Hall effect and electrical conductivity studies of some MHD and fuel cell related materials
by Stuart Cody Snyder
A thesis submitted in partial fulfillment of the requirements for the degree of MASTER OF SCIENCE
in Physics
Montana State University
© Copyright by Stuart Cody Snyder (1978)
Abstract:
Hall effect and electrical conductivity studies were made on La .95mg.05Al.25Cr.7503,La.84Sr.16Cr03
and Mg Cr204, Hall effect studies were made on solid unseeded Rosebud ash coal slag, and two solid
synthetic potassium seeded slags designated as NBS K-509 and NBS K-517. Temperatures ranged
from 200°C to 950°C. Conductivity measurements were made in both air and argon atmospheres. Hall
effect measurements were made only in argon atmospheres. Trial Hall effect measurements were made
on mercury at room temperature without success. However, preliminary Hall effect measurements
made at room temperature on a commercial Hall generator chip, and &alpha:Fe203 on at temperatures
from 200° to 600°C were successful. Experimental difficulties prevented conclusive Hall effect
measurements in the slag, lanthanum chromite, and magnesium chromite samples. However, the Hall
mobility of unseeded Rosebud slag was found to be less than 0.01 cm2/V-sec. at 925°C. The upper
limit for the Hall mobility of La.95Mg.05Al.25Cr.7503 was found to be 0.07 cm2/V-sec. at 100°C, and
for La.84Sr.16Cr03, the upper limit is 0.2 cm2/V-sec. at 304°C. A.C. and D.C. electrical conductivity
measurements of the lanthanum chromite based ceramics were in excellent agreement, indicating
electronic conductivity. The measurements on MgCr204 indicate it is an ionic conductor.
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ABSTRACT
Hall effect and electrical conductivity studies were made on
La QcMg QjAl 25^r .75®3» L a .84Sr.16Cr ^3 ant^ % Cr2^4> anc^ Hall effect
studies were‘made on solid unseeded Rosebud ash coal slag, and two
solid synthetic potassium seeded slags designated as NBS K-509 and
NBS K-517. Temperatures ranged from 200°C to 950eC. Conductivity
measurements were made in both air and argon atmospheres. Hall effect
measurements were made only in argon atmospheres.
Trial Hail effect
measurements were made on mercury at room temperature without success.
However, preliminary Hall effect measurements made at room temperature
on a commercial Hall generator chip, and on
at temperatures
from 200° to 600°C were successful.
Experimental difficulties pre
vented conclusive Hall effect measurements in the slag, lanthanum
chromite, and magnesium chromite samples. However, the Hall mobility
of unseeded Rosebud slag was found to be less than 0.01 cm^/V-sec. at
925°C. The upper limit for the Hall mobility of La g^Mg 05^-.25^r .75^3
was found to be 0.07 cm^/V-sec. at IOO 0C, and for L a g ^ S t
CrO^, the
upper limit is 0.2 cm^/V-sec. at 304°C. A.C. and D.C. electrical
conductivity measurements of the lanthanum chromite based ceramics were
in excellent agreement, indicating electronic conductivity.
The
measurements on MgCrgO^ indicate it is an ionic conductor.

INTRODUCTION
Development of coal-fired magnetohydrodynamics (MHD) and fuel call
electrical power generators is of great importance in providing for
future energy needs.

In developing these sources of electrical power,

difficult materials problems are encountered and must be solved if
these programs are to succeed.

Research on the physical properties of

certain materials considered for use in coal-fired MHD systems and
high temperature solid electrolyte fuel cells is therefore vital.
Accordingly, the purpose of this work was to study the electrical
conduction process in some MHD and fuel cell related materials.
In a coal-fired MHD generator, high temperature plasma produced
from the combustion of powdered coal passes between the poles of a
superconducting magnet.

A Lorentz force acts on the charged particles .

in the plasma and causes a current to flow transverse to the applied
magnetic field.

Magnetic viscosity, a frictional force which tends to

prevent fluid flow in the direction perpendicular to the lines of
magnetic force, opposes the motion of the plasma through the magnetic
field, so it is necessary to produce a pressure gradient along the
length of the channel to maintain the flow of the plasma.
expanding gas does work against the magnetic field.

Hence, the

The electrical

power generated by an MHD generator is therefore derived from the
internal energy of the plasma.

A series of segmented electrodes lining

the walls of the MHD channel deliver the generated current to an
external load.

2
An unwanted, yet unavoidable, by-product of a coal-fired MHD
generator is coal slag.

During operation the walls of the MHD

channel are coated with a layer of molten slag approximately 2 mm
thick.

The slag must consequently have a high enough electrical

conductivity so that MHD power generation is feasible, yet not so high
as to short out the electrodes.

The electronic conductivity of the

plasma must be enhanced by seeding the slag with

CO^, K^O or Cs^CO^;

however, the addition of alkali metal ions makes molten slag corrosive
to electrode materials.

The electrode material therefore must be of

high electrical conductivity and must be able to withstand corrosive
slag at temperatures in excess of 1600°C.

A thorough technical

discussion of MHD can be found in the book by R. Rosa.

I

A fuel cell is essentially a continuously fueled chemical battery.
One type of fuel cell (high temperature solid electrolyte fuel cell)
under development is a device in which a reducing atmosphere of
H 2 and CO produced by passing steam over burning charcoal, is separated
from air by a solid electrolyte such as Cr doped ZrOg.

The fuel cell

generates electricity and gives off as by-products heat, oxygen
deficient air and exhaust gases containing COg, HgO, and some CO.

The

typical fuel cell of this type operates around IOOO 0C, and generates
voltages of about I volt.

Therefore, many fuel cells must be connected

in series with a suitable high temperature ceramic.
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The materials considered for interelectrode Connectors and MHD
electrodes must be mechanic ally strong and have high electronic con
ductivity at high temperatures.

Furthermore, MHD electrodes must be .

resistant to highly corrosive seeded slags.

Materials under strong

consideration for use as interconnecting electrodes and MHD electrodes
are the lanthanum chromite based ceramics.
a possible MHD electrode material.

Also magnesium chromite is

Lanthanum chromite with alkaline

earth ions generally enhances the mechanical strength and electrical
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conductivity of this ceramic.
To state the objective of our work explicitly, we are concerned
with investigating the electrical conduction

processes of the lanthanum

chromite based ceramics La^95Mg -Q5Al ^^Cr ^5O5 and La g^Sr ^gCr O3 ,
magnesium chromite, and potassium seed coal slag by determining the
temperature dependence of the current carrier density, electrical
conductivity, and the nature (electrons, holes, or ions) and sign of
the current carrier.

Electrical conductivity studies of some seeded

3
slags were, made by Pollina

and will not be repeated by us.

The

temperature range of interest is from 200 to 300°C to temperatures
in excess of 1600°C.

Slag samples are liquid at the higher temperatures

,(above 1200°C).
The Hall effect provides a rather simple way, in principal at
least, of determining the concentration of current carriers in a
material, the sign of the current carrier, and whether or not

4
conduction is ionic or electronic in nature.

