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Theoretical extension of the gold pressure calibration standard beyond 3 Mbars
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The static-lattice equation of state and structural phase stability of gold have been calculated to 10 Mbar,
using two distinct density functional models; the local density approximati@A) and the generalized
gradient approximatiofGGA). The fcc structure is predicted to be the most stable phase at zero pressure,
transforming to the hcp structure at 3.5 M@aDA) or 4.1 Mbar(GGA), which then remains stable to 10
Mbar. These transition pressures are roughly 50% larger than previous predictions. Once thermal effects are
accounted for, the LDA model produces a room temperature isotherm that is in rather good agreement with
existing data and that smoothly merges with the existing gold pressure calibration standard near 2 Mbar. The
LDA room temperature isotherm should provide a reliable extension of the gold pressure calibration standard
up to the fcc-hep transition pressure, well above 3 Mbar.
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I. BACKGROUND ever, have explored the multi-Mbar regifi&. In the earlier
of those investigations, Godwal and JeaRldetermined the
Gold (Au) has been employed as a primary equation ofEOS of fcc Au to 2 Mbar using the linear muffin-tin-orbital

state (EOS standard, for at least two decadedue to its  (LMTO) method, within the atomic sphere approximation
chemical inertness, large isothermal compressibility, and theASA) and the LDA model. Once thermal effects were ac-
large pressure and temperature stability ranges of its ambienbunted for, the LDA-derived room temperature isotherm
fcc phase. For this reason, the room temperature isotherm ofas found to be in reasonable agreement with the existing
Au has been determined for pressures up to 2.16 KbarAu standard. In the later study, Ahug all® used the pre-
through a combination of diamond anvil céDAC) data up  sumably more precise full-potential LMTQFP-LMTO)
to 700 kbar(Refs. 2 and Band reduced shock data at the method, within both the LDA and GGA models, to calculate
higher pressures? Although the existing Au pressure cali- the energy difference between the ambient fcc phase of Au
bration standardis adequate for most static experiments Car-and a hypothetical hcp phase, for volumes ranging from am-
ried out today, improved DAC techniques have extended thgjent to two-fold compressed. Those calculations predicted
experimentally accessible pressure range to at least 3 Mbagy, ot Ay would transform into the hcp structure at a pressure

with even higher pressures on the horizon. As a result, ther8f either 2.41 Mba(LDA) or 2.00 Mbar(GGA), calling into

is a growing need for rellable EOS standards in the 2_1.91uestion the usefullness of Au as a pressure standard above 2
Mbar range. The most straightforward way to achieve thi bar. The transition point found using the LDA was, how-

gg?(; va?gldhibgeh ;(? eat::;iu':g(sa rﬁgi%(; o; gr]:ee);si’EtTﬁeE(gfs r?itgr?é"e“ inconsistent with the isotherm obtained by Godwal and

pressure shock data and first-principles théoiyeluding Jeanlo? using the same model; see discussion below. In ad-

. . 15 - . . e
density functional theofy(DFT) electronic structure calcu- dition, Ahujaetal:™ did not consider the possibility of bce
lations. phase stability, despite the fact that the fcc and bcc phases

Although DFT electronic structure calculations have nota® known to be nearly degenerate at'z.er% pressure, with two
been demonstrated to reliably predict pressure-volum&DA calculations predicting bee stability™® and one pre-
curves to the accuracy required for an EOS standard, sucicting fcc stability-° This omission is surprising, since one
calculations do provide valuable qualitative guidance. In parof the predictions of bce stabilit§ was obtained using the
ticular, the two most common models, the local density apsame FP-LMTO code as was used by Ahefaal.™
proximation(LDA) (Ref. 7 and the generalized gradient ap-  In this investigation, the static-lattice EOS and structural
proximation(GGA),? generally have been found to produce phase stability of fcc, bee, and ideal hep Au have been cal-
pressures that provide approximate lowebA) and upper culated to about 10 Mbar, using a relativistic varfant? of
(GGA) bounds to the observed pressure for a given volumethe all-electron linear combinations of Gaussian-type-
It is also known that those two bounds will convergee-  orbitals—fitting-functionLCGTO-FPH method?>?*as imple-
sumably to the correct valiién the ultrahigh pressure limit. mented in the program packag&orr.?® The LDA and GGA
Furthermore, DFT calculations have been used successfullyjodels were both used here to provide approximate lower
to predict structural phase sequences in crystalline materialand upper bounds to the true pressures, and to allow an es-
Thus, DFT electronic structure calculations should be extimate of any model sensitivity in the predicted phase se-
pected to play an important role in extending the Au pressurguence. All of the calculations for the cubic structures were
calibration standard to multi-Mbar pressures. carried out with and without spin-orbit couplingOQ ef-

