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THE A.CS MAGNETQRESISTANCE OF BISMUTH 

INTRODUCTION 

(l) Lord Kelvin discovered in 1856 that the resis¬ 

tance of iron increased when magnetized longitudinally. 

Tills was the first demonstration of the phenomenon of 

magneto-resistance, and since that time a great deal of 

work has been done in this field. For non-magnetic 

metals it was found that the resistance increased in 

both longitudinal and transverse fields as given by: 

JR/R = K H2 

where R is the resistance, H is the magnetic field 

strength, and K is a constant depending on the orienta¬ 

tion of the field, the temperature, and the nature of 

the metal. 

The increase of resistance for non-magnetic metals 

is greater for transverse fields than for longitudinal 

fields and in both cases varies inversely with the temp¬ 

erature. It varies considerably among metals being great¬ 

est for bismuth. Also it is greatly dependent on the 

crystalline structure of the specimen. 

For a single crystal the orientation of the crystal¬ 

line planes with respeat to the current and the magnetic 

field effects the magnitude of the increase of resis¬ 

tance j for a polycrystal the increase is greater for an 

agglomeration of large crystals than for small. 

(l) "Galvanomagnetic and Thermomagnetic Effects"— 
L.L. Campbell, pp. 158-208 



2 

Thin cold sputtered bismuth films do not show mag¬ 

neto-resistance but upon heat treatment the increase in 

resistance appears. One explanation is that such films 

are amorphous, and heat treatment causes the formation 

of crystals, implying that amorphous bismuth does not ex¬ 

hibit magneto-resistance. The dependence on crystal size 

was discussed by C. T. Lane (2) who states that thin bis¬ 

muth films are made up of small crystals that increase 

in size with the thickness of the film. 

Kapitza (3) made measurements on 35 different metals 

in fields up to 300 kilogauss at room temperature, and 

at the temperatures of solid COg and liquid Ng. He found 

that for a sufficiently low temperature and high enough 

field the magneto-resistance of non-magnetic metals fail¬ 

ed to obey the quadratic law, becoming linear with re¬ 

spect to the magnetic field above 60-100 kilogauss. He 

concluded that a linear law was the true one, and the 

old quadratic law resulted from an initial disturbance 

in the metal similar in effect to that caused by the ap¬ 

plied magnetic field such that ,Tthe disturbance which 

causes the increase of resistance is now the vectoral 

sum of these two disturbances and the increase of the 

resistance is proportional to this sum”. For very strong 

fields, then, the initial disturbance becomes relatively 

(2) Ci.T. Lane, Phy.Rev. 48,193(1935) 
(3) P. Kapitza, Proc.Roy.Soc.(London), A123,292(1929) 
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•unimportant. For the linear portion of the curves, the 

effect was independent of the crystal orientation. 

Sommerfeld and Frank (4) developed a formula for 

magneto-resistance in a transverse field which could ex¬ 

plain both the quadratic and linear portions of the 

curves obtained by Kapitza: 

B H2 

1 4- C H2 

where B and C are constants involving the temperature, 

and the mean free path and density of the free electrons. 

C is small, giving a quadratic relation for weak fields 

and approaching the assymtotic value B/O-'as H becomes 

quite large. Adjusting C to fit Kapitza’s curves it is 

found that the theoretical value of B is too small by a 

factor of 104, but the theoretical curve is of the-cor- 

. recct shape. This theory involves the assumption of Fermi- 

Diracc distribution of completely free electrons. The 

authors state that the assumption of completely free 

electrons is probably wrong, offering this as an explan¬ 

ation for the difficulties encountered. However, this 

is generally accepted as the best theory of magneto-re¬ 

sistance to date. This theory does not explain the in¬ 

crease of resistance in a longitudinal field. 

L. Davis (5) stated that the ’’change of resistance 

(4) A. Sommerfeld and N.H. Frank, Rev.-Mod.Phy. 3,1(1931) 
(5; L. Davis, Phy.Rev. 56,93(1939) 

£R/
R 
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cannot be interpreted in terms of a free electron pic¬ 

ture” • He assumed a small departure from the free elec¬ 

tron state and expanded the energy and relaxation time 

of the electrons as series of spherical harmonics. Com¬ 

puting the first two terms of the series he says he got 

good agreement with observed data except that the ratio 

of the transverse to longitudinal increase of resistance 

was too large. 

