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Compression versus pressure at ambient temperature has been measured for tantalum, gold, and platinum to
94 GPa and for aluminum, copper, and tungsten to 153 GPa, in a diamond anvil cell. Standard synchrotron
x-ray diffraction accuracy in the volume determination could be achieved to the maximum pressure. The
current data set is used to recalibrate the static pressure scale based on the ruby luminescence, confirming
recent suggestions of an underestimation of pressure. Using an updated pressure calibration, the consistency
between ultrasonic, dynamic, and static measurements of the equations of state is improved for these six
equations of state. This consistency allows us to test the predictive power of density functional theory, with
different approximations, for equation-of-state calculations. For example, the generalized gradient approxima-
tion leads to very accurate results, except for gold, the heaviest element.
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l. INTRODUCTION (fco) structur@, Cu (Z=29; [Ar]3d'%s; fcc structure,

Recently, important advances have been achieved in statitd (Z=73; [Xe]4f!*5d°6s?; body-centered-cubitbc) struc-
high-pressure experiments. Not only has the pressurdure), W (Z=74;[Xe]4f'%5d*6s% bcce structurgbecause they
temperature range of measurements been significantly ekave been extensively studied by dynamic compression; on
tended but it has also been shown that the measuremerttse other hand, RZ=78;[Xe]4f'%5d%s; fcc structurg, and
could be performed under these extreme conditions with alAu (Z=79;[Xe]4f1%5d%s; fcc structurg¢ because they are
most similar accuracy to ambient presstireln particular,  often used as x-ray pressure gauges. Also, all these metals
using the x-ray beam of the third generation synchrotronskeep their simple structures to the maximum pressure stud-
single-crystal x-ray diffractiofXRD) could be extended in jed.
the Mbar range, even for the lightest systems, and subtle The second aim of the present study, subsequent to the
changes detectée. The joint use of helium as a quasihydro- first aim, is to constitute an accurate data set of the EOS of
static pressure medium and tiny crystal samples helped tgetals, with simple structures, no phase transition and span-
prevent measurement biases due to the deviatoric stress affhg a large range of values of the electronic numthem
hence to reach the actual thermodynamic state. Z=13to0 79, so as to be able to reliably test electronic struc-

However, the absolute accuracy of these equation-of-staigire calculations. Density functional electronic structure
(EOS measurements cannot be higher than the accuracy QbFT) calculations are now widely used to calculate the co-
the static pressure scale. Unlike for shock-wave experimentgesive energy of solids versus volume and its derivative, the
the pressure cannot be directly measured in static expergQS, but DFT calculations rest on approximatigasy., lo-
ments. Therefore, secondary pressure scales must be useg| density approximatioLDA) or generalized gradient ap-
such as luminescence gaugésand x-ray gauge? At am-  proximation(GGA)] and their validity is established by the
bient temperature, the ruby luminescence pressure scale #ility to reproduce experimental data. The LDA and GGA
the most widely used. It has been calibrated using shockhave been found to produce pressures that provide, respec-
wave equations of state, reduced to ambient temperatutgely, lower bounds and upper bounds to the observed pres-
(RSW-EQS, of Ag, Cu, Pd, and Mo up to 80 GPd° Re-  sure for a given volumé In the present study we want to

cently, an absolute calibration of the ruby scale has beefuantify this deviation over a significant compression range.
established up to 55 GPAThis study has verified that the

ruby scale was accurate within 2% up to 55 GPa. This has
also shown that the method of using the volume of metals as
primary standards is suitable to calibrate the ruby pressure Five experiments have been performed with the same
scale. But recent analyses of the static EOS data of diamornshmple geometry. Three crystal grai@sum in the maxi-
and Ta have suggested that the ruby pressure scale couidum dimensioh respectively of tungsten, copper, and alu-
underestimate pressure byl0 GPa at 150 GP& 14 minum in two runs, and tantalum, platinum, and gold in three
The first aim of the present study is to extend the calibratuns have been loaded in a membrane diamond anvil cell
tion of the ruby gauge up to higher pressure, following thewith a large x-ray aperture, ensured by the use use of boron
method developed by Maet al,® but with higher precision diamond supports. All metal crystals have been selected from
in the volume determination of the metals and by taking intocommercial powder§urity from 99.8% to 99.95% Helium
account recent studies on the robustness of the reduction ofas the pressure transmitting medium. The pressure was es-
shock-wave data. Six metals were chosen for this calibratiortimated from the pressure calibration of the luminescence of
on the one hand, AlZ=13; [Ne]3s?3p; face-centered-cubic a 4-um ruby ball® The ruby ball was placed touching the