A number of DFT electronic structure calculations alreadyfects included. Room temperature thermal corrections to the
have been carried out on the static-lattice, zero-pressungressures were calculated for the observed fcc phase. Since
properties of AW~® Only two of those calculations, how- the results presented here are intended for use in extending
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the Au pressure calibration standard, extensive tabular resultgomic volume. All of the basis sets used here can be ob-
are provided. tained from the author.
All necessary Brillouin zon€BZ) integrations were car-
ried out on uniform BZ meshes using a Gaussian broadened
Il. LCGTO-FF ELECTRONIC STRUCTURE histogram technique, with a Gaussian broadening factor of
CALCULATIONS 10 mRy. Test calculations revealed that the fcc-bcc structural
energy difference, at ambient volume, was sensitive to the
The LCGTO-FF technique is distinguished from otherdensity of the BZ mesh, with higher mesh densities favoring
variants of the LCGTO methodology through its use of aux-the fcc structure. This BZ mesh sensitivity may account, in
iliary GTO basis sets to expand the charge density angart, for the disagreement between the earlier structural sta-
exchange-correlatio(XC) integral kernels. The charge fit- bility calculations; see discussion above. For the fcc and bcc
ting function coefficients are determined variationally by structures, a 28 20x20 BZ mesh with 256 inequivaleri
minimizing the error in the Coulomb energy, while the XC points was used to ensure that the ambient fcc-bce structural
coefficients are obtained via a constrained least squarédergy difference was converged to within 0.1 mRy. This
fit. Scalar relativity was first implement® in cTorr  uncertainty in the structural energy difference should in-
using a nuclear-only Douglas-Kroll-Hess (nDKH) crease stea_dlly as the_umt cell volumg decreases, QUe to the
transformatiorf®?’ that neglected all terms involving cross corresponding expansion of the BZ, with any resulting error
products of the momentum operaf8iThat implementation ~varying smoothly with volume. A comparable 2@0x 10
of relativity was later extended to include all scalar relativ-BZ mesh with 264 inequivalerktpoints was used for the hcp
istic cross-product terms and spin-orbit coupling terms proStructure and should produce a similar uncertainty. The SCF
duced by the nDKH transformatidd. Finally, electron- cycle for each calculation was |_terated until the total_ energy
electron spin-orbit coupling effects were accounted forwas stable to within 2Q.Ry, which should be the primary
within  the screened nuclear  spin-orbit(SNSO source of random error in these calculations.
approximatiorf> The LCGTO-FF method is especially well
adapted for high-pressure EOS work because, unlike most
extant DFT electronic structure methods, it does not require
the electrons to be partitioned between core and band states LDA and GGA total energies were first calculated for fcc
