





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-

dilnk,
oP

coefficient of k., (5) of 0.051 +0.015GPa’, 0105 +0.001GPa®, and 0.095
T

+ 0.004 GPa*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 Eqgn (2), which is similar to Egn 1 for electrical resistivity:

(45), = 5= @

ap Kr

0 1 2 3 4 5
P (GPa)
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, (dInp/dP)t

are (0.051 + 0.015) GPa?, (0.105 + 0.001) GPa™ and (0.095 + 0.004) GPa™ for the respective
isotherms. Data at 1atm are from Tye [24].

115



Values of 0.015GPa, 0.023GPa™ and 0.028GPa* were caluclated for 300K, 1200K and 1500K
isotherms respectively. The predictions of (3 Ink, /d P)r 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:

e Cu resistivity decreases along the melting boundary

e Znresistivity is constant along the melting boundary

e Co resistivity is constant along the melting boundary

e 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
latm 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 (E4) 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, E¢, 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 E¢, at the melting boundary could explain the decreasing resistivity
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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 Ef,; 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 latm.
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 kiotal Of the ICB
may be similar to kre at 1 atm at the melting point of ~33 Wm™K™ [3, 4]. This agrees with the
result of direct measurement of solid Fe by Kondpkova et al. [5] which placed the kiota Of the
Earth’s core near the low end of previous estimates at (18-44)Wm™K*, A low value of keore 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, Ef, 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 kiota 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.
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Appendix 1- Cell Design
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Al.1 Schematic drawing of cube section with components parts.
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Appendix 2- Microprobe Results

Comments | W (Mass | Cu(Mass | Re (Mass | Total
%) %) %) (Mass %)

Cu_2GPa-01 | 0.017 99.192 ND 99.209
Cu_2GPa-02 | 0.074 101.252 | ND 101.326
Cu_2GPa-03 | 0.068 98.929 0.007 99.004
Cu-2GPa-04 | 0.101 99.413 ND 99.514
Cu-2GPa-05 | 0.034 101.173 | 0.034 101.241
Cu-2GPa-06 | 0.078 99.853 ND 99.931
Cu-2GPa-07 | 0.087 100.027 | 0.022 100.136
Cu-2GPa-08 | 73.74 0.008 254 99.148
Cu-2GPa-09 | 73.502 | -0.006 25.24 98.736
Cu-2GPa-10 | 73.5 ND 25.146 98.646

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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Cu

3GPa
~1750K

Points | Comments | W({Mass %) | Cu(Mass %) | Re(Mass%) | Total (Mass %)
1 Cu-3GPa-01 | 92.87 ND 5.809 98.679
2 Cu_3GPa-02 | 92.996 ND 6.981 99.977
3 Cu_3GPa-03 | 93.959 0.008 6.616 100.623
4 Cu_3GPa-04 | 0.065 100.214 ND 100.279
S Cu_3GPa-05 | 0.085 99.381 ND 99.466
6 Cu_3GPa-06 | 0.068 100.654 ND 100.722
7 Cu_3GPa-07 | 0.086 100.007 ND 100.093
8 Cu_3GPa-08 | 0.096 100.221 ND 100.323
9 Cu_3GPa-09 | 0.059 100.221 0.018 100.293
10 Cu_3GPa-10 | 74.082 ND 25.206 99.288
11 Cu_3GP3a-11 | 93.489 ND 6.491 95.98
—

20.0xV COMPO

A2.2. Back scattered electron images of recovered Cu at 3GPa and ~1750K, alongside tabulated
microprobe results.
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Points Comment W (Mass %) | Zn (Mass %) | Re (Mass %) | Total (Mass %)

Zn

3GPa 2 Zn_3GPa-02 | 0.071 59.273 ND 59.268

1 Zn_3GPa-01 | 0.032 98.684 0.017 98.733

~1050k 3 Zn_3GPa-03 | 0.101 99.029 0.071 99.201

4 Zn_3GPa-04 | 0.053 99.477 0.017 99.547

5 Zn_3GPa-05 | 0.053 99.471 ND 99.505

6 Zn_3GPa-06 | 0.156 99.053 0.053 99.263

7 Zn_3GPa-07 | 93.078 ND 6.68 99.642

8 Zn_3GPa-08 | 93.773 ND 6.862 100.515

9 Zn_3GPa-09 | 74.521 ND 24.779 99.3

Zn_3GPa-10 | 74.039 ND 25.522 99.561

100pm UWO
wn

Mon

A2.3. Back scattered electron images of recovered Zn at 3GPa and ~1050K, alongside tabulated
microprobe results.
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20.0kV COMPO

Comment W (Mass %) | Zn (Mass %) | Re (Mass %) | Total (Mass %)
1 Zn_4GPa_01 | 74.015 ND 25.087 99.102
2 Zn_4GPa_02 | 73.501 ND 25.812 99.313
3 Zn_4GPa_03 | 0.071 99.298 0.029 99.398
4 Zn_4GPa_04 | 0.085 99.153 ND 99.23
5 Zn_4GPa_05 | 0.072 100.043 0.012 100.127
6 Zn_4GPa_06 | 0.119 99.452 0.028 99.599
7 Zn_4GPa_07 | 74.607 ND 25.618 100.225
8 Zn_4GPa_08 | 73.17 ND 26.14 99.31
- s 9 Zn_4GPa_09 | 93.317 ND 6.494 99.698
20.0KV COMPO NOR

A2.4. Back scattered electron images of recovered Zn at 4GPa and ~950K, alongside tabulated
microprobe results.
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2GPa
~1950K

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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