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THE EFFECT OF HIGH PRESSURES ON
THE CONDUCTIVITY OF VAPORS

by
S. W. Kurnick and J. F. Colwell

ABSTRACT

21897)

Studies were conducted to determine whether increasing the density
of metallic vapors would cause them to exhibit electrical conductivity.
Theories based on a one-electron model indicate that metals having low
ionization potentials (i.e., the alkali metals) should have the highest con-
ductivity. Calculations indicated that the conductivity of Hg:Cs alloys
should be high enough to be of interest. Theories based on a many-body
model also indicated that Hg:Cs alloys should be a good candidate.

Experiments in a high pressure autoclave were conducted on pure
Hg vapor at pressures up to 735 atm. No conductivity attributable to the
vapor was observed, indicating a conductivity o < 10-2 /m. Measurements
on 95% Hg:5% Cs were made at temperatures up to 1460°C and at pres-
sures up to 965 atm. A decrease inelectrical losses was observed and
may have been caused by conductivity within the vapor, however, the evi-
dence is not conclusive. Thus, the question of the effect of pressure on
the conductivity of the system remains unresolved. However, it does not
appear that useful conductivities can be attained in the Hg:Cs system at

reasonable pressures (up to 300 atm). W

iii



SUMMARY

An experimental and theoretical research program was conducted
to investigate the possibility of increasing the electrical conductivity of
vapors by increasing the pressure (up to 1000 atm). Qualitative theoreti-
cal estimates, using a one-electron conduction band model, showed that
the best conductivities would be expected from materials with low ioniza-~
tion energies and high polarizability. The role of electron-electron corre-
lation in causing a sharp transition between insulation and conduction was
also studied. If the transition is sharp, it is expected that the transition
must be accompanied by a density change. No conclusive evidence for or
against this theory was found.

Materials having high vapor pressures were selected for experi-
mentation so that the pressure and temperature range of interest would be
applicable. Delays in designing and manufacturing the required high pres-
sure experimental apparatus and in solving certain experimental problems
(e.g., heat losses), restricted the number of experimental runs that could
be performed in the available time. Experimentation was therefore lim-
ited to measurements of Hg, P and 0.95 Hg:0.05 Cs. Results are sum-
marized as follows:

a. Measurements on P vapor were limited to 700°C and 1250 psi
(85 atm). No conductivity ascribable to the sample was de-
tected.

b. Up to 10,800 psi (735 atm), Hg vapor exhibited no detectible

conductivity. Attempts to make measurements at higher
pressures were discontinued to permit concentration on the
Hg:Cs system during the limited time remaining in the
program.

c. Measurements were made on 0.95 Hg:0.05 Cs up to 1460°C
and 965 atm. While an anomalous behavior was observed
between 1100°C and 1460°C, no conclusive evidence for
appreciable conductivity was established. This anomalous
behavior requires further study.

As a result of this program, it is concluded that the Hg:Cs system
is most likely to conduct at high pressures. However, confirmation of the
theory must await further experimentation.
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INTRODUCTION

This summary report describes the progress achieved during a
twelve-month theoretical and experimental research program on the effect
of pressures up to about 1000 atm on the electrical conductivity of vapors.
This limnit was sct arbitrarily as the maxiinum pressure of interest. If
proven valid, the concept had possible application for MHD generators.

The electrical nature of matter at densities between one and ten
per cent of that of normal solid or liquid metals is a problem of great
importance. On the basic side, it is of the essence of a "many-body"
system where electron correlations play an important role in determining
both the equilibrium and transport properties. An increasing amount of
theoretical attention is currently being devoted to this subject. 1-3) How-
ever, because of the extreme temperatures and moderately high pressures,
little experimental work has been conducted in this field. (4, 5)

Technologically, the possibility of achieving essentially metallic
conductivity at fractional densities of solids or liquids is of great potential
importance, both in MHD and thermoelectric systems,

Theoretically, the possible increase of conductivity at high pressure
is explainable in terms of overlapping discrete energy levels. An increase
in pressure decreases the interatomic distance until the wave functions of
the valence electrons overlap, with a resultant broadening of the atomic
levels into a conduction band. The theories of solid-state physics have
long postulated <hat a sharp increase in electrical conductivity occurs when
this conduction band occurs. It is conceivable that under high pressure,
an atom with the proper electron configuration might be brought close
enough to its neighbor for this to happen. Before the start of the program,
it was estimated that the required pressure would be of the order of several
hundred atmospheres.

The theoretical aspect of this program had as its ultimate purpose

the establishment of the relation between electrical conductivity and density.

The experimental part was to provide measurements of the electrical con-
ductivity of vapors of choice at moderate temperatures (< 1600°C) and at
pressures up to 1000 atm. The measurement of other properties, such as
the optical properties, were to be postponed until such an augmented coa-
ductivity was experimentally established.

1



The theoretical background for this program is discussed in
Section II. The experimental program is described in Section III. Sec-
tion IV and V contain conclusions and recommendations for future work
while the personnel who contribute to this program are listed in Section
VI.




II

THEORETICAL PROGRAM

From the theoretical point of view, the problem can be reduced to
its essence by imagining that the atoms are fixed on lattice points with
nearest neighbor distances r. The question is, what happens to the elec-
trical conductivity as r is varied from very large to very small values?
One knows the answer for two regions of the curve; if r is very large,
there can be no interaction between the atoms (in particular, no transfer
of charge through the lattice) and the system is a non-conducting vapor.
If r has the value normally encountered in liquids or solids, then (if one
starts with atoms that are known to be metallic) the conductivity will be
quite high. Thus the question becomes, at what r does conductivity become
apparent and how rapidly does the conductivity rise as r is made even
smaller?

Although there is much question as to the specific details, the
general behavior is believed to be well known. As shown in the sketch,
the sharp atomic energy levels broaden into energy bands. The width of
these bands is related to the effective mass of the electrons, which deter-
mine the acceleration in response to an external field. In other words,
the effective mass will determine the conductivity. It might be mentioned
that the formation of energy bands is an effect that is analogous to the
lowering of the ionization energy in a plasma as found by Ecker and Kroll. (6)
The mechanism is somewhat different, however. In a plasma, the inter-
action between an atom and the microfields of the charged particles lowers
the ionization energy. In a dense vapor (or a liquid or solid) it is the inter-
actions between the neutral atoms themselves that change the energy levels.




At this point, we digress to discuss the applicability of the calcu-
lations to the experiment. Obviously, the atoms in a vapor are not fixed
on regular lattice points. Nonetheless, the fiction of a regular lattice
is such a computational convenience that one is loath to relinquish it.
Rather, one imagines that the gross features of the conductivity do not de-
pend on the detailed atomic positions but on the mean density. Thus, it is
convenient to do the calculation for a given lattice position and then, at
some point in the computation, to take an ensemble average over the atomic
positions. This average would hopefully not change the value of the con-
ductivity by a large amount. In fact, the average was not carried out in
this work, and only a rough estimate of the conductivity was obtained.

One further point should be raised. In principle, the conduction
bands, as envisioned here, would be formed even at zero degrees Kelvin
and would require no thermal activation. The experiments were carried
out at high temperature, however, so that Saha ionization and the conse-
quent transport of free electrons may also occur. This effect has been
estimated and found to be small for the pressures and temperatures of
interest here, at least for the cases of mercury and the alloy of mercury-
cesium investigated.

The theoretical work is described in two separate parts. The
first, and shorter, is concerned with calculating the vapor pressure and
density of pure Hg and Cs using van der Waals' law. The second part is
concerned with calculating the conductivity as a function of the density.
Both parts may be regarded as providing a guide for the design of the ex-
periment, and, in addition, information from the density calculation is
needed to make the conductivity estimates.

In addition to these two parts, Appendix I contains a discussion of
the role played by electron-electron correlations in the problem of the
onset of conductivity. This Appendix also contains a thermodynamical
analysis of the nature of the insulating-conducting transition. This analy-
sis shows that the insulating-conducting transition will be accompanied by
a density transition; i.e., the transition will be similar to an ordinary
phase transition and a conducting gas does not exist. If these conclusions
are correct, they bode ill for this program. It is possible, however, that
the analysis is based on an oversimplified model which in no case would
predict the existence of a critical point. Further, Birch's ) data appear
to show that conducting gases do exist. For these reasons, it became even
more interesting to carry out the experiments to see what behavior is
actually observed.

In general, for the vapor of a material to be a good conductor, it
must have a low ionization energy and high polarizability. Furthermore,

there is the experimentally desirable condition that the vapor pressure be
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in a range such that the pressure-temperature region of interest remains
accessible. These requirements limit the metals to be considered to Hg
and the alkalies (preferably Cs). The explicit calculations made in the
theoretical program were limited to these two metals. No actual calcula-
tions were attempted for the non-metals, but certain qualitative considera-
tions described in the experimental section indicated that phosphorous
should be promising.

2.1 Pressure and Density Calculations

Data on the vapor pressure as a function of tempefature was re-
quired to permit the design conditions of the autoclave to be calculated.
The interatomic distance as a function of temperature, required for theo-
retical calculations of conductivity, may be derived from the vapor density
provided by these pressure and density calculations.

The required data on pressure, density and temperature of mer-
cury and other vapors in the elevated pressure and temperature region
could be taken from the literaturel7: 8F; unfortunately, an ideal gas is
assumed as the basis of these tabulations. It seemed desirable to use a
somewhat more realistic equation of state, so some computations were
programmed for the IBM-7044 for van der Waals' equation,

(p+%)(v-b)=RT (1)
v

which is fairly successful in describing gas behavior near and above the
critical temperature. It was further felt that data derived from this equa-
tion would be useful in calculating the dynamics of a gas in an experimental
apparatus when applied pressure or temperature is changed.

For Hg, the constants

. 2
liter atm

a=8.093 ———— , and
2
mole
liter
b=0.01696 —8— ,
mole

were taken from the Handbook of Chemistry and Physics, with the univer-
sal gas constant, R = 0.08206 liter atm/mole-°K in these units. Since the
critical values are related{? to a and b by
8
p—a,v=3b,T=a, (2)
C 27b2 C




this choice of a and b leads to P.~ 1040 atm, TC ~ 1450°C, and, calling A
the atomic mass, the density ¢ is

-3
A x 10 4
p:—-———,:\‘,—-—g—
v 3
C cm

As is well known, below T ., the isotherms of van der Waals' equa-
tion (plotted in the p -~ v plane) have an oscillation which does not corre-
spond to thermodynamic equilibrium. The latter is obtained by drawing a
horizontal isobar at a pressure which intersects the isotherm, T;, at three
points in such a way that the two areas defined between the isobar and the
isotherm, (with one area below the isobar, the other above), are equal
(see sketch). The two extreme intersection points correspond to the liquid
and gaseous specific volumes, respectively. The pressure P; defining the
isobar is the saturation pressure, and the line between the extreme points
of intersection gives the p-v curve at T, in the liquid-gas mixed phase.
The region under the dashed curve represents this mixed phase, the re-
gion to its left and to the left of the Tc isotherm indicates the liquid phase,
and the region to its right and below the Tc isotherm represents the gas
phase. To the right of the T, isotherm only one phase is defined.




In the computer program, Ti ranged over values from 450°C to

Tc’ and for each isotherm, the saturation pressure, P;» and the liquid and
gas densities, PiL and P;,» Were computed from van der Waals' equation.
For each saturation pressure P;» gas density values were also computed
for the superheated vapor at temperature T; ij up to 200° above T;. Finally,
the derivatives (dp /a and (3p /ap)T , which are useful for cornputa-
tions of the dynamlcs oiptﬁe experlment were evaluated over the pertinent
range.

Similar computations were also made for the alkali metals, where
no reliable cr1t1ca1 data are available. Here T, = 2500°K and Pc =300 atm
were assumed, leadlng to van der Waals' constants

) 2
a=59.1811er—%gp- , and

mole

0.08548 ter
mole

o
1

It would be fortuitous if these values gave more than a qualitative picture
of the vapor behavior of one of the alkalis, let alone of all of them from
Lito Cs.

Figure 1 shows the density-temperature relationship at saturation
for mercury. The streamers are isobars for vapor heated above the
saturation temperature. Figures 2 and 3 gives pressure versus tempera-
ture for Hg and Cs.

2.2 Conductivity Calculation

2.2.1 Outline of method

The problem of calculating the conductivity of a collection of atoms
is not inordinately complicated provided the energy levels for the elec-
trons are adequately given by a band structure that can be calculated from
a one-electron theory. (10) The procedure is first, to find the energy
levels (or rather the effective mass of the electrons which is known once
the energy levels are found), and then to derive the coupling between the
electrons and the ion density fluctuations that scatter the electrons from
one state to another (in a solid, these are phonons) and, finally, to find
the conductivity by averaging over all filled energy levels. We have, in
fact, adopted this procedure here, using suitable approximations at various
steps to permit rapid estimates to be made on a variety of materials.

sk

See page 143 of Ref. 8.
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According to many physicists“l’ 12) the role of electron correla-

tions is such as to prevent the continuous formation of bands as the density
is continuously increased. Instead, there will be no formation of bands
until the density is greater than some critical value. Thus the procedure
outlined above is incorrect in principle. Whether such a critical density
does exist at the elevated temperatures of concern here is by no means

an established fact experimentally. In fact, from the point of view of the
final effect, there may be little difference between the one-electron theory
and a more complete many-body theory that takes into account the elec-
tron correlations. The reason is that the one-electron calculation, while
in principle continuous, actually predicts a very rapid change in conduc-
tivity with pressure so that it may be difficult experimentally to determine
whether the actual onset is discontinuous or merely a very strong function
of pressure.

The above discussion about the conductivity does not take into
account the possible implications regarding density changes that may ac-
company the conduction changes. This is discussed in Appendix I, where
it is assumed that there are two distinct states, the conducting or metallic
state and the insulating state, and that one knows, qualitatively, how the
free energy of these two states varies with density. It is then shown that
a transition to a metallic state of intermediate densities is thermodynam-
ically unstable: the material is either a metal with a large density or an
insulator with a small density,

In spite of the above objections, it remains an experimental fact
that none of the points have been verified in any detail; on the other hand,
the one-electron picture has worked fairly well for solid and liquid metals.
For this reason, it was felt to be useful to use the simple picture to obtain
estimates of the conductivity. Even though these estimates are not based
on a solid formal foundation, it was hoped that they would be accurate
enough to provide some gulde in planning expcriments and would be of some
use in interpreting any datathatwere found. Unfortunately, in view of the
somewhat ambiguous nature of the data collected, the second function was
utilized in only a cursory fashion and it is not really known how well the
first function was performed.