that are treated differently. InsteaslTOFF treats all electron  Au, with and without spin-orbit coupling, for lattice con-
states as fully hybridizing band states. Furthermore, the spirstants ranging from 8.0 to 7.0 Bohr in steps of 0.1 Bohr and
orbit coupling terms calculated withTOFF are not afflicted from 7.0 to 6.0 Bohr in steps of 0.2 Bohr. Three additional
with the muffin-tin-sphere sensitivity observed in some othelGGA calculations were then carried out at fcc lattice con-
full-potential method$? stants of 8.1, 8.2, and 8.3 Bohr, to ensure that the GGA
The precision of any LCGTO-FF calculation is largely energy minimum was bracketted. Cohesive energies were
determined by the selection of the three GTO basis sets. Thebtained by removing spin-polarized atomic energies, calcu-
orbital basis set used here was derived from Gropén’s
19s14p10d5f atomic basis set. First, the more diffuse por-  TABLE I. LDA binding energies E,; Ry) obtained here, with
tion of the atomic basis set was modified and enriched, t@nd without spin-orbit couplingSOQ effects included, are listed as
provide a better representation of the crystalline environfunctions of the fcc lattice constanay Bohr) for fcc, bee, and hep
ment, yielding a 2616p12d8f primitive GTO basis. That Au.
basis set was then reduced to as129d5f basis set by
contracting the most local GTO'’s of eatkype into a single a fcc bce hcp fce-SO  bcetSO
et ool 190 02027 032252 02290 ~oaseT 0220
models as the crystal calculations; i.e., slightly different co-/-90 —0.32863 —0.32765 —0.32749 —0.33893 —0.33784
efficients were used for the LDA and GGA calculations. The/-80 —0.33263 —0.33149 —0.33129 —0.34323 —0.34195
electronic charge density was fitted, for volumes near ambi{-70 —0.33487 —0.33363 —0.33342 —0.34578 —0.34446
ent, with a 2% GTO basis set whose exponents ranged from/-60 —0.33513 —0.33381 —0.33359 —0.34641 —0.34491
0.1 to 2500 000. An 18XC basis set was derived from the 7-50 —0.33305 —0.33161 —0.33154 —0.34478 —0.34318
charge basis set by removing the three most local GTO's/-40 —0.32822 —0.32663 —0.32681 —0.34048 —0.33882
The same basis sets were used, for a given model, for all of30 —0.32014 —0.31865 —0.31894 —0.33293 —0.33131
the calculations corresponding to fcc lattice constants greatet:20 —0.30986 —0.30830 —0.30871 —0.32303 —0.32137
than 7.3 Bohr. For smaller volumes, the more diffuse GTO’s7.10 —0.29322 —0.29166 —0.29212 —0.30673 —0.30521
in the three basis sets were gradually compressed, as need@d®0 —0.27059 —0.26895 —0.26956 —0.28452 —0.28279
to avoid near linear dependencies. It is quite difficult t06.80 —0.20298 —0.20135 —0.20209 —0.21780 —0.21606
quantify the uncertainty in the energies due to the use 06.60 —0.09970 —0.09866 —0.09926 —0.11519 —0.11399
incomplete basis sets. It is, however, reasonable to assunée0  0.04700  0.04768  0.04683  0.03000  0.03093
that the relative errors between the various structures will b 20  0.25606  0.25566  0.25442  0.23665  0.23660

