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n Mo ten Sa t s  

Abstract-The Hall Effect is measured in the molten ionic salts CuCl, AgCl and 
AgBr. Values of 0.023, 0.031 and 0.027 cm*/volt sec are obtained for the 
effective mobility. The values obtained are one or two orders of magnitude 
larger than drift mobilities and so indicate there can be no correspondence 
between Hall and drift mobilities in molten salts. These measurements appear 
t o  be the first of the Hall Effect in molten ionic salts. 

While the electrical conduction in molten salts is of considerable 
technological importance, the microscopic theory of conduction is 
at a primitive state of development.(') This paper demonstrates 
that it is possible to measure the Hall Effect in molten salt systems 
although the magnitude of the effect is quite small. The three salts 
used in this paper CuC1, AgCl and AgBr, are all considered to  be ionic 
in nature.(2) 

1. Experimental 

The salts were reagent grade and were contained in quartz cells 
shown in Fig. 1. The cells were constructed of 4 x 7 mm rectangular 
quartz tubing. The current electrodes were made by welding wires 
to plates of the metal component of the salt. The Hall probes were 
made of wire with a ball of the same material at one end. The ball 

t Present address: General Electric Co., 310 DeGuigne Drive, Sunnyvale, 
Calif. 94086. 
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128 M I T T Y  C. P L U M M E R  A N D  J O E  S. H A M  

was slightly larger than the hole in the side of the cell so that some 
sealing was affected by holding the ball snugly against the cell wall. 
Wires penetrating the cell walls were potted into place and sealed with 
a ceramic cement which has the same thermal expansion as quartz. 
The molten salt was then poured into the cell through the top and 
filling was verified by visual inspection of the cell. 

7 PIN MINIATURE 
TUBE SOCKET 

BESTOS 

QUARTZ PLATE 

CURRENT LEADS 
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(TO PINS 1 AND 7 )  

4x7 MM. 
QUARTZ TUBE 

CEMENT 

Figure 1. Details of molten salt cell. The length between the current electrodes 
varied from 14 mm to 20 mm. The asbestos strip served as a heat' reflector 
to protect the preamplifiers directly above the furnace. 

The use of a cell of such thickness might be questioned when 
compared to the cells used by Cusack et aZ.(3) in the measurements of 
Hall mobilities of molten metals. They report the use of cells thinner 
than 400 pm as being necessary to obtain reliable results using a dc 
method. The viscosity of these salts is similar to that of CuI which is 
as much as seventy times that of liquid metals.(4) The effective 
carrier concentration of the salts is below that of metals. While the 
details of the magnetohydrodynamic (MHD) forces are not under- 
stood, the influence on Hall measurements is likely to be proportional 
to the effective carrier concentration and inversely proportional to 
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THE HALL EFFECT IN MOLTEN SALTS 129 

the viscosity. Thus, very thin cells do not seem to be necessary here. 
Also one advantage of the ac method is that the MHD effects are 
smaller.(s) 
I A double frequency method was used@) as modified by Parker.(?) 
The current was developed by a light chopper synchronous with the 
line frequency at 33) =(%) 60 Hz while the sample was rotated at 
&Hz. The rotation of the sample results in the sample seeing an 
oscillating field. The signal was amplified, filtered, and then chopped 
at these two frequencies so only the component at  the frequency 
resulting from a Hall Effect survived to be displayed as a dc signal on 
a strip chart recorder. The various tests enumerated by McKinzie 
and Tannhauser@) were applied to guard against false signals. In  
addition, the effects involving MHD effects coupled with rectification 
at contacts seem to have been absent.(9) The noise level of the 
resulting signal comes partly from the amplifiers and partly from 
instabilities within the molten salt. The sample impedances were too 
low for Johnson noise to be a factor in these measurements. 

A small home-made furnace fits between the pole faces of a 4-in. 
magnet. A low ripple dc supply was used t o  power the furnace since 
electrical noise and serious mechanical vibrations resulted from 
current ripple interacting with the magnetic field. The temperature 
could reach as high as 500 "C without producing a serious temperature 
rise in the pole faces of the magnet. It was mohtored by a platinum- 
{hodium thermocouple suspended near the center of the furnace. 
While this does not precisely measure the sample temperature, the 
temperature coefficients are small so that uncertainties in the 
temperature produce errors small compared to those from other 
sources. 

A test against certain types of spurious signals was made with the 
measurement of the Hall Effect of a 1 demal solution of KC1. 
Aqueous solutions have a very small Hall signal that has only been 
measured recently.('") We could determine that any true mobility 
was smaller than 4 x 10+ cm2/volt sec. This is an order of magnitude 
smaller than the values observed in molten salts. The sensitivity of 
the equipment was limited in this case by some extraneous noise 
that had none of the characteristics of a Hall signal. Presumably, 
MHD, evaporation, and other effects account for this noise. Similar 
behavior was not noted in the measurements on the molten salts. 
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130 MITTY C. PLUMMER AND JOE S. HAM 

2. Results 

The results are shown in Figs. 2-4. The data show a definite 
proportionality to the magnetic field and, where such measurements 
were made, a proportionality to the applied electric field. This 
dependency is characteristic of the Hall Effect. The measurements 
on each sample were terminated due to cell failure in each case. The 
CuCl salt seemed to be particularly difficult to maintain within the 
cell. The cuprous salt also slowly decomposed as it was partially 
exposed to air. Since the time in which the measurement was 
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Figure 2. Hall field vs. magnetic induction intensity for CuCl. The data 
presented are from three different cells. The temperature of cell No. 1 (A) at 
the time of the measurement was 480°C and the applied emf was 0.415 v/cm. 
The applied emf of cell No. 2 was also 0.415 v/cm but the temperature was 
reduced to 444°C. At the time of measurement of cell No. 3 the temperature 
was 444 "C and the applied voltage was 0.4 v/cm. 

obtained was of the order of a few minutes and the exposed surface 
of the salt 0.3 to 0.7 cm above the top electrode, the decomposition 
is believed to be unimportant. 

The sign of the carrier is certainly positive for CuCl and is probably 
positive for the other two salts tested. One of the disadvantages of 
the ac method is the difficulty of determining the sign of the effect 
without error. After the measurements were completed it was 
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Figure 3. Hall field vs magnetic induction intensity for AgCl. 
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Figure 4. Hall field vs magnetic induction intensity for AgBr. 

pointed out how a reversal in sign could have resulted for a particular 
position of a switch but a rerun of one sample confirmed the positive 
sign for CuCI. 

Thermal power measurements made in these three salts indicated 
a sign generally characteristic of positive charge carriers in con- 
formity to the sign of the Hall Effect. Allnatt and Jacobs(11) have 
shown theoretically that the sign of the thermal power and the Hall 
Coefficient do not necessarily agree for ionic solids with an excess of 
the metal component in solution, depending on the distribution of 
electrons from the excess metal. However, the authors were unable 
to extend their theories to say definitely that this disagreement 
could exist because the distribution of excess electrons is unknown 
and because of the greater complexity of impure crystals, in general. 
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The interpretation of Hall data in ionic systems has usually been 
discussed in terms of a simple model taken over from semiconductors. 
In  this model, the charge carrier is assumed to move freely between 
rare collisions. The infiuence of the strong forces of the lattice 
between collisions is replaced by a change in effective mass of the 
carrier. The collisions interrupt the acceleration produced by the 
external field with the consequent result of a drift mobility. Simul- 
taneously, the curvature in the path produced by the magnetic field 
is interrupted by the collisions resulting in a Hall mobility that is 
3 ~ 1 8  times the drift mobility. Since both cations and anions move, 
it is a simple exercise to extend the model to two independently 
moving carriers and then to use the conductivity to deduce the 
separate values for each r n ~ b i l i t y . ( ~ ~ J ~ * ~ * )  This model is clearly not 
of use in ionic melts where the neighboring ions produce a continuous 
and fluctuating force on each ion. 

In  semiconductors, the data is often presented in terms of a Hall 
constant R, but we prefer to express it in terms of the Hall mobility 
pE = EalEz B where E,  is the applied electric field, EH the observed 
transverse field, and B is in magnetic induction intensity. The 
units are chosen so that p is in terms of cm2/volt - sec. The expression 
of our results in this form does not mean we believe only a single 
carrier is moving. 

The 
number of cations is computed from the melt density and atomic 
weights. The u values measured near the temperature of the Hall 
Effect measurements. The only values readily available to compare 
our conductivity measurements of CuCl and AgBr with are those of 
Grantham and Yosim.(15) The value of u for AgCl compares well 
with that of Cornwell.(ls) The temperature coefficient is small in 
these systems so for the comparison made, precisely matched 
temperatures are not necessary. 

The results of our measurements are shown in Table 1. 

TABLE 1 

Salt Mobility ~t cations U Ratio nep& 
(cma/volt sec) (number/cm*) (ohm-'em-1) 

CuCl + 0.023 2.2 x lo'= 3.4 24 
AgCl + 0.031 2.0 x 1022 3.9 24 
AgBr + 0.027 1.8 x loz2 3.3 23 
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134 M I T T Y  C. PLUMMER AND JOE S. E A M  

In  the last column of the table the ratio of n e p ~ / o  is listed. In  a 
two carrier model based on simple semiconductor theory, this ratio 
should be less than one rather than the factor of 24 observed. The 
large value of this factor implies that the simple model based upon 
semiconductor concepts is not even correct as to the order of magni- 
tude. It is likely that any model able to describe Hall Effects in 
ionic melts will need to be quite sophisticated to describe these 
interactions with the surrounding ions realistically. 

The Hall Effect has been observed in a few other ionic systems. 
Read and Katz(18) observed the motion of cation vacancies in NaCl 
just below the melting point. Bullemer and Riehl,(18J9) and Rose@O) 
report a Hall Effect from the motion of protons in ice and Wend- 
hausen(lO) measured the Hall Effect in a number of ionic solutions. 

The measurements reported in this paper can be criticized on several 
grounds. The salts were contaminated by the exposure to air during 
the filling of the cell and by some corrosion of the electrodes. The 
effect of impurities on these measurements is unknown. Although 
there are difficulties in designing suitable cells, they are not insur- 
mountable. More information and better measured temperatures 
would improve our confidence in the numerical values observed. 
Nevertheless, we have established that Hall Effects can be detected 
in these systems and hence by their study one can obtain another 
set of clues to the mysteries in the molten salt systems. 
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