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M elting and High-Temperature Electrical Resistance of Gold under Pressure* 

DA)lIEL L. DECKERt A!\D HOW /\RD B. VANFLEET 

Brig/tam ~rml/lg University, Provo, UtaIL 
(Received 2 November 1964) 

The electrical resisbnce of gold \I';].S mcasured over thc tempemture range 30°C to th~ mcltlng point and 
over a pressur~ mn.ge 0-70 khar. At constant pressure, a sudden twofold increase in resistance sharply indi
cated the mellmg pomt and was used to determine the solid-liquid phase line to 70 khar. The experimental 
melting curve has an initial slope, 5.91°C/kbar, in very good agreement with Clapeyron's equation, and has 
a form satisfying a Simon's equation with a coefficient c=2.2±0.1. The electrical resistance data show a 
de~rease in the temperature coefficient of resistivity at higher pressures, while the resistance at the melting 
pomt appears to be a constant independent of pressure. 

':'·1-
1. INTRODUCTION 

1\ .;many high-pressure high-temperat.ure experiments 
it would be convenient to use the electrical resistance 

of a-material as an indication of its temperature. There 
have been occasions where the resistance of noble 
metals has been used for this purpose.1.2 In these cases 
it was assumed that the increase of resistance with 
temperature is independent of pressure; thus measure
ments at atmospheric pressure were used as the tem
perature calibration. One object of this experiment is 
to determine the temperature dependence of the elec
trical resistance of gold as a function of pressure. 
Resistance measurements were made from room tem
perature to the melting point for the pressure range 
0-70 kbar. At the melting point t.here is an abrupt 
resistance increase; thus the melting temperature was 
also determined as a function of pressure. 

Gold is ideal for this type of study. First it is chem
ically inert which is of prime importance to the experi
mentalist, for in high-pressure studies the materials are 
in intimate contact with their surroundings. The elec
tronic and thermodynamic properties of gold however 
give rise to more fundamental reasons for studying 
this material. The conduction electrons in gold behave 
as nearly free electrons with an isotropic elective mass 
and there are no isomorphic phase transitions to pres
sures as high as 100 kbar.3 Thus one might expect the 
resistance and melting curves to be accurately repre
sented by a simple semiclassical model of an ideal metal. 

1. Electrical Resistance 

The theory of the electrical resistance of metals at 
atmospheric pressure has met with considerable suc
cess,4 especially for metals in which the Fermi surface 
is nearly spherical and lies entirely within one Brillouin 
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zone. The extension of this theory to the range of high 
pressures is discussed by Lawson.S In the region where 
the temperature is greater than approximately twice 
the Debye temperature fl, one can write a simple ex
pression for resistance as a function of pressure P and 
temperature T . Starting from a formula for the pressure 
coefficient of resistance, derived by Lennsen and 
:'1ichels6 for nearly free electrons, we arrive at the 
equation 

R(P,T) = CT[V(p,Tn-,-l/3, (1) 

where C is a constant, V(P,T) is the volume and "I is 
the Gri.ineisen constant. We now define the ratio 

rp(T,To)=R(P,T)/R(P,To) 
= T/To[V(P,T)/V(p,T on-r-4/3 • (2) 

The accuracy of this equation at atmospheric pressure 
was determined by comparing the measured resistance 
rati07 with that calculated from Eq. (2) using experi
mental therm::tl-expansion data8 •9 and "1=3.00.10 Calcu
lated and measured values agree to better than 0.5% 
from room temperature to the melting point. Another 
check on Eq. (1) is possible using compressibility meas
urements at room temperaturell •12 and calculating 
R(P,To)/R(O,To). These values agree with Bridgman'S 
high-pressure resistance measurements3 to better than 
1.5% up to 50 kbar. For high pressure and temperature 
effects it is convenient to write 

rp(T,To)/ro(T,To) 
= [V(P,T) V(O,To)/V(O,T) V (P,TO)J2-,-l/3 . (3) 

All quantities on the right-hand side are known except 
V(P,T) . Even without an exact knowledge of the 
equation of state, it is obvious that (3) predicts a very 
small negative effect of pressure on rp(T, To). This is 

5 A. W. Lawson, Progress in lofetaJ Physics, edited by B. 
Chalmers and R. King (Pergamon Press, New York, 1956), Vol. 
6, p. 1. 

