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The P-dependence of ke is plotted at 300K, 1200K and 1500K isotherms as shown in Figure 

5.7.  The P-coefficient of ke increases with increasing P up to 5GPa reached in this study. P-

coefficient of  𝑘𝑒,  (
𝜕 𝑙𝑛 𝑘𝑒

𝜕 𝑃
)

𝑇
of 0.051 + 0.015 GPa-1, 0.105 + 0.001 GPa-1, and 0.095 

+ 0.004 GPa-1 were determined for 300K, 1200K and 1500K isotherms respectively, as shown in 

Figure 5.7. These values were compared with the same parameter calculated using the relationship 

derived by Bohlin [59] given in Eqn (2), which is similar to Eqn 1 for electrical resistivity: 

(
𝜕 𝑙𝑛 𝑘𝑒

𝜕𝑃
)

𝑇
=  

(2𝛾−1
3⁄ )

𝐾𝑇
             (2) 

 
Figure 5.7. P-dependence of thermal conductivity of Nb at 300K, 1200K and 1500K isotherms. 

The calculated slopes for the pressure coefficient of electronic thermal conductivity ke, (dlnρ/dP)T  

are (0.051 + 0.015) GPa-1, (0.105 + 0.001) GPa-1 and (0.095 + 0.004) GPa-1 for the respective 

isotherms. Data at 1atm are from Tye [24]. 
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Values of 0.015GPa-1, 0.023GPa-1 and 0.028GPa-1 were caluclated for 300K, 1200K and 1500K 

isotherms respectively. The predictions of (𝜕 𝑙𝑛 𝑘𝑒 / ∂ P)T  by Eqn (2)  for  the 300K, 1200K and 

1500K isotherms are in reasonable agrrement but lower than the experimental vlaues by ~30%, 

22%, and 30%, respectively.  

5.3. Conclusions 

The T-dependence of electrical resistivity of Nb in the solid state up to ~1900K has been 

investigated up to 5GPa. At fixed P, the T-dependence of electrical resistivity undergoes an 

electronic transition from the minus group to the plus group with increasing T. The transition T 

decreases with increasing P. The extrapolated value of the electronic transition T versus P, suggests 

that Nb will transform from a minus group metal to a plus group metal at room T at ~27GPa. The 

electrical resistivity decreases as a function of P on any given isotherm, as expected. These findings 

are interpreted in terms of the effects of P and T on the Fermi surface and displacement of the 

relative position of the s and d bands to the Fermi level position. The electronic thermal 

conductivity was calculated using the Wiedemann-Franz law using the Sommerfeld value of the 

Lorenz number. . The T-dependence of ke increases with increasing T up to the transition T at all 

fixed P. However, above the transition T, ke remains constant with increasing T at fixed 2GPa but 

at higher P, ke has an increasingly negative slope. The P-dependence of ke increased with increasing 

P up to 5GPa reached in this study.  
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Chapter 6: Conclusion 

6.0 General Conclusion 
The electrical resistivity of high purity Cu, Zn and Co has been measured at pressures (P) 

up to 5GPa in a large volume press and at temperatures (T) up to ~200K into the liquid phase. 

Solid state electrical resistivity of Nb was also measured at P up to 5GPa and at T up to ~1900K. 

The results are summarised below: 

 Cu resistivity decreases along the melting boundary 

 Zn resistivity is constant along the melting boundary 

 Co resistivity is constant along the melting boundary  

 Nb undergoes an electronic transition at high T that decreases as P is increased.  

The experiments utilized a four-wire technique and polarity switch. Comparisons with 

1atm studies were generally in good agreement. Using the Wiedemann-Franz law with the 

Sommerfeld value for the Lorenz number, electronic thermal conductivity (ke) was calculated from 

resistivity data for each of the four metals. 

6.1 Filled d-band Metals: Cu and Zn 

The electrical resistivity at the melting T of Cu decreased as a function of P up to 5GPa in 

contrast to theoretical prediction of resistivity invariance [1] along its melting boundary. In Cu, 

the distance of separation between the d-band and the Fermi level (𝐸𝑓𝑑) increases with increasing 

P. Although, the onset of melting is accompanied with a change from long to short range structural 

order which is manifested in the abrupt change in electrical resistivity, 𝐸𝑓𝑑  is unaffected by the 

melting process. This suggests that in addition to the normal antagonistic effects of P and T on 

resistivity, the effect of P on 𝐸𝑓𝑑 at the melting boundary could explain the decreasing resistivity 



 

121 
 

of Cu with increasing P along the melting boundary as observed in this study. The calculated ke 

increased with increasing P both in the solid and liquid state. However, at fixed P, ke decreased 

with increasing T in the solid state and increased with increasing T in the liquid state.  

