 145.0
E}2(2) tc/8a? 3 -3 1 149.8 153.9 151.4
ERP) tc/8a? 3 -5 129.0 132.6 134.4
E32 tc/2a? 2 -2 3 6 20.4 20.3 20.3
E32(2) tc/2a? 2 3.7 3.7 3.7
EL@ tc/2a? -1 10.3 10.2 10.2
E3P 3tc®/64a’ 4 -1 3 12 139.1 143.0 145.0
E32(2) 3tc3/64a* 3 -3 1 149.8 153.9 151.4
E3P) 3tc®/64a’ 3 -5 129.0 132.6 134.4

024108-5



C. S. G. COUSINS PHYSICAL REVIEW B7, 024108 (2003

TABLE VIII. Coefficients of the modified Keating parameters in the third-order partial elastic constants abdatieF tensors.

Foa# loc Moa="roc

Constant Factor vy ) € 7 0 3 Quasi-cD z=0.0625 z=0.0645
o 2ta‘lc 1 -1 2 -2 -1 2 —12317.0 —119850 —11985.0
Chs tca®/24 3 3 -2 -6 -1 26 —-130.5 —-131.2 151.9
Ciss tc/128 1 -1 6 -2 -17 70 —1484.2 —1541.3 —-1578.2
Cass 3tc®/10242 61  —13 46  —122  -13 46 —10519.0 —11286.0 —11026.0
Cl tca?/24 1 -1 1 -2 1 2 —304.4 —306.0 —305.5
(o tca?/24 3 5 -6 1 -2 —1370.8 —1378.0 —1406.2
Cau tc3/128 1 -13 22 -2 -9 6 —2832.9 —2942.0 —2945.6
Ces 2ta*/9c 3 2 -6 1 -2 —1609.7 —1566.4 —1566.4
C%s 2ta*/9c 1 —4 6 -2 -3 2 —3482.0 —3388.3 —3488.3
Ces tca?/24 1 2 -2 -1 6 —196.0 —-197.0 —-213.9
Diie 2a%3c -3 1 3 -1 2 517.4 511.0 511.0
Dz 2a%/3c -1 -2 1 1 1 -2 73.2 72.3 72.3
D1z ca/l6 -2 2 2 2 1 -12 80.0 80.7 88.7
Diss ca/32 -4 1 -4 4 4 8 352.8 356.0 365.1
D31 ca/l6 -2 2 -1 2 1 274.3 276.8 280.6
Diss ta%/6 -3 1 2 -1 2 4105 407.5 437.8
Di,s ta?/18 -3 3 3 2 -2 -6 -11.3 -11.2 -5.8
Diss tc%/96 -3 -15 6 2 9 -18 -19.3 -19.8 37
D3, ta%/6 -3 -3 2 2 1 -2 305.2 303.0 318.3
D31, ta%/18 -3 3 6 2 -3 -18 -19.4 -19.3 -19.7
D313 tc%/96 -3 3 -6 2 -3 30 269.2 276.0 276.8
D3ss tc*/64a® 15 3 -6 -10 3 -6 —-1298.0 —1375.0 —1220.0
DEM tc2/96 -18 12 2 -9 6 47.0 48.2 78.2
Fils 2a/3c -4 1 1 -6 4 8 1018.0 1001.0 1001.0
Fil2 2al/3c -2 81.5 80.1 80.1
Fiis 2a/3c -1 2 20.9 20.6 20.6
Fild t/4 -8 -3 -2 -12 4 8 708.9 708.5 738.2
Fii2 t/6 -3 4 6 -16 -13 -0.8
Fiis t/12 -9 2 4 —-24 —-65.0 —65.0 —66.2
Fiz t/12 3 8 6 —-4.2 -3.8 -25
Fi23 t/4 -3 2 2.6 2.4 1.7
Fi3s t/6 -2 2 -3 —28.6 —-28.8 -29.8
F21 t/6 6 4 -6.8 -6.2 -4.3
Fis 3tc?/64a? 32 9 -14 12 -20 —40 —-1078.0 —-1110.0 —1033.0
F333 tc?/32a2 54 3 -10 6 —36 —740.8 —769.4 —729.7
Fia tc?/64a® 9 -14 -52 12 24 194.8 202.6 194.2

by Wu and Xu® The pressure derivatives of the frequenciesclose relative. The adjustment of one of those parameters,
are shown in Table VI. Apart from thE,, modes they all g*, in recognition of geometrical differences at the third-
have approximately the same value as that of cD. The unexeighbor level, proved to be just what was required to give
citing variation of frequency with pressure up to 20 GPa isan accurate prediction of all three Raman frequencies.
shown in Fig. 2. There is no obvious significant difference between the
three structure ‘'gimes considered but experiments have
indicated® that thec/a ratio of hD remains constant under
IV. SUMMARY AND RESIDUAL PARADOX pressure at 1.66, slightly greater than the quasi-cD value of

It has been possible to provide a full and plausible picturet-633; Up t0 at least 30 GPa. This result generates a paradox.
of the elasticity of a material, about which very little is 't Implies thatk,>k., making the hD crystal more com-
known, by transferring parameters from a well-characterized@ressible in the &, and Ox; directions than it is in the ©,
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TABLE IX. Coefficients of the modified Keating parameters in the third-ofgéensors.

a7 lNoc loa="rloc
Constant Factor Y ) € n 0 & Quasi-cD z=0.0625 z=0.0645
ELL® 4ta®/3c 3 1 1 1 -2 —1769.0 —1753.0 —1753.0
Eqft” 2ta?/3c 1 ~177.9 ~176.3 ~176.3
ErtY 4ta?/3c —1 86.7 85.9 85.9
= 4ta?/9c 3 -3 -1 3 6 —-301.9 —259.3 —259.3
E1a) 2ta%/9c 1 ~59.3 —58.8 —5838
1S 4ta2/9c —1 28.9 28.7 28.7
EH) tc/24 6 -6 10 2 9 36 —461.7 —472.8 —501.4
E} tc/24 -9 10 —348.9 —357.2 —354.5
ERY tc/24 6 -2 -9 —298.7 —305.9 —305.7
ELS tc/96 24 21 82 8 6 —24 —820.4 —840.0 —863.6
E}2S) tc/48 -9 20 -6 -367.8 —-376.6 —374.3
EES tc/96 -27 18 -8 —-18 24 —225.9 —231.3 —230.8
ERG tc/24 6 -6 7 2 9 48 —372.7 —381.7 —398.7
E2(3) tc/24 1 -6 36 —-119.8 —122.7 —126.6
ERE tc/24 3 -2 -9 12 —209.8 —214.7 —212.7
ELLS) tc3/256a? 168 -51 106 -52 -12 —24 —2561.0 —2717.0 —2651.0
E32) tc3/256a2 162 -9 46 —-216 -6 36 —1682.0 —1779.0 —1723.0
ES) tc3/256a2 -27 90 —164 —-36 120 —~545.6 -577.2 -603.1
Ell, all2 12 -3 -12 4 -12 -24 —263.8 —265.7 —282.3
Elss all2 12 -12 -15 4 -6 -12 -174.1 —175.4 —186.4
Ei3 al4 -1 4 62.9 63.4 62.7

direction, in which case the application of pressure must inAPPENDIX ELASTIC CONSTANTS IN THE MODIFIED
crease thec/a ratio! The only way in which the ratio can KEATING MODEL

remain constant is ik,=k., and that implies the quasi-cD
fcenatrl_o 'I Ithr[r)\a)éwe(IjI turnguéthatbgrhe original Synines'zeriOfKeating parameter&; with coefficientsu; and a common
errestna » BUndy an aspetr,were nearer (neé mar factorF;: Mj=F;XZu;K;. The second-order constants ap-

with their values of a=2.52 A ¢=412A, andcla _ pear in Table VII and the third-order ones in Tables VIII and
=1.635. More experimental work needs to be done to clarifyjx  The numerical coefficients relate only to the two cases

Each constaniM; is written as a linear combination of

this issue. wherez=1/16.
1K. Lonsdale, NaturéLondon 153 669 (1944). 10T, Yagi, W. Utsumi, M. Yamakata, T. Kikegawa, and O. Shimo-
2C. Frondel and U.B. Marvin, Naturé.ondon 214, 587 (1967). mura, Phys. Rev. B6, 6031(1992.
®R.E. Hanneman, H.M. Strong, and F.P. Bundy, Scieti®& 995  11c.S.G. Cousins, Phys. Rev. &, 024107(2003.
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