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High-precision, all-electron, full-potential, local-density approximatibBA) calculations are used to de-
termine the static lattice equation of stqfeOS and crystalline phase stability of Al to 1 TPa. The low-
pressure properties found here are consistent with the results of other nonrelativistic LDA calculations, but
differ significantly from the results of relativistic LDA or gradient-dependent approximation calculations. The
theoretical 300-K isotherm for fcc Al, obtained by adding phonon effects to the static lattice EOS, is in
reasonable agreement with room temperature data up to 220 GPa. The predicted static-lattice phase sequence
for Al is fcc—hcp—bcc with the transitions occurring at 2820 GPa and 56560 GPa. Estimation of the
possible impact of phonons on the feticp transition produces a fairly firm upper bound of 290 GFa®) on
the room-temperaturézero temperatujefcc—hcp transition pressure. This result suggests that a recent
diamond-anvil-cell experiment came very close to achieving the-fazp transition.

[. INTRODUCTION ric lattices. The third investigation was only able to address
the hypothetical fce-bcc transition therefore. The predicted
The equation of stattEOS and structural phase stability transition pressure, 330 GPagreed well with the AP value
of Al were the subject of three theoretical investigatiods of 300 GP& On the basis of that agreement, it was
more than a decade ago which used the local-density amoncluded that the best available predictions for the physi-
proximation(LDA) to density-functional theory. In the first cally realizable transitions in Al were those produced with
of those studies, McMahan and Moriafitgalculated the the AP method.
relative stabilities of the fcc, hep, and bcc crystal structures At the time of the three theoretical studies discussed no
using two distinct methods to solve the Kohn-Sham equaexperimental data were available in the pressure range of
tions: the generalized pseudopotential techni@BT) and interest. That condition has since changed. A new measure-
the all-electron linear muffin-tin-orbitalLMTO) method ment of the room-temperature equation of st&®S and
within the so-called atomic-sphere approximati&i$A). Al- crystal structure of Al using diamond-anvil-ce(DAC)
though the two methods produced the same phase sequenteshnique&found that the fcc structure remains stable up to
fcc—hcp—bcc, the predicted transition pressures were nota219 GPa (V/Vy=0.50. Thus, neglecting metastability,
bly different; 360 and 560 GPa, respectively, from GPT ver-Ps_,.;>220 GPa. This measurement had serious implica-
sus 120 and 200 GPa from LMTO-ASA. In the second in-tions for interpretation of the prior calculatiofist the low-
vestigation, Lam and Cohé&nepeated the earlier calculations est predicted fceshcp transition pressure(120 GPa,
using theab initio pseudopotentilAP) method. They found LMTO)! were to be the actual LDA value, there would be a
the same sequence of structures with yet another set of preerious conflict between experiment and theory. If on the
dicted transition pressures; 220 and 380 GBince the ex- other hand, the highest predicted press@&0 GPa, GP}
treme values for the transition pressures were obtained in @were to be the correct LDA value, the predicted transition
single study using the same LDA, Hedin-Lundgvistwas  would lie at such an elevated pressure that there would be
clear that the wide variation in the results had to be attributedittle hope of observing it in the near future. If the interme-
to algorithmic differences among the calculations. diate prediction220 GPa, AP were to be correct, the DAC
To address the discrepancies among the various prediexperiment came extremely close to achieving the-fhcp
tions, the structural phase stability of Al was examined aransition, and should be pursued vigorously.
third time using the all-electron, full-potential linear combi-  This phase transition pressure was the focus of a recent
nation of Gaussian-type orbitalsCGTO) method® together  papef There we showed that high-precision, all-electron,
with the simple Kohn-Sham-Gaspar LDAAlthough the  full-potential calculations using the linear combination of
LCGTO method employs fewer approximations than theGaussian-type orbitals-fitting functiofLCGTO-FB tech-
techniques used in the earlier calculations, the particulaniqgue, combined with a rough estimate for the impact of
LCGTO code used then was restricted to cubically symmetzero-point motion on the transition, place a fairly firm
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upper bound of 290 GPa on thE=0 K fcc—hcp phase was tested in a series of calculations using the linear tetrahe-
transition in Al. Those results suggested that there is no indral method with the integrations performed over the full BZ
herent conflict between the accurate LDA prediction and theo ensure that the correct star weights for the irredudible
experimental resulso long as thermal effects on the room- points were generatéd.Fully converged results were then
temperature phase transition are negligible estimated by the extrapolation technique of Jansen and
Here, we go substantially beyond the preliminary reportFreemaf using BZ meshes with up to about 400 points in
to include a number of new results and insights based on thihe irreducible wedge. Those authors had found Al to be a
entire calculated EOS’s for all three phases of Al. Simpleparticularly slowly converging system with respect to BZ
analytical EOS'’s that are accurate fits to the calculated statiscan density. Our tests confirm that behavior, a finding which
lattice EOS's of fcc, hep, and bee Al for pressures ranging upsuggests that the linear tetrahedral integration used in the
to 450 GPa are presented. A detailed comparison of the caprevious LCGTO work on bulk Af, with less than 150 irre-
culated low-pressure properties of fcc Al with experimentalduciblek points for each structure, was not as precise as the
data and with theoretical results obtained using a wide rangeurrent BZ integrations.
of computational techniques and density-functional models
provides new insights into systematic differences between . RESULTS
the various types of models. In addition, our LCGTO-FF
results for the zero-pressure properties of hcp and bce Al are Total energies were calculated for fcc, hep, and bee Al at
presented. A theoretical 300-K isotherm for fcc Al is calcu- 12, 10, and 10 lattice constants, respectively. The hcp phase
lated by incorporating thermal nuclear effects into the statigvas treated at idead/a only. Cohesive energies were then
lattice 0-K isotherm and is compared with room-temperaturéletermined relative to a spin-polarized atomic energy of
data up to 220 GPa. Fina”y, an upper bound is p|aced on the‘482596 646 Ry, obtained from an eXpanded lattice calcu-
room_temperature fc_ehcp phase transition pressure by es- lation USingGTOFF. The lattice constants used here and the

