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We have measured the resistance of very pure polycrystalline aluminum wires (resistance ratio ~ 2000) and
dilute Al-Ga and Al-Mg alloys in zero field and transverse magnetic fields up to 50 kG for temperatures
between 4.2 and 100 K. For all of our samples at low fields, the magnetoresistance, Ap/p,, decreases
monotonically with temperature and Kohler’s rule is observed. At high fields, however, departures from
Kohler’s rule are observed. For the pure aluminum samples and with H > 10 kG, Ap/p, first increases with
temperature, reaches a maximum at 20-25 K, then deceases monotonically with temperature. The
temperature at which the maximum in Ap/p, occurs increases with increasing field from about 20 K at
H = 10 kG to about 25 K at H = 50 kG. Also, with increasing field the departures from Kohler’s rule become
more pronounced. Although greatly reduced, similar departures from Kohler’s rule are also observed in Al-Ga
samples, and to an even lesser extent in Al-Mg samples. We find that our results can be understood in terms
of a simple “two-band” model assuming the resistivity of the ith band is of the form a; + b, T and the total
conductivity is the sum of the conductivities from each band.

I. INTRODUCTION

Kohler’s rule!? states that for a given metal the
relative change in resistivity Ap/p, in a magnetic
field H is auniversal function of H/p,, where p,is the
zero-field resistivity at the temperature inquestion.
This result follows from the Boltzmann equation by
assuming that the scattering can be characterized by
a relaxationtime, and it is generally in rough accord
with observation. But Kohler’s rule cannot claim
general validity on either theoretical or experimen-
tal grounds, and in fact large deviations from it
have been observed in pure aluminum at low tem-
peratures and high magnetic fields. >~

We have extended these previous observations
in order to make a more detailed examination of
the deviations from Kohler’s rule. In particular
we were interested in studying the temperature
dependence of Ap/p,, since that is where the
deviations are the most striking and yet where
there is the least data.

In order to study deviations from Kohler’s rule,
we have measured the resistance of high-purity
polycrystalline aluminum wires in zero-field and
in transverse magnetic fields at a number of tem-
peratures from 4.2to 100 K. The apparatus and exper-
imental technique used inthese measurements are de-
scribed in Sec. IIand a summary of the data appears in
Sec. III. The results can be understood in terms of
a two-band model of conduction, as shown in Sec.
IV. Finally, in Sec. V, we summarize our obser-
vations and present our conclusions.

1. EXPERIMENTAL TECHNIQUE
A. Apparatus
The cryostat consisted of a vacuum can contain-

ing a cylindrical oxygen-free high-conductivity
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copper heating block thermally isolated from the
liquid-helium bath. The copper heating block was
aligned with the bore of a conventional super-
conducting solenoid. Field homogeneity was 2%
over the specimen region for all fields up to the
maximum of 50 kG. Specimens were helically
wound on the heating block so that the magnetic
field would be transverse to the electrical current
in the specimens,

With the vacuum can evacuated, the temperature
of the heating block and specimen could be raised
above the temperature of the liquid-helium bath
by applying current to a coil inside the heating
block. Temperature measurements were made
using a system of Chromel-P vs Au-0.07 at.% Fe
thermocouples and the magnetic field effect on the
thermocouples are described in an earlier publica-
tion.!* One thermocouple was used to directly
measure the temperature of the heating block and
specimen. The other thermocouple was incorporated
into the feedback loop of the heater’s current supply
control, so that the thermocouple emf, and thus
the temperature, could be brought to any desired
value, Once equilibrium was established, this
temperature could be maintained within 0.1 K for
an arbitrary length of time.

In practice the specimen was initially cooled
to 4.2 K by admitting helium exchange gas and
allowing the system to equilibrate with the liquid-
helium bath. Then the gas was evacuated and
measurements were made at successively higher
temperatures, up to 100 K.

