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Theoretical extension of the gold pressure calibration standard beyond 3 Mbars
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Applied Physics Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
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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 approximation~LDA ! and the generalized
gradient approximation~GGA!. The fcc structure is predicted to be the most stable phase at zero pressure,
transforming to the hcp structure at 3.5 Mbar~LDA ! 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-hcp transition pressure, well above 3 Mbar.
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I. BACKGROUND

Gold ~Au! has been employed as a primary equation
state ~EOS! standard, for at least two decades,1 due to its
chemical inertness, large isothermal compressibility, and
large pressure and temperature stability ranges of its amb
fcc phase. For this reason, the room temperature isother
Au has been determined for pressures up to 2.16 Mb2

through a combination of diamond anvil cell~DAC! data up
to 700 kbar~Refs. 2 and 3! and reduced shock data at th
higher pressures.1,2 Although the existing Au pressure cal
bration standard2 is adequate for most static experiments c
ried out today, improved DAC techniques have extended
experimentally accessible pressure range to at least 3 M4

with even higher pressures on the horizon. As a result, th
is a growing need for reliable EOS standards in the 2–
Mbar range. The most straightforward way to achieve t
goal would be to extend the range of the existing EOS s
dards to higher pressures using some mixture of hi
pressure shock data and first-principles theory,5 including
density functional theory6 ~DFT! electronic structure calcu
lations.

Although DFT electronic structure calculations have n
been demonstrated to reliably predict pressure-volu
curves to the accuracy required for an EOS standard, s
calculations do provide valuable qualitative guidance. In p
ticular, the two most common models, the local density
proximation~LDA ! ~Ref. 7! and the generalized gradient a
proximation~GGA!,8 generally have been found to produ
pressures that provide approximate lower~LDA ! and upper
~GGA! bounds to the observed pressure for a given volu
It is also known that those two bounds will converge~pre-
sumably to the correct value! in the ultrahigh pressure limit
Furthermore, DFT calculations have been used success
to predict structural phase sequences in crystalline mater
Thus, DFT electronic structure calculations should be
pected to play an important role in extending the Au press
calibration standard to multi-Mbar pressures.

A number of DFT electronic structure calculations alrea
have been carried out on the static-lattice, zero-pres
properties of Au.9–16 Only two of those calculations, how
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ever, have explored the multi-Mbar regime.9,15 In the earlier
of those investigations, Godwal and Jeanloz9 determined the
EOS of fcc Au to 2 Mbar using the linear muffin-tin-orbita
~LMTO! method, within the atomic sphere approximatio
~ASA! and the LDA model. Once thermal effects were a
counted for, the LDA-derived room temperature isothe
was found to be in reasonable agreement with the exis
Au standard. In the later study, Ahujaet al.15 used the pre-
sumably more precise full-potential LMTO~FP-LMTO!
method, within both the LDA and GGA models, to calcula
the energy difference between the ambient fcc phase of
and a hypothetical hcp phase, for volumes ranging from a
bient to two-fold compressed. Those calculations predic
that Au would transform into the hcp structure at a press
of either 2.41 Mbar~LDA ! or 2.00 Mbar~GGA!, calling into
question the usefullness of Au as a pressure standard abo
Mbar. The transition point found using the LDA was, how
ever, inconsistent with the isotherm obtained by Godwal a
Jeanloz9 using the same model; see discussion below. In
dition, Ahuja et al.15 did not consider the possibility of bc
phase stability, despite the fact that the fcc and bcc pha
are known to be nearly degenerate at zero pressure, with
LDA calculations predicting bcc stability17,18 and one pre-
dicting fcc stability.19 This omission is surprising, since on
of the predictions of bcc stability18 was obtained using the
same FP-LMTO code as was used by Ahujaet al.15

In this investigation, the static-lattice EOS and structu
phase stability of fcc, bcc, and ideal hcp Au have been c
culated to about 10 Mbar, using a relativistic variant20–22 of
the all-electron linear combinations of Gaussian-typ
orbitals–fitting-function~LCGTO-FF! method,23,24 as imple-
mented in the program packageGTOFF.25 The LDA and GGA
models were both used here to provide approximate lo
and upper bounds to the true pressures, and to allow an
timate of any model sensitivity in the predicted phase
quence. All of the calculations for the cubic structures we
carried out with and without spin-orbit coupling~SOC! ef-
fects included. Room temperature thermal corrections to
pressures were calculated for the observed fcc phase. S
the results presented here are intended for use in exten
©2003 The American Physical Society07-1
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the Au pressure calibration standard, extensive tabular re
are provided.