timating the possible impact of phonons on that transition. calculated cohesive energies are given in Table I. The zero-
pressure properties, EOS, and crystallographic phase stabil-

ity of Al were then derived from the data in Table I.
. COMPUTATIONAL DETAILS

A. Zero-pressure properties

1+

The present calculations employed the LCGTO-FF tech-
nique, as embodied in the computer progranorr,’ a gen- The zero-pressure properties and EOS'’s up to about 450
eralization[to include one-dimension&lD) and 3D period- GPa for the three phases of Al were obtained by fitting the
icity] of the 2D electronic structure programms.’®* The  calculated cohesive energies of the eight largest bcc and hcp
LCGTO-FF method is an all-electron, full-potential tech- volumes and the ten largest fcc volumes with a modified
nique for solving the one-electron equations that is characversion of the so-called “universal” EO%.The modification
terized by its use of three independent GTO basis sets toonsists of removing the constraint that the fitted cohesive
expand the orbitals, charge density, and LDA exchangeenergy must vanish for arbitrarily large lattice constants,
correlation(XC) kernels.(The LDA parametrization of He- which is irrelevant in the present context. The functional
din and Lundqvist is used heresee below. The charge fit-  form used here was
ting functions are used to reduce the total number of ( ) ( )
Coulomb integrals by replacing the usual four-center inte- _ a—3ag a—3ag
grals in the total energy and one-electron equations with Ec(a)=—(BotEy)TE, | ex;{— | }
three-center integrals. The XC fit provides a simple yet so- D
phisticated numerical quadrature scheme capable of produc- : . . .
ing accurate results with a rather coarse numerical integrei’ivqhereao 1S the Zero-pressure laitice con_stantbohr), Eols
tion mesh. e blndlng. energy(negauvg of cohesive energy, in Ry/
The orbital, charge, and XC basis sets used here wer tom)’ andl is a scale Iengtl(nn .bOh')' The fourth parameter
derived from the “interior layer” basis sets developed and ;1 (m Ry’a“?”’ can be written in terms of the bulk modulus
tested during recent studies o;l,sAI ultrathin filtheand Na (Bo, in GPa;
adsorption on the AlL11) surface.” The only modifications _ 2
made in those basis sets wdfle The p- and d-type fitting E,=—9CTal"Bo, @
functions were eliminated since they lack the correct rotawhere C=6.797 86510 ° GPa boht/Ry is a unit conver-
tional symmetry for the cubic systems, affl For the three  sion factor andf=V,/aj is a structure-dependent constant.
smallest volumes considered here, the smallest exponentde values found here for the four independent parameters
were increased to avoid approximate linear dependencie§a,, Ey, By, andl) are given in Table Il for each structure.
For any given molar volume, the basis sets used for the fccThe rms deviationgo) for the three fits are also given in
hcp, and bcc structures were required to be identical. Table 1. The relatively small deviations for these fits over a
The Brillouin-zone(BZ) integrations employed uniform large range of cohesive energies demonstrates the numerical
meshes which preserve the lattice symmetry with 72 and 76tability achieved withsToFFand ensures that these analyti-
points in the irreducible wedges of the cubic and hcp BZ's,cal EOS's will provide an accurate representation of the cal-
respectively. The BZ integrations were performed via aculated static-lattice 0-K isotherms of fcc, hcp, and bec Al
broadened histogram technique, with the DOS for each calfor pressures ranging up to 450 GPa.
culated state approximated by a normalized Gaussian with a Table Ill compares the zero-pressure static-lattice proper-
width of 20 mRy. The accuracy of the histogram integrationsties obtained here for the fcc structure of Al with results from
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TABLE I. Lattice constantsa, bohp and calculated cohesive energi&s, Ry/atom) for the fcc, hcp, and
bcc structures of Al. Lattice constants for the three phases that lie on the same line correspond to nearly equal
molar volumes. The hcp phase is at ide&d.