B. Specimens

Table I gives a summary of several properties
of the specimens. All of the samples, except the
“zone-refined Al, ” were made up from the same
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TABLE I, Characteristics of the polycrystalline
aluminum wires, All specimens except the “zone-refined
Al” were made from the same lot of aluminum. Concen-
trations of the impurities were determined from the
masses of aluminum and impurity mixed to form the
specimen. Length is the distance between the points
where the potential leads were connected. RRR is the
residual resistance ratio R(295 K)/R(4.2 K). The zero-
field resistivity p, is determined by calculating A/L from
(295 K)=2.74 pQ cm .

Sample Diameter Length 0 4.2 K)
designation (mm) (cm) RRR M cm)
zone-refined Al 0.81 150 1750 1.57
pure Al 1.02 117 1958 1.40
pure Al 2,59 174 1968 1.39
plus 100-ppm Ga 0.51 101 725 3.78
plus 250-ppm Ga 0,51 137 472 5.81
plus 50-ppm Mg 0,51 78 830 3.30
plus 100-ppm Mg 0,51 86 530 5.17
plus 200-ppm Mg 0.51 92 281 9.75
plus 500-ppm Mg 0.51 93 128 21.4

lot of Cominco 99.9999% pure aluminum. The
specimens doped with impurities were made by
adding either Alcoa 99.9999% pure gallium or

Dow triple-sublimed magnesium in an amount
sufficient to provide ~500 ppm impurity by weight.
Less concentrated alloys were prepared by diluting
the master alloys with more pure aluminum,

The pure aluminum was etched first with KOH,
then with Tucker’s etch, The impurities were
etched with 10% acetic acid. The metals were
melted, mixed, and poured in § atm of argon.

The slugs were rolled down to wires using tungs-
ten oxide dies for diameters above 0.80 mm, then
diamond dies for smaller diameters. For the
sake of comparison with aluminum from another
source, a length of Gallard-Schlesinger zone-
refined aluminum wire, hard-drawn to 0.81 mm,
was used as received.

In order to minimize cold working, the samples
were wound in a helical configuration on the copper
heating block, then removed and cleaned by
etching with KOH and washing with water and
ethanol. The cleaned specimen was placed on a
cylindrical graphite form of the same diameter
as the heating block, and annealed for 4 h at 425 °C
in high vacuum (<10"* Torr), followed by a furnace
cool overnight at high vacuum. Finally, the an-
nealed sample was rinsed with ethanol before
mounting. The graphite form was cleaned and
outgassed at 900 °C before each use,

The copper heating block was electrically iso-
lated from the specimen by a layer of cigaret paper
and GE 7031 varnish. The specimen was anchored
to the heating block by covering it with more var-
nish., Voltage and current leads were attached to
the sample by winding several times and then
soldering, using Indalloy No. 3 flux and No, 9

solder. This type of contact proved reliable upon
repeated cycling from room temperature to 4.2 K.
Since the soldering was performed after the cen-
tral portion of the sample was anchored with varnish,
only the small portions of the specimens near the
ends suffered much cold working.

C. Magnetoresistance measurements

The magnetoresistance measurements were
made by passing a steady current (typically 100—
200 mA) through the specimen and recording the
resulting potential drop along the specimen with
a digital voltmeter sensitive to 10 nV. To cancel
the effects of thermal emfs in the voltage leads,
measurements were made with the current flowing
in both directions through the sample.

Data representing the temperature and magnetic
field dependence of the resistance were taken in
the following manner. With the magnetic field
fixed, the resistance was measured at a series of
temperatures from 4.2 to 100 K. Then the sample
was returned to 4.2 K, and the resistance at 4.2
K was checked to ensure no changes due to thermal
cycling had occurred. The magnetic field was
then fixed at a new value and the process repeated,
until data had been collected at 0, 2, 5, 10, 20, 30,
40, and 50 kG.

The measured zero-field resistivity of each
specimen was determined by calculating the ratio
of cross-sectional area to length (4/L) from the
room-temperature resistance using Meaden’s!?
value py (295 K)=2.74 uQ cm. This number and
the measured resistance at the temperature of
interest were then used to compute the resistivity.

Mounting the specimens in a helical configura-
tion introduces ~ 3° of error from proper align-
ment even when the axis of the heating block is
accurately parallel to the field. Since transverse
measurements on polycrystalline samples are not
so sensitive to misalignment effects, we feel this
error does not significantly affect the results.