The calculations outlined in this section will now be done. First,
the formal expression for the effective mass will be derived and a very
simple expression for this mass will be found and is expected to be quali-
tatively correct. This simple expression is not expected to be very accurate
for large densities but it is designed to be useful for surveying qualitatively
the behavior of different metals in the small density limit. This simple
expression is then used to estimate the conductivity for Hg, Cs, and Hg:Cs
alloys. Finally, a more detailed calculation that might be carried out for
a metal with one valence clectron is indicated for Cs at small densities.

11



We have not been bold enough to try to make any predictions for
substances (such as P) which in the normal liquid state are either insula-
tors or semiconductors. This is not because we do not think these sub-
stances may become conductors; it is merely because the simple theory
developed here ignores any formation of chemical bonds which, in fact,
must actually form in insulators or semiconductors.

2.2.2 Formal calculation of effective mass

We shall use a model due to Knight and Peterson(!3)
the energy of an interacting system of atoms in terms of a sum over the
reciprocal lattice space (this model was developed for the case where the
atoms are located on a given lattice). It will be more convenient for our
work to transform this into a sum in coordinate space because the recip-
rocal lattice vector has a magnitude 1/r (where r is the separation dis-
tance) and a sum in this space may be expected to converge very slowly
if r is large. A sum over r itself should be rapidly convergent. We also
prefer to work in coordinate space since the dense vapor is not, of course,
a perfect solid, so that we must take an ensemble average over the posi-
tion of the particles. This is most easily done in coordinate space rather
than in the reciprocal lattice space.

which gives

The dispersion relation giving the energy, written in atomic units
(1 A.U. of length ~ 0.53 i, and 1 A.U. of energy% 13.5 eV), as derived
by Knight and Peterson(1 ) (their Eq. 18), i

1‘(9)2 "’(k”’” , (3)
B (& + D)’ E,

where § is the volume of a unit cell, b is a reciprocal lattice vector, and
V is the Fourier transform of a '""pseudo-potential" to be discussed later.
We have used +Ejy for the electron energy rather than their more conven-
tional - Ey; the conventional Ey is a negative number since we are dealing
with bound states. To carry out the transformation to coordinate space
we define the summand of Eq. (3) as T (k + b) It has a Fourier transform
which we call f(r);

~ 2 .
f(r) = 1 d3a _JV_(E)_I_ 14" T (4)

so that we can write

?(B+E) = fd3rf(r) elb. re1k e (5)




The actual rather complicated mechanics of finding f(r) will be discussed
in later sections.

To carry out the sum over b, we expand b in terms of the recipro-
cal lattice basis vector bi and r in terms of the lattice vectors a;:

b=2rnb., r:x_é./iail (6)

with

The use of Eqs. (5) and (6) in Eq. (3) yields

1+(1/0) ; HB+8)=(1/0) fdsrf(r)eik'rni A exp(2mixn./a.) (8)

RE RSN

"~ ) sin(2m x. N/a.)
1 = (1/9)] & ri(ry ™ T v

1 sin{m x./a.
( 1/ )

(9)

The last member of Eq. (9) is familiar from diffraction grating
theory; it is of the order N (the number of atoms contained along one edge
of the sample, and thus a very large number) whenever the denominator is
zero, and is of the order 1 elsewhere. In other words it is well approxi-
mated by a delta-function:

sin(2m X, N/ai) Z sin (2w X, N/ai)

sin(wx./a)) m(x./a. - n)
i i’ i

—‘a.ZO(x.-na.) as N—=_, (10)
1 1 1
n

n

The lattice positions are given by
— _ had , 11
4 Z n.a, (11)

where the set of n;' s are all integers. Equations (10) and (11) imply that
the factor which occurs in Eq. (9) may be written

sin(ZTrx.N/a.) N
1 L lznzur-z) : (12)
£

i sin(rx./a.)
i’ i

13



Now insert Eq. (12) in Eq. (9) to find
S5 ik -
Zf (f) e : (13)
L

Equation (13) is the desired dispersion relation for the energy Eg-
The expression, f(l,), as defined by Eq. (4), must be varied by varying Ey,
until Eq. (13) is satisfied. This value of Ek is the correct eigenvalue.

=1

The effective mass tensor, which we actually need, is defined by

T - —
—_— = 14
m™ k vk Ek (14)
If the gradient in k is applied twice to Eq. (13), one obtains
3t = ¥ = 3 - =) ik %
= —_— f- . 15
Z S, Vi EkVEk+BEk VeV B 214V, Ef- 24 e (15)

y)

One usually wants the effective mass at an extremum in the energy band,
at which point the derivative of E is 0; for these cases, Eq. (15) reduces
to

4
= - - vd . 16
o Y 3 k.3 (1é)
4 aEk

Finally, we shall be content with an average effective mass, which we
define as m. It is the average over the diagonal elements of Eq. (16},

- Zzz f(J@)elk.)6
1 £
of oik - £
aEk
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2.2.3 Approximate effective mass

Before proceeding with a general calculation, we shall develop an
approximation which is probably not too far wrong and which is very use-
ful for obtaining quick estimates. Recall that v(q) is the Fourier trans-
form of a pseudo-potential occurring in the Knight-Peterson model. Since
the atom has a certain size, ;(q) must approach zero as q approaches
infinity because of the general principle that the product of the uncertainty
in the position times the uncertainty in the momentum is fixed. The approx-
imation consists of assuming that V(q) is very small for q greater than
some q,, and that this q, is much less than the square-root of the energies
involved. If this is the case, then Eq. (4) reduces to

£(2) :-—1—? fd3q|“v‘(q)|‘eiq' L (18)

But, according to Fourier transform theory, this is merely the convolution
of the Fourier transform of V(q); which is v(£), the pseudo-potential itself:

£(7) :—l—‘[darv(;‘) Wr-1) . (19)
K

Equation (19) is a very physical result since it says that the broad-
ening in energy levels and the effective masses calculated above are due to
a function which depends on the overlap between various atoms. That is,
if the atoms are very localized in space and very far apart, then there will
be no interactions and all energy levels must reduce to the free atomic
states. This may be expressed more formally by letting R go to infinity in
Eq. (13) so that only the term with / = 0 in the sum remains,

1= =L (@3 . (20)
Ey

Since Equation (20) is independent of k, the solution is

E =E_= fd3rv2('r’) ) (20")

The fact that the atoms are now isolated and do not interact implies that

E, is the free atom energy level.
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Equation (19) can, in principle, be found for any potential. We shall
work it out now for a particular potential which, on one hand, can be done
quite simply, and on the other hand represents fairly well the normal state
of atoms. Namely, we take

-\
Ae *

v(r) = (21)

Equation (20') shows that the strength, A, and the size, \, must be related
to Eg via

E = . (22)

The task of actually performing the integration in Eq.(19) is relegated to
Appendix II. The result is

=

o -\¢

(1) ==—e ", (23)

L

We now insert Eq. (23) into Eq. (13) to obtain the energy

AL ik- ¢
E -E [1 ¢ ¥ e M (24)
k o 7

The effective mass is most easily found by differentiating Eq. (24) directly,
rather than by using the more complicated Eq. (17); the result is

E —_ -
- 1k
—L:—Ezﬂze )\zelk . (25)
m 3.7

For the initial estimate, we shall take A from the asymptotic value
of the wave functions to be

A =/E . (26)

With this, all parameters in Eq. (25) for the effective mass are known and
we can make numerical estimates. For convenience, we do this for k=0
(the bottom of the band) and for a simple cubic lattice. This latter state-
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ment implies that there are 6 atoms with £=r (r is the interatomic separ-
ation) , 12 atoms with % = r/2, and 8 with £ = r/3, etc. The results for
the Cs s-band and Hg p-band are reproduced in Figure 4 which plots the
effective mass versus r. Since the experimental variable is the pressure,
we must convert r to density and then, using Figure 1, to pressure. This
is done in Figure 5.

2.2.4 Estimation of conductivities

We shall now compute conductivities to be expected on the basis of
the preceding estimates. It must be emphasized thatthe numbers we obtain
are very unreliable for several reasons; first, the work in the preceding
section was very approximate and designed to give a quick estimate. The
second proviso is that the scattering time has not been calculated. We
merely estimate it on what is known for other electron systems. The esti-
mates were undertaken in spite of their lack of finality because it was hoped
that they would provide some guidance as regards the range of pressures
and temperatures which must be reached as well as some guidance as to the
most promising materials.

For the conductivity, we take the usual expression
T =neu (27)
where n is the number of carriers per unit volume, e the electric charge,

and L the mobility. Either simple kinetic theory arguments, or more elab-

orate calculations,(l4) show that the mobility is of the form

b= u (T )T /T /m)° (28)
(0] O (o]

for metals, and of the form
3/2 —.5/2
w=p (T NT /T) / (1/m) / (29)
o o o

for semiconductors. The difference between these two expressions is
immaterial for our present crude estimate; we take Eq. (28) for definite-
ness and also because it is somewhat simpler.

By using Eq. (28), Eq. (27) can be rewritten in the form

6 =0 (n/n T /T)1/m)" (30)
(0] O O
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as a parameter

18




r (A.U.)

30

25 —
20— -]
15 f— —
10— —

5 c l 1 1 '

40 100 1000 - 2000

P (atm)

Fig. 5--Interatomic distance r, as a function of pressure for Hg and Cs
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where 04 is the conductivity at some convenient temperature, To and
density, ns and where the effective mass is about 1. We take this state
to be the normal liquid.

We shall now discuss some specific materials, starting with Cs.
The liquid resistivity, depending on which data is used, (15) is about
0.36 uohm-meter. The density is about 2 g/cm3, SO
22 3
?‘3)<_...?:_:o,9>< 10Z /cm .

= X
ng 6 %X 10 33

We round this off to 10ZZ for future work.,

The conductivity is now estimated as a function of pressure for Cs
vapor in equilibrium with the liquid, by first using Figure 5 to find r for
a given pressure and then using Figure 4 to find m for that r. Finally the
density is given by

(31)

where r in Eq. (31) must be in cm. All of the quantities so found are
substituted into Eq. (30) to find the conductivity.

The chain of numbers is given in Table I; the result is graphed in
Figure 6. This Figure shows that rather large conductivities can be
obtained at modest pressures. This is still not an easy experimental
regime, as can be seen from Table I, since these pressures correspond
to very large liquid temperatures.
siderably over the rating of the furnace which was used in this research

so pure Cs was not explored experimentally,

The temperatures are, in fact, con-

Table I

EFFECTIVE MASS AND CONDUCTIVITY OF Cs

T P r (c:n) n/cm3 o
(°K) |(atm)| (A.U.) [ (x 107 | (x10°%) | @™ |(ohm™!/m)
2000 | 115 22.9 1.21 5.64 | ~ 103 0.025
2100 | 144 | 21.2 1.12 7.10 300 0.30
2200 | 176 19.7 1.04 8.90 | 160 1,47
2300 | 213 18.2 .96 11.24 | 90 5. 4
2400 | 250 16.7 .88 14.54 | 34 55
2500 | 300 14.2 .75 23.5 ; 11| 690

20




103 115 144 176 213 250 300
T T Y T T T
P (atm) ]
]
102 | ]
10 | —
— K N
~
g
2 | .
£
~
; i ]
£ _
CARES T AT
b " -
i M ]
£--0O
Saha
i Conductivity )
10”4 ]
- -1
1074 L 1 | | {
2000 2200 2400 2600
T (°K)

Fig. 6--Theoretical estimate of the conductivity of pure Cs vapor

versus temperature.
the Saha mechanism
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In addition to the formation of bands as envisioned above, ordinary
Saha (thermal) ionization of the Cs vapor may occur and a conductivity due
to the resulting free electrons will be observed. The number of these
free electrons n; is given by the Saha equation, written here in the approx-
imation of small percentage ionization:

n, ) (32)

i 2

2 (znka)3/2 -E/KT
- nj—5—— e
h

where

n is the number density of Cs atoms,

m 1is the free electron mass,

h is Planck' s constant, and

E is the Cs ionization energy (3.88 eV).

The ionization energy would actually be expected to be lowered somewhat
by the same sort of interactions that form the energy bands and by the
fluctuating plasma potentials, as found by Ecker and Krdll.® The effects
have been ignored, however, so the Saha conductivity may actually be
higher than found here.

The conductivity of a free plasma is

nie

- mnp (33)

where e is the electronic charge, and p is the mean scattering frequency.
Following Robinson, (16) we judge that neutral-electron scattering is the
most important for the values of n of interest here and thus adopt his value
of

b~ 100 (cm3/sec) . (34)

The value of 0 due to Saha ionization is shown as the dashed line
in Figure 6. For the lower temperatures, it is actually greater than that
due to band formation. This is perhaps another reason why pure Cs is not
a good material in which to search for band formation. The effect will be
partially masked by the more common plasma conductivity.

We now turn to Hg, which has a liquid conductivity of about 100
ohm'l/m; and a density of about n = 4 X 1022/cm3. Since the ionization
energy of Hg is 10.38 eV, there is negligible Saha ionization and any con-
ductivity must be due to band formation. The processes that occur in Hg
may be quite different from those that occur in Cs because the s level in
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Hg is filled, indicating that the resulting energy band can be filled. By
analogy with solids, conduction can occur in one of three ways:

a. Metallic conduction in which the next band (originating from

the atomic p state) overlaps the s band--(this presumably
happens in the liquid),

b. Intrinsic semiconduction (thermal excitation from the s to
the p band), and

c. Extrinsic semiconduction (in which impurities are deliber-
ately added to contribute their electrons to the p level).

For all conduction processes, one must know the position of the
top of the s band and the bottom of the p band. To find the top of the s
band, we assume it occurs when

e = -1 for nearest neighbors, and
g ) . (35)
1 for next nearest neighbors.

—-

|

P
1

Thus, for the p band

= E [l+6exp(—r/§‘ )+12exp(—r/ZE\+....]. (36)
bottom P P P :

For the s band,

r

E =E ll—6exp(-r/f')+12exp(-r./ZE )-‘ (37
top s { S S

A
The results are shown in Figure 7. It can be seen at once that
metallic conduction (case a) will not be reached until the density approaches
that for a normal liquid. In fact, the figure shows the energies crossing
at a separation smaller than for the liquid. Equation (22) for the potential

is only valid for large r, however, so the model is not expected to give
quantitative results for small r.

We now estimate the conductivity for the other two cases listed
above. First, we estimate case b, for which there is an equal number of
holes and electrons. If they have equal mobilities, the conductivity is

-2
o =29 (n/n_) (T_/T) (1/m)". (38)
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(17)

Now, for an intrinsic semiconductor,

E -E
1 3/2—3/2
n~2x10 9(T/To)/m/ exp[-——sz-ﬁ—ﬁ] (39)
SO
- - 3 E_-E
o~0_ 10 (T/mTO) exp -——————RZkT . (40)

We now calculate this, as shown in Table II and plotted in Figure 8,
by taking E, - E from Figure 7 and m from Figure 4, using the electron
(the p state) mass.