It was first observed

by E. H. Hall in 1879, that when a current flows through a material in
i
the presence of a transverse magnetic field, an electric, field develops
that is transverse to both the current and the applied magnetic field.
The force on the current carriers that results from the magnetic field
causes them to migrate to the surface of the material.

The transverse

electric field that results produces a force on the current carriers
that opposes the force due to the magnetic field.

Equilibrium occurs

when the force due to the transverse, or Hall field, balances the
magnetic force.

The magnitude of the Hall voltage is dependent upon

the electrical conductivity of the material and on the concentration
of current carriers.

The sign of the Hall voltage gives .the sign of

the current carrier.
Limited information about current carriers, namely the sign of
the carrier, can be obtained from the Seebeck effect.

The Seebeck

effect is a thermoelectric effect first observed in 1822.

When two

different materials are joined together to form a complete circuit,
and the two junctions of the circuit are held at different temperatures,
a thermal electromotive force between the two junctions is generated.
Charges migrate from the hot junction to the cold junction until the
resulting electric field becomes large enough to stop the migration.
The polarity of the junctions indicates whether the carriers are positive
or negative.
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A thermoelectric effect that is analogous to the Hall effect and
yields the same information as the Hall effect is the Nernst effect.
If instead of an applied current, a temperature gradient is established
along a material in the presence of a transverse magnetic field, the
migrating charges will be deflected and an electric field perpendicular
to the temperature gradient and magnetic field will be established.
The Nernst effect is a possible source of error in doing Hall effect
measurements if there exists a temperature gradient along the direction
of the applied current.
Further thermoelectric effects that can be mistaken for Hall
voltages are the Ettingshausen and Righi-Leduc effects.

If the current

carriers moving through a material all had the same velocity, their
trajectories in a magnetic field would all be the same.
carriers have a velocity distribution.

In reality the

As a result, the trajectories

of the higher velocity carriers curve less sharply than the trajectories
of the lower velocity carriers.

This has the effect of distributing

higher energy (hotter) carriers on one side of the material, and lower
energy (colder) carriers on the opposite side, as dictated by the
magnetic field direction.

This distribution sets up a temperature

gradient and produces a Seebeck thermoelectric field perpendicular to
the applied electric field and magnetic field.
Ettingshausen effect.

This is known as the

If the current through the sample results from

a temperature gradient instead of an applied electric field, this
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phenomenon is called the Righi-Leduc effect.

At any rate, these

effects can give rise to apparent Hall voltages and are a potential
source of error.
. The following simple physical model affords us a reasonably ac
curate mathematical description of the Hall effect.

This model is

discussed in many standard textbooks on solid state physics.

The

model considers a statistical distribution of current carriers,
electrons for example, as essentially free particles moving within
the material.

After some time, an individual electron will collide with

some lattice imperfection, phonon, or impurity.

We assume the electron

loses all of its kinetic energy during the collision, and that the
electron's motion is completely random before and after a collision.
Since we are discussing a statistical distribution of electrons, we can
think of a mean free time between collisions.

In other words, an

electron averages one collision every T seconds, where T is the mean,
free time.

The mean free time is considered to be a constant for a

given temperature, electric or magnetic field, and composition of the
sample studied.
In the presence of electric and magnetic fields, an electron
experiences a Lorentz force given by
? = -e(E + v x B) = M ^7
where e is the magnitude of the electronic charge.

(I)
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The current density in the x-direction produced by the i
electron is
~e vX 1

(2)

Ji x *
aX A

.

where A is the cross-sectional area of the sample, and ax is some
distance in the x-direction the electron travels.

We can write the

above as
J1 I - - e v X 1
ix
--------

(

where V is the volume of the sample.
The current density in the other directions can likewise be written as
-ev„j

(4)

Jiz j
and
J 1 k - evZk
iz
-V- This gives the current density produced by the i
^
Jj

evi

Equation (I) can be rewritten in terms of

F

S

electron as

as

=e(1 + i A x $ ) .

This simplifies to

2 ->
->
->
— __E. + eJl x B
mv

•

----— ^

(7)
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If we sum over all of the electrons, we have

2

dJ
dt

ne E

with n being the number of electrons per unit volume (current carrier
concentration).

Equation (8) is the equation of motion of the current

density in a material in the presence of electric and magnetic fields.
In deriving equation (8), the effect of collisions with lattice
imperfections and phonons has not been included.

Since the mean free

time of an electron is T ,the probability that a collision occurs in a
time dt is

Therefore, the change in the current density in a time

interval dt due to collisions is

d3(t) = zI1 J (t).

(9)

It is assumed that T is much less than the period of revolution of a
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free electron in a magnetic field.

It is found experimentally

that

for a free electron in a magnetic field of 10 kG, the cyclotron
frequency is

= I .8 x 10

11

rad/sec.

Relaxation times for copper at
-IA

room temperature are typically 2 x 10

-3
sec., so W cT- 3.5 x .10

The net change in current density is found by adding equations (8)
and (9).

We get

dJnet
dt

M

(10)

9

Under steady state conditions, current density is constant in times

-J =SSJLJ.SIJjt5.
M

(H)

M

Consider the applied magnetic field in the z-direction.

In

component form, equation (11) becomes

jX =

eX - r

BJy

(12)

Jy - sT 1 % + 1 1 - V

Xf the applied electric field is in the x-direction, in steady
state conditions, current only flows in the x-direction, and we must
have
Jy " 0
Jz = 0.

As a result of the above restrictions, equations (12) give

-jX 5
1V

(13)

Ez = 0.
We can make use of Ohm11S law to simplify equations (13).

Ohm’s
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law states
=» oE

(14)

where a is the conductivity of the material.

As mentioned before

(equation 3), the current density is
J = -nev.

(15)

In an applied electric field, Newton’s Second Law is

m

I j = -eE.

(16)

However, when the effect of collisions, is added, the above equation
is modified to
dv _ v
dt
T

eE
M

(17)

Since J is constant in timej, v is also constant in time, and we have
from equation (17)
->
eET
vD = M ~

(18)

where Vy is the drift velocity of the electron.
Using equation (18) in equations (15) and (14), we can write the
conductivity as

2
ne T

(19)

We can now write equations (13) as
jX = 0eX

Ey = - aEXB

(20)
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The electric field E^. is the Hall field.

For a sample with a

rectangular cross-section with the thickness dimension in the
y-direction, the Hall voltage is found from equation.(20) to be

<2i,
where t is the sample thickness.
The Hall voltage is measured in Hall effect experiments.

It is,

however, inconvenient to describe the Hall effect in terms of the Hall
voltage, which depends on sample geometry, and applied electric and
magnetic fields.

Instead, one defines the Hall coefficient R as
= ± 1-

R E ± %

. (22)

jxBz
Measurement of the Hall coefficient gives the sign and concentra
tion of the current carriers.

A negative Hall coefficient means the

majority of current carriers are electrons, while a positive Hall
coefficient tells us the majority carriers are holes.
The conductivity of a sample can be written by combining
equations (14) and (15) as
a = ne y
where

(23)

is the drift mobility, or the drift velocity divided by the

applied electric field.