No corrections were made for size-effects
since the parameter of interest Ap/p, is presumably
independent of geometrical considerations if the
mean free path of an electron is less than the radius
of the wire. This condition was satisfied by all
of our specimens. In any event, the corrections
for size effects to zero-field resistivity are small
for our specimens: if we use Fickett’s!® scheme
for corrections to p,, even at 4.2 K the errors
were less than 5% for the pure aluminum.

III. RESULTS
A. Deviations from Kohler’s rule
According to Kohler’s rule a plot of Ap/pyvs Hpy(295

K)/0o(7) aluminum should result in a universal curve
independent of specimen purity. Figure 1 shows a
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FIG, 1. Kohler plot of data for a single sample of pure
aluminum (RRR =1958) at four values of magnetic field.
There is considerable deviation from any universal curve
in the region of low temperature and high field.

Kohler plot of data taken for a single sample of
pure aluminum at four different magnetic fields.
Figure 2 shows a Kohler plot of data taken at a
fixed field of 50 kG for a series of samples con-
taining small amounts of gallium impurities. As
can be seen, Kohler’s rule is reasonably valid in
the region of high temperature and low field, but
it fails in the region of low temperature and high
field. The variable H/p, does not contain all the
field and temperature dependence of Ap/p, .

Figure 3 shows a Kohler plot of data taken at a
single magnetic field of 50 kG for a series of
samples containing small amounts of magnesium
impurities. Apparently magnesium impurities tend
to reduce the deviations from Kohler’s rule in
aluminum.,

B. Temperature dependence of magnetoresistance
A more interesting way of displaying our results

is to plot Ap/p, as a function of temperature.

10!

GALLIUM IMPURITIES
AT FIFTY KILOGAUSS

=]
d ©
PRI BRI B SN R T

o Pure Al
4100 ppm Go
+ 250 ppm Ga

L]
":h-r!a
&

L R0 B e e e 01 T

10 10* 10°

(295K)

B K0)

FIG. 2. Kohler plot of data for a series of samples of
aluminum with varying concentrations of gallium as an
impurity, All of these data were taken at a single mag-
netic field of 50 kG. As in the previous figure, there is
considerable deviation from any universal curve in the
region of low temperature and high field.
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FIG. 3. Kohler plot of data for a series of samples
of aluminum with varying concentrations of magnesium
as an impurity. All of this data was taken at a single
magnetic field of 50 kG. Deviations from a universal
curve are less pronounced in this figure than in the
previous two,

Figures 4-6 show some of our data plotted in this
fashion. The arguments leading to Kohler’s rule
predict that the magnetoresistance ratio Ap/p,
should exhibit a monotonic decrease with tem-
perature. However, this is not the case with all
our data.

Figure 4 displays some of the data for the speci-
men of pure aluminum with a residual resistance
ratio (RRR) of 1958 at several magnetic fields.
Similar plots were obtained for other specimens
of relatively pure aluminum (i.e., pure Al with an
RRR of 1968 and zone-refined Al with an RRR of
1750). As observed by previous investigators, 3-13
Ap/p, tends toward saturation with increasing field
at low temperatures. However, for higher tempera-
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FIG. 4. Magnetoresistance ratio as a function of tem-
perature for a single sample of pure aluminum, at
several magnetic fields. For fields of 10 kG or stronger,
the magnetoresistance is peaked at a temperature be-
tween 20 and 26 K.
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FIG. 5. Magnetoresistance ratio as a function of
temperature at a fixed magnetic field (50 kG) for a
series of aluminum samples with varying concentrations
of gallium impurities. Increasing the concentration of
the impurity diminishes the peak in Ap/p, observed in
purer samples.

tures (7220 K) a field as large as 50 kG is no
longer sufficient to cause saturation. At low fields
Ap/p, decreases monotonically with increasing
temperature, as expected. But for H2 10 kG,
Ap/p, increases with temperature, reaches a peak
near 25 K, then diminishes rapidly with increasing
temperature. With increasing magnetic field, the
temperature of the maximum in Ap/p, increases
slightly from about 20 K (for H=10 kG) to about