quite small(on the order of 0.1 mRyand smoothly varying, 600 055816 0.55599 0.55534 0.53572  0.53365
since the absolute errors will largely cancel for a given

Ill. RESULTS
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TABLE Il. GGA binding energies, ; Ry) obtained here, with TABLE lll. Theoretical static-lattice, zero-pressure volumes
and without spin-orbit couplingSOQ effects included, are listed as (Vg; a.u), cohesive energie€( ; Ry), bulk moduli (B; Mbar), and
functions of the fcc lattice constanay Bohr) for fcc, bee, and hcp  pressure derivatives of the bulk moduB’() obtained here for fcc

Au. Au using the LDA and GGA models, both with and without spin-
orbit coupling (SOQ included, are compared to previous full-

a fcc bcc hcp fce-SO  bcerSO potential calculations and experiment.

8.30 —0.23020 —0.22996 —0.22951 —0.23846 —0.23808  \1athod Model Vo E, B B’

8.20 —0.23496 —0.23455 —0.23413 —0.24353 —0.24292

8.10 —0.23887 —0.23831 —0.23790 —0.24779 —0.24708 FLAPW* LDA 112.4 1.98

8.00 —0.24173 —0.24110 —0.24056 —0.25097 —0.25026 FP-LMTCQ’ LDA 113.2 1.93

7.90 —0.24331 —0.24267 —0.24196 —0.25283 —0.25216  FLAPWC LDA 112.9 2.05

7.80 —0.24337 —0.24265 —0.24178 —0.25318 —0.25240 LCAO? LDA+SOC  112.99 1.82

7.70 —0.24147 —0.24068 —0.23977 —0.25173 —0.25079  FP-LMTO® LDA 113.10 193 4.8

7.60 —0.23747 —0.23661 —0.23563 —0.24809 —0.24703  FP-LMTO LDA 113.41 176 6.1

7.50 —0.23086 —0.22995 —0.22904 —0.24192 —0.24082 LCGTO-FF LDA 111.36 03353 190 51

7.40 —0.22132 —0.22055 —0.21961 —0.23292 —0.23197 LCGTO-FF® LDA+SOC  110.60 0.3465 192 5.1

7.30 —0.20832 —0.20755 —0.20678 —0.22040 —0.21948  FLAPW? GGA 121.4 1.42

7.20 —0.19303 —0.19226 —0.19151 —0.20553 —0.20459  FP-LMTO GGA 118.23 219 37

710 —0.17118 —0.17044 —0.16974 —0.18407 —0.18324 LCAQO" GGA 1237 0209 1.32

700 —0.14297 —0.14224 —0.14157 —0.15628 —0.15542 LCAQO" GGA+SOC 1223 0220 1.30

6.80 —0.06341 —0.06259 —0.06241 —0.07762 —0.07678 LCGTO-FF GGA 120.87 0.2435 142 55

6.60 0.05293 0.05363 0.05351 0.03767 0.03844LCGTO-FF  GGA+SOC 119.95 02533 145 54

6.40 0.21366 0.21432 0.21350  0.19724  0.19786Experiment 0K 112.8

6.20  0.44324  0.44378  0.44201 0.42477  0.42489Experiment 298 K 11445 0279 167 55

6.00 0.77373 0.77208 0.77091 0.75145 0.74929
8Reference 10.

bReference 11.

lated withGTOFFin the expanded lattice limit, using the same ‘Reference 12.
! d
models as were used for the crystal calculatibhSimilar eReference 13.
calculations were then carried out for the bcc and ideal hepReference 15.
crystal structures using atomic volumes that were identical t(éQeference 16.
those used for the fcc structur&pin-orbit coupling was not, hPresent results.
however, considered for the hcp phasal of the LDA and iReference 14. o
GGA cohesive energies so determined are listed in Tables Réference 2, excefii; which is taken from Ref. 32.

and IlI, respectively(The number of figures given in the In Eq. (1), the four terms on the right-hand sid&HS)

tables are consistent with the_ random error in the eqergie ughly correspond to the the energy contributions of the
2.0 #Ry, not the overall precision; see the preceding d',ScusfepuIsive(non—Coqumbi¢ part of an electron-ion pseudopo-
sion) Note that, for all models, the most stable phase is thetential the kinetic energy, the combined Madelung and ex-
fcc structure at the larger lattice congtants, transform_ing t%hang,e energies, and thé correlation energy. The results of
the_ hcp structure at the smaller lattice constants, with Nnege fits are compared with previous calculations and ex-
region of bee stability. periment in Tables Il(fcc) and IV (bcc and ideal hcp
Examination of Table Ill reveals good consistency be-
A. Zero-pressure properties tween the various results obtained using a given model, with
For each model and crystal structure, the zero-pressur@® notable sensitivity to spin-orbit coupling. The LDA and
volume (V,), cohesive energyg_,), bulk modulus B), and GGA volumes found here with the LCGTQ-FF method are
pressure derivative of the bulk moduluB’) were deter- 2% qqntracte(_j and.6% expanded, respectively, relat|v_e to the
mined by fitting the cohesive energies of the eiglbA) or emplrlcal static-lattice vonmE). These results are consistent
eleven (GGA) largest volumes with the stabilized jellium With the general expectation that the LDA and GGA models
equation of statéSJEOS of Alchagirov et al 3! will produce volumes that _bound the experimental value. The
LDA and GGA bulk moduli found here also bracket the mea-
a b ¢ sured room temperature value, vyith the LDA value being
e(x)= —=t5+ —+d, ) 15% larger and the GGA value being 13% smaller. Although
x* x X the GGA values folB andB’ appear to be in better agree-
ment with experiment than the LDA values, much of the
error in the LDA values is attributable to the difference be-
( Vv ) 13 tween the theoretical static-lattice volume and the observed