The electrical resistivity of Zn remained constant along the melting boundary up to 5GPa. 

These findings were interpreted in terms of the antagonistic effects of P and T on the electronic 

structure of liquid Zn. The Fermi surface of Zn extends to the third Brillouin zone which results in 

a complex Fermi surface. The Fermi level of Zn is located within the filled d-band in contrast to 

Cu with its d-band located below the Fermi level. Owing to the complexity of the Fermi surface 

of Zn, an s-d hybridized network is formed. From the effects of P and T on the s-d hybridization, 

spin-orbit splitting, amplitude of phonon vibration and Fermi surface topology, the respective 

resistivity decrease and increase with P and T appear to compensate each other at the melting 

boundary as predicted [1]. The ke of Zn increased both in the solid and liquid state. However, with 

increasing T, ke decreased in the solid state and increased with increasing T in the liquid state. 

The resistivity of Zn and Cu along their respective melting boundaries behaves differently 

even though they both have filled 3d-band states. This suggests that the criterion for electrical 

resistivity invariance cannot be only ascribed only to the state of filling of d-band as theories 

suggested. The position of the d-band relative to the Fermi level and the complexity of the Fermi 

surface and its volume relationship with the Brillouin Zone appears to play a role. These factors 

will determine if the d electrons will hybridize with the conduction s electrons as in the case of Zn 

or unhybridize in the opposite case of Cu. The P effect on the electrical resistivity of metals with 

a filled d-band at the melting boundary appears to be dictated by the presence of s-d hybridization 

or non s-d hybridization around the Fermi surface. In the hybridized case of Zn, it is expected that 
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increasing P would lead to increasing hybridization hence increase resistivity. However, in non-

hybridized case of Cu, increasing P leads to increasing 𝐸𝑓𝑑  and hence a decrease resistivity.   

6.2 Unfilled d-band metal: Co 

The electrical resistivity of Co measured up to 5GPa demonstrated that its resistivity also 

remained constant along its melting boundary similar to Zn. This was interpreted in terms of the 

cancelling effects of the reduction in the amplitude of lattice vibrations with increasing P, tending 

to decrease resistivity, and the P-induced increase in d-resonance bringing the Fermi level closer 

to the d-resonance energy, which tends to increase resistivity. T seems to have little effect on the 

electronic structure of Co on melting. These results disagree with the prediction of the revised 

theory by Stacey and Loper [2] and tend to favor the earlier theory by Stacey and Anderson. 

However, the assumption made by Stacey and Anderson on the mobility of d-electrons being 

comparable to s electrons disagrees with theories which accounted very well for the electrical 

resistivity of unfilled d-band liquid transition metals through d-resonance scattering in the 

modified Ziman nearly free electron model. The calculated ke from resistivity data showed an 

increasing trend with increasing P both in the solid and liquid state, but upon T increase, ke 

decreases in the solid and increases in the liquid state. 

6.3 Nb 

The electrical resistivity of solid Nb was measured up to ~1900K and 5GPa. The expected 

resistivity decrease with P and increase with T was observed. However, at fixed P, an electronic 

transition from the ‘minus group’ to ‘plus group’ was observed in the T-dependence of resistivity 

at high T. The transition was discussed in terms of the effects of P and T on the electronic band 

structure of Nb. It is likely that P causes a metal-stable state in the spin sub-bands of Nb by 

increasing separation of the s and d bands relative to the Fermi level. At fixed P and with increasing 
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T, the meta-stability increases and eventually leads to redistribution of electrons in an attempt to 

achieve a stable chemical potential. The position of the Fermi level changes from its initial position 

in a region of high density of states to a position in a region of low density of states as electrons 

are redistributed. With P effect also causing anisotropy in the Fermi surface of Nb due to the 

differences in the compressibility of Fermi surface components combined with the new position 

of the Fermi level in the region of low density of density, the conditions allow for Nb to transition 

to a similar electronic structure at ambient conditions of the ‘plus group’ metals. Hence, at high P 

and T, Nb behaves like the ‘plus group’ metals with a concave T- dependence of electrical 

resistivity at 1atm.   