II. LCGTO-FF ELECTRONIC STRUCTURE
CALCULATIONS

The LCGTO-FF technique is distinguished from oth
variants of the LCGTO methodology through its use of au
iliary GTO basis sets to expand the charge density
exchange-correlation~XC! integral kernels. The charge fit
ting function coefficients are determined variationally
minimizing the error in the Coulomb energy, while the X
coefficients are obtained via a constrained least squ
fit. Scalar relativity was first implemented20 in GTOFF

using a nuclear-only Douglas-Kroll-Hess ~nDKH!
transformation,26,27 that neglected all terms involving cros
products of the momentum operator.28 That implementation
of relativity was later extended to include all scalar relat
istic cross-product terms and spin-orbit coupling terms p
duced by the nDKH transformation.21 Finally, electron-
electron spin-orbit coupling effects were accounted
within the screened nuclear spin-orbit ~SNSO!
approximation.22 The LCGTO-FF method is especially we
adapted for high-pressure EOS work because, unlike m
extant DFT electronic structure methods, it does not req
the electrons to be partitioned between core and band s
that are treated differently. Instead,GTOFF treats all electron
states as fully hybridizing band states. Furthermore, the s
orbit coupling terms calculated withGTOFF are not afflicted
with the muffin-tin-sphere sensitivity observed in some ot
full-potential methods.22

The precision of any LCGTO-FF calculation is large
determined by the selection of the three GTO basis sets.
orbital basis set used here was derived from Gropen29

19s14p10d5 f atomic basis set. First, the more diffuse po
tion of the atomic basis set was modified and enriched
provide a better representation of the crystalline envir
ment, yielding a 20s16p12d8 f primitive GTO basis. That
basis set was then reduced to a 15s12p9d5 f basis set by
contracting the most local GTO’s of eachl type into a single
basis function, using contraction coefficients obtained fr
scalar-relativistic atomic calculations with the same D
models as the crystal calculations; i.e., slightly different c
efficients were used for the LDA and GGA calculations. T
electronic charge density was fitted, for volumes near am
ent, with a 21s GTO basis set whose exponents ranged fr
0.1 to 2 500 000. An 18s XC basis set was derived from th
charge basis set by removing the three most local GTO
The same basis sets were used, for a given model, for a
the calculations corresponding to fcc lattice constants gre
than 7.3 Bohr. For smaller volumes, the more diffuse GTO
in the three basis sets were gradually compressed, as ne
to avoid near linear dependencies. It is quite difficult
quantify the uncertainty in the energies due to the use
incomplete basis sets. It is, however, reasonable to ass
that the relative errors between the various structures wil
quite small~on the order of 0.1 mRy! and smoothly varying,
since the absolute errors will largely cancel for a giv
17410
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atomic volume. All of the basis sets used here can be
tained from the author.

All necessary Brillouin zone~BZ! integrations were car-
ried out on uniform BZ meshes using a Gaussian broade
histogram technique, with a Gaussian broadening facto
10 mRy. Test calculations revealed that the fcc-bcc struct
energy difference, at ambient volume, was sensitive to
density of the BZ mesh, with higher mesh densities favor
the fcc structure. This BZ mesh sensitivity may account,
part, for the disagreement between the earlier structural
bility calculations; see discussion above. For the fcc and
structures, a 20320320 BZ mesh with 256 inequivalentk
points was used to ensure that the ambient fcc-bcc struc
energy difference was converged to within 0.1 mRy. T
uncertainty in the structural energy difference should
crease steadily as the unit cell volume decreases, due to
corresponding expansion of the BZ, with any resulting er
varying smoothly with volume. A comparable 20320310
BZ mesh with 264 inequivalentk points was used for the hc
structure and should produce a similar uncertainty. The S
cycle for each calculation was iterated until the total ene
was stable to within 20mRy, which should be the primary
source of random error in these calculations.