Equation (22) allows us to define another

constant, called the Hall mobility, as

Uh = o|R|= Ud

(24)
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In general, the Hall mobility and drift mobility are not equal.
According to the simple model we used in deriving the above mathematical
description of the Hall effect, we assumed that the mean free time for
all carriers was the same, and independent of the kinetic energy of the
carriers.

In reality, T is a function of the carrier's energy, and the

carriers are not

all of the same energy but have energies distributed .

in the conduction hand according to Fermi-Dlrac statistics.

When one

takes this into account, and approaches the problem by considering the
effect of a Lorentz force on the unperturbed Fermi-Dirac distribution .
function, it is found^5"* that

R = ± Z2L

3TT I
8
ne

(25)

JxBz
This gives the result

yH
in light of equation (24).

8 yD

(26)

One should not expect the Hall mobility to

reduce to the drift mobility in the absence of a magnetic field; the
Hall mobility is defined differently than the drift mobility.
Notice that the modification factor 3tt/8 is of the order one, so
the mathematical description of the Hall effect we have developed based
on our simple model is, to a first approximation, correct.

Equations

(25) and (26) are used when the samples studied are semiconductors.

For

metals and very impure semiconductors in which the electrons behave as

13
5

electrons in a metal, Shockley

shows that

This is because all

conduction electrons in a metal have essentially the same kinetic energy
In many cases, the charge carriers are both electrons and holes.
When this is the case (intrinsic semiconductors, for example), the
electrical conductivity becomes

O = BCnun + PUp)

(27)

where n and p are the electron and hole concentrations, respectively,
and Un and Up the electron and hole mobilities, respectively.
The expression for the Hall coefficient becomes more complicated
when two types of carriers are present.

It can be shown^ that R

becomes
R =

p-nb 2

(28)

(nb+p)2e
where b = Un Zup If p~n and un~Up» equation (28) tells us that R is small, and
consequently, the Hall voltage is small.

Furthermore, the sign of the

Hall coefficient can change over a temperature range as the mobilities
Un and Up change relative to each other.
Because of their large mass, ions have relatively low mobilities.
Consequently, the Hall effect in ionic conductors is difficult to
accurately measure, and other means must be used to determine carrier .
concentrations and signs.
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Since our studies involve measuring electrical conductivities of
materials over a temperature range, it is useful to derive an expressionfor conductivity as a function of temperature to help interpret
experimental data.
According to the band theory of semiconductors, conduction can
occur only if electrons occupy the conduction band.

In intrinsic semi

conductors, the conduction band is vacant at absolute zero.

As the

temperature increases, electrons are thermally excited from the
valence band into the conduction band, leaving holes in the valence
band which also contribute to the conduction process.

To calculate the

number of electrons in the conduction band as a function of temperature,
gives an expression for conductivity as a function of temperature.
We assume the electrons in the conduction band to be a gas of
essentially free electrons.

The density of states for the electrons is

g (E)

2M* 3/2

1/2

(29)

Iti2
where M* is the effective mass of the electron.

The above equation

comes from solving the free particle Schrbdinger equation with periodic
boundary conditions.

Details can be found in standard textbooks on

solid state physics, such as Kittel.^
edge of the valence band we have

If we take E=O to be the top
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3V 2

I

g(E)

where E

(30)

(E-Eg)35

*

is the width of the band gap.

The above equation is the

density of states function for electrons with energies greater than
or equal to bottom of the conduction band.

The number of electrons

per unit volume in the conduction band can be found using Fermi-Dirac
statistics and the density of states function.

We can write

zCO

N

e

g(E)ne (E)dE

(31)

where ne (E) is the Fermi-Dirac distribution function.

Explicitly,

ne (E) = ---- --------

(32)

I + exp (E-Ep) •
kT
The constant Ep is the Fermi energy, the highest energy state available .
to the electrons at absolute zero, and k is Boltzmann’s constant.

The

number of electrons per unit volume in the conduction band is therefore

N e (T)

f 2 7rM*

kT]

t 2

3/2

exp

<•
*
>
E-Ep
I

kT

(33)

The number of holes per unit volume in the valence band is simi
larly calculated by using the distribution function for holes
M h = I - M fi

(34)
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where

is the probability that a state is occupied, and noting that

the energy of holes increases downward from the top of the valence
band, we get
3/2

2ttM

exp

-E
_F
(35)

kT

where we have assumed exp

'E-Ej.'
I kT .

We can use our expressions for electron and hole densities in
equation (27) to get an expression for conductivity as a function of
temperature for an intrinsic semiconductor.

C T = O 0 exp

Upon substitution, we get

(36)

2kT

where

2 Iel

'2irkT)3/2

«*eM*h)

(Un+ V

The energy E q / 2 is called the activation energy U of the con
duction process.

As can be seen by equation (36), the temperature

dependence of conductivity is governed by an exponential factor.

If

one plots.in CT versus reciprocal temperature, the resulting graph is a
straight line, and the slope of the line is proportional to the
activation energy.
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The addition of impurities to a crystal (called doping) can
have a large effect on the conductivity.

Impurity atoms can donate

electrons to the conduction band, or accept electrons from neighboring
atoms in the crystal, and create holes in the valence band.

Energy

levels are introduced into the band gap as a result of doping.
Electrons occupying donor states near the conduction band are thermally
activated into the conduction band, and electrons in the valence band
are thermally excited into acceptor states lying near the top of the
valence band and produce holes in the valence band.
enhancement of electrical conductivity.
are called extrinsic.

The result is an

Semiconductors of this type

The electrical conductivity of extrinsic semi

conductors has the same form as in intrinsic semi-conductors.

If we

assume that only one type of carrier predominates (electrons for

g
example) it is shown

that
O 0 exp

"e D)

(37)

2kT.
where
3/2

O0 = 2|e| ynND

2 ti2

with Np being the donor concentration.
activation energy for conduction.

The quantity E q /2 is the

The assumption that only one carrier

predominates is reasonable because of the law of mass action,^ which
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states that the product of electron and hole concentrations is constant
for a given temperature.

Therefore, if electrons are added by doping,

the number of holes must decrease.

In other words, doping with a

donor suppresses conduction by holes, and likewise doping with
acceptors suppresses conduction by electrons.

At high temperatures, the

number of carriers thermally excited into the conduction band far
exceed the number of carriers due to impurities, and conduction enters
the intrinsic range.
So far little has been said about ionic conductivity other than
the fact that ions have low mobilities when compared with electrons or
holes.

The two chief ionic conduction mechanisms are migration of an

ion from one interstitial site (Frenkel defect) to another, and hopping
of an ion from an ion site to an adjacent ion vacancy site (Schottky
defect).

The temperature dependence of ionic conductivity is governed

by the same exponential factor found in the expressions for electronic
conductivity.

8

In other words, we have

o = exp

with E q /2 being the activation energy.

(38)

Many ionic conductors have
Q

relatively large activation energies (around. 6 eV),
are poor conductors except at high temperatures.
have an activation energy of around 10 eV).

and consequently

(Insulators typically
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Special theoretical problems are encountered when one studies the
electrical properties of amorphous semiconductors because of the lack
of a periodic structure. . Since some of our work involves amorphous
materials, a brief qualitative description of conduction processes in
this type of material will be given.