6.4 Implications for the Thermal Conductivity of the Earth’s Inner Core Boundary 

From the T-dependence of electrical resistivity of liquid state Co at fixed P range up to 

5GPa from this study, the results demonstrate invariance in the electrical resistivity along the Co 

melting boundary. Since Fe is an electronic analog of Co, this could imply that the ktotal of the ICB 

may be similar to kFe at 1 atm at the melting point of ~33 Wm-1K-1 [3, 4]. This agrees with the 

result of direct measurement of solid Fe by Konôpková et al. [5] which placed the ktotal of the 

Earth’s core near the low end of previous estimates at (18-44)Wm-1K-1.  A low value of kcore implies 

that the age of the inner core may be old and that the geodynamo may have had an energy source 

from compositionally-induced convection since the birth of the inner core. In addition, thermal 

convection may have played a role in sustaining the geodynamo before the birth of the inner core. 

6.5 Future Work 

The electronic structure of Ag and Au are similar to that of Cu with a neck feature on their 

individual Fermi surfaces making contact with the Brillouin Zone boundary. Previous 

experimental work demonstrated that with increasing P, 𝐸𝑓𝑑 increases in Ag similar to that of Cu 
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[6]. No such experiment was found in literature for the case of Au. However, considering the 

similarity in the electronic structure of Cu, Ag and Au, it is expected that the Fermi surface of Au 

would be similar. Hence, the electrical resistivity of Ag and Au along their melting boundaries 

should be investigated, for comparison with the results of Cu. This will help in the classification 

of the electrical resistivity of these metals on their melting boundary in relation to their electronic 

character.   

Zn and Cd have similar electronic structure whose Fermi surfaces extend beyond the first 

Brillouin Zone. Investigation of the electrical resistivity of Cd along its P-dependent melting 

boundary would also be helpful in classification of the electrical resistivity of these metals on their 

melting boundary in relation to their electronic character.  

Ultimately, the electrical resistivity of Fe along its P-dependent melting boundary should 

be investigated which will help in the estimation of the ktotal of the ICB of the Earth.  

Finally, the electrical resistivity of the ‘minus’ and ‘plus group’ paramagnetic metals 

should be investigated at high P and T conditions to further characterize their electron-electron, 

phonon-electron relationship and the phase state of these metals. Specifically, the prediction in the 

current work that Nb will behave as a ‘plus group’ metal at P higher than 27GPa should be tested. 

 

 

 



 

125 
 

6.6 References 

[1] Stacey, F. D., and Anderson, O. L. (2001). Electrical and thermal conductivities of Fe–Ni–Si 

alloy under core conditions. Physics of the Earth and Planetary Interiors, 124(3), 153-162. 

[2] Stacey, F. D., and Loper, D. E. (2007). A revised estimate of the conductivity of iron alloy at 

high pressure and implications for the core energy balance. Physics of the Earth and 

Planetary Interiors, 161(1), 13-18. 

[3] Zinov'yev, V. E., Polev, V. F., Taluts, S. G., Zinov'yeva, G. P., and  Il'inykh, S. (1986). 

Diffusivity and Thermal Conductivity of 3 d-Transition Metals in Solid and Liquid States. 

Phys. Met. Metallogr.(USSR), 61(6), 85-9. 

[4] Nishi, T., Shibata, H., Waseda, Y., and Ohta, H. (2003). Thermal conductivities of molten iron, 

cobalt, and nickel by laser flash method. Metallurgical and Materials Transactions A, 

34(12), 2801-2807. 

[5] Konôpková, Z., McWilliams, R. S., Gómez-Pérez, N., and Goncharov, A. F. (2016). Direct 

measurement of thermal conductivity in solid iron at planetary core conditions. Nature, 

534(7605), 99-101. 

[6] Zallen, R. (1966). The effect of pressure on optical properties of the noble metals. optical 

properties and electronic structure of metals and alloys: Proceedings of the International 

Colloquim, 164. 

 

 



 

126 
 

 Appendix 1– Cell Design 
 

 

 A1.1 Schematic drawing of cube section with components parts.  
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Appendix 2– Microprobe Results 
 

 

A2.1. Back scattered electron images of recovered Cu at 2GPa and ~1600K, alongside tabulated 

microprobe results.  T.C. is thermocouple. 
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A2.2. Back scattered electron images of recovered Cu at 3GPa and ~1750K, alongside tabulated 

microprobe results.  
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 A2.3. Back scattered electron images of recovered Zn at 3GPa and ~1050K, alongside tabulated 

microprobe results.  
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A2.4. Back scattered electron images of recovered Zn at 4GPa and ~950K, alongside tabulated 

microprobe results.  
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A2.5. Back scattered electron images of recovered Co at 2GPa and ~1950K. T.C position is located 

at the center above the top end of the sample.  
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