Figure 8 shows that for Hg., reasonable conductivities may be
reached by 1000 atm (at which point the temperature is 1700°K) which
makes it the more reasonable first choice for proof testing. One may
even engage in a bit of optimism on this point since Figure 8 may under-
estimate the conductivity because 0 is proportional to exp[-(ES - Ep)/Zk'l‘]
and we know that E_ - E_ is too large in magnitude at r ~ 5. We may also
hope it is too large for large~ r as well.

Table 11

EFFECTIVE MASS AND CONDUCTIVITY OF Hg

3 (E - E o

(0111:) (a':cpm) (A.i}.) (:/1?20) _SZHE m | (ohm™1/m)
1200 | 200 | 16.5 14.8 | 22.3 |130|3.7x10°°
1300 | 300 14.4 22.0 20.5 70 | 3.1 x 107°
1400 | 430 13.0 30.6 19.1 25 |2.9x 107"
1500 | 550 | 11.7 43.0 17.4 14]1.7x107%
1600 | 770 | 10.6 60 16.1 8|8.3x10°
1700 | 990 9.4 90 14.8 4| 0.44
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We now turn to case ¢ mentioned above: using mercury as a doped
semiconductor. We shall suppose that the experiment consists of mixing
mercury with some other metal and observing the conductivity of the vapor
of this alloy. We assume that all the "impurity" atoms in the vapor donate
an electron to the p band that is formed by the mercury so the conductivity
takes place within the mercury but via electrons from the other species.
We shall take cesium as the donor since it has a high vapor pressure and
can be expected to contribute the most electrons to the conduction process.

(18) the number of atoms of species, Nas
in the vapor is related to the percentage, Xa» in the liquid by

According= to Raoult's law,

N X n (41)

o

where n ; is the number of atoms in the vapor above the pure liquid A. The

vapor pressure PA is similarly given by

o
= P 42
P X . (42)

where P 9 is the vapor pressure of the pure liquid A. It should be men-
tioned that Raoult's law is known to be inaccurate {or many substances.
It is not expected to be invalid by large amounts, however, so it is not

18)

unreasonable to use it here.

The procedure used to calculate the conductivity uses Eq. (30), in
which n is the number of Cs atoms given by Eq. (41) and m is the effective
mass of Hg at the pressure given by Eq. (42). Table III shows how the con-
ductivity varies with X< if the temperature is held constant. The maxi-
mum that is evident in Table III is not hard to understand; the number of
electrons increases as X increases, but m decreases because the
mercury pressuredecreases. At some point the decrease in m starts to
dominate,

The phase diagram for Hg-Cs alloys (see Fig. 9 and Ref. 19) shows
that the alloy is a liquid at room temperature only when XCs is less than
about 5 percent. Since the experiment is much easier to perform if the
sample is a liquid at room temperature and since Table III does not show
large improvements if the Cs concentration is increased above this value,
it was decided to perform the experiments with 5 percent Cs. The con-
ductivities estimated for this case are given in Table IV and shown in
Figure 10. These conductivities are sufficiently higher than those for pure
Hg to warrant an experimental study of this system.
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Table II1

CONDUCTIVITY OF Hg-Cs ALLOY FOR
VARIOUS Cs CONCENTRATION, T = 1600°K

X 5 “Hg 4
Cs (X 10 cm ) (atm) ohm”™ " /m
. 05 . 097 760 .65
.10 .19 720 1.20
.15 .29 680 1.40
.20 .38 640 1.45
.25 . 49 600 1.41
. 40 .76 480 .91

Atomic Percentage (Hg)

° 10 20 30 40 50 60 70 80 90 °F
250 T T T 7 T 17
A
200 ZA\ 400
150 71/ — Xt M\—{ 300
’J"’ n
100 > o T T 200
’r‘ -y
50 > —t - —
’r’ -4 100
o . §
40
-30
4 -100
-100

10 20 30 40 50 60 70 80 90
Weight Percentage (Hg)

Figure 9---Liquidus curve for Hg-Cs
(sce Reference 19)
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Fig. 10--Conductivity of 95% Hg:5% Cs as a function
of the vapor pressure of Hg
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Table IV

CONDUCTIVITY OF 0.95 Hg:0.05 Cs AS A
FUNCTION OF PRESSURE

n P Y . (o4

T Cs -3 Hg |(band formation) (plasma)
(°K) | (x 1029 cm™) | (atm) (ohm~1/m) (ohm™!/m)
1300 .032 300 .003 7.7 x 107>
1400 .046 420 .032 2.3 X 10'4
1500 .075 570 .187 6.5 X 1074
1600 .097 760 650 1.4 x 1072
1700 .110 950 2.40 2.4 x 1073

The percent ionization of the Cs atoms at the temperature given
in Table IV is rather small. An explicit calculation of the conductivity
based on such ionization is also given in Table IV and is seen to be negli-
gible compared to ¢ brought about by band formation. To compute the
conductivity of the Saha contribution, ¢ (plasma), it was assumed that the
main scattering was between an electron and neutral mercury atoms.
Since the scattering cross section is expected to scale somewhat as the
polarizability, (16) § was arbitrarily taken to be one tenth as large as it
is for neutral cesium atom scattering.

2.3 More Elaborate Calculations

We shall now outline a method for improving on the potential given
by Egq. (21}. The pseudo-potential v(r) was introduced into the model we
are using in the following way: the term in Schrodinger's equation,
which is of the form of the actual potential times the wave function, was
replaced by v(r) times an integral of v(r) times the wave function. For
our present purpose, the integral is a disposable normalization that will
be used to reproduce the correct atomic level, therefore we omit it in the
following. We call the actual potential V(r)/r and the wave function ¥(r),
thus the preceding implies the formula

v(r) = V(r) ¥(r)/r . (43)

We use a statistical model(zo) for V(r), which should be valid for the
large atoms we are considering. The wave function is found by integrating
Schrdodinger' s equation numerically, using this same potential.
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These numerical wave functions are used to fit v(r) with functions
of the form

v(ir) = Az Bn(l/r) exp(-\ 1) . (44)
n

This is done for analytic convenience because it is only relatively tedious
to find f(4) with no approximations if Eq. (44) is used. If Slater functions (21
are used, then the analytic work is very tedious. The actual derivation of
f(2), using Eq. (44), is done in Appendix II.

The form of the pseudo-potential found numerically is shown in
Figure 11. Note that it exhibits the exponential decay with large distance
as expected but that near the origin it grows to very large values. The
value of the pseudo-potential near the origin is not expected to affect the
values of the effective mass to any extent so the fit indicated by Eq. (44)
has been broken off with the first few terms and no attempt has been made
to fit the oscillations at small r. (Parenthetically, it may be remarked
that this method could probably be made more accurate, as well as less
arbitrary, if a pseudo-potential in the more common sense of the term, as
used by Phillips and Kleinman, 22) were used for the potential V(r). If
this were done, both V(r) and v(r) would be replaced by functions which,
near the origin, are small and vary slowly. This was not done however.)

Because the pseudo-potential has this peak at the origin, the fit
was not completely satisfactory. The values of the calculated effective
mass depend to some extent on the number of terms used in Eq. (44). By
the time this was realized, it had become apparent that Cs would not be
measured experimentally, so this phase of the theoretical work was not

pursued.

The numbers that were found for the mass, using this second
method, are shown in Figure 12, where they are compared with the earlier
approximation. It can be seen that the new calculations are far smaller
and would predict a conductivity far larger than the one given in Table I.
The reason why the new calculation is smaller can be attributed to two
factors: the wave function falls off more slowly than had previously been
assumed and the more accurate calculation of the overlap integrals, taking
into account a correct treatment of the denominator in Eq. (4), brings in
factors which tend to lower the value of m. The relative amount by which
these two effects change m can be judged by the third curve in Figure 12
which shows m calculated by the first method but using the decay (\) which
is used in the second method.

Which of the three curves in Figure 4 is more nearly the truth
is a moot question. Probably the truth lies close to the middle one.
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III

EXPERIMENTAL PROGRAM

3.1 Experimental Method

During the first few weeks of this program, various methods of
measuring the electrical conductivity of a vapor at temperatures up to
1500°C and pressures up to 1000 atm were considered. Initially, it was
intended to use the transformer-bridge technique long emi)loyed in physical
chemistry for measuring the conductivity of electrolytes. 23) This method
avoided direct-contact difficulties caused by the immersion of electrodes
in the fluids. On further evaluation, this method was dropped for the fol-
lowing reasons:

a. The difficulty of using a toroid in any high pressure apparatus
because of its sprawling geometry,

b. The difficulty of subjecting the toroid to a uniform temperature
as high as 1500°C, and

c. The unavailability of a suitable transformer material with a
sufficiently high curie temperature for operation in the range
of temperatures selected.

The problem then was how to maintain the one advantage of the
toroidal bridge, i.e., electrodeless measurements taken through the
toroidal walls, and at the same time, to avoid the disadvantages listed
above.

To solve the problem, the first approach considered was to adapt
the technique of measuring the change in inductance, ascribable to the
eddy current loss in a closely-coupled conductor, used by Zimmerman(%4)
in the determination of the low electrical resistivity of metals. In this
technique, an electrical conductor is introduced into the field of an induc-
tor and the modified resistance and inductance is indicated by a ""Q" meter
or rf bridge. Figure 13 shows the change in the dissipative factor AR/wLO
as a function of (wouv)%a, which is a measure of the ratio of the coil radius,
a, relative to the '"'skin depth" (wcp.v/Z)'% of the conductor. Notice the
sharp peak in the dissipation factor (~1/Q) when (wg p.v) ~2.5 which
enables one to isolate the maximum response. At this point, and from the
known values of w, a, and p,v(=41r x 1077 for free space)f one can readily
evaluate 0. If we apply this technique for ¢ =100 ohm™"/m (larger than
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any conductivity expected) and a = 1/200 meter and solve for ¢, we deter-
mine that « = 1041, a frequency corresponding to wavelengths of the order
of centimeters.

Because of the high frequencies involved and because it would be
rather difficult to pipe our signal out of the pressure vessel, this tech-
nique was set aside for the conductivities expected (<< 100 ohm—l/m). If
the conductivities had turned out to be higher than expected, this technique
would have been reconsidered.

Another method investigated, based on capacitive coupling, which
we adopted for our initial experiments, is capable of measuring higher
resistivities than that ascribed for the inductor technique at a given fre-
quency. Again, measurements are taken by means of a ''Q'" meter or a
high frequency bridge. In this method (see Fig. 1l4a), the resistance is
measured between two tabs. This technique was tested on an electrolytic
solution in an Alundum tube and the resistance values plotted versus the
length between tabs. As shown in Figure 15, the linear plot does not go
through the origin because of the finite contribution of the end effects; how-
ever, the slope of the curve may be determined to within 5 percent. Ac-
tually, to avoid end effects, the resistance should be measured between
tabs 1 and 3 (see Fig. l4b), which are ~8 c¢cm apart. By repeating the
measurement between tabs 2 and 3 and using the difference between these
two measured values, one obtains a resistance value for the distance be-
tween tabs 1 and 2 (3 ¢m) which is free of end effects. This technique was
suggested by that employed bgr Weingarten and Rothberg in evaluating the
resistivity of silicon bars. (22) The conversion of "O'" meter readings to
resistance measurements is described in Appendix III.

3.2 Experimental Apparatus

In measuring the conductivity of a vapor by the method described
in Section 3.1, the sample tube must either be capable of withstanding the
high internal pressures or a compensating pressure must be applied to the
tube exterior to keep the pressure differential across the tube walls at a
safe level, say 200 psi. Obviously, a combination of the two features
would be highly desirable.

Of the various ceramics considered for use as a sample tube,

Lucalox™ (very high density, multicrgg?alline AIZOZ) was selected because
(

of its reported high tensile strength( see Fig. 16) and because it will

"A General Electric product
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not react with cesium vapor as will ceramics containing Si. If the report-
ed high tensile strength of Lucalox could be realized in a configuration
such as we require, one could safely conduct experiments at temperatures
up to 1,600°C and at pressures of a few hundred atmospheres. However,
in fact, under the conditions of our experiment, the various sample tubes
ruptured with pressure differentials ranging from 3000 to 4250 psi (204

to 290 atm). These conditions included a large thermal gradient.

3.2.1 High pressure autoclave

In view of the uncertain strength of the best available material
(Lucalox) for sample containment, prudence dictated the design and con-
struction of a suitable autoclave to contain the sample tube and to maintain
a high pressure (of helium) on the tube exterior. Such a unit (see Fig. 17)
was designed and constructed of high strength steel. It contains an internal
heater purchased from Marshall Furnace Products. The autoclave itself
was constructed by the Autoclave Engineering Co. of Erie, Pennsylvania,
and was delivered early in September, 1964.

The autoclave drawing in Figure 17 does not show the furnace
which is described separately below. The autoclave itself consists of a
gun steel body, 41-1/2 in. long with an i.d. of 7-3/4 in. and an o.d. of
12-1/4 in. It is lined internally with a grooved stainless steel liner
used for cooling and to minimize corrosion in case of sample tube failure.
The liner reduces the internal working diameter to 6-1/2 in. Pressure is
maintained by the Viton O-rings and both body covers are maintained in
position by the help of separate nuts. The body covers are non-rotatable
thus enabling one to maintain electrical leads without twisting off the
leads in sealing. Electrical leads for the furnace come through the water-
cooled electrodes of the body cover and electrical leads for the measuring
system come through Conax glands. These leads are actually thermo-
couple wires of Pt and Pt:Rh and Cu and Cu:Ni. The Cu and Cu:Ni wires
were used for passage through the Conax glands because Pt and Pt:Rh are
too ductile for gland packing.

The furnace, which was specially built by Marshall Furnace
Products, contains two heater zones, each separately controlled and
powered by two powerstats working into the primary coils of step-down
power transformers. Attached to its furnace coils, made of an alloy of
Mo and Re, are leads which are coiled for ease in making connections to
the water-cooled terminals in the top cover. One costly error (in terms
of time) in its construction was that it was improperly packed with bubble
alumina. At low pressure, the insulation ability of this material was ade-
quate. However, it provided inadequate insulationatthe higher pressures,
where furnace power loss became an important factor in limiting the
highest temperatures obtainable. This was eventually corrected by
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Fig. 17--Detailed drawing of high pressure autoclave
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repacking the furnace with a higher-density alumina powder, of about 80
grit size. This alumina was obtainable as ordinary reagent-grade alumi-
num oxide.

