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CHAPTER I 

INTRODUCTION 

When describing transport phenomena one uses two 

terms, "flux" and "affinity". Affinity refers to a 

"force" which drives some process in a system and flux 

refers to the response of the system to an affinity. In 

transport phenomena there are two fluxes: the electrical 

current density, J, and the heat current density, W. 

There are associated with these the modified electric 

field, E*, and the negative temperature gradient, G. 

E* consists of two terms; one is the usual negative 

gradient of the electric potential and the other is pro-

portional to the spacial partial derivative of the 

chemical potential (1). Assuming that the processes 

in transport phenomena do not depart radically from 

equilibrium, then they can be represented by linear 

relations between fluxes and affinities. These equations 

are as follows for isothermal conditions (-grad T = 0): 

— -2 

J r = crii Ei f crizE 2 

— -if 
J2 = CT2 f Ei + cr22 E2 . 



The subscripts 1 and 2 Indicate a two dimensional 

transport problem. For convenience, one writes these 

two equations in tensor equation 

J = cr 

Onsager (2) has shown that if a magnetic field is 

applied parallel to an axis of three-, four-, or six-

fold symmetry and the fluxes and affinities are con-

strained to a plane perpendicular to that axis, there is 

physical isotropy in the plane of the fluxes and affinities, 

For the case of three-fold symmetry (arsenic) the con-

ductivity tensor reduces to 

I (Til 
mm cr -

^ cr 12 

At this point it is most convenient to invert the 

conductivity tensor and write the relation between J and 

E* in the following manner :• 

E = p J 



In the laboratory it is convenient to restrain the 

current density such that J x = J and Jy = 0. The x and 

y refer to spacial directions in a Cartesian system. 

This relation is best seen in the form 

where one can easily see that the magnetoresistivity and 

the Hall resistivity are 

i—x 
8 

p 21 Ev 
J * 

The E* is equivalent to the imposed electric field, 

E , for the case under consideration. This is explained by 

Callen (1). Upon measurement of these quantities in 

bismuth, Shubnikov and de Haas (4) and later Reynolds (3) 

found that there is an oscillatory part of both the 

magnetoresistance and the Hall effects. These oscil-

lations were found to be periodic in reciprocal magnetic 

field at liquid-helium temperature. 



The application of a magnetic field causes a 

coalition of energy levels which are field dependent 

in both spacing and degeneracy, and the variation of 

the population of the energy states as a function of 

magnetic field gives rise to the Shubnikov-de Haas 

oscillations (4). 

At least several sections of the surfaces of 

constant energy for carriers in momentum space for 

O-arsenic are quadratic in nature, and this gives 

rise to ellipsoidal Fermi surfaces. Onsager (2) has 

related the areas of intersection of a plane perpen-

dicular to the magnetic field with the ellipsoid(s) 

in momentum space. Their equation is written 

A & ) = & 

where the left side of the equation is the period of 

the oscillations in inverse magnetic field and 

is the extremal area of intersection. This is discussed 

in somewhat more detail in Chapter IV. In this work 

Pa and P21 were measured and their relation to the 

Fermi surface is discussed. 
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CHAPTER II 

PRELIMINARY CONSIDERATIONS 

Crystal Structure 

The crystal structure of arsenic is rhombohedral 

(trigonal). In such crystals, the unit cell is in the 

form of a cube which has been stretched along a diagonal. 

Crystallographers have set up axes directed along lines 

drawn between lattice points. The angles between 

respective axes are given the symbols fit £ r , while 

the axes are usually labeled a , b, and c. These six 

quantities, of course, specify the unit cell for a 

particular crystal while the general requirements for 

a crystal with rhombohedral lattice are a = b s c. The 

values for these quantities in CL -arsenic are given by 

Bennett and Heyding (1) to be 

a = 4.1318 A a : 54° 8' 

In arsenic there are two atoms associated with the 

unit cell. These atoms do not hold position at the lattice 

points; they are at positions (u,u,u) and (-u, -u, -u) (4) 

measured along the axes a , b, and c. These two atoms 



make up the basis of the unit cell. Symmetry is associated 

with three axes in crystals of rhombohedral symmetry; these 

axes are designated bisectrix, binary, and trigonal. 