61\1. H. Lennsen and A. Michels, Physica 2, 1091 (1935) . 
7 Measurements made by N. R. Mitra in our laboratory a t 

atmospheric pressure with To=30°C. 
8 F. C. Nix and D. MacNair, Phys. Rev. 60, 597 (1941). 
o B. N. Dutta and B. Doyal, Phys. Stat. Solidi 3, 473 (1963). 
10 J. G. Collins, Phil. Mag. 8,323 (1963). 
11 P. \Y. Bridgman, The Physics of High Pressures (G. Bell and 

Sons, London, 1949), p. 161. 
12 W. B. Daniels and C. S. Smith, Phys. Rev. 111, 713 (1958). 

A 129 



A 130 D , L. DECKER AND H . B . VA~FLEET 

most casily recognized by noting that the right-hand 
side of (3) is the ratio of the thermal expansion at 
prcssure P to that at atmospheric pressure, thus a 
quantity slightly less than unity, It is possible to 
estimate the initial decrease of Tp(T,To) with pressure 
by differentiating Eq, (3) with respect to P and 
evaluating at P=O: 

dTp(T,To)/dPI p~0=To(T,To)[2"1-4J[KTo-KTJ, (4) 

where KT is the isothermal compressibility at tempera
ture T. 

2. Melting 

The present theories of melting are only first-order 
approximations13 which yield a form known as Simon's 
equation14 for normal materials, l.e., those with a 
melting curve monotonically increasing with pressure. 
Simon's equation, 

(5) 

is an empirical relation containing two parameters, A 
and c, T m is the melting temperature at pressure Pm 
and T m ,O is the melting temperature at atmospheric 
pressure. Gilvarry13 has derived an expression for ~c 
using some simple assumptions about melting and his 
results are carried somewhat further by Babb,15 In the 
latter's article, c is given by the formula 

c= (J+JL)/(J-l) , (6) 

If f is assumed to be constant along the melting curve 
Babb shows that f = 2"1m,0+t, The quantity JL is to be 
obtained from the volume dependence of the Grilneisen 
constant using a relation proposed by Gilvarry: 

(7) 

In order to determinc JL and "Im.O one must know how 
"I varies with volumc. Using the Dugdale-~1acDonald 
formula16 and shock compression data17 the value of iJ. 

is estimated to be 7.99 for gold, Assuming that "I is a 
function of volume only and employing the expansion 
of gold to the melting point18 one obtains "Im.o=4.43. 
These values substituted into Eq. (6) predict c=2.10, 

The parameter A can be written in terms of c by 
using the Clapeyron equation. Differentiating Eq. (5) 
with respect to T m and evaluating the result at T m = Tm.o 
it follows that 

dPm/dT ml Tm.o=Po'=Ac/T m.O= (L/T",.ol::. V), (8) 

where L is the latent heat and l::. V is the volume change 

13 J. J. Gilvarry, Phys. Rev. 102, 308 and 325 (1956) . 
14 F. Simon and G. Glatzel, Z. Anorg. Allgem. Chern. 178, 309 

(1929). 
15 S. E. Babb, Jr., J. Chern. Phys. 38,2743 (1963). 
16 J. S. Dugdale and D. K. C. MacDonald, Phys. Rev. 89, 832 

(1953). 
17 J. M. Walsh, M:H. Rice, R. G. McQueen, and F. L. Yarger, 

Phys. Rev. 108, 196 (1957). 
18 O. H. Krikorian, University of California, La\\Tence Radia

tion Laboratory Report UCRL-6132, 1960 (unpublished). 

at fusion . Therefore 11 = L/ cl::. V and Simon's equation 
becomes 

P",= (L/cl::.V)[(Tm/Tm,0)c-1J. (9) 

Experimental rcsults for T m.O, L,19 and l::. V,20.21 at 
atmospheric pressure, are used in Eq. (9) thus leaving 
only onc arbitrary parameter c to be empirically 
determined. 

II. METHOD OF MEASUREMENT 

The measurements were accomplished using a 600-ton 
tetrahedral anvil press22 with a sample containcr of 
pyrophyllitc in the form of a regular tctrahedron It in. 
on an edge. The gold was supplied by :\ esor Alloy 
Products Company in the form of 99.999% pure wire 3 
mils in diameter. The sample was constructed as shown 
in Fig. 1. The distance between the potential contacts 
was about 1 mm and the leads to these contacts were 
brought out of the pressure cell through 13-milstainless
steel tubing. Pyrophyllite sleeves were put around the 
steel tubing and the thermocouple wire to keep them 
from breaking while the gaskets were forming. The BX 
served to insulate the gold and the thermocouple from 
the heatcr and also to spread the heat to make the 
temperature morc uniform. 