For simplicity, and since the initial runs were required to show
evidence of conductivity, only two measuring bands were placed around the
sainple tube. In addition, a metal strip was mounted on the sample tube
to perinit accurate positioning of the sample liquid-vapor interface. When
the tube contains the liquid sample, the strip constitutes one plate of a
capacitor and the liquid is the other. By using a '"GQ" meter, the capaci-
tance is measured as the liquid level rises and falls and, by proper cali-
bration, the level can thus be positioned accurately.

For safety considerations, the autoclave was positioned in a wood,
sand, and chain-mail safety enclosure. Controls and monitoring equip-
mentwere containedin an adjoining building.

A schematic diagram of the pressure control and monitoring system
is shown in Figure 18. All pressure gauges and the principal controls are
installed on a convenient control panel (see Fig. 19). As shown in Figure
18, the system incorporates rupture discs (see 12), which have a burst
pressure of 18,000 psi (~1200 atm). All valves and tubing are made of
stainless steel. Helium for pressurizing the autoclave is supplied from
2 standard pressure cylinders at an initial pressure of ~2500 psi (16).
After the autoclave pressurec stabilizes at 2000 psi, a Haskel air-driven
gas compressor (9) raisesthe pressure to the desired level (-~ 1000 atm).
The Haskel compressor, which is rated at 1.2 scfm, 20,000 psi maximum
output, is controlled by a needle-type speed-adjust valve and an air pres-
sure regulator (8 and 10) on the control panel. Air pressure to the gas
compressor is maintained by a Joy compressor and is indicated by an
Ashcroft gauge (1), while the autoclave pressure and the pressure in the
sample tubc are indicated by 2 Heise bourdon gauges (2 and 3). The sam-
ple tube shutoff valves (7 and 13) and the sample pressure gauge (3) are
all modified for use with mercury. Late in the program an adjustable,
manually-operated piston was connected to the sample-pressure measuring
system (20) to permit the height of the liquid-vapor interface to be adjusted
in a temperature gradient,thus allowing the vapor pressure to be varied
without changing the vapor temperature.

Temperatures at various points in the high pressure apparatus are
monitored by means of thermocouples (T.C.) positioned as shown in Figure
20. The temperature of the vapor is measured by means of T.C. 2 and
that of the liquid-vapor interface by T.C. 5.
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10.

Air pressure regulator, 300 psi max. in,
0-125 psi out

modified for use with mercury

Fig. 18--Schematic of pressure control and monitoring system
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Fig. 19--High pressure control panel. Items
numbered are identified in Figure 18
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3.2.2 Interim apparatus

Because of the delay in placing the high-pressure autoclave system
in operation, an interim experimental arrangement was constructed to per-
mit the experimental method to be proofed and to obtain preliminary data
on the conductivity of vapors of Hg, P, and an alloy of Hg and Cs. As
shown in Figure 21, this apparatus consisted of a Lucalox sample tube in-
stalled in an unpressurized metal container which served as a safety barri-
cade to contain the sample material in case of a sample tube failure. The
container had an O-ring pressure seal between the sample tube and high-
pressure tubing which connects the sample tube to the necessary valves
and the Heise pressure gauge (3, Figs. 18 and 19) on the control panel.
This gauge and its shutoff valve (7) are the only items on the control
panel that were used with the interim equipment. The adjustable piston (20)
was not used with the interim equipment.

As shown in Figure 21, the apparatus incorporated 2 independently-
controlled heaters, Hj and Hy. H; controls the surface temperature of the
liquid/vapor interface and thus the vapor pressure. Hj controls the temper-
ature of the vapor without changing the pressure.

As already described for the high pressure autoclave, only two
measuring bands were used with the sample tube in the interim apparatus.
The sample liquid-vapor interface was also positioned as described for
the autoclave.

For reasons of safety, the interim apparatus was operated in the
wood, sand and chain-mail safety enclosure mentioned previously. The
containment vessel was not pressurized but was evacuated to reduce heat
losses.

3.3 Experiments with Interim Apparatus

Before the autoclave was placed in operation in October 1964,
experiments with vapors of Hg, P, and Hg doped with 5 percent Cs were
performed. These experiments were limited in temperature to a maxi-
mum of ~ 1100°C (the maximum capacity of the furnace). Since the
sample pressure was uncompensated by any external pressure, the maxi-
mum pressure attainable in these experiments depended on the strength
of the Lucalox tubes. For individual tests, the Lucalox bursting points
ranged from ~ 3000 psi (204 atm) to ~ 4250 psi (290 atm). In spite of
these limitations, experiments with the interim apparatus verified the
validity of the experimental method and provided some worthwhile pre-
liminary data. In addition to the above tests, the reliability of our meas-
uring technique was further verified by using the interim apparatus to
measure the Q of solid AgBr.
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3.3.1 Measurements with pure Hg vapor

Two experiments with Hg vapor were conducted with the interim
experimental apparatus at significant temperatures and pressures. These
experiments closely simulated those which were conducted in the high-
pressure autoclave, except that the Lucalox sample tube containing the
pressurized vapor had no compensating pressure on its exterior walls.

The results of the experiments may be summarized as follows:

a. The Lucalox sample tube ruptured at a pressure
of 4250 psi (=290 atm) and a temperature of .-1140°C.

b. The conductivity measuring technique showed no
erratic behavior and performed as expected.

c¢. The O-ring seal remained within its temperature
limitation without water cooling and withstood the
pressure of 4250 psi without leakage.

d. Electrical conductivity of mercury vapor could not
be detected at temperatures up to 1140°C and at
pressures up to 290 atm.

The first experiment with Hg vapor was terminated, at a vapor
temperature of :- 1000°C and a pressure of 1765 psi (120 atm), to evaluate
the data before pushing the temperature and pressure to the point of sample
tube failure.

In the second experiment with Hg, Qs, the Q of the sample tube
with the vapor present, was recorded as the temperature was increased
to about 1140°C, at which point the tube ruptured. The vapor pressure
was 4250 psi (--290 atm). Data from this experiment are plotted in
Figure 22 in which Qg is compared with Q. (the Q of the empty tube) as a
function of temperature. The apparent resistance of the vapor is derived
from

Qon
R = (45)

as described in Appendix III. Here, w is the angular frequency and C is
the added capacitance required to tune the ""Q" meter. As seen in the fig-
ure, no significant difference between O and Q  is observed. From
sensitivity estimates of the measuring system, the slight difference at
~.1140°C indicates a resistance for the vapor of »2.4 x 10" ohm, i.e., a
conductivity - 6 ¥ 10°2 ohm'l/m. More than likely the difference in Q
and Og was due to the gradual drift of either the sensitivity control or the
zero control of the "Q'" meter. Later data from autoclave measurements

verified this.

49



Ad 0wz RoU DN QZ=M cWIe 067 INOqe sem 0011 I' 2anssaad oy ‘sanjeraduwial

j0 uorjouny ' se iodea SH jnoyiim pue yim aqnj ojdwes jo § paansedW--7¢ ‘81

(Dol
0011 0001 006 008 00L 009 009 oo«uoH
_ | _ | _ _ !
L (wie 1~ J) —0¢
aqny ordwes Aidwe °pD 'e)
zodea BH yitm
agqny oydwes °gy X
- —0¢
o
Te]
P o
M Xx o oy
X X xxﬁwxvaxxoxxov@xoxO 0
XOX X » x0 s0xx %
L —0¢
| | | 5




3.3.2 Measurements with phosphorus

Three experiments were conducted on phosphorus vapor using the
interim equipment. Phosphorus was chosen because it has a solid phase
which is conducting, indicating that for some configurations of P atoms,
electron transfer will take place. The critical point'for phosphorus is
about 690°C and 83 atm, so that the fluid can be forced above the critical
point with relative ease.

Because of the corrosive and poisonous nature of phosphorus, the
pressure measuring apparatus was not used. Instead, a measured amount
of P was distilled into a thick-walled quartz tube which was then sealed
off. The pressure and density were found from the published equation of
state.”

In the first experiment, white phosphorus was placed in a quartz
tube (~15 cm long) having a 2 mm i.d. and an 8 mm o.d. (3 mm wall
thickness). About 1/3 of the tube volume was filled with the sample. The
tube was then evacuated before it was sealed off. Unfortunately, the tube
failed at ~600°C (43 atmospheres) and no useful data were taken.

The second and third experiments were conducted in heavier-
walled quartz tubing (4 mm wall thickness) having the same internal
volume as the first tube (2 mm i.d.). Red phosphorus was used for
these experiments (instead of white P) because it is much easier and
safer to handle. As the literature on phosphorus indicates, the liquid
existing above the melting point of red P(590°C at 43 atm) is identical
regardless of which form one starts with. In particular, when white P
. is hoeated in its own vapor, it converts to red P at temperature above
200°C,

Each of the experiments started with a fresh sample tube and
differed only in the amount of sample in the tube. In the first experiment,
the tube contained 0.13 g of red P which resulted in a vapor density of
0.2 g cm™3 at the critical point (690°C at 83 atm). The second tube
contained 0.3 g of red P to give a density of 0.5 g cm™3 at the critical
point. In each case, the Q of the empty tube was measured first and
then measurements were made with the sample in the tube, In Figures
23 and 24, these measured values of Q are plotted as a function of
temperature. In each figure, the divergence between the empty tube

plot and that of the tube-with-sample plot is large enough to be significant.

We did not believe that these losses were really due tothe P
vapor, however, because the conductivity persisted as the temperature
was lowered. It was therefore suspected that the quartz (SiO;) had been
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altered in the presence of the dense P to form a conducting layer of some
‘pyrophosphate on the inner walls of the tube.

To examine the last possibility, the second tube (from Fig. 24)
was re'opened, the sample material was removed, and measurements were
made with the tube opened in the air. " As shown in Figure 25, the meas-
ured Q dropped off in exactly the same manner as shown in Figure 24.
It is therefore evident that the measured conductivity was not due to the
vapor. Conclusive evidence on the conductivity of P must await the
solution of some rather difficult experimental problems.

If the phosporous vapor were actually conducting, the conductivity
must have been small enough that it did not show above the background
given by Figure 25. One can estimate that the conductivity must have been
less than about 7 x 102 ohm~ l/rn.

3.3.3 Measurements on solid AgBr

As a final check of the reliability of our measuring technique be-
fore placing the high pressure autoclave into operation, we used the in-
terim experimental apparatus to measure the Q of solid AgBr. This
material was first melted (M.P. =433°C) and poured into the Lucalox
sample tube and allowed to cool to room temperature. Figure 26 shows
the variation of the Q of the sample (Qg) with temperature. Also shown
is the apparent resistance of the sample (R,) computed as described in
Appendix III. Figure 27 illustrates the conductivity of the sample plotted
as a function of temperature. Also s?’)og&)/n in Figure 27 is the conductivity-
techniques. Note the close agreement of the slopes of the two curves in
Figure 27. The actual data points of the two curves seem to differ by a

versus-temperature curve of Teltow, who employed bridge measuring

common factor, probably due to the uncompensated end effects associated
with the spacing of the electrodes used in our measurements. Our data
are therefore in good agreement with the data of Teltow. It should be
noted that for our computations, we assumed a constant value of 169 for
the O of the empty tube (Q_).

3.3.4 Measurements with Hg:Cs

In planning for making measurements on Hg doped with Cs in the
high-pressure autoclave, it became evident that the sample filling system
shown in Figure 18 would require modification due to the special charac-
teristics of Cs. Accordingly, the modified filling system shown in Fig-
ure 28 was constructed and connected to the interim apparatus for test-
ing. As shown in the figure, the system is connected to the stainless
steel tubing by a length of rubber tubing. The required amount of liquid
Cs (5 atomic percent of the amount of Ig) was placed in a Pyrex cell and
the following filling procedure was followed:
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a. Prior to breaking the Cs vial, the system is evacuated and
purged several times with He.

b. The Cs vial is then broken by pinching the copper tube. After
the Cs has run down into the V-shaped Pyrex tube, the copper
tube is removed by burning off the Pyrex tube at the constric-
tion.

c. The tube is then tipped repeatedly, allowing only a small amount
of Cs to mix with the Hg each time. '

d. After the mixing is complete, the cell is rotated 90 deg so that
the long dimension of the cell is horizontal. The Hg:Cs sample
is then forced up into the sample tube to the desired height by
admitting He gas via the stopcock. When the desired level is
achieved, the high-pressure fill valve is closed.

While the main purpose of this test was to check the modified
sample filling apparatus for use with Hg:Cs, the Q of the system was re-
corded up to 1050°C and 3000 psi, the maximum pressure attained. At
this point, the sample tube ruptured causing sufficient damage to the in-
terim equipment to cause its retirement. No appreciable conductivity was
encountered; however, none had been expected at that pressure.

In the preceding experiment the concentration of liquid Cs in liquid
Hg at room temperature was about 5 atomic percent as determined by the
phase diagram shown in Figure 9. (19) 1t is evident from the shape of the
liquidus curve that the amount of Cs which is soluble in Hg is limited if
the melting point of the alloy is to be < 50°C. Since we are restricted to
the use of liquid in the transfer system, it is obvious that the system must
be heated up to 150°C or more to permit a concentration of 10 atomic per-
cent of Cs in Hg.

3.4 Experiments with the Autoclave

After arrival, installation, and checkout during September, 1964,
the autoclave and associated systems were ready for initial tests in Octo-
ber. Because of the lack of time remaining in the program and because
each experimental run takes from 24 to 30 hours to complete, experiments
with the autoclave were limited to pure Hg and Hg doped with Cs.

The long time period required for each experimental run is a result
of the characteristics of the furnace heater elements. These elements con-
sist of an alloy of Mo and Re which is noted for its low resistance at lowtem-
peratures and relatively high resistance at elevated temperatures. For this
reason it was necessary to increase the temperature slowly in order to re-
duce the temperature gradients. It takes about 12 hours to reach 600°C.
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The experiments were performed with /2T = 14 Mc and Co;g 150 pF,
The geometry of the bands gave a coupling capacity of 12 pF and the sam-
ple conductivity is expressed as o= 14/RS in ohm-1! e¢m”

3.4.1 Experiments with pure Hg

A total of 7 experimental runs were made with pure Hg vapor. In
the earlier experiments, the maximum temperatures and pressures were
limited by heat losses and pressure leaks. As these problems were re-
duced, the upper limits in succeeding experiments were gradually increased
until 1650°C and 10,800 psi (~ 735 atm) were reached (but not simultaneously)
in the last run. In this section, some of the experimental problems, to-
gether with their solution, are discussed. However, only the last run is
discussed in detail.

