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Ruby, metals, and MgO as alternative pressure scales: A semiempirical description of shock-
wave, ultrasonic, x-ray, and thermochemical data at high temperatures and pressures

Peter 1. Dorogokupets'* and Artem R. Oganov

23,1

Unstitute of the Earth’s Crust SB RAS, Irkutsk 664033 Russia
2Laboratory of Crystallography, ETH Zurich, CH-8093 Zurich, Switzerland
3Geology Department, Moscow State University, Moscow 119899, Russia
(Received 6 May 2006; published 25 January 2007)

We have constructed semiempirical equations of state of Al, Au, Cu, Pt, Ta, and W, which within experi-
mental error bars describe the available shock-wave, ultrasonic, x-ray, and thermochemical data in the tem-
perature range from 10—-20 K up to the melting temperature and to compression x=V/V;=0.5-0.7. The
comparison of the calculated room-temperature isotherms for these metals with quasihydrostatic measurements
supports recently proposed ruby pressure scales. We recommend a new ruby pressure scale in the form P
=A(AN/Ng) X (1+mAN/Ny) with parameters A=1884 GPa and m=5.5. The cross check on independent data
confirms the obtained PVT equations of state of Ag, Al, Au, Cu, Pt, Ta, W, MgO, and diamond. The equations
of state of these materials obtained here provide accurate and versatile means for calibrating pressure at all
temperatures below the melting point. Furthermore, they can be used for accurate tabulation of thermodynamic
properties (heat capacities, entropies) of these reference substances in a wide P-T range.
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I. INTRODUCTION

More than a decade after the invention of diamond anvil
cell (DAC) (Ref. 1), in the beginning of 1970s, the optical
ruby fluorescence method of pressure measurement was
developed.? With the efforts of many researchers® in 1970s
and 1980s the ruby pressure scale was calibrated up to
megabar pressures and became the de facto standard for
pressure measurements in the DAC in the end of the twenti-
eth and beginning of the twenty-first centuries (see reviews
in Refs. 7-9).

With the ruby pressure scale, pressure is obtained from
the R, line shift of ruby luminescence. This is a secondary
pressure scale, requiring a careful calibration. The most
popular calibration due to Mao et al.® is based on the mea-
surements of the R, line shift of ruby luminescence in the Ar
pressure medium up to a pressure of 80 GPa. The pressure
was determined from the room-temperature isotherms of Cu
and Ag reduced by Carter et al.'” from shock-wave data. The
value for the initial slope of P(\), A=N\(dP/d\)=1904 GPa,
has been obtained by Piermarini et al’> with the use of
Decker’s'! equation of state (EOS) of NaCl as pressure stan-
dard in the quasihydrostatic medium (up to 10.4 GPa) and in
the nonhydrostatic medium up to the pressure of 19.5 GPa.
The resulting pressure scale of Mao et al. is expressed as

A
P= E[(l + AN\ - 1],

P:%[()\/)\O)B— 1], (1a)

where P is pressure in GPa, A=\(dP/Jd\)=1904 GPa, B
=7.665, A\y=694.24 nm.

Almost at the same time, Aleksandrov er al.'2 published a
significantly different calibration of the ruby scale based on
the a priori EOS of diamond. Aleksandrov et al.'? performed
simultaneous measurements of the R; line shift of ruby lu-
minescence and spectra of the first-order Raman light scat-
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tering of diamond in a DAC with helium pressure-
transmitting medium up to the compression of x=V/V,
=0.93. Trying various pressure scales, Aleksandrov et al.'?
obtained unrealistically low values of the pressure deriva-
tives of the bulk modulus (K’ =dK/dP) for diamond: 1, 1.9,
and 2.5 for scales from Refs. 3, 5, and 8, respectively, in
conflict with theory,!>!% and ultrasonic measurements.'> As-
suming a much more realistic value of K'=4 for diamond,
Aleksandrov et al.'> arrived at a new pressure scale with
parameters A=1918 GPa and B=11.7 for Eq. (1). Aleksan-
drov et al.'? also proposed another form for the pressure
scale:

P = A(ANMN)(1 + mAN/N) ()

with parameters A=1892+13 GPa and m=6.4. This scale be-
gins to differ from the scale of Ref. 6 above 20 GPa, and
leads to significant differences at pressures greater than
50 GPa (Fig. 1).

Hemley et al.'® have obtained the EOS of solid neon up to
110 GPa using the ruby® and tungsten!” pressure scales and
have overall confirmed the ruby scale of Mao et al.® How-
ever, they noticed that pressures from the tungsten scale are
systematically higher (5%) than those from the ruby scale at
high compression, but this difference was within the ex-
pected error in the tungsten isotherm (Ref. 16, p. 11822).
Helium remains considerably weaker than neon and argon at
high pressure,'® therefore Hemley et al.'® suggested that part
of the differences between the ruby scales of Aleksandrov et
al.'? and Mao et al.® may be associated with residual nonhy-
drostatic effects in the Ar pressure medium used in Ref. 6.

Recently, Zha et al.'” measured the elastic constants of
MgO up to a pressure of 55 GPa using Brillouin scattering.
By combining the Brillouin and x-ray measurements, they
obtained the equation of MgO state and calculated a new
ruby scale in the form (1) with A=1904 GPa and B=7.715,
close to the calibration of Mao et al.®

However, a series of works?*2* were recently published,
in which the ruby pressure scale of Mao et al.® has been
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FIG. 1. Comparison of early calibrations of the ruby pressure
scale. The linear relation comes from Piermarini et al. (Ref. 3). The
nonlinear functions were calculated with Eq. (1): A=1904 GPa and
B=5 (Mao et al. (Ref. 5), nonhydrostatic conditions), A
=1904 GPa and B=7.665 (Mao et al. (Ref. 6), quasihydrostatic
conditions, argon pressure transmitting medium), A=1918 GPa and
B=11.5 (Aleksandrov et al. (Ref. 12) quasihydrostatic conditions,
helium pressure transmitting medium).

considerably shifted toward the scale of Aleksandrov et al.'?
The scale of Holzapfel?® is based on a comparison of
recent high-pressure x-ray diffraction data for diamond and
Ta with low-pressure ultrasonic data. It shows a significant
difference from the scales of Mao et al.>® and comes close to
the scale of Aleksandrov et al.'? It has the following form:

A
P=
B+C

{exp(B - (x/xorC]) - 1}, 3)

where A=1820 GPa, B=14, C=7.3, and corresponds to Eq.
(1) in the limit of C—0.