Measurements were made at a fixed ram loading 
while increasing the current through the heater strip 
and simultaneously recording the thermocouple emf 
and the resistance between the potential leads. A Kepco 
100 A, 8 V, dc regulated power supply served as a 
source of heater power. The resistance between the 
potential leads was measured with a four-lead Keithley 
milliohm meter, the output of which was fed to one 
axis of a Moseley X -Y recorder. The other axis of the 
recorder monitored thc thermal emf from the thermo
couple junction. At the melting point the resistance of 
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FIG. 1. High-pressure high-temperature sample chamber for 
resistance measurements in the tetrahedral anvil press. The 
lettered parts are: 1', pyrophyllite j B~, boron nitride j Tc, thermo
couple j 5s, stainless-steel tubes; Ht, heater tabs; Au, gold current 
leads. 

19 Landolt-Bomstein Tables, edited by K. Schafer and E . Lax 
(Springer-Verlag, Berlin, 1961), Vol. II, part 4, p. 243. 

20 L. Losana, Gazz. Chim. Ita!' 68,836 (1938). 
21 W. Krause and f. Sauerwald, Z. Anorg. Allgem. Chern . 181, 

347 (1929). 
'" The press was similar to that described by J. D. Barnett and 

H. T. Hall, Rev. Sci. Instr. 37, 175 (1964). 
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thc wire suddenly increased by a factor of about 2.2 . 
Thus the melting temperature was sharply defined at 
each pressure'. 

Because the Wlre was tightly confined at these 
pressur~s it was possible to melt the wire successively 
many tlmes, ~hanging the pressure aiter each melting. 
The rm:l loadmg \:'as calibrated to indicate pressure by 
measunng the resistance transit.ions in Bi (25.4 kbar), 
TI (37 kbar), and Ba (58 kbar), and interpolating 
between these values with a smooth curve. 

III. MELTING CURVE 

The temperature of melting was taken as the tem
perature at the beginning of the sudden resistance rise 
as indicated in Fig. 2. Because of the sharpness of the 
break in the resistance curve one can determine this 
point to better than ± 2°C. The accuracy of any tem
perature measurement however is probably only about 
± 10°C, even though the thermocouple calibration at 
atmospheric pressure was accurate to ±5°C at these 
temperatures, because no pressure correction to the 
thermal emf was attempted.~3 
~ach run consisted of a set of melting points at 

vanous pressures. The results of the four successful 
melting runs did not all lie on the same curve. This 
c?uld be due to variation in the thermocouple calibra
tIOn or. to thermal gradients along with the difficulty 
of placmg the thermocouple junction at a point corre
sponding to the hottest region along the gold wire. 
Temperature gradients, large enourrh to account for the 
differences, are evident from the \rfdth of the transition 
\rhich was between 20 and 30°e. In order to correct for 
this uncertainty the temperatures of each run were 
all raised or lowered by an amount such that the meltinO' o 
curves ext.rapolated to the correct melting point at 
atmosphenc pressure with the slope calculated from 
Clapeyron's equation.24 The corrections amounted to 
- 13, - 11, +5, and + 11 °C for the four runs. After 
this correction all points from all runs lay on a sinrrle 
smooth curve with a maximum scatter less than ±7~e. 

Another correction should be applied to the raw 
data because the pressure calibration was at room tem
perature rather than at the temperaturc of the experi
ment. The pressure cell expands with increasing tem
perature causing the pressure to rise. This does not 
appear as an increase on the oil pressure behind the 
rams because of internal friction in the pyrophyllite and 
friction in the pistons themselves. Above 40 kbar the 
gaskets are essentially immovable and it was assumed 
t~at the pressure increase due to heating was propor
tIOnal to the temperature change from room tempera-

23 F. P. Bundy, J. App!. Phys. 32, 483 (1961). 
:4 It is to be noted that onc set of measurements, shown by the 

po;nt numbers 2, 3, ~, \ 7, 8, and 10 in Fig. 4, extend down to 
3.:> kbar and have an lnlllal slope of 5.9±0.2°C/kbar in excellent 
agreement with the value 5.91°C/kbar calculated from Clapey
ron's equation. 
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FIG. 2. Relative resistance of gold as a function of temperature 
:;t 10000-psi oil pressure. (10000-psi oil pressure corresponds to 
:>2.2 kbar for the sample at room temperature.) 

ture to the melting point. Below 15 kbar the gaskets 
are still forming and as the volume expands more 
material is forced into these gaskets between the 
a~vils giving no pressure increase in this range. Between 
band 40 kbar the correction was assumed to vary 
smoothly from 0 to the value at 40 kbar. Evidences for 
the above .assumptions are: (a) Upon cooling the sample 
after meltmg at a pressure less than 15 kbar one notes a 
drop in the oil pressure. This indicates that the volume 
after the heating cycle is less than before allowinrr the 

. 0 

rams to move 111 and the oil pressure to drop. (b) The 
raw melting curve between 15 and 40 kbar shows a 
slight upward curvature which is removed by applying 
the proposed pressure correction. The amount of the 
pressure correction above 40 kbar is not known so it was 
determi~ed from the melting curve itself by assuming 
that thls curve should have the form of Simon's 
equation. 

