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First-principles electronic thermal pressure of metal Au and Pt

Taku Tsuchiy& and Katsuyuki Kawamura
Department of Earth and Planetary Sciences, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-8551, Japan
(Received 9 May 2002; published 30 September 2002

Electronic thermal pressuréETP’s) of metal Au and Pt are predicted by first-principles electronic structure
calculations based on the density functional theory in order to refine their thermal equations ¢E€Ste
which are frequently used as pressure scalés gitu high-pressure and high-temperature experiment. We find
a large difference in the magnitude of ETP’s for Au and Pt, which can be attributed to the different positions
of the Fermi level. The ETP for Au is considerably smaller than it for Pt. The latter reaches 0.85 GPa at 2000
K, whereas the former is only 0.05 GPa at the same temperature. We also find a different temperature
dependence of the ETP’s of Au and Pt under high temperature, which arises from the different manner of
thermal excitation. It is illustrated that the corrections of the ETP for known EOS of Au and Pt becomes
substantially important with increasing temperature, and the ETP can perfectly compensate for the measured
discrepancy of pressure values determined by previous EOS of Au and Pt.
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[. INTRODUCTION ments in in situ high-pressure and high-temperature
experiments. In the present study, based on the electronic
Metal Au and Pt are substantially important for high- theory of metal and the electronic structure calculation
pressure physics and the material science, because théethod with the density functional thediy,we predict
temperature-pressure-volumer-P-V) equations of state ETP’s of gold and platinum and discuss the necessity for
(EOS’S (Refs. 1-3 are most frequently used as pressurePossible improvement of the known equations of state under
calibrants inin situ high-pressure and high-temperature ex-high T-P conditions.
periments(e.g., Refs. 4—10 Their characteristic properties, ~ The pressure change due to the thermal excitation of elec-
namely, low rigidity and large chemical stability up to tron, namely ETP, is given By
megabar conditions, are suitable for this special tbfé.
However, some recent experimental studies have reported P (V,T):—(M) )
that the pressure values derived from these EOS'’s disperse in © oV T
a wide range of pressure under high temperature condition.
The Anderson’s EOS of Au gives 1 GPa higher values tha
the Holmes’ EOS of Pt at about 2000 Such ambiguity in

()

ere Afg is the thermal contribution to the electronic free
energy density, represented as

the pressure measurement is fundamental problem for the Af(V,T)=Fo(V,T) = fo(V,T=0). )
high-pressure science and the relevant refinement of these
EOS's are therefore desirét;!’ The electronic free energy density is given by

The EOS of a metal constructed in the same way as that
of an insulator, such as the Anderson’s EOS of Au and the Fei(V.T) =Uei(V, T) = Tsel(V, T), &)
Holmes’ EOS of Pt? has an obvious deficiency itself, as whereu,, ands,, are the total electronic energy density and
pointed out in Refs. 18 and 19. Anderson’s thermal EOS waghe entropy density, respectively. These quantities can be cal-
constructed on the basis of a classical Debye model which igulated by using the electronic density of statgs,V) as
adaptable only for phonon. Holmes al. intentionally ne-  follows:
glected the electronic contribution to the thermal expansion,
since it was small under low temperature condition such as *
room temperature. However, as is well known in metal, the Ue(V,T)= f_xdf n(e,V)ef(e,T), 4
contribution of the electronic degree of freedom to the ther-
mal expansion becomes important with increasing rc, (V,T)
temperaturé®?! Since this effect was not taken into account SeI(VaT):f 4T
in the known EOS’s of Au and Pt, there is a possibility that 0 T
they underestimated the value of pressure at Aigiendi-

tions where the electronic thermal pressUESP) becomes = —ka den(e,V)[fInf+(1—f)In(1—1)],
significant.
However, this contribution to the thermal expansion of (5)

metal Au and Pt and its pressure dependence have never : _ o .
been studied at all, to our Ifnowledge. I?has also never beeWheref(E’T) is the Fermi-Dirac distribution function,
clarified whether this effect is negligible or not under high-

temperature and high-pressure conditions. Quantitative esti- fle, T)=————,

mations are significantly important for pressure measure- eleWikeT 4

(6)
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FIG. 1. Calculated volumes of Au and Pt as a function of pres-
sure(filled symbols. Experimental results are also shown by open
symbols. Open circles, squares and triangles are from Refs. 29, 12
and 2, respectively.

kg is the Boltzman constant, arqelz(aue|/0T)V is the

elgctronic specific hgat. ConsequentBy, (V,T) is ob- FIG. 2. Calculated DOS profiles(e) of Au and Pt at volumes
tam?d fromn(e), which can be calculated from the elec- V/V, of 1.0 (solid lineg and 0.8(broken lineg with a Fermi distri-
tronic structure. bution functionf (e, T). The maximum ordinate value d{e,T) is
1. The dot-dashed curve i§e, T=0K), the double-dot-dashed
Il. CALCULATIONAL METHOD curve is f(e,T=5000 K), and the dotted curve id(e,T