Initial experiments with Hg and modifications to apparatus - The
principal factor limiting sample pressure and temperature was that of
poor heat transport between the furnace and the sample tube. Much of the
thermal output of the furnace was lost to the water-cooled walls of the auto-
clave and was not available to heat the sample. This heat loss was reduced
but not eliminated by:

a. Using helium instead of argon as the pressurization gas
surrounding the sample tube. Because of its large kine-
matic viscosity (~ 10 times that of argon), convective
losses with helium are much lower than with argon. This
change alone permitted the pressure of Hg vapor to be
increased to ~5500 psi (compared to a maximum of
3000 psi with argon),

b. Inserting boron nitride (BN) plugs in the well of the
furnace above the sample tube, and by

c. Placing additional packing around the sample tube, but
not around the conductivity measuring bands.

An additional modification made before the last experimental run
with Hg, was the installation of a piston (a modified gauge protector) in
the sample tube supply line (see Fig. 18). The piston could be moved by
a simple screw attachment, thereby changing the volume within the supply
line, thus changing the height of the liquid/vapor interface in the sample
tube. This also permitted us to raise the pressure of the vapor when re-
quired by raising the interface into a higher temperature zone. As pre-
viously described in Section 3.2.1, the height of the interface 1s measured
by means of a height sensing strip whose capacitance is measured with a

Q" meter.
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Final experiment with Hg - In the last experiment with Hg, tempera-
ture readings from thermocouples (T.C.) 2, 3, 4, 5 (see Fig. 20) were
plotted as a function of time as shown in Figure 29. Time for this experi-
ment is a rather arbitrary variable but it is a convenient parameter for
labeling events. Simultaneous readings were made of sample pressure
and Q as shown in Figure 30. The autoclave pressure (He) is maintained
at a nominal 300-400 psi above sample tube pressure. The heat loss due
to convection is evident in the behavior of the curve for T.C. 4 (see
Fig. 29) which is seen to fall away from the curves for the other thermo-
couples after about three hours. It then levels off and starts to decrease.
The curves for T.C. 3 and 5 start to decrease after eight hours.

At this point, it became interesting to see how high a temperature
could be reached. The sample liquid/vapor interface was therefore low-
ered from the hot part of the furnace to reduce sample pressure. The auto-
clave pressure (He) was bled off simultaneously, care being taken to main-
tain the required differential over sample pressure. This was done from
eight to eleven hours as shown in Figure 30. As the heat loss due to con-
vection was reduced, T.C. 5 approached the maximum rated furnace tem-
perature (see Fig. 29). The curve for T.C. 4 remained disappointingly
low, however.

After eleven hours, it was decided to see how high a vapor pressure
could be reached. The He pressuring gas was pumped in at the maximum
rate obtainable and the level of the Hg liquid/vapor interface was elevated
into the furnace hot zone as rapidly as possible without creating an over-
pressure in the sample tube. {This phase was referred to as the '"bootstrap"
operation.) The resulting fast rise in pressure is shown in Figure 30. Un-
fortunately, after a slight time lag, the higher He pressure (permitting
more convection losses) caused a sharp drop in temperature (see Fig. 29).

At about 11.8 hours, the Hg interface had reached the hottest zone
in the furnace; from then on, the temperature of the interface dropped, so
the vapor pressure also dropped.

The Q of the sample tube actually rose by a large amount after
eleven hours. Actually, it is shown in Appendix III that a slight increase in
Q is possible when the sample fluid becomes conducting. However, in this
case, the Q at identical temperatures correlates with the dry run, which
was taken at a few atmospheres of He pressure. This is shown in Figure 31
where the measured Q is plotted against temperature (from T.C. 2), both
with and without Hg in the sample tube. The final points extending the wet
run and designated by (x) were taken by extending the run with the booster
piston. In this case, thermocouple readings were taken with T.C. 5 in-
stead of T.C. 2. Except for a constant offset and scatter, the two curves
are parallel and seem to provide no indication of any appreciable conduc-
tivity of the vapor.
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Final modifications - To this point, experimental progress con-
tinued to be limited by convective heat losses from the autoclave furnace
despite various attempts at providing better packing around the sample
tube. These losses limited the pressure attainable in experiments with
Hg vapor to a maximum of 10,800 psi (~735 atm). After the last run, de-
scribed above, it was finally concluded that the furnace itself must have
been packed improperly by the vendor (Marshall Furnace Products). The
furnace was dismantled, and inspection revealed large voids in the bubble
alumina used by the vendor. After repacking with reagent-grade alumina
oxide, a dry run was made in which the pressure reached 13,000 psi
(1400°C) with no sign of temperature stagnation in the lower regions of the
furnace as observed in previous runs.

The above test run was limited to 13,000 psi by a leak in the pres-
sure gland. This leak was eliminated by sending the head cover to the
shops and reworking both the seat and the surface of the Conax head.

3.4.2 Experiments with Hg doped with Cs

After the experiments described above, it was decided to discontinue
work with pure Hg and to devote the remaining effort to measurements on
Hg doped with a small amount of Cs. The theoretical estimates indicate
that this system should show a larger conductivity than pure Hg and it was
deemed vital to see if this were indeed true.

Remaining problems of heat losses and pressure leaks were re-
duced so that the furnace-autoclave systermm could be operated up to its de-
sign limit. During this time, however, the background electrical losses
were observed to increase above those shown, for example, in Figure 31.
To ascertain the origin of this loss, the powdered alumina used as a pack-
ing material was placed in a crucible. The crucible was placed in a fur-
nace and the losses were measured with metal tabs whose geometry factor
was roughly the same as the bands on the sample tube. These losses were
found to be identical with the recently observed background losses. The
background losses persisted, however, even when care was taken to en-
sure that capacity coupling into the powdered alumina was small. The
sample tube was then removed and inserted into an external furnace. Ex-
actly the same losses were observed in this experiment as for the pow-
dered alumina and the background in the autoclave. The losses, converted
to resistance values, are shown in Figure 32. It seems possible that some
contaminant had deposited itself on both the powdered alumina and the
Tucalox tube, giving rise to a surface resistance that is the same for the
two materials and that is also less than that of a clean surface. Whether
or not this is the case, efforts to reduce the background losses by heating
the sample tube and powdered alumina in an oxygen atmosphere were not
successful. The run was made with the increased losses.
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During this final experiment, an increase in the measured Q was
noted, starting at ~1100°C and continuing up to ~1400°C. As shown in
Figure 33, the differences in Q (between the wet run and a ""dry" run) are
barely large enough to be significant. At two points, marked by crosses
in Figure 33, the temperature was held constant and the pressure was in-
creased. This increased the Q at the lower temperature but not at the
higher. Thus it is not really clear whether the difference is due to the
sample vapor or to some other experimental variable that was inadver-
tently different between the wet and the dry runs. For example, since the
dry runs were made at only a few atmospheres, then the change in Q may
be due to a relaxation effect in the sample tube itself. However, such an
effect has not been studied in Lucalox. Also the temperature profile may
not have been exactly the same during the wet run as for the dry run.

There is also evidence that there was some helium leakage into the
tube as the temperature was increased. This evidence shows up in the
pressure versus temperature data to be presented in Section 3.4.3. The
amount of helium is apparently not large but may be sufficient to provide
extra scattering mechanisms that would decrease the conductivity. As
the temperature was decreased, we know a malfunction occurred that
admitted a significant amount of helium into the sample tube. The in-
crease in Q was not present during this part of the run.

We now attempt to see whether the observed behavior is consistent
with the type of conductivity outlined in Section 2.2.4 (in particular in
Fig. 10). It should be stated that the above terminology was carefully
chosen; in our opinion the calculation will not prove that the vapor was con-
ducting but will only show that it is possible that it was. The reason is
that the conductivity is not derived from the data, but rather, values of Q
are calculated assuming that there exists a conductivity which is given
function of pressure. Various other ad hoc assumptions have been made,
as will be seen.

The analysis presented in Appendix III indicates that Q will be
larger during a wet run only if there is some loss which is coupled into
the Q meter by the same capacitance that is coupled to the sample. This
model seems somewhat artificial; however, the Lucalox sample tube does
have some losses and may be coupled into the bands capacitatively if the
bands do not make good ohmic contact (see sketch on page 120 of Appen-
dix III). In this case, the sample tube resistance is broken into two parts:
R4, the loss from the inner to the outer wall which one would measure if
R were zero; and R3, the loss which can be associated with the high tem-
perature change in conductance of the sample tube.

As an _a_d hoc assumption to simplify the analysis, we have, however,
assumed R4 could be omitted from the circuit and thus used Eq. (88), with
the left-hand side replaced by Eq. (93). The experimental values of AQ
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and Q are shown in Figure 34 as a function of pressure. These may be
combined into the form AQ/QZ ; it is then our aim to fit this expression as
well as possible.

The fit is done in this fashion: At the pressure of 435 atm the mea-
surements are still consistent with AQ = 0. This value of AQ will be ob-
tained, according to Eq. (88), if R satisfies

2
R,/R = (wCR )" - 1 .(46)

at the given temperature and pressure. The resistance R3 was then
assumed to be variable in magnitude but to have a temperature dependence
as given by typical background losses shown in Figure 32. The magnitude
of R3 was varied until the calculated values of AQ/52 agreed, in overall
form, with the observed values. Throughout this procedure, R was com-
pletely fixed by assuming a magnitude at 435 atm given by Eq. (46), and a
pressure dependence consistent with the conductivity shown in Figure 10.

The results of the fit, and the values of the parameters used, are
shown in Table V. It can be seen that the main differences between the
experimental values and the calculated values are that the calculated values
predict a small positive peak at low pressure and that they approach zero
relatively slowly. The value of R that is listed can be converted to ¢ by
using the nominal value of 14 cm™! for the geometrical constant:
o=1.1% 10-2 ohm™!cem™1 (or 1.1 ohm'lm'l) at 435 atm . This is about
20 times larger than predicted in Figure 10.

There is one observation that seems to indicate that the higher Q
was associated with the vapor and was not just an artifact of the tempera-
ture profile. When the temperature was held constant at 1350°C, thereby
holding the background losses constant, the Q did rise as the pressure
was increased (see Table V). This observation is not pertinent if the back-
ground losses (the empty Lucalox tube) are pressure dependent. This
rise was small and somewhat irregular, but does seem to be significant.

3.4.3 Vapor pressure measurements

While no large effort was devoted to measuring the vapor pressure
of the samples under investigation, the temperature and pressure were
taken during the electrical measurements. These values, along with the
theoretical calculation from Section 2.1, are shown in Figure 35.

A temperature gradient did exist along the sample tube so in order

to know the temperature of the liquid/vapor interface, its position must
also be known. The interface position was monitored electrically, with a
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Table V

VARIATION OF Q FOR 95% Hg:5% Cs

AQ/Q&(710~)

3

71

T(°C) P

(T.C. 2 {atm) Experimental Calculated
1070 ) 0 +0.6
1116 368 .0 +1.2
1178 435 9 0
1220 504 - w29
1248 530 g “
1260 544 e "4
1300 572 a "0
1325 599 ! "3
1350 626 -8 3.7
1350 666 ? T4l
1375 694 0 w34
1400 748 0 e
1450 - 0 ik

*Parameters used in calculations: C_ = 0.12 pF, w/2m = 14 Mc,

Ry (at 1178°C) = 750 , R (at 435 atm) = 1.25 k2, C3/C_ = 2.4 x 1072
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sensitivity that fell off as the temperature increased. For this reason,

the head may be below the region of T. C. 5, which would explain the devia-
tion during the Hg-Cs run. Raoult's law, Eq. (41) of Section II, 13 would
predict a 5 percent deviation, far less than the deviation observed. Some
scatter at low pressures is understandable because the accuracy of the
high pressure gauges is perhaps two atmospheres.

The fact that the observed pressure is too high at the lower pres-
sures during the Cs-Hg run is also attributed to the fact that a small
amount of He was observed to diffuse into the sample chamber at low tem-
peratures (perhaps through the O-ring seal). The rate was apparently
small enough to cause the partial pressure of He to be less than a few
tens of atmospheres, however, since the Cs-Hg run recrosses the theo-
retical curve at around 200 atmospheres. How much these foreign atoms
may lower the conductivity is not known.

In conclusion, the van der Waal' s law seems to predict the vapor
pressure of Hg to the accuracy at which measurements were made.
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V.

RECOMMENDATIONS

On the basis of this work, one can not recommend any engineering
evaluation of devices based on conductivity of dense vapors. On the
other hand, in view of the utility of such devices, one can recommend
further study of the dense vapors.

It is crucial to continue work on Cs-Hg alloys, with somewhat
improved technique to be mentioned below, in order to see if a conductivity
does exist. Phosphorus, in view of its modest critical temperature and
pressure, would greatly simplify future device engineering and, for this
reason alone, warrents further study.

Pure Hg holds great scientific interest, however, it may not be
worth a great deal of attention from a strictly technological point of view.

[f these systems arc studied, it is recommended that the resistance
of the sample tube be increcased by decreasing the wall thickness, thereby
increasing the electrical sensitivity. It will also be helpful to decrease
the tube o.d. to reduce losses capacitively coupled from the heated
furnace walls. The generous sample tube dimensions used in this work
were thought to be necessary to provide mechanical strength, however,
the technique of maintaining a small pressure differential between the
sample tube and autoclave appears to be so successful that this strength
is not needed.

For phosphorous, a sample tube other than quartz (chosen here
partly because it can be relatively easily worked with a consequent saving
in time) must be used. Lucalox again appears to be useful. Also either
all of the sample must be kept above the melting point (590°C) or else a
different technique for pressure transmission must be used.
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IV.
CONCLUSIONS

Various experimental problems prevented a thorough investigation
of the vapors of all of the materials which offer hope of being conductive
at reasonable pressures or suggested as good possibilities. However,
conclusions which can be drawn concerning those materials (P, Hg, and
Hg doped with Cs) on which experiments were performed are summarized
below.

Phosphorus - A chemical reaction apparently occurred between
the phosphorus and the quartz sample tube, giving rise to a material
with a conductivity large enough to mask any conductivity of the phos-
phorus vapor < 7 x 10°“ ohm™"/m. Thus, although the experiments were
by no means conclusive, the conductivity of the phosphorus vapor appeared
to be very small below 85 atm.

Pure Hg - Theoretical estimates showed that pure Hg may be
disappointing as a conductor because the two valence electrons in the
atomic s level may form a filled, non-overlapping band and thus exhibit
the small conductivity characteristic of an insulator. The highest
pressure achieved during an experiment with Hg was ~ 735 atm, significantly
below the design limit of the autoclave because various malfunctions were
not yet corrected during this run. No evidence of conductivity was seen,
indicating a conductivity < 1072 ohm'l/m.