Fcc Hcp Bcc
a E. a E. a E.

7.80 —0.297 576 5.515 —0.294 166 6.191 —0.290 246
7.70 —0.298 974 5.445 —0.295 374 6.111 —0.291 036
7.65 —0.299 358

7.60 —0.299 460 5.374 —0.295 796 6.032 —0.291 044
7.55 —0.299 358

7.50 —0.298 988 5.303 —0.295 299 5.953 —0.290 154
7.40 —0.297 422 5.233 —0.293 772 5.873 —0.288 162
7.00 —0.277 392 4,950 —0.273 783 5.556 —0.266 956
6.40 —0.180 292 4,525 —0.178 108 5.080 —0.171 866
5.60 0.201 730 3.960 0.194 344 4,445 0.196 302
5.35 0.428 480 3.783 0.416 120 4.2463 0.413 614
5.105 0.730 400 3.609 0.713 934 4.0515 0.701 874

a wide variety of calculatiois’~**using diverse approxima- TABLE IlI. The lattice constantag, bohs, static lattice binding

tions. The theoretical results have been divided into threenergy (E,, eV/atom, and bulk modulusB,, GPa for the fcc
groups;(1) nonrelativistic LDA calculations(2) relativistic  structure of Al. Calculated results are separated into three groups;
LDA calculations, and3) calculations using some form of nonrelativistic LDA, relativistic LDA, and GDA. The type of DFT
gradient-dependent approximatiofGDA) to density- approximation used for each calculation is also indicated; HL
functional theory. Table Il also gives experimenfa=0 K =Hedin-Lundqgvist, W=Wigner correlation, KS&Kohn-Sham-
results fora, and Ey, as deduced from room-temperature Gaspar, PZPerdew-Zunger, PW91PW86=Perdew-Wang 1991
data by Refs. 18 and 3, respectively, and an experiment&}986 version, EV=Engel-Vosko, and BPBecke-Perdew.

value of By from Ref. 7.

Inspection of Table Ill reveals a number of interesting reference Potential ag Eo Bo
trends. First, the nonrelativistic LDA calculations, using
LDA models that go beyond the simplest KSG approxima-Expt. 7.60 337 2.7

tion, give very good bond lengths and bulk modulii, in spite _
of having the usual LDA overbindingHere, the nonrelativ- Nonrel. LDA

istic LDA result from Ref. 19 is discarded as being clearly Present HL 7.60 4.07 79.7
anomalous.When the KSG model is used, the binding en-Ref. 17 HL 7.60 3.88 80

ergy is reduced to roughly the experimental value, while theRef. 18 W 7.58 3.65 715
lattice constant becomes slightly expanded. Given the faaref. 3 KSG 7.65 3.20 96.8
that the first three nonrelativistic LDA entries in Table Il Ref. 19 Pz 7.43 4.14 87.6

include a pseudopotential calculatith,an all-electron,
muffin-tin potential calculatioh’ and the current all- Relat. LDA

electron, full-potential results, there is a remarkable degreget. 2o HL 7.54 4.01 82.2

of consistency in the results. Taking into consideration thezes 21 HL 754 84

varying degrees of approximation used in those three calCuyzqs 2o p7 752 416 83.9
Ref. 23 Pz 7.48 4.05 87