An excellent reference that

studies the properties of amorphous semiconductors in depth is by Mott

9
and Davis.

It turns out that the density of states for amorphous

semiconductors is not too different from that for crystalline semi
conductors.

However, one expects to find a considerable difference

between the Hall mobility and drift mobility.

It can be shown'*"® that

for the case of conduction by a thermally activated electron
hopping from site to site.

1

APPARATUS AND EXPERIMENTAL METHOD

In designing a Hall effect apparatus, many things must be
considered.

Several different techniques to measure the Hall effect

are available, the appropriate technique depending on the nature of the
experiment and existing apparatus.

One particular technique used to

measure Hall mobilities is called the Corbino disk method.

A radial

current flows between the rim of a disk-shaped sample and the center of
the sample in the presence of a magnetic field perpendicular to the
face of the disk.

A circular Hall current results.

If the applied

current is A.C., the Hall current is also A.C., and may be measured
by a pick-up coil located near the sample.
in detail by Carver
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This method is described

who successfully applied this technique to

measuring Hall mobilities in amorphous semiconductors.

This technique

could be used with liquid samples, but it would require a vertical mag
netic field which is impractical with our facilities.
The technique we used was chosen because of existing equipment in
the laboratory; namely a large D. C. electromagnet capable of fields up
to 13,000 gauss with a 5 inch air gap, and a Princeton Applied Research
Model HR -8 Phase Sensitive Detector (lock-in) with a high impedance
(IOM) preamplifier.

The HR -8 supplies an A.C. electric current that

is transverse to the applied magnetic field.

The resulting Hall voltage,

which is at the same frequency as the reference voltage, is fed into the

21

HR- 8 , and the output Is displayed on a chart recorder as a D.C. voltage.
The heart of the system is the lock-in amplifier, which can
measure small signals that are buried in noise.
as follows.

The lock-in operates

The signal fed into the preamplifier is multiplied by •

the reference, or output signal generated by the lock-in and inte
grated over the period of the signal.

The result is a D.C. voltage

which is displayed on a chart recorder and is proportional to the Hall
voltage.

In general, there is a phase difference between the input

signal and the reference voltage.

If the input signal is in phase

with the reference signal, we get a maximum D.C. output.

On the other

hand, if the reference and input voltages are 90° out of phase, we get
zero D.C. output.

The lock-in lets us adjust the phase of the refer

ence voltage to equal the phase of the input signal thus optimizing the
D.C. output.

Noise is filtered out of the lock-in output if the magni

tude of the difference between the.signal frequency and noise frequency
is greater than the reciprocal of the output filter time constant.
An example of the lock-in's operation might be helpful at this point.
Consider one Hall electrode fed into terminal "A" of the preamplifier,
and the other electrode fed into terminal "B".

On the "A" minus "B"

mode of operation (differential mode) the voltage that is mixed with the
reference voltage is

Vs = 2Vjj sin (wt + (j)).

(39)
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The product of the phase-adjusted reference voltage and the
signal is
VpVg - 2A V h sin (wt + <j>) sin (wt + (j>) .

(40)

Upon integrating the above from 0 to 2lTr, we get the D.C. output
voltage
(41)

where A

is determined by calibrating the chart recorder.

Another advantage in using an A.C. applied voltage is that errors
due to the Ettinghausen effect are eliminated.

The other thermal-

electric effects that can introduce error can be eliminated by assuring
the sample is at a uniform temperature.

Other spurious effects may be

detected by periodically reversing the direction of the magnetic field.
The D.C. output displayed on the chart recorder is shifted either above
or below the zero magnetic field base line when the field is reversed.
If the spurious effect does not depend on the direction of the magnetic
field, it can be detected.

A voltage produced by the Nernst effect for

instance will not be detectable by this method.

Other methods for

detecting errors in Hall effect measurements are described in the
literature.

12

Because we are interested in high temperature measurements of the
Hall effect, a furnace was designed that would fit between the pole caps
of the magnet.

See Figure I for a schematic drawing.

.The furnace
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consists of a double-walled copper can with a removable copper lid.
A steady flow of water from a large water tank is maintained in the
space between the two walls in order to keep the exterior of the. can
cool and protect the. magnet pole caps.

The water tank provides a

reservoir that will continue to cool the furnace in the event of line
water failure.

The lid is also cooled by water flowing through coiled

copper tubes silver-soldered on to it.
insulation.

Inside the can are two layers of

The first is a cylinder of Zircar zirconia fiber, manufac

tured by Zircar Products, Inc. , H O North Main St. , Florida, NY 10921,
and next is a cylinder of Grafoil thermal radiation-reflecting graphite
supplied by Fiber Materials, Inc., Biddeford Industrial Park, Biddeford,
M A 04005.

These two layers of insulation help keep the power require

ments of the heater to a minimum.
The heating element is an 11 ft. length of 50 mil molybdenum wire
bent into eight tight hairpins, or inverted U's which are then equally
spaced around a cylindrical alumina crucible.
Because the heater element carries a large current (~30 amps. D.C.)
in the presence of high magnetic fields (~10kG), magnetic forces acting
on the heater wire must be compensated for.

This is achieved by running

the molybdenum wire through one bore of a double bore alumina rod
(20cm in length and 0.67cm in diameter), then doubling the wire back
on itself and running it through the other bore.

In this way, the

compressive forces of the wire on a given alumina tube cancel and do not
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tend to bend the tube.

One end of the wire is connected to a copper

bus in the bottom of the can, while the other end is attached to the can
itself, which is grounded.
In winding the furnace in this method, the potential difference
between adjacent heater wires (separated by about I mm of alumina) is
minimized thereby reducing the chance of electrical breakdown at high
temperatures of the alumina between the wires.
shorting out the furnace.

This would result in

(This indeed happened with an earlier method

of winding the furnace in which the end of the wire connected to the
positive terminal and the end connected to the negative terminal were
housed in the same alumina rod and electrical breakdown of the alumina
occurred).
The crucible mentioned above acts as a cavity in which solid samples
may be placed.

The temperature within, this cavity remains quite stable

after thermal equilibrium has been reached.

The crucible also serves

as a sample holder for liquid samples.
To prevent problems caused by oxidation, ports are provided in the
lid and bottom of the can to allow purified argon to flow in.

Hence,

all Hall effect measurements must be done on an argon atmosphere.

On

several earlier test runs, oxidation of the Grafoil insulation posed a
problem.

Viewing ports located in the side of the can let enough air

get into the can to ruin the Grafoil.

Air also leaked in from the top

of the can because the lid was not properly sealed.

These problems
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were solved by plugging the viewing ports in the side of the can and
using a clamp and "0" ring to seal the lid.
The power supply for the furnace was a Harvey-Wells Model S-735
D.C. magnet power supply.

This constant current power supply easily

provided temperatures of over 1400°C in test runs.
We have already mentioned that alumina crucibles can be used as
sample holders.

This is true providing the alumina is not corroded by

seed/slag mixtures.

Furthermore, alumina softens at 1800°C and is not

suitable above this temperature.

Other possibilities for liquid

specimen holders are yttria (m.p. 2410°C), hafnia (2777°C) or
thoria (3300°C).