A.C. MAGNETORESISTANCE 

(l) As early as 1890 Lenard and others found that 

magneto-resistance was different for direct and alter¬ 

nating currents. Most observers found that the A.C. re¬ 

sistance of bismuth in a transverse magnetic field was 

greater for alternating current. Heurlinger (6) devel¬ 

oped the expression: 

lim (R - R ) = - PQ H2 

f-, oo D.c. 

where f is the frequency, and P and Q are the Ettinghaus- 

en and Nernst coefficients. This expression agreed with 

previous experimental results. 

Kapitza (3) found a lag in the D.CU magneto-resis¬ 

tance which could be explained by the Ettinghausen and 

Nernst effects. Early observers claim to have detected 

a lag in the current for A.C. measurements, however, 

(6) T. Heurlinger, Phys.Zeit. 17,221(1916) 
(7) W.W. Macalpine, Phy.Rev. 37,624(1939) 
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Macalpine (7) made careful measurements of the alternat¬ 

ing E.M.F. caused by a weak alternating field superim¬ 

posed on a constant field for bismuth carrying a direct 

current and failed to observe this lag. At 55 kc. and 

at 1 me. he found no change in either the magnitude or 

the phase angle of the E.M.F. different from the instan¬ 

taneous values if the field were held constant. The ex¬ 

periment was not accurate enough.to observe the small 

difference predicted ty the Heurlinger equation, but he 

was hunting for a large difference for the high frequen¬ 

cies employed. The difference between the A.C. and D.C. 

values can be viewed simply as due to a temperature grad 

ient which cannot exist for alternating currents because 

of thermal inertia of the metal. 

The reasons for doing the experiments to be describ 

ed below were twofold: (l) the experiment of Macalpine 

is to the best knowledge of the writer the only work 

done on magneto-resistance above audio frequencies, and 

(2) the experimental evidence which indicates that the 

magneto-resistance of bismuth either does not exist or 

is quite low at the high frequencies of the infra-red. 

Electromagnetic theory gives for the reflecting power of 

a metal: 

(100 - R) ZZZ const 

where R is the percentage of incident light reflected, 

(7) W.W. Macalpine, Phy.Rev. 37,624(1959) 
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and the resistivity of the metal. (100 - R) is the 

percentage of incident light absorbed and by Kirchoff’s 

law this is just the ratio of emitted radiation of a 

metal to that of a black body at the same temperature. 

These expressions hold experimentally for both emissiv- 

ity and reflectivity if the wavelengths are greater than 

about 5/*> though bismuth is an exception. It has been 

suggested that the resistivity of bismuth at these fre¬ 

quencies must, accordingly, be quite different from the 

D.C. value. 

If the resistivity were changed by any means, then 

the reflectivity should change a corresponding amount. 

It was found (8) that lowering the temperature, which 

should decrease the resistivity, in fact did give the 

expected increase in reflectivity except for bismuth 

where a decrease was noted. McLennan (9) increased the 

D.C. resistivity of bismuth by 36% in a magnetic field 

and found no observable change in reflectivity. He con¬ 

cluded that the magneto-resistance of bismuth at these 

frequencies either does not exist or at least is quite 

small. Heaps (10), six years earlier, got negative re¬ 

sults for the change in the long wave emissivity of bis¬ 

muth. He considered the possibility of the lack of mag¬ 

neto-resistance at these frequencies but also suggested 

(8) Hagen and Rubens., Phil.Mag. 7,157(1904) 
(9) McLennan, J.C.,Phil• Mag. 14,508(1932) 
(10) Heaps, C.W., Phy.Rev. 27,764(1926) 
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that the conductivity of the surface may he unaffected 

by the magnetic field, a phenomenon, which would not be 

noticed until the skin effect becomes quite high. The 

reader is referred to the previous remarks on thin films, 

where magneto-resistance was stated to be small. In 

very thin films conduction is necessarily confined to 

regions very near the surface. 

