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CHAPTER I

INTRODUCTION

1. Introductory Comments

The primary aim of this investigation is the measurement at
high temperatures of the mobility of the ionic charge carriers in a
single crystal of a pure ionic conductor by subjecting the crystal to
crossed electric and magnetic fields and measuring the resulting Hall
voltage. This aim is threefold, for it implies: (1) the demonstration
of the existence of the ionic Hall effect, which has not previously
been observed in a solid, (2) the development of a theory of the ionic
Hall effect to relate the measured Hall voltage to the Hall mobilities
of the ionic charge carriers, and (3) the measurement of the Hall
mobilities over a range of temperatures lying Jjust below the melting
point of the material.

The pure ionic conductors studied in this work are sodium
chloride and silver chloride in the form of large single crystals.
A pure ionic conductor is one in which the conduction of electricity
takes place exclusively by means of the transport of ions through
the lattice; i.e., where the contribution of electronic charge trans-
port to the total electric conduction is negligible. The crystals
which we use are also pure in the sense that they contain no deliber-

ately added impurities.
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Sodium chloride and silver chloride are chosen for study
because they are examples of the two types of pure ionic conductors
in which the expected Hall voltage is relatively high. At high
temperatures the ionic conduction in sodium chloride is attributed
to the motion of Schottky defects while the conduction in silver
chloride is attributed to the motion of Frenkel defectsgl).

This work is a continuation of the research of J. L.
Levy<2’3) in the general area of ionic conductivity in solids, which
was carried out in this laboratory in the early 1950's. Levy set
an upper limit for the magnitude of the ionic Hall effect and there-
by an upper limit for the difference in the Hall mobilities of the
two ionic charge carriers in sodium chloride.

The reasons underlying our attempt to measure ionic
charge carrier mobilities at high temperatures are several. In
the first place, there exist only a few measurements of charge carrier
mobilities in pure ionic conductors(h). The methods used in making
these measurements involve several assumptions about details of pro-
cesses taking place in the crystal lattice, and the results of these
measurements depend critically upon the validity of these assumptions.
The measurements have in general not included tests for the validity
of the assumptions since such tests are difficult to carry out.

Secondly, when more than one measurement of the ionic mobili-

ties in a given material have been made, the results of these measure-

ments are not in good agreement even though the same method has been
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used It should be pointed out that any measurement of ionic mobili-
ties will be extremely difficult, as is evinced by the small number of
such measurements, and thus one would not expect that the agreement
among the results be very good.

Nevertheless it is desirable to try to measure ionic mobilities
using a method which would be less dependent upon auxiliary assumptions
about the nature of processes occurring in the crystal. If this more
direct method of measurement were to yield fairly consistent and
accurate results, it would act as a check on the validity of the assump-
tions used and on the validity of the results of these previous
measurements.

Moreover, there are no measurements of the ionic mobilities
in NaCl or AgCl at temperatures near the melting point of the

o).

crystals The high temperature region is of interest since, with
the high thermal energies available, there may be substantial contri-
butions to the conductivity from more than one type of carrier. By
using a method which is suitable for high temperature measurements,
we had hoped to identify the various types of charge carriers in
motion at these high temperatures and measure the mobility of each
carrier as a function of temperature.

This work originated in an attempt to repeat and extend the
results of Ievy; i.e., to measure or to set a lower limit on the size
of the ionic Hall effect in sodium chloride. A true ionic Hall effect

measurement would represent the first such observation in a solid

ionic conductor.
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The measurement of the mobllities of ionic charge carriers in
a crystal is quite difficult by any method. This difficulty results from
the fact that the ionic mobilities are numerically small, on the order of
10'8 (meter)g/volt-second under the most favorable circumstances(u).

Thus any effect which is sensitive to the magnitude of these mobilities
will be correspondingly small. This implies‘the use of sophisticated
procedures and sensitive apparatus in making such measurements.

As might be expected, the mobilities of ionic charge carriers
are much lower than electronic mobilities. According to the Bloch(5)
description of the motion of electrons in a solid, the conduction
electrons may move freely through the lattice, impeded only by the
thermal, chemical, and geometrical imperfection of the lattice(6). On
the other hand, ions move through the lattice with difficulty. They
are able to move only into a neighboring ion-vacancy site or & neigh-

(1L,7)

boring interstitial site The motion of ions involves transport-
ing a relatively large mass compared to that of electrons, and this
motion also requires large energies to distort the lattice sufficiently

(1,8,9)

to allow the ion to change lattice sites

2. Measurement of Ionic Mobilities

It has been only in recent years that a relatively clear

understanding of the motion of the ionic charge carriers in & solid

(7

(10)

has existed, and there are many points which still remain unclear
This understanding might be considered to have started with Ioffe's

suggestions in 1923, followed by the defect models proposed by Frenkel(ll)
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in 1926 and Schottky(la) in 1935. The main reason for this late
development of a model for ionic conduction is that measurements of the
parameters of ionic charge carriers are generally hard to make. The
first reliable measurements of the mobility of the ionic charge carriers
in a solid became possible in 1937 with the development of the impurity
doping method of Koch and Wagner(lj). However, up to the present time
relatively few ionic conductors have been investigated by this method,
even though it has remained the most reliable method for estimating
carrier mobilities.

There has also recently been a measurement of ionic mobilities
in CuQO by a special method which, however, is applicable only to that
material(lu).

The method of Koch and Wagner is based on the observation
that if the density of an ionic charge carrier could be increased in
an artificial manner, then a measurement of this density increase
plus a measurement of the change in the conductivity resulting from
this density increase would yield a value for the mobility of the
carrier. This observation comes from considering the equation for
the conductivity in the case where there is one dominant type of charge

carrier, which is given by Equation 2.6
o = nuq , (1.1)

where ¢ is the conductivity of the crystal, n is the density of the

dominant charge carrier, p is the mobility of this carrier, and q is
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its charge. For a known change in the density An, a measurable change

in the conductivity Ao occurs, and the mobility of the carrier is given

by

(1.2)

=

I
Q|-
EI1g

‘The increase in the density of the ionic charge carrier is
accomplished experimentally by adding a salt containing aliovalent*
impurity ions to the melt from which the crystals are grown. The im-
purity ions, when incorporated into the crystal lattice, create new
lattice defects of the Schottky or Frenkel type(7). Since the ionic
charge carriers are identified with these defects, the addition of the
impurity ions effectively increases the carrier density. By control-
ling the amount of the aliovalent impurity ions in the melt, it is
possible to roughly control the increase in carrier density. However,
since the concentration of impurity ions in the grown crystal is much
less than that in the melt from which the crystal was grown, the
crystal must be analyzed to determine the impurity ion concentration.
Since the impurity ion concentrations may be extremely small, this
analysis constitutes the major experimental problem in the use of

(15)

this method

* An aliovalent impurity ion is one which has a different charge from
the host ion which it replaces.



It is necessary to assume in the Koch and Wagner type experiment
that the impurity salt enters substitutionally into the lattice in a dis-
persed fashion, and that it does not form a separate phase in the crystal.
Impurity ions belonging to a separate phase will not create additional
lattice defects(7). If a separate phase exists, the relationship be-
tween the aliovalent ion concentrati on and the change in the charge
carrier density will be unknown. Evidence for the formation of a
separate phase of the impurity salt has been given by Zickler in potas-

(16).

sium chloride Also, the time dependence of the conductivity ob-
served by Etzel and Maurer(lY) in their mobility measurements on sodium
chloride suggests that a separate phase of the impurity salt was being
formed. Thus, even though it is possible to measure the concentration
of the aliovalent impurity ions in the crystal, one cannot be sure that
all of the impurity ions actually create lattice defects. Tests for
the substitutionality of the impurity ilons by means of density measure-
ments such as those of Pick and Weber(l8) rarely accompany the Koch
and Wagner type mobility measurements, although such measurements are
useful in setting upper limits for the allowable concentration of im-
purity ions which ﬁill still form a substitutional solution in the
lattice.

A second assumption made in the Koch and Wegner method is

that the warping of the crystal lattice due to the presence of the

impurity ion does not affect the conductivity. Some warping is to be



expected since the ionic size of the impurity ion will not match the size
of the normel ion. Any change in conductiyity due to this warping must
be subtracted from the total change in conductivity due to the presence
of the additional charge carriers if one is to make an accurate mobility
measurement. The effect of the warping is usually minimized by the
choice of an impurity ion which has about the same radius as the normal

(7))

ion, but the effect is still noticeable There also exists a lattice
distortion due to the charge misfit of the: impurity ion, which exists
even though the added charge is partially neutralized by the presence of
& nearby vacancy. .The effect on the conductivity of this charge misfit

(7)

is more serious than that of the size misfit and requires additional
experiments for its determination(l9).

A third assumption which is often made i1s that the lattice de-
fects created by the aliovalent impurity ions have the same ability to
act as charge carriers as the thermally created defects previously ex-
isting in the lattice. This assumption has been found to be invalid(7’l5)
even at very low impurity concentrations since the created defects re-
main bound to the impurity ions with a fairly large energy. A theory
of the association of the artificially created defects and the impurity
ions has been developed by Stasiw and Teltow(2o) and refined by Lidiard(7)
and others. This theory includes both the short and long range electro-

static attraction between the impurity and defect and accounts in a

rough way for the observed data. The theory does not as yet consider
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the association due to the fact that the presence of the vacancy near
the impurity ion tends to relieve the local stresses in the lattice due
to the misfit of the impurity ion.

One difficulty in the application of the theory is that the
assoclation between the aliovalent ions and the artificially created
defects is extremely hard to detect. The usual tests for its presence
are often not sufficiently sensitive, and separate measurements are re-
quired to measure the association over the range of temperatures and
impurity concentrations used. Such experiments are rare, and if per-
formed, enhance theeomplexity of the total Koch and Wagner measurements.

The association of the artificially created defects with the
impurity ions prevents them from having the freedom of motion of a
thermally created defect. If the results of the Koch and Wagner
measurements are not corrected for this association, the calculated
mobilities will be somewhat low by an amount varying with the tempera-
ture.

To summarize, the method of Koch and Wagner for the measure-
ment of the mobility of ionic charge carriers is not a simple experi-
ment. It involves several assumptions about the introduction of the
impurity ions into the lattice and the effect of these impurity ions
on the defects which they create. The testing of each of these
assumptions generally requires & separate experiment. It is not sur-
prising that the measurements made by this method by two or more in-

vestigators on the same material are only in rough agreement.
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5. Hall Effect Mobility Measurements

We would like to measure the mobilities of the ionic charge
carriers in & pure ionic conductor by a more straightforward method.

A natural choice for this method is the measurement of the Hall effect
which is ﬁidely used to determine electronic mobilities.

The Hall voltage is, in the case of one dominant carrier,
directly proportional to the Hall mobility of the carrier. 1In the
case where more than one type of mobile charge carrier is present, the
Hall voltage may be interpreted so as to yield the mobility of each
carrier type, if the mobilities are sufficiently unequal and if the
Hall measurement is sufficiently precise (see Chapter III). The
ability to measure in one experiment the mobilities of more than one
carrier type is not shared by the Koch and Wagner method. In the
Koch and Wagner method the attributes of a selected type of charge
carrier are deliberately enhanced so that the attributes of this one
carrier type may be studied.

It should be noted here that the Hall mobility of a charge
carrier is not necessarily the same as the drift mobiliﬁy of the
carrier since the experimental conditions under which they are measured
are different. We shall consider the relation between these two
types of mobilities in Chapter III.

There are several advantages to using the Hall effect for
mobility measurements. First, the measurement is not dependent upon
assumptions about the details of processes occurring in the crystal.

Thus we may avoid most of the problems implicit in the Koch and Wagner
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procedure. .Also, the measurement is sensitive to the sign of the carrier
and thus gives additional information about the conduction mechanism
under study. The measurement process is non-destructive so that many
determinations may be teken on the same crystal with a subsequent bene-
fit to the accuracy of the results. In addition, one expects that the
Hall measurements would be most easily performed at high temperatures
where the ionic mobilities are high.

The main drawback of the use of the Hall effect as a means of
measuring mobilities of ionic charge carriers is that since the wmobilities
are so low, the Hall voltages are correspondingly small. In fact, the
Hall effect in a pure ionic conductor has apparently never been ob-

(2’21’22). This is due not so much to the smallness of the

served
effect, for it could be detected with sensitive equipment. It is
rather due to the fact that, as noted in Chapter IV, there are always
several other transverse voltages which appear across the érystal,
voltages which may be many times larger than the Hall voltege. The
existence of these large competing transverse voltages makes the .ob-
servation of the Hall effect, to say the least, difficult.

We would expect this problem to be especially severe in the
high temperature range. At high sample temperatures there is a large
amount of thermal energy available not only for moving the ions but
also for the enhancement of other processes which may take place in
the crystal. Furthermore, the high resistance of ionic conductors

combined with the hightemperatures which we shall be using means that

thermal noise will be high.
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In essence there are three principal requirements connected
with any attempt to use the Hall effect as a means of measuring ionic
mobilities in solids. First, the Hall measurement should be made in
such a way that the competing transverse voltages are automatically
eliminated. Second, the measurement should separate the Hall voltage
from any other signals picked up by the Hall probes. Third, the
measufement apparatus should be sufficiently sensitive to measure the
very low Hall voltages and still maintain a good signal-to-noise ratio.
Of course, the experiment must be designed so that there are suffi-

- clent checks to make sure that it is really the Hall voltage which is
being measured.