In the trigonal direction (parallel to the trigonal 

axis), the lattice exhibits three-fold rotational symmetry; 

that is, if the lattice is rotated one-third revolution, 

it is brought into coincidence with itself. This means 

that along the trigonal axis the lattice appears exactly 

as it does after any number of 120° rotations. Three 

binary axes lie in what is known as the basal plane, i.e. 

perpendicular to the trigonal axis, and they are two-fold 

axes with respect to rotational symmetry; along these 

directions 180° rotations bring the lattice into coin-

cidence with itself. Three bisectrix axes, also in the 

basal plane, 60° from the binary axes have apparent two-

fold rotational symmetry; however, this is due to mirror 

planes parallel to the trigonal axis and they are, in fact, 

defined by the trigonal bisectrix planes. It should be 

emphasized that the bisectrix axes are not true two-fold 

rotational symmetry axes. A more complete discussion of 

rhombohedral symmetry is given by Boyle and Smith (2). 

Figure 1 shows the axes in the rhombohedral crystal 

with respect to the unit cell. To see the perspective 



Fig.1--Symmetry Consideration. 



involved one should imagine himself looking down on a 

slightly elongated cube which is resting on one corner, 

and the other corner on the same diagonal is in line with 

the viewer's eye. In this position, one is looking in the 

trigonal direction and he sees the binary and bisectrix 

directions parallel to the plane of the paper. Bisectrix, 

binary, and trigonal axes are labeled with single arrow-

head with bar, double arrowhead, and triple arrowhead, 

respectively. 

This type of arrangement can be constructed in three 

dimensions using a wire model which allows the viewer to 

rotate the construction about the trigonal, binary, and 

bisectrix axes to show the symmetry of the binary and 

trigonal axes and to demonstrate that there is a mirror 

plane parallel to the trigonal axis. This type of model 

is useful in helping locate the so-called false axes which 

are present in rhombohedral crystals. (See Orientation of 

the Sample section of this chapter). A knowledge of the 

symmetry of the unit cell and hence the physical crystal 

is quite valuable in orientation of the sample with respect 

to the various axes. 
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0.82 

Fig.2--Crystal. 
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The Sample 

The sample, a single crystal of high purity arsenic, 

was purchased, from Semi-Elements Company. The shape was 

that of a right parallepiped, and is shown in Figure 2. 

Microscopic examination showed evidence of slight damage 

to the surface, which was possibly due to methods used by 

Semi-Elements Company when the sample was cut. This type 

of damage does not cause difficulty in measurements of this 

type because crystal dimensions were too great for boundary 

scattering to become important. Therefore, no attempt 

other than a light etch with fuming nitric acid was made 

to remove any material from the surface. X-ray photo-

graphs made before and after etching showed an improvement 

in the surface after etching. The ratio of resistivity at 

room temperature to resistivity at 4.2° K was 220. (This 

ratio is commonly used as a gauge of the purity of the 

metal). 

Orientation of the Sample 

In this work, the word orientation is used to denote 

relation of the axes to the sample, and the word alignment 

is reserved for the placing of the magnetic field with 

respect to the axes of the sample. In general, the problem 

of orientation is one of locating the axes and cleaving 
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or cutting the sample in the desired orientation. With 

this particular sample, the problem was one of locating 

the trigonal and the binary axes. Analysis of conductivity 

data is best done when the trigonal axis is parallel to the 

smallest dimension of the sample while either the binary 

axis or bisectrix axis is parallel to the long dimension 

of the crystal. 

In order to locate the trigonal axis, the crystal 

was first examined by an x-ray process known as the Laue 

back-reflection method. In this procedure an x-ray beam 

is reflected from the planes of the crystal with some 

known orientation of the beam with respect to the face, 

because it is well known that reflections from planes of 

atoms in crystalline structure obey the familiar Laue 

equations. 

A commercially built back-reflection camera was used 

to photograph the reflection from the crystalline planes. 

These photographs are in the form of Figure 3, where one 

sees dark spots on a light field. The figure shows the 

trigonal direction. Notice the three-fold rotational 

symmetry, also mirror symmetry caused by the bisectrix-

trigonal plane. 

The above technique was used to orient the sample in 
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Fig.3--X-Ray Tracing . 
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both the trigonal and binary directions. In the course of 

these examinations, frequent use was made of a Greninger 

Chart and a Wulff Net to measure angles between planes which 

made the respective spots. The use of these instruments is 

explained by Cullity (3). 