TABLE II. Modified universal EOS parameters for the fcc, hep,

and bcc phases of Al; equilibrium lattice constéag, bohn, bind- GDA

ing energy (Ey, Ry/atom, bulk modulus(By, GP3, and scale

length(l, bohp, along with the standard deviatidm, Ry/atom) for Ee:' ;Z iwgi 303 3"212 31'1

each fit. ef. 9 .6 3.45 9.3
Ref. 21 PW91 7.65 74

Fee Hep Bce Ref. 22 PWO1 7.74 3.74 72.6

Ref. 23 PW86 7.63 3.09 79

ag 7.596 49 5.376 55 6.077 27 Ref. 21 EV 7.91 55

Eo 0.299 420 0.295 782 0291119  Ref 23 BP 7.65 3.3 77

By 79.658 4 77.6528 68.769 9

| 1.405 24 1.001 34 1.094 65 aStatic lattice value deduced from experiment in Ref. 18.

o 0.000 047 0.000 032 0.000 083 bStatic lattice value deduced from experiment in Ref. 3.

‘Reference 7.
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lations, it seems safe to conclude that any high-precision, s5g0.0
all-electron, full-potential, nonrelativistic LDA(beyond

KSG) calculation for fcc Al should produce an equilibrium

lattice constant of 7.6060.02 bohr, a binding energy of 4.0 4000 |
+0.2 eV/atom, and a bulk modulus of 8@ GPa.

The relativistic LDA results in Table 11l also show a very
high degree of consistency; especially if the one pseudopox 300.0 -
tential result(from Ref. 23 is dropped from consideration. & =
Comparison of the first three sets of results suggests that ar‘§
high-precision, all-electron, full-potential, relativistic LDA
calculation for fcc Al should produce a lattice constant of
7.53+0.02 bohr, a binding energy of 4-D.1 eV/atom, and a
bulk modulus of 833 GPa. Although the relativistic and
nonrelativistic calculations produce essentially the same 1000 -
binding energy and bulk modulus, the relativistic lattice con-
stants are significantly smaller than both the nonrelativistic
calculated values and the measured ones. 0.0

©8S

2000 |

(a)

Perhaps the most intriguing result in Table 11l is the lack 10

1
1.5 2.0
Compression V,,/V

25

of any clear trend in the results obtained with the various
GDA calculations. The most that can be said with any cer- 300 . .
tainty is that the GDA binding energy is much closer to ex- ®)

periment than the LDA binding energy. The calculated lattice
constants range from 7.63 bohr to 8.03 bohr, while the cal-
culated bulk modulii range from 55 to 79.3 GPa. Since the ”
lattice constants and bulk modulii calculated with a single .,
GDA span a wide range of values, it seems likely that the
scatter in the results reflects a high sensitivity to matters of
computational art in the density-gradient calculations re-
quired by the GDAs. A likely source for this sensitivity
would be the residual discontinuity in the calculated density- .

gradient and GDA potential at the boundary between the 100 ¢ )
muffin-tin and interstitial regions that are utilized in many
modern cellular-based techniques or the core-valence correc-
tions required in the case of the pseudopotential technique. -
Neither of these approximations is usedamorF, though

GDA's have not yet been implemented in it. 00,5 - 3 )

Compression V,,/V

Pressure (GPa)

B. Equation of state for fcc Al

The fact that electronic-structure calculations yield=a0 FIG. 1. The theoretical static-lattice 0-K isotherm calculated
K static-lattice isotherm, whereas available experiments gerhere (dashed ling and the 300-K isotherm derived from (golid
erally measure pressure-volume curves at several hundréide), compared with room-temperature diamond-anvil-cell mea-
Kelvin, makes direct comparison of experiment and theorysurements(Ref. 7, open circlgsand a 300-K isotherm deduced
difficult. To allow a meaningful assessment of the param-from shock datgRef. 26, solid circlel (a) over the full range of
etrized EOS'’s given in Table |1, a theoretical 300-K isothermthe data andb) for the low-pressure region. Compressions are
for fcc Al was generated by adding nuclear motion contriby-given relative to the measured zero pressure volume at 300 K;
tions to the static-lattice 0-K isotherm. The phonon contriby-Y300=112.0 a.u.
tions were obtained from a global EOS for Al stored in the
well-known sesaAME EOS library at Los Alamos National retical bulk modulus is roughly 10% larger than the experi-
Laboratory?® The static-lattice 0-K isotherm given in Table mental valugsee Table Ill. Because the difference between
Il and the 300-K isotherm derived from it are both shown inthe theoretical 0- and 300-K isotherms is very small, the 0 K
Fig. 1, along with room-temperature DAC datand a 300-K isotherm is actually in slightly better agreement with the
isotherm deduced from Hugoniot d&fa. room-temperature data.