The first published attempt to use the Hall effect as a
means of measuring the mobilities of ionic charge carriers in a solid

was made by Levy(z’ﬁ)

who tried to measure the Hall mobility of the
carriers in NaClvas a function of the temperature in the range 650°
to 795°C. He wmade a thorough analysis of the various types of Hall
measurements and was able to design his experiment so as to satisfy
the first two requirements listed above. By careful design and
construction of his apparatus he was also able to meet the third re-
quirement. However, he was prevented from observing a coherent Hall
signal by the presence of a large amount of noise in the sample.
These noise voltages were intimately associated with the primary

current in the sample but did not seem to have the characteristics

of the usual kind of current noise.
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Levy was unable to detect Hall signals smaller than the noise
level since he had only a short time interval in which to make a measure-
ment at any given temperature. However, if any Hall signal were present,
it was certainly less than the observed noise voltage. This set an upper
limit for the Hall voltage over the temperature range in which he worked
and also set an upper limit for the difference in the Hall mobilities
of the :sodium ion and chlorine ion vacancies in this region.

The upper limits which Levy set on the Hall voltage in NaCl
were of the same order of megnitude as the expected Hall voltage which
he calculated on the basis of the mobility results of Etzel and Maurer(l7)
and the transport number data of Tubandt 33_23525)‘ Thus, it was of
great interest to try to repeat lLevy's Hall measurements on NaCl with
the hope of reducing the effect of the current noise so‘that the actual
Hall signals might be detected. It was also of interest to attempt Hall
measurements on an ionic conductor of the Frenkel defect type.

In line with the suggestions put forth in Levy's dissertation,
Hall effect apparatus of greater sensitivity was designed and built.

This was done in the hope of reducing the effect of the perturbing
current noise by the use of weaker applied electric fields. Also, the
apparatus was designed so that Hall measurements ceould be taken over
relatively long time intervals and this data recorded automatically.
In this way it was hoped that the current noise could be averaged out
over the time interval of the measurement. All possible sources of

noise exterior to the sample itself were carefully eliminated.
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In order to meke meaningful measurements over long time inter-
vals, the equipment had to be made much more stable, the effects of vib-
rations and other perturbing effects on the equipment had to be reduced,
and the environment of the sample had to be maintained in a more con-
stant mechanical, thermal, and electrical state.

The secondary aim of this investigation is the design and
construction of apparatus of the necessary sensitivity, stability, and
accuracy to allow us to make more precise measurements of the Hall

effect than d4id levy.

4, Choice of Ionic Conductors Studied

Sodium ehloride is perhaps the best known example of an ionic
conductor and as such has received much experimental and theoretical
attention. It is logical that we should use it in our study of ionic
conductivity. However, there may be other pure ionic conductors which
would be more favorably suited for making Hall measurements.

Accordingly, the known pure ionic conducting materials were
surveyed. In order that a material have the largest Hall effect, ﬁhere
should be & maximum numerical difference between the mobility of the
major (more mobile) and of the minor ionic charge carriers over the
temperature range of interest. This condition arises from the fact
that the average Lorentz force on both the major and minor charge
carriers is in the same direction. Also, it is not possible to separ-

ate the temperature variation of the mobility of the two carriers
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from the Hall voltage data unless there is a high major to minor carrier
mobility ratio. Other criteria relate to the commercial availability of
the material or its eaée of preparation, the number of phases in which
it exists, sensitivity to external fields, decomposition at high temper-
atures, etc.

The results of this survey showed that among Schottky defect
ionic conductors sodium chloride offered the best chance for the measure-
ment of the Hall effect. The drift mobility of the sodium ion vacancy
at the melting point of NaCl is higher than the drift mobility of the
carriers in any of the other Schottky defect conductors in which
measurements have been made. Little information is available on the
mobilities of the minor carriers in these materials. Large single
crystals of quite pure sodium chloride are commercially available, and
the material is easy to handle. All of this, plus the fact that we
‘would like to repeat lLevy's measurements on NaCl, led to the use of
NaCl in our work.

In the class of Frenkel defect ionic conductors, silver
chloride seemed to be the best choice, in spite of its sensitivity
to light. The high numerical difference in the carrier mobilities

in AgCl renders it an attractive candidate for Hall effect studies.



CHAPIER II

IONIC CONDUCTIVITY

1. Definitions

In this section we shall briefly define the quantities involved
in the description of ionic charge transport in solids.

Let us consider & simply-connected, homogeneous region of a
solid in which there are no tempgrature gradients. If we subject this
region to an externally applied electric field, there will in general
be set up within the region an electric current of density J. In a
crystal lattice of cubic symmetry, the quasi-equilibrium situation
which is set up after all transient effects associated with the estab-
lishment of the current in the region have vanished is described by

Ohm's law
J; = oB; , (2.1)

over a wide range of applied electric field strengths E. Here, o is
the conductivity of the material. In our work we .shall always be
dealing with cubic crystals and low electric field strengths, so that
Equation 2.1 is valid. We shall also use alternating fields whose
frequency is sufficiently hiéh that polarization effects may be
neglected.

Now, the current density due to any type of charge carrier

is the product of the density, average velocity, and charge of that
carrier; and the total current density is the sum of this product

over all types of mobile carriers.

-16-
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let us consider a single type of carrier of charge q. Under
conditions of no applied electric fiéld it is possible to define a
density of carriers n. which will be uniform throughout the region.
Upon application of the electric field, the crystal will no longer be
in an equilibrium situation, and the density of carriers may be changed
and may also be a function of position within the region. However, in
ionic conductors the charge carrier density is virtually undisturbed
by the application of the electric field. Thus we may restrict our
attention to the situation where the application gf the field does not
change the equilibfium density of carriers and where the distribution
remains uniform throughout the region.

It should be mentioned that there are various possible ways
of defining the density of ionic charge carriers in a solid. For
example, if carriers may exist in either a trapped or mobile state,
one may include in n at any instant either the total number of
carriers or only the untrapped ones. We shall always follow the
former convention.

The 1 component of the average velocity of the type of

charge carrier which we are considering is defined by

n
. 1 :
<Vi >=;1-S§,l (Vi)S P (2.2)

where (v,

l)s is the 1 component of the velocity of each individual
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carrier. In ionic conductors the only motions of the charge carriers
which contribute to this sum are those from one lattice or interstitial
site to a neighboring site. The velocity of the motion of the carrier
as it oscillates about its equilibrium position is not considered,
since it does not contribute to the net motion of the carriers.

With no applied electric field, the velocities of the jumping
carriers are distributed so that there is no net transport of charge in
any direction. This does not, however, imply that the velocities are
randomly oriented, because there may be preferred directions of motion.
On application of the electric field the equilibrium distribution of
the velocities is not preserved since there is a net flow of charge.
The average velocity of this‘net charge transport, where the average
is tsken over all éf the carriers n, is called the average drift
velocity of this type of carrier.

The average drift velocity of a carrier type is proportional
to the first power of the electric field strength over the range of

validity of Equation 2.1 and is given by
<vy >=pE.. (2.3)

The proportionality coefficient p is called the drift mobility of the
carrier type.

The total current density is given by

Ji = (g‘ q.r nr ‘JT) Ej_ b (2'1")
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where the sum is over the r types of mobile charge carrier present in
the region of the solid. From Equation 2.1 we may write the conductivity

as
0= ; Ay Dp My o (2.5)

The partial conductivity 9 due to the motion of the carriers of type p

is
Up =Qp Dp Hp - (2.6)

In this connection it is convenient to define the transport
number of & charge carrier type. The transport number t of a carrier
type is the fraction of the total current which is transported by that

carrier type. The transport number t_ of the pth carrier type is

1Y
o, oot (2.7)
P o § dy Oy Hp

In the ionic conductors with which we shall be working there are only
two carrier types which have equal density and equal charge {of opposite
sign). Here, the ratio of the transport numbers of the two carriers is

(2.8)

u&
Hp

2, Charge Transport in Ionic Conductors

Aside from the fact that all pure ionic conductors must (by

definition) obey Faraday's law and also that ionic conductors obey
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Ohm's law up to extremely high electric field strengths, the main ex-
perimental characteristic of these materials is the rather striking
temperature dependence which their conductivity exhibits(2h). We shall,
in this section, describe the models which have been proposed to account
for the occurrence of a finite conductivity and which explain the temper-
ature dependence of the conductivity in ionic conductors.

The conductivity of an ionic conductor increases rapidly with
temperature but there are two regions in which the rate of increase is
somewhat different. On & log o versus 1/T plot, where T is the absolute
temperature, this increase is represented by two almost(l5) straight lines
of different slope in the high and low temperature regions Jjoined together
by a curve in a transition region. The transition curve may be smooth
or it may exhibit a more complicated structure(7). The transition
temperature is dependent upon the history of the sample. If a normal
crystal is purified by recrystalization or other means, the transition-
region will occur at a lower temperature. However, if aliovalent im-
purities are added to & normal crystal, the transition region occurs

(25)

at a higher temperature In both cases the conductivity at any
temperature in the low temperature region seems to decrease or increase
in direct proportion to the amount of aliovalent impurity removed from
or added to the crystal, whereas the high temperature conductivity is
unaffected.

The existence of the observed conductivity in single crystals

of pure ionic conductors is attributed to the presence of a small number

of thermally and chemically created imperfections in the lattice structure.
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-Without these deviations from the perfect crystalline array of ions in
the crystal, it is difficult to account for the megnitude of the ionic
conductivity. In a perfect lattice the only possible conduction pro-
cess which could take place and at the same time preserve the perfec-
tion of the crystal wouldbe aguccession of interchanges of neighboring
anions and cations(7). However, in NaCl one anion-cation interchange
‘would require an increaée in the electrostatic energy of the ions of
about 15 ev. On this basis extremely high electric flelds (on the
order of 108 V/cm) would be required to observe a measurable ionic
charge transport, whereas experimentally one can observe an ionic
current -with applied fields of only a few v/cm.

It is also evident that the imperfections in the crystal
lattice are not created by the applied field(26). From the fact that
the conductivity increases rapidly with temperature, we might guess
that the imperfections in the lattice have a thermal origin, or at
least that thermal creation will be the dominant factor at high temp-
eratures. The presence of aliovalent impurities‘in the crystal must
also have a role in the creation of lattice defects, especially at low
temperatures. Other possible sources for the creation of imperfection
in the lattice are geometrical imperfections caused by externally
applied stresses and defects caused by subjecting the crystal to high

energy radiation. However, in a well-annealed crystal isolated from

external stress and radiation fields these sources of defects are re=-

latively unimportant.
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The creation of lattice defects by the incorporation of aliova-
lent impurity ions into the crystal lattice during the growth of the
crystal is a well-known process and explains the behavior of the low
temperature portion of the conductivity plot(7). However, since we
shall be concerned only with the high temperature region of conductivity,
we shall consider only the thermal creation of defects, which is the
dominant source at these temperatures.

Two types of thermally created lattice disorder, Frenkel(ll)
and Schottky(le)‘disorder, have been proposed to account for the ob-

served high temperature conductivity in pure ionic conductors and these
models have been supported by much experimental work in the last thirty
years. Frenkel disorder in an otherwise perfect lattice is created when
an ion is removed from its normal lattice site and’is fitted into an inter-
stice in the lattice. Frenkel disorder thus consists of the presence of
two types of lattice defects, one belng the interstitial ions and the

other being the vacant lattice sites. The existence of each of these
defects makes possible & net motion of ions through the crystal when

an electric field is applied since both the interstitials and the vacancies
mey move. It is apparent that the number of interstitials will be equal
to the number of vacanclies in Frenkel disorder. Even though the density

of the interstitials and vacancies are equal, their mobilities may be
somewhat different, so that they may contribute to the total charge

transport in different emounts; i.e., they may have different transport

numbers.



23

The vacancy is able to move through the lattice by virtue of the
fact that neighboring ions (of the same kind as the ion which formerly
occupied the vacant site) may jump into the vacancy. The motion of the
vacancy is opposite to that of the jumping ion, which gives the vacancy
an effective charge opposite to that of the Jjumping ions. The inter-
stitial ions were formerly thought to move through the lattice by jumping
directly from one interstitial positign to the next. But it is now thought
that the motion takes place by the interstitialcy mechanism(7’27’28).
This involves the original interstitial ion pushing a neighboring ion
(of the same kind) from its normal lattice site into an interstitial
position, while the original interstitial then-occupiésd the site of the
evicted ion. The interstitialcy mechanism is probably energetically
more favorable than the direct motion through the interstitial lattice
in the case of Ag01§28).

The energy necessary to move an interstitial ion or vacancy
is only a small fraction of the energy necessary for anion-cation
interchange and is typically about 0.5 ev(u). This is consistent with
the magnitude of the observed conductivity in ionic conductors.

Although meny ions participate in the motion of both the
vacancy and the interstitial, the identity of the defects is maintained
through many Jjumps. For this reason the role of charge carrier is
usually assigned to the defects and the motion ofbthe individual ions

is ignored.
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Schottky disorder in the lattice is created when anions and
cations are removed from the interior‘of the lattice and placed in nor-
mal sites on a surface (external or internal) of the crystal. Schottky
disorder thus consists of cation vacancies and anion vacancies. The
presence of these vacancies allows a net motion of ions through the
lattice when an electric field is applied. Once again, the role of
charge carrier is assigned to the vacancies since they maintain their
identity as they move through the crystal.