Reference has been made to the false axes which are 

associated with rhombohedral unit cells. It is often useful 

in orientation procedures to locate these false axes since 

they lie in the bisectrix-trigonal plane. For the purpose 

of explaining these axes, Figure 4 has been included. It 

is desirable to define coordinate axes (x,y,z) which are 

in the binary, bisectrix, and trigonal directions, 

respectively; the origin of this system is located at the 

lattice point. Boyle and Smith (2) define x, y, and z 

axes and show a similar figure. However, an inconsistency 

arises because the set of axes in their figure does not 

agree with their defined axes. In this work, a consistent 

set is chosen for both figure and definition. In the 

first quadrant of the y-z plane, one finds a false four-

fold axis, and in the second quadrant a false three-fold 

axis. These axes do not exhibit true rotational symmetry, 

but because the rhombohedral cell of arsenic is only slightly 

distorted from a cubic structure, it almost has the three 
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Fig.4—Unit Cell. 
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and four-fold symmetry associated with [1133 and [100] 

directions in cubic crystals. 

In this work the so-called false axes were used as 

an additional check on the orientation in the following 

manner: the crystal was turned on its holder until Laue 

spots were mirrored in the horizontal plane (trigonal-

bisectrix) ; i.e., the trigonal-bisectrix plane was brought 

into coincidence with the horizontal, causing the binary 

to point vertically. A series of x-ray photographs were 

taken about the binary in the trigonal-bisectrix plane. A 

false four-fold axis was found approximately 60° from the 

trigonal on one side while a false three-fold was found 

65° from the trigonal on the other side. Since the false 

axes are derived from the cubic-like structure of the 

rhombohedral cell of arsenic, angles between the corre-

sponding cubic directions ( till] , [100] with [ H Q ) were 

computed and it was found that in cubic crystals the three 

o o 

and four-fold axes are at 55 and 70 respectively, from 

the cubic diagonal. 

Upon examination of a cubic model, it was seen that 

elongation of the diagonal to rhombohedral structure would 

increase the first value and decrease the second, which is 
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consistent with the angles found above. A visual orien-

tation method was also used in which the binary axis is 

located by inspection of triangular etch pits formed on 

a sample face perpendicular to the trigonal axis; the 

binary direction is parallel to the edge of an etch pit 

while the bisectrix direction is perpendicular. This type 

of determination is good only to the extent that one is 

able to determine the angle between the edge of the etch 

pits and the edge of the sample; in the present work a good 

microscope fitted to measure such an angle was used. The 

results of the total orientation process are presented in 

Figure 5. The three axes are shown with their angular 

relation to a set of Cartesian coordinates (x, y, and z) 

fixed in space. 

ALIGNMENT 

Two methods of alignment were employed. The first 

will be called the mirror method, and the second is to 

determine maxima in the magnetoresistance as a function 

of angle between the trigonal axis and the magnetic field; 

it will be referred to as a polar plot. The mirror method 

was employed to fix the binary axis in the vertical plane. 

This was accomplished by attaching a small mirror to the 

crystal parallel to the binary axis. Then a telescope 
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F i g . 5 - - 0 r i e n t a t i c m of Axes. 
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was arranged in a position such that a viewer saw the 

image of his eye in the mirror through the telescope. 

In this position, the line of sight of the telescope was 

perpendicular to the binary axis and parallel to the 

trigonal axis. The telescope was, of course, fixed in a 

stationary arrangement by a tripod, and was equipped with 

a spirit-level and an arrangement to measure angular 

rotations of the telescope. With the spirit-level as a 

guide, the telescope was then brought into the horizontal 

plane and note was taken of the angular difference in the 

two positions of the telescope, which was simply the angular 

correction to be made in alignment of the binary axis with 

the vertical. This process was done repeatedly until good 

alignment was assured. Since the angle between the long 

crystal dimension and the trigonal axis was 2° less than 

the desired 90°, it was decided to place the trigonal axis 

in the horizontal plane, as opposed to aligning the long 

dimension in the vertical. 

The polar plot is a plot of magnetoresistivity or its 

proportional voltage in arbitrary units against polar angle. 

In Figure 6 the vertical direction is out of the paper and 

the values of the angle plotted are those read from a large 

scale attached to the electromagnet used to produce the 
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magnetic field. A small minimum corresponding to the 

bisectrix direction was found first, from which a 90° 

rotation brought the magnetic field into the trigonal 

direction. Since alignment was the purpose of this plot, 

data were taken only in directions necessary for alignment. 

This plot is expected to have two-fold rotational symmetry 

because the magnetic field is rotated about the binary 

(two-fold) axis. Another expected result is that there 

are no reflections across the trigonal axis because the 

binary-trigonal plane is not a mirror plane. 
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CHAPTER III 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The crystal was placed in a cryostat similar to one 

shown by Sybert (2), and electrical probes were soldered 

to the arsenic as shown in Figure 2. Great care was used 

in twisting the leads in pairs to avoid magnetically 

induced voltages. The leads were of #34 copper wire and 

were continuous from the helium bath to the potentiometer 

input terminals. 