Iridium and zirconia are good candidates because they

are resistant to chemical corrosion.

However, because of their high

electrical conductivity, their use would require the Corbino disk
method for measuring the Hall effect.

Consequently, materials with

electrical conductivity much lower than that of slag should be used.
Also, the crucible should not generate a Hall voltage of its own.
The electrode configuration for Hall effect measurements in liquid
samples is shown in Figure 2.

The upper and lower electrodes are the

applied field electrodes, and the middle electrodes are the Hall
electrodes.

The applied field electrodes are separated enough to

provide a uniform electric field at the Hall electrodes. . Suitable
electrode materials for liquid slag are iridium and platinum.

Of the

two, iridium is the most corrosion resistant and has a higher melting

Figure 2.
Hall Electrode Configurations for Liquid and Solid Samples
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point (2442eC) than platinum (1769°C).
A -variety of methods were tried in making electrical contacts
to solid samples.

The method used for lanthanum chromite and mag

nesium chromite is as follows.

Hanovia Liquid Bright Platinum,

Engelhard Industries, Inc. , Liquid Gold Division, East Newark,. NJ
was used to form platinum films that were used as electrodes for the
applied field contacts and Hall contacts.■ The ends of the rectangular
cross-section samples were painted as. were two thin (I mm wide) strips
on the top and bottom of the sample.

The sample was then fired In an

air atmosphere furnace at 550°C for I to 2 hours to drive off the
organic solvents and deposit a platinum film.

The end electrodes are

the applied field electrodes, and the top and bottom electrodes are the
Hall electrodes (see Figure 2).

Platinum was chosen for the electrical

leads because of its high melting point, its availability, and the fact
that it won't oxidize.

The Hall leads were 28 gauge platinum wire, and

the applied electric field leads were a thicker 22 gauge wire.

The

leads were attached to the contacts with DuPont #4817 Silver Preparation
cement manufactured by DuPont Electrochemical Department, Wilmington,
Delaware.

To prevent vibrations due to A.C. current in a magnetic field

the leads were run through quadruple-bored alumina rod (5 in. in length,
0.67 cm in diameter).

The rod was then secured at the lid.

The use of silver cement to attach the leads was not always a
satisfactory method.

The mechanical strength of the cement is hot
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great, especially after long runs at high temperatures, and many times
our experiments were frustrated by contact failure.

Another drawback

was that in using silver cement, the temperature range of our experi
ments was limited to not more than 900°C (silver melts at 960°C).

In

our early test experiments to measure the Hall mobility in a-FegO^,
Hanovia Liquid Bright Platinum was not used for making electrical
contacts.

Instead, the platinum leads were attached directly to the

sample with silver cement.

Although our experiments on a-Fe^O^ were

successful, it probably would have been to our advantage to use the
liquid platinum first.

In later runs, the contacts were strengthened

by applying Sauereisen High Temperature Cement //I, manufactured by
Sauereisen Cements Co., Pittsburgh, PA, over the Hall and applied field
contacts.
Many different methods were tried in making electrical contacts
with solid slag samples.

In our first attempts, nickel wire (20 gauge)

was used for electrical leads.

Nickel was chosen because it is relativ

ely inflexible, and less apt to vibrate when an A.C. current flows
through it in the presence of a high magnetic field.

Nickel is a

magnetic material, however the Curie point (3580C) is low enough that
in the temperature range of the experiment, this was no problem.
The nickel wire was attached to the sample with silver cement.
Nickel proved to be unsuitable because some oxidation occurred at
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higher temperatures, and contact failure resulted, even though the
heating took place in an argon atmosphere.

Replacing the nickel wire

with platinum solved contact failure fue to oxidizing leads, but
excessive noise and drift of the chart recorder output prevented Hall
effect measurements.

The final step taken to improve the electrical

contacts was to implant the platinum leads directly into the slag.

To

do this, alumina boats (I ^/16 in. long, 1/4 in. deep, and 5/16 in.
wide), in which four appropriately spaced platinum wires (28 gauge)
were rigidly suspended, were filled with powdered coal slag.

The

powdered slag was melted by heating it at 1450°C for 4-5 hours in air.
After slowly cooling, the slag sample was carefully cut on a diamond
saw so that the platinum wires were just at the surface of the sample
with two of the wires making up the 'Hall contacts, and the other two
wires the applied field contacts.

The contacts formed using this method

were very good electrically and mechanically.

The width of the Hall

contacts was negligible, and therefore did not disturb the pattern of
current flowing through the sample.
contacts was likewise negligible.

The width of the applied field
This introduces error since the

electric field lines are not parallel throughout the sample as they are
if the entire end of sample is an electrode.

Instead they spread out

from the wires and are only parallel in the center of the sample.
Instability and drift in the chart recorder persisted in spite of the
improved contacts, and no conclusive results were obtained.
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Because misalignment of the Hall electrodes is inevitable, a
voltage will appear between the Hall electrodes even in the absence of
a magnetic field.

In order to make sensitive measurements, this

misalignment voltage must be balanced out.
designed for this purpose.

Two different circuits were

The first circuit, whose schematic is shown

in Figure 3, is a transformer circuit designed to match the source
impedance of the lock-in with the sample impedance, and the source
impedance of the "Hall voltage generator" with the input impedance of
the preamplifier.

The ampitudes and phases of the voltages appearing

at terminals "A" and "B" can be adjusted by turning coarse and fine
adjustment pots until they are equal.

On the differential mode of

operation, the misalignment voltage is then balanced out.

This circuit

was unsatisfactory in our attempts to measure the Hall effect in slag
because we could not balance out the misalignment voltage when the
lock-in was at high sensitivity settings required to measure small
Hall voltages.

It was therefore necessary to design a new balance

circuit, which is also shown schematically in Figure 3.

This circuit has

the advantage that it is simpler, and for high impedance samples such as
slag (~1 megohm), the sample is not loaded, and most of the Hall
voltage appears across the preamplifier.

Unlike the first balance

circuit, only one Hall lead is input into the preamplifier; the other
Hall terminal is left open.

Into the other terminal of the preamplifier

is fed a voltage whose phase and amplitude have been adjusted to equal

400K IOOK 400K
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Figure 3.

Schematic of Balance Circuits
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the phase and amplitude of the misalignment voltage appearing at the
Hall terminal.

As with the other circuit, operation of the lock-in

preamplifier on the differential mode balances out the misalignment
voltage.

To detect spurious signals, the Hall terminal being fed

into the preamplifier should be disconnected and the other Hall terminal
fed into the preamplifier in its place.

In doing so, the D.C. outlet

displayed on the chart recorder will reverse sign since the voltages
appearing at the two Hall terminals are 180° out of phase with each
other.
If the misalignment voltage is not too great, balancing of the
circuit can be brought about as follows.

The two Hall terminals are

directly connected to the preamplifier operating in the differential
mode.

The zero offset control is then used to null out any misalignment

voltage, and no balance circuit is needed.
On several occasions, we felt that a greater applied voltage across
the sample was needed in order to produce a detectable Hall voltage.
To do this, a reference output amplifier was designed and built by Al
Beldring, the staff electronics technician.
amplifier is shown in Figure 4.
amplifier was 20

The schematic of the

The maximum output voltage of the

, and the maximum current output was 0.5 amps.