26 K (for H=50 kG). The departures from Kohler’s
rule are quite pronounced: at 50 kG, Ap/p, in-
creases from values of 1.6-1.7 at 4.2 K to values
of 2.4-2.7 at 26 K (the exact value depending upon
which of the three specimens of relatively pure
aluminum is in question). Previous investigators
have observed even larger deviations in specimens

of aluminum with higher RRR, but they had data for

only a few temperatures. %710

Although greatly reduced, such deviations from
Kohler’s rule were also observed in dilute aluminum-
gallium alloys. For any single specimen with
gallium impurities, plots similar to Fig. 4 result,
although the magnitude of Ap/p, is reduced and
there is less tendency towards saturation with H
at low temperatures. The data for the gallium
alloys are summarized in Fig. 5 which displays
Ap/p, versus temperature for several specimens
at a single magnetic field of 50 kG. For a given
value of magnetic field, increasing the gallium
concentration tended to decrease the magnitude of
the peak in Ap/p, and tended to shift the location
of the peak to a slightly higher temperature.

Similar comments apply to specimens of dilute
aluminum-magnesium alloys, although the tendency
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of magnesium to increase Ap/p, at low temperatures
somewhat masks the peak in Ap/p, near 25 K. The
data for the magnesium alloys are summarized in
Fig. 6 which displays Ap/p, versus temperature for
several specimens ata single magnetic field of 50 kG.

IV. DISCUSSION

A. Two-band model of aluminum

According to recent models, ® the three valence
electrons of crystalline aluminum are distributed
as follows: two of the electrons occupy the first
zone and the remaining electron is divided between
the second and third zones. The first zone is com-
pletely full and contains none of the Fermi sur-
face. The second zone appears as a pocket of
holes and contains most of the remaining electron
density. The third zone is a complicated “monster”
of electrons and has a relatively small electron
density.

The Fermi surface is divided between the second
and third zones. Since at the temperatures of
interest essentially all of the conduction is due to
charge carriers near the Fermi surface, we can
ignore the first zone in aluminum and treat conduc-
tion as a two-band problem. A first approximation
(which we use here) is to consider these as inde-
pendent isotropic bands.

B. Magnetoresistance in two-band model

Expressions for magnetoresistance based on the
two-band model have been developed for some
time.?!"1® We assume that the total zero-field
conductivity o is just the algebraic sum of the
zero-field conductivities in the hole band and in
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FIG. 6. Magnetoresistance ratio as a function of tem-
perature at a fixed magnetic field (50 kG) for a series of
aluminum samples with varying concentrations of mag-
nesium impurities, Increasing the concentration of the
impurity tends to obscure the peak in Ap/p, observed in

purer samples.
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the electron band:
0y =0p+0, . (1)

We then ask how the current in each band is de-
flected by the application of a magnetic field trans-
verse to the total current. The resulting field-
dependent resistivity p, is expressed in terms of
the vector sum of the currents and the applied

fields. When compared to the zero-field resis-
tivity py, we find
Ap _py=p _ A 2
Po oo 1+B[(py/H)Necf @)
where
_ (ﬂe/nh+ Pn/De)z 3)
(ph /pe)(l =N /nh)z
and
(ne /NY? (pew;. 2
B= . 4
(L-n, /ny) Po > @

We have assumed that in each band the zero-field
resistivity is given by

1/p,=0,=n,é1,/m, (5)

(for i=e, h) where, for the ith band, n, is the car-
rier density, 7; is an isotropic relaxation time,
and m; is the effective mass of the charge carrier.
Since the total electron density of the two bands
corresponds to one electron per atom, we expect
n,—n,=N, where N is the atomic density of
crystalline aluminum.

C. Kobhler’s rule in two-band model

If the relaxation times in the two bands always
have the same ratio, then p,/p, is a constant in-
dependent of temperature. This implies that the
expressions for A and B used in Eq. (2) are also
constants. Thus the magnetoresistance is a uni-
versal function of H/p,, which is just Kohler’s
rule. Furthermore, we expect a monotonic de-
crease in Ap/p, as temperature (and p,) increases.