II. EXPERIMENTAL METHOD AND DATA
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FIG. 1. (left) [110Q] diffraction
peak of a tungsten single crystal,
recorded on an imaging plate
while rotating the diamond anvil
cell by +15° around a vertical
axis, at 42 and 150 GPéniddle)
Same peak after integration irg2
(the diffraction anglg at
150 GPa, the diffraction peak ap-
pears slightly broadened in azi-
muthal angle(y). (righty Same
peak after integration ity. In 26,
broadening is very weakfrom
0.064° full width at half maxi-
mum at the beginning of the ex-
periment to 0.073° at 150 GRa
These spectra evidence a slight in-
crease of the mosaicity of the
sample at very high pressure and
qualitatively show the quasihydro-
static conditions of the helium
pressure transmitting medium.
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metals crystal grains at the center of the sample chambeend of two runs, for all studied metals, after decompression
The pressure error bars range from 0.05 GPa at 1 GPa tnd with the same samples and diffraction geometry as low-
2 GPa at 150 GPa, if the ruby pressure scale is assumed ppessure points.

be correct. The lattice parameters of these metals have been The lattice parameters of the six metals measured up to
measured by angle dispersive monochromatid 144 GPa are presented in Fig. 2. Corresponding atomic vol-
=0.3738 A XRD technique at the ESRF. The diffracted sig- umes are listed in Table I. The scatter of the data remains
nal has been recorded on a MARE3450 imaging plate syswithin +0.02 A3, except for Al. For that element, the dif-
tem, located at a distance 400 mm from the sample. The fracted signal was very weak. This scatter can be assigned to
diffraction geometry was determined using a Silicium refer-the intrinsic precision of angle dispersive XRD technique.
ence sample. Maximumé@value was 23°. Diffracted signal For each metal, th®(V) data have been fitted with a Vinet
showed that the metal grains had different microstructureformulation of the EOS’ This provides three parameters
The tantalum, tungsten, and aluminum grains were singléhat characterize an EOS—namely, the volusgthe bulk
crystals, while the platinum, copper, and gold grains weranodulusK,, and its pressure derivatiy) at ambient pres-
fine powders. Diffraction images were scanned with 100  sure. It is important to reach sufficient compressjer20%
spatial resolution and integrated using #@D software!®  in volume) to constrain the&<; value. For all studied metals,
Powder spectra have been analyzed usiagb and the lat-  V, has been deduced from the low-pressure measurements
tice parameter optimized taking into account all diffracted(0<P<5 GP3g, leading to values which agree with
peaks. Single-crystal diffracted peaksimber ranging from |iteraturd®1° within 1073, The value ofV, was then fixed

4 for aluminum to 12 for tungstgrwere individually inte-  during the whole data set fitting. It was possible to fit the
grated after refinement of the beam center. No evidence afxperimental data with eithe¢, and K{ treated as free pa-
nonhydrostatic compression could be evidenced with thesgameters or by fixing{,, to its ultrasonic value, without any
two analysis, the relative differences between apparent latticgajor decrease of the fit quality. The fitting results are pre-
parameters for different Bragg peaks remaining smaller thagented in Table Il. Gold and platinum EOS compare correctly
5X 107 in the worst case, Al. In all cases, the relative un-with previous measurements, carried out at lower
certainty in the lattice parameters was smaller thart.\Ve pressured®2% Aluminum, tungsten, and tantalum EOS data
checked by interferometry that the thickness of the samplexhibit much less scatter than previous XRD
chamber was always larger than the dimension of the crysjetermination§®-33 and consequently lead to EOS param-
tals, to ensure that samples were not bridged between digters that are better constrained.