Dorogokupets and Oganov?! have constructed the EOSs
of Cu and Ag, which agree with experimental measurements
in the temperature range from 10—-20 K up to the melting
temperature and up to the compression x=0.6, and have ob-
tained a ruby pressure scale with parameters A=1871 GPa
and B=10.06 for Eq. (1). This scale agrees quite well with
the Holzapfel scale?® up to 100 GPa.

Kunc et al.?*?* have compared the theoretical EOS of
diamond with high-quality data of Occelli et al.*> on x-ray
diffraction of diamond in DAC with helium pressure-
transmitting medium. Using the ruby scale of Mao et al.,’
Occelli et al® obtained the value K'=3.0+0.1, and this
value appeared too low in comparison with the value from
ultrasonic measurements K’ =4+0.5 (Ref. 15) and theoretical
value K’ =3.65+0.05 of Kunc et al.?>?? Kunc et al.>>? have
assumed that the discrepancy between experimental and cal-
culated EOS and phonon frequencies of diamond is caused
by some error in the Mao et al.® ruby pressure scale. To
remove the discrepancy for the phonon frequency, Kunc et
al.?>?3 have proposed a revised ruby scale in the form

P=A(ANN)(1 + uANN) (4)

with parameters A=1860 GPa and u=7.75.
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For calibration of the ruby pressure scale, it is necessary
to recognize as revolutionary the work of Dewaele et al.,**?°
where PV relations at room temperature have been measured
for Ta, Au, and Pt to 94 GPa and for Al, Cu, and W to
153 GPa in DAC with helium pressure-transmitting medium.
When they compared the EOSs of these metals based on the
ruby scale of Mao et al.® and the room-temperature iso-
therms obtained by reducing shock-wave data’’? it ap-
peared that they differ by up to 8—9 GPa at pressures of
100—150 GPa. Correcting the ruby pressure scale for these
differences, Dewaele et al.?* have obtained a new pressure
scale with parameters A=1904 GPa and B=9.5 for Eq. (1).
This scale gives practically the same pressures as scales of
Holzapfel®® and of Dorogokupets and Oganov.?!

Here we present a general thermodynamic formalism, us-
ing which we construct semiempirical EOSs of several ref-
erence substances (Ag, Al, Au, Cu, Pt, Ta, W, diamond,
MgO) in the temperature range 10—15 K to the melting tem-
perature and up to pressures 200—300 GPa (compression x
=V/Vy=0.5-0.7). We show that these EOSs accurately de-
scribe experimental measurements of the heat capacity, ther-
mal expansion, and adiabatic bulk modulus at 1 atm and the
data from the Shock Wave Database [SWDB (Ref. 30)].
Comparison of our calculated room-temperature isotherms
with quasihydrostatic data of Dewaele et al.?*%° allowed us
to obtain a new ruby pressure scale. Based on the newly
obtained ruby pressure scale, we explored different func-
tional forms for P(\), and found that the form (1) is valid for
pressures below 100 GPa. Cross checks between the ob-
tained EOSs of Ag, Al, Au, Cu, Pt, Ta, W, MgO and inde-
pendent data further validate our results and show that the
obtained EOSs of all studied substances are consistent with
each other on different isotherms and with the ruby pressure
scale on room isotherm. As a basis of construction of the
EOS we will use the expanded formalism from Ref. 21.

II. THERMODYNAMICS

Let us write the Helmholtz free energy F(V,T) as the
sum?!

F=Uy+E(V)+ th(V,T) + Fo(V,T) + Foy(V,T) + Fe(V, T),

(5)
where U, is the reference energy, E(V) is the potential (cold)
part of the free energy on the reference isotherm, which de-
pends only on volume; Fy,(V,T), Fyn(V,T), Fy(V,T), and
F4(V,T) are the quasiharmonic part of the Helmholtz free
energy, and terms describing intrinsic anharmonicity, elec-
tronic contribution, and thermal defects.

Differentiating (5), we obtain all the necessary thermody-
namic functions: entropy, S=—(JdF/JT)y, internal energy E
=F+TS, heat capacity at constant volume, Cy,=(JE/JT)y,
pressure, P=—(dF/dV)y, isothermal bulk modulus, K
==V(dP/dV)y, slope of pressure at constant volume
(0P 0T)y=aKy, where a=1/V(dV/dT)p. Heat capacity at
constant pressure is Cp=Cy+a*TVKy, adiabatic bulk modu-
lus is Kg=K;+VT(aK;)?/Cy. The enthalpy and Gibbs en-
ergy can be found from H=E+ PV, G=F+PV.

Cold energy, pressure, and bulk modulus are written as*?
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E(V)=9K,Von {1 =[1 - n(1 - y)]exp[(1 - y)nl}, (6)

P(V) == 3JEIV=3Kpy *(1 —y)exp[(1-y)7], (6a)

K(V) = Koy [ 1+ (y + 1)(1 = y)Jexp[(1 - y) 7], (6b)

where y=x"3=(V/Vy)'?® and 5=1.5 (K'-1), K'=dK/dP,
V. and K, are molar volume and bulk modulus at reference
conditions (7;=298.15 K, Py=1 bar).