What happens if we no longer assume that p,/p,
is constant? Suppose that the resistivity in each
band obeys a simplified Matthiessen’s rule,

pi=a;+b, T™ (6)

(for i=e, h), where a;, b;, and x; are constants.
Then if a,/a,#b,T**/b, T *e, we see that p,/p, is
not constant and that 4 and B in Fq. (2) are func-
tions of temperature. By proper adjustment of the
parameters @;, b;, x;, and n; we can get Ap /p,
to display a maximum at a temperature near 25 K.

D. Two-band model fit to experimental data

In our specimens of pure aluminum, for tempera-
tures up to 100 K, the zero-field resistivity rough-
ly obeys the following form:

BLATT, OPSAL, AND CHIANG 13

po=a+bT* . (7)

Since x =3.95 for the pure aluminum with an RRR
of 1958, we assumed x,=x,=3.95 for all our speci-
mens in order to simplify the data-fitting pro-

cess. We also applied the constraints that
1/a,+1/ay=1/a (8)
and
1/b,+1/b,=1/b . 9

The values of a,/a,, b,/b,, and n,/n, were de-
termined from the expression for A in Eq. (3) by
fitting to values of Ap/p, at the saturated high-
field limit. Then the magnitudes of a,, a,, b,,

and b, were fixed by applying Eqgs. (8) and (9).
Finally the magnitudes of », and »n, were determined
from the expression for B in Eq. (4) by requiring
Eq. (2) to exhibit the proper field dependence.

E. Pure aluminum

Figure 7 shows the theoretical curves for Ap/p,
versus temperature fitted to the specimen of pure
aluminum with an RRR of 1958, Figure 8 shows
the corresponding theoretical curve for p, versus
temperature. Table II gives the parameters used
in Egs. (2) and (6) in order to generate the curves.
These parameters were adjusted until reasonably
good fits to both p, and Ap/p, were obtained for
temperatures between 4 and 60 K. As can be seen
in the figures, the theoretical curves have the
correct qualitative behavior, but agreement with
experiment is only semiquantitative., It was not

0.0 T T

20 yo ' s | 80 100

TEMPERATURE (K}

FIG. 7. Theoretical plot of magnetoresistance ratio
vs temperature for pure aluminum (RRR=1958) using
the two-band model, Curves are shown for three values
of magnetic field: 5, 20, 50 kG. The corresponding data
points from Fig. 4 are also shown. The parameters
used in Eqs. (2) and (6) in order to generate the curves
are listed in Table II. The parameters were adjusted
until reasonably good fits to data for both p; and Ap/ p,
were obtained for temperatures between 4 and 60 K.
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FIG. 8. Zero-field resistivity vs temperature for
pure aluminum (RRR=1958), The solid line represents
the theoretical curve given by the two-band model, using
the parameters of Table II in Eqs. (1) and (6). The data
points for the resistivity p, were obtained from the
actual resistance by calculating A/L from the value
£p(295 K)=2.74 pQ cm.

possible to obtain better agreement between the
theoretical curves and experiment, at least not
while using the simplified expressions for p; given
in Eq. (6) with x,=x,~4.

The atomic density of aluminum is N=6.02
x10% cm™, Using the parameters in Table II,
we see that in our model »n,=0.47N and n,=2. 34N,
and therefore n,-n,=1.87N. But from models of
the Fermi surface and from high-field Hall-effect
data, 120 we would expect to have n,-n,=N. It
appears that », and n, are somewhat larger than
we would like. This is due to the need to get the
proper saturation behavior in the expression for
B; the only other alternative in this model would
be to let n,=0.25N, n,=1.25N, and require (p,
+p,) to be 1,87 times larger than the value needed
to fit the zero-field resistivity.

Also the value of n, /n, is somewhat larger than
most models of the Fermi surface would predict.
It is interesting to note that Druyvesteyn?!' found
that he needed a comparable value, n,/n,=0.167,
when using the two-band model to explain size .ef-
fects in the magnetoresistance of aluminum.