The writer has made measurements of the A.C. mag¬ 

neto-resistance of bismuth in a constant transverse 

field of 5000 gauss. The frequencies used were 1-130 

kci and 1.6-3.5 me. The results though slightly high¬ 

er than the measured values for direct current were 

roughly constant for all frequencies. It was conclud¬ 

ed that within the limits of experimental error no sig¬ 

nificant change in the A.C. magneto-resistance of bis¬ 

muth occurs below 3.5 me. 

Since the increase of resistance in bismuth for 

this field is greater than 10$ even at room temperature, 

the work was done at this temperature. 

PRELIMINARY WORK 

It is quite easy to measure the D.C. magneto-resis¬ 

tance of bismuth. If the specimen has a small resis¬ 

tance, almost any galvanometer has high enough internal 

resistance that it may be used directly to measure the 

voltage across the specimen without drawing too much 
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current. If a small constant current is passed through 

the specimen, the galvanometer current is proportional 

to the resistance of the specimen. Absolute values need 

not be known since magneto-resistance is usually express¬ 

ed as a fractional resistance change. A common method 

of measuring the voltage across a low or a high resis¬ 

tance utilizes a potentiometer. For A.C. measurements 

a potentiometer may also be used; however, in this case 

the inductance of the specimen and leads adds an out of 

phase voltage so that the observed voltages are too high 

(and hence the magneto-resistance appears to be too low) 

if the inductance is not allowed for. 

Measurements were attempted for audio frequencies 

with apparatus, except for the specimen holder, like 

that to be described later. The first specimen holder 

consisted of a textolite rod with the specimen mounted 

across one end. The current input leads ran up the rod 

parallel and close together, while the voltage leads 

were merely fastened to the ends of the specimen and 

twisted together up fairly close to the specimen. It 

was hoped that the inductive effects ?/ould be small in 

such an arrangement. The resulting curve of /R/R vs. 

frequency showed a definite downward trend even at 50 

kc. This drop of the curve was thought to be caused by 

the inductance rather than a change in £R/R. A second 

holder had the specimen mounted in the center and paral- 
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lei to a textolite rod. The current leads extended along 

the rodj the voltage /leads coming off perpendicular to 

the rod. This arrangement gave a curve that was more 

nearly horizontal hut still not acceptable. Thus the de¬ 

sign had to be one for v/hich the inductance could be 

simply calculated. (See figure I,k for the design fin¬ 

ally adopted for low frequencies.) 

Other possible methods of eliminating inductance 

were considered, this being especially important for 

radio frequencies where the inductive reactance is much 

greater. One method of eliminating the inductive prob¬ 

lem is the use of a radio frequency bridge. One very 

crude bridge was actually constructed, but the diffi¬ 

culties encountered were too great in comparison with 

those of the methods actually used later. Another method 

was that of measuring the temperature of the specimen 

with a thermocouple and assuming a simple relation be¬ 

tween the temperature and the resistance. This method 

was not tried because it was decided that, in order to 

get a useful deflection on a galvanometer used with the 

thermocouple, a very high current would have to be pass¬ 

ed through the specimen. The method of using the speci¬ 

men in a resonant circuit (to be described later in 

connection with the work at 1.6-3.5 me.) should work 

very well since at resonance the current depends only 

on the resistance in the circuit. However, at low fre- 
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quencies the size of the parts involved becomes prohib¬ 

itively large. 

In the work to be described the magnet available 

had pole pieces only 5 cm. in diameter, and in order to 

get a field of 5000 gauss the pole pieces were set 1.9 

cm. apart. Thus the dimensions of the specimen had to 

be kept small. 

APPARATUS USED FROM 1-130 kc. 

The circuit shown in figure (I) was used. The 

oscillator (a) drives the power amplifier.(b) which 

passes a constant amplitude A.C. current of about 35 ma. 

through the condenser (c) and the Bi specimen at (k). 

The resulting effective voltage across the specimen is 

measured by the high impedance voltmeter circuit beginn¬ 

ing at (f). The effective impedance of the specimen Is 

very low being only about 0.04 ohms, that of the voltage 

measuring circuit very high so that it draws no apprec¬ 

iable current. 