monds. Neither the ruby fluorescence spectra nor the values

of measured interreticular distances exhibited any evidence |, coMPARISON WITH OTHER EXPERIMENTAL

of nonhydrostatic stresses up to 150 GPa. Furthermore, as pata: IMPLICATIONS FOR THE RUBY PRESSURE

shown in Fig. 1, the degradation of tungsten single-crystal CALIBRATION

diffraction peaks upon pressure increase was weak, suggest-

ing qualitatively that nonhydrostatic stresses remained small. To test static high-pressure metrology, the XRD EOS of
Reference zero-pressure spectra have been recorded at these metals must be compared to the EOS obtained from the
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18——————————7—

pressure, all shock wave pressures become larger than the
ruby pressure. This could be explained by nonhydrostatic
effects in the previous ruby pressure calibration experirfient,
carried out with argon as pressure medium. In fact, the RSW-
EOS used for copper in Ref. 6 is the same as in the present
study, and consequently, the difference between the two cali-
brations must be ascribed to the difference between the static
EOS data. Qualitatively, if the volume is overestimated by x
rays, as expected in a nonhydrostatic experiment, pressure
will be underestimated by the use of an hydrostatic RSW-
EOS, which is the trend observed in Figag We believe

that the use of several metals that have been independently
studied by shock waves, including one on which there is an
experimental consensu€u), prevents us from a major bias
due to a wrong RSW-EOS. We thus conclude that the ruby
pressure scafaunderestimates the pressure, especially above
100 GPa. This is new strong experimental evidence that sup-
—— T ports earlier doubts about the ruby pressure calibrétioh

We propose a simple modification of this scale that mini-
mizes differences with all RSW-EOS plotted in Fig. 3. If the

XXX - i same simple algebric form as the one of Ref. 6 is kept,
R gl U5_am A8
2= Ph=A/B[(MAo)® - 1], (1)

Au
Pt
Ta
w
Cu
Al

16,

XOD>X+<

(

100 AV, (A%)

P, (GPa) 190 with the same low-pressure dependeriée=1904 GPa a
R value of B=9.5 (instead of 7.66p reconciles the current
FIG. 2. Evolution of the atomic volume of the six metals versusXRD EOS and RSW-EQOS over the pressure range investi-

pressure. The pressure is measured with the ruby scale. The sydated. This is shown in Fig.(B), where no systematic trend
bols are the data points and the lines are the fit of the data obtaind8 observed irPsy~Pf. Since all x-ray diffraction EOS have
with the Vinet formulation of the EOSRef. 17: P=3K,x%(1  been established using the same pressure scale, the ruby
-x)exf (1.5 - 1.5(1-x)]. The parameters of this formulation are scale, the dispersion between the various curves in k. 3

Vo, volume,Kq, bulk modulus, andy, its pressure derivative, un- also yields an estimate of the uncertainty in RSW-EOS, even
der ambient conditiongx=(V/Vg)Y3]. The values of fitted param- if this uncertainty is not absolute. Au and Pt curves are,
eters for each metal are presented in the third column of Table llrespectively, the lowest and highest; uncertainties in these
The difference between the data points and the fits is presented RSW-EOS may thus be larger than for other studied metals.
the lower part of the figure. When these two metals are used as pressure calibrants, the

. . current static EOS may be used preferably to the RSW-EOS
reduction of shock wave data to 298 K. In dynamic compres reviously published® The present ruby scale calibration

sion experiments, shock velocity and particle velocity are®

measured during the shock. Then, the presButee volume nearly follows the copper RSW-EOS, on which there is a
V, and the internal energy are cal’culated using the Rankindonsensus and for which the absolute error bars should be the

Hugoniot relation$* The temperature in shocked metals Smallest.

typically reaches 5000 K at 200 GPa. TReV shock data The difference betweeRg and Py, plotted in Fig. 4 is
are then genera”y reduced to ambient temperature, in §ma||el’ than 2% below 55 GPa, which is Compatlble with the