According to Eq. (5), we expect that the ratio
of zero-field resistivities in the two bands will be
given by

Pn/Pe=NgTomy /nyTym, . (10)

If we take recent data?®'?® for the cyclotron masses
of the electrons and holes we find m,/m,=~10.
Using this, along with our value of n,/n,=0.2,

we see that

Pn/Pe=2T, /Ty . 1)

At the lowest temperatures our model has p,/p,
~0.526 so that 7,/7,~0.26. At temperatures near
the peak in Ap/p, we have p,/p,~1.26 so that 7,/
7,~0.61. Even at high temperatures, we have
pn/pe~1.62 so that 7,/7,~0.81, Thus over the
entire temperature range of interest to us, we
have 7,/7,<1.

For comparison, at liquid-helium temperatures:
from magnetoresistance size-effect data Druy-
vesteyn?! concluded p,/p,=0.045 and n, /n,=0.167
so that 7,/7,~0.027; from Hall-effect data Ash-
croft?®® concluded that 7,/7,~0.6; and from thermo-
power measurements Huebener? concluded 7,/
Tx<1. Druyvesteyn’s value seems a bit extreme,
but then he started with the assumption that there
was sufficient difference between the relaxation
times so that all of the size effects were due to
the hole band only. It seems likely that 7,/7,51
in reasonably pure aluminum at low temperatures.

Although our model qualitatively reproduces
most of the characteristics of the experimental
curves, it does have at least one shortcoming at
low temperatures: the small dip in Ap/p, between
4 and 15 K at high fields is missing. We found
that it was possible to produce such a dip with our
model if we no longer assume that x,=x,. If we
assumed x,>x, (and correspondingly adjusted the
other parameters) we could get something re-
sembling the desired behavior in Ap/p,. How-
ever, we did not pursue this scheme of different
temperature dependences very far, since it was
much more difficult to adjust the other parameters
in order to obtain a good fit.

In any case our model assumed a temperature
dependence which was probably much too simple.
This is apparent in Fig. 7 where Ap/p, decreases

TABLE II., Parameters used in Egs. (2) and (6) to
generate the theoretical curves shown in Figs. 7 and 8.

a, 3.93 n cm

ay 2,07 nQcm

b, 1.44 %107 nQ cm/K3-%
b 2,33%107° nQ cm/K3'%
X, 3.95

Xp 3.95

7, 2.82x10% cm™

ny 14,1%x10% cm™
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too rapidly at high temperature. Neither our

data, nor that of others, 226 has p, depending upon
T exactly as a+ b7 * with x=4. For instance,
Garland and Bowers?? have reported that the total
zero-field resistivity at low temperatures goes as
Po=a+ B T2, yT5. At higher temperatures (but
still less than 100 K) the largest exponent of 7 is
considerably less than 5. If we were to assume
some more complex scheme for p, in order to take
all these temperature dependences into account,
perhaps we would get better results with our
model, However, it would be much more difficult
to fit the parameters to the data, and it is question-
able whether such an attempt would be worthwhile,
given the inherent deficiencies of our simple two-
band model,

F. Inherent deficiencies of model

Obvious shortcomings of the two-band model
as we have applied it are that it ignores the
possibility of interband transitions, anisotropic

bands, or magnetic breakdown. For example,
Kagan and Flerov?® have shown that if there is a
temperature-dependent anisotropy in each band,
then the actual magnetoresistance will be larger
than that predicted by a simple isotropic two-
band model. It can be deduced that this will help
alleviate the problem of the large values for the
densities #n, and #n,, mentioned earlier in this

T T T T T

20 4o 60 80 100
TEMPERATURE (K)

FIG. 9. Theoretical plot of magnetoresistance ratio
vs temperature at a constant magnetic field of 50 kG
for three specimens of aluminum with varying amounts

of gallium impurities (pure Al, 100-ppm Ga, 250-ppm Ga).