Hg doped with Cs - A 95% Hg: 5% Cs alloy was measured up to
~1460°C and 14,180 psi {(~965 atm)}. The electrical sensitivity during
this run was not good, but a small deviation from previous "'dry' runs
was noted. These deviations are barely significant and, furthermore,
are anomalous in that they indicate a larger Q with the vapor present.
One can assume a model for the background losses such that the observed
behavior is consistent with a vapor conductivity of an amount about 10
times the theoretical estimate, which was - 0.2 ohm~! at the pressure
range where the anomaly was largest. This model appears to be an ad
hoc assumption that is not based on independent evidence. Helium in an
unknown amount, but presumably less than around 30 atmospheres, was
present in the sample tube during this run. This would presumably lower
the conductivity to some unknown extent. Thus, for this sample,
there is no conclusive evidence for conductivity.
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SUMMARY

To discuss the electronic properties of dense vapors at moderate
temperatures, the systems should envisaged as falling into two cate-
gories:

a. Single species or ""pure' systems which are either
insulating or metallic, depending on density (pure
crystals in solid state terminology),

b. Mixed systems which may take two limiting forms, i.e.,
doped insulating vapors (semi-conductors) or alloys.

The nature of matter at densities between 1 and 10 percent of
that of normal solid or liquid metals is a most important problem. On
the basic side, it is of the essence of a "many-body" system where elec-
tron correlations play an essential role in determining both the
equilibrium and transport properties. An increasing amount of theo-
retical attention is currently being devoted to this subject.

Technologically, the possibility of achieving essentially metallic
conductivity at fractional densities of solids or liquids is of great po-
tential importance both in MHD and thermoelectric systems, provided it
is possible to attain the conditions at temperatures of 103 to 10%4°K.

From current considerations, we conclude in the present
discussion that the electrical properties of '"pure' systems, such as
alkali metal vapors, will likely be those of insulators wuntil the density
becomes so high that a discontinuous first order phase transition to a
condensed metallic state of essentially normal solid density takes place.
Experiments should provide for the detection of phase separation.

Several existing theoretical calculations of the electronic
conductivity of single species systems are believed to be qualitatively
and quantitatively unreliable in the range of potential interest (1 to 10 per-
cent of solid density) because they do not incorporate electron correlations
properly at low density.

By contrast, mixed (doped) vapor systems, consisting of a
majority species whose density is well below that which would lead to an
insulator-metal transition and a minority species which can donate elec-
trons to the majority species, appear to be important both scientifically
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and technologically. Suggested combinations include Hg as the majority
species, with Cs as the minority "donor'", and either Se, P, or As as a
majority species with halogens or alkali metals as donors. It is desirable
that the majority species become a negative ion upon accepting a donor
electron, since a negative ion will have a large '"electron radius' and thus
lend itself well to electron transfer by tunneling.

The conducting behavior of mixed systems is likely to be more
accessible to proper theoretical treatment by methods similar to those
used for hopping and impurity band conduction in semi-conductors.

It is quite possible that mixed systems will be found to have
considerable technological value, either in MHD or thermoelectric appli-
cations. Both practically and scientifically, it is believed that this is a
most fruitful area for study, where the current state of only-qualitative
understanding represents a serious inadequacy in the basic foundation
which should exist for a technology such as energy conversion.

Finally, it should be remembered throughout the present
discussion that the transition from the insulating solid to a metallic solid,
which is due to overlapping bands, occurs at much higher densities than
those under consideration here. There is no relation between these
transitions and the ones discussed herein.
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1. INTRODUCTION

This is not a report of completed work on a well developed subject.
It cannot be, for the subject is only in a preliminary state. Thus, instead
of providing definite answers, we will define the nature of the questions
which should be asked, particularly of theory. The writer believes it to
be a most interesting topic about which all too little is known; the experi-
ments will be difficult, but the reward can be the deeper understanding
of the physics of matter under most unusual circumstances.

Our purpose is to examine the probable behavior of dense vapors
or low-density liquids (i.e., matter in a form with a density of perhaps
1 to 10 percent of normal solid or liquid density). We restrict considera-
tion to temperatures less than about 2500°K, above which direct thermal
ionization effects will occur. Well above that temperature one makes a
transition to high temperature plasma (104 - 105 OK) where the electronic
considerations of crucial importance in the present problem no longer play
a role.

The immedate interest in this subject detrive from the specific
objective of examining the electrical conductivity of dense vapors at high
pressures and intermediate temperatures to determine their possible
application to MHD systems. 1 An early appreciation of the interesting
possibilities was due to Miller. 2 However, the questions which must be
answered to understand the experiments and delineate the range of applica-
bility are of much broader intrinsic importance.

As a basic scientific problem, dense vapors have not received
nearly as much attention as the limiting dense solid or dilute vapor form,
particularly for elements which are metallic in their condensed phase.

The reasons are apparent in regard to both experimental and theoretical
aspects. Experimentally, high pressures and difficult materials problems
arise. Theoretically, neither in constitution nor transport properties can
we apply the time-honored and fortuitous self-deception embodied in the one-
electron approximation and the Boltzmann transport equation.

Recently, a significant development of interest in the theoretical
aspects of this problem was made possible by the introduction of proper
many-electron descriptions of the state of such matter3-6 as well as
generalized techniques for describing hopping and tunneling transport in
such systems when the Boltzmann equation is not applicable. 7-10 Thus,

87



discussion of this subject involves an essential departure from the
traditional methods of either solid state or plasma physics, and is there-
fore of some considerable scientific interest.

We have already referred to the technological motivation in
studying this subject. In examining this potential use of conducting vapors,
it occurred to the writer that some care must be taken to re-examine the
validity of the basic MHD constitutive equations, since the mode of con-
ductivity envisaged in dense vapor systems is rather different from the
standard kinetic model of a gas of electrons, mixed ions, and neutral
atoms.

In fact, it appears that the point in question will not be troublesome
practically. However, for the record, it may be worth discussing anyhow.
The defining equations for MHD converters!! comprise several conser-
vation conditions and the constitutive relation between current and fields.
These relate hydrodynamic quantities to electrical (electronic and ionic)
properties. The essential point which concerned us can be illustrated
using the energy-conservation condition

pu [d/dx(l‘;+ cpT>] =ji-E . 47)

The left side of Eq.(47)is hydrodynamic and refers to the gas kinetic
translational and thermal energy of the fluid, -and the right side is elec-
trical. More particularly, the current is carried quite predominantly by
electrons je >>ji; thus, it is apparent that for Eq.(47) to hold, the elec-
trical energy supplied by the electrical field to the electrons must be
transferred to ion and atom translational motion. In ordinary electron-
ion gas conduction, the electron does lose its electrically-gained energy
by collision with the ions and atoms!? and, as long as the system is large
in size compared to the mean free path, the conservative condition is
valid. In the present case, electronic conduction was to take place by
tunneling from one atom to another; so, in principle, it might be possible
for such electron transfer to take place without transferring kinetic energy
to the ions™ And this is just what would happen in the limit of a perfectly-
ordered solid. But we know that electron mean free paths are usually
quite short in any real system, so it can be assumed that, again as a re-
sult of disorder scattering, the electrons will transfer their transport
energy to the ions and electrons. Still another example of the possible
failure of Eq.(47) would be the (unlikely) production of significant electro-
luminescence in electron tunneling transport; such radiation energy would
not go into the fluid motion.
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We turn now to some remarks on thermoelectric applications of
conducting vapor systems. The parameter which limits the efficiency of
all known solid-state systems is the lattice thermal conductivity, which is
an irreversible parasitic production of entropy. 13 Dense, mixed vapor
systems may attain thermoelectrically-desirable conductivity and thermo-
electric power without attendant high lattice thermal conduction (it will be
replaced by gas kinetic heat flow). In the writer' s opinion, this is at
least as important and potentially-practical an aspect of study as is the
potential MHD usage.

Finally, to lend further perspective to any potential technological
applications, it must be remembered that many of the properties discussed
here vary significantly with temperature. Hopefully, the advantages are
to be sought in the lower temperature region (750 - 2000°C) by using high
pressures.
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2., ELECTRONIC BEHAVIOR OF PURE SINGLE-SPECIES

MATTER AT LOW AND HIGH DENSITIES

It has already been mentioned that there is a fundamental qualitative
difference between the properties of a low-density potentially-metallic
species (e. g., atomic hydrogen, monovalent alkali metals, etc.) and its
high density form. (Substances which form insulators, with filled bands,
at normal solid densities are neither of concern nor intevest in the present
discussion.)3 This essential and conceptual difference is as follows: If
the one electron (Hartree-Fock) approximation were valid, we could, in
principle, describe the valence electrons in a dilute alkali-metal gas by
Bloch-like extended orbitals, half filling a ""band" or continuum of states.
Though the width of this band would decrease with decreasing density,
the lowest lying excited states above the ground state would still, in princi-
ple, lie infinitesimally close and the behavior would be metallic in nature
in all densities.

This one-electron view is substantially wrong, in essence, as Mott,3
Hubbard, 5 and Kohn? have pointed out. Correlation effects, which become
significant in the low density limit when electrons are placed in the same
atom, fundamentally modify the description. The appropriate wave func-
tions at large atomic separations really localize electrons in disconnected
regions of configuration space, and the ground state will be detached by a
finite energy from a continuum of excited states. It is not a matter of de-
gree, but it is essential that the configuration should be that of an insulator.

As the density is increased, a sudden transition to a quite different
configuration is expected--namely, the metallic state described by the
extended orbitals referred to above.

The essential nature of the problem is covered by the above
remarks but additional physical feeling for the situation can be obtained
from Mott' s article,3 whose essential points we restate. Consider an
alkali metal gas which we will compress through a range of densities,
which might take us continuously up to solid or liquid densities. At low
densities we expect the atoms to be described by atomic orbitals which
place exactly one valence electron on each atom. However, this complete
localization cannot be precisely correct and we must examine the nature
of electron transfer and exchange. There are two competing factors:



a. When two atoms are brought together, and assuming an
'"atomic orbital" (AQ) basis, there is possible an electron
transition from the m-th to n-th atom which is quantum-
mechanically specified by an overlap potential-energy matrix
element, rnl V| n, (an for brevity). We do not wish to
define this quantity too precisely here, nor do we need to do
so for the purpose at hand. It is this interaction matrix
element which leads to molecular binding, or relates to the
band widths in a tight binding description of solid-state -
electron energy levels. In either of these cases, its magni-
tude is several electron volts at normal molecular and
atomic densities. As the density decreases, this overlap
integral falls off rapidly, usually exponentially. 1 To sum-
marize, this overlap matrix element between atocmic orbitals
can produce delocalization of the electrons by interatomic
transfer.

b. When an electron is envisioned as transferring from the m-th
to n-th atom, without allowing the other electrons on the n-th
atom to '""make way" by transferring in turn, a substantial
amount of "correlation' energy must be provided. In essence,
in the very low density limit, a positive and negative ion are
produced requiring an amount of energy I-A, where I is the
ionization energy and A is the electron affinity for formation
of a negative ion. This quantity (I-A) is typically several eV
in pure systems, and may depend also on the magnetic state
which results. In any case, this c¢ffect opposes preceding
factor (a) and tends to localize electrons in a quota of just one
per atom (in the present case), and also leads to a ground
state detached by finite energy from the excited state.

!

The formalization of this state of affairs may be embodied in a
Hamiltonian*s ® written in second quantized form with an AO or Wannier
function basis. A reasonable approximation is to include only the corre-
lation correction for electrons on the same atom. Since we will not use
the equations specifically here, we refer to references 4 and 5 for further
details.

Detailed calculations may differ, but there is no disagreement on
the general behavior to be expected. At low densities, factor (b} dominates
and the system is truly insulating. At higher densities, many-electron
(transfer) effects become important and can relieve the electron excess on
any one atom by compensating transfer. Mott's criterion is that this takes
place when Vinn Pecomes comparable to I-A, whereas a dramatic change
to metallic character takes place. This criterion can hardly be wrong by
an order of magnitude, though much remains to be done theoretically to
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develop a relevant and tractible model; however, Mott' s criterion allows
us to draw some conclusions about the likely conditions for achieving the
metallic transition; namely, pure vapors would have to be very dense indeed
(an estimate is 10 percent of solid densities) before transition to the metal-
lic state occurs. This follows from requiring v,,,, = I-A =1 eV. However,
it must also be noted that we have no way of estimating how density fluctu-
ations, which could be significant in the present situation, will affect
multiple transfer. This, of course, is the nastiest part of the problem.
None the less, it is the writer' s view that, in any case, the transition can
take place only at such high densities that far more important questions of
thermodynamic stability dominate the situation. These questions are dis-
cussed in Section 5.

Young6 has estimated the critical densities for the metallic
transition in the alkali metals to be about 20 percent of solid densities.
The pressures necessary to achieve such densities in the gaseous state
may well be 10° atm.

From these considerations, it follows that computations of
conductivity which do not specifically take electron correlation effects into
account! will be quite inapplicable to vapors of single species at low den-
sities, i.e., densities less than, say, 10 percent of solid and lower
densities. We comment further on this matter in Section 4.



3. MIXED OR "SEMI-CONDUCTING' VAPOR SYSTEMS

We have developed the view that in a ''pure' vapor, very high
densities will be required for a transition from the insulating vapor state
to a metallic vapor state. In Section 5, even the thermodynamic stability
of such a state will be shown to be questionable. It is worth reconsidering
an alternative possibility, therefore. A natural analog to a solid state sys-
tem would be the doped insulator or "semi- conducting'' vapor.

By semi-conducting vapor we mean that a majority species is the
principal component of the vapor, which also includes a minority compo-
nent whose function is either to donate or accept an electron from the
majority component. We examine first the nature of the conducting proc-
ess, next the criteria for desirable combinations, and third, a few
particular combinations.

The problem of describing and analyzing electron transfer at low
densities is much simpler now. Presuming a low concentration of donors
or acceptors, electron transfer in donor systems takes place by inter-
change of an electron from one majority atom to another and merely
amounts to changing the identity of the negative ion (or positive ion in the
case of acceptor systems). Thus, there is no net change in correlation
energy; the intra-atomic correlation has been accounted for in forming the
ions in the first place and does not alter when the identity of the ion is
simply interchanged. Thus, there is conceptual justification in using one-
electron models for conductivity. For these there exist two limiting cases:

a. The band model for a system with a small carrier
concentration {(of either electrons or holes), including im-
purity bands in compensated semi-caonductors; or

b. An atomic model with transport by hopping from one site
to another.