quasiharmonic framewor using the Mie-Grneisen formal- recent conclusion of an absolute calibration of the pressure
ism. Fully ab initio reductions have also been carried outScale!! The correction that has been recently proposed by
recent|y?3 using a mean-field potentia| approach’ which aretWO authorsl,2'13also plotted in Flg 4, falls within estimated
in good agreement with empirical reductions. error bars of the current calibratign=+3 GPa at 150 GPa
In Table Il, we have listed the parameters of the RSW-With the present data, we cannot find any clear evidence that
EOS of Au, Pt, Ta, W, Cu, and Al obtained by the mostthe pressure correction should be negative at30 GPa, as
recent works. For all metals, the RSW-EOS have been fitte@roposed by Holzapfel; however, this possibility cannot be
by the Vinet EOS between 0 and 160 GPa to obtain the pauled out. More compressible materials should be studied for
rametersK, andK}. There is consensus on the experimentalthat purpose.
Hugoniot curve of copper up to 200 G¥a¥¢ This metal With the new ruby calibratioiiPg), new values oK, and
thus appears to be a good pressure calibrant in our pressufg of the EOS of the six studied metals have been obtained.
range. On the contrary, we found discrepancies between ré decrease of bulk modulus in the reference state
cently published Pt and Au RSW-E®% and previous Ko (1-3 GPa and an increase of its pressure derivative
works37:38 Kg (0.3—0.4 is obtained, which leads to parameters closer to
The comparison between the RSW-EOS and our x-rayhe parameters deduced from acoustic da¢e Table ). In
diffraction measurements is presented in Figp).3At high  Table Il, it is encouraging to see that the three different ex-
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TABLE I. Atomic volumes of Cu, W, Al and Au, Pt, Ta, measured by angle-dispersive x-ray diffraction,
with helium pressure transmitting medium, as a function of the ruby luminescence preBgueethe
pressure obtained from the “classical” calibratigtef. 6) and P from the current calibratiofiEq. (1), with
A=1904 GPa and®=9.5]. Experimental uncertainty iiv is 0.01 A3/at. Uncertainty inPg increases from
0.05 GPa at 1 GPa to 2 GPa at 150 GPa, if the ruby pressure scale is assumed to be correct.

First two runs Last three runs
Pr P{:e Cu W Al Pr P{q Au Pt Ta
(GPa (GPa V (A%ap V (A%ay V(A%/ay (GPa (GPa V (A%/a) V (A%ah V (Adap

1.53 1.53 11.675 15.770 16.257 2.27 2.27 16.716 14.979 17.838

3 3.01 11.551 15.698 15.952 3.43 3.44 16.642 14.921 17.704
4.25 4.26 11.458 15.632 15.743 4.99 5.0 16.494 14.830 17.585
6 6.02 11.328 15.532 15.443 6.74 6.76 16.373 14.741 17.436

8.05 8.08 11.196 15.439 15.136 7.84 7.87 16.276 14.693 17.354
10.2 10.3 11.068 15.349 14.855 9.24 9.28 16.170 14.625 17.243
12.5 12.6 10.929 15.243 14.575 10.59 10.6 16.084 14.566 17.140
14.4 14.5 10.822 15.160 14.358 12.04 121 15.979 14.509 17.026
17.3 17.4 10.684 15.054 14.076 1349 136 15.880 14.442 16.942
19.7 19.9 10.570 14.961 13.855 15.04 15.2 15.790 16.833
22 22.2 10.457 14.861 13.636 16.14 16.3 15.714 14.334 16.751
24.6 24.9 10.352 14.773 13.436 1739 175 15.642 14.281 16.662
26.9 27.2 10.253 14.681 13.255 19.14 193 15.532 14.215 16.557
29.9 30.3 10.146 14.587 13.056 20.79 210 15.440 14.149 16.449
31.7 32.2 10.073 14.503 12.971 2239 226 15.361 14.092 16.353
34.7 35.3 9.977 14.421 12.748 23.99 243 15.263 14.035 16.263
0 0 11.808 15.852 16.561 26.24 26.6 15.157 13.952 16.129
17.8 18 10.656 15.027 27.89 283 15.087 13.897 16.036
30.7 31.1 10.114 14.552 12.989 30.05 305 14.961 13.822 15.914
37 37.1 9.909 14.334 12.580 1.14 1.14 16.852 15.044 17.933
42 42.8 9.729 14.182 12.253 0 0 16.966 15.105 18.034
47.1 48.1 9.573 14.022 11.990 52.5 53.8 14.079 13.146 14.814
51.8 53 9.442 13.877 11.763 58.7 60.3 13.881 12.985 14.554
57.5 59 9.293 13.718 11.531 65.5 67.4 13.679 12.837 14.266
61.8 63.5 9.198 13.600 11.344 70.0 72.2 13.542 12.721 14.143
66.2 68.2 9.076 13.456 11.148 78.0 80.7 13.339 12.566