The method of obtaining the pressure correction 
along with the coefficient c in Eq. (9) is outlined below. 
Substitution of T m= T""o+liT into Eq. (9) and expand
ing in a power series in aT IT m,O yields the following 
equation after some manipulation: 

Pm- Po'liT (c - l)Po' (liT)2[I+ c-
2 

liT ... J. (10) 
2 Tm.o 3 T m.O 

If one plots e;,:perimentally measured values of 
(Pm - Po'liT) versus (liT)2 as in Fig. 3 the points indi
cated by the open circles are obtained. The desired 
pressure correction lS applied to the measurements 
above 40 kbar so as to cause them to fall alon rr a curve o 

satisfying (10) with a least-me an-square deviation. The 
final results are represented by the closed circles with 
c=2.2±0.1 and a maximum pressure correction of 
3.9 kbar at 66.7 kbar. The corrected results are finally 
graphed in Fig. 4. 

---,-----------------------------------------~--~--------~ 
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FIG. 3. Xormalized melting pressure as a function of the square 
of the increase in melting temperature. This curve is used in the 
determination of the Simon equation parameter. 

IV. RESISTANCE MEASUREMENT 

The high-temperature measurements were made by 
heating the sample to the melting point at several fixed 
pressures. As discussed in the previous section the 
pressure increases as the temperature is raised. By 
using the pressure increase determined at the melting 
point and assuming a linear increase with temperature 
at intermediate points a small pressure cOl:rection was 
applied to the raw data. The results from 9 different 
samples are shown in Fig. 5 where the reference tem
perature To was taken at 30°C. One can never be sure 
that the application of pressure will not alter the 
dimensions of the specimen; thus all results are given 
relative to the resistance at room temperature at each 
pressure. The initial decrease in rp(T,To) was calculated 
using Eq. (4) in which the compressibilities were esti
mated using Griineisen's relation, KT=aV/,,/Cv , with 
experimental values of thermal expansion.25 The calcu
lated decrease is shown as a solid line in Fig. 5. The data 
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FJG. 4. Pressure dependence of the melting temperature of gold . 

2, See Refs. 8 and 9. 

at higher temperatures appear to fall below this calcu
lated curve. It is possible that the difference is due to 
the decrease in the equilibrium number of vacancies at 
high pressures.26 The vacancy contribution to the re
sistance can be estimated from the measurements of 
Meechan and Eggleston.27 The dashed curve in Fig. 5 
is the calculated resistance ratio including the effect of 
vacancies. 

The initial heating cycle generally gave a slightly 
larger value for rp(T,To) than successive cycles even 
at the same pressure. This may cause the results to be 
too low at higher pressures. To check this possibility, 
four runs were made at about 53 kbar, each sample being 
melted only once, and the resistance measured only on 
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fiG . 5. Resistance of gold at temperature T to that at 30DC as a 
function of pressUTe. The solid line follows the calculated initial 
slope at zero pressure and the dashed line is the calculated curve 
after a vacancy correction is made. 

the initial temperature increase. The average of these 
results, as shown by the squares in Fig. 5, was slightly 
higher than the other measurements but not signifi 
cantly so. As the temperature increased the surrounding 
B:0J became conducting, the insulation resistance drop
ping to about 10 Q at the melting point. This was due 
to a black substance that would form over the surface 
of the B::\f above 600°C. Th.is material proved to be 
conducting and tended to short out the gold at high 

26 H. H. Grimes, Xalional Aeronautics and Space Administra
tion Technicall\ote, NASA T~ D-2371, UR-6-1-201366 (~ational 
Aeronautics and Space Administration, Washington, D. C., 
July 1964). 

27 C. J. Meechan and R. R . Eggleston, Acta Met. 2, 680 (195-1) . 
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temperat.ures, possibly giving t.oo low a value for 
r,,(T,To) . 