For approximation of the quasiharmonic phonon part of
the Helmbholtz free energy through the whole range of tem-
peratures we use a modified formalism of Kut’in et al.:333*
(d-1)

F

. Op—Thn(l+b) |, (7)

h=mpR
where R is the gas constant, mp is the number of phonon
modes; b=1/[exp(g)—1], g=d In[1+O/(Td)], d is the ex-
ponential parameter controlling the behavior of the low-
temperature limiting behavior of the heat capacity, and Oy is
the characteristic temperature. These authors noticed that this
analytical function yields both a Cy,~ T¢ dependence of the
heat capacity at low temperatures and constant limit Cy,
=mgR at high temperatures. Kut’in et al.33** have shown that
Eq. (7) in combination with the Einstein function approxi-
mates well thermodynamic functions from O K up to the am-
bient temperature and higher. This formalism can be used for
analytical representation of the quasiharmonic part of the
Helmholtz free energy, which can be written as

1

d;—1
thZE mBiR[( lzd )®Bi_ Tln(l +bl):|

O - O
+2mEJ-R{—2EL+T1n<1—eXp—TEL)}, (8)
J

where @p; and O; are the Bose-Einstein and the Einstein
characteristic temperatures, which depend on volume (or x
=V/V,). Usually for a very accurate approximation it is
enough to take two Bose-Einstein contributions and two Ein-
stein contributions.

For the volume dependence of the Griineisen parameter
we used the Al’tshuler ef al.?> form:

¥=Yet+ (Vo= ¥ (VIV)P = v+ (7o — v)xP,  (9)

where v, is the Griineisen parameter at ambient conditions,
v, is the Griineisen parameter at infinite compression (x
=0), and B is a fitted parameter. The form (9) is simple and
convenient, has a correct behavior at infinite compression
(y—constant, ¢g—0) and in our experience describes ex-
tremely well results of theoretical calculations. From (9) it is
possible to calculate the volume dependence of each charac-
teristic temperature (here we use the same vy for all frequen-
cies) and parameter g:

®=®Ox‘“/°cexp{ 70;700(1_)63)]’ (10)

g=dln ydIn V=BxﬁLy%o. (11)
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We describe the contribution of intrinsic anharmonicity to
the Helmbholtz free energy using the formulation of Oganov
and Dorogokupets:3©

ax™ 1 0, 2

Fon= 2 m,-,jR? X [(E®i’j+ e@)'—l/lT—Ll>

i,j -

% )2 e®i.j/T 5

+2< T —(e®i,_//T_ e X T=, (12)
where indices i and j denote Bose-Einstein and Einstein
terms, respectively. Equation (12) was obtained in the first
order of thermodynamic perturbation theory and has correct
high- and low-temperature behavior, and contains a contribu-
tion of zero-point anharmonic effects.

The electronic component of the Helmholtz free energy is

taken as

3
Fy=-— EnRengz, (13)

where we assume the free-electron value g=2/3 for Cu, Ag,
and Au.3!
For the contribution of thermal defects we use the com-

monly  accepted  approximation  of  independent
monovacancies:>’
3 ; Hx"
Fdef=—5nRTeXp Sx —T s (14)

where S and H are the entropy and enthalpy of formation of
a monovacancy, respectively, and for all metals we assumed

f=—1, h=-2.

Pressure on the shock-wave adiabats was calculated as
follows:3!

PYV) = TIEW) - Ey]
Py= 1 A1) . (15)
2x

Our procedure for finding the parameters describing ther-
modynamics and EOSs consists of two stages. In the first
stage, we find preliminary values of the parameters using
weighted least-squares fitting to experimental data unbiased
by pressure calibration (i.e., measurements at 1 atm and
shock-wave data). It starts with some reasonable guesses for
Vo, Ko, K', and 7y,. Low-temperature measurements of the
heat capacity (up to 300-350 K) lead to the determination of
the characteristic temperatures (g, Op,, Op;, Op,) and
d,, dy, mg,, mpy, mg;, mg, parameters (with the constraint
that the total number of modes mp; and mg; must be equal
3n, where n is the number of atoms). The starting value of
the anharmonicity parameter a is estimated from high-
temperature measurements of the heat capacity or relative
enthalpy. With this starting set of parameters, we optimize all
the parameters by simultaneous fitting of the available ex-
perimental data on the heat capacity and relative enthalpy,
volume, thermal expansion, and adiabatic bulk modulus at
zero pressure and various temperatures, and Hugoniot pres-
sure at x. The full solution allowed us to find all the neces-
sary parameters: Vy, Ky, K', Op, Opo, Opy, Opy, dy, dy, mpy,

024115-3



PETER I. DOROGOKUPETS AND ARTEM R. OGANOV

Mpy, Mgy, Mgy, Yo Yoo B> @, m, €, H, S. Some of these
parameters, however, could in principle be specified a priori,
e.g., from accurate theoretical calculations or from other
sources. For example, from the measurements of the heat
capacity up to 30 K it is possible to estimate the electronic
contribution to the heat capacities [parameter e in Eq. (13)].
Fitted values of e (Table I) do not exceed the values obtained
from the experimental measurements of heat capacity. For
the contribution of thermal defects, parameters f and & de-
termining volumetric dependence of the defect enthalpy and
entropy were fixed. The contribution of thermal defects to
the Helmholtz free energy can be estimated also from vari-
ous experimental data (see, for example, Ref. 38).

In the second stage we also include static compression
data calibrated with different pressure scales, refit all the
parameters and check their consistency with ultrasound mea-
surements of Kg as a function of temperature at 1 atm. With
the above formulation we can carry out a simultaneous pro-
cessing of all the available measurements of the heat capac-
ity, thermal expansion coefficient, volume, and adiabatic and
isothermal bulk moduli at zero pressure, static measurements
of volume on a room-temperature isotherm and at higher
temperatures, shock-wave data, and calculate any thermody-
namic functions vs 7 and V or vs T and P. In practical
realization, we write the Helmholtz free energy relative to
the reference conditions 7;=298.15 K and Py=1 bar; conse-
quently, the fitted parameters that we find correspond to am-
bient conditions. At those conditions it is usually easy to
verify our parameters by performing direct measurements.

III. RESULTS

First, we obtained all the fitted parameters from a simul-
taneous processing of experimental data for Cp, a, V, Ky at
zero pressure and shock-wave data. Originally such analysis
has been carried out for Al, Cu, Ta, and W, for which the
values of K, and K’ equal to 73.46 GPa and 4.52,
133.98 GPa and 5.41, 191.44 GPa and 3.93, 306.23 GPa and
4.16 at ambient conditions have been obtained, and this re-
sults in a catastrophic divergence from the data of Dewaele
et al.** above 30 GPa if the Mao et al.® ruby pressure scale is
used for calibrating pressure for experimental data of Dew-
aele et al.**— see Fig. 2(a).

