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Abstract: A modified calculative formula for the thermal pressure is proposed and the equation of state
(EOS) is obtained accordingly for gold. We compared this EOS with the other two common EOS using the ex-
perimental data for gold. The results show that the new EOS is better than the other two EOS at high temper-

ature.
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1 Introduction

The equation of state (EOS) of solids can be expressed generally as
pV,T)=pV,T)) + pu(V,T) @)
where T is the reference temperature;the first term p(V,T,) on the right-hand side is the pressure
for isothermal compression and is expressed by a suitable isothermal EOS, such as the Birch-
Murnaghan EOS"# ,the Vinet EOS etc. 2% ; the second term p,, (V. T) on the right represents the
thermal pressure produced from T, to T. It has been found that the thermal pressure is linear in T for
many solids above the Debye temperature. It is commonly written as

P (V. T) =aB (T —T,) (2)
where @ and By are the thermal expansion coefficient and the isothermal bulk modulus respectively. It
is a good assumption for many solids that the product (aBr) is constant with various volumes,i. e.

aBr=a,B,. Then substituting Eq. (2) into Eq. (1) ,we get the following p-V-T relation in solids
pV,T)=pV,T)) +a,B,(T—T,) (3)
where a, and B, are the values of @ and By at temperature T, respectively. The applications of Eq. (3)

(24J However,in case of gold, Anderson et al. pointed

have been reported frequently in the literature
out that the thermal pressure should be depended on volume compression. It means that the product

(aBt) may not be a constant,so they modified Eq. (2) as'

IB; v,
o7 )| (T T (4)

ba = [OtoBo + (

where V' is the volume at zero pressure and temperature T,. Substituting Eq. (4) into Eq. (1),
Anderson et al. derived the following EOS for gold

aB
Q’I‘T )Vln

PV =p(V T + By + ( ler—1o (5)
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Using Eq. (5), Anderson et al. calculated the pressures at different compressions and tempera-
tures for gold. However, the results calculated by Eq. (5) show that the theoretical values of pressure
are less than the corresponding experimental data reported by Heinz and Jeanloz"'. Therefore the
above modification is not satisfactory. We try to modify the thermal pressure term in this paper to find

a better EOS for gold.

2 Method of Analysis

Griineisen parameter is one of the important physics quanta that characterizes the vibration of

crystal lattice. More recently,Cui and Chen got an expression for Griineisen parameter ¥ in the follow-

ing form'™

y—iz(“/;)g“exp[w()H)(‘x ~1)] 6

where 7, and B, are, respectively ¥ determined and the first pressure derivation of By at zero pressure

and T,,d, is Anderson-Griineisen parameter & at zero pressure and T.

According to the famous Griineisen relation,y can be written ast

Y
Y= <)

where Cy is the heat capacity at constant volume, which may be regarded as to be stable at high tem-

perature. Egs. (6) and (7) yield the following expression for the product (aBy)

(Ve v
aBT—aoBo( v ) exp[(&)Jrl)(Vo 1)] (8)
Taking Eq. (8) into account,another expression for the thermal pressure can be obtained from Eq. (2)
- Vo B+l \v4 - -
j)th—aoBo( v ) exp[<ao+1)( v 1)](’1‘ ) (9
Substituting Eq. (9) into Eq. (1) ,we get an EOS for the p-V-T relation for gold as follows

V()
V

v
Vi

p(V.T) = p(V,Ty) + aQBO( )”/()Hexp[(ﬁo +1>( — 1) ] (T— T, (10)

3 Discussion

For the convenience of comparison, we use the Birch-Murnaghan EOS to evaluate the first term
p(V,T,) appeared in Eqs. (3), (5) and (10), as has been done by Anderson et al. The Birch-

Murnaghan EOS can be expressed in the following form

_ 3 Vs e Vi o 71 o Vo 23
pV T =SB (55) = (55) ]{1 S BDO[(5) 1]} an

The necessary input parameters for the calculation are:a, =42. 78 X10 ° K !',B,=166. 65 GPa,B’, =
5. 482 3,and 8, =8. 061 which values are all taken from Ref. [1]. Here the reference temperature T, is
fixed at 300 K. The results of pressure calculated from Eqgs. (3),(5) and (10) against the compressions
for gold are listed in Table 1 at different temperatures along with the corresponding experimental da-
ta. We have also calculated the average relative deviations between p., and p.,, at different tempera-
tures in Table 2. From Table 2,we can see that the average relative deviations between p., and p.,, in

Eq. (10) is the smallest comparing with Eqgs. (3) and (5).
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Table 2 The average relative deviations between p., and p.., in Egs. (3),(5) and (10) at different temperatures

Average relative deviations (%)

Fauation 500 K 1000 K 1500 K 2000 K 2500 K 3000 K
(3) 0. 36 0.97 1. 46 1.88 2.28 2.63
(5) 0.43 1.45 2.30 3.05 3.72 4.32
1o 0.16 0.54 0. 84 1.08 1. 30 1.48

From Table 1,we can see that the difference among the three equations(Eqgs. (3),(5) and (10))
is very small;the values of pressure from all of the three equations are in good agreement with the cor-
responding experimental data from temperature 500 ~1 500 K. However, the calculations of Eq. (5)
modified by Anderson et al. are systematically less than the corresponding data while the Eq. (3) o-
verestimated the pressure values with increasing temperature and decreasing compression. It is shown
that the agreement between the calculated results given by our Eq. (10) and the experimental data is
very good till the temperature up to 3000 K,only at V/V,<C0. 7 our results are just a little bigger than
the data reported by Heinz and Jeanloz. In order to clearly show the difference in the results obtained
with these equations,we have plotted the pressure p (given by Eqgs. (3),(5) and (10)) versus com-
pression V/V, curves for gold at temperature 3 000 K along with the corresponding experimental data
(see Fig. 1). So,as far as the gold is considered Eq. (10) is slightly better than Eq. (3) and Eq. (5).

It should be pointed out here that we

Z5r —— Eq. (10)
haven’t considered the electronic contri- L E?q 3
bution to the thermal pressure in this pa- 20F R - Eq.(®
A o Exp.
per,since it is small under low tempera-
~ 15F
ture condition discussed here. As is well (5;
known in metal, the contribution of the ok
electronic degree of freedom to the ther-
. . . S5k
mal pressure becomes important with in-
creasing temperature. However, as for ol . P T T T
‘ . . 065 070 075 080 085 090 095 100
gold is considered,till the temperature up VIV,

to 3000 K the electronic thermal pressure
Fig. 1 The curves of p against V/V, for Au at T=3000 K

is only 0. 12 GPa and its pressure depend-

597 'So the electronic thermal pressure can be rationally neglected here.

ency is quite small too

In brief,we have proposed a straightforward analysis of thermal pressures for gold whose experi-
mental data are available in the case of high temperatures-high pressures. The predicted values are in
good agreement with the experiment. Because the basis of Eq. (10),1i. e. s Eq. (6),is restricted"®,
whether Eq. (10) can be applied to more pressure ranges and more classes solids need further investi-
gation, which will be discussed in our future paper. As for as the case of very high pressures so much
as V—0 is concerned,it is beyond of the field of our study and the theory of Thomas-Fermi can deal

well with itt',
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