where

(2)  room temperature volume. In fact, the fitted LBASOC val-
ues forB andB’ at the experimental volume are 1.60 Mbar
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TABLE V. Theoretical static-lattice, zero-pressure volumes 10—
(Vg; a.u), cohesive energie€( ; Ry), bulk moduli B; Mbar), and L
pressure derivatives of the bulk moduB'() obtained here for bcc ‘\;'-..
and ideal hcp Au using the LDA and GGA models, both with and LI N
without spin-orbit couplingSOQ included, are listed. Also shown . | \‘
are FP-LMTO results for hcp Au from Ref. 15. é oL - |
Method Model Vo E, B B g NS
becStructure g T \\‘L‘;... 7]
LCGTO-FF LDA 111.62 0.3340 1.87 49 ot \
LCGTO-FF LDA+SOC 110.84 0.3450 198 49 2L * . -
LCGTO-FF GGA 121.05 0.2428 139 5.6
LCGTO-FF GGA+SOC 120.18 0.2524 143 5.3
0 0{5 ‘ 0{6 ‘ 0!7 . 0{8 I 0.9 . .1.0
hcpStructure (a) Relative Volume
FP-LMTO LDA 111.35 191 47
LCGTO-FF LDA 111.49 03338 1.83 5.0 3
FP-LMTO GGA 116.88 216 3.7
LCGTO-FF GGA 121.38 0.2421 1.37 5.3 20

and 5.4, respectively, in excellent agreement with the meas !

sured values; 1.67 Mbar and 5.5.

Comparison of the LCGTO-FF results found here for the
bcec and ideal hep structures of Atliable 1V) with the fcc
structure results in Table Il reveals only a minimal structure-
induced variation of the zero-pressure properties. To be spe s
cific, the atomic volumes, bulk moduli and pressure deriva-
tives of the bulk moduli for the three structures vary by

Pressure (Mbar)

roughly 0.5, 2, and 8%, respectively. In contrast, Ahuja " 07

0.8

et al’ found a volume shift of more than 1% between the ®) Relative Volume
fcc and hep structures. For a given model, the cohesive en- ri5 1 Rroom temperature isotherms for fcc Au obtained here
ergies predicted for' the three structures agree to Wlthll’ﬂjsing the LDA(dashed ling and GGA(dotted ling are compared
roughly 1.5 mRy, with the fcc structure being somewhatyith diamond anvil cell data from Refs. @pen circles and 3
more stable than the bcc structure at zero pressure, in goquen squaresand the gold standard of Ref.(golid line); (a) for
agreement with eXperiment. For the observed fcc StrUCtUrQ)ressures up to 10 Mbar arf) for pressures up to 2.5 Mbar. Also
the LDA model produces a substantial overbinding relativeshown are the fcc-hcp phase transition points obtained by Ref. 15
to experiment? while the GGA model predicts a smaller using the LDA(filled circle) and GGA(filled squarg models. Vol-
underbinding. umes are given relative to the experimental room temperature vol-

All of these zero-pressure results are in good accord witlume, 114.445 a.u.
the standard expectations for state-of-the-art DFT electronic
structure calculations. The most notable finding, in the conDebye model, with the ambient value of the Debye tempera-
text of this work, is that the LDA model yields rather good ture (6p) set to its observed value 165 *.The volume
agreement with the existing zero-pressure data and is clearjependence of); was specified via a Gneisen function
preferable to the GGA model for determining the low pres-(y) of the form
sure EOS of this particular material. This result also serves
as a reminder that there are a number of systems for which 2 )
the LDA model works better than the presumptively more Y(X)=7yox+ 5(1_X) ’ ©)
advanced GGA modéf:33

wherex=V/V, is the relative volumeVY is the experimen-
tally observed room temperature volurfid4.445 a.y, and
o is the ambient value of (3.05.3* Contributions of ther-

To allow a more direct comparison of the present LDAmal electronic excitations were not calculated here, since
and GGA electronic structure results with high pressure datghey should be negligible at room temperature.
room temperature isotherms were constructed for fcc Au, as The LDA and GGA room temperature isotherms deter-
follows. First, all of the fcc cohesive energies listed in Tablesmined here for fcc Au, as described above, are compared to
| and Il for a given DFT model, with spin-orbit coupling DAC dat&* and the Au pressure standard of Heinz and
included, were fitted to the SJEOS. Phonon contributionsleanloZ in Fig. 1. Inspection of the figure reveals that the
were then estimated, at room temperature, using a simpleDA isotherm is, once again, in substantially better agree-

B. High-pressure properties
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FIG. 2. The fractional difference between the LDA room tem- Relative Volume

perature pressure of fcc Au_and the pressure standard of Ref. 2is F|G. 3. Calculated and fitted hcp-fce structural energy differ-
shown as a function of relative volume. ences for Au obtained here with the LD@ircles; solid ling and
GGA (squares; dashed linenodels are shown as functions of rela-