69.6 71.8 8.997 13.375 11.014 90.0 93.6 13.030 12.305 13.449
73.6 76 8.913 13.280 10.874 31.0 315 14.903 13.776 15.843
78.5 81.3 8.819 13.166 10.702 36.2 36.8 14.709 13.616 15.585
84.4 87.6 8.705 13.027 10.509 395 40.2 14.564 13.510 15.415
90 93.6 8.603 12.878 10.342 453  46.2 14.332 13.342 15.135
93.6 97.5 8.549 12.821 10.261 50.2 51.4 14.159 13.204 14.919
100.7 105.0 8.439 12.694 55.3 56.8 13.990 13.073 14.693
105.9 111.0 8.345 12.584 9.942 66.5 68.5 13.635 12.809 14.257
110.4 116.0 8.270 12.473 9.814 74.1 76.6 13.430 12.639 13.998
1159 122.0 8.197 12.394 9.702 79.9 82.8 13.278 12.512 13.795
122 128.0 8.118 12.288 9.574 85.7 89.0 13.160 12.408 13.633
126.4 133.0 8.044 12.201 9.461

132.4 140.0 7.984 12.118 9.366

136.7 145.0 7.928 12.055 9.264

140.8 149.0 7.885 11.990 9.201

1443 153.0 7.843 11.936 9.136
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TABLE Il. Parameters of the Vinet EOS obtained by a least-squares fit of the experimental data, with the pressure scale(BgRef. 6
and our pressure scalPp). the bold values have been fixed during the fitting procedure. Numbers between parentheses are the fitting error
bars (95% confidence intervplon the last or the two last digits. For comparison, RSW-E@Sluced shock-wave equation of sjate
parameters, determined by fitting of RSW-EOS by the Vinet EOS between 0 and 160 GPa, and acoustic \&juesdét) have been
added. The parametelg andK; labeled “acoustiexpt” have been measured by ultrasonic experiments at low pressure. The adiabatic to
isothermal correction on the acoustic data has been made in Refs. 18 and 20-22.

Vo Ko (GP3,K{ Ko (GPa,K) Kq(GPa, Ref. Ko (GP3,K| Kq (GP3,K| Ko (GPa, Ref.
(A% Pscale:Pr PscalePg Ky RSW-EOS RSW-EOS P scale:Py P scale:P; K{ acoustic expt acoustic expt
Au 16.962 1725540 1675.713) 167,5.82 23 171.0,5.77 1676.0402) 167,6.22) 20
(1.9,(8) (1.4,(8)
Pt 15.095 275.3,4.78 2774.712) 277,4.66 23 273.6,5.23 2775.082) 277 24
(2.0,(8) (2.0,(8)
Ta 18.035 198.2,3.07 1943.2%3) 1943.76 23 197.0,3.39 1943.543) 194,3.885) 21
(3.1,(14 (3.9.(19
W 15862 298.3,3.81 2963.882) 2964.45 25 295.2,4.32 2964.302) 296-311,4.3 22 and 24
(3.6),(10 (3.9,(11)
Cu 11810 135.1,491 1335.0X1) 1335.33 23 132.4,5.32 1335.302) 133,5.42) 20 and 26
(1.D,(5 (1.9,(6)
Al 16.573 76.3,4.16 734.342) 73,4.50 27 74.3,4.47 734.542) 73,4.42 18
(1.2),(5) (1.2),(6)

perimental techniques for the determination of the paramkK, slightly smaller(in average 3 GBahan when using the
etersK, andK{ give more convergent values once the newcurrent pressure scale. The agreement with ultrasigiis
ruby pressure calibration is used. The remaining differencenot better when using Holzapfel's scale, with the Vinet EOS.
are not systematic now, and consequently, they can be attrib- In the next section, we compare our EOS déatalicated
uted to the uncertainties of each measurement. The use of iy expt subscriptobtained using our pressure sc&lgwith
pressure scale proposed by Holzapfel leads to values of fittelOS calculated bwb initio methods.