The measuring circuit was composed of the following 

instruments in series with the crystal: a Beckman D. C. 

Amplifier (Model #14), a Honeywell Corporation "Rubicon" 

(six-dial) potentiometer, and a Sargent (Model SR) strip-

chart recorder. In the construction of the circuit very 

much difficulty arose in getting sufficient voltage gain 

to record signals which at times became as small as several 

hundredths of a microvolt. It was found that shielding 

from electric and magnetic fields was desirable, especially 

near the input of the amplifier. Electrical shielding was 

provided in the form of aluminum foil. However, it was 

not practical to provide a magnetic shield. Thermal EMF's 

23 
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were greatly reduced when all sensitive parts of the 

apparatus were covered with a blanket of cotton to avoid 

air currents. As a final step, all grounding was made 

common to a water pipe and the source of A. C. power used 

was a special voltage regulated power supply. It was 

found that the Beckman amplifier was a source of noise 

which was periodic in time and showed a beat period similar 

to that of two beating sine functions. The only aid for 

this situation was found in damp in g the recorder to the 

extent where it could not follow this noise. Current was 

supplied to the crystal from a six-volt wet-cell battery 

through a variable resistor. The magnetic field was 

supplied by a large electromagnet capable of producing 

approximately 25 kilogauss through 12" pole pieces tapered 

to 6" diameter in a 1-3/4" air gap. This magnet was 

powered by a Varian Associates Fieldial power supply. This 

is a field regulated power supply which has a sweep attach-

ment that allows the magnetic field to change linearly 

with time between limits set up by the operator; this 

arrangement was found to be satisfactory only when the 

end points of the sweeps used were found more precisely 

than read on the sweep dial. Sweep end-points were found 

by placing a Bell differential gaussmeter (Model 240) 



25 

in the gap at a minimal field for the sweep in question, 

and then the gaussmeter was adjusted to a null with a 

sensitivity of 100 gauss or less full scale. At this 

time the sweep-dial was turned on; at the moment the 

magnet began to sweep as indicated by the gaussmeter (this 

reaction was quite pronounced), the sweep-dial was stopped 

by hand and the magnet switched to Fieldial mode of 

operation and the magnetic field increased until the 

gaussmeter again returned to its last reading. Also, 

timing of the sweep-dial cycle proved to be in error by 

approximately 2 per cent due to the time allowed for the 

power supply to return to the minimal condition and be 

ready to sweep again when the sweep-dial started a new cycle; 

however, this correction was made on all sweep times used 

to calculate the magnet sweep rate. 

The double Dewar system used was of a standard 

design used in almost all low temperature laboratories. 

Facilities for lowering the vapor pressure were a Kinney 

high capacity vacuum pump and parallel valve control 

section to allow continuous control of the valve opening 

from 0" to 1-1/2"; these along with both mercury and low 

density oil manometer provided for temperature control 

from 1.1° K to 4.2° K, continuously. The magnet could be 
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rotated about this double Dewar system to any desired 

angular alignment. 

A Typical Run 

To begin an experimental run, the inner Dewar wall 

was first pumped with a forepump and flushed with air 

several times to remove any helium that might have diffused 

through its glass walls. The walls of the inner Dewar 

were left at forepump pressure and sealed by means of a 

stopcock. The inner Dewar cavity was then purged with 

dry helium gas several times to remove moisture laden air 

and left at a regulated pressure slightly above atmos-

pheric pressure with the cryostat in place. Liquid 

nitrogen was then added to the outer Dewar until it was 

full; in this condition it took the crystal approximately 

two hours to cool to liquid-nitrogen temperature. The 

rate of cooling was monitored by watching the time rate 

of change of the electrical resistance of the arsenic 

crystal. 