An application of the former approach is contained in Reference 1,
and we believe it to be appropriate, to a degree, in the case of doped in-
sulators (but not for pure systems). The latter view is developed in
various discussions of hopping and tunneling conductivity in dilute or
narrow-band semi-conductors. **~ In either case, the density depend-
ence of overlap potential matrix elements, which determine electron
transfer, can be estimated with some order of magnitude confidence in

(N}
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the absolute and relative trends among possible mixtures. We will return
to the transport problem in greater detail in the next section.

The criteria for useful combinations follow from the above
discussion of mechanism, supplemented by some obvious physical chemi-
cal considerations:

a. In a solid there is not too much a priori difference between
dorior and acceptor systems; this is not true for vapors.
Electron transfer is to take place at low densities by inter-
action transition due to overlap potentials. Negative ions
are much larger than positive ions, so that for a given den-
sity, electron transfer between a negative ion and the
same-species neutral is far more likely than in the positive
ion case. Thus, donor systems are overwhelmingly

Ereferable .

b. It is apparent that a minimum energy should be required
to ionize the donor to transfer an electron to the majority
species. Furthermore, the majority species should be
capable of forming stable negative ions. Thus, we wish to
minimize (Id - Am), where Id is the donor ionization energy,
and A is the majority electron affinity. (Note that in the
single species system, the "intrinsic activation energy'’,
I-A, referred to ionization and electron attachment of the
same species and is certainly substantially larger than that
obtainable by judicious combinations envisaged here.)

c. In addition to work in the vapor phase, we desire a majority
species with as high a vapor pressure as possible, and
which is chemically compatible with a minority donor which
also has sufficient vapor pressure to be present in reasonable
concentration.

These are the general conditions which must be met. Specific data
relevant to these criteria must be obtained from a variety of sources.
Electron affinities and ionization potentials are obtainable from the liter-
ature. 17,18 Vapor pressure data may similarly be calculated from
thermochemical data; a particularly useful compilation for solid and
liquid elements is given by Honig. 19

It must be emphasized that to proceed significantly beyond our
present qualitative and semi-quantative knowledge, many difficult experi-
ments are needed. Thus, though a number of possible mixed systems
should be considered, we restrict our remarks to a few illustrations.




One combination which might be regarded as the prototype of the
"donor'" system is an "insulating'" Hg vapor doped with Cs; that is, Hg is
the majority species. The following data are relevant. At 643°K, Cs has
a vapor pressure of 10 torr, while Hg has a vapor pressure of 103 torr;
this represents a relative donor concentration of 1 percent, though at a
relatively low pressure. At 980°K, Cs has a vapor pressure of 103 torr
(1.32 atm), while Hg has a pressure1 of approximately 60 atm. Thus, the
donor concentration of Cs would probably be adequate. With regard to
electronic properties, the ionization potential of Cs 1s 3.87 eV, and the
electron affinity of Hg to form Hg~ is 1.79 eV; the difference Ig - A =
2.08 eV is significantly less than any single-species ionization potential.
Chemically, it is likely that Cs and Hg will be compatible., This appears
to be a promising system for study.

Metallic negative ions such as Hg™ are an exception: they are
expected to be smaller in size than molecular negative iuns or the negative
ions formed from elements from the right hand side of the pericdic table.
Examination indicates that materials such as Se, S, P, As, Cl, CN, and 1
all have reasonably high vapor pressures and also fcrm negative ions.

The majority of these are known to have high electric polarizability, in-
dicative of large size. However, the choice of a donor is not obvious,
since alkali metals, for example, will likely form pclar molecules.

Much of the chemical physics of this subject is unknown, and in

concluding this section, we emphasize the need for apprcpriate applicaticn
of chemical thermodynamics in choosing mixed systems.
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4, ELECTRON TRANSPORT IN DENSE VAPOR SYSTEMS

An attempt to analyze electrical conductivity in systems such as
those discussed herein is a most interesting experience. It seems to
illustrate how specialized the basic premises on which the great bulk of
conventional transport theory is based really are.

The conventional method of describing electron transport is by
means of a statistical theory. It is based on a one-particle distribution
function (reduced from an N-particle), referring to a basis description
(free particles or Bloch functions in a crystal) whose states are eigenstates
of the electron current operator, and considers scattering to be a non-
essential part of the transport process, except insofar as it is limited
thereby. In addition to these ingredients, the distribution function itself
must be obtained from a defining integro-differential equation (Boltzmann)
which has validity only for a continuum of spatial and momentum states.
With the origin of transport theory in gas kinetic problems, and with the
variety of plasma and electronic systems for which the idealization to
these conditions is not a troublesome approximation, this is not surprising.

In contrast to the preceding, electron transfer in high-density vapor
systems seems to exemplify the most opposite kind of situation. Except
at the very highest densities, the appropriate basis states are atomic or-
bitals which carry no current. The basis states do not form any simple
continuum. In''pure!' single-species systems, electron correlation must
play an essential role. Thus, no one-particle distribution function ob-
tained from a Boltzmann equation is applicable. Furthermore, scattering
from one atomic state to another is an essential part of the transport proc-
ess itself. Finally, the spatial distribution and correlation of the atoms
which carry the electrons also play an essential role.

Fortunately, during the past few years there have been many
developments in transport theory, particularly in many-body solid state
theory, which may be used with greater generality. Principally, these
comprise the general description of transport based on correlation func-
tions ! and the development of Green' s-function methods for finding these
correlation functions, and are general enough to handle either the limiting
case of nearly free particles, 8,9,20,21 5r the opposite case of tightly
bound electrons!4. Of course, these methods are only manageable in the
regime of linear response theory (ohmic conductivity).
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It should be stated immediately that we have not applied these
methods yet in detail to the vapor systems under discussion. Rather, the
remarks just made are intended to call attention to the fact that transport
calculations based on free-particle or Bloch-function states can only be
valid in the limit of essentially solid densities and, just as in discussing
the electronic constitution, must also fail in an essential qualitative man-
ner for vapors. This situation has been encountered in narrow band solids,
and in some semi-conducting systems when conduction takes place by hop-
ping from site to site. 15,16,22,23 (In the case of semi-conductors, the
transfer matrix elements are usually not the simple potential overlap
terms, but also contain phonon contributions.)

The essential steps necessary to develop a proper theory now
follow. First, according to Kubo's method, 7 we must compute an appro-
priate transform of the current-current correlation function; this may be
understood qualitatively by recognizing that an applied electric field cou-
ples energy into the system by acting on moving charges, and we
subsequently also observe the effect by measuring the current associated
with this charge distribution. Thus, (for an isotropic medium) the static
conductivity is

o=1lim [dt [ dn exp(-st) [ 7 (-i0 , (0 ] (43)
S=O+ (o] o

where the meaning of the symbols is standard, and the review article by
Chesterl0 or the paper by Matsubara and Toyozawa14 should be consulted
for details. To use this equation, we need the equations of motion for the
current operators J{(t), which are in Heisenberg representation.

To determine these J, the method of Green' s function may be
employed. 9 We cannot now make an extensive excursion into the details,
but can simply point out what seem to be the current important or unre-
solved aspects. The appropriate basis representation for the vapor case
would be atomic orbitals or Wannier functions. The significant features
will then be contained in a Hamiltonian, written in second quantized form
using creation or annihilation at the ith or jth site:

+

H-= t., + E . . " (49
.E. (ij Vij) ai,caj,o * .E ' oo nl,cnl,c' (42)
i, i,0,0

1 ’
is the annihilation operator; and the 0' s are spin indices. The first term

contains both the intra-atomic and interatomic one-electron kinetic-
energy and potential-energy matrix elements (and thus would deter-
mine the usual one-electron energy bands and related parameters in the

where n; g is the number operation; a+ o is the creation operator; a. .0
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crystalline case). The second term is an approximation mentioned
before; it is the correlation energy which results from multiple occupation
of the same itP site and omits correlations between different sites. This
type of Hamiltonian is considered by Hubbard® and by Kohn4.

The electron-current operator has zero expectation for a single
atomic orbital. But the solutions to the interacting system defined by Eq.
(49) may definitely have non-zero value. The complete current operator
would contain all the information about the average ''intra-cell" current as
well as the ""inter-site' current where the electron is transferred through
the system. It is the latter which is of interest, and Matsubara and
Toy'ozawa14 give an appropriate expression which simply localizes the
electron of the nth nucleus as long as it is on the nth atom. The current
is then

J = (ie/h) [H, » R a+ a .’ - (50)
m

m m,g m,o.!

where the brackets are the usual commutator giving the time rate of
change of this approximate electron-position distribution.

In the "pure' vapor at low densities, the electrons referred to in
Eq.(45)are about one per atom of the whole and the correlation term in the
equation dominates so that the ground state is an essential insulator (dis-
cussed in Section 2), To compute the conductivity properly in this limit,
it is quite essential that the Hamiltonian, Eq.(49), be treated completely.
Hubbard® has made some progress along these lines, but expressions for
the conductivity are not yet available. This is a difficult problem--again,
due to the correlation.

By contrast, in doped vapors, a Hamiltonian similar to Eq. (49)
could be written; however, for the much smaller average number of elec-
trons per majority atom, the correlation term can be neglected. The
computation in this case is far more tractable. Specifically, Matsubara
and Toyozawa14 have carried out a development of just this model in con-
nection with compensated majority-band conducticn in a randomly-doped
semi-conductor (partially compensated). The atomic orbitals are assumed
to be hydrogen-like. They compute expressions for both the level density
and conductivity in the limiting case where the Hamiltonian Eq.(49) is
approximated by only the interatomic matrix elements of potential Vi The
Green' s function and the equation of motion, Eq.(50), of the current opera-
tor J have been obtained by averaging over various random configurations
of the impurity atoms. It would seem that this model could be extended
more directly to the case of mixed vapor systems than that of Thirring, 1
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which is also done in the spirit of linear response theory and Green's
functions, but so far has been restricted to one-dimension and delta-
function random potentials.

The purpose of this section was to summarize the nature of the
electron-transport problem in the dense vapor state. When conductivity
data are available for mixed systems, there is some hope of applying
existing methods to analyze the data.




5. THERMODYNAMIC CONSIDERATIONS - PHASE

TRANSITIONS IN THE DENSE VAPOR

In the current literature on transitions from the insulating dilute
gas to a metallic species of much higher density, attention seems to have
been directed almost exclusively to the electronic constitution of two alter-
nate configurations. For an alkali metal, the insulating state is described
by atomic orbitals with one, and only one, valence electron per atom; in
the metallic state, any one electron wave function extends over the whole
system and, on the average, there is only one electron per atom. More-
over, attention has been directed particularly to the condition required for
the energy of the two configurations to become equal, since this would
mark the transition from one form to the other.

The question of the thermodynamic stability of such a transition
configuration, which docs not seem to have been examined, is the subject
of this section. Tt developes that the transition configuration is very
likely to be unstable, so that a ""metallic vapor phase' is similarly unlikely.
Rather, a first-order phase transition between a low-density insulating
vapor and a high-density solid will occur.

The discussion is presented in several steps:

a. We assume that therc is only one insulating and one metallic
configuration of importance.

b. We consider the possibility of distinct ordered and disordered
(liquid) metallic phases in addition to the insulating phases.

c. We note general aspects of the phase transition problem,
together with reference to other high pressure studies.

Consider the probable behavior of the (electronic) internal energy
of a collection of alkali metal atoms. Assuming that we need consider
only two possible configurations as a function of the specific volume
v=(V/N), the expected behavior is as shown in the following sketch. 3
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The principal features illustrated in this sketch are:
a. The "insulating' phase is actually the dispersed gaseous atomic

phase at large v, while the metallic phase is that which be-
comes the solid or liquid metal; the latter is known to have a
definite cohesive energy relative to the gas phase, as indicated.

The order of magnitude of this cohesive energy is a few elec-
tron volts.

b. At relatively large distances, the metallic phase is higher in
energy than the insulating phase by several electron volts (I- A
in the sketch, where I is the ionization energy and A is the
electron affinity of the metal atoms).

c. As the specific volume of the metallic phase decreases, the
valence electrons in the metallic configuration will behave
approximately like an electron gas and the Hartree-Fock
expression for the energy24(corrected for correlation) will be

[2.21 0.916
. [“M( ) - uM(rs)] |17 +[-0.115 + 0.031 log rs) (51)

S

S

where r is measured in Bohr radii units lr = (3v/4rr)l/3], and
the enersgy is given in Rydbergs. The zero temperature (solid
phase) equilibrium values of r_, corresponding to a minimum
of upatv_, are typically 5-10 atomic units and meS eV.
The shape of the metallic phase curve in the preceeding sketch
is seen to follow from this expression. For small r_ the ion-
core repulsive effects would also have to be included, but do
not pertain to the considerations at large r which are of inter-
est here. Note: For v > vo, —(HuM/arS) <0 in the "metallic"
phase.
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d. The insulating phase is indicated to have a slight dip with de-
creasing v resulting from van der Waal' s interactions between
the neutral atoms. The dip is certainly only a few tenths of an
electron volt. Van der Waal's energies are known to be quite
inadequate to explain the observed cohesive energy of metals. 25
At small separations the repulsive exchange and coulomb
energies will increase rapidly causing uI(v) to increase again
with decreasing v. Two possible behaviors, (1) and (2), are
shown in the sketch.

The zero temperature properties of this system have an important
feature: once the metallic phase is reached as v decreases (i.e., the
crossings at either vc(l) or VC(Z)) the system is unstable against contrac-
tion to v, since the pressure is p = (dup, /Av). (p is negative for v>v_.)
Thus, although the condition for transition to the metallic (i.e., conduct-
ing) phase might occur for v= vCl >V s the system would not be stable.

If we were to argue only in terms of the energy, we would conclude
that all of the material should condense into the solid phase. To describe
realistically what will actually happen, we must consider the behavior at
finite temperature. We must apply standard thermodynamic arguments;
for the following development, a standard text®0 onstatistical mechanics
may be used as a reference. At finite temperature, we deal with the free
energy rather than the energy. For a single-component system,

F=F (T, V, NN=U - TS, (52)

and since F is extensive, we may also use molar quantities denoted by
lower case symbols:

F=Nf(T, V/N) = N (T, v) . (53)

The standard derivative relations apply,

p=-%NT:'%}T’ (54)
H:(%%)V T:f(T,v)+N(l—2) (%‘f-’)'r (55)
= f (T, v)-v((—?l%) =f+pv . (55")

T
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The condition for equilibrium between the two phases will be

By = Mg (56)

where each is a function of T and v.