Corresponding data points from Fig. 5 are also shown,
The parameters used in Egs. (2) and (6) to generate the
curve for pure aluminum are the same as in Table II and
Figs. 7 and 8. All of the parameters except a, and a,
are also the same for the curves with impurities. The
values of a, and a, were adjusted according to the scheme
in Eq. (12) and the changes are listed in Table III.
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discussion. Unfortunately, there are as yet no
detailed models of the temperature-dependent an-
isotropies in the two bands of aluminum, so we
cannot make any reliable attempt at fitting such a
model to our data. We might mention, however,
that if the anisotropy could change the apparent
isotropic resistivities by a factor of order unity
(as obtained by Kagan and Flerov), then the density
parameters, n, and n,, required to fit our data
would more nearly correspond to accepted values.

The fact that Ap/p, never really saturates at
high fields, but instead has a small component
linear in H (which we have observed), has led
many investigators® 5781112 t5 postulate magnetic
breakdown at high fields. Our model makes no al-
lowance for such an occurrence. However, the
effect is small enough, at least in polycrystalline
specimens, that it should not have too much effect
on our results,

It is not immediately evident what effect interband
transitions would have on the magnetoresistance.
However, Ashcroft?® has estimated that interac-
tions between the bands is much less important
than scattering completely within each band.

G. Gallium impurities

Figure 9 shows the theoretical curves of Ap/p,
versus temperature for the specimens with gallium
impurities. Since gallium is quite similar to
aluminum, it seems reasonable, at least at low
concentrations, to assume the gallium will not affect
the temperature-dependent resistivity in either band
and it will not change the ratio of the two tempera-
ture-independent resistivities o, and @,. Thus, in
generating the theoretical curves, the only changes
from the parameters in Table II were in @, and a,,
which we modified according to the scheme

a;(specimen) = g;(pure Al)
x po(specimen at 4.2 K)/

po(pure Al at 4,2 K) (12)

for i=e, 1. Obviously, this scheme just com-
pensates for the change in residual resistance due
to the presence of the impurity. These changes
are listed in Table II. As can be seen in Fig. 9,
this scheme is moderately successful., A slightly
better fit can be obtained if a small reduction is
made in the ratio a,/a, by increasing a, more than
a,. Apparently gallium in small concentrations
affects conduction in aluminum simply by tempera-
ture-independent scattering operating nearly
equally in each band.

H. Magnesium impurities

The magnetoresistance results for dilute alumi-
num-magnesium alloys are in some sense anoma-
lous: the addition of magnesium is small concen-
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TABLE III. Parameters associated with the theoreti-
cal curves shown in Fig. 9. All parameters from Table
II are unchanged except a, and a,, which were modified
according to Eq. (12). Values for a, and a, are in units

of nf cm.
py(specimen at 4.2 K)
Specimen a, ay po(pure Al at 4.2 K)
pure Al 3.93 2,07 1.00
plus 100-ppm Ga 10.6 5.59 2.70
plus 250-ppm Ga 16.3 8.58 4,15

trations results in an increase in the magnetoresis-
tance at low temperatures.

Such “anomalous” behavior can be understood
within the framework of the two-band model as
we have employed it here. Whereas the effect of
gallium impurities appears to be an increase in the
temperature-independent relaxation rates of both
bands in proportion to the relaxation rates in
nominally pure aluminum, for magnesium impuri-
ties it was necessary to modify both the tempera-
ture-independent (a, and a@,) and the temperature-
dependent (b, and b,) parameters for resistivity
in each band. We still assumed that the exponents
of T in Eq. (6) and the densities of carriers were
unchanged, but we allowed a,, «,, b,, and b, to
change freely until both p, and Ap/p, exhibited
something near the proper behavior with tempera-
ture. Apparently as the concentration of magnesium
increases, the ratio a,/a, increases and the ratio
b,/b, decreases. Adjustments to these parame-
ters are listed in Table IV and the resulting theo-
retical curves are displayed in Fig. 10. (For the
sake of clarity, the curves for the specimens with
100 and 200 ppm of Mg are not displayed; they
convey little more information than those shown.)

Since magnesium has a different valence than
that of aluminum and gallium, it is not too sur-
prising that the simple scheme for adjusting the-
oretical parameters which worked for gallium im-

TABLE IV. Parameters associated with the theoreti-
cal curves shown in Fig. 10, All parameters are un-
changed from Table II except a,, ay, b,, and by, which
were freely adjusted to give a better fit to the data for
py and Ap/py. Values for a, and a; are in units of nQ cm;
values for b, and b, are in units of nQ cm/K> %,

Specimen a, a, b by
pure Al 3.93 2.07 1.44%10°°  2,33x107°
plus 50-ppm Mg 7.28 6.05 1,88x107°  1,88x107°
plus 100-ppm Mg 10.7 10.0 2,28%x10° 1,76x107
plus 200-ppm Mg 18.9 20.1 2.60%x10"% 1,70x107°
plus 500-ppm Mg 34,9 55.5 2,70x10”° 1,70x107°
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FIG. 10. Theoretical plot of magnetoresistance ratio

vs temperature at a constant magnetic field of 50 kG for
three specimens of aluminum with varying amounts of
magnesium impurities (pure Al, 50-ppm Mg, and 500-
ppm Mg). Corresponding data points from Fig. 6 are
also shown, The parameters used in Eqs. (2) and (6)

to generate the curve for pure aluminum are the same as
in Table II and Figs. 7 and 8. However, for the speci-
mens containing the impurities the parameters a,, a,, b
and b, were freely adjusted in order to give a better fit
to the data for py and Ap/p). Table IV lists the adjust-
ments in these parameters,

e’

purities, fails for magnesium impurities. It would
appear that magnesium has quite distinct effects

on each of the two conduction bands in this model
of aluminum. Increasing the concentration of
magnesium apparently increases the tempera-
ture-independent impurity scattering much more
for the second-zone holes than for the third-zone
electrons. At the same time the addition of mag-
nesium also significantly influences the tempera-
ture-dependent scattering rates in the two bands:
in pure aluminum the phonon-hole relaxation rate
is nearly as great as the phonon-electron relaxa-
tion rate, but as magnesium is added the phonon-
hole scattering rate becomes considerably less
than the phonon-electron scattering rate. Although
the ratio of scattering times 7, /7, increases at
low temperature and decreases at high tempera-
ture with increasing concentration of magnesium,
upon applying Eq. (11) we note that we still have
7,/7;<1 in all of our specimens.

The small dip in Ap/p, between 4 and 15 K ob-
served experimentally in the specimens of pure
aluminum is much more pronounced in the speci-
men with 50 ppm of magnesium. The failure of
our model to produce this dip is once again prob-
ably due to the assumption that x,=x,~4. Since
we found it necessary to adjust b, and b, in order
to get a marginally good fit to the observed data,
it seems likely that adjustments in the exponents
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of the temperature dependence are probably needed
for a better fit, However, we have not pursued
this very far, for the reasons mentioned earlier,

In a more realistic model, in which scattering
anisotropies are properly taken into account, we
would expect markedly different anisotropies as-
sociated with scattering from magnesium impuri-
ties than for gallium impurities or from phonons.

V. SUMMARY AND CONCLUSIONS

Here is a summary of our experimental observa-

tions on high-purity polycrystalline aluminum:

(a) Ap/p, tends toward saturation with H at low T;
(b) a peak in Ap/p, appears at T=20-25 K for
H>10 kG; (c) the location of the peak in Ap/p
shifts to higher T as H increases; (d) for a given
H, increasing the impurity concentration tends to
decrease the magnitude of the peak in Ap/p, and
shift its location to a higher T; (e) particularly

at the lowest T, the effect of an impurity is de-
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pendent upon its identity; and (f) Ap/p, falls off
roughly as 7% at high T (40-60 K) which is consis-
tent with the simple prediction of Kohler’s rule
since p, increases roughly as T'* in this range.

The simplistic two-band model we have used
qualitatively reproduces most of these characteris-
tics of Ap/p,. It seems probable that the mecha-
nism leading to this model accounts for most of the
observed transverse magnetoresistance in poly-
crystalline aluminum. The model results in a
ratio of relaxation times 7, /7, which is consistent
with other experiments. The densities required to
fit Ap/p, to experiment are too large, but it seems
likely that this can be dealt with satisfactorily by
modifying the model to take into account anisot-
tropies in each band.
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