After the pre-cooling period was complete the over-

pressure was relieved and liquid helium was transferred 

into the inner Dewar; the inner Dewar was then sealed and 

pumping was begun to obtain the desired temperature. The 

measuring system is usually warmed up for several days in 
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advance of the experiment to allow temperatures and voltages 

in the instruments to become as stable as possible; particular 

attention was given to working batteries and balancing of 

the Honeywell potentiometer. Sweeps were made in both positive 

and negative direction of the magnetic field, H, by rotation 

of the magnet 180°. The reason for doing this was to correct 

for the misalignment of both the transverse and longitudinal 

probes; since the misalignment of the longitudinal probes 

is an even function of the field and the misalignment of 

the transverse probes is an odd function of the field, the 

average of the raw voltages from the longitudinal and trans-

verse probes is the magnetoresistance voltage, while half 

the difference voltages of the transverse probes is the 

so-called "Hall resistance" voltages. The values were 

assembled by computer program (1) from recorder traces. 
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CHAPTER IV 

ANALYSIS AND CONCLUSIONS 

Fermi Surface Model 

The method for obtaining numerical values for the 

parameters of the Fermi surface of arsenic is derived 

from the expressions given by Lifshitz and Kosevich (7). 

There is some indication that the Fermi surface is not 

precisely represented by sets of ellipsoidal pockets of 

carriers as assumed for this discussion (2). However, 

the work of Ketterson and Eckstein (4) as well as that of 

Shapira and Williamson (10) shows that the closed surface 

ellipsoidal model fits quite well within the range of 

present experimental accuracy. 

Assuming for this discussion a set of three ellipsoids 

o 

(or six with doubling by inversion) spaced at 120 intervals 

about the z-axis, the equation of the principal ellipsoid is 

2. m J© ~ olu p* + •+• ck-st, + 1 «< 13 pz 

The term containing results because the semi-major 

axis of the ellipsoid is tilted out of the x-y plane. 

29 
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The equations of the two remaining ellipsoids are obtained 

by a plus and minus 120° rotation about the z-axis, giving 

2 m j"o - +3^2*) p* -M (3*u p£ + <*33 pi 

- 1 ~ f f C < * i t - * » » ) p x t f 3 c t a 3 p x p z - < 2 3 p ^ p z 

This scheme is entirely consistent with the symmetry 

properties of <* -arsenic (not to be confused with «*. -carriers 

in arsenic), as discussed ir. Chapter II. This is the model 

used in previous work on arsenic (1,5,10) as well as models 

for Fermi surfaces of other metals with rhombohedral crystal 

structure (9,11). A detailed discussion of this model is 

given by Taaffe (12). 

Arsenic has, as previously discussed, a rhombohedral 

lattice with the unit cell containing two atoms. Consequently, 

there should be equal concentrations of holes ana electrons 

(4). Two sets of carriers were originally observed by 

Berlincourt (1); but, as the concentrations were different, 

it was obvious that a major portion of the Fermi surface 

remained to be observed. This third set of carriers has 

recently been observed both by Ketterson and Eckstein (5) 

and by Shapira and Williamson (10). The present model for 
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the Fermi surface in arsenic consists of the following: 

1) The -carriers,which have been identified as holes (5) > 

have a three tilted ellipsoid model with a tilt of approxi-

mately 54°. 2) The j3 -carriers, identified as electrons 

(3), have a three tilted ellipsoid model with a small angle 

of tilt approximately 6°. 3) The y -carriers do not seem 

to fit an ellipsoidal model and the question as to whether 

they are holes or electrons is still somewhat in doubt. 

Figure 7 shows the results of measurements of periods 

in the Hall resistivity in function of © , the angle in the 

y-z plane between the applied magnetic field and the trigonal 

axis. The curves shown are from a previously proposed 

model (5,10) for the <*- and £ -carriers. The points are 

the experimental determination of the periods in the various 

directions. Due to an unfortunate difficulty encountered 

in determination of the exact position of the trigonal 

axis with respect to the applied field, H, the data have 

been superimposed upon the curves with an eye to obtaining 

the best agreements. It may be seen that with this somewhat 

questionable determination of the trigonal axis, the experi-

mental points are in rather good agreement with the proposed 

model. Note that in the vicinity of the trigonal axis, the 
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oscillatory character of the paj is due to the -carriers 

(holes) while for directions significantly removed from 

this orientation the -carriers (electrons) are responsible 

for the observed oscillations. 