From the EOSs of these metals a preliminary ruby scale
with parameters A=1885 GPa and B=10.4 for Eq. (1) was
obtained. Parameter A has been fixed as the average of Pier-
marini et al’3 data for quasihydrostatic conditions (A
=1896 GPa, also used in Ref. 21) and direct determination
A=1875+30 GPa.’* Nakano et al.** at 10 K and pressures
0-22 GPa found dP/dN=2.748+0.012 GPa/nm, from
which A=1908+8 GPa, close to the result of Ref. 3. How-
ever, Holzapfel?® and Syassen*! commented that the initial
slope dP/d\ should be smaller than the results of Refs. 3 and
40.

Using this pressure scale for calibration of the Dewaele et
al** measurements, the EOSs for Au and Pt have been ob-
tained. The differences from Dewaele et al.?* pressure calcu-
lated using the ruby pressure scale with parameters A
=1885 GPa and B=10.4 for Eq. (1) are shown in Fig. 2(b).
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FIG. 2. (a) Pressure difference for the Dewaele et al. (Refs. 24
and 26) measurements calibrated using the Mao er al. (Ref. 6) ruby
scale and our calculated room-temperature isotherms for Cu, Al, Ta,
and W. (b) Difference between the Dewaele et al. (Refs. 24 and 26)
pressure using the ruby scale with parameters A=1885 GPa and B
=10.4 for Eq. (1) and our calculated room-temperature isotherms
for Cu, Al, Ta, Pt, Au, and W.
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Though the differences are small (within 2 GPa, i..,

2-3 %), Fig. 2(b) shows a minimum of absolute deviations

in the pressure range 70—120 GPa. If one assumes that the

experimental measurements of Dewaele et al.’* are abso-

lutely reliable, then it is necessary to continue the analysis.
We consider two possible causes of this minimum:

(1) phase transitions of ruby at these pressures;*

(2) functional dependence (1) is not suitable for high-
pressure extrapolation.

We have carried out an additional analysis of the EOSs of
all six metals studied in Ref. 24 up to 100 GPa (fitted param-
eters are listed in Table I), varying parameter B in Eq. (1) and
recalculating all the EOSs until consistency with all the ex-
perimental measurements of thermodynamic functions at
zero pressure (Cp, a, Kg) and measurements of pressure at
given volume.

As a result we have obtained a new ruby pressure scale
with parameters A=1885 GPa and B=11 for Eq. (1), which
agrees very well with the data of Dewaele e al.?* up to the
pressure of 100 GPa (Fig. 3). However, above 100 GPa we
have systematic deviations from the measurements of Dew-
aele et al.?* If this is due to a phase transition, then we need
two ruby pressure scales: one with A=1885 GPa and B=11
for Eq. (1) up to the pressure 85 GPa, the other with A
=1975 GPa and B=8.59 at pressures above 85 GPa. How-
ever, it is likely that at room temperature ruby will keep its
structure in the metastable state even at ultrahigh pressures,
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FIG. 3. Difference between the Dewaele et al. (Refs. 24 and 26)
pressure using the ruby scale with parameters A=1885 GPa and B
=11 for Eq. (1) and our calculated room-temperature isotherms for
Cu, Al, Ta, Pt, Au and W. From here on we show pressures accord-
ing to our present scale (16).

and thus a search for an alternative functional form is needed
for the ruby pressure scale.

Among alternative P(\) functional forms, one could use
the Holzapfel® three-parametrical equation in the form (3),
however, we find that better results are obtained with the
two-parametrical equation in the Aleksandrov et al.'? form:

P =1884 X (ANNg) X (1+5.5AMN,). (16)

Now the deviations of the calculated room-temperature
isotherms from the data of Dewaele ef al.?*2° are very small,
only occasionally slightly in excess of 1 GPa at pressures up
to 160 GPa (Fig. 4). Figure 5 shows recent calibrations of the
ruby pressure scale in comparison with previous calibrations
of Mao et al.® and Aleksandrov et al.'” and recalculated data
of Dewaele et al.>*?° for Al, Cu, and W using the ruby pres-
sure scale in the form (16), at pressures in the range
100—155 GPa.

As just described, we have obtained two variants of the
ruby pressure scale with different functional dependences
P(N) which give identical pressure up to 155 GPa. As the
final version we prefer Eq. (16) which has the form proposed
by Aleksandrov et al.'? The final parameters of the EOSs of
the reference materials considered here are given in Table 1.
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2 Tt
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FIG. 4. Difference between the Dewaele et al. (Refs. 24 and 26)
pressure using the ruby pressure scale (16) and our calculated room-
temperature isotherms for Cu, Al, Ta, Pt, Au, and W.
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FIG. 5. Comparison of recent ruby pressure scales [Kunc et al.
(Refs. 22, 23, and 41) Chijioke er al. (Ref. 43), Holzapfel, (Ref. 44)
and Eq. (16)] at pressures 100—155 GPa with previous calibrations
of Mao et al. (Ref. 6) and Aleksandrov et al. (Ref. 12). Black
rectangles are pressures calculated using the ruby scales of Refs. 20,
21, and 24 (they nearly coincide on the scale of this figure). Also
shown are pressures calibrated from the EOSs of Cu, Al, and W
obtained here.

We conclude that the EOSs of Al, Au, Cu, Pt, Ta, and W
obtained here agree with experimental measurements in the
temperature and pressure ranges considered here with an er-
ror comparable to that of direct measurements (comparison
of the calculated and experimental thermodynamic functions
is shown in Fig. 6 for the case of tungsten and in Dorogoku-
pets and Oganov™® for the case of gold). One can expect that
the obtained EOSs will be also correct at higher temperatures
and pressures, which will be confirmed through the compari-
son of the EOSs of gold, platinum, silver, and MgO.