e W P s Y, IV. COMPARISON WITH ab initio STUDIES

["—>¢ Ta, Wang —A— W, Hixson

The basic result of DFT-LDA or DFT-GGA electronic cal-
culations is the value ok, the 0 K electronic energy, as a
function of the atomic volumé&/ of the material. The mini-
mum of theE-(V) curve corresponds to the equilibrium vol-
umeVy per, and its curvature is proportional to bulk modu-
lus Ky per- The comparison between experimentejsand
Ko and Vg per and K per has thus been used to check the
ability of DFT calculations to predidE-(V) around the equi-

4F g
g ] 10F " U —
© [ ] | —— this study i{?
a2k -] | —e— Holzapfel, 2003 4
g - e ~— | =a=Kuncetal., 2003 |
- T O a
o v ] ]
1 [ ] %5 -
(%2 ~ -] ﬂl. J
o f ] « i
4F (®) a ]
0 50 PIR (GPa)1 00 150 Oght s =

0 50 pR (GPa) 100
FIG. 3. (a) Difference between reduced shock-wave pressure
Pswand static pressurBg, as a function ofPg at a given atomic FIG. 4. Differences between new calibrations of the ruby scale
volume.PgyandPg are calculated using Vinet EOS and parametersand the classical pressure scale proposed by &ab (Ref. 6). The
from Table II: respectively, second, fifth columns and second, fourttcrosses correspond to the present calibration, the diamonds to
columns.(b) Difference betweeiPs,,and P (second and seventh- Holzapfel's calibrationRef. 12, and the triangles to Kunet al’s
column parameteys calibration(Ref. 13.
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TABLE lll. Comparison betweeib initio (subscriptDFT) and
experimentalsubscriptexph EOS parameters/y, Ko, andKj are,

respectively, volume, incompressibility, and its pressure derivative, 07_5
at zero pressurédVo=(Vo prr=Vo expd/ Vo expt 0]

Q

x

Voorr  Voexpt AVo  Koper(GPa,  Kg expi (GPA, n:’

(A3) (RY (%) Ko oFr Ko expt &

0]

Au 17.9% 16.962 5.8 132,6.% 167,6.00 o

Ta 1838 18.035 1.8 190.3,3.48 194,3.52
W 1628 15862 25 299.0,4.2% 296,4.30
Cu 12.1P 11816 25 129.9,5.48 133,5.30
Al 1679 16573 1.1 72.6,4.62 73,4.54

aFrom Ref. 40, GGA approximation + spin orbit coupling; thermal

! PGGA'Pexp (GP&)

pressure and expansion from Ref.BV points fitted with a Vinet 5L = - 3 - Al, Wang

EOS between 0 and 150 GPa. - & -8 \(;')vu,v\\ll\lang

b . . . . . . i —A— W, Wan,

From Ref. 39, GGA approximatior®-V points fitted with a Vinet - \ =8 &g, Boegger

EOS between 0 and 150 GPa. 10 . T B

‘This study(see Table . 0 50 100 150
Pexp (GPa)

librium volume?%151t is also interesting to compare experi-
mental and calculated(V) curves, orPg(V)=-dE./dV FIG. 5. Difference betweeab initio GGA pressure and experi-

curves in a large compression range. At ambient temperaturgenta! pressureobtained with the modified ruby scakf), (@) for
one measures the same atomic volum¥ and (b) for the same compression

=V/V,, as a function of experimental pressure, for Al, Cu, Ta, W
P(V,298 K) = Pc(V) + Py, i0n(V,298 K) + Py, g1ed V, 298 K), (Ref. 39, and Au(Ref. 40. The compression is calculated with the
) reference volume/p=Vy gypt for PeyoeandVo=Vy per for Pega