. . =10000 K). The Fermi level is set to be 0 Ry.
In this study electronic structures of fcc-formed Au and Pt

were calculated by the first-principles method within the ) o
density functional theoR? and the local spin density for Au and Pt, respectively. The ground state equilibrium
approximatiort® A \Vosko-Wilk-Nasauir-type exchange- Properties of zero-pressure volum&/f, bulk modulus
correlation potentidf was applied. To calculate electronic (Bo), and its pressure derivativeB§) were determined by
structure, we adopted thab initio full-potential linear least-squares fitting to tHe-V form of the third-order Birch-
muffin-tin-orbital (FP-LMTO) method® and a multiplex  Murnaghan equation of statBM-EOS).?°

muffin-tin-orbital basis se® We used threec for valence

electronsik®=—0.1, —1.0, and— 2.5 Ry were used for§

6p, and 5 states. One more energy panel sef . RESULTS AND DISCUSSION

=—3.5 Ry was added for the semicorp State. The core

states were recalculated at each self-consistent iteration. It is ~giculated volume compression curves shown in Fig. 1

known that the spin-orbitSO) coupling of valence states is it experimental results agree quite well with the experi-

essential to describe the electronic structure with splitting%ents in wide pressure ranges up to near a megabar pressure
and shifts of 8 bands in heavy metafé.In the present cal- Vo, Bo, and B, determined by the BM-EOS are 10.03

culations the full-relativistic treatment for valence electrons
(10.22 cm®/mol, 182.1(166.6 GPa, and 6.25.5) for Au

was also performed to correctly include the SO coupling. 3
Charge densities, potentials and the envelope function@nd 8:97(9.08 cnr/mol, 280.8(266) GPa, and 6.15.8) for

inside the muffin-tin sphere@TS’s) were expanded up to _Pt, respectively, where the experimental vafiésre given

| =8. Densities and potentials at the interstitial region werdn Parentheses. Though calculateg and B, are approxi-
expanded in the Fourier series with 6566 plane waves. In thBately 2% smaller and 10% larger than the room-
interstitial region, basis functions were also expanded byemperature experimental results, these trends are systemati-
plane waves up to a cutoff corresponding approximately teally seen in the local-density-approximation calculations
60-90, 140-170, and 180-280 plane wavessp@; andd  without the lattice thermal energy of finite temperature.
orbital, respectively. The improved tetrahedron metod  Calculated density of statd®OS) profilesn(e) for Au
were used for thé-point sampling. We carefully checked to and Pt atV/Vy=1 and 0.8 are shown in Fig. 2 with a Fermi
converge the energy eigenvalues with respect to the numbéunction f(e,T). These are schematically explained by the
of k points at small volume, because mdkepoints are highly frequentd dominant part within the low, smooth, and
needed to maintain the sarkeoint density in Fourier space wide s dominant part. Moreover, thedsparts are clearly
as at the large volume. A total of 3%6points were used in divided into three parts. This is characteristic in the DOS
the irreducible wedge of the Brillouin zone. Through all cal- including SO coupling, while the partition in thed5DOS
culations the MTS radius was settled to be 2.49 and 2.44 a.without SO coupling is broader. Figure 2 indicates that
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n(e)’s of Au and Pt and trends of their volume dependencespecific heat of Au and RFig. 3), since it is caused by the
are very similar. However, the positions of the Fermi levelexcitation of electrons different from ones at the Fermi level.
are essentially different. That is, the Fermi level exists in theThe total density of states is therefore indispensable to pre-
higher part of the 6 part above the & part in Au, it crosses dict the detail temperature dependence of the ETP.

the upper part of the & part in Pt. Such a difference corre-  |n Fig. 4 the thermal contributions to the electronic free
sponds to the fulfilled or unfilled state in the electronic energy densityA f, are shown up to 10000 K at intervals of
configurations of Au and Pt atom. 1000 K with their linear least-square fittings. The volume

The total electronic energy density,, free energy den- dependence of f,, of Au is smaller than those of Pt, since
sity fo, and the entropy density, at several volumes are thes part of the DOS is insensitive to volume, whereasdhe
shown in Figs. 83 and 3b) as a function of temperature. part is sensitive to voluméFig. 2). The good regression by
The electronic specific heat,_ is also shown in Fig. @). It |inear fitting in Fig. 4 indicates that the ETP does not depend
is indicated that temperature dependencies of the entropgn volume in the given volume ranges. The temperature de-
densities and specific heats of Au and Pt change at a fewendence oAf is also smaller in Au, since the behavior of
thousand K with different tendency. Those of Au increase as,, is reflected toAfy.
~4000 K, whereas those of Pt decrease-d4500 K. These By means of these results ETP’s are calculated as a func-
differences can be understood frarfie) plots in Fig. 2. In  tion of temperature, as shown in Fig. 5. We find that the ETP
Au, the excitation from al state which has a large density of increases with increasing temperature and reaches over a gi-
states increases at a sufficiently high temperature, but in Rfapascal at thousands of K. Therefore, when the known
the excitation to thes state which has a small density of EOS’s of Au and Pt, which do not take ETP’s into account,
states increases under high temperature. Thus the temperre used as pressure calibrants at sufficiently high tempera-
ture dependence of the excitation energy shifts to larger antlire, the corrections of the ETP’s must be adapted. However,
smaller in Au and Pt, respectively. Fig. 5 shows the large difference between ETP’s of Au and