A critical role in our approach is played by the ultrasonic
measurements of the temperature dependence of the adia-
batic bulk modulus in a wide range of temperatures at zero
pressure. Comparison of these data with our calculation is
shown on Fig. 7, which shows good agreement of our calcu-
lation with ultrasonic data.

Figure 7 shows the adiabatic bulk modulus of Au calcu-
lated by Shim et al.,”® which differs significantly from ex-
periment and our calculation. The main cause of this discrep-
ancy is the value K’ =5 recommended in Ref. 73 for gold (
K'=5 comes from Ref. 89, where the pressure scale of Zha
et al.' was used), which is significantly lower than results of
Table I and Ref. 66. The second reason is that the Mie-
Griineisen formalism, used in Ref. 73 and valid in the frame-
work of the quasiharmonic approximation, does not allow
one to describe well the high-temperature experimental data.

For Pt the temperature dependence of the adiabatic bulk
modulus was determined in Ref. 74, but the results appeared
to be internally inconsistent. The filled squares are values Ky
(T) from Fig. 1 in Ref. 74 (these were used by us), and
empty squares—computed from the polynomial from Table 1
in Ref. 74. For gold (Ref. 72) such a contradiction did not
appear.

Table I also shows the parameters of the EOSs of Ag,
diamond, and MgO. The EOS of Ag is an update of our
earlier version;>' the EOS of periclase will be discussed
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TABLE 1. Parameters of the proposed EOSs.

Parameters Ag Al Au Cu Pt Ta W MgO Diamond
Vo (em?) 10272 9.999 10215  7.113 9.091 10.851 9.545 11.248 3.417
K, (GPa) 99.65  72.67 166.70 13341 276.07 191.39  306.00 160.31 443.16
K’ 6.11 4.62 6.00 5.37 5.30 3.81 4.17 4.18 3.777
O35 (K) 130.6 2458 95.7 123.7 95.2 72.6 182.8 447.3 1202.1
dg, 8.572 5575 8290 3.776 8.199 5536 13270  11.248 9.604
mg 0.121 0987  0.681 0.115 0.329 0.117 0.513 1.429 1.163
O35, (K) 103.6 - 106.4 175.4 148.4 101.8 172.5 384.0 1135.1
dg) 5.326 - 3239 10372 4005 24513 3.305 3.593 3.380
mgy 0.449 - 0.417 0.711 0.383 0.396 0.174 0.276 0.218
O (K) 111.9 2402  170.6 187.4 214.6 144.0 287.6 703.8 1687.2
mg) 0.766  1.000  1.063 0.756 1.211 1.118 1.166 2.570 1.396
O, (K) 189.12 3562 1052 286.9 140.8 214.9 213.8 466.0 1033.7
mgy 1.664  1.013  0.839 1.418 1.077 1.369 1.145 1.725 0.223
Yo 2376 2.144 2965 1.974 2.802 1.714 1.553 1.522 0.820
Voo 1.481 1.017  1.142 1.554 1.538 1.241 0.694 1.111 0.615
B 2507 3942 3.030 4.647 5.550 6.825 3.698 4.509 10.121
a (107°k~1) 6.70 5.14 25.33 3.50 160.9 61.9 -39.3 13.56 -23.85
m 3.44 3.44 3.79 3.46 4.06 4.00 2.67 5.23 1.22
e (107K~ 259 54.1 1892  27.698  260.0 167.0 40.4 - -

g 0.666 1.8¢ 0.66 0.666 2.4% 1.3% 0.2¢ - -
H (K) 15239 8679 11.69 11687 32572 36278 14714 - -

S 0.732 0998  1.067 1.407 0.631 4.910 0.672 - -

4Reference 31.

elsewhere,”® and the EOS of diamond has been constructed
in view of its frequent use for creating pressure scales. The
EOS of diamond was based on shock-wave data and experi-
mental measurements of Cp, a, Kg. The obtained value of
K’ =3.77 (Table I) turns out to be close to the results of Kunc
et al.*>? and coincides with results of ab initio calculations
of Oganov (unpublished).

Let us analyze in more detail Fig. 6(b), which shows
the differences between the calculated and measured low-
temperature heat capacity of W. These differences for
all the considered substances basically do not exceed
1%, therefore the calculated standard entropy of tungsten
S10=32.65 Jmol™' K=!  coincides with the reference
data: S,03=32.64+0.42 Jmol™' K™! (Ref. 97) and Syog
=32.66 Jmol™' K~' (Ref. 48). For other substances the
entropies are (in brackets we give the measured entropies

from Ref. 97) Ag 4272 (42.55+0.21), Al 2831
(28.35+0.09), Au 4735 (47.49+021), Cu 33.16
(33.15£0.08), Pt 4145 (41.63x0.21), Ta 41.50

(41.51£0.17), MgO 26.96 (26.94+0.17), and for diamond
2.366 (2.38+0.01) J mol™! K~!. Therefore the constructed
EOSs can also be used for a compact representation of ther-
modynamic functions of substances without phase transitions
from 10—15 K up to the melting temperature at room pres-
sure.

Figure 8 shows the deviations of the calculated pressure
on room-temperature isotherms from selected experimental
(without recalibration) and theoretical data. The deviations of

data of Dewaele et al.?*2?% for Al, Au, Cu, Pt, Ta, and W
recalibrated using the scale (16) are very small, like those
shown in Fig. 4. In the work of Chijioke et al.,*> shock-wave
data were used for calculation of room-temperature iso-
therms of Al, Cu, Ta, and W. They used ultrasonic measure-
ments of bulk moduli at low pressure and considered the
effect of stress in the shock-wave data, however, their room-
temperature isotherms do not always coincide with ours. At
the same x, the pressure on room-temperature isotherms*? is
higher than found here for Al and Pt, lower for Au, Cu, and
W [Fig. 6(e)] and almost coincides for Ta. A similar situation
occurs with the room-temperature isotherms reduced from
shock-wave data in Refs. 29 and 56, except Al, for which
data of Ref. 56 are in excellent agreement with our results.