The vacancies are created in a definite ratio depending on
the valences of the anion and cation. In a salt of the type AB the
density of anion vacancies will be equal to that of the cation
vacancies. The mobilities of the two types of vacancy are usually
quite different because of the difference in their ionic size,

The question of which type of disorder, Frenkel or Schottky,
will occur in a given material is determined by such parameters as
the ratio of the ionic sizes of the cation and the anion, the strength
of overlap repulsive forces, the van der Waal's forces between the
ions, etc.(l’7). In NaCl experimental evidence indicates that only
Schottky disorder is present, even at high temperatures, while in
AgCl the predominant disorder is the Frenkel type with perhaps a
small contribution from Schottky disorder near the melting point(29).

A simple theory of the mobility of ionic charge carriers in

a single crystal of an ionic conductor has been developed by,Wert(§o)

and elaborated by Lidiard(7). In the case of a cubic crystal of the
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NaCl type, under no external pressure, where only one type of mobile charge

carrier is present, the mobility of that carrier is given by

Sa Ua
1 | qv k T kT :
HET . % (a4 cos 91)° ek | e KT, (2.9)

where T 1is the absolute temperature, q 1is the charge of the carrier,
k 1is Boltzman's constant, v is the frequency of vibration of the
carrier in its potential well (in a possible Jjump direction), Sq 1is
the entropy of activation, U, 1is the activation energy evaluated at
T=0°, d 1is the distance of a jump, ¢ is the angle between the jump
direction and the applied electric field, and where the sum is taken
over all possible forward (in the .direction of the applied electric
field) jump directions.

In the case of both NaCl and AgCl, this is given by

- Ua

2 -
va K —
q e XT

1 . .
W=7 | x

Sa Ug
= s (2.10)

=S

where a is the lattice constant. The pre-exponential coefficient
is denoted by A.

In both NaCl and AgCl at the high temperatures at which we
shall be working, there are two types of mobile ionic charge carriers
present. The mobility of each carrier will be given by an equation

of the form of Equation 2.10. The contribution of each carrier to
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the conductivity will beadditive. However, the Hall fields produced by
the two types of charge carriers will oppose each other, since the Lorentz
force on both types of carrier will tend to drive them toward the same
side of the crystal. Thus thecontributions of the two types of mobile
charge carriers to the production of the Hall voltage are subtractive.

The entropy of activation which appears in Equation 2.10 has
been estimated by consideration of the effect of the motion of the
defect on the normal vibrational modes of the lattice(31’52’35). The

entropy factor is estimated to be on the order of magnitude of 100-101,

5. Mobility Measurements in NaCl

It should first be remarked that NaCl is a pure ionic con-
ductor under the conditions of our experiments. Chemically pure NaCl
in stoichiometric balance and in the absence of strong electromagnetic
fields, electron or neutron bombardment, or excess alkali or halide
vapor, exhibits no measurasble electronic conductivity even at temper-
atures very close to the melting point(g). The addition of impurities
in small amounts does not change the nature of the conductivity(7).

The fact that NaCl is a pure ionic conductor has been demonstrated
directly over a wide range of temperatures by the electrolysis measure-
ments of Tubandt 33_534(25).

The negligible electronic conduction in NaCl is not unexpected

since the forbidden band width is about 9.6 ev, as estimated from

(34)

measurements of the ultraviolet absorption maximum This implies
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that at the melting point of NaCl only one electron in 101*5 will have
sufficient thermal energy to be raised from the valencé band into the
conduction band. Of course, there may be bound donor states for
electrons associated with crystal defects which lie two or three ev
below the bottom of the conduction band(35’56). However, in the ab-
sence of energetic radiation almost all of the electrons will be
closely associated with the sodium or chlorine ions and there will
be extremely few electrons available to populate these bound states.
There are in the literature two measurements of the drift
mobility of the sodium ion vacancies in single crystals of NaCl, both
being Koch and Wagner type measurements. The first measurement was
mede by Etzel and Maurer(l7) in 1950 using cadmium chloride as the

(15)

impurity salt. Bean in 1952 extended these measurements over
a wider temperature range using calcium chloride as the impurity salt.
The results of the mobility measurements of Etzel and

Meurer made in the temperature range 256-403°C. are given by

9860 o
1.96 " T (m.eter! . (2.11)

T volt-sec.

Etzel and Maurer used the association theory of Stasiw and Teltow(eo)

to interpret their data.

The data of Etzel and Maurer has been reanalyzed by Lidiard
(1)

using his refined association theory The corrected value for the
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mobility of the sodium ion vacancies given by Lidiard is

9750

)2
2.122 T (meter)” (2.12)

T volt-sec.

Bean worked in the temperature range from 160-680°C.and found
a mobllity at high temperatures, where associated effects were low(7),

of

046 - R0 (iory?
=TT e T oThese, @.13)

This result differs somewhat from those given by Equations 2.1l and 2.12.

Both of these previous measurements are subject to all of the
problems implicit in the Koch and Wagner method listed in Chapter T.
This would seem to account for the divérgence in the results of the two
experiments.

The activation energies and the pre-exponential coefficients
found 1in these two measurements are tabulated in Table I. Although
these are the only mobility measurements on the cation vacancies in
NaCl, it is possible to infer values for the activation energy of the
sodium ion vacancies in NaCl from low temperature conductivity measure-
ments. The valﬁes of U, found from the low temperature conductivity
measurements of Etzel and Maurer(l7), Iehfeldt(gu), Smekal(38),

Mapother et al.(39), and Phipps et al.(uo)

, are given in Table I for
comparison with the values derived from mobility measurements. Also

given are values of U, inferred from the low temperature diffusion
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TABLE I

VALUES OF THE ACTIVATION ENERGY AND THE PRE-EXPONENTIAL
COEFFICIENT IN THE MOBILITY -EXPRESSION FOR
SODIUM ION VACANCIES IN NaCl

Measurement or Activation Pre-exponential
Calculation Energy Coefficient
ev (meter)®-°K/volt-sec.

Mobility Measurements:

'Etzel and Maurer 0.85 1.96
Etzel and Maurer/Lidiard 0.8k 2.12
Bean 0.78 0.46

Conductivity Measurements:

Etzel and Maurer 0.85
Iehfeldt 0.78
Smekal 0.89
Mapother et al. 0.83
Phipps et al. 0.88

Other Measurements:

Mapother et al.
(diffusion) 0.77

Rief (resonance) 0.66

Nowick and Dreyfus

(quenching) 0.75
Calculations:

Mott and Littleton 0.51

Dryden and Meakins 0.5k4

Guccione et al. 0.87
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(39) (hl),

measurement of Mapother EE_El; , the resonance experiment of Rief
and the quenching experiments of Nowick and Dreyfus(ug). These addi-
tional experimental determinations of U, are in the same range as the
values found by the mobility experiments.

Three theoretical determinations of the activation energy of
the sodium ion vacancies in NaCl have been made, and are listed in Table

(8)

I. These are the calculations of Mott and Littleton

(9)

, Dryden and
Meakiné(uj), and Guccione et al. The work of Guccione et al. is
considered to be the most accurate calculation, and it agrees fairly
well with the experimental values.

Theoretical determinations of the pre-exponential coefficient
must await the development of a more refined mobility theory. The
simple theory gives values which are about a factor of ten lower than
the experimental values.

Although there are no measurements of the mobility of the
chlorine ion vacancies in NaCl, it is possible to estimate this mobility.

(bk)

In the diffusion measurements of Laurent and Benard the diffusion

coefficients of both ions in NaCl were measured over the temperature
range from 600-800°C. Under the assumption that at the high temperatures

(7)

used the Nernst-Einstein relation is valid in the diffusion process
of both ions, the diffusion coefficient D for each ion is proportional
to the partial conductivity due to that ion, and by Equation 2.7

D - t

Dyat ty
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Using their measured values for the diffusion coefficients, the ratio
of the transport numbers is

-1500

- oso0x1Re T . (2.14)

T = =
Ty

This is plotted in Figure 1.
For comparison we have also plotted in Figure 1 ILevy's extrapo-
lation(g) of Tubandt's transport number measurements(25) which gives for

r the value

9100
T, (2.15)

r =1.90 x lO5 e i
The two determinations of the transport number ratio are in fair
agreement.

We may use the transport number ratio in Equation 2.14 to cal-
culate an expression for the mobility of the chlorine ion in NaCl. By
Equation 2.8 the mobility of the chlorine ion may be found from either
of the sodium ion vacancy mobility measurements. If, for example, we
use Lidiard's corrected mobility data Equation 2.12, the mobility of

the chlorine ion will be

17,050
2 Lt At
- L.66 x 10 e T . (2'16)

Hyqm
CI T
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Figure 1. Transport Number Ratio in NaCl
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This is plotted in Figure 2 along with the mobility of the sodium ion
vacancies from Equation 2.12. We have also drawn in this graph the
difference in the carrier mobilities of the two ion vacancies, since
this difference is what will be measured by our Hall measurements (see
Chapter III). We have listed in Table II the parameters appearing in
Equation 2.16 and also the values of the activation energy for the
motion of the chlorine ion vacancies calculated by Mott and Little-
ton(8), Dryden and Meakins<u3), and Guccione gE_gl;(g). Again, the

last calculation is the most accurate.

TABIE II

VALUES ' OF.,THE ACTIVATION.ENERGY AND THE PRE-EXPONENTIAL
COEFFICIENT IN THE MOBILITY EXPRESSION FOR
CHLORINE ION VACANCIES IN NaCl

Calculation Activation Pre-exponential
Energy Coefficient
ev (meter)2-°K/volt—sec.
Equation 2.16 1.48 | .66 x 10°
Mott and Littleton 0.56
Dryden and Meekins 1.80
Guccione et al. 1.11

It should :be mentioned that recent measurements by Barr

et al.(hs) on the diffusion of the chlorine ion vacancies in NaCl
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have shown that the diffusion coefficient 1s very sensitive to the pre-
sence of gross imperfections such as dislocation lines, Thus, our
gstimate of the mobility of the chlorine ion vacancies must be considered
to be very appfoximate. We are, however, only interested in an order

of magnitude estimate of this mobility.

L. Mobility Measurements in AgCl

Since we attempted Hall effect measurements in AgCl as well
as in NaCl, we shall briefly summarize the previous drift mobility
measurements of the ionic charge carriers in AgCl.

Two measurements of the drift mobility of the silver ion
vacancies and interstitials in AgCl have been made. The first was the
classic experiment of Koch and Wagner(15>. In their experiment they
assumed that the mobilities of the silvef vacancies and interstitials
“Were equal, and they also implicity assumed that the association be-
tween the artificially created carriers and the aliovalent impurity

b
ions was zero. Thus, their results are somewhat unrealistic.

The second measurement was made by Ebert and Teltow(29) in
1955. After correcting for association. effects; they arrived at the.
results plotted in Figure 3. The difference in the mobilities of the

two carriers is somewhat higher than in NaCl.
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CHAPTER III

THEORY OF THE HALL EFFECT IN AN IONIC CONDUCTOR

1. Introduction

We have proposed the use of Hall effect measurements as a
means of measuring the mobilities of the ionic charge carriers in a
pure ionic conductor. In order to interpret our Hall voltage measure-
ments in terms of the carrier mobilities, we must possess a theory of
the Hall effect in ionic conductdrs.

A simple theory of the Hall effect in ionic conductors has
been given by Levy(2), but this theory does not explain the origin of
the ionic Hall effect. It seems desirgble to develop a theory which
is based on the physical picture of the conduction process in ionic
conductors and which explicitly demonstrates the processes leading
to a non-zero Hall effect.

In the development of this theory it is necessary to re-

examine the usual mobility theory for ionic conduction and note that,
among the possible refinements of this theory, there is one small
correction term which should be included. Starting from this corrected
mobility theory we shall develop a theory for the ionic Hall effect
in which the physical basis of the effect will be evident.

The theory of the Hall effect relates the Hall mobilities

of the ionic charge carriers to the measured Hall voltage. Since the

Previous measurements of the carrier mobilities in ionic conductors
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have measured the drift mobilities of the carrier, it is also desirable
to consider the relationship between the two types of mobilities, so
that we may compare the results of our Hall mobility measurements with
these drift mobility measurements.

The results of the theory will then be specialized for use in
our situation in which ac applied fields are used, two types of charge

carrier are present, and square samples are used.

2. Re-examination of the Usual Mobility Theory

The results of the usual theory(7’5o) of the mobility of
ionic .charge carriers in an ionic conductor given in Chapter II are
substantially correct. However, there are several possible refine-
ments of the mobility theory which might be made, each leading to a
small correction term. We shall consider here only one such refine-
ment which is necessary for the development of the theory of the
Hall effect in ionic conductors.

Ionic charge carriers are usually pictured as moving in a
potential energy well which has high (~l5 ev) walls in most directions
but which has in these walls in a few directions gaps which present a
relatively low (~O.5 ev) barrier to the motion of the carriers. The
low portions of the energy barrier have a saddle point configuration(eé).
The shape and width of the gap near the saddle points may well have an
e ffect on the motion of the carriers, but these features would be a

function of the particular material under consideration. Thus, we shall

ignore any such effects, Jjust as is done in the usual mobility theory.
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The carriers will oscillate about their equilibrium position
in the well since they are thermally excited by the vibrations of the
lattice. The energy distribution of the carriers is given by a Max-
well-Boltzman distribution, since quantum effects may be ignored. The
basis of the usual mobility theory is the assertion that the probabil-
ity per second that an ionic charge carrier will jump from one site

(7,30)

to a neighboring one over a given barrier is equal to

P.=Ne XTI (3.1)

where N 1is the number of approaches per second which the carrier
makes to the barrier, and where Gy 1is the Gibbs free energy associated

with the barrier. Equation 3.1 may be expressed in the form

P,=NMe KT, (3.2)

where U, 1is the (activation) energy associated with the barrier and

8

where M represents a factor containing the entropy of activation (volume

of activation factor drops out since pressure is almost zero).

The usual theory is developed essentially one dimensionally.
That is, the only motions of the carrier which are considered are those
in a possible jump direction. This means that all carriers which have
an energy greater than U, will be able to make a jump. Consideration
of a two- or three-dimensional lattice shows that this model is some-

what unrealistic, for possible motions of an energetic (U >‘Ua) carrier
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exist where no jump could take place. However, for simplicity, we shall
continue to assume that the motions of the charge carriers in their po-

tential well are such that all carriers moving in the general direction

of a saddle point will pass through the saddle point (jump) if they have
an energy greater than Ug.

It will greatly simplify the development of the theory and also
will make more evident the essential features of what follows if we in-
troduce a specific geometry for the ionic conductor at this point. The
basic structure of the theory is independent of the model adopted and
applies equally well to other situations.

let us then consider a two-dimensional lattice of cubic
symmetry which is of the NaCl type. ILet us choose the direction of the
electric field which is to be applied so that it coincides with one of
the cubic axes. Also let us consider that only one type of carrier, an
ion vacancy, is present. There will be four possible jump directions
for the carrier. If the electric field direction represents the re-
ference (O°) angle of a polar coordinate system whose origin is at
the center of the potential well, then the possible Jjump directions
are in the neighborhood of 45°, 135°, 225°, and 315°. Ilet us denote
these jump directions by I, II, III, and IV according to the quadrant
number.

Under no applied fields, the net ionic current in a crystal
must be zero, once an equilibrium situation is established. (We shall

always assume that no temperature gradients exist in the crystal.)
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The net Jjump probability summed over all possible Jjump directions must
also be zero. By the symmetry of the crystal, both the activation
energy and the number of approaches per second to the barrier are the
same in all jump directions. The factor M depends on the lattice
and is independent of the jump direction. If we denote the value of
N wunder no applied fields by N,, and the activation energy by Ug,
then the jump probability in any direction is

..UO
Po=NoMe KT . (3.3)

If we now apply an electric field E) to the crystal, the
aveprage: energy required of the carriers to be able to pass over one
of the saddle points is no longer equal in all of the Jjump directions.
Also, the number of approaches per second which are made to the
barriers by the carriers is modified by the electric field. This
latter effect is not considered in the usual mobility theory and is
the correction which we wish to emphasize.

The energy which is required to pass over a saddle point is

changed by the electric field in the amount of

N =q (B s), (5.4)

—_
where ¢ 1s the charge of the carrier and s 1is the distance directed

from the center of the energy well to the saddle point. The height of

-,
the energy barriers in the forward (in the direction of E) direction
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is lowered and the height of the backward energy barriers is raised. In
our case the forward energy barriers are lowered by an/h, where .a 1is
the lattice constant. The backward energy barriers are raised by the
same amount. The asymmetry of the Jjump energy requirements leads to a
net motion of carriers in the forward direction.

It is clear that the average number of approaches per second
which the carriers make to the saddle points will also be affected by
the electric field. In the forward Jjumping directions there will be
an increased number of aarriers per second whose direction of motion
is not reversed by the energy barrier, since there is an increased
number of Jjumps per second over the lowered barriers. On the other
hand, in the backward jumping directions there will be an increased
number of carriers per second whose direction of motion is reversed
by the barrier, since the barrier height is raised by the electric
field. As a result, at any time there will be more carriers moving in
the forward direction than in the backward direction in the potential
well,although this difference is small.

Iet us denote the increase in the number of approaches per
second which the carriers make toward a forward saddle point by AN.
The decrease in the number of approaches per second made toward a
backward saddle point will also be equal to AN. Thus, under the in-

fluence of an applied electric field the probability per second of a
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jump in a forward direction will be given by

_ (UO - AN)
kT
Peor |E = (No + M) Me s (3.5)
and in a backward direction by
(Uo + AU)
Poack g = (Mo - &) Me KT 7 (5.6)

The net Jjump probability per second in the longitudinal direction will

be

=2 (p, _|p) (3.7)

P net long IEZ for = for (PbackJE) ’

- X
back
where the sums are over the possible forward and backward jump directions.

In our case this is

inp & Al (3.8
P oot long IE = o Sinh 1= + AN cosh kT) . )

Since the arguments of the sinh and cosh are always very small at the

temperatures of interest, Equation 3.8 becomes

Uo

WM No AU T AN kT

Pret lon g =—m— e ¥ (1+
ong kT Ng AU

) . (3.9)
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The first term of this expression is Just the result of the usual
mobility theory, and the second term is a small correction term.
The quantity AN may be calculated by considering that it

is directly related to the net current in a given direction. Thus

AN = (Pfor |E - Po) - (Pback [E - Pb) g (5.10)

Substitution of Equations 3.3, 3.5, and 3.6 into Equation
3.10 yields an equation for AN. Neglecting exp(-Uy/kT) with re-

spect to 1, the solution for AN 1is given by

Uo

AN e kT, (3.11)
kT

Substituting this value for AN into Equation 3.9

Uo U
h—M NoAU - 'l_{ff
Pret long |E = —-—;;;-—- e (1 + 2e ) .

O

(3.12)

This shows that the correction term is indeed small; for NaCl at

L

T = it is on the order of 10 = of the leading term.

Tmelt. pt.

5. Theory of the Hall Effect

Next, let us consider the effect of an applied magnetic field
on the net Jjump probability per second. In our special geometry, the
magnetic field is applied in a direction perpendicular to the plane of

the two-dimensional lattice.
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The effect of the magnetic field, when there is no applied
electric field present, is to change the paths of motion of the charge
carriers as they oscillate in the potential well. The magnetic field,
however, has no effect on the shape of the potential well or the height
of the energy barriers. The new paths taken by the charge carriers
will be slightly more curved than their former paths as dictated by
the Lorentz force on each carrier. Some carriers whose motion had
originally carried them into the neighborhood of one saddle point will
now be curved into the neighborhood of an adjacent saddle point. The
symmetry of the situation guarantees that the number of carriers per
second deflected away from any given saddie point toward other saddle
points will be equal to the number of carriers per second deflected
away from other saddle points toward the given saddle point. There-
fore, when no external electric field is present, the application of
a magnetic field does not on the average disturb the equilibrium
situation and the net Jjump probability per second will remain zero.

Iet us now consider the situation where both a magnetic
field §) and an electric field E> are applied to our two-dimensional
crystal. The height of the energy barriers is affected by the electric
field but not by the magnetic field. The magnetic field will, however,
affect the number of carriers per second which approach the various

saddle points.
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The number of carriers per second deflected away from the re-
gion of a given saddle point toward an adjacent saddle point will be a
function of: (1) the magnetic flux density B, (2) the number of
carriers per second which initially approach the given saddle point,
and (3) the velocity distribution of these carriers. Now, presumably
the velocity distribution of the carriers, which is established by
thermal excitation, will be the same in all directions. Thus, the
asymmetry in the number of carriers per second which are deflected
away from the region of a saddle point will be the same as the
asymmetry in the number of approaches per second initially made (with
no magnetic field) toward the saddle point. The number of carriers

per second deflected away from a given saddle point is

No. per second deflected = FN¥B, (3.13)

where N¥* 1is the number of carriers per second which approach the
saddle point with no magnetic field and where F is the fraction of
carriers per unit magnetic flux density which are deflected away from the
region of the saddle point.
Let us consider the case of a magnetic field which is
directed so that the Lorentz force on the carriers moving toward
saddle point I deflects some of them toward saddle point II, and
deflects some of the carriers originally moving toward saddle point II

toward saddle point IIT, etc. The number of carriers per second
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deflected away from saddle point I will be F(NOﬁAN)B and the number of
carriers per second deflected toward saddle point I will also be F(NO+AN)B.
The number of carriers per second deflected away from IT will be
F(NO-AN)B whereas the number of carriers per second deflected toward
IT will be F(NO+AN)B for a net gain of 2FANB. The number of carriers
per second deflected both away from and toward III will be F(Ny-AN)B.
And the number of carriers per second deflected away from IV will be
F(NO+AN)B while the number of carriers per second deflected toward IV
will be F(N,-AN)B for a net loss of 2FANB.

The Jjump probability per second in the various directions

will now be

_ Uo-AU
Prlg,p = (N + A) e kT ,
_ Ugt+AU
PII‘E,B = [N, - (1 -2rB)AN] e KT | o)
Ugt+AU
Prirlg,p = o - M) e BT,

Uo-AU

Prylg,p = Mo + (1 - 2FB)AN] e XT

If we now evaluate the net jump probability per second in

the transverse direction, we find that

Uo
W, "k
kT

P , (3.15)

net trans 'E,B = L FANBM cosh
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which, by the fact that the argument of the cosh is small, is equal to

U
_ 8 FNoBAUM T kT (3.16)

Pnettranle;B KT

Thus there is a non-zero net Jjump probability in the transverse direction.

As a result, an ionic current will be established in the trans-
verse direction. In a sample of finite width this current will eventusally
be neutralized by the establishment of a transverse electric field, the
Hall field. This Hall field is the direct result of the action of the
applied magnetic field on the directional distribution of N¥*.

The net Jjump probability per second in the longitudinal direc-
tion will, after the establishment of the Hall field, be once again given
by Equation 3.12. This does not mean that there will be no magnetore-
sistance effects, but rather that to the first order in B there is
no change in the longitudinal current. We have, in our development of
this theory, ignored second order path differences in the deflection
of the oscillating carriers. In order to obtain higher order terms in
both the Hall effect and the longitudinal current, it is necessary to
consider explicitly these higher order effects.

The Hall angle @H defined by(ué)

Etrans _ Pnettrans[E,B (3.17)

& tan O, = = s
®H Elong Pnet long [E,B

H
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where Etrans is the intensity of an electric field which corresponds to
the initial transverse current density. This is from Equations 5.12 and
3.16 equal to

Uo

T kT
®y = 2FB e : (3.18)

The Hall field Ep 1is the negative of Ei,,,s and from Equation 3.17

is

or, since 'Elong = E, the applied electric field intensity, this is

Uo
Ey=-2FEe (3.20)
The Hall voltage VH is
Vg=-Egw o, (3.21)
where w 1is the width of the sample, or from Equation 3.20
Uo
V. =2FEBw e T, (3.22)

H
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The Hall mobility Wy is defined by(u7)

OH
MH“E—

, (3.23)
and is, from Equation 3.18
Uo

g = oF e kT (3.2%)

The relationship between the Hall mobility and the measured Hall volt-

age 1s thus

’ (3.25)

in the case of the model which we have considered with only one type of
charge carrier present.

In order to generalize our results to a three-dimensional
cubic lattice, we have only to take into account the additional jump-
ing directions. This will introduce a factor 2 into Equations 3.8,
5.9, 3.12, 3.15, and 3.16. The expressions for the Hall angle, Hall
field, Hall voltage, and Hall mobility are unchanged since they de-
pend on ratios of the altered equations.

The symmetry of the cubic lattice guarantees that the above
results hold even though the electric and magnetic fields are not
directed along cubic axes, as in our model. The same results will also
hold in the case where the ionic charge carrier is an interstitial ion

rather than an ion vacancy.
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The generalization of this theory to crystal lattices of lower
symmetry than that of the cubic lattice may be carried out using the
above development as a basis. However, we are here interested only in

cubic lattices of the NaCl type.

L. Relationship Between Hall and Drift Mobilities

The Hall mobility given by Equation 3.24 is of the same general
form as the drift mobility given by Equation 2.10. An exact comparison
of the two mobilities depends on the evaluation of F in the Hall
mobility expression. We were unable to perform this evaluation without
appealing to special models of the motion of the charge carriers in
the potential well.

It is evident, however, that the factor which relates the two
mobilities is of the order of magnitude of unity, just as in the elec-
tronic case, since the essential difference between the two mobility de-
finitions is in the averaging over the velocities with which the

carriers move in the potential well.

5. Application of the Theory to Our Measurements

The above theory has to be slightly modified to fit the parti-
cular circumstances of our Hall measurements. We shall be using samples
which are of finite length, applied fields which are alternating, and
materials in which two charge carriers are mobile. The theory was
developed for the case of only one carrier present, and it was implicitly
assumed that the samples were of infinite length. Also, the ac

character of the applied fields was not taken into account.
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The two types of ionic charge carrier which are present in NaCl
and AgCl are of equal density and of equal but opposite sign. FEach
carrier type will have a Hall mobility of the form given by Equation 3.2L4.
As was noted in Chapter II, the Lorentz force of both carrier types will
be in the same direction, which implies that the Hall fields set up by
the two carrier types will oppose each other. If the mobilities of the
two carrier types were equal in magnitude, the net Hall field which
would be set up would be zero.

In general, over the entire temperature range of interest, the
two types of ilonic charge carriers in NaCl and AgCl will have unequal
mobilities. Thus, the net Hall field set up by the transverse wmotion
of the two carrier types will be non-zero and will be equal to the
difference in the Hall fields of the individual carrier types. The Hall
voltage observed in our measurements represents a net Hall mobility
Which is the difference in the mobility of the major and the minor
carrier, and the 1n Hy VS . 1/T plot will be of the form shown in
Figure 2.

If the Hall measurements are sufficiently accurate and are
made over a sufficiently broad temperature range, and if the ratio of
the mobilities of the two carrier types is high over part of that
range, it is in principle possible to determine the temperature de-
pendence of each carrier type from the Hall measurements. The separa-
tion is made by following the graphical subtraction technique used in

the determination of the half-lives of two radioisotopes which occur
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(48),

in the same material A curve is fitted to the apparent Hall
mobility data (on a ln pyT vs. 1/T plot) calculated from Equation 3.25.
An extrapolation is made from the straight portion of this curve at

the low end of the temperature range. The extrapolated straight line
represents the mobility of the major carrier, and the difference be-
tween the straight line and the curve fitted to the experimental points
represents the mobility of the minor carrier.

In the development of the theory we did not consider the effect
which the ends of the sample have on the Hall voltage. The fact that
the electric field electrodes cover the entire ends of our samples means
that no transverse voltage can exist in these regions. The correction
for these end effects has been considered by Isenberg EE_EE;(Ag)- For

samples of equal length and width such as we use, the relation between

the measured and true Hall voltage is given by
Vy(meas.) = 0.67h Vi (true)

If we insert this into Equation 3.25, we find

VH(meas)

hyp = —————— (3.26)
0.674 V B

where V 1is the voltage of the electric field applied across the length

of the sample.
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If we now consider that the applied fields are alternating and

that the values in Equation 3.25 represent rms quantities, then

Vg (true) = M8 Pros Yros (5.27)
V 2

Therefore, the net Hall mobility in our measurements will be, from

Equations 3.26 and 3.27

2.10 V (meas)
by = Hrms . (3.28)

VI‘I’IIS BI‘ ms




CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURES

1. Hall Effect Measurement Method

We carefully chose the parameters of our Hall effect
measurement in order to optimize our chances for observation of the
Hall effect in pure ionic conductors. As a consequence we used the
ac cross—modulation(5o) type of Hall voltage measurement with applied
electric and magnetic fields at 85 cps and 60 cps respectively and
with a 25 cps Hall voltage detector. We also chose to use a square
sample and the usual four-electrode configuration with one Hall
probe grounded.

The experiment was designed to measure the open-circuit Hall
voltage across the sample rather than the short-circuit transverse
current. This choice was dictated mainly by the high resistance of
the samples which limits the Hall currents to the micro-microampere
range. The measurement of ac: currents of this magnitude presents
more extreme experimental problems than does the measurement of the
ac open-circuit voltages corresponding to these currents.

An ac Hall effect measurement method was used in order to
avoid the problems associated with the preliminary compensation of
the initial voltage imbalance in the Hall electrodes, the presence of
other transverse voltages due to thermoelectric and thermomagnetic

effects, and the polarization of the primary current.

-55-
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The small size of the expected Hall voltage means that the pre-
liminary compensation (with only the applied electric field present) of
a voltage imbalance in the Hall electrodes using a dc method must be on
the order of at least one part in 107, which is not possible at the
high sample temperatures used.

The presence of transverse voltages other than the Hall volt-
age 1s assured by the inevitable existence of temperature gradients
across the sample(g). Possible sources of these other transverse volt-
ages are thermomagnetic effects such as the Ettinghausen-Nernst effect,
which arises from the presence of a longitudinal temperature gradient,
and thermoelectric effects such as the Seebeck effect in the Hall probe
circuit, which arises when the Hall probes are at different temperatures
(the probes being made of a different material than the sample)(5l).
Such temperature gradients exist naturally at the high sample temper-
atures used and are also created by the Peltier effect in the case of
the primary electrodes, and the Righi-Leduc effect and the Ettinghausen

effect in the case of the Hall probes(5l).

These transverse voltages
may be as large as or larger than the Hall voltage.

The presence of small and varying contact potentials between
the Hall probes and the sample would also hamper a dc measurement.

If a dc applied electric field were used, the polarization
of the primary current would quickly reduce the Hall voltage to zero
so that the Hall voltage detection would have to be very fast. It is

doubtful whether a sensitive detector with sufficiently fast response

could be constructed.
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Therefore, it was necessary to use an ac method.
There are several types of ac Hall effect measurements which

(2)

might be used. Levy made a careful study of the various possibilities
and concluded that the ac cross-modulation method was the best choice.

The primary advantage of this method is that the Hall voltage
can be chosen to appear at a frequency different from the frequency of
either of the applied fields or of their harmonics. If the frequency
of the applied electric field is 2] and the frequency of the applied
magnetic field is vp, then the Hall field will appear at the
frequencies (vl + V2) and (v; - v,). Since, in principle, the Hall
voltage detector will respond only at either the sum or difference
frequency, the preliminary compensation of the initial voltage im-
balance across the Hall probes can be very crude. The amount of com-
pensation is determined by the magnitude of signals which the Hall
voltage detector can accept without mixing them; i.e., the linear range
of the detector.

The ac cross-modulation method will be free of the problems
associated with dc measurements if the frequency of the applied electric
field is high compared to the frequency of temperature variations in
the sample and also high enough to avoid polarization effects. Our
frequencies were so chosen.

The principal practical difficulty in using this method is
that extreme caution has to be exercised so that there is no mixing

of the signals from the primary fields other than by the Hall effect
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in the sample. This means that nonlinear elements in the apparatus must
be avoided and that the various portions of the apparatus must be well
isolated from each other.

The choice of the frequencies of the applied fields is based
on three factors. First, the high resistance of the sample presents a
high source impedance to the Hall voltage detector. If the detector is
to be isolated from the strong ac magnetic field present in the region
of the sample, it will have to be located at some distance from the
sample. This requires long connecting wires between the Hall probes
and the detector input, wires which must be well shielded against
pickup. The capacitance of these wires and the attendant shielding
will greatly attenuate the Hall signal unless a low frequency is used
for the Hall signal. Second, it 1s expensive to construct a strong
ac magnet at a frequency other than 60 cps. Third, the noise in the
input stage of the detector will be due mainly to flicker effect at
low audio frequencies, which increases as l/f, so that a Hall voltage
frequency as high as possible should be chosen.

(2)

We have followed Levy's suggestions in using a magnetic
field at 60 cps, an electric field at 85 cps, and in measuring the

25 cps difference frequency Hall voltage. The choice of a relatively
low Hall frequency allows the use of the special techniques which
have been developed for ultra-low frequency circuits and which func-
tion best at frequencies close to zero cps. This advantage offsets

the increased flicker noise at these frequencies and allows a high

input impedance for the detector.
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The determination of the sample's shape and size depends upon
making a compromisé between conflicting requirements. As far as the
shape of the sample is concerned, we have restricted our attention to
right parallelopipeds. This was done because the cleavage planes in
NaCl are perpendicular to the cubic axes; consequently, the samples
may be most easily prepared in this shape. We felt that it was im-
portant to disturb the samples as little as possible from their state
as grown, for the mobility of the ions in the crystal may well depend
upon the density of dislocations, crystal boundaries, etc., present(u5).
The cleaving of the crystals into shape would seem to introduce the
least amount of stress in the crystal.

For optimum results the sample size would be rather large.

It is desirable to have a wide sample so that the Hall voltage, which
is proportional to the width, is also large. It is also desirable to

(49)

have a large length-to-width ratio so that the end effect reduces
the measured Hall voltage as little as possible. However, both the
length and the width of the sample are limited by the necessity that
the sample be immersed in a uniform magnetic field. The size of the
homogeneous field provided by the available ac magnet has limited our
sample area to about 7 cmg.

It was found by Levy that a sample of equal length and width
had fewer thermal inhomogeneities than a rectangular sample. Therefore

the equipment was designed to accept square samples approximately 2.6

cm on a side. The thickness of the sample is fairly arbitrary as long



-60-

as 1t is well defined, although it is advantageous to use a fairly
large thickness to reduce the sample resistance. However, the avail-
able space between the pole faces of the magnet set a limit of about
0.2 cm on the possible thickness.

The electrode configuration which we have utilized is the
standard four-electrode one, with two electrodes for the application
of the applied electric field covering the ends of the sample and the
Hall probes being essentially point electrodes on either side of the
crystal. Configurations using fewer electrodes would have yielded a
smaller Hall voltage, and configurations with more than four electrodes
would have increased the electrode contact noise.

We also followed the recommendation of Ievy in choosing one
of the Hall probes to be at ground potential and in using a balanced
(ungrounded) output from the system producing the applied electric
field. The grounding of one of the Hall probes simplifies the shield-
ing problem, and it also results in a higher signal-to-noise ratio in
the detector. This comes about because the use of a balanced input
to the Hall system would have required the use of a back-to-back
cathode follower input stage, each half contributing its nolse to the
signal. It is impossible to use a transformer input because of the
danger of mixing of the primary signals in this somewhat nonlinear

element.
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2. Experimental Apparatus

The following is a description of the apparatus which we used
in making ac cross-modulation Hall effect measurements in NaCl and AgCl.
Although the equipment was especially designed for samples of these
materials, it is also suitable for measurements on other pure ionic con-
ductors, as well as high resistivity electronic conductors.

The apparatus consists of five parts:
source of the applied electric field
source of the applied magnetic field
Hall voltage measurement system

sample holder
oven.

Ul WO
NN NN

Each of these parts is discussed in turn.

(1) Source of the applied electric field.

The 85 cps electric field is produced by an oscillator,
amplified, and is coupled to the sample by an impedance matching
transformer. This system 1s capable of supplylng up to 20 watts to
the sample over a range of sample impedance from 102 to 107 ohms at
less than one percent total harmonic distortion.

Every effort is made to prevent the entry of any 60 cps
into this system in order to remove the possibility of mixing of
60 and 85 cps signals which would produce a 25 cps component in the
output. The oscillator and amplifier are operated with battery plate
andfilament supplies and are carefully shielded and mechanically
isolated from the laboratory floor. The whole system is placed in a

region of minimum magnetic field. The net result is that at all
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levels of operation the amount of 25 cps produced by this system appearing
across the sample is undetectable by the Hall voltage measurement system,
even when the 60 cps electromagnet is operating at peak strength.

The 85 cps oscillator, shown in Figure 4, is of the Wien
bridge type and is similar to the one used by Levy. Silver umica
capacitors and one percent precision deposited-carbon resistors are
used in the bridge circuit because of their stability and their low
and opposite temperature coefficients. Precision mica or silver mica
capacitors and precision wire-wound or deposited-carbon resistors are
used whenever possible in all of the electronic equipment. The fre-
quency drift of the oscillator is caused mainly by slowly shifting
plate supply voltages from the battery supply but is less than 0.1
cps per 60 seconds. The oscillator frequency is checked before and
after each measurement.

The output of the 85 cps oscillator is fed into the amplifier
shown in Figure 5. The phase inverter is of the common-plate-load type
of paraphase amplifier and allows an almost perfect ac balance of the
push-pull output. The power amplification stage is a parallel push-
pull arrangement using 5881 tubes. Harmonic distortion is reduced by
the condensers across the primary and secondary of the output trans-
former. The variable winding-ratio impedance matching transformer has
primary-to-secondary turns ratios of 0.1k, 0.288, 0.576, and 1.000.
The voltage and current supply to the sample are monitored by meters

which are calibrated to <2 percent.
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The leads carrying the 85 cps from the source to the sample are
shielded and placed in regions of minimum magnetic field. The leads are
arranged to enclose essentially zero area perpendicular to the magnetic
field so that there is minimum pickup of 60 cps.

The battery plate supplies for the oscillator and amplifier are
separate and eachuses a number of Burgess 21308 batteries connected in
series. Heavily filtered conventional electronic power supplies are
used for test purposes. Filament voltage is supplied from a pair of
6 v automobile batteries in parallel, which are continuously charged by

a Mallory 12RS6DF power supply operating through external IC filters.

(2) sSource of the applied magnetic field

The 60 cps electromagnet used is a modified version of the one
designed and constructed by Levy. The modifications involved changing
the configuration of the pole pieces and adding more turns of exciting
coil. These changes gave a 20 percent higher usable flux density in the
region of the sample.

The magnet coils and core are shown schematically in Figure 6.
The exciting coils circle the upper and lower pole pieces and are
connected in series. A parallel resonant circuit at 60 cps is formed
by the magnet (~0.1h) and a capacitor bank (~7Ouf). The resonant cir-
cuit is driven from the 220 ac mains through a Variac and a 20:1 step-

up transformer.
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The current in the resonant circuit is monitored and, once the
magnetic field is calibrated, is used to indicate the flux density of the
magnetic field at the sample. The modified magnet yielded a maximum rus
flux density in the region of the sample of about 1.2 weber/meterE. The

flux density B 1is related to the resonant current I by

) >
B = 2.18 x 102 (weber/meter”) 1 (4.1)
ampere

in the linear region. The magnetic field is calibrated by using a
search coil, which was about the same size as the samples, connected
to a VIVM. The search coil was calibrated in a dc magnetic field by
comparison with proton-resonance measurements. The flux density as
indicated by the monitored resonant current is known to about * 4 per-
cent.

Cooling provisions for the magnet are twofold. The layer of
exciting coll closest to the sample on each of the pole faces is made
from hollow copper tubing through which cooling water passes. The pole
pieces are protected from the heat of the oven by a layer of asbestos
over which a flow of cool air is maintained.

The magnet is mounted on several layers of Isomode pads
and sponge rubber so that almost no 60 cps vibrations reach the lab-

oratory floor.
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(3) Hall voltage measurement system.

The Hall voltage measurement system presented the most difficult
design problems encountered in the experimental equipment. A system
was needed with an input impedance in the tens of megohms, and inter-
modulation distortion of ZLO_5 percent, and the ability to measure 25
cps Hall signals as low as 0.2 pv. The system described below meets
these specifications.

The extreme linearity 1s required by the presence of large
60 and 85 cps signals in the Hall probe circuit. The signals result
from the initial imbalance of the Hall probes, induced currents in
the sample, and pickup voltages. The amplitude of these 60 and 85
cps signals may well be 106 times that of the expected Hall voltage.
Thus, an ultralinear Hall voltage measurement system is required to
prevent the mixing of these signals and the formation of spurious
25 cps signals comparable in amplitude to the Hall voltage.

The high sensitivity and the high input impedance are re-
quired by the low values of the expected Hall voltage and the high
sample resistance.

Long-term gain stability of the measurement system is
necessary since, in order to increase the detectability of the Hall
signals, we want to use as long observation times as possible. The
length of observation time is limited to about 60 seconds by instabilities
in the amplitudes of the applied fields and variations in the oven

temperature. However, it is desirable to make a complete run at any
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given temperature before calibrating the Hall voltage measurement systemn.
This requires a stable response over a period of about 15 to 30 minutes.

The band width of the measurement system should be as small
as possible in order to increase the signal-to-noise ratio. A minimum
band width éf 1 cps was set by the instabilities in the frequencies
of the applied fields and the response time for the system. The mag-
netic field frequency, over which we have no control, has a variation
of about ¥0.1 cps per minute. The variations in the electric field
frequency are of about the same magnitude. In order to allow a response
time of about a second and to allow for unusual frequency drift condi-
tions, the 1 cps band width was chosen.

The Hall voltage measurement system (Figure 7) consists of
five parts: an input circuit, a preamplifier, an amplifier, a rectifier-
integrator, and a recording device. The ac output of the system is
monitored on an oscilloscope.

The input circuit (Figure 8) has to meet simultaneously.
the input impedance, linearity, and noise requirements and is the most
critical part of the measurement system. It consists of three stages,
each using a six-tube ultralinear cathode follower which was especially

(52)

designed for this application

The input stage has an effective
input resistance of 1 ohms and an input capacitance of about 10711 f,
thus giving an input impedance at 25 cps of about lO'9 ohms. However,

the input impedance seen by the Hall probes is determined almost entire-

ly by the wiring capacitance of the leads which connect the Hall probes
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to the input circuit. The capacitance between the ungrounded Hall lead
and the shield is minimized by driving this shield from the cathode of

the input stage(55>.

The driven shield surrounds the ungrounded Hall
lead over its entire length except for that portion of the lead in the
oven heating area. The grounded Hall lead is a thick cqpper tube which
surrounds the driven shield. The total wiring capacitance for six feet
of connecting cable 1s less than lO-lo f so that the input impedance
seen by the Hall probes is about 108 ohms .

The measured intermodulation distortion of the input stage is
2 X ]_O-5 percent or less up to signal input levels of 2 v. This was
measured by inserting 60 and 85 cps on the input grid at 1:1 and
measuring the amount of 25 cps produced. This high linearity is a
consequence of the fact that the ultralinear cathode follower ié in
reality a plate-and-cathode follower in which both the plate and the
cathode follow the grid voltage very closely(52).

The output impedance of the ultralinear cathode follower
used here is about 0.5 ohm at 25 cps which provides an ideal source
for the following filter network.

The noise level of the input stage, using a 1 cps band width
and averaging the noise over 60 seconds, is 0.05 pv. The noise level
of all three stages is 0.25 uv under the same conditions. Input sig-

nals smaller than these levels can be observed. In order to obtain

this low noise the filaments of all of the tubes (in the measurement
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system) were operated at 5.75 v, which gives an optimum signal-to-noise
ratio for 12AX7's. Also, all components of the measurement system are
carefully shielded and mounted on several layers of sponge rubber.

The second and third stages of the input circuit are band-
reject filters of the Sallen and Key(5A) type tuned at 85 and 60 cps.

b at 60 and

The all-over gain of the input circuit is less than 107
85 cps while being 1.3 at 25 cps. Frequencies above 50 cps are
attenuated by a factor of at least lO2 by virtue of the RC low-pass
filters inserted into the cathode feedback loops in series with the
twin-T networks.
The preamplifier (Figure 9) consists of a series type am-
plifier stage<55’56) followed by a low-pass filter, 85 cps and 60 cps
band-reject filters, and another low-pass filter, all filters being
of the Sallen and Key type(5h). The amplifier stage has a gain of 100, con-
tributes less than 0.05 pv of 25 cps noise to the system, and operates
linearly within the range of signals at its input.
The amplifier (Figure 10) consists principally of three Sallen
and Key(5u) band-pass amplifiers tuned to give a band width at 25 cps
of 1 cps. There is also a rejection filter for 35 cps, a frequency
which appeared on and off throughout our measurements with an ampli-
tude of ]_O'br to lO'5 v. The source of this 35 cps signal is unknown,
but it is produced by some effect proportional to the applied electric

field and to the square of the magnetic field.
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6

The all-over gain of the measurement system was 10~ at 25 cps

and 10'6

at 60 and 85 cps.

The rectifier-integrator uses a full-wave rectifier to con-
vert the output of the amplifier to dc and then averages the dc sig-
nal over a variable length of time. The rdetifying circuit was. de-
signed so as to be replaceable by a phase-sensitive rectifier which,
however, we were not able to use in our measurements (see Chapter V).
The time constant of the integrating circuit was variable from one to
60 seconds and the output level could also be varied. The gain of the
total measurement system was sufficient to drive the recorder (Leeds
and Northrup Speedomax Type G) to full scale (10 mv) with a 0.1 v
input.

The recorder, oscilloscope, and audio oscillator are oper-
ated from a doubly voltage-regulated power line to insure stable
operation. The filaments and the plates of the measurement system are
battery operated. Burgess N60 batteries are used for the plate supplies,
and continuously charged (through elaborate filters) 6 v automobile
batteries are used for the filament supply.

In the input of the measurement system there are provisions
for reducing the level of the 60 to 85 cps picked up by the Hall probes
to less than a volt so that these signals do not exceed the linear
range of the input circuit. Two bucking sections (Figure 11) feed sig-
nals at 60 and 85 cps into the ground side of the Hall probe circuit.

These signals are adjusted so as to be nearly equal in magnitude and
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180° out of phase with the signals already present in the circuit. The
60 cps bucking section is supplied from a few turns of wire wrapped
around the magnet core, and the 85 cps section is supplied from the
primary of the output transformer of the primary electric field

supply. Thus the signals produced by both bucking sections have exactly
the proper frequency and automatically follow the variations in the field
strengths. We were able to balance out the 60 and 85 cps picked up by
the Hall probes to within a few millivolts, so that the adjustment of
the bucking sections, once set, was not crucial. Either or both of

the sections may be switched out of the circuit, and their relative
positions in the circuit may be interchanged. The bucking sections

were tested under normal operating conditions and found to produce less
than 0.1 puv of 25 cps.

The output of each stage in the Hall voltage measurement system
could be monitored by an oscilloscope so that the condition of the signal
could be checked at each stage. Since it was necessary at times to
examine signals of less than lO-7 v, the oscilloscope was provided
with the preamplifier shown in Figure 12, which raised the oscilloscope
sensitivity from lO"5 v/inch to 107 V/inch. The oscilloscope pream-
plifier could be tuned at any of the three frequencies of interest

and had a noise level (at a 1 cps band width) lower than 0.02 pv.

(4) Sample holder.
The sample holder supports the sample in the middle of the
oven while maintaining no mechanical contact with the oven and keeps

the sample in the region of uniform magnetic field. It also provides



-T1-

electrodes, lead in wires, and a means of varying the pressure exerted
on these electrodes. The sample holder may be removed from the oven
and replaced exactly in its former location without disturbing the oven.
The ungrounded Hall electrode may be moved within narrow limits along
the side of the sample while the sample is in place, so that the rela-
tive placement of the Hall electrodes may be varied during the
measurements.

The design of the movable portion of the sample holder is
shown in Figure 13. The bottom layer is a three inch by ten inch
quartz plate fused to a Vycor support plate. Fused to this bottom
layer are three quartz plates which provide walls around the sample
and the slides. One Hall and one electric field electrode are held
in place by these walls. The other electrodes are located on the
ends of the slides as shown. The slides extend outside of the oven
and are held in place by small springs, the pressure on which can
be varied externally. The end slide which holds the movable Hall
electrode in place is slightly tapered so that it can be moved along
the side of the sample. The top layer, another quartz plate fused
to a Vycor support plate, overlays the sample, electrodes, etc., in
order to keep them in place and to electrically insulate the leads
from the oven wires.

The three layers which make up the wmovable portion of the
sample holder are assembled with the sample electrodes and lead-in
wires in place and then slid into the oven on a track. The orien-

tation of the sample is controlled by the track and by the fixed
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portion of the sample holder. This latter is merely a Vycor support plate
which has a quartz stop fused onto its top. The movable portion slides
along the Vycor plate until it comes to rest against the stop (Figure 1k4).
Two views of the sample holder in place are given in Figure 15.

All of the quartz is 1.5 mm thick optical grade fused quartz
obtained from Amersil.

The electrode configuration is shown in Figure 16. The lead-
in wires (0.005 inch Pt wire) for the applied field electrodes are con-
tained in a double bore ceramic tube which is surrounded by a grounded
shield to the edge of the oven heating area., The lead-in wires are
arranged so that they present essentially zero area to the magnetic
field. The applied electric field electrodes are made of a double lay-
er of 0.001 inch Pt foil and cover the entire end of the sample. The
lead-in wire going over the top of the sample holder is insulated from
the oven wires by a thin quartz plate which is not shown in Figure 16.

The Hall probe lead-in wires (0.005 inch Pt wire) lie in
grooves in the top of the middle layer of quartz plates. The Hall
electrodes are formed from the U-shaped portion of the end of the lead-
in wires looped over the quartz plates. It was found that in order to
maintain a low resistance contact with the sample about 0.5 mm of the
wire should touch the sample. The movable Hall probe is the ungrounded
electrode, and its lead-in wire is surrounded by a driven shield which
extends to the edge of the oven heating area. The geometry of the

Hall lead-in wires is shown in Figure 17. The grounded Hall probe
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lead-in wire is led over the top of the magnet and is adjusted so that
there is a minimum of 60 cps induced in the Hall probe circuit. In
practice the 60 cps bucking section is rarely needed.

The lead-in wires, etc., are additionally shielded from ex-
ternal influences by the presence of a 20 'gaugecopper box which
completely surrounds the magnet, oven, and sample holder.

The sample holder is supported by a non-metallic frame which
rests on a layer of sponge rubber. It is completely isolated from the
vibrations of the magnet. The position of the sample holder may be ad-

Justed for optimum sample location.

(5) oOven.

Surrounding the sample in its holder on four sides is the
oven, which is designed to maintain a uniform temperature in the re-
gion of the sample in the range from room temperature to 900°C. The
oven is physically isolated from both the sample holder and the mag-
net by a 1/16 inch air gap and the oven is independently supported
by a frame which rests on sponge rubber. The oven is open at each
end to allow the insertion of the sample holder, but the smallness
of the openings and the length of the oven insure a uniform temper-
ature in the region of the sample.

The oven (Figure 18) is constructed from American Lava
Corporation grade-A lava (hydrous aluminum silicate) which is a

machinable ceramic material in its unfired form. The center portion
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of the top and bottom of the oven is grooved with 56 slots in which the
heating element is placed. The oven is held together with four lava
bolts and nuts. The lava is machined to shape and then fired, forming
a true ceramic.

The heating element is a 1/52 inch ribbon of Chromel A which
is wound bifilarly in the grooves and is held in place with alundum
cement. The heating element is supplied from a bank of ten 12 v
automobile batteries connected in series. The batteries are continually
charged from the 220 v dc mains through a series of filters except
during an actual measurement. The slow discharge of these batteries and
the consequent temperature variation during the course of a measure-
ment 1limits the observation time for a Hall measurement to about 60
seconds. The large amount of ac hash which was always present in the
dc mains prevented charging during a measurement, since the Hall
electrodes are very sensitive to the presence of any ac signals in the
oven circuit.

The thermal gradients present in the oven were checked by
placing thermocouples at various locations in the oven. The temperature
in the region of the sample was found to be constant to within a de-
gree. This was also verified by the uniform melting of the surface
of a NaCl sample held at its melting point for a short time.

The temperature of the sample was monitored by the sample
conductivity rather than by thermocouples since the sample tempera-

ture was usually several degrees above the oven temperatures because
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of ohmic heating. Moreover, it would be difficult to attach thermo-
couples to the sample without disturbing the electrical environment

of the sample. We used the conductivity measurements of Etzel and

(17)

Maurer as our definition of the sample temperature in NaCl. These

measurements were made on Harshaw NaCl and verified to within one per-

(2

cent by levy ). Etzel and Maurer found the conductivity to be

5 lOlO _ 21, 600
_ 22 x 10 T (ohm-meter)-l. (4.2)

T

o

(29)

For AgCl we used the conductivity data of Ebert and Teltow:

3. .Experimental Procedures

The samples of sodium chloride and silver chloride used in
our Hall measurements were received in the form of single crystals
cleaved (or in the case of AgCl, sawn) out of synthetic optical grade
crystals grown by the Harshaw Chemical Company. The sample size was
approximately 2.60 x 2.60 x 0.26 cm for both NaCl and AgCl.

Since the NaCl crystals were cleaved to the required size,
the relative orientation of the crystal axes and the sample faces was
known. With AgCl this orientation was unknown at the beginning of
the measurements. However, the formation of dendritic growths of
silver on and near the surface of the AgCl samples (see Chapter V)
permitted a rough determination of this orientation.

The NaCl crystals were used as received from Harshaw, with
no grinding or polishing, so that the samples would be as pure as

possible. However, before attempting any Hall measurements, the
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samples were annealed by raising their temperature at 5°/minute up to
760-780°C, holding this temperature for an hour, and then lowering the
sample temperature at the same rate.

The AgCl crystals were received as sawn, except that the large
top and bottom faces of the samples had been polished (by Harshaw) until
fairly smooth and parallel. We then polished (with sodium thiosulfate)
the ends of the sample over which the applied electric field electrodes
were to fit, so that the electrodes would make good contact with the
whole end area. The AgCl samples received the same annealing as the
NaCl except that the maximum temperature used waé MEO?C. The prepara-
tion of the NaCl samples involved no precautions against light reaching
the sample, but attempts were made to shield the AgCl samples from
violet and ultraviolet light. Both the NaCl and AgCl samples were
shielded from light during the Hall measurements.

The Hall effect measurements were undertaken as follows.

The samples were prepared, placed in the sample holder, and inserted
into the oven. The temperature was raised at about 5°/minute up to
the lowest temperature at which we might hope to observe a Hall volt-
age. Measurements were attempted at intervals of 20-30° as the temp-
erature was raised toward the melting point. Measurements were also
attempted on the downward portion of the temperature cycle.

At any temperature the measurement procedure involved re-
cording: (1) the detection system noise (input shorted), (2) thermal

noise of the sample (no applied fields), (5) noise associated with the
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magnetic field, (4) noise associated with the electric field, and (5)
the noise-plus-signal (if any) with both applied fields present.
Several values of the applied fields were used to test the proportion-
ality of any observed signal to the magnitude of the applied fields.

The observed thermal noise corresponded to the measured
sample resistance unless the Hall electrodes were not making a good
contact with the sample. The application of the magnetic field did
not cause a measurable increase in the observed noise level above
thermal noise. However, a large amount of noise was always associated
with the application of the electric field (see Chapter V). The
presence of a Hall signal would manifest itself as an increase in the
average signal level with both fields present over the average signal
level with only the applied electric field present.

The magnitude of the recorded signal levels is calibrated by
using an artificial source of 25 cps, whose magnitude is known. After
each series of measurements the artificial 25 cps source is switched
into the input of the measurement system. The output of the artificial
source is adjusted until the recorder indicates the levels recorded
during the measurement.

The sign of the observed Hall signal can be determined by
comparing its phase with the phase of a reference signal. This com-
parison is made by observing the Lissajous figure produced by the
Hall and reference signals on an oscilloscope. The reference signal
1s calibrated by making a Hall measurement on a germanium sample of

@)

of known majority carrier type
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The accuracy of the Hall voltage measurement depends on our
ability to distinguish small differences in average signal levels. This
in turn depends on the variability of the signal level in relation to
the size of the difference in signal levels and on the accuracy of our
artificial source. We estimate that we should be able to measure the
difference in signal levels to To.2 uv over the range of signals en-
countered if the noise level is fairly stable.

The precision of the measurement of the sample temperature
depends upon our knowledge of the primary voltage, primary current,
and sample dimensions. The sample size is measured with a micrometer
to within 0.1 percent, and the voltage and current are known to with-
in two percent. The fractional error Ac/c associated with the con-
ductivity is 2.8 percent, which gives a fractional error AE/T for the

(2)

temperature of 0.2 percent for NaCl and 0.3 percent for AgCl .
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Figure 18. Oven.



CHAPTER V

RESULTS AND DISCUSSION

1. Hall Effect Measurements in NaCl

After our apparatus and procedures had been developed in
their final form, we made several series of measurements of the Hall
effect in NaCl. Each series followed a temperature cycle from room
temperature up to within 10-50°C of the melting point (800°C) and
back down again. In spite of the rather high level of current noise,
we were able to make measurements of the Hall effect under fairly
stable conditions at seven temperatures. We are fairly certain that
the effect measured was in fact the Hall effect although there exists
a slight possibility that some or all of the measured voltage was
due to a nonlinear process at the sample-electrode interfaces. We
shall examine these reservations in detail below.

Thus both the primary and secondary goals of our investi-
gation were satisfied. That is, the Hall effect due to the motion
of the ionic charge carriers in a pure ionic conductor was measured
using the equipment which had been designed for this purpose. This
represents the first Hall effect measurement in a pure ionic conductor.

The main obstacle encountered in making Hall measurements
in NaCl was the presence of a large amount of noise with components
near 25 cps. This noise was always associated with the passage of

current through the sample; hence, we shall term it "current noise."

-k~
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The current noise took two forms. First there was a component
which appeared at all temperatures and whose amplitude was roughly pro-
portional to the 85 cps current at low current levels. At higher cur-
rents the noise amplitude was proportional to a higher power of the
current. This noise appeared continuously at all times that the 85
cps electric field was present. This "continuous" noise had a fairly
uniform spectrum in the low audio frequency range. No temperature or
pressure dependence of the continuous noise was observed. This is
apparently the same noise which Ievy(e) observed.

The second type of current noise occurred at irregular in-
tervals and seemed to be uncorrelated with the continuous noise. It
manifested itself as large amplitude bursts which lasted for a frac-
tion of a second. These bursts ranged in magnitude from 5 to 50 times
the level of the continuous noise at a given temperature. The burst
noise exhibited a marked temperature dependence. As the temperature
was raised the average interval between bursts became shorter and
the amplitude of the bursts became larger. The size of the bursts
was roughly proportional to the current although this was hard to
measure. Under normal circumstances the burst noise occurred only
when the 85 cps voltage was applied across the sample. However, single
bursts could be induced by increasing the pressure on either the Hall
or electric field probes, both with and without the applied electric

field.
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The continuous nolse is probably caused by the same mechanism
which produced the noise which obscured Levy's measurements. Levy did
not remark about the occurrence of burst noise, but his visual averaging
procedure would not be sensitive to a short noise burst.

The effect of the current noise on our observation of a Hall
signal was twofold. First, the high level of continuous noise forced
us to integrate the output of the Hall voltage measurement system over
long time intervals in order to obtain significant data. Also, this
noise was somewhat variable, even when averaged over this long period,
so that it was not possible to set an absolute noise level at a given
current and temperature. Secondly, the occurrence of the burst noise
limited the length of the intervals over which we could average our
output. This limited the accuracy of our megsprements, especially at
high temperatures where the bursts were closely spaced, since the na-
ture of the Hall voltage measurement system allowed us to make measure-
ments only in the quiét period between bursts.

In contrast to the noise associated with the application of the
85 cps electric field, no 25 cps noise was ever observed at the output
of the Hall voltage measurement system when the 60 cps magnetic field
was applied (with no electric field). The contribution of any noise
associated with the magnetic field was at least a factor of ten lower
than the thermal noise. This fact greatly simplified our measurement

procedure.
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It was not possible to eliminate the two types of current noise
from our measurements. However, by designing equipment which was suffi-
ciently stable to enable us to make a continuous Hall measurement over a
period of a minute, and by recording the integrated output of the measure-
ment system over this time interval, we were able to obtain usable Hall
data at several temperatures in spite of the noise.

The measurement of the Hall effect is carried out by measuring
the difference in the average amplitude of the 25 cps signal at the out-
put of the measurement system before and after the application of the
magnetic field (in addition to the electric field). Under the assumption
that the noise associated with the magnetic field remains essentially
zero in the presence of the applied electric field, the difference in
the signal amplitudes represents a real effect. If we make the fur-
ther assumption that the Hall effect is the only nonlinear process oc-
curring within or at the boundaries of the sample, then we may attri-
bute all of this difference to the Hall effect.

As noted in Chapter IV, the experimental equipment was care-
fully designed to preclude the possibility of any sources of 25 cps
exterior to the sample. Thus, if a 25 cps signal is being generated,
it is associated with processes occurring in the sample or possibly
at the sample-electrode interfaces. It is difficult to conceive of a
process occurring in the bulk of the sample (other than the Hall effect)
which would produce the observed 25 cps signals. However, it is possible
that a spurious 25 cps signal might be generated in a nonlinear contact

between a primary electrode and the sample.
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Arguments are presented below which show that the observed sig-
nal has the attributes of a Hall signal, and that the characteristics of
the observed signal differ from those of a spurious signal produced by
the nonlinear contact of a primary electrode and the sample. It seems
likely that the nonlinear contact is not the source of the observed signals.

Thus, with the reservation that some or all of the observed
difference in the average signal level upon application of the magnetic
field may be due to an unknown nonlinear process at the sample-electrode
interfaces, we may call the observed signal a Hall effect.

The observed Hall signal and the current noise on which it is
superimposed are independent quantities so that the rms Hall voltage

Vg may be calculated from

2 2"
Vy = ﬂ\/ Vser ~ Yy (5.1)

where VN2 is the mean square noise amplitude with only the electric
field present and where VS+N2 is the mean square signal-plus-noise
amplitude with both fields present. The Hall mobility corresponding

to this Hall voltage is calculated by using Equation 3.28

q = 2.10 VHppe ) (5.2)

Vrms Brms
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The Hall mobilities found at the seven temperatures are tabulated
in Table IIT and are plotted in Figure 19. The experimental data from
which these values are calculated are given in Table IV. The measure-
ments of the observed signal difference were accurate to o2 uv, which
corresponds to from 20 to 7O percent of the increase. The error flags
shown in Figure 19 represent the range of mobility values corresponding
to this measurement error. The uncertainties in the knowledge of the
magnitude of the applied electric and magnetic fields are small compared
to the uncertainty in the magnitude of the signal increase. The uncer-
tainty in the temperature measurement is also indicated by error flags.

Our results are not accurate enough to permit the resolution
of the apparent Hall mobility into the Hall mobilities of the sodium
ion and chlorine ion vacancies. Our results, then, represent valueé
corresponding to the difference in the sodium ion vacancy and chlorine
ion vacancy mobilities in NaCl over the temperature range used. From

(4)

the diffusion measurements of Laurent and Benard

(23)

and the transport
number data of Tubandt et al. given in Chapter II, we know the
general shape of the curve which represents this difference in the
carrier mobilities. Using Figure 2 as a guide, we have drawn a curve
through our experimental data as shown in Figure 19.
From an extrapolation of the low temperature portion of a

corresponding curve on a 1ln pT vs 1/T plot, we have calculated an
activation energy and a pre-exponential coefficient for the mobility

of the sodium ion vacancies in NaCl. These values are 0.87 ev and

2.0 x 10° (meter)2-°K/volt-sec.
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Figure 19. Hall Mobility Measurements in NaCl.
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TABLE IIT

HALL MOBILITIES CORRESPONDING TO THE OBSERVED
HALL VOLTAGE IN NaCl

Temperature Hall Mobility x 108
(°c) (meter?/volt-sec)
601 2.50
645 2.62
688 6.64
72k T.57
Th3 5.9k
756 9.41
780 10.5

2. Discussion of Results

The results given above may either represent a true Hall effect
in NaCl or they may be due to some other effect occurring within the bulk
of the sample or at the sample-electrode interfaces. It is also possible
that the two effects may coexist and that both may contribute to the ob-
served increase in signal upon application of the magnetic field. 1In
this case our results represent an upper limit on the Hall voltage
and the corresponding Hall mobility in NaCl.

However, it is likely that the observed signals represent a
true Hall effect, since the character of these signals is similar to
that of a Hall voltage. First, the Hall voltage calculated from the
observed signal increase is proportional to the magnitude of both the
applied electric and magnetic .field strengths. We were able to verify
this proportionality for all but the T780°C reading. Fields used in the
verification were lower than the fields used for the measurements

quoted in Table IV. This resulted in a smaller signal increase and
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thus, a larger uncertainty in the measurements. However, the proportion-
ality was checked to an accuracy of about 20 percent as shown by the re-
sults tabulated in Table V. The Hall mobilities calculated from this

low field data are shown in Figure 20, where for comparison the points
given in Figure 19 are replotted. The calculated Hall mobilities from
the high field and low field data were not averaged together because of
the much larger uncertainties associated with the low field data.