Shubnikov-de Haas Effect 

The theory of the oscillations in the magnetoresistance 

and Hall coefficient with magnetic field is intimately 

related to Landau's theory of the de Haas-van Alphen 

effect (6). Lifshitz and Kosevich (7) have related the 

oscillatory part of these galvanomagnetic effects to the 

oscillations of the magnetic moment (de Haas-van Alphen 

effect) through the magnitude of the classical mobility 

tensor. One can use the Lifshitz-Kosevich results and 

write very approximately for the oscillatory part of the 

resistivity tensor: ^ r 
A . " ' *.1TT W 

H a Sink X ^ 

A = \ o T 

} , e H 
nuj*- H • 

Onsager's result for a general Fermi surface for the period 

of the quantum oscillation (8) 

„ (J-A - e ^ 
a U ) - c S l n 



34 

along with geometric considerations of surfaces of constant 

energy, , in momentum space, allows the proportionality 

to be written . ^11T 

A = w- S ^ H L U ) e ^ 3 

For the experimental determination of the Fermi energy, 

"fo j one utilizes equation three with two different values 

of corresponding to two different temperatures and 

with the same value of magnetic field, H. This gives 

A pzt \z.\ _ 2,1 Si n U (l- oS 

A 1
 1 S i n U (i- \ Ao) 

from which one can uniquely determine a value for A© 

This value of Ao allows us to calculate ^ . (Note 

that is actually a tensor quantity proportional to the 

in the previous section). A measure of HH) for this 

same orientation of magnetic field then yields, by equation 

four, a value for "jo ; with this very approximate technique 

we obtain the value 

-14 

*fo z 27 x 10 ergs. 

The determination of the above value for tfo was 

accomplished from the data shown in Figures 8 and 9. It 
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may be noted that the oscillations in Figure 9 do riot 

correspond to a single ellipsoid but rather there are two 

(or more) oscillations having periods reasonably close 

together to produce a beating effect. An examination of 

the period plot of Figure 7, however, reveals that these 

two periods belong to the same set of carriers. Thus the 

complication of analyzing beats occurring between periods 

corresponding to ellipsoids from different sets (and hence 

having different Fermi energy) does not enter. 

Hall Effect 

The Hall resistivity shown in Figure 10 offers 

further evidence for the previously proposed three-carrier 

model. Berlincourt (1) finds higher concentration of 

-carriers than H - carriers. The band structure 

calculations of Falicov and Lin (3) identify -carriers as 

holes. This implies that ^- and Y-carriers are electron 

in order to satisfy charge neutrality. The parameters for 

the three charge carriers (1,5,10) are not inconsistent with 

our findings for the sign (negative) and general contour of 

2̂i in function of magnetic field, H. However, one can-

not readily draw conclusions from just the curve; 

rather, one must use the ^2, and pu curves Figures 10 and 11 

to construct the conductivity tensors 6\\ and <fX2. in 
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Fig.8--Hall Resistivity versus Magnetic Field. 
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Fig.9--Hall Resistivity versus Reciprocal Magnetic Field 
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Fig.10--Gross Hall Resistivity. 
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Fig.ll--MagnetoresisCivity. 
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functions of H; these then may be analyzed to yield 

carrier concentrations, mobilities, charge carrier sign, 

and anisotropy of the contributing bands. Yarbrough (13) 

has recently completed this type of energy band analysis 

for arsenic, but on a two-band model. A three-band 

) analysis is called for in light of the pre-

ceding results and is proposed as a continuation of the 

present work. 

Finally, it is significant to point out the obser-

vation of Shubnikov-de Haas oscillations in at low 

fields. The data are quite rough but analysis of the 

periods gives values comparable to those reported for the 

Y -carriers by Ketterson and Eckstein (5). 

Magnetoresistance 

The magnetoresistance p»i is shown in Figure 11 for 

H parallel to the trigonal axis. The is about two 

orders of magnitude larger than the Hall resistivity, . 

Shubnikov-de Haas oscillations are observed but are not 

apparent in the figure, due to the large monotonic term. 

Careful analysis of the Shubnikov-de Haas oscillations 

in the range three-six kilogauss indicates a period 

A (1/H) = 3.8 x 10"5 gauss"1 

This is in agreement with the long period seen in 
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de Haas-van Alphen oscillations by Berlincourt (1) and 

the long period seen in the ultrasonic attenuation 

experiment of Ketterson and Eckstein (5). ( A (1/H) = 

-5 -1 

4.0 x 10 gauss ). These oscillations are identified as 

belonging to the IS -carriers. In the range of fields where 

they are observed, they represent only about four per cent 

of the total signal. Note also that beating of the 

oscillations of these #-carriers and the oscillations due 

to other carriers is seen at fields less than three kilogauss, 

The monotonically increasing p» follows the power law 
p n H * 

at fields in excess of 10 kilogauss. There is no indication 

of saturation of the in function of H over the range of 

fields measured. (Saturation of the is expected for 

large H with the closed ellipsoidal model of the Fermi 

surface). These experiments should be extended to much 

higher fields before one can draw conclusions from the 

magnetic field dependence of pvv . 
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