III. RESULTS

LDA and GGA total energies were first calculated for f
Au, with and without spin-orbit coupling, for lattice con
stants ranging from 8.0 to 7.0 Bohr in steps of 0.1 Bohr a
from 7.0 to 6.0 Bohr in steps of 0.2 Bohr. Three addition
GGA calculations were then carried out at fcc lattice co
stants of 8.1, 8.2, and 8.3 Bohr, to ensure that the G
energy minimum was bracketted. Cohesive energies w
obtained by removing spin-polarized atomic energies, ca

TABLE I. LDA binding energies (Eb ; Ry! obtained here, with
and without spin-orbit coupling~SOC! effects included, are listed a
functions of the fcc lattice constant (a; Bohr! for fcc, bcc, and hcp
Au.

a fcc bcc hcp fcc1SO bcc1SO

8.00 20.32327 20.32232 20.32230 20.33327 20.33226
7.90 20.32863 20.32765 20.32749 20.33893 20.33784
7.80 20.33263 20.33149 20.33129 20.34323 20.34195
7.70 20.33487 20.33363 20.33342 20.34578 20.34446
7.60 20.33513 20.33381 20.33359 20.34641 20.34491
7.50 20.33305 20.33161 20.33154 20.34478 20.34318
7.40 20.32822 20.32663 20.32681 20.34048 20.33882
7.30 20.32014 20.31865 20.31894 20.33293 20.33131
7.20 20.30986 20.30830 20.30871 20.32303 20.32137
7.10 20.29322 20.29166 20.29212 20.30673 20.30521
7.00 20.27059 20.26895 20.26956 20.28452 20.28279
6.80 20.20298 20.20135 20.20209 20.21780 20.21606
6.60 20.09970 20.09866 20.09926 20.11519 20.11399
6.40 0.04700 0.04768 0.04683 0.03000 0.030
6.20 0.25606 0.25566 0.25442 0.23665 0.236
6.00 0.55816 0.55599 0.55534 0.53572 0.533
7-2
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lated withGTOFFin the expanded lattice limit, using the sam
models as were used for the crystal calculations.30 Similar
calculations were then carried out for the bcc and ideal
crystal structures using atomic volumes that were identica
those used for the fcc structure.~Spin-orbit coupling was not
however, considered for the hcp phase.! All of the LDA and
GGA cohesive energies so determined are listed in Tabl
and II, respectively.~The number of figures given in th
tables are consistent with the random error in the ener
20 mRy, not the overall precision; see the preceding disc
sion.! Note that, for all models, the most stable phase is
fcc structure at the larger lattice constants, transforming
the hcp structure at the smaller lattice constants, with
region of bcc stability.

A. Zero-pressure properties

For each model and crystal structure, the zero-pres
volume (V0), cohesive energy (Ec), bulk modulus (B), and
pressure derivative of the bulk modulus (B8) were deter-
mined by fitting the cohesive energies of the eight~LDA ! or
eleven ~GGA! largest volumes with the stabilized jellium
equation of state~SJEOS! of Alchagirov et al.31

e~x!5
a

x3
1

b

x2
1

c

x
1d, ~1!

where

x5S V

V0
D 1/3

. ~2!

TABLE II. GGA binding energies (Eb ; Ry! obtained here, with
and without spin-orbit coupling~SOC! effects included, are listed a
functions of the fcc lattice constant (a; Bohr! for fcc, bcc, and hcp
Au.