Detailed examination of both panels of Fig. 1 reveals two Relative to the shock data, the calculation overestimates
important features of the theoretical 300-K isotherm. Firstthe pressure from as little as 2.5% for the largest measured
the thermal expansion produced by adding the phonon corpressurg435 GPato as much as 6.4% at the smallest mea-
tributions shifts the calculated volume at zero pressure intsured pressuré86 GPa. Thus, the theoretical 300-K iso-
nearly perfect agreement with the measufathbient tem- therm lies well within the estimated error bars for the shock
peraturg volume for fcc Al, V50,=112.0 a.lf® Second, the data, =10%?2° and tracks those data smoothly with a devia-
calculated 300-K isotherm appears to be somewhat stiffetion that decreases with increasing pressure. Although the
than both of the measured isotherms. That slight difference itheoretical 300-K isotherm is in excellent agreement with the
rather unsurprising given the fact that the underlying theoDAC data for the lowest measured pressure and for the five
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TABLE IV. LCGTO-FF predictions(this work) for the static lattice structural phase transition pressures
(P; in GPa and relative volume$V/V3q; V300=112.0 a.u. are compared with previous calculations using
the GPT(Ref. 1), LMTO-ASA (Ref. 1), AP (Ref. 2, and LCGTO(Ref. 3 methods. An experimental lower
bound for the room-temperature fedcp transition from Ref. 7 is given also.

Fcc—hep Hcp—bcc Fce—bce
LCGTO-FF 205-20 0.510 56560 0.364 3415 0.436
GPT 360 560
LMTO-ASA 120 200
AP 220 0.50 380 0.40 300 0.45
LCGTO 330 0.446
Expt. >219 <0.50

highest measured pressures, Fig. 1 shows that the overalbmpared with the results of previous calculations and ex-
agreement is not as good as for the shock data. In particulgperiment. It is quite reassuring that the only previous all-
both the calculated EOS and the shock data lie above thelectron, full-potential predictictfor the fcc—bcc transition

intermediate pressure DAC points. Greene, Luo, and Ruoffpressure lies within the current error bars, in spite of the
found the same behavior in fitting th&l1 EOS form to their  coarser BZ mesh used in the earlier LCGTO calculations.

data: see the inset to their Fig. 2. As Greene, Luo, and Ruofiyiore importantly, the present feehcp transition pressure is
also noted, the fitteti 11 EOS _is in excellent_ agreement with good agreement with the intermediate prediction of Lam
the shock data. Correspondingly, thatl fit to the DAC  5n4 Coherf;see the discussion above. This means that there
data and our calculated isotherm differ by no more than 7% g opyious inconsistency between the “best” LDA predic-
(relative to H11). The remaining differences between our .. -4 the experimental lower bound for the-fecp tran-

isotherm and the raw data in Ref. 7 seem to be s!mply th ition pressure. In addition, the LDA predicts a transition
consequence of a modest amount of scatter in the intermed]-

ate pressure DAC data. In light of these considerations, thBre>sure that is within the reach of DAC experiments,

calculated 300-K EOS seems to be in satisfactory agreementt.Slnce the up_peLIlmllt fOL the f:\at'r'lattlcs fed:jcg ttran-_ d
with both experiments. sition pressure is barely above the lower bound determine

in the DAC experimenf,a careful analysis of the prediction
_ y is warranted. First, consider the uncertainty due to the choice
C. Crystallographic phase stability of LDA model. To test for sensitivity to that choice,

Transition volumes and pressures for the—fdwcp and  Eqcc—Encc Was recalculated at,.=7.60 bohr using the KSG
fcc—bcc transitions were determined from crossings of enimodel. This modification in the LDA produced a shift of
thalpy vs pressure curves obtained from the parametrizednly 0.05 mRy in the structural energy differenceRat0.
static-lattice EOS’s in Table 1l. The feehcp transition is  This shift should decrease rapidly as the pressure is in-
predicted to occur at 20520 GPa withV/V3,,=0.510(V  creased, since LDA models primarily differ in regions of
=the average volume during the transitiorwhile the low-electron densities. Thus, the sensitivity of the transition
fcc—bcc transition occurs at 34015 GPa with pressure to the choice of the LDA model should be negli-
V/V305=0.436. The error bars on these pressures assumegible compared to other effects.