We comment on a more simple calculational way of thePt. At 2000 K the ETP of Pt becomes 0.85 GPa, which is not
ETP, which is based on the so-calledn@uerfeld expansion clearly negligible. On the other hand, the ETP of Au is re-
of electronic free energy, and uses only the density of statemiarkably smaller, and even at a higher temperature of 4000
at the Fermi levef!?° Prudent care is necessary to use thisk it is only 0.26 GPa. This difference in the ETP’s of the two
method because this is only valid under the sufficiently lowmetals is essentially caused by the position of the Fermi
temperature condition where the state of thermal excitation ifevel, namelys or d nature of the top of the valence electron.
unchangeable. Such an overly rough way clearly never con- The present results mean that the Anderson’s EOS of Au
ducts the opposite high-temperature behavior of entropy ani$ not significantly changed by the correction of the ETP up
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TABLE |. Calculated electronic thermal pressure of Au and Pt.
Units are given in GPa.
T (K) Au Pt T (K) Au Pt
0 0.00 0.00 2600 0.09 131
100 0.00 0.01 2700 0.10 1.39
200 0.00 0.02 2800 0.10 1.47
300 0.00 0.04 2900 0.11 1.56
= 400 0.00 0.06 3000 0.12 1.64
E 500 0.00 0.08 3100 0.19 1.73
f% 600 0.00 0.11 3200 0.19 1.82
< 700 0.00 0.14 3300 0.19 1.91
800 0.01 0.17 3400 0.20 2.01
900 0.01 0.21 3500 0.20 2.11
1000 0.01 0.25 3600 0.21 2.20
1100 0.01 0.29 3700 0.22 2.31
1200 0.02 0.34 3800 0.23 241
1300 0.02 0.39 3900 0.25 2.52
1400 0.02 0.45 4000 0.26 2.63
1500 0.03 0.51 4100 0.28 2.73
v (emimol 1600 0.03 0.57 4200 0.30 2.85
1700 0.03 0.63 4300 0.32 2.96
FIG. 4. Volume dependencies of the thermal contribution to the;1g800 0.04 0.70 4400 0.34 3.08
electronic free energy densit¥f, at 11 temperatures from 0 to 19gQ 0.04 0.77 4500 0.37 3.20
10000 K at intervals of 1000 K. The lower plot is the result at 5qqq 0.05 0.85 4600 0.39 332
higher temperature. Dashed lines are the linear fittings at each ten%-100 0.06 0.95 4700 0.42 3.44
perature. 2200 006 101 4800 045 357
2300 0.07 1.09 4900 0.48 3.70
to a few thousand K. It is incompatible with the earlier 2400 0.07 1.16 5000 0.52 3.82
expectationt®!® which inferred that the measured discrep- 2500 0.08 1.23

ancy of pressure values by Au and insulator pressure scales

at ~2000 K could be explained by the ETP. However, the

IV. CONCLUSION

difference between the ETP’s of Au and Pt at 2000 K, which

is 0.8 GPa, can perfectly compensate for the measured di
crepancy between pressure values derived from the Ande
son’s EOS of Au and Holmes’ EOS of PRef. 13. More-

s- The electronic thermal pressurd@sTP’s) of metal Au and
Rt are predicted by a full relativistic version of the first prin-
ciples FP-LMTO method to refine their knownP-V EOS.

over, Hiroseet al. showed that pressure values determined/Ve find that the corrections of ETP's to previous EOS'’s be-
by other transition metals W and Mo also deviate from pres€ome indispensable with increasing temperature. However,
sure by Au with a similar degree of Pt. It can be consideredn€ir pressure dependencies are quite small. Moreover, the
that these deviations are also caused by a neglect of the ET§2N{ribution of electrons to the thermal expansion of Au is

since W and Mo have the unfilled valendédand as Pt, and
their ETP’s should be similar to that of Pt.

Py (GPa)

1 1 L
6000 8000 10000

—
T(K)

FIG. 5. Electronic thermal pressur@, ¢ of Au and Pt as a
function of temperature.

significantly smaller than that of Pt, resulting from the dif-
ference in nature of the top of the valence electron. It is
concluded that the pressure difference measureth ksitu
high-temperature and high-pressure experiments using the
pressure scale of Au and other transition metals can be com-
pensated for by the ETP.
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APPENDIX

We give the specific values of calculated ETP up to 5000
K at intervals of 100 K in Table I. This table is useful for
corrections of the ETP for the known EOS.
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