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Strong anisotropic electron-impurity scattering in dilute 4/Li alloys
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The Hall coefficient and the transverse magnetoresistance of dilute 4/Li alloys at 4.2 K is reported. A
large positive low-field Hall coefficient R is found, in comparison to the free-electron Hall coefficient-
value Rgg of aluminum. The cause of the large R} can be attributed to the strong anisotropic scattering
of the electrons in the third zone of Fermi surface on the substitutional Li impurities.

I. INTRODUCTION

Theoretical calculations of orbitally averaged
electron-impurity scattering rates in dilute A/Li alloys'?
have shown that there is a large anisotropy of the Dingle
temperature X, for a [100], B [100], ¥ [100], and & [100]
external orbits of the third-zone electron sheet.

On the other hand, de Haas—van Alphen (dHvA) ex-
periments in dilute A/Li alloys® indicate that the Dingle
temperatures, and hence the relaxation times, for a, S,
and y orbits for the electrons on the third-zone surface,
are approximately isotropic.

It should be noted that dHvA experiments on the
nearly-free-electron polyvalent metals, like Al, encounter
difficulties due to the simultaneous involvement of
different orbits, beat effects of neighboring frequencies,*
and magnetic breakdown.’

In our opinion the discrepancy between theoretical cal-
culations and experimental data can be accounted for by
these difficulties. Therefore, for nearly-free-electron met-
als, it appears to be better to use the transport properties
in order to obtain information about the anisotropy of
the corresponding relaxation time 7(k). The best candi-
dates for such measurements are the low-field Hall
coefficient and the low-field magnetoresistance.

Aluminum, being trivalent, has a roughly spherical
Fermi surface (FS) with corresponding slightly negative
curvature, but there are strong deviations from the
sphere where it intersects Brillouin-zone boundaries.
Thus the aluminum FS can be divided into three charac-
teristically different regions. These are (i) a free-
electron-like portion in the second zone, which covers
most of the FS and is assumed to be characterized by a
mean free path /_; (ii) holelike cylinders, also in the
second zone just below the Brillouin-zone boundaries
characterized by a mean free path [, , ; and (iii) electron-
like cylinders in the third zone characterized by a mean
free path / _ _.

Under the assumption that the mean free paths /_,
I, ,,and /__, are constant over their FS areas, Kester-
nich,%7 using this three-group model, has derived the fol-
lowing expressions for the low-field magnetoresistance
and Hall effect, i.e.,
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B _+0

3

where Rpp=—3.47X10"" m*C™!, p, is the residual
resistivity at zero magnetic field, and H is the applied
magnetic field.

Using these two equations, one can determine the ra-
tios/__/l_andl,, /l_ and, hence, the anisotropy fac-
torl__ /1.

The purpose of the present investigation is to deter-
mine the anisotropy factor /__ /I, . from simultaneous
low-field magnetoresistivity and Hall-effect measurements
in a series of AILi alloys and to compare it with the
theoretical calculations.

II. EXPERIMENTAL PROCEDURE

The master AJLi alloy containing 5 at.% Li was
prepared by melting and casting 99.9999% pure Al and
99.9% pure Li in a glove box under an argon atmosphere
and using a crucible made of boron nitride (BN). The in-
got was homogenized near its solidus temperature. From
the master alloy the dilute alloys were made in an induc-
tion furnace also using a BN crucible. The new ingots
were cold rolled to a thickness of 100 um and the samples
were cut with a special punching tool to the appropriate
shape. After cutting, the samples were annealed at 450 °C
for 4 h. The same instrumentation and d.c. techniques
were used as before.?

The concentration of Li ranged from 0.011 to 0.54
at. % and was determined by atomic absorption spectros-
copy. Figure 1 shows the residual resistivity
Ap=p,iy—Pa1 @s a function of lithium concentration at
4.2 and 77 K, respectively. The residual resistivity per
atomic percent of Li at 4.2 K is 33X 1078 Q cm, while at
77 K itis 71X 1078 Q cm. Shown for comparison also in
Fig. 1 are the measurements performed at 77 K, of
Ceresara et al.,” who found a value of 80X 108 Q cm.
The difference between the values of the residual resistivi-
ties at 4.2 and 77 K is due to deviations from the
Mathiessen rule,' while the discrepancy between the
value of the present study at 77 K and that of Ceresara is
probably due to inaccuracies in the determination of Li
concentration.
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FIG. 1. The residual resistivity Ap of AILi alloys as a func-
tion of Li concentration.

III. RESULTS AND DISCUSSION

Figures 2 and 3 show the relative magnetoresistivity
Ap/py and the Hall coefficient Ry and 4.2 K, respective-
ly, in the Kohler representation, i.e., plotted as a function
of “effective” magnetic field H /p,, where p, is the residu-
al resistivity at zero magnetic field. The figures show that
(i) the Kohler rule holds as well as the magnetoresistivity
and the Hall coefficient for the alloys with a Li concen-
tration higher than 0.1 at. %, while for the alloys with a
Li content smaller than 0.1 at. % there is a deviation
from the Kdhler rule; (ii) at low magnetic fields, Ap/p,
depends nearly quadratically on H /p,; and (iii) at low
fields the Hall coefficient R} exhibits very high positive
values in comparison to the isotropic free-electron-value
Hall coefficient Rpg=—3.47X10""! m®*C~!. At high
magnetic fields the Hall coefficient agrees with the
theoretical value R, =10.2X10"" m*C~L At low
fields the R} depends weakly on H and goes through a
minimum for alloys with a concentration higher than 0.1
at. % Li and is nearly constant for the alloys with a Li
content smaller than 0.1 at. %.