The voltage amplifier (f) is. necessary in order to 

have enough voltage to operate the vacuum tube voltmeter 

Even with the amplifier the voltage applied never exceed 

ed 0.03 volts rms. A change of 10% in the resistance 

of the specimen gave only a small difference in the read 

ing on the voltmeter dial. In order to get higher pre¬ 

cision the following modification was made. 



FIGURE I 

Apparatus used for the measurements of SR/R 

from 1-130 kc. 
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The vacuum tube voltmeter consists of a two stage 

linear amplifier and a full v/ave rectifier applying puls¬ 

ating D.C. to the 1 ma. meter movement which has a linear 

scale. To get greater precision a potentiometer circuit 

was connected directly across the meter leads inside the 

instrument. Mien this circuit was balanced, the read¬ 

ings so obtained ?/ere proportional to the meter deflect¬ 

ions. The circuit at (h), used to prevent damaging the 

galvanometer at (i), was a small Wheatstone bridge re¬ 

sistance box which could be connected to give the cir¬ 

cuit shown. The 100 ohm shunt across the galvanometer 

gave damping and decreased the sensitivity to a usable 

value. The magnitude of the potentiometer readings for 

any given determination was controlled by the 1 megohm 

rheostat at Q). 

The oscillator was originally calibrated to only 

80 kc. but actually worked up to 150 kc. as calibrated 

for the experiment with an oscilloscope and a 1024 cps. 

tuning fork. The oscillator was probably accurate to 

within £ 5% as used in the experiment and the waveform 

appeared good on the oscilloscope. 

The poorer amplifier (b) was designed to operate 

only for audio frequencies but gave sufficient output 

for all frequencies used. The capacitor (c) protect¬ 

ed the R.F. railliameter from possible D.C. leakage 

currents in the power amplifier. The voltage amplifier 
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(f) was likewise designed for audio frequencies but like 

the power amplifier served well enough. However, the 

vacuum tube voltmeter was supposed to be accurate up to 

1 me. 

It was felt that some check on the linearity of the 

measuring circuit was advisable and accordingly, known 

60 cps. currents were passed through a small resistance 

across which the voltage amplifier (f) input leads were 

connected, and the resulting potentiometer readings plot¬ 

ted against the current. A straight line through the 

origin was obtained, and it was assumed that like re¬ 

sults would occur for the frequencies used in the experi¬ 

ment. Similar curves for which the gain of the ampli¬ 

fier was changed were also linear, therefore a linear 

voltmeter circuit was assumed in the calculations. For 

all data shown here the gain of the amplifier was adjust¬ 

ed to give a 3/10 full scale deflection on the vacuum 

tube voltmeter dial. 

Some difficulty was experienced in grounding the 

apparatus to prevent spurious effects due to electro¬ 

magnetic pickup. Opening the switch (d) should give no 

reading under ideal conditions. At first grounding the 

chassis of all equipment resulted in large deflections 

when the switch was open. This effect was caused by 

some of the voltage developed across the return ground 

leads being applied to the input of the voltage amplifier 
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(f). Using no grounds at all resulted in a small open 

switch deflection that was largely eliminated by ground¬ 

ing the chassis of the power amplifier, the power ampli¬ 

fier return lead, and the magnet pole pieces as shown 

at (e) of figure (I). This remaining unwanted voltage 

was greatest at about 100 kc. and will be discussed later. 

Even with the oscillator turned off, a small read¬ 

ing was obtained. An oscilloscope showed this to be 

random noise superimposed on 60 cycle A.C. This reading 

was smaller than the one mentioned above, and an oscillo¬ 

scope showed the difference between these two readings 

to be due to an A.C. voltage from the oscillator. The 

larger of these two readings (both referred to hereafter 

as the nzero readings’*) was never greater than about 5% 
of the readings with the oscillator on and the switch 

closed, except for the data at 108 kc. 

The specimen holder (k), in figure (I) was mounted 

on a sheet of !•” textolite and had the dimensions shown. 

The leads were twisted so as to confine all inductive 

pickup to the wire frame. It was constructed of #16 

copper wire and the specimen was cast by drawing molten 

bismuth up into a capillary tube, the glass being removed 

afterwards by cracking it carefully. 

The frame being of simple design enabled the simple 

calculation of the inductive voltage which must be ac¬ 

counted for in order to measure the resistance of the 

bismuth. 
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LOW FREQUENCY CALCULATIONS 

Because of the high input impedance of the voltage 

amplifier, we may consider all of the current entering 

the frame (see fig. I,k) to pass through each segment 

of the left hand branch including the specimen and with 

no current to the right of the specimen. Thus the volt¬ 

age measured is the vector sum of all E.M.F.’s in the 

right hand branch including the specimen. These E.M.F.’s 

are the products of the current and the following imped¬ 

ances: the resistance of the specimen, the self induct¬ 

ive reactance of the specimen, and each of the mutual 

inductive reactances between a segment of the right hand 

branch (including the specimen) and a current carrying 

segment*. The shunting capacitive reactance being too 

high to be concerned here. 

There still remains the problem of the effect of 

the iron of the pole pieces. The specimen holder was 

unshielded, and the pole pieces were only 5 cm. in di¬ 

ameter and 1.9 cm. apart. No effort at shielding or at 

calculating the effects of the iron was made because 

careful measurements at 130 kc. without the field gave 

no detectable difference with the specimen holder in or 

out of the pole pieces. 

These calculations were made with the aid of form¬ 

ulas and tables in "Inductance Calculations" by F. W. 

*Similar problems are considered in considerable detail 
by F. B. Silsbee, Bull.Bur.Std. 13,377(1916-17) 
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Grover. The sum of all these inductances was calculat¬ 

ed to be , L =• 1.49X10"^H h. The calculated value of 

the resistance of the specimen, assuming the resistivity 

listed in the handbooks, was 0.041 ohms. The inductive 

reactance at 130 kc., X=r 27TfL is about 20% of the re¬ 

sistance and cannot be neglected. 

In the experiment the voltage from the specimen 

holder was measured with and \wlthout the magnetic field. 

Since this voltage is proportional to the impedance as 

previously discussed, 

A — £V/VQ is defined as the apparent magneto¬ 

resistance (where VQ is for zero field). 

Only the relative values of voltage need be kno\m since 

^V/VQ is fractional. /R/RQ = (R^ - RO)/RQ 

(where Rg is for 5000 gauss) is derived as follows: 

p O JL 

V - I(R *X~)2 
o o 

and SV = l((R2*-X2)* - (R2* X2)*) n o 

or A - (R? + XS)V(R2^ X2)^ - 1 , 
o 

and solving for <£R/R0 gives 

A2-h 2A4 1 = (Ry-AX2)/(R% XS) 

which gives successively, 

R
2
 =r (A2 +■ 2A+ 1) (R2 + X2) - X2 
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R =• ((A2V- 2A^-l)R2-*- (A2W- 2A +• 1)X? - X?)^ 
n O 

- ((A2-A- 2A)R2^ (A2^-2A)X2«A R2)^ 

and £R .=: ( (A2y-2A) (X2-*-R
2
) + R

2
)^ _ R . 

o o o 

Therefore, /R/R = |( (A2+- 2A) (X2/R2 + 1 )+-1 - 1 , 

the subscript being omitted in $R/R to conform with pre¬ 

vious notation. It is seen that even if X/R is apnreci- 
o 

P- 
able, say 0.2, it appears under the radical as (X/R )~ , 

and the radicand differs from (A-fl) by only a small 

amount. Thus SR/R differs from A by only a small amount, 

and the equation above merely constitutes an inductive 

correction for the apparent magneto-resistance A. Be¬ 

cause this correction is small, we can use the approxi¬ 

mate calculated value of R , mentioned previously, in 

the (X/R0)
2 term. 

PROCEDURE AND RESULTS FOR 1-150 kc. 