This amplifier was used in our attempts to measure the Hall effect in
mercury at room temperature.

The block diagram for the Hall effect

experiment is shown in Figure 5.

Figure 4.
Schematic of Reference Output Voltage Amplifier
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The method used in our electrical conductivity measurements was
quite straightforward.

A resistor of approximately the same resistance

as the sample was placed in series with the applied current, as shown
schematically in Figure 6.

By measuring the voltage drop across the

sample and known resistor, and the voltage drop across the sample, the
resistance of the sample, R g , was calculated using the equation

- M __

R
S

V r + s -V s

(42)

where V g is the voltage drop across the sample, and V r + s is the voltage
drop across the sample and known resistor.

The resistivity, p, of the

sample was then calculated from the equation
P = Rs A /l

(43)

where A is the cross-sectional area of the sample, and I is the sample
length.

The conductivity, 0, of the sample is the reciprocal of

resistivity, or
a = 1Zp .

(44)

For our A.C. conductivity measurements, the voltage source used
was the reference output of the lock-in amplifier.

The D.G. measure

ments were made with 1.5 V dry cell as the voltage source.

Voltage

measurements were made with a Data Precision model 2440 BI multimeter.
The applied voltages varied from a few millivolts to volts, and the
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I--------------- 1

Figure 6 .

Block Diagram of Electrical Conductivity Experiment
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2

5

frequencies of the A.C. measurements from 10 H z to 10 H z .

By varying

the applied voltage through a wide range, one can check to see if the
sample obeys Ohm's law.
ohmic.

A sample that obeys Ohm's law is said to be

Consistency in conductivity data taken at various frequencies

indicates that frequency dependent effects, such as capacitive impedance
of coaxial cables, are not introducing error into the measurements.
In making D.C. conductivity measurements, the polarity of the
applied voltage was reversed after measuring voltage drops across the
known resistor and sample and resistor together, the measurements were
repeated, and the results averaged.

Averaging the results of these

measurements eliminates errors due to certain spurious effects such as
thermal e.m.f's.

D.C. electrical conductivity measurements'can give

indications of ionic conductivity in materials..

If conduction by ions

plays an important role, consistent D.C. conductivity values are
difficult to obtain.

This is because the sample becomes polarized as

ions migrate to the ends of the sample, causing the voltage drop across
the sample to increase with time.
measure voltage drops.

This makes it difficult to accurately

Special techniques

13

are needed to sort out the

contributions of ions and electrons in samples with mixed conductivity.
Electrical conductivity studies done in an air atmosphere did not
make use of the furnace previously described.
existing in our laboratory was used.

Instead, a furnace already

Construction details of this
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furnace are not known.
10 in. by- 9^ in.

It is 12 in. high with base dimensions of

A quartz tube of approximately I in. in diameter

runs, vertically through the furnace and acts as the furnace cavity.
The quartz tube is open to the atmosphere at both ends, however,
filtered air was flowed into the tube from the bottom at a slow rate to
ensure an air atmosphere and prevent reduction of the sample.

The

sample was suspended in the furnace by using the same quadruple-bore
alumina rod used to suspend samples in the argon atmosphere furnace.
This furnace easily achieved temperatures of over 900°C, but temperature
stability was not ideal although acceptable (drift of I to 2 °C in % hour
was typical).
Temperatures were monitored using either a nickel-chromium
thermocouple, or a platinum 6% rhodium-platimum 30% rhodium thermocouple
and a Leeds and Northrup Model 8690 Millivolt Potentiometer.
temperature reference point was used.

A room

EXPERIMENTAL RESULTS

In spite of our efforts, experimental difficulties prevented
measurement of the Hall effect in liquid or solid coal slag, lanthanum
chromite, or magnesium chromite.

We can, however, state a few

observations about the Hall effect in these materials.
Prior to Hall effect studies on slag samples, we tested out
experimental method by studying some samples with known Hall mobilities.
These samples were mercury, a commercially available Hall generator
chip, and solid cHE^Og.
Mercury was chosen for our initial trials after studying an
extensive table compiled by Allgaier
ties of many liquid conductors.

14

of electrical transport proper

Liquid tellurium compounds were the

only semiconductors listed with sufficiently large. Hall mobilities to be
useful for our purposes, but tellurium compounds have toxic vapors and
so were not chosen.

Furthermore, mercury is a liquid at room tempera

tures, and. not corrosive to alumina or electrode materials.

The

electrode material used was 10 mil copper wire, and the electrode
configuration is shown in Figure 2.

The conductivity of copper is 60

times that of mercury, and so the copper electrodes are approximately
equipotential surfaces.

Likewise, platinum electrodes that were planned

to be used in liquid slag samples are of much greater conductivity
than slag, and we would expect the same current distribution patterns
in mercury and slag.

This is useful because it implies.that the "cell
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factor," or the relation between the measured Hall voltage to the Hall
voltage expected from a rectangular sample of dimensions determined by
the configuration of electrodes in the liquid sample, is the same for
mercury and slag samples.

Hence, measuring the Hall effect in mercury

would not only test our experimental method, it would determine the
cell factor.
In our attempts to measure the Hall effect in mercury, the HR-8
output voltage amplifier was used to boost the current through the
sample to 1.5 amps (at 400 Hz).

Even with this current and magnetic

fields of up to 12,000 gauss, spurious effects and drift of the D.C.
output masked any Hall voltages that might have been generated.

We

attributed these spurious effects to magnetohydrodynamic circulating
currents and thermally generated e.m.f's because of the relatively large
volume of mercury in the crucible (28 m l ) , and the fact that the.
magnetic field used was not homogeneous to a high degree.

These effects

make Hall effect measurements of liquid.metals difficult, and are discussed by Greenfield
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in his paper on Hall effect measurements in

liquid metals.
After our attempts to measure the Hall effect in mercury, we
obtained a commercial Hall generator chip, courtesy of Dr. Norm Shyne
of the Department of Electrical Engineering at Montana State University,
to test the sensitivity of our experimental apparatus.

In this, case,

Princeton Applied Research loaned to us a Model 124A lock-in amplifier

I
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with a Model 116 differential preamplifier.

We were able to demonstrate

with this chip that our apparatus worked quite well; the measured Hall
voltage agreed with the rated value, and we observed Hall voltages as
low as 3 nV with a signal to noise ratio of about 2.
Our preliminary Hall effect experiments with coal slag were with
natural (unseeded) Rosebud slag supplied by Dr. R. Pollina of the
Montana State University Physics Department.
Rosebud slag
follows.

3

is given in Table I.

The composition of

The sample's preparation is as

Powdered Rosebud ash was melted in air at 1700 to 1750°K

in alumina crucibles by Pollina for times of I to 36 hours, and then
quenched in air.

The amorphous slag was then cut, by us on a diamond

saw and polished to the dimensions of 0.85 x 0.27 x 0.13 cm.
As already mentioned, our Hall effect measurements were plagued
by spurious voltages and drift, in spite of our attempts to improve
our experimental method.

