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Hall mobility of positive carriers in the semimetallic compound LiA1
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The temperature-dependent Hall coefficient and electrical resistivity above 77 K of the semi-

metallic compound LiA1 are presented. A "positive" Hall-coefficient anomaly relating to an

abrupt change in the resistivity at 95 K was observed near the Li-deficient phase boundary. It is

proposed that an abrupt increase in hole concentration at the critical temperature is associated

with the slight lowering effect of the Fermi energy (or the increasing effect of the Fermi level

for holes) induced by the long-range ordering of Li vacancies at a lower temperature. In addi-

tion, the holes near the Li-deficient phase boundary are dominated by the lattice-phonon

scattering.

%e have reported' that the electrical transport
properties of P-LiAl, possesses holes as the majority
carriers, correlate with the semimetallic band struc-
ture calculated by Zunger. 2 Furthermore, we have
found that an abrupt change at 95 K in the electrical
resistivity' and the heat capacity4 occurs near the
phase boundary of the Li-deficient region in P-LiAi.
As a result, we have proposed that these anomalies
are associated with the lower-temperature ordering or
clustering of Li vacancy rather than the charge-
density-wave instability. ' P-LiA1 (NaTl structure, '
space group: Fd3m) is composed of two sublattices,
each forming a diamond lattice and interpenetrating
each other. The defect structure6 in LiA1 [P phase;
about 48—56 at. % Li (Refs. 6, 7, and 8)] exercises a
considerable influence on the transport properties.
The defect structure consists of two types of defects,
namely, vacancies in the lithium sublattice and lithi-
um antistructure atoms in the aluminum sublattice.
The Li vacancy concentrations decrease from about
3.5 at. % to about 0.2 at. % with the increasing Li con-
tent CL;, while the Li concentrations in Al sites vary
from 0 at. % to about 5.4 at. '/0 with increasing CL;.
In a recent NMR study, 9 the lithium vacancy concen-
tration on the Li sites near the Li-deficient phase
boundary has been estimated to be 15.6'/0, which is
larger than the value determined by the density
method.

In this paper, we report that an abrupt change in
Hall coefficient at 95 K is observed near the critical
composition corresponding to the Li-deficient region,
and discuss the origin of the anomalous Hall coeffi-
cient in consideration of the defect structure and the
energy-band structure.

The details of the sample preparation have already
been published. ' Temperature-dependent Hall-effect

measurements were made using a modified ac Hall-
effect measuring system" designed to diminish or el-
iminate the Ettingshausen effect with its accompany-
ing un~anted thermal emf. This method makes use
of constant magnetic fields and alternating driving
currents. In order to minimize the generation of the
unbalance voltage, the square shaped slabs were used
as the samples; also, the voltage and current probes
were located exactly on the corners of a sample. The
alternating current of 200 mA, which is amplified by
the audio amplifier, is provided into the sample
through the isolation transformer. The low-level Hall
voltage over the range 10 to 200 nV was amplified by
a lock-in amplifier (Brookdeal 9503) through the
preamplifier. Most measurements were carried out at
frequency of 63 Hz, high enough to use a conven-
tional audio-frequency transformer, and low enough
to avoid skin effect in samples with metallic conduc-
tivity. Typical samples used in this investigation were
a Li-rich (53.5 +0.5 at. % Li) and a Li-deficient
(48.0 + 0.5 at. % Li) LiAl. After the Hall-effect mea-
surements, the electrical resistivities were measured
for the same batches of crystals by four-point
method.

Temperature-dependent electrical resistivities and
positive Hall coefficients for Li-deficient and Li-rich
specimen are shown in Figs. 1 and 2, respectively.
Figure 1 shows that an anomaly occurs near 95 K in

the resistivity and RH curve. The resistivity curve is
characteristic of a monotonious increase with increas-
ing temperature except for the anomalous part. RH
curve, on the other hand, increases slightly to the
critical temperature (T, = 95 K) as the temperature is

decreased, and makes an abrupt decrease from T,.
For Li-rich sample as shown in Fig. 2, an anomalous
feature is not observed over the measured tempera-
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FIG. 1. Hall coefficient and electrical resistivity of Li-
deficient LiAl (48.0+0.5 at. % Li) as a function of tempera-
ture.

ture range as well as the heat capacity4 for Li-rich
LiA1. The electrical resistivity for the Li-rich sample
exhibits a higher value than the Li-deficient sample
(Figs. 1 and 2). This result greatly depends on the
coexistence of two types of defects, that is to say,
the tendency of the increase ' in resistivity with Li
concentration over 48—54 at. % may be closely corre-
lated with the increase of Li-atom defects on the Al
sites, since the Li atom (valency 1) on the Al site
(valancy 3) must be much more effective as a
scatterer than a vacancy on the Li site. On the other
hand, the Hall coