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THE EFFECT OF A TRANSVERSE MAGNETIC FIELD
ON METALLIC RESISTANCE.

By E. P. Apawms.

“T HE effect of a transverse magnetic field in changing the re-

sistance of a conductor has been investigated by many ob-
servers ; Patterson,! and very recently Grunmach? have made very
careful measurements of this effect in a number of metals. Consider-
ing the size of the effect, the agreement between the results of these
two observers is, on the whole, very good. In all the metals which
have been tried, with the exception of the ferromagnetic metals, iron,
nickel, and cobalt, a transverse magnetic field is found to produce
an increase in the resistance. Grunmach found that in the case of
the ferromagnetic metals, weak magnetic fields produced an increase
in the resistance. On increasing the magnetic force the effect
became smaller, until for a certain value of the magnetic force it
disappeared; for greater values the resistance was diminished.
With one specimen of iron, and with nickel, the effect appeared to
be a decrease of the resistance from the start.

A theory of the effect of a transverse magnetic field in increasing
the resistance of conductors has been given by J. J. Thomson.?
He assumes that the electric current is carried by free corpuscles,
which, when no external forces act, are in motion in all directions,
just as the molecules of a gas inside a closed vessel. The corpus-
cles are, in fact, assumed to behave just as the molecules of a gas,
with this exception; the collisions which take place are not between
corpuscles and corpuscles, but between corpuscles and atoms of the
metal. When an electric force is applied, a drift of the corpuscles
in one direction is produced, which is the electric current. In this
explanation, in order to get an effect of the right sign, it is neces-
sary to assume that the collisions between corpuscles and atoms
are greatly influenced by the electric charges carried by the former.

! Philosophical Magazine, 3, p. 643, 1902.

2 Annalen der Physik, 22, p. 141, 1907.

3Rapports presentes au Congres International de Physique, III., p. 138, 1900.
Philosophical Magazine, 3, p. 353, 1902.
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The assumption of collisions like those between hard elastic spheres
cannot therefore be made. This theory can be made to apply to
the ferromagnetic metals only by assuming that in them the col-
lisions are of an altogether different character from the collisions in
other metals. Lorentz,' on the other hand, expressly assuming
collisions uninfluenced by the electric charges of the corpuscles,
has successfully applied this theory to the thermoelectric properties
of metals; it thus seems as if the assumption of collisions between
corpuscles and atoms like those between hard elastic spheres ought
also to explain the change in resistance of conductors in a magnetic
field.

In the present paper it will be shown that, keeping to the assump-
tion of collisions of this nature between corpuscles and atoms, and
introducing the probable effect of the magnetic field in changing
the molecular configuration of the metal, it is possible to explain
the sign of the effect in the ordinary para- and diamagnetic metals,
and in the ferromagnetic metals, as well. The theory of the effect
as given by J. J. Thomson will first be developed, and afterwards
this theory will be modified by introducing the effect of the magnetic
field on the molecular configuration of the metal.

We assume that the corpuscles are all of one kind and move
uniformly in all directions with the velocity . 1In the paper of
Lorentz, referred to above, the theory of electric and thermal con-
ductivity has been given where the distribution of velocities among
the corpuscles is assumed to be that given by Maxwell’s law for the
distribution of velocities among the molecules of a gas. But for
the present purpose, since we can hope to get an idea of the order
of magnitude only of the effect, this complication is unnecessary.

In a magnetic field the velocity of the corpuscles moving in a
plane perpendicular to the magnetic force will be altered. Taking
the xy plane as the plane of motion, the current being in the x-axis,
and the magnetic force in the z-axis, the equations of motion of a
single corpuscle are:
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1 Archives Neerlandaises des Sciences Exactes et Naturelles, 10, p. 336, 1905.
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m being the mass, ¢ the charge, and /7 the intensity of the uniform
magnetic field.
From this we get :

since when x = 0o,

As the effect produced by the magnetic field is known to be smal
it will be permissible to take for x in this equation the value it
would have if no magnetic field were applied ; z. ¢

I ¢
25 v
X = 27 X2+ Ut

dy  He

g 2
o= m (2 m X2+ Ut)

Substituting this in the first of (1):

’xr e H? .
b7 =747X_%2"(5747XZ + 0r)
and hence :
oxr e . H?? s )
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Calling # the mean velocity of the corpuscle due to the electric and
magnetic field between two collisions, and 7" the time of free path,
we get:

Tox 1e¢ H*? [
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If there are 7 corpuscles per unit volume, the current in the direc-
tion of the x-axis will be:

2
I= neu—-rI———fiXT IAI—[ 2 -~XT3+7¢UT2] (3)
27 P W)

The last term of (2) drops out because there will be as many cor-
puscles for which U is positive as negative. We cannot, however,
say that the second term in the brackets in (2) drops out, since,
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owing to the factor 7% this will be different for corpuscles whose
initial velocities are in opposite directions. A corpuscle for which
U is negative will have a greater value of 7, as a result of the
electric force, than one for which U is positive. This term can be
easily evaluated if we consider the collisions between corpuscles and
atoms to be like those between hard elastic spheres. For half of
the corpuscles U will be negative ; so this term can be written :

gwrfz — ; wUT'"? =0 UTAT,

7 being the time between collisions when no electric force is ap-
plied. If L is the free path of a corpuscle:

I I
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so that :
nUT? = — X ux73
m

and the electric current is given by the expression :

[ = 1 52 nXT 4+ ! fiz’igﬁ n XT3
2m 8 1w m
The first term on the right is the current when no magnetic force is
applied. The effect of the magnetic force is thus to increase the
current, or decrease the resistance, which is contrary to observed
facts.

J. J. Thomson, however, considers that the collisions between
corpuscles and atoms are strongly influenced by the electric charges
carried by the corpuscles. Without going into any calculation it is
easy to see that if this influence is sufficienly pronounced, the differ-
ence, 47, between the time of the free path in the direction of the
current and the opposite direction, will be very small; hence the
second term in the brackets of (3) may be neglected in comparison
with the first term, and we get :

e
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This indicates an increase in resistance due to the magnetic field.
Now if we suppose that a magnetic field produces a rearrangement
of the molecules within a metal, it seems very reasonable to assume
that the free path of a corpuscle will be altered. Without saying
anything definite as to the nature of this change, let us assume that
a magnetic field, Z, produces a change, 07, in the time between
two collisions of a corpuscle. 67 will then, in general, be some
function of /7. With no magnetic field the current will be :

2

17¢ .

In a transverse magnetic field the current will be, by (3):

1 1Hr1 e
R AR R o 73 2
o nX7T & W2 [471 mXT + nUT ] (5)

where 7 is changed to 77 the free time in the magnetic field. The
effect of the magnetic field will therefore be :
1 1 H*® e
— ' =—— R s 73 72
TP = lnXoT 4 2 [4 CXT 4 U] (6)
As we suppose the change in 7 produced by the magnetic field to
be small, we can put:

T = T3 — 37%7,
7= T2 — 2707,

Then by bringing in the assumption that the collisions between the
corpuscles and atoms are like those between hard elastic spheres, we
find, by the method previously employed :

gy %i nXOT + L H*S [ i/szfs—i——n—XTZBT] )
The second term in the brackets will be small compared to the
first, and we thus have :
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If R is the resistance of the conductor with no magnetic field, and
R’ the resistance in the magnetic field, we have :

I
- <
[=1 = (R R')A
or
oR o7 1 .
R=7T "4 ;;Z - )

In order that the magnetic field may increase the resistance, it is
necessary, first, that 07" be positive; this means that a change in
molecular configuration arising from the magnetic field produces a
diminution in the time between two collisions of a corpuscle; and,

3T
second, that ¥ be greater than —V—HZ Tz As to the first con-

dition, our lack of knowledge regardmg molecular structure makes
it difficult to decide whether it is satisfied or not. But there seems
to be no evidence, at any rate, that it is not satisfied. From the
second condition we can determine the order of magnitude of the
change in the free time which is necessary in order to result in an in-
crease of resistance in a magnetic field. But it is first necessary to
get an estimate of the value of 7.

The change in the free time of a corpuscle we have supposed
due to a change in the configuration of the molecules brought
about by the magnetic field. For the ordinary para- and diamag-
netic metals, for which the magnetic susceptibility appears to be con-
stant, independent of the strength of the magnetic field, this change
in configuration must be supposed to increase with the magnetic
field. So that if these metals show an increase in resistance for
certain values of the magnetic field we would expect an increase
in resistance in all magnetic fields, however great. This is the
result obtained by experiment.

With the ferromagnetic metals the case is altogether different.
These metals show the phenomenon of magnetic saturation. Up to
a certain limit we may suppose that an increase in the magnetic force
produces an increased change in the molecular configuration. After
this limit has been reached, on further increasing the magnetic force
no more change in the molecular configuration is produced, and
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consequently, no further change in the free time of a corpuscle.
After a certain limit, therefore, the first term on the right of (g)
remains constant, while the second term increases with A% It
appears very probable, then, that for a certain value of /7 the second
term on the right in (9) may become equal to the first term, and for
greater values of /7 become larger than the first term. This would
therefore result in a decrease of resistance due to the magnetic field ;
this is the result obtained by Grunmach experimentally.

For large values of the magnetic force, in the case of iron, for
example, we can neglect the first term on the right in (g) in com-
parison with the second term, and obtain thus :

2 ?

oR 2
N 72
R~ 2 mZT'

From Grunmach’s results, we have, for iron :

N

oR €
H=2x 10, — ;=107 - =10
R T om

and hence :
T=3x 1078

This gives the order of magnitude of the free time of a corpuscle in
iron, and it will probably be not very different in any other metal.
We can now find the order of the magnitude of the change in the
free time of a corpuscle which is necessary to get an increase of
resistance in a magnetic field. For this, we have found the condi-
tion to be:

ol &
o~ apet 2
7 e m? 75
taking
H=10% — =10, T=3x10"
we get:
oT

—= > 2.5 X 107

It does not seem at all improbable that a magnetic field of the
strength assumed should produce a change in 7 of this order of
magnitude.
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Having found the order of magnitude of 7, we can easily calcu-
late the number of corpuscles per unit volume which are involved
in the electric current.  We find, by (4)

I 1 &

==

R 2 m
For iron, R is approximately 10*; ¢ = 10~ in electromagnetic
units. Therefore :

n=17x 10%

Taking U= 107 as a probable value of the velocity of the corpuscles
inside a metal, we get for the free path :

L=3x 107"

The effect of molecular configuration on the resistance of a con-
ductor is well illustrated in the case of a distinctly crystalline metal
like bismuth. In bismuth it is known that the resistance is differ-
ent in different directions ; this may well be explained by the dif-
ferences in the free paths of corpuscles in different directions.

PrINCETON, N. J.