We can report, however, that the Hall

mobility of unseeded Rosebud slag is. less than 0.01 cm^/V-sec at a
temperature of 925°C.

This upper limit was based on a run using

nickel electrodes and the PAR Model 124A lock-in amplifier with the
transformer balance circuit of Figure 3 used to "buck out" any offset
voltage (this circuit, loaded the slag sample, and as a result, the
revised balance circuit of Figure 3 was designed).

The applied voltage

was 2V at 400 H z with a magnetic field of 5,000 to 10,000 gauss.

All of

the other attempts to measure the Hall effect in Rosebud slag failed
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Rosebud, Ash

NBS K-509

.NBS K-517

SiO 2

40.34% Cby weight)

34.00% (by weight)

60.00% (by weight)

Al 2O3

24.6

12.75

25.00

CaO

18.9

17.00

3.00

MgO

5.8

8.50

2.00

%

4.4

-

—

12.75

10.00

K 2O.

0.53

15.00

—

Na2O

0.46

- ■

-

SO3

0.28

-

-

Table I.

The Compositions of Rosebud Ash and the Synthetic Slags
NBS-509 and NBS-517
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because of drift and spurious effects.
Hall effect studies with slag continued using synthetic slag
samples supplied by the National Bureau of Standards.
the samples studied were designated as K-509 and K-517.
compositions of these slags are given in Table I.

In particular,
The chemical

The synthetic slag

K^509 was chosen because it has a low silica content, (34% SiOg) and is
therefore Similar to Rosebud slag, which is low in silica content.
Also, this is a seeded slag (15% KgO).

Oh the other hand, K-517 has a

high silica content (60% SiOg), but is not seeded with K 2O, and so
far this reason, it was chosen.

The electrodes were directly implanted

into powdered slag using the method described in the previous chapter.
In preparing the samples, the powdered slags were heated in the alumina
boats with the platinum wires in place at a temperature of 14500C for

2 to 4 hours in an air atmosphere, and slowly cooled to room temperature.
The K-517 sample developed cracks and bubbles during the melting
process, and was not usable.

Slowly cooling molten slag results in the

formation of polycrystals in a glassy matrix.

The grain size depends

on the rate of cooling; the faster the cooling rate, the smaller the
grain size.

For Rosebud slag, polycrystals of anorthite ( C a A ^ S ^ O g ) " ^

form at 1380°C while slowly cooling.

The platinum electrodes in the

K-509 sample sagged distorting the electrode geometry; however the
sample was used in spite of this.
from observing the Hall effect.

Again, spurious.effects prevented us
This was our last attempt to measure
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the Hall effect In coal slag,
We again tested our experimental method by investigating the Hall ,
effect in polycryptalline a - T ^ O ^ (hematite) .

This compound was chosen

because it is a constituent of some slags, and the Hall effect has
17
18
previously been measured by van Daal and Bosman,
and Morin.
The sample of Ct-FegO^ studied was doped with 0.1 atomic percent.
17
Zr Og as was done by van Daal and Bosman,
making a-FegO^ an n-type
semiconductor.

The sample was prepared with 33.Sg of Baker "Ferric

Oxide" (99.4% pure) and 0.522g of ZrOg in the form of powdered "Zicar"
board (87% ZrOg, 8% YgO^, 5% SiOg as Zr SiO^).

The materials were

thoroughly mixed and pressed at 45,000 p.s.i. by Dr. A. Kumnick in the
Department of Mechanical Engineering at Montana State University using
a hydraulic press.

The pellet formed (dimensions of I in. in diameter

and 3/8 in. thick) was fired in air at 13000C for 3 hours.

A sample

was cut from the pellet using a diamond saw to the dimensions of
1.225 cm x 0.265 cm x 0.165 cm, and platinum electrodes were attached . .
using silver cement in the manner previously described.
We were quite successful in observing the Hall effect in a-FegO^
and, although our measurements of the Hall coefficient are approximately
an order of magnitude smaller, qualitatively they agreed well with those
of Morin

18

(Morin worked with a titanium doped sample).

Hall voltages of less than 2 x 10

-6

We measured

V using applied voltages of 0.1 and
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0.5 Vrms at 40 Hz and applied magnetic fields of 300 to 5000 gauss.
The temperature range of the run was from 200 to 6000C; contact failure
prevented measurements above 600°C.

The results, shown graphically in

Figure 7, were plotted as KBgff = |(Vg^/%) |x I O ^ v s . applied magnetic.
In the above equation, w is the sample width, I the applied current,
and Beff the effective magnetic field in the sample.

The dependence of

the product KBgff Hall coefficient on the applied magnetic field occurs
because a^FegOg is antiferromagnetic in the temperature range of the
experiment (the NSel temperature is 960°K), and the magnetization of
the sample increased the effective magnetic field within the sample.
The linear region of the curves suggest the magnetization effect is
saturated, and we are measuring the "true" Hall effect.

As expected

for an n-type semiconductor, the sign of the current carriers was
found to be negative.
The samples of lanthanum chromite based ceramics studied were
supplied by Dr. Franz Brodmann of General Refractories.

Sample

preparation is described in detail in an article by Brodmann and
Morgan .2
The dimensions of the La ^,.Mg ^ A l 2$ Cr 75*^3 sample studied were
O
2.276 cm x 0.361 cm x 0.121 cm, and its density was 6.41 g/cM .
Applied field and Hall contacts

were painted on with Hanovia Liquid

Bright Platinum in the manner described earlier.

Platinum electrodes

were attached to the contacts with silver cement and Saureiser cement.

h=j

H-

?
m

9

(D

E

H

R
Hi

ft
S'
?
Tl
M
U°
(T)

■c-

1500

2000

2500

3000

APPLIED FIELD (GAUSS)

3500

4000

4500

5000

48

We attempted Hall effect measurements at IOO0C using an applied magnetic
field of 10,000 gauss and applied voltage of 200 mV at 100 Hz.

We were

not successful in measuring a Hall mobility, and can only report that
the Hall mobility Is less than 7 x 10 ^cm^/V-sec.

Hall mobilities

reported for other oxides are considerably lower than this.

For example,

van Daal and Bosman"^ measured the Hall mobility of NiO as varying from
3 x 10 ^ to 5 x 10 ^ cm^/V-sec.

We can make no statements about the

sign of the current carrier.
Electrical conductivity measurements of La g^Mg ^ A l ^ C r
were quite successful.

The results of measurements taken in air and

argon atmospheres are graphed in Figure 8 .

The A.C. results at all

5
frequencies (10 to 10 H z ) .and D.C. results show excellent agreement,
indicating electronic conductivity.
Anderson et al.^

Measurements taken in air by

are from 2 to 6 times higher than our values.

This

difference is probably due to differences in sample composition and
preparation.

Our air atmosphere values are somewhat higher than our

argon atmosphere values.
An interesting result is the decrease in the activation energy U
at temperatures above 400°C in both air and argon atmospheres.

Such

a decrease cannot be explained in terms of two thermally activated
contributions, because their sum would give an effective activation
energy which increases with temperature.'