In taking the readings for a given frequency two 

zero readings were made one with the oscillator on and 

one with it off. The reading with the oscillator off, 

corresponding to noise superimposed on 60 cps., could 

be subtracted directly from the main readings. Since 

the unwanted frequencies were different from the oscil¬ 

lator frequency, there was no problem of phase relation- 
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ship. The difference between the two zero readings 

could not be subtracted directly since it corresponded 

to R.F. pickup of the oscillator frequency, and the 

phase between the wanted and unwanted voltage was un¬ 

known. In making the calculations the zero reading with 

the oscillator on was ignored and the resulting uncer¬ 

tainty was expressed approximately as possible fraction¬ 

al error equal to the ratio of the difference in zero 

readings to the main reading with no field. 

This assumed error amounted to more than 1% only 

for the determination at 102 kc., ?/here it was 7%, and 

all are expressed in the results as: j>R/R ± error. 

The reason for the high R.F. pickup at 102 kc., 

which becomes less at higher frequencies, is not alto¬ 

gether clear. 

For each frequency the following sequence of read¬ 

ings was made: (l) two zero readings with no magnetic 

field, (2) a number of main readings alternating be¬ 

tween applied field and zero field, and (3) two more 

zero readings. These readings were taken as rapidly 

as possible, perhaps 30 seconds apart, to minimize the 

effect of slow variations in the output of the power 

amplifier that sometimes occurred. These rapid read¬ 

ings were possible since no lag and extremely small re- 

tentivity was observed in the magnet during the measure¬ 

ment of the field strength. 
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To measure the D.C. magneto-resistance a small cur¬ 

rent was passed through the specimen holder and the volt¬ 

age leads were connected to the same potentiometer cir¬ 

cuit that was used for the A.C. measurements. 

The following results were obtained: 

Freq. A $ R/R* Freq. A S R/R 
kc kc 

D.C. 0.114 72 0.117 0.119 10.000 

1.02 0.115 0.115*0.000 82 0.119 0.121 ±0.000 

10.2 0.116 0.116 *0.000 92 0.119 0.121 ±0.000 

20.5 0.121 0.121 ±0.000 102 0.118 0.121 i 0.008 

50.7 0.119 0.119 ±0.000 115 0.114 0.118 ±0.001 

41 0.119 0.120* 0.000 125 0.118 0.122 ±0.001 

51 0.122 0.125± 0.000 150 0.118 0.1251 0.001 

61 0.125 0.124 ±0,000 

These data are plotted in figure III. 

The average A.C. value was 0.120 with a mean devia¬ 

tion of 0.002 and a maximum deviation 0.005. The 

average A.C. value was 5$ higher than the somewhat more 

accurate D.C. value. As previously mentioned an increase 

is predicted by the Heurlinger equation, but the tabu¬ 

lated values of the Ettinghausen and Eernst coefficients 

would give a calculated difference of less than 1%, 

Assuming the correctness of the experimental results, 

and that thermal gradients were responsible for the dif¬ 

ference, it should be possible to measure a small E.M.F. 

* It is to be remembered that the error expressed in 
$R/R is only that due to the uncertainty in phase of a 
zero reading. 
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immediately after: the direct current was turned off. 

Since this E.M.F. vrould be of a magnitude comparable to 

that causing the observed difference* it should be de¬ 

tectable with the galvanometer used before. A switch 

was placed in series such that the galvanometer could 

be connected across the specimen within \ second after 
opening the D.G. source. No deflection was observed 

even with maximum galvanometer sensitivity. The possi¬ 

bility of very rapid loss of the thermal E.M.F. due to 

heat conduction was discounted, because momentarily 

touching the specimen holder gave a large deflection 

that lasted several seconds. There remains the possi¬ 

bility of some unknown source of error in the A.C. mag¬ 

neto-resistance measurements, but it seems clear that at 

least the A.C. magneto-resistance of bismuth suffers no 

significant change up to 130 kc. 

METHOD USED FOR 1.6-3.5 me. 

The method used was the common one of introducing 

the specimen into a resonant circuit loosely coupled to 

a power oscillator. A loosely coupled circuit, by def¬ 

inition, takes so little power from the oscillator that 

the oscillator is relatively uneffected by the circuit 

or any change in the circuit. This means that a constant 

E.M.F. appears in the resonant circuit, and since the 

specimen is in series with the circuit there is a linear 
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relation between the effective resistance of the speci¬ 

men and the circuit. 