The room-temperature isotherms reduced from the shock-
wave data of Carter er al.'® agree with ours up to 100 GPa
for Cu and Ag, but above 100 GPa the pressure from Ref. 10
is higher. Figure 8 also shows unpublished data of Dewaele
et al.3® for Ag, measured at the same conditions as in Ref. 24.
Deviations of these data are shown in two variants: first,
calibrating the pressure with the scale,’* second, using our
scale (16). These measurements confirm, once again, the
most recent calibrations of the ruby pressure scale.

For Ta the room-temperature isotherms>* reduced from
shock-wave data agree well with our isotherms. In the mea-
surements of Cynn and Yoo,% carried out in the argon me-
dium, the pressure was determined using the gold pressure
scale with parameters K,=166.6 GPa and K'=5.5. In Fig. 8
these data are shown after recalculation using the EOS of Au
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(Table I); one can see that the recalculated isotherm3* agrees
with ours. In the measurements of Hanfland er al.,%3 carried
out in the neon and Na pressure medium, pressure was cal-
culated using the ruby scale of Mao et al.® Figure 8 shows
the deviation of the isotherms®® calculated using two set of
parameters: Ky=207.6 GPa, K'=2.85 and K,=199 GPa, K’
=3.95.

We have slightly modified our previous version*?8 of the
equations of state of gold and MgO, taking into account the
measurements of Refs. 89 and 90 in He pressure-transmitting
medium and measurements of Ref. 43 in hydrogen pressure-
transmitting medium. Pressures in Fig. 8 are calculated for
these data using the ruby scale (16). It turned out that cell
parameters calculated from (111) and (200) x-ray
reflections®® are significantly different, which contributes to
the uncertainty in pressure calibration. The adopted value

K'=6.0 for gold (Table I) is consistent with measurements
from Refs. 24, 43, and 90 and with pressure calculated from
(111) reflections.®® For Pt we see a satisfactory agreement
between the isotherms in Fig. 8, except the isotherm of Ref.
99, where the recommended K'=4.8+0.3 is much lower than
our value K'=5.3.

The deviations of the room-temperature isotherms of
MgO from the measurements of Speziale et al.”* are shown
in Fig. 8 in two variants: the original data,”® where the pres-
sure was determined using the Mao et al.® scale, and recali-
brated using Eq. (16). The ideal consistency of the recali-
brated isotherm is achieved with K'=4.4, but this leads to
inconsistencies with other measurements,!*1%0 which will be
considered elsewhere.®® Figure 8 also shows the differences
between the measurements of Occelli et al.*> for diamond
recalibrated using Eq. (16), and the room-temperature iso-
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therm of diamond with parameters K,=443.2 GPa and K’
=3.77 (Table I).

Summing up, for a number of reference materials we have
developed a unified thermodynamic model capable of de-
scribing a very diverse set of experimental data (thermo-
chemistry, P-V-T EOSs, ultrasonic measurements) within the
experimental error bars. The room-temperature isotherms of
reference metals allowed us to recalibrate the ruby pressure
scale. The proposed scale in the form (16) agrees very well
with the recalibrated measurements of Dewaele et al.,?* and
is consistent with independent quasihydrostatic measure-
ments, but only when these measurements are recalibrated.

IV. DISCUSSION AND SUMMARY

Let us compare recent ruby pressure scales extrapolated to
300 GPa and discuss the importance of the chosen functional
form of P(\) (Fig. 9). At given N\ we have calculated pres-
sure (and its deviations from our scale). The scatter of the
calculated pressures exceeds +30 GPa at a pressure of
300 GPa, but is much smaller for ruby scales published after
2003.

At the pressure of 150 GPa all recent scales described by
various functional dependences are consistent within
+3—4 GPa, but at higher pressures they begin to diverge. In
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FIG. 8. Differences between our calculated room-temperature isotherms (Table I) and previous determinations: AP=P4— Ppey- “DO
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our view, this is largely related to the different forms of P(\),
which is easily seen in the example of our scale in the form
Eq. (1) with parameters A=1885 GPa and B=11 (Fig. 3)
which as we mentioned, is good up to 85 GPa, and above
85 GPa has parameters A=1975 GPa and B=8.59. However,

instead of these two scales it is sufficient to use a single scale
described by Eq. (16) and recommended here.

The scale of Chijioke et al.*? in the form Eq. (1) at pres-
sures above 120 GPa considerably deviates from our scale
(16). However, they also represented their scale by Eq. (4)
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1986—Mao et al. (Ref. 6) AGZS 1987 2—Aleksandrov et al. (Ref.
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m=6.4; H 2003—Holzapfel (Ref. 20), DO 2003 1—Dorogokupets
and Oganov (Ref. 21) calibration using Eq. (1) with parameters A
=1871 GPa and B=10.06; KLS 2004—Kunc et al. (Refs. 22, 23,
and 41) calibration in the form P=1860X (AN/N)[1+7.75(AN/N)];
DLM 2004—Dewaele et al. (Ref. 24) calibration using Eq. (1) with
parameters A=1904 GPa and B=9.5; CNSS 2005 1—Chijioke et
al. (Ref. 43) calibration using Eq. (1) with parameters A
=1873+6.7 GPa and B=10.82+0.14; H 2005—Holzapfel (Ref. 44)
CNSS 2005 4—Chijioke ef al. (Ref. 43) calibration in the form P
=1794 X (AN/N)[1+8.68(AN/N)]. Dashed lines correspond to +2%
deviations.

with parameters A=1794+8.4 GPa and u=8.68+0.15; this
function is consistent with our scale (16) also above 120 GPa
and does not contradict recommendations of other authors.

The ruby pressure scale in the form (4) is discussed in
Refs. 20, 22, 23, and 41. These authors remark that the two-
parametrical scale (4) with A=1820 GPa and u=7.9 practi-
cally coincides with the three-parametrical scale of
Holzapfel?® up to a pressure of 200 GPa. At the same time
Kunc et al.>>?#! recommended a ruby pressure scale in the
form (4) with parameters A=1860 GPa and w=7.75, which
agrees with our scale to within 1% (Fig. 9).