0.5 mRy uncertainty in the structural energy difference in- As already noted in the discussion of the EOS, an impor-
cluding both EOS fitting and BZ integration errors. tant distinction between the present calculation and the ex-

Because the calculated hefocc transition lay outside the periment is the neglect of phonon contributions, both zero
range of volumes considered in the first fit, the EOS’s for thepoint and thermal, in the underlying calculation. The global
three structures were refitted including one more cohesivEOS for Al stored in thesesame EOS library® has a total
energy, corresponding to an fcc lattice constant of 5.35 bohphonon energy of 9 mRy10 mRy) for T=0 K (300 K) at
(see Table)l The new EOS’s yielded an hegbcc transition  V/V3,,=0.50. Even if the phonon energies for the close-
pressure of 56560 GPa(V/V3,,=0.364. The larger error packed structures differed by as much as 15%, the uncer-
margin for this transition pressure reflects an increased startainty in the structural energy difference on the 0- and 300-K
dard deviation for the EQOS fits, and an overall uncertainty ofisotherms from neglect of nuclear motion near the transition
1.0 mRy in the relevant structural energy difference. Thevolume would be no more than 1.5 mRy. The estimated com-
cohesive energies in Table | suggest that above theshge  bined uncertainty in the feehcp structural energy differ-
transition, the bcc phase will remain the most stable of theence near the transition therefore is 2.0, 0.5 mRy from com-
three phases up to the highest compression considered hepeitational imprecision and 1.5 mRy from neglecting the
A finite difference calculation of the pressure in the bccphonons.

phase ata,..=4.0515 bohr(V/V4,=0.297 yielded 1.022 If the calculated enthalpy vs pressure curve for the hcp
TPa, which compares well with the 300 K pressure of 1.018tructure were to be shifted upward by that 2.0 mRy relative
TPa atV/V3y,=0.304 deduced from shock wave déta. to the fcc curve, the transition pressure would be about 282

All of the current predictions for the crystallographic GPa. That value should then provide a reasonable upper
phase transitions in Al are summarized in Table IV and ardound for theT =0 K fcc—hcp transition pressure. Assuming
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that the entropies for the two close packed structures arand a possible 7% overestimate of the pressures in the
nearly the same, and adding in the 4 GPa nuclear contribtb0—200 GPa range, which then rapidly decreases with in-
tion to the pressure on the 300-K isothermvVdy/;,,=0.50, creasing pressure.

produces a rather firm upper bound of 290 GPa for the room The present LCGTO-FF phase stability calculations have
temperature fce-hcp transition in Al. Since this theoretical confirmed the earlier predictions for the pressure induced
upper bound is only 70 GPa above the experimental lowecrystallographic phase sequence in Al,feecp—bcc, and
bound, it is likely that the recent DAC experiments camehave reduced the uncertainties in the predicted transition
close to, but just short of, observing the febcp transition.  pressures substantially; 2620 GPa and 56560 GPa.
When the prediction for the static-lattice feticp phase
transition is combined with a rather generous estimate of the

) possible impact of phonons on the transition pressure, a

ity of Al up to 1 TPa suggest a number of important conclu-room-temperatureficc—hcp transition pressure in A(The
sions. First, the fitted EOS’s for fcc, hep, and bee Al given incopresponding =0 K value is 282 GPaHopefully this pre-
Table 1l should provide a very realistic representation of thegiction will provide incentive for additional efforts to

particular, the current nonrelativistic LDA calculations pro-

duce an equilibrium lattice constant that is in near perfect
agreement with experiment; i.e., without the usual LDA-
induced lattice contraction. In this regard, nonrelativistic J.C.B. thanks Duane Wallace for helpful discussions.
LDA calculations might provide a better tool for studying Al S.B.T. thanks Ray Greene for providing unpublished numeri-
than either relativistic LDA or GDA calculations in applica- cal data for Ref. 7 and Alex Khein for providing unpublished
tions requiring a very accurate determination of Al-Al bond cohesive energy values for Ref. 22. J.C.B. was supported by
lengths. The most serious defects in the parametrized LDAhe U.S. Department of Energy. S.B.T. was supported in part
EOS'’s are a 10% overestimate of the ambient bulk moduluby the U.S. Army Office of Research.

IV. CONCLUSIONS
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