The coil in the wavemeter (a), in figure (II), is 

inductively coupled to the power oscillator as shown and 

is connected into the wavemeter both mechanically and 

electrically by means of a bracket consisting of two 

heavy brass bars. The specimen holder (b,c,d) is insert¬ 

ed into one bar of a bracket constructed very nearly 

like the one supplied with the wavemeter but with the 

addition of a post office box plug which serves as the 

switch (s). The specimen holder is connected to bind¬ 

ing posts on each side of the plug. It Is possible to 

add or remove-the specimen holder from the circuit by 

merely inserting or removing the plug. 

The specimen holder is soldered together except for 

one of the end plates that is fastened with screws to 

permit access to the Bi coil. The Cu leads are heavy to 

make the effective resistance across the binding posts 

practically independent of the resistance in the leads. 

It is necessary to have a specimen with several 

ohms resistance requiring a length of small Bi wire. It 

was found impossible to buy this wire so it had to be 

made. Molten Bi was extruded from a capillary tube by 

compressed air.at low pressure and collected in water. 

The result after several trials was a number of short 

fibers approximately 0.3 mm. in diameter. These fibers 



FIGURE II 

Apparatus used for measurements,of fR/R at 1.6- 

3.5 me• 
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were generally rough in appearance, and only a few of 

them were strong enough to use, Bi being rather brittle 

and difficult to handle. Several of the better ones 

were soldered together with ¥/oods metal, using a small 

iron needle as a soldering iron, making one wire about 

35 cm. long. This was wound on the ebonite cylinder be¬ 

fore it was installed. 

The final product was a coil of 4 turns having a 

total of 7 Woods metal joints including the two connect¬ 

ing the coil to the leads. The total D.C. resistance of 

the specimen with its leads was 7.5 ohms, and as it turn¬ 

ed out the coil was quite adequate since the skin effect 

for these frequencies and this size wire is negligible, 

and what is more important, the calculation of S'R/R is 

independent of the reactance when resonance is obtained. 

CALCULATIONS AND RESULTS 

The procedure in making the measurements was as 

follows: The wavemeter with the specimen shorted out 

was tuned to the oscillator frequency (i.e. timed for a 

maximum reading on the R.F. milliameter) and the oscil¬ 

lator brought near the wavemeter to give a full scale 

deflection on the meter. Next, the plug was removed 

with no magnetic field and the meter retuned (this being 

necessary since the reactance in the specimen holder de¬ 

tuned the circuit slightly). Finally, the magnet was 
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turned on. These steps were repeated a number of times 

with the same setting of the oscillator until it was 

certain that the three readings thus obtained were con- 

sistant. Unfortunately, the oscillator had an unstable 

power output about which nothing could be done. This 

was found to be due to the power tube having very low 

filament emission. 

In making the calculations the following equivalent 

circuits were assumed: 

* c 
S^u. 1) 

04 J 0 

-MA-— 

Z & si 

For the inductance shorn in (b) a rough calculation was 

made assuming the inductance of the holder leads to be 

in series with the Bi coil inductance and neglecting the 

shield.The capacity in (b) was estimated by assuming 

it to be comparable in magnitude to the capacity of the 

leads if they were 100 cm. long instead of 50 cm. Both 

values obtained were probably too high. For S me. these 

would give X = 1000 ohms and XT — 100 ohms. 
C Jb 
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For such a parallel arrangement the effective resis¬ 

tance across the terminals for (b) is: 

A~ 

Re - RBi“g' R Bi + (XL " Xc> 
2 

For the above values of XT and JV , and R_ — 7.5 onms, L c- Bi 
? 

RBi i-n the denominator is negligible, and could be ig¬ 

nored even if X and XT differed by as little as 50 ohms. C Li 

This would then give R^— l.l^R^. for the above values. 