Holzapfel* has re-analyzed the data of Dewaele et al.?*
and Occelli et al.” and has obtained a ruby pressure scale
with parameters A=1845 GPa, B=14.7, C="7.5 for Eq. (3),
which rather considerably differs from his previous ruby
pressure scale,?’ but deviations from our scale only slightly
exceed 2% in the range 100—220 GPa.

From the comparison of the proposed ruby pressure scale
(16) and the scale of Chijioke et al.*® in the form (4) it is
possible to draw conclusions about the most appropriate
functional form for P(\). If one considers these scales as
closest to the truth, then the scale (16) in the form (2) has
doubtless advantage of having the parameter A=1884 GPa
close to the direct measurement A=1875+30 GPa in Ref. 39.
The scale of Chijioke et al.*? in the form (4) has a consider-
ably smaller value of the parameter A=1794+8.4 GPa,
which is very different from direct measurements at low
pressure.>’

PHYSICAL REVIEW B 75, 024115 (2007)

23
(a) o
Inoue et al. (2006) (4
— 21
[
o
e
217 a ©300K
g m 1473 K
@ 1771 A1573K
o X 1673 K
15 + +1773 K
13 —_—
13 15 17 19 21 23
Pressure MgO (GPa)
120
(b} Hirose et al. (2006)
115 + | 0O MgO and Au DO
= X Au Tsuchiya (2003) o X
% 110 4+ | A AuFeietal. (2004)
= X Au Shim st al. (2002) 2330K
< £
) 105 1340 K R
>
% 100 +
® 300K
2 43
95 1+
X
90 FE
90 95 100 106 110 115 120

Pressure MgO (GPa)

FIG. 10. Comparison of MgO and Au pressure scale (Tables IV
and IX) with other pressure scales. (a) compares our Au and MgO
pressure scales using measurements from Ref. 105. (b) is based on
measurements from Ref. 106 (done simultaneously for MgO and
Au) and calibrated using our Au and MgO EOSs (DO) or using the
Au pressure scales from Ref. 73 (Shim et al. Au EOS), Ref. 107
(Tsuchiya Au EOS), Ref. 92 (Fei ef al. Au EOS), and MgO pressure
scale from Ref. 93 (Speziale et al. MgO EOS).

A comparison of the room-temperature isotherms of Au
and Pt, Au and Ag has been done by us earlier*’ on the basis
of independent determinations of Akahama et al.,'°" and has
shown quite a satisfactory agreement despite the fact that
measurements'®! have been carried out in nonhydrostatic
conditions. The self-consistency of our EOSs can be checked
not only on room-temperature isotherms, but also at higher
temperatures and pressures, using simultaneous PVT mea-
surements of the unit cell parameters of MgO, Pt, and Au by
Matsui and Nishiyama,'?> Nishiyama et al.,'® and Fei et
al.*>1%* Using the measured cell parameters of MgO, Pt, and
Au we have calculated pressures for these materials at dif-
ferent temperatures. One can see (Fig. 9 in Ref. 45) excellent
agreement with the data of Fei et al.,’>'"* whereas some
systematic difference is present for the measurements from
Refs. 102 and 103. Very recent studies of Inoue ef al.'® and
Hirose et al.'% give us a possibility to compare the EOSs of
Au and MgO at very high P-T parameters. Figure 10(a) com-
pares the pressure scales of MgO and Au, calculated from the
measurements of Inoue et al.'® and checked against our Au
and MgO EOSs at temperatures from 300 to 1773 K and
pressures from 13 up to 22 GPa. Figure 10(b) compares the
pressure scales of MgO and Au at pressures above 100 GPa
based on the measurements of Hirose et al.,'% where EOSs
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FIG. 11. The difference AP=Ppo— Py between calculated
pressure (Table IV) on 1000, 2000, and 3000 K isotherms of Au and
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110), and Souvatzis et al. (Ref. 109). EOSs of gold, plotted against
normalized unit-cell volume (see pressure at given x=V/V,, in Table
V).

of MgO (Ref. 93) and Au (Ref. 107) have been compared.
While Au EOS (Ref. 107) gives pressures up to 5 GPa lower
than MgO EOS (Ref. 93) at 2330 K, our EOSs of MgO and
Au differ by less than 3 GPa. Comparing MgO EOS (Ref.
93) and Au EOSs from Refs. 73 and 92 one can see that Au
EOS from Refs. 73 and 92 underestimate pressure at 2330 K
by ~10 GPa in comparison with MgO EOS.”

Finally, let us comment on the EOS of Au, which has
been recommended as a primary pressure standard at el-
evated temperatures,®” but for which very different EOSs
have been suggested in subsequent works (Refs. 108 and 73).
The differences between our data and previously published
room-temperature isotherms of Au in coordinates AP—P is
shown in Fig. 8, and Fig. 11 shows the differences on 1000,
2000, and 3000 K isotherms in coordinates AP—x. While the
differences at room temperature are entirely due to the dif-
ference in Ky and K', at elevated temperatures errors in the
thermal pressure must also be considered. In Ref. 108, ther-
mal pressure was evaluated using empirical relations leading
to large differences from our results. We find good agreement
with the results of first-principles calculations of Refs. 107
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and 109 especially at high temperatures, but there are differ-
ences from calculations of Ref. 110, where for the room-
temperature isotherm K’'=5.5 was adopted. We suggest that
the EOS of gold reported in Table IV gives a reliable pres-
sure standard.

Another popular pressure standard, platinum, is less pref-
erable because at high pressures and temperatures it was
found to react with diamond forming PtC (Ref. 111) and
because of the uncertainty in the temperature dependence of
the adiabatic bulk modulus (see Ref. 74 and discussion in the
text).

Tables II-X with the calculated isotherms of Ag, Al, Cu,
Pt, Ta, W, MgO, and diamond extending to ~200 GPa and
3000 K are given in the Appendix.'"> We recommend these
tables for pressure calibration in this P—T7 range.