a fcc bcc hcp fcc1SO bcc1SO

8.30 20.23020 20.22996 20.22951 20.23846 20.23808
8.20 20.23496 20.23455 20.23413 20.24353 20.24292
8.10 20.23887 20.23831 20.23790 20.24779 20.24708
8.00 20.24173 20.24110 20.24056 20.25097 20.25026
7.90 20.24331 20.24267 20.24196 20.25283 20.25216
7.80 20.24337 20.24265 20.24178 20.25318 20.25240
7.70 20.24147 20.24068 20.23977 20.25173 20.25079
7.60 20.23747 20.23661 20.23563 20.24809 20.24703
7.50 20.23086 20.22995 20.22904 20.24192 20.24082
7.40 20.22132 20.22055 20.21961 20.23292 20.23197
7.30 20.20832 20.20755 20.20678 20.22040 20.21948
7.20 20.19303 20.19226 20.19151 20.20553 20.20459
7.10 20.17118 20.17044 20.16974 20.18407 20.18324
7.00 20.14297 20.14224 20.14157 20.15628 20.15542
6.80 20.06341 20.06259 20.06241 20.07762 20.07678
6.60 0.05293 0.05363 0.05351 0.03767 0.038
6.40 0.21366 0.21432 0.21350 0.19724 0.197
6.20 0.44324 0.44378 0.44201 0.42477 0.424
6.00 0.77373 0.77208 0.77091 0.75145 0.749
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In Eq. ~1!, the four terms on the right-hand side~RHS!
roughly correspond to the the energy contributions of
repulsive~non-Coulombic! part of an electron-ion pseudopo
tential, the kinetic energy, the combined Madelung and
change energies, and the correlation energy. The result
these fits are compared with previous calculations and
periment in Tables III~fcc! and IV ~bcc and ideal hcp!.

Examination of Table III reveals good consistency b
tween the various results obtained using a given model, w
no notable sensitivity to spin-orbit coupling. The LDA an
GGA volumes found here with the LCGTO-FF method a
2% contracted and 6% expanded, respectively, relative to
empirical static-lattice volume.10 These results are consiste
with the general expectation that the LDA and GGA mod
will produce volumes that bound the experimental value. T
LDA and GGA bulk moduli found here also bracket the me
sured room temperature value, with the LDA value bei
15% larger and the GGA value being 13% smaller. Althou
the GGA values forB and B8 appear to be in better agree
ment with experiment than the LDA values, much of t
error in the LDA values is attributable to the difference b
tween the theoretical static-lattice volume and the obser
room temperature volume. In fact, the fitted LDA1SOC val-
ues forB andB8 at the experimental volume are 1.60 Mb

TABLE III. Theoretical static-lattice, zero-pressure volum
(V0; a.u.!, cohesive energies (Ec ; Ry!, bulk moduli (B; Mbar!, and
pressure derivatives of the bulk moduli (B8) obtained here for fcc
Au using the LDA and GGA models, both with and without spi
orbit coupling ~SOC! included, are compared to previous ful
potential calculations and experiment.

Method Model V0 Ec B B8

FLAPWa LDA 112.4 1.98
FP-LMTOb LDA 113.2 1.93
FLAPWc LDA 112.9 2.05
LCAOd LDA1SOC 112.99 1.82
FP-LMTOe LDA 113.10 1.93 4.8
FP-LMTOf LDA 113.41 1.76 6.1
LCGTO-FFg LDA 111.36 0.3353 1.90 5.1
LCGTO-FFg LDA1SOC 110.60 0.3465 1.92 5.1
FLAPWa GGA 121.4 1.42
FP-LMTO GGA 118.23 2.19 3.7
LCAOh GGA 123.7 0.209 1.32
LCAOh GGA1SOC 122.3 0.220 1.30
LCGTO-FFg GGA 120.87 0.2435 1.42 5.5
LCGTO-FFg GGA1SOC 119.95 0.2533 1.45 5.4
Experimenta 0 K 112.8
Experimenti 298 K 114.45 0.279 1.67 5.5

aReference 10.
bReference 11.
cReference 12.
dReference 13.
eReference 15.
fReference 16.
gPresent results.
hReference 14.
iReference 2, exceptEc which is taken from Ref. 32.
7-3
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J. C. BOETTGER PHYSICAL REVIEW B67, 174107 ~2003!
and 5.4, respectively, in excellent agreement with the m
sured values; 1.67 Mbar and 5.5.