It was suggested by Dr. Allan
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Franklin of NBS during a recent conference at MEKDI, that the
observed decrease in activation energy might result from the formation
of a.second phase at temperatures below 400°C.

Above this temperature,

all of the magnesium may be in solution, while below this temperature,
the solubility of magnesium may decrease.

This explanation is supported

2g
by Anderson et a l . who reported one cannot infer that a particular
chemical formulation of lanthanum chromite based ceramics exists as a
single phase with a composition given by the stated formula.

To check

this, we heated the sample to 850°C in air and quenched it, freezing
the phase in which magnesium is expected to be in complete solution.
Data taken while increasing the temperature of the quenched sample from
room temperature to 400°C should give results different from data taken
while decreasing temperature if a second phase reappears while slowly
decreasing temperature.

Such a difference was not observed, and values

obtained while increasing temperature agreed with those obtained while
decreasing temperature.

We therefore do not feel the formation of a

second phase is the reason for the decrease in activation energy with
increasing temperature.
Thermal expansion measurements made by Brodmann and Morgan

2

show

an anomaly in magnesium and strontium doped lanthanum chromite samples
at about 300°C due to a phase transition.

This phase transition was not

noticeable in our conductivity measurements.
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As with our magnesium doped sample, we were not successful in
measuring a Hall effect in La g^Sr ^CrO^.

At best, we can report a

2

Hall mobility of less than 0.2 cm /V-sec at 304°C.

Failure was due

partly to excessive noise and drift In the HR -8 lock-in used.

The

3
density of the sample used was 6.05 g/cm , and the sample dimensions
were 1.9992 cm x 0.4995 cm x 0.1000 cm.

The electrical contacts to the

sample were made in the same way as with the magnesium doped sample.
Electrical conductivity measurements of La
only in an argon atmosphere.

•04

Sr

CrO

•JLo

3

See Figure 9 for the results.

were done
As with

the magnesium doped sample, our A.C. results made over a large fre-

5
quency range (10 to 10 Hz) agreed well with D.C. measurements, again
indicating electronic conductivity.
temperature range of our run.

Electrode failure limited the

21

The measurements by Jacobs et al.

in a helium atmosphere give conductivity values of at least 10 times
greater than our values.

Again, variations in sample preparation are

believed to account for the differences.
The magnesium chromite (MgCrgO^) sample studied was provided by
Dr. Barry Rossing of Westinghouse.

The sample was not pressed by H.

Anderson of the University of Missouri.
4.045 g/cnP.

We measured the density to be

The sample was cut on a diamond saw and polished to the

dimensions of 1.4815 cm x 0.3430 cm x 0.1340 cm.
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of Rossing,

On the recommendation

the sample was fired by us at 1300°C in air for 12 hours
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to insure complete oxidation.

Electrodes were attached in the same

way as with the lanthanum chromite samples.
In our D.C. electrical conductivity measurements in both air and
argon atmospheres (not shown), the current decreased from an initial
value to a lower final value over several minutes.

We interpreted

this as a polarization effect associated with ionic conductivity.
A.C. measurements in air and argon atmospheres are plotted in
Figure 10.

They show that the conductivity, though quite low compared

to the lanthanum chromite samples, increases rapidly with temperature.
The argon atmosphere conductivity is somewhat higher than the conduc
tivity measured in the air atmosphere.

Furthermore, air atmosphere

data shows an increase in the activation energy with increasing
temperature, while the activation energy of the sample in an argon
atmosphere is constant with temperature.

Measurements were made with

applied voltage of frequencies between 10 and lO^Hz.

Higher frequencies

yielded inconsistent results.
Measurements taken below 400°C were not considered accurate
because of large deviations from the trend, and because repeated
measurements at. various temperatures below 400°C did not give consistent
results within experimental error.

Two possibilities for the inac

curacy of measurements in this temperature range are (I) contact
failure and (2) capacitative effects of the coaxial cables.

Measure

ments at these temperatures were taken either early in the run when the
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solvents in the silver cement used in the contacts were not completely
driven off, or late in the run at which time the contacts may have
weakened.
runs.

Indeed, contact failure occurred several times after long

Also, at the lower temperatures, the sample resistance was on

the order of I megohm.

With a total cable capacitance of 3Opf for our

cables, we have calculated an error of about 2% in conductivity measure
ments with an applied voltage of 40Hz-

This is small compared to

experimental error, so only the contacts can be blamed.
It is interesting to note that in 1931, Jander and Stamm

23

measur

ed the electrical conductivity of a single, very pure crystal of
MgCr 2O 4 and concluded it was an electronic conductor with a conductivity
of approximately 100 times smaller than our measurements.

The purity of

our sample was doubtful, and furthermore, our sample was polycrystalline
instead of a single crystal.
An attempt to measure the Hall mobility in MgCr^O^ failed completely
due to drift and noise.
All of our measurements of lanthanum chromite and magnesium chro
mite studied indicated our samples were ohmic.

We observed no effects

due to temperature cycling during our measurements.

Temperature

cycling had a significant effect on thermal diffusivity and thermal
expansion measurements of La g^Sr ^ C r O ^ taken by J. Youngblood^ at
MEBDI.

This may have been caused by a phase transition.

One would

expect a noticeable effect of such a phase transition in electrical
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conductivity measurements, so our failure to observe such an effect
in a sample of the same composition places the existence of this
transition open to question.

CONCLUSIONS

The Hall effect experiments were difficult, and we can only state
that the upper limit of the Hall mobility of unseeded Rosebud ash slag
is 0.01 cm^/V^sec.

For La ^,.Mg

q ^AI

g^Cr ^^O^, the Hall mobility was

2

found to be less than 0.07 cm /V-sec. at IOO 0C, and for La _. Sr ,CrO-,
•o4 •Io
j

2

our measurements indicate the Hall mobility is less than 0.2 cm /V-sec.
at 3040C.

In all cases, however, our measurements did not give any

information about the sign of the current carriers.
The primary conduction mechanism in unseeded Rosebud slag as well
as potassium seeded slags is most likely ionic,

25

which would make

observation of the Hall effect in such materials difficult, if not
impossible.

The same statement can be made about the MgCr^0^ sample

we studied, since our electrical conductivity measurements suggest that
the conduction process is principally ionic.

Also, excessive noise and

drift in the HR -8 lock-in used during Hall effect measurements of
lanthanum chromite and magnesium chromite prevented the stability and
sensitivity necessary to measure small Hall signals.

Future work with

better equipment is certainly warranted, and Hall effect measurements of
lanthanum chromite in a dual atmosphere of hydrogen and oxygen are planned.
Our electrical conductivity studies were quite successful.

Our

measurements on the lanthanum chromite based ceramics indicate conduction
is electronic.

This is expected, since Mg or Sr dopants, both with a
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+3
valency of +2, occupy La
sites in the LaCrO^ structure causing the
Cr

ion to increase its oxidation state by one to maintain electrical

neutrality, and therefore creating a hole.

20

Magnesium chromite,

on the other hand, was found to be a relatively poor conductor exhibiting
ionic conductivity.
In comparing our results with those obtained by others, it is
evident that electrical conductivity of samples with the same composition
depends on sample preparation.
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