To find £ (T, v) for the two phases, we must add the finite tempera-
ture thermal energy and entropy terms to the zero-temperature energy
contributions discussed above (see the preceding sketch). We cannot
possibly give exact expressions because of the limited knowledge which we
have of these systems, but the essential features are the following:

a.

At low densities, in either the metallic or insulating phases,
we should have the standard contribution (kinetic theory) of
the free energy of a gas:

{A)

Vv
T - KT log ()\—3- , (57)

where A\ = h (ZnMKT)"I/Z.

At higher densities, when the density approaches that of solid
or liquid metals, an Einstein or Debye approximation will take

over and
(B) KT
{ = -
T KT log hwc s (58)

where «_ is a characteristic frequency which increases with
decreasing specific volume v.

An electron gas contribution in the metallic state, which seems
to be small compared to either of the above in the range of
interest here.

At large v, we expect fﬁrA) to be nearly the same for either
phase. At smaller v, we can expect some difference between
f&‘B) for the metal and insulating phase respectively, but both
are an order of magnitude less than the cohesive energy, being
measured in units of KT which is a few tenths of an electron
volt at the moderate temperatures under consideration, and
their differences will be smaller still.
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A plot of the free energies

(A)
£ = -
M~ M fT large v
- (B)
fM = Uyt fT small v (59)

for the insulating phase is shown in the following sketch for a particular
temperature T;. At large v, the term from f‘rA , namely KT log (v/)\3),
dominates. Also, at large v the difference in free energies will approach
I- A (see preceding sketch).

Metallic

v (T)
I \~Insulating

v

Now Eq. (55')can be substituted in (10) to give the condition for
equilibrium:

M~ M

RRIE
Qv T 1l av ’
MPr 'r

fM + PriM ~ fI + PV (60)

however, since we are considering the possible equilibrium between one
phase and another in the same container, Lhe pressures must be equal,
(i.e., Py T Pr T p). Thus Eq.60) is simply the condition under which
curves fj, and f; have a common tangent, as indicated in the last sketch.
This well-known construction determincs the equilibrium vapor pressure.
The result is a first-order phase transition with a substantial change in
volume, i.e., an abrupt transition from insulating vapor to dense metal.
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‘ The temperature dependence is determined by the varying thermal
contributions to free energy, Eqs. (57)and (58). A temperature-series of
plausible curves showing the metallic modification for v < v, and insulating
for v > v is shown in the following sketch.

It is to be noted that as the temperature increases (Tl < T2 < T3), the
transition pressure increases and the first-order volume change decreases.
However, it seems completely unlikely that the upward indentation of the
two free-energy curves above their common tangent can ever be eliminated,
except for thermal energies KT which are comparable to the several elec-

tron volts by which the intersection of the insulating-metallic intersection

ts
x4

in the first sketch lies above the minimum in the metallic phase.”

The common tangency equilibrium condition will lead to two well
separated phases: one (insulating) of volume substantially greater than
ve, and one (metallic) with volume substantially less, i.e., approximately
solid or liquid. A "highly conducting vapor' (of a single species) will
simply not be attained because it is thermodynamically unstable; even at
the highest pressures the equilibrium observed will quite probably be that
between an insulating gas and a metal of essentially solid density.

As noted in the beginning of this section, these conclusions need
some qualification and some placement in the context of changes of state
generally.

e
The pressure necessary to flatten out the metallic curve may be

estimated from the volume derivative of Eq.(f5); this would be a lower
limit for the pressure needed to eliminate the first order transition. It
is approximately 10° atm for representative values of specific volume.
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In the first instance, we know that the metallic state may well exist
in either an ordered or disordered state. At ordinary temperatures and
pressures the former is a crystalline state, while the latter is a liquid.

Actually, liquid metals do not differ so greatly from crystalline
metals in most of their properties. The electronic constitutions are very
similar?l; the thermodynamic properties and the solid-liquid transition can
be discussed quite well in terms of a cell model in which the vibrational
free energies of liquid and solid are quite similarzg,and finally we know
there is not a large specific volume change on melting.

For all these reasons, we do not believe that disorder modifies our
considerations for essentially solid densities. At lower densities corre-
sponding to the insulating-metallic crossing, it is possible that some
advantage might be taken of fluctuations in the spatial distribution of the
atoms to lower the energy curves somewhat. However, it is unlikely that
this would eliminate the several-electron volt indentation.

Should this surmise prove experimentally to be wrong, it would
indicate some fascinating correlation effects indeed. An atomic or elec-
tronic configuration with either cluster or "fibrous'" connectivity is highly
speculative.

Finally, to place the question of a continuous transition from an
insulating to metallic vapor phase in yet another perspective, we draw a
conventional p, T phase diagram for a single species system (see follow-
ing sketch). Ordinarily we direct attention to the lower pressure and
temperature behavior where a critical temperature TCl and pressure p¢
for the liquid gas transition is commonly observed and above which there
are no separated liquid and gas phases. What we are now asking is whether
there is another critical point (T, pCZ) for the solid-gas transition, which
marks the disappearance of a sharp separation into two phases. Though
such an idea has been discussed?? for molecular solids, there seems to be
essentially no evidence for any such transition in metallic systems to date.
It is presumed that such a critical point would involve pressures of mega-
bars. Reference is made to the reviews by Bradley3O;Bundy, Hibbard,
and Strong31,; and several papers by Drickamer>%:33,
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Thus, even with additional qualifications to the simple models for
the insulating and metallic states, we still conclude that at any reasonable
pressures (< 10° atm) and for temperatures of the order of 1-3 x 103°K,
we expect to find a discontinuous first-order phase transition from an
insulating vapor to metallic solid in a single component system such as
alkali metal. This is a challenge to the experimentalist since theory has
been wrong before.
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APPENDIX II

MATHEMATICAL DETAILS FROM SECTION II

Two integrations which occur during the theoretical discussion
will be performed here. The first is that of Eq. (19) when the pseudo-
potential v(r) has the form given by Eq. (21). Ignoring factors of 2 and
(which can be absorbed into the normalization constant A), the integration
is thus

(q) :jd3qe-1 9 Ty(r). (61)
Now
q.r = qr cos 8, (62)
and
™
sin 8d6 ei qr cos 6 _ 2 sin gr (63)
qr '’

o}

when the psuedo-potential from Eq. (44) is placed in Eq. (61) and
Eq. (63) is used. One thus obtains

@

~ - B
viq) = (A/q) ZBn [r dr exp(-\ r)sm qr = AX—Z-—Z . (64)
o n 4 +)\

The quantity desired, as given by Eq. (4), is

3 iq.4

£(4) = A B B f d q = (65)
i q+w(q 2% @2+ By
Now employ Eq. (63) to obtain
2 -]

2 d .

£(4) = A Z mj 5 qzsmq - (66)
- 2 +\)q+)\)(q+E)
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Now we write the sine as the sum of a positive and negative exponential
and change the sign of q in the latter to obtain an integral along the entire
real axis;

-]

BB iqf/
2
£(o = A Z o m gdge . (67)
id 2+)\2) ( 2+_)\2)( 2 E
nm oo (q n q n q + k)

Equation (67) may be evaluated by contour integration, completing the
contour around the upper half plane to obtain convergence. Thus only
the three poles above the real axis are enclosed and one obtains

> Ban exp(-)\ml) exp(-)\nﬁ)
fe) = A Z ) 2 .2 2 2
nm ()\n - )\m) ' Ek - )\m Ek - )\n
exp(- z/Ek)
+ . (68)

2 2
(= B O - By

Equation (68) is indeterminant for the diagonal terms (A_ = X ) and for

L =0, but L' Hospital' s rule may be applied to find that Fhe drlea.gonal
members of the sum are

2 V2
Bm exp(-4 /—Ek) - exp(-—)\mﬂ) (1 +———E——13 ©9)
L()\i- Ek)2
For 4= 0 a similar application shows
2 Ban
Ho) = A n; X ) O +/E) (_+/E) (70)

The normalization, A, is found by requiring that £f(0) be unity if
Ek = Eo’ the atomic energy level.
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The second integration is that of Eq. (4) in which ;r(q) is the
Fourier transform of v(r),

2 o =\r  =\r'
A 3
f(z):—-—fdre < —, (71)
E r r
k o
where
r' = Tr - f/. (72-)

We use spheroidal coordinates £ and n defined by

r+r' r-r' (
S S A , 73)
£ 7 " Z
and
3 21'(113 2 2
dr = =—— (£7 - n") dgdn = nirr' dgdn. (74)
Thus Eg. (71) becomes
rA%y i 1N (1 2m A% M
f(?) = = fdg e S ldn = __)\E_e__ . (75)
k < k
1 -1

We now make use of the fact that Eo is determined by f(o) to arrive at
Eqg. (22)

2
E _2mA
o )\

(22)

We can now use Eq. (22) to write Eq. (75) in the form used in Eq. (23):

-\4
f(£) = ‘Eo/Ek) e . (23)

:.:Refer to J. Stratton, "Electromagnetic Theory'', Sec. 1.18(6),
p. 56 (McGraw Hill Book Company, New York,1941).
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APPENDIX III

CONVERSION OF Q MEASUREMENTS TO RESISTANCE

As used in these experiments, the ""Q'" meter measures the Q of
an equivalent parallel circuit. That is, the circuit must be cast into the
form shown in the sketch below and the Q is then of the form

O = uCR, (76)

where wis 2w times the frequency.

Before any circuit is added, there are some losses associated with
the coil and internal circuitry used in the "QQ'"" meter. These losses, to-
gether with the tuning coil, will be represented as in the sketch above,
except with a sub zero. The O of this circuit is simply

Q =uwC R . (77
o o o
When the element to be measured is connected to the "Q" meter and the
mathematical expression for its impedence is cast into a real and an
imaginary part (as indicated symbolically in the next sketch), then the Q
becomes

R R

o Z
R
o zZ

- C, R,
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In Eq. (78, Ct is the value of the tuning capacitor needed for the resonant
frequency to remain w. If Qis larger than about 10, the value of Q does
“not affect the resonant condition, so the total capacity must remain constant:

C_=C, +C, (79)

Since the O meter deals with parallel resistances, it is apparent
that it is much easier to use the reciprocal of Q than Q itself. When this
is done, and Eq. (79) is used, Eq.(78) becomes -

- L
1/Q = (1/wco)(R 7). (80)

o] z

The value of the apparent resistance R_ can now be found by subtracting
Eq. (77) from Eq. (79),

1/0 - 1/0_-1/(C R ), (81)

or

QQ
o

R, "€ @ —a
O (@]

(82)

We now discuss how the wet and dry runs must be combined to
find the sample resistance. Theprocedure depends on the model one
takes for the losses during the dry run. We shall discuss two such losses.
In the first case (see following sketch) the background losses are R}
(appearing directly) and R, (appearing capacitatively coupled). The vapor
resistance is R. Note that R is actually the parallel combination of R
and any new losses that appear by connecting the sample tube to the Q

1 1
C2 C3
C R g: g
7/ t } RZ R

The resolution into real and imaginary parts is

meter.

iU.JCZ | i(.:.C3 )
—— - 83
1+ 1(,L(J2R2 lJrlu,CZRz

\/7 - iuC 1/Rl +
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which reduces to the imaginary and real parts

C C
5 ,
1/2 = iw|C, + + 3

2 2
1+ (uC,R,) I+ («C,R)”

2 2
RC(u.CZ) . R(wC3)

4—1/Rl+

> 7 (84)
I+ («C,R,)” 1+ (uC,R)

Now, during the dry run, all of the above losses are assumed to
be present except the sample resistance, R, which is infinity. Call the
Q measured during the dry run Qg and that measured during the wet run
simply Q; then Eq.(89) and (84) may be used to find

2
R(wcj)

1/Q - l/Qd = (l/u.Co) (85)

1+ ((,u.C3R)2

Since R is positive, by definition, Q must always be smaller than Qg.
Also, Q approaches Qg4 as wC3R becomes either much smaller or much
larger than one.

Equation (85) can be solved for R, the actual resistance, in terms

of R7, the measured apparent resistance. R,, in turn, is found from
Eq. (82), using O4 instead of Q4. The result for R is

1
R = (R _/2)q1 ¢ [_1 - (Z/wC3RZ)2J2 . (86)

It is worth mentioning that both the labor and the arithmetical errors in-
volved in finding R may be reduced by the substitution

siny = Z/wC3Rz' (86")
Equation (78) now becomes
2
cos (y/2)
R =R (86")
2
sin”(y/2)
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The resistance is a double-valued function of R . Which value is to be
used can be decided by a simultaneous measurement of C, or, in practice,
by assuming that R is a continuous function of the temperature or pressure.
One then uses whichever value assures such continuity.

The second model for the background losses is very similar to the
last sketch except that another loss is coupled in by the same capacitor
that couples to R. This may be the insulating tube containing the sample,
for example. This circuit is shown below.

i
| c, —c,
D %R § %
!
¢, ? Rj R

The resolution into real and imaginary parts is exactly the same as
Eq.(84) except that where R appears, we must now use the parallel combina-
tion of R and R3. The dry run Q is again found by letting R go to infinity.

A little self-evident algebra can now be used to find

= RowC, 5 ¢ (87)

Colis [iRR_awCE/(RJrR})]Z L+(R,wC,) J

1
Qq

Ol

C, J R/(R+R,) .

o

This in turn may be reduced to

2
C R(R, wC.)
3.2 393
B , —C-;(R3wcs) -1+ R + R3
Q-Q) - i (88)
(R+R3)]l+ 'LRRch3/(R +R3)]2 [1+(R3wc3)2]
N
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Note that in this case, Qg can be sinaller than the Q during the run if
1 +R3/R < (..¢C3R3)2.

The general form of Eq. (88) is shown in Figure 36 which gives the
difference in the reciprocal Q's as a function of R/R3 with ¢ C3R;5 as a
parameter. The value of 2.4 X 107%, which s appropriate to the experi-
ments, has been used for the ratio C3/CO

It should be noted that the left-hand side of Eqs. (85) and (88) can
be written

Qo -C = , (89)

where

AQ = Qd-Q . (90)
It is also frequently convenient to introduce an "average Q', O:

Q;+Q

Q= — (91)

The product occurring in Eq. (89) may be written in terms of AQ and Q as

2
=) 5Q
QqQ, - 8¢ - (&2 (92)
Finally, if AQ is smiall, Eq. (89) reduces to
-1 -1
o7 - o, :-_-A-_f . (93)
Q

The losses may be more complex than indicated by the preceding
model (see last sketch); for example, the sample tube may be represented
by a capacitor in parallel with a resistance as shown below. No analysis
was perfor:ned on this rather complex circuit.

¢
O
L AAN—
CZ'7—£ RL* R, R
O
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