Therefore the exact values of the inductance and capaci¬ 

tance are not needed. With the switch (s) open the 

effective reactance and effective resistance of the speci¬ 

men and leads are in series with the components of the 

wavemeter and there is a constant E.M.F. Any change in 

the effective reactance due to the change in resistance 

of the Bi when the field is applied could be removed by 

retuning the circuit. 

Let E be the constant E.M.F. and I ,I0„ and I„ be 

the three currents mentioned in the procedure above. We 

have then: 

E ®'RI, 

E — (R^Re)l2 

switch (s) closed 

switch (s) open 
zero field 

and E = (R-/-Rp i^R^Ig switch (s) open 
H = 5000 gauss 

Solving these for £ R/R - / Re/Re we get, 

ipig - is) 
£ R/R = 

I A1! - !p) 
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The R.F. milliameter was first assumed to be accur¬ 

ate and the calculations made accordingly. Later the 

meter was calibrated for 60 cycle A.C. and the data re¬ 

calculated. Slightly lower values were obtained for the 

calibrated meter. It is possible that such a calibrat¬ 

ion might not be valid at 3 me. 

The meter was of the thermal type which gave deflect 

ions that were supposed to be proportional to the square 

of the current. The dial was marked with 50 equally 

spaced divisions making it necessary to take the square 

root of the readings. The readings corresponding to 

(Ig - Ig) in the formula differed only by about 1 divis¬ 

ion in most cases, so even if the oscillator had been sta 

ble the accuracy would be somewhat limited. By the same 

token, the calibration probably was not much better ex¬ 

cept that it would correct for any trends in the meter 

away from the assumed quadratic relation. Three typical 

readings were about as follows: 48 divisions or 115 ma. 

for I^, 7.0 divisions or 47 ma. for I?, and 6.0 divis¬ 

ions or 43 ma. for I„. 
a 

The following values for SR/R were obtained: 

Freq. 
kc 

£R/R i*R/R 
(corrected) 

D.C. 0.133 

1620 0.141 0.133 

1670, 0.139 0.130 
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(cont.) 
Freq. 
kc 

JR/R 
(uncorrected) 

«f R/'R 
(corrected) 

1760 0.153 0.148 

1870 0.137 0.135 

2000 0.173 0.166 

2140 0.169 0.167 

2400 0.128 0.118 

2600 0.154 0.145 

2700 0.143 0.139 

3000 0.120 0.110 

3000 0..117 0.106 

3100 0.136 0.122 

3200 0.119 0.092 

3300 0.125 0.118 

3400 0.166 0.153 

3500 0.121 0.119 

These data are plotted on figure III. 

The average value for the uncorrected A.C. J'R/R 

was 0.140 with a mean deviation of 0.015 or 11$, For 

the corrected readings the average value was 0.131 with 

a mean deviation of 0.017 or 13$. These are approxi¬ 

mately the same as the measured D.C. value. Because of 

the great inaccuracy of these results, no significance 

can be attached to the apparent decrease in $R/R for 

the higher frequencies on the curve. One can say then 

that the A.C. magneto-resistance of bismuth is probably 

normal at these frequencies. 
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CONCLUSIONS 

Since no change was observed in the alternating 

current magneto-resistance at 3.5 me. and at low radio 

frequencies as compared with that for audio frequencies, 

it seems reasonable to assume that the same holds for 

intermediate frequencies. Therefore, it can be conclud¬ 

ed that within the limits of experimental error the 

alternating current magneto-resistance of bismuth shows 

no significant change below 3.5 megacycles. 

At the highest frequency of this experiment the 

skin effect (for the size wire used), was still so small 

that any abnormality of magneto-resistance caused by 

surface peculiarities would not appear. Such an abnor¬ 

mality seems now to be a possible explanation of the 

negative results obtained by Heaps and by McLennan for 

the infra-red frequencies. At any rate the frequency at 

which magneto-resistance disappears is now limited to 

the range between 3.5 megacycles and about 10/*V and 

there is no indication of any abnormality up to 3.5 mega¬ 

cycles. 

Further work at even higher frequencies would seem 

to be very worth ?/hile and should be done with a more 

stable oscillator and possibly at low enough temperature 

to give a large resistance change, thus securing increas¬ 

ed accuracy. 
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