] ) ) tive volume.
ment with the data than the GGA isotherm. In particular, the

LDA pressures appear to merge smoothly with the Au stan-
dard near 2 Mb_ar, as is further illustrated in Fig. 2, which|gted using the GGA differ by only 0.01, yet the transition
shows the fractional difference between the LDA pressurgyressures differ by a factor of 2. Comparison of the GGA and

(PLpa) and the pressure of the Au standaRky, LDA transition points found by Ahujat al,'® with the vari-
p_p ous isotherms in Fig. 1 strongly suggests that the pressure
f= S—LDA, (4) calculation by Ahujeet al,'®is in error. The present calcula-
Ps tions indicate that the fcc phase of Au will remain stable

as a function of relative volume. These results are consistefif/aive 0 the hcp and bee phases for pressures well in ex-

with the expectation that LDA pressures act as an approxic€SS of 3 Mbar.

mate lower bound to experiment and suggest that the LDA 'nereé remains the possibility that Au transforms into a
isotherm may provide a reliable extension of the existing AuStructure that is more complicated than any of thg;? consid-
standard beyond 2 Mbar. Naturally, such an extension wilEr€d here, as has been demonstrated for the Higind
only be reasonable up to the fcc-hcp transition pressure. eavy® alkali metals. In those cases, the structural phase
The hep-fee structural energy differences determined herff@nsitions are triggered by electronic transitioss; p for.
for Au, using the LDA and GGA models, are shown as func-t"€ I'ggt alkali metal§7 and s—d for the heavy alkali
tions of relative volume in Fig. 3. Although the energy dif- Metals:™ The equivalent mechanism for Au would be a 6
ferences are somewhat noisy, it is obvious that both models®P/5f transition. To explore this possibility, the scalar-
yield a transition volume that is roughly 60% of the mea- relativistic LDA electronic band structures obtained here for

sured ambient volume for fcc Au. To obtain a more precisdCC Au at lattice constants of 7.70 BolmearP=0 Mbar)
estimate for the fcc-hep transition volume, the LDA and@nd 6.00 Boh(nearP=10 Mbar) are shown in Figs. 4 and

GGA cohesive energies for both phases were fitted with the: respectively. Comparison of the occupied bands in the
SJEOS. A smooth fit to the calculated structural energy dif_ﬂgures_ _suggests that nearly all of the qualitative features_are
ferences was then obtained for each model by taking thihsensitive t_o pressure, other than an overall broa_denmg.
difference between the binding curves for the two crystal(The same is not true of the conduction bands, which are
structures. The fitted energy difference curves are compared _ _
with the calculated differences in Fig. 3. Examination of the TABLE V. Predicted relative volumesq/Vo) and pressuresy;
figure suggests that the energy differences have a smoothwbar) of the fcc-hep tran5|t|on in Au obtained here with the
varying, model independent, uncertainty that is on the ordef CGTO-FF method, using the LDA and GGA models, are com-
of 2—3 mRYy, in reasonable agreement with the error analysigared. with equivalent FP-LMTO results from Ref. 18, is the
given above. The fitted curves were used to obtain LDA andaxpenmental room temperature volume.

GGA predictions for the pressure and volume of the fcc-hcp

transition in Au on the static-latticO K isotherm. Method Model VIVo P
The transition volumes and pressures obtained here ateCGTO-FF LDA 0.599 3.47

listed in Table V along with the corresponding values foundrFp-LMTO LDA 0.55 2.41

by Ahuja et al® Although the transition volumes found in |CGTO-FF GGA 0.590 414

the two investigations are in reasonable agreement, the pregp-L MTO GGA 0.60 2.00

sures differ greatly. In particular, the relative volumes calcu
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20 R . . P TABLE VI. The theoretical room temperature isothetMbar)
o’ .’ ‘s, . PPRRE B ., : Tt obtained here for fcc Au, using the LDA, is tabulated as a function
JPT LTI R ¢ e ¥ o of relative volume, up to 5 Mbar. The existing gold pressure cali-
. 3. * . bration standard of Heinz and Jeanl$#)) (Ref. 2 is also listed.
ok . . ®, eleges . i
5‘ . * . .8 VIV, LDA HJ VIV, LDA HJ
= .
S T 1 100 ~0.0435 00000 070 15630  1.5790
§ o N 0.98 —0.0111 0.0356 0.68 1.8386 1.8484
M Ofcrererereeees ‘: ’... ........... .. ........ -~ 0.96 0.0268 0.0761 0.66 21567 21610
L L T M B SRR 0.94 0.0708  0.1222 065  2.3338
SOORERAR DREET TN R IY-7 01219 01746  0.64 25244
T, 0.90 0.1810 0.2344  0.63  2.7294
or epet * ] 0.88 0.2492  0.3024 062  2.9502
L A T A X ZW K > r 086 0.3277 0.3800 0.1  3.1881
0.84 0.4180 0.4685 0.60 3.4446
Brillouin Zone Wave Vector 0.82 0.5218 0.5697 0.59 3.7213
FIG. 4. Scalar-relativistic LDA electronic band structure for fcc 0.80 0.6410  0.6854 0.58 4.0200
Au at a lattice constant of 7.70 Bohr. The energies are given relative.78 0.7779 0.8179 0.57 4.3427
to the Fermi level; dotted line. 0.76 0.9352 0.9700 0.56 4.6916
0.74 1.1160 1.1449 0.55 5.0691
0.72 1.3238 1.3464

highly distorted. The most notable change in the occupied
band structure is the movement of one energy aikip®int
from above the Fermi level to below. These results are in ) )
good agreement with Godwal and Jearflozho found no stan_dard beyond 3 Mbar. To_ provide easy access to this ex-
evidence for an electronic transition in Au, up to 2 Mbar, andt€nsion, the LDA isotherm is tabulated in Table VI on a
Ahuja et al’® who concluded that the fcc-hcp transition is father dense mesh of relative volumes, along with the Au
triggered by relatively small features in the densities of state§tandard of Heinz and JeanldGiven the uncertainties in-
for the two structures. Even if an electronic transition digherent in predicted structural transition pressures and the
occur in Au, it would affect less than 10% of the eleven possibility of metast_ability beyond the equilibrium phase
valence electrons versus 100% of the valence electrons in gfpundary, the new isotherm is tabulated up to roughly 5
alkali metal, thus providing a substantially weaker mechaMbar. During experiments, the standard of Heinz and Jean-
nism for phase transitions in Au. Nevertheless, further work0Z should be used for relative volumes between 1.0 and
on the structural stability of Au at high pressures is clearly0-66, while the LDA isotherm should be used for all relative
warranted. volumes less than 0.66, provided the fcc structure remains
Based on the above analysis, the theoretical room tertable.
perature isotherm found here using the LDA should provide

a reliable extension of the existing Au pressure calibration V. CONCLUSIONS
20w . — 5 The static-lattice EOS and structural phase stability of Au
ORI T3 Test : o B ° ¢ 3 have been calculated to 10 Mbar, with and without spin-orbit
[ . et S L] coupling effects included, using the LDA and the GGA. It is
U] S I L . “tesss ot A shown that spin-orbit coupling effects are negligible, while
°r° e density gradient corrections are significant. The calculated
% . ., ] zero-pressure properties of Au agree well with results from
I SYTRPRRTTITIEN PPRPPRPRPRIRRNES ! TETETY P o - previous electronic structure calculations using the same
2 Al . ] models. The fcc structure is predicted to be more stable than
5 ‘ dyer °:§ :. *. .. the hcp and bcc structures at zero pressure, in good agree-
afF e "t *e " o el ¢ ment with experiment. The hcp structure becomes the most
R I . " et * stable structure at a pressure of 3.5 MUaDA) or 4.1 Mbar
i ‘e . . e, 0" ] (GGA) and remains stable to 10 Mbar. These transition pres-
Sofessene, RAARETTIFELY y *. sures are roughly 50% larger than previous predictiduisie
et : to some error in the earlier pressure calculations.
L A r A X ZW K z r Once thermal effects are accounted for, the LDA model
produces a room temperature isotherm that is in reasonably
Brillouin Zone Wave Vector good agreement with existing data and that smoothly merges

FIG. 5. Scalar-relativistic LDA electronic band structure for fcc with the existing Au pressure calibration standargar 2
Au at a lattice constant of 6.00 Bohr. The energies are given relativibar. The room temperature isotherm found here with the
to the Fermi level; dotted line. LDA model should, therefore, provide a reliable extension of
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