where Py, jon and Py, ¢ec are the thermal pressures, respec-modulus is underestimated by 21%. The differences and
tively, due to lattice vibrations and thermal excitations of thesimilarities betweerab initio and experimental EOS can also
electrons. In theP-T range of interestPy, (¢ iS negligible  be evidenced by calculatin®gga— Pexpe fOr a given atomic
and Py, jo, remains smaller than 2 GPa for the six studiedvolume. In Fig. %a), for each metalPgga- Pexpe Calculated
metals. P(V,298 K) is thus very close tdP¢(V). For this  for a given atomic volume, is plotted as a function of the
reason, ambient pressure EOS are a good test of DFT calcexperimental pressure corresponding to this atomic volume.
lations. However, up to now, the lack of reliable experimen-Pgga—Peypiis positive for the scanned pressure range and for
tal P-V data prevented careful comparisddsiVe believe all metals studied. This is a direct consequence of the over-
that the recovered consistency between EOS parametegstimate on the equilibrium volume by GGA calculations: if
measured by different techniques, obtained whith the newhe volume at zero pressure is overestimated, the pressure
calibration of the pressure scale, shows that the current dateecessary to obtain a given volume will also be overesti-
set is now reliable and accurate enough for a meaningfuinated. In Fig. Ea), it also appears that this overestimate
comparison between experimental and calculafe@V) increases with increasing pressure. This trend can be simply
curves. explained by the incompressibility.e., the effect of pressure
We have compared the EOS obtained within a given apehanges on voluméancrease with pressure. At higher pres-
proximation of DFT, the GGA, with our experimental data. sure, the samaAV will thus correspond to highekP.
Within the GGA, various computational methods should lead To eliminate this equilibrium volume effect and focus on
to similar EOS, as has been shown in the case df*Tzon-  the effect of compression, we also compaRgs and Peypy
sequently, we present here only one set of calculated EOS fabtained for the same compression—i.e., the same value of
each element, published in Ref. 39, for Al, Cu, Ta, and WV/V,, V, being the ambient pressure volume, calculated
and in Ref. 40 for Au. To our knowledge, no GGA EOS of Pt (e.g.,Vq prr) for Pgga and measured foPg,,: When com-
is available in the literature. pared in terms of compression, GGA and experimental EOS
Table 11l summarizes the parameters of the experimentabf Ta, Cu, W, and Al are in very good agreement, differing
andab initio calculated EOS. For calculated EOS, the effectby less than 5 GPa at 150 GRsee Fig. B)]. In other
of thermal pressure at 298 K has been taken into account iwords, the EOS of these four metals can be accurately repro-
original worké® or added using literature datd®V, per, the  duced by using the experimentd}, and the calculated,
equilibrium volume, is seen to be larger by 1.1-5.8% tharandKj, which is also evidenced by Table I. This conclusion
experimental,. Despite this large error on equilibrium vol- is similar to the one obtained in the case of diamond by Kunc
ume,K, andK/, predicted by the DFT-GGA are in very good et al!2 For these metals, the cohesive electronic energy curve
agreement with experimental valugsss than 2.3% error on Ec(V/V,) predicted by electronic structure calculations in
Ko and 2.5% error fokKy), except for gold, for which bulk the GGA is thus very good. However, the comparison is

094112-6



EQUATIONS OF STATE OF SIX METALS ABOVE 94 GPa PHYSICAL REVIEW B0, 094112(2004)

much less satisfactory for Au. The DFT-GGA calculationslarger range of pressures and under quasihydrostatic condi-
largely underestimate the bulk modulus of this metal, whichtions. Second, well-constrained EOS of six metals are ob-
leads to the large discrepancy betwegsa and Py, as  tained. This data set can be reliably used to test the predic-
evidenced in Fig. ). This effect is less obvious in Fig(®  tions of DFT calculations for the EOS. The parametégs
because the overestimate \éf and the underestimate &,  andKj, calculated within DFT-GGA, are seen to be in good
compensate each other in this representation. It has beagreement with experiments for Ta, W, Cu, and Al, but sur-
pointed out that the LDA formulation works better than GGA prisingly, a large discrepancy is observed for Au, for which
formulation for this metat? which could be explained by K, is underestimated by 21%. Similar measurements should

errors compensation. now be performed for more metals, to cover various elec-
tronic distributions and understand the reasons of successes
V. CONCLUSION and failures of DFT and its approximations. We hope that

) this project will motivate further experimental and theoreti-
In summary, we have shown that using the XRD tech--5| works.

nigue with a third-generation synchrotron source and helium

as the pressure transmitting medium, accurate determination

of the vqlume of metals can be extended in the Mbar range. ACKNOWLEDGMENTS
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