We were not able to check the proportionality at 780°C be-
cause the high level of current noise prevented the detection of sig-
nals smaller than the quoted result. We were not able to use higher
applied voltages across the sample since this increase was accompanied
by a rapid increase in the amount of burst noise.

The second characteristic of the alleged Hall signal is that
there was always an increase in the average signal level upon applica-
tion of the magnetic field when such an increase was expected. That
is, the signal was persistent and did not occur at some times and not
at others.

The third characteristic of our Hall signal which would seem
to indicate that it is a true Hall effect is that the Hall mobility
which is calculated from the observed Hall voltages has the correct
temperature dependence. It is unlikely that a spurious effect would

have this same temperature dependence.



-10k4-

TABLE V

PROPORTIONALITY OF OBSERVED HALL VOLTAGE TO
APPLIED FIELD STRENGTH IN NaCl

Temp. Applied Flux Total Noise Hall Hall
Voltage Density Noise Plus Voltage Mobility

Signal x 10

°C v weber uv WV uv metere
meter? volt-sec

601 200 1.0 2.7 3.6 2.38 2.50
200 0.75 2.7 3.3 1.90 2.66
100 1.0 1.7 2.0 1.05 2.21
645 200 1.0 3.5 L.3 2.50 2.62
200 0.75 3.5 h.1 2.1k 3.00
100 1.0 2.1 2.5 1.3%6 2.86
688 100 1.0 L.5 5.5 3.16 6.6k4
100 0.75 4.5 5.1 2.40 6.72
50 1.0 2.6 2.9 1.28 5.38
T2k 100 1.0 7.3 8.1 3.51 T.37
100 0.75 7.3 7. 2.75 7.70
50 1.0 b1 L, 1.30 5.46
Th3 100 1 9.8 10.2 2.83 5.9k
100 0.75 9.8 10.0 1.99 5.57
50 1.0 6.1 6.3 1.57 6.59
756 100 1.0 10.7 11.6 L.48 9.41
100 0.75 10.7 11.2 3.31 9.26
50 1.0 6.1 6.4 1.9k 8.15
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Figure 20, Comparison of Our Results with Previous Mobility
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If a spurious signal were being generated at the sample-elect-
rode interfaces, it would probably be sensitive to the electrode pressure.
In general, the pressure exerted on the electrodes varied as the tempera-
ture was changed, and this pressure also varied from one series of mea-
surements to another. The total variation in pressure was on the order
of a factor of five. No pressure sensitivity of the signals was observed
and the Hall voltages found in the various runs were fairly consistent.
Thus, it would seem that contributions from spurious signals generated
at the sample-electrode interfaces did not enter significantly into our
measurements.

Next, the Hall mobilities calculated from our data are in the
same range as those found by Bean(15) and by Etzel and Maurer(l7) as 1is
shown in Figure 20. Of course, our Hall mobility measurements represent
the difference in the mobilities of the sodium ion and chlorine ion
vacancies, whereas the Koch and Wagner type experiments of Bean and of
Etzel and Maurer measured the mobility of the sodium ion vacancy. How-
ever, as noted in Chapter II, the mobility of the chlorine ion vacancy
1s 1low compared to the mobility of the sodium ion vacancy even at
high temperatures. Thus the fact that our results are comparable to
those found by Bean and by Etzel and Maurer is significant.

It can also be seen from Figure 20 that the curve which we
have fitted to our data lies midway between Bean's curve and the curve
representing an extrapolation of the data of Etzel and Maurer. Thus

our results provide a rough check on the validity of both of these
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former measurements although the uncertainty in our results does not
allow us to choose which of these former measurements is the more
accurate.

Our calculated value for the activation energy associated
with the mobility of the sodium ion vacancies agrees fairly well with
previous measurements given in Table I. Our value is higher than
that found by Bean and by Etzel and Maurer but agrees exactly with

(9)

the theoretical value of Guccione et al. This agreement is
fortuitous since our calculated value depends on the slope of the
curve fitted to our data at low temperatures where our data is
sparse. Our value for the activation energy is accurate to about
$0.10 ev.

Although the pre-exponential coefficient associated with
the mobility of the sodium ion vacancies found from our data is sub-
ject to even more doubt than our value for the activation energy,
it is in rather good agreement with the coefficients found by Etzel
and Maurer and by Bean listed in Table I. The extrapolation which
we made gives a value which almost coincides with that found by
Etzel and Maurer, but again this must be ascribed to chance. Values
for the pre-exponential coefficient lying between 0.5 and 10
(meter)2-°K/volt-sec are possible, since the uncertainty in our Hall

data allows some latitude in the extrapolation made.
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The above comparisons are exact only if the Hall mobility of
the ionic charge carriers in a pure ionic conductor is numerically
equal to their drift mobility. However, as we pointed out in Chapter
III, the Hall and drift mobilities differ at most by a factor which
is of the order of magnitude of unity. Conversely, the approximate
correspondence between our Hall mobility measurements and the previous
drift mobility measurements supports this assertion.

It should also be noted that our results fall within the
range of upper limits for the Hall effect in NaCl set by Levy(2>.

This can be seen from Figure 20 in which Levy's results are plotted.
If our results are interpreted not as a true Hall effect but as upper
limits for the Hall mobility in sodium chloride, they set generally
lower values for this limit than did Levy's measurements. Also, our
measurements cover a somewhat wider range of temperature.

The fact that we were able to measure small differences in
the average signal level and thus measure what seem deserving of being
called a Hall voltage, whereas Levy was able to measure only the total
noise amplitude, is due to: (1) our ability to record the output of
the Hall voltage measurement system over relatively long time inter-
vals, (2) our ability to average the amplitude of this output over
these intervals, (3) the development of apparatus which was sufficiently
stable to allow us to measure continuously over these long time inter-
vals, and (4) the development of apparatus, especially the Hall volt-
age measurement system, in which we could be sure that no spurious

25 cps signals were being created.
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We attempted to determine the phase of the alleged Hall signal
and the relationship of its phase to the phase difference of the applied
fields. The fact that the level of current noise was usually several
times larger than the signal completely obscurred the signal phase so
that it was not possible to monitor it. For this reason we did not use
a phase-sensitive rectifier which had been designed for use with the
integrating circuit. The phase of the VS+N signal as observed in the
oscilloscope at the output of the measurement system seemed to be only
slightly less random than the observed phase of Vy, although such a
visual phase check is admittedly crude. If we had been able to deter-
mine that the phase of the observed signal was equal to the phase dif-
ference of the applied fields, we would have had added reason for at-
tributing the observed signal to a Hall effect.

Our inability to monitor the phase of the observed signal also
meant that we could not determine the sign of the dominant charge carrier.
However, it is known from the diffusion and transport number measure-
ments quoted in Chapter II that the mobility of sodium ion vacancies
is always higher than that of the chlorine ion vacancies in NaCl.

We are sure, however, that the observed Hall effect is not
an electronic Hall effect. ZElectronic mobilities would be several
orders of magnitude higher than our measured Hall mobility, and the
temperature dependence of the electronic mobility would be opposite

(51)

to that observed .
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It is difficult to speculate about the source of our observed sig-
nal if we consider that source to be something other than the Hall effect.
We are certain that the observed 25 cps signal was not produced in the
apparatus exterior to the sample. Any spurious signal must have been
produced by a source closely assoclated with the sample. The wmethod
of measurement which we have utilized automatically precludes observa-
tion of transverse effects other than the Hall effect, unless the temp-
erature variations in the sample had large 60 or 85 cps components.

This possibility is very unlikely.

As noted above, the most likely source of a spurious 25 cps
signal is a nonlinear contact between a primary electrode and the sample.
Induced 60 cps currents in the sample could conceivably coexist with the
85 cps primary current in these regions, and the mixing of the two cur-
rents in the nonlinear region could form a 25 cps signal. This signal
would be proportional to the strength of the applied electric and mag-
netic fields but should be affected by the pressure exerted on the
electrodes. Over the range of pressures used in our experiments the
observed signals were not sensitive to the pressures applied. For this
reason and since the Hall mobilities calculated from our data have the
expected temperature dependence,.we are fairly confident that the sig-
nals which we observed were in fact Hall voltages.

It is also difficult to speculate about the source of the
noise which is associated with the 85 cps current. We are sure that

the continuous noise is not created by either the vibration or the
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plastic deformation of the sample. This noise could possibly be associated
with the motion of electrons which are inJjected from the primary elect-
rodes into the sample. Such inJjection might take place if the electrodes
made contact with the sample over very small areas so that the potential
gradient in this region was large. However, the observed noise level re-
mained apout the same although several types (platinum, silver, graphite)
of electrode were used in the preliminary measurements. It is more likely
that the noise is due to the fluctuation in the resistance of the sample-
electrode contact at the primary electrodes.

Another possible source of the current noise might be associated
with the formation of dislocations in the sample or the motion of inter-
nal subcrystalline boundaries. These processes might explain the ob-
served burst noise.

In summary, we have observed a measurable change in the average
level of the output of the Hall voltage system when the magnetic field
is added to the electric field applied across the sample. For the rea-
sons given above, we have attributed this increase in signal to the
Hall effect. The Hall mobility calculated from our measured Hall volt-
age is in rough agreement with the sodium ion drift mobility measure-
ments of Bean and of Etzel and Maurer.

The character of the current noise first observed by Levy has
been further studied and possible sources eliminated. The source of
the noise is closely related to the sample or the sample-electrode con-
tact but is still unknown. There may be more than one noise source

since the noise seems to take at least two definite forms.
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3. Measurements in AgCl

Because of the uncertainties encountered in the Hall measure-
ments on NaCl, we attempted to measure the ionic Hall effect in AgCl.
It was hoped that the high level of current noise found in NaCl would
not be present in AgCl. It was also hoped that the somewhat higher
numerical difference in the carrier mobilities in AgCl would enhance
the observed Hall signal. AgCl has the further advantage that the
sample conductivity is higher by an order of magnitude than that of
NaCl. The main problem in the use of AgCl is that it is a photoconductor
and thus must be shielded from light if it is to remain a pure lonic
conductor.

Several series of measurements were attempted on one sample
of AgCl without success. This lack of success, however, was due to
the imperfect light shielding of the sample rather than to an excess
of current noise. The sample apparently absorbed a considerable amount
of light during its preparation, for a large amount of photolytic
silver was observed both on the face and in the bulk of the sample.

The surface silver was deposited in the form of both large and small
dendrites which were as long as 2 cm. The internally deposited silver
was, under microscopic examination, found to be distributed along dis-
location lines and networks, much in the manner observed by Hedges

and Mitchell(57). The presence of this photolytic silver was first
detected by the erratic variations in the apparent sample conductivity

at high temperatures. It was found that the silver formed a short
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circuit across the primary electrodes. This short circuit existed even
after the surface silver was washed away and made Hall measurements
impossible.

It was not possible with our present equipment to make Hall
measurements on AgCl. However, if a light-tight apparatus were used,
the prospects for making a successful Hall measurement seem good since
the current noise level (using Ag electrodes) was quite low compared

to that of NaCl.

L. Suggestions for Future Measurements

In NaCl the major experimental problem is the high level of
current noise. We have suggested that this noise may originate at the
sample-electrode interfaces. We have also suggested that this same
interface could possibly be the source of a spurious 25 cps signal.
Thus it would seem desirable to eliminate the applied field electrodes.

A Hall effect measurement technique which utilizes an
electric field which is not applied by means of electrodes has been

(58)

suggested by Perrier and elaborated by Pohl<59). In this

method the sample is cut in the shape of an annulus and an alternating
magnetic field is applied in a direction perpendicular to the plane

of the annulus. The magnetic field introduces an alternating electric
field in the annulus of the same frequency as the magnetic field.

This electric field will be directed circularly around the annulus.

The charge carriers in the annulus are subject to both the electric
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and magnetic fields and will be forced toward the inside or the outside
of the annulus. The resulting charge distribution will create a poten-
tial between the inside and outside surfaces of the annulus. This Hall
potential will appear at the sum and difference frequencies which will
be twice the frequency of the magnetic field and zero respectively.

The ac component of the Hall voltage is measured in order to retain the
advantages of the ac method.

This method has the additional advantage that the magnitude
of the induced electric field can, within limits, be raised by increas-
ing the frequency of the applied magnetic field. Also, the shorting
effects of the primary electrodes are eliminated so that the full
Hall voltage appears across the sample. It may be possible to use
this method to make Hall measurements on NaCl and AgCl at high temper-
atures. If the elimination of the primary electrodes led to a
significant lowering of the current noise level, it should be possible
to make much more accurate Hall measurements. It might be possible
to measure the phase of the observed Hall signal (using a phase-
sensitive detector) and thereby determine the sign of the dominant
charge carrier. It might also be possible to resolve the mobilities
of the two types of ilonic charge carriers in these materials.

Further Hall measurements on AgCl require, in addition, the
development of a light-tight Hall apparatus. It might also be of
interest to attempt Hall measurements in AgCl using the more conven-

tional electrode configuration.
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In any case, successful Hall measurements using these refined
techniques would represent an additional verification that the effect

which we have measured in our experiments is the Hall effect.
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