V. CONCLUDING REMARKS

We have obtained internally consistent semiempirical
EOSs of Al, Au, Cu, Pt, Ta, W, and MgO in a wide pressure-
temperature range on the basis of a simultaneous analysis of
thermochemical, x-ray, ultrasonic, and shock-wave data. Our
EOSs are consistent with all recent experimental data. The
EOSs of Al, Au, Cu, Pt, Ta and W, combined with the precise
measurements of Dewaele et al.,?*26 allowed us to obtain a
new calibration of the ruby pressure scale. The cross check
with the independent data of Matsui and Nishiyama,'%> Nish-
iyama et al.,'® Fei et al.,*>'%* Inoue et al.,'® and Hirose et
al.'% confirms the obtained EOSs of Al, Au, Cu, Pt, Ta, W,
and MgO.

The revised ruby pressure scale has a simple functional
form capable of representing the P(\) dependence in the
whole pressure range 0—300 GPa by a single equation. The
obtained ruby pressure scale agrees to within 2% with other
recent ruby pressure scales (Refs. 20-24, 41, 43, and 44), but
has a number of advantages. First, it is consistent with room-
temperature isotherms of Al, Au, Cu, Pt, Ta, and W obtained
here on the basis of our unified thermodynamic formalism.
Second, it does not contradict recent EOSs of
diamond.?>?3#1:113 Third, and most important, the obtained
P-V-T EOSs enable consistent pressure calibration using ei-
ther the ruby scale or EOSs of any of the reference sub-
stances studied here (Ag, Al, Au, Cu, Pt, Ta, W, diamond,
MgO). This solves problems of inconsistency between dif-
ferent pressure scales and enables accurate pressure calibra-
tion at elevated temperatures, where the ruby scale cannot be
used.
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APPENDIX

TABLE II. Isochors for Ag. Pressure (in GPa) as a function of compression (x=V/V,;) and temperature

(K).

x=VIV, 298.15 1000 2000 2500

1 0.000 4.013 9.791 12.786

0.95 5.972 9.999 15.797 18.771

0.9 14.419 18.475 24.325 27.297

0.85 26.319 30.421 36.353 39.350

0.8 43.076 47.244 53.294 56.340

0.75 66.745 70.998 77.206 80.328

0.7 100.371 104.735 111.146 114.371

0.65 148.568 153.067 159.735 163.093

0.6 218.470 223.132 230.123 233.648
TABLE III. Isochors for Al.

x=VIV, 208.15 1000 2000 2500

1 0.000 3.764 10.168 13913

0.95 4.193 7.747 13.739 17.301

0.9 9.736 13.118 18.744 22.121

0.85 17.061 20.310 25.629 28.817

0.8 26.767 29917 35.000 38.004

0.75 39.684 42.771 47.699 50.537

0.7 56.986 60.046 64.905 67.613

0.65 80.366 83.432 88.314 90.947

0.6 112.309 115.417 120.410 123.039

0.55 156.562 159.749 164.941 167.640

0.5 218.931 222.232 227.716 230.556
TABLE 1V. Isochors for Au.

x=VIV, 298.15 1000 2000 2500

1 0.00 4.96 12.11 15.96

0.95 9.96 14.72 21.55 25.20

0.9 23.98 28.57 35.12 38.58

0.85 43.65 48.08 54.42 57.71

0.8 71.21 75.53 81.71 84.87

0.75 109.98 114.21 120.29 123.36

0.7 164.83 169.00 175.03 178.06

0.65 243.11 247.25 253.31 256.35
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TABLE V. Isochors for Cu.

x=VIV, 298.15 1000 2000 2500

1 0.000 4.789 12.152 16.534
0.95 7.845 12.644 19.909 24.143
0.9 18.575 23.424 30.683 34.791

0.85 33.222 38.161 45.510 49.536
0.8 53.237 58.308 65.844 69.848
0.75 80.689 85.932 93.753 97.810
0.7 118.576 124.032 132.235 136.428
0.65 171.322 177.032 185.717 190.127
0.6 245.599 251.600 260.876 265.581

TABLE VI. Isochors for Pt.

x=VIV, 298.15 1000 2000 3000

1 0.000 5.309 12.864 20.349
0.95 16.207 21.219 28.485 35.822
0.9 38.307 43.111 50.199 57.476
0.85 68.389 73.069 80.079 87.376
0.8 109.388 114.016 121.043 128.434
0.75 165.473 170.119 177.253 184.808
0.7 242.676 247.403 254.730 262.523

TABLE VII. Isochors for Ta.

x=VIV, 298.15 1000 2000 3000

1 0.000 2.709 6.538 10.351

0.95 10.818 13.465 17.274 21.111

0.9 24.582 27.219 31.074 35.009
0.85 42.131 44.803 48.762 52.855
0.8 64.588 67.334 71.451 75.749
0.75 93.474 96.332 100.654 105.203
0.7 130.887 133.891 138.468 143.309
0.65 179.768 182.953 187.836 193.013
0.6 244.325 247.727 252.971 258.537
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TABLE VIII. Isochors for W.

x=VIV, 298.15 1000 2000 3000

1 0.000 2.934 7.461 12.670
0.95 17.456 20.238 24.520 29.361

0.9 40.047 42.703 46.783 51.310
0.85 69.323 71.877 75.797 80.072
0.8 107.377 109.855 113.658 117.743
0.75 157.082 159.512 163.239 167.200
0.7 222.444 224.854 228.550 232.448

TABLE IX. Isochors for MgO.

x=VIV, 298.15 1000 2000 3000

1 0.000 4.174 10.354 16.286
0.95 9.147 13.263 19.478 25.516
0.9 20.988 25.076 31.374 37.560
0.85 36.338 40.425 46.857 53.236
0.8 56.295 60.409 67.029 73.651
0.75 82.371 86.534 93.401 100.325
0.7 116.670 120.904 128.081 135.372
0.65 162.179 166.501 174.059 181.794
0.6 223.226 227.647 235.665 243.935

TABLE X. Isochors for diamond.

x=VIV, 298.15 1000 2000 3000

1 0.000 2.706 8.466 14.788
0.95 25.028 27.518 32.942 38.930
0.9 56.828 59.201 64.491 70.359
0.85 97.318 99.641 104.940 110.843
0.8 149.061 151.377 156.790 162.847
0.75 215.532 217.870 223.477 229.779
0.7 301.514 303.890 309.757 316.383
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