Figure 4 shows the dependence of the low-field Hall
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FIG. 2. The relative magnetoresistivity Ap/p, of AILi alloys
as a function of magnetic field in the Kohler representation.
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FIG. 3. The Hall coefficient Ry of AILi alloys as a function
of magnetic field in the Kohler representation.

coefficient R} as a function of Li concentration at a con-
stant “effective” field H/p,. Rj increases sharply and
saturates rapidly to a nearly constant value, which is in-
dependent of the concentration. This initial increase of
R ,O, is due to residual impurities, grain boundaries, or
dislocations that were made during mounting and cooling
of the samples. The saturation behavior of R} indicates
that the FS can always be regarded as sufficiently con-
stant for our purpose. Namely, if the FS would have
been disturbed by the presence of the impurities, then
these distortions would cause a monotonic increase of R
with concentration. Consequently, if the positive values
of RY would be caused by these distortions, then a satu-
ration of R ;0 would be impossible.

Using a fixed value for H /p,, namely 10° T/(Q cm), the
corresponding values of Ap/p, and RY, Egs. (1) and (2),
and the anisotropy of the mean free path expressed by the
ratios /__ /I_ and I, | /I _ can be calculated as a func-
tion of Li concentration. The saturation values of
I,,/1_ and I__/I_ are 1.47 and 1.09, respectively.
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FIG. 4. The low-field Hall coefficient R as a function of Li
concentration.
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From these ratios an anisotropy factor /__ /I, =0.75
follows. In order to examine the dependence of the above
anisotropy factor on the “effective” magnetic field, two
additional calculations were performed for
H/p,=4X10° and 2X10° T/(Q cm). The resulting an-
isotropy factor I__ /I, , are 0.76 and 0.75, respectively.
The mean value of the above three anisotropy factors is
(1__/1,,.)=0.75. Theratios/__/I_and!l, /l_,as
a function of Li concentration for the three values of
“effective” fields, are shown in Fig. 5, which shows that
Iy /71_>1__/1_,ie., 1, >1_. This analysis shows
that the third-zone electrons have a transport relaxation
time considerably smaller than that of the second-zone
electrons, which means that the Li impurities prefer to
scatter the electrons in the third zone rather than those in
the second zone.

In order to compare this anisotropy transport factor
with the theoretical value,! 2 we take the mean values of
the calculated Dingle temperatures X, for the «, B, and
v orbits on the third-zone arm of the FS and for the v or-
bits of the second zone. The ratio between (X3%"¢) and
(X27°me) gives

( Xl?.)~zone >

Tazomy 076

It can be seen that there is surprising agreement between
the transport anisotropy factor and that derived from the
mean values of the Dingle temperatures. If this result is
not accidental, then it is remarkable that the difference
between the ratio (r*%"¢/72%me) - and  (rFFOne/
72200¢) 1va is small, even though the definitions of the re-
laxation times 7,, and 74y, are very different.

The physical origin of the observed anisotropy of the
transport relaxation time 7y arises from the correspond-
ing differences in the electron wave functions ,(r) and
the scattering potential of the defects. On the free-
electron-like parts of the FS the wave function ¢_(r) is a
plane wave. At the edges, the mixing of two plane waves
results partly in standing waves, the amplitude of which
is greatest at interstitial positions for the edges in the
second zone [ |y, (r)|?] and at lattice positions for the
edges in the third zone [|¢_ _(r)|?]. The local charge
densities obtained from four orthogonalized-plane-wave
calculations!! confirm this general characterization of
¥_, Y., and ¥y__. Hence the electrons on the holelike
edges in the second zone will be preferentially scattered
at defects near interstitial positions, and the electrons on
the electronlike edges in the third zone will be preferen-
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FIG. 5. The anisotropy ratios of the mean free paths,
I__/l_,and [, /I _, as a function of Li concentration.

tially scattered at defects near lattice positions. On the
other hand, the electrons on the free-electron-like FS re-
gions will be scattered with similar probability on both
types of defects. The Li impurities in the solid solution
state (a phase) take substitutional positions in the alumi-
num lattice and, therefore, according to the above con-
siderations, they will strongly scatter the conduction elec-
trons in the third-zone, while relatively little scattering
will occur from electrons in the corners of the second-
zone.

In the present discussion we do not consider the
influence of the small-angle scattering, because, as diffuse
elastic neutron scattering!? has shown, the displacement
field around the substitutional Li atom is negligibly small.
This implies that the magnetoresistance and Hall effect
are essentially unaffected by small-angle scattering and so
we do not expect a change of /__ and /.

IV. CONCLUSIONS

We have reported measurements of the transverse
magnetoresistivity Ap/p, and the low-field Hall
coefficient R for a series of dilute A/Li alloys at 4.2 K.
A three-group model for the mean free paths has been
used to interpret the results. The numerical value of the
transport anisotropy factor /__ /I, ,, which is comput-
ed from the experimental data, is in very good agreement
with the theoretical value calculated from the mean value
of the Dingle temperatures.
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