The measurements at atmospheric pressure shown 
by the triangles in Fig. 5 wcre madc in a muffle furnace 
in an air atmosphere. These data are about 3% larger 
than those reported by :-leech:111 and Eggleston.~7 

An independent measurement of R(P,T) in a liquid 
system was made for temperatures up to 650°C and 
pressures to just above 50 kbar. The sample consisted 
of a 3.0-cmlength of 3-mil gold wire with l-mil potential 
leads 2.3 cm apart, immersed in petroleum ether. The 
gold wire and petroleum ether were contained in a 
136-in.-diam thin-walled monel heater tube 0.45 in. long 
with a Teflon plug in each end. Values of Rp(T)/Rp(30) 
agreed well with the data of Fig. 5 for all temperatures. 
The measurement of R(P) at room temperature, how
ever, has a negative curvature in contrast to Bridg
man's data which has positive curvature over the same 
pressure range.3 It is believed that this data as tabulated 
in Table I is quite reliable, inasmuch as the sample 
showed no apparent deformation upon microscopic 
examination after removal from the press. Values 
calculated from Eq. (1) along with Bridgman's data 
are also shown in Table I for comparison. 

TABLE I. Variation of resistance of gold with 
pressure at room temperature. 

R(P)/R(O) 
Calculated 

Pressure Present from 
kbar measurement BridgmaI\' compressibili ty 

0 1.000 1.000 1.000 
10 0.981 0.970 0.972 
20 0.950 0.945 0.944 
30 0.918 0.920 0.916 
40 0.886 0.895 0.889 
50 0.853 0.875 0.862 

• See Ref. 3. 

The resistance at any point can be determined rela
tive to that at atmospheric pressure and 30°C by 
determining the ratio 

R(P,T) [R(P,T) ][R(P,To)] (11) 

R(O,To) = R(P,To) R(O,To) . 

The first factor on the right is given by the data in Fig. 5 
and the second factor is obtained from Table I . From 
the experimental results we find that the ratio R(P,Tm )/ 

R(O,To) at the melting point is constant to within about 
±2% at all pressures. Thus to within the accuracy of 
these measurements the resistance at the melting point 
is a constant independent of pressure. 

V. CONCLUSIONS 

This method of measuring melting temperature: at 
high pressures is more sensitive than other methods 

previously tried. The melting temperature can be 
measured both on increasing and decreasing tempera
ture with good reproducibility and the transition region 
is generally narrower than with other techniques. The 
results are also independent of the rate at which the 
temperat.ure is changed. The melting curve of gold, 
reported here, is felt to be quite accurate even though 
the raw data had to be corrected. The correction 
amounted to less than 14°C in temperature and less 
than 9% in pressure for any point. These corrections 
make very little change in the position of the melting 
curve but they do.' affect the coefficient c in Simon's 
equation. It is possible to fit the uncorrected data 
reasonably well to the form of Simon's equation but the 
resulting expression has an unreasonably large initial 
slope and does not pass through the correct melting 
temperature at zero pressure. The coefficient c for the 
uncorrected data was about twice as large as that 
calculated from the data after correction. Our experi
mental value of c= 2.2±0.1 agrees very well with the 
value 2.1 estimated theoretically. No corrections were 
attempted to account for pressure effects on the thermo
couple emf but it is felt that the method of analysis and 
the other corrections will partially compensate for any 
errors introduced here. To our knowledge no other 
melting curves measured to high pressures have been 
corrected for thermal-expansion effects. This correction 
would alter the Simon's coefficients calculated from 
these measurements and probably improve the agree
ment with theory. 

This is one of the first attempts to make accurate 
resistance measurements at high pressures and tempera
tures. YIeasurements on the resistance of iron have been 
published by Clougherty and Kaufman,28 but there is 
considerable scatter in their results and the ratio 
R(R,T)/R(P,To) is very erratic. One of the greatest 
difti.cult.ies proved to be that of finding a good insulating 
material, that conducts heat rather well, whose elec
trical resistance is not adversely affected by the high 
temperatures. The results show relatively little scatter 
and follow the expected slight decrease of temperature 
coefficient of resistance with increasing pressure. How
ever, our results show a more rapid initial decrease in 
this coefficient than one would expect from Eq. (4) but 
agree reasonally well with the analysis of Eq. (4) if one 
considers the rapid decrease in t.he equilibrium concen
tration of vacancies at high pressures. 

From the result that the resistance at the melting 
point is constant one can show a very simple relation 
between the volume and temperature at the melting 
point. Inserting T= T,n into Eq. (1) one arrives at the 
conclusion that Tm Vm

2-y-4/3=constant. It would be in
teresting to check out this relation using high-pressure 
x-ray techniques. 

28 E: V. Clo,:!gherty and L. Kaufman, in TI,e Physics and 
eitel/miry of Ihg/t Pressures (The Society of Chemical Industry 
London, 1963) . • 
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