Comparison of the LCGTO-FF results found here for t
bcc and ideal hcp structures of Au~Table IV! with the fcc
structure results in Table III reveals only a minimal structu
induced variation of the zero-pressure properties. To be
cific, the atomic volumes, bulk moduli and pressure deri
tives of the bulk moduli for the three structures vary
roughly 0.5, 2, and 8 %, respectively. In contrast, Ahu
et al.15 found a volume shift of more than 1% between t
fcc and hcp structures. For a given model, the cohesive
ergies predicted for the three structures agree to wi
roughly 1.5 mRy, with the fcc structure being somewh
more stable than the bcc structure at zero pressure, in g
agreement with experiment. For the observed fcc struct
the LDA model produces a substantial overbinding relat
to experiment,32 while the GGA model predicts a smalle
underbinding.

All of these zero-pressure results are in good accord w
the standard expectations for state-of-the-art DFT electro
structure calculations. The most notable finding, in the c
text of this work, is that the LDA model yields rather goo
agreement with the existing zero-pressure data and is cle
preferable to the GGA model for determining the low pre
sure EOS of this particular material. This result also ser
as a reminder that there are a number of systems for w
the LDA model works better than the presumptively mo
advanced GGA model.10,33

B. High-pressure properties

To allow a more direct comparison of the present LD
and GGA electronic structure results with high pressure d
room temperature isotherms were constructed for fcc Au
follows. First, all of the fcc cohesive energies listed in Tab
I and II for a given DFT model, with spin-orbit couplin
included, were fitted to the SJEOS. Phonon contributi
were then estimated, at room temperature, using a sim

TABLE IV. Theoretical static-lattice, zero-pressure volum
(V0; a.u.!, cohesive energies (Ec ; Ry!, bulk moduli (B; Mbar!, and
pressure derivatives of the bulk moduli (B8) obtained here for bcc
and ideal hcp Au using the LDA and GGA models, both with a
without spin-orbit coupling~SOC! included, are listed. Also shown
are FP-LMTO results for hcp Au from Ref. 15.

Method Model V0 Ec B B8

bccStructure
LCGTO-FF LDA 111.62 0.3340 1.87 4.9
LCGTO-FF LDA1SOC 110.84 0.3450 1.98 4.9
LCGTO-FF GGA 121.05 0.2428 1.39 5.6
LCGTO-FF GGA1SOC 120.18 0.2524 1.43 5.3

hcpStructure
FP-LMTO LDA 111.35 1.91 4.7
LCGTO-FF LDA 111.49 0.3338 1.83 5.0
FP-LMTO GGA 116.88 2.16 3.7
LCGTO-FF GGA 121.38 0.2421 1.37 5.3
17410
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Debye model, with the ambient value of the Debye tempe
ture (uD) set to its observed value 165 K.34 The volume
dependence ofuD was specified via a Gru¨neisen function
(g) of the form

g~x!5g0x1
2

3
~12x!2, ~3!

wherex5V/V0 is the relative volume,V0 is the experimen-
tally observed room temperature volume~114.445 a.u.!, and
g0 is the ambient value ofg ~3.05!.34 Contributions of ther-
mal electronic excitations were not calculated here, si
they should be negligible at room temperature.

The LDA and GGA room temperature isotherms det
mined here for fcc Au, as described above, are compare
DAC data2,3 and the Au pressure standard of Heinz a
Jeanloz2 in Fig. 1. Inspection of the figure reveals that th
LDA isotherm is, once again, in substantially better agr

FIG. 1. Room temperature isotherms for fcc Au obtained h
using the LDA~dashed line! and GGA~dotted line! are compared
with diamond anvil cell data from Refs. 2~open circles! and 3
~open squares!, and the gold standard of Ref. 2~solid line!; ~a! for
pressures up to 10 Mbar and~b! for pressures up to 2.5 Mbar. Als
shown are the fcc-hcp phase transition points obtained by Ref
using the LDA~filled circle! and GGA~filled square! models. Vol-
umes are given relative to the experimental room temperature
ume, 114.445 a.u.
7-4
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ment with the data than the GGA isotherm. In particular,
LDA pressures appear to merge smoothly with the Au st
dard near 2 Mbar, as is further illustrated in Fig. 2, whi
shows the fractional difference between the LDA press
(PLDA) and the pressure of the Au standard (Ps),

f 5
Ps2PLDA

Ps
, ~4!

as a function of relative volume. These results are consis
with the expectation that LDA pressures act as an appr
mate lower bound to experiment and suggest that the L
isotherm may provide a reliable extension of the existing
standard beyond 2 Mbar. Naturally, such an extension
only be reasonable up to the fcc-hcp transition pressure.

The hcp-fcc structural energy differences determined h
for Au, using the LDA and GGA models, are shown as fun
tions of relative volume in Fig. 3. Although the energy d
ferences are somewhat noisy, it is obvious that both mo
yield a transition volume that is roughly 60% of the me
sured ambient volume for fcc Au. To obtain a more prec
estimate for the fcc-hcp transition volume, the LDA a
GGA cohesive energies for both phases were fitted with
SJEOS. A smooth fit to the calculated structural energy
ferences was then obtained for each model by taking
difference between the binding curves for the two crys
structures. The fitted energy difference curves are comp
with the calculated differences in Fig. 3. Examination of t
figure suggests that the energy differences have a smoo
varying, model independent, uncertainty that is on the or
of 2–3 mRy, in reasonable agreement with the error anal
given above. The fitted curves were used to obtain LDA a
GGA predictions for the pressure and volume of the fcc-h
transition in Au on the static-lattice 0 K isotherm.

The transition volumes and pressures obtained here
listed in Table V along with the corresponding values fou
by Ahuja et al.15 Although the transition volumes found i
the two investigations are in reasonable agreement, the p
sures differ greatly. In particular, the relative volumes cal

FIG. 2. The fractional difference between the LDA room te
perature pressure of fcc Au and the pressure standard of Ref.
shown as a function of relative volume.
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lated using the GGA differ by only 0.01, yet the transitio
pressures differ by a factor of 2. Comparison of the GGA a
LDA transition points found by Ahujaet al.,15 with the vari-
ous isotherms in Fig. 1 strongly suggests that the pres
calculation by Ahujaet al.,15 is in error. The present calcula
tions indicate that the fcc phase of Au will remain stab
relative to the hcp and bcc phases for pressures well in
cess of 3 Mbar.

There remains the possibility that Au transforms into
structure that is more complicated than any of those con
ered here, as has been demonstrated for the light35 and
heavy36 alkali metals. In those cases, the structural ph
transitions are triggered by electronic transitions;s→p for
the light alkali metals37 and s→d for the heavy alkali
metals.38 The equivalent mechanism for Au would be a 6s
→6p/5f transition. To explore this possibility, the scala
relativistic LDA electronic band structures obtained here
fcc Au at lattice constants of 7.70 Bohr~near P50 Mbar)
and 6.00 Bohr~nearP510 Mbar) are shown in Figs. 4 an
5, respectively. Comparison of the occupied bands in
figures suggests that nearly all of the qualitative features
insensitive to pressure, other than an overall broaden
~The same is not true of the conduction bands, which

TABLE V. Predicted relative volumes (V/V0) and pressures (P;
Mbar! of the fcc-hcp transition in Au obtained here with th
LCGTO-FF method, using the LDA and GGA models, are co
pared with equivalent FP-LMTO results from Ref. 15.V0 is the
experimental room temperature volume.

Method Model V/V0 P

LCGTO-FF LDA 0.599 3.47
FP-LMTO LDA 0.55 2.41
LCGTO-FF GGA 0.590 4.14
FP-LMTO GGA 0.60 2.00

is FIG. 3. Calculated and fitted hcp-fcc structural energy diff
ences for Au obtained here with the LDA~circles; solid line! and
GGA ~squares; dashed line! models are shown as functions of rel
tive volume.
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highly distorted.! The most notable change in the occupi
band structure is the movement of one energy at theX point
from above the Fermi level to below. These results are
good agreement with Godwal and Jeanloz,9 who found no
evidence for an electronic transition in Au, up to 2 Mbar, a
Ahuja et al.15 who concluded that the fcc-hcp transition
triggered by relatively small features in the densities of sta
for the two structures. Even if an electronic transition d
occur in Au, it would affect less than 10% of the elev
valence electrons versus 100% of the valence electrons i
alkali metal, thus providing a substantially weaker mec
nism for phase transitions in Au. Nevertheless, further w
on the structural stability of Au at high pressures is clea
warranted.

Based on the above analysis, the theoretical room t
perature isotherm found here using the LDA should prov
a reliable extension of the existing Au pressure calibrat

FIG. 4. Scalar-relativistic LDA electronic band structure for f
Au at a lattice constant of 7.70 Bohr. The energies are given rela
to the Fermi level; dotted line.

FIG. 5. Scalar-relativistic LDA electronic band structure for f
Au at a lattice constant of 6.00 Bohr. The energies are given rela
to the Fermi level; dotted line.
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n
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standard beyond 3 Mbar. To provide easy access to this
tension, the LDA isotherm is tabulated in Table VI on
rather dense mesh of relative volumes, along with the
standard of Heinz and Jeanloz.2 Given the uncertainties in
herent in predicted structural transition pressures and
possibility of metastability beyond the equilibrium pha
boundary, the new isotherm is tabulated up to roughly
Mbar. During experiments, the standard of Heinz and Je
loz should be used for relative volumes between 1.0 a
0.66, while the LDA isotherm should be used for all relati
volumes less than 0.66, provided the fcc structure rema
stable.

IV. CONCLUSIONS

The static-lattice EOS and structural phase stability of
have been calculated to 10 Mbar, with and without spin-or
coupling effects included, using the LDA and the GGA. It
shown that spin-orbit coupling effects are negligible, wh
density gradient corrections are significant. The calcula
zero-pressure properties of Au agree well with results fr
previous electronic structure calculations using the sa
models. The fcc structure is predicted to be more stable t
the hcp and bcc structures at zero pressure, in good ag
ment with experiment. The hcp structure becomes the m
stable structure at a pressure of 3.5 Mbar~LDA ! or 4.1 Mbar
~GGA! and remains stable to 10 Mbar. These transition pr
sures are roughly 50% larger than previous predictions,15 due
to some error in the earlier pressure calculations.

Once thermal effects are accounted for, the LDA mo
produces a room temperature isotherm that is in reason
good agreement with existing data and that smoothly mer
with the existing Au pressure calibration standard2 near 2
Mbar. The room temperature isotherm found here with
LDA model should, therefore, provide a reliable extension

TABLE VI. The theoretical room temperature isotherm~Mbar!
obtained here for fcc Au, using the LDA, is tabulated as a funct
of relative volume, up to 5 Mbar. The existing gold pressure c
bration standard of Heinz and Jeanloz~HJ! ~Ref. 2! is also listed.

V/V0 LDA HJ V/V0 LDA HJ

1.00 20.0435 0.0000 0.70 1.5630 1.5790
0.98 20.0111 0.0356 0.68 1.8386 1.8484
0.96 0.0268 0.0761 0.66 2.1567 2.1610
0.94 0.0708 0.1222 0.65 2.3338
0.92 0.1219 0.1746 0.64 2.5244
0.90 0.1810 0.2344 0.63 2.7294
0.88 0.2492 0.3024 0.62 2.9502
0.86 0.3277 0.3800 0.61 3.1881
0.84 0.4180 0.4685 0.60 3.4446
0.82 0.5218 0.5697 0.59 3.7213
0.80 0.6410 0.6854 0.58 4.0200
0.78 0.7779 0.8179 0.57 4.3427
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

e

e

7-6



es
ill
ar
p
ns

ns
he
5-

THEORETICAL EXTENSION OF THE GOLD PRESSURE . . . PHYSICAL REVIEW B 67, 174107 ~2003!
the existing gold standard up to the fcc-hcp transition pr
sure, well above 3 Mbar. Additional DAC experiments w
be needed to test the reliablity of the new Au stand
against other EOS standards, such as tungsten and co
and to determine more accurately where the fcc-hcp tra
tion occurs along the room temperature isotherm.
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