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The relative stability of perfect face-centered-cutice) Af,=F10X, 0 (1)
and hexagonal-close-packédcp hard-sphere crystals has _ ) )
been explored by different researchers over severalrhereAf, is for crystal structurer the difference in the free
decaded 1° Molecular simulations show that the free energyenergy per lattice site between a perfect hard-sphere crystal

difference between the phases is small, and while the resulf§nd one chontamln% monovacanciég, is tl;\e c(j:hla?_ge n freci_ |
vary in detail somewhat, the clear consensus prevails that fc nergy when creating a monovacancy by de'eting a partcie
. -, rom its lattice site, and, , is the fraction of the crystal
is the more stable phase at all densities. So far the compari-_.. : o o

lattice sites that are vacant in an equilibrium sysiléﬁiable

son has been done only on defect-free close-packed har Dresents the complete results. Polsral 1° reported the

sphere F:rystals. Even thoug.h.the existence of point defec(;ame of Afy. as (3X 109)ksT near melting,po®=1.0409
results in a measurable shifting of the free energy of fC“(wherekB is Boltzmann's constant arfHlis the temperatuje
hard-sphere crystals at meltitjthere exists no published Oyr data agree with their result. Even though free-energy
results comparing the stability of hard-sphere crystals conchanges are small, both crystal structures clearly show a shift
taining vacancies. Interest in this question is heightened byt the free energy by abou2.3x 103)kgT at the melting

the recent results of Pronk and Frenkelyho found a sur- point due to the presence of vacancies.

prising difference in the elastic constants of fcc and hcp  Second, we compare the difference in the effect of the
hard-sphere crystals. In light of these results, one mighvacancies to the difference between the free energies of the
question whether there are significant differences in the suslefect-free crystalline phases. The latter quantity was ob-
ceptibility of the free energy to other types of changes, andtained atpo®=1.0409 using the value reported by Bolhais

in particular, to changes involving the formation of vacan-al.,” while differences at other densities were obtained by
cies. If so, the difference in the response of the free energy téiermodynamic integration using Speedy’s equation of State.

vacancy formation might be enough to alter the relative staComparisons are made of the Helmholtz free energy for dif-

bility of the phases. ferent crystgl§ at the same dgnsity; negligible changes are
In this paper we address this issue and examine the efntroduced if instead considering the Glbbs free energy of
crystals at the same pressure. Results are included in Table I.

fect of monovacancies on the free energy difference of close he close-packing hep-fec free-energy difference reported by
packed hard-sphere crystals. We consider only noninteracti olhuis et al’ is included to show that the lower-density

monovacancy defects, as the concentration of other point de-
fects such as interstitials and divacancies is much
smallerlz'lsThe monovacancy free energy and concentratiorTABLE I. Relative free energie@er lattice sit¢ of hard-sphere crystals for

. . | imulati ith . . several densities. Under “Free energifr. is the difference between the
are .Obtamed V'a_ Monte Car_o simulations W't. a biased .m'free energy of a perfect fcc crystal and one with an equilibrium number of
sertion method interpreted in a grand-canonical formalisninonovacancy defects, whil&f,, is the same for hcp crystals. The third
proposed by Pronk and FrenkKéWe conducted such simu- column is the difference between the two to the left of it, and describes the
lations using 216 particles positioned ak 6 X 6 lattice sites net effect of monovacancies on the relative stability of fcc and hcp phases.
. . . The last column is the free-energy difference between the defect-free crys-
m .a rhombohedral box. Previous studies have founq t_haJals. Confidence limit§67% are indicated.
finite-size effects on the vacancy free energy are negligible
for systems of this size, even in comparison to the small Free energyx10°(kT)
effects of interest hert' Initial configurations of fcc and hcp * _

. . Affcc Afhcp Affcc Afhcp
crystals were obtained by stacking hexagonal layelSBiC
and AB arrangements, respectively; the hcp stacking wa
compressed slightly, in accord with the finding of Pronk and
E FI)< g ? t'y ; d i % i 1.1 170.1+10.0 16811 2.1%15 1015+200

renkel. simuiations were periormed for densitigs 12 0.2624%0.0017 0.2621%£0.0016 0.0003+0.0023 1152#200
(where p is the number density and is the hard-sphere 4414 940+30¢

diametef within the range from 1.0376@melting) to 1.2. , — _ _
. . . h ffect of . th *Reference 7 apo®=1.0409 with thermodynamic integration using the
First we investigate the effect of monovacancies on &quation of state of Ref. 9.
free energy of each crystal structure, calculated by PReference 7.

fhcp_ ffcc

4.0376 2248+18 2251+20 -3+27 860200
1.05 1393+11 1391+11 2+16 897+260
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sonable. Table | shows that the change in the free energy IB6ER14677. Computer resources were provided by the Uni-
each phase due to monovacancies is considerably larger th@grsity at Buffalo Center for Computational Research.
the free energy difference between the phases. However, the
effect of the monovacancies on the free energy is almost
_exgctly the same for b_oth phases. Thg difference in th_e e_ffectw_ G. Hoover and F. H. Ree, J. Chem. Phyig, 3609(1968.
is listed QSAffcc_A_fhcpm the table and IS very Sma_”_W'thm ~ ?B. J. Alder, D. A. Young, and M. R. Mansigh, J. Comput. Phys.361
the confidence limits of the calculations, the difference is (1971.
zero. Moreover, the confidence limits of the vacancy effectst. W. Kratky, Chem. Phys57, 167 (1981.
are themselves still smaller than the difference in free energysg \éV Klr(atlky, j-AChJe”(‘:- ThléZSZJv 55}?0(1932& 21981984
H H H . Frenkel an . J. C. Lada, J. em. .
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not change the relative stability of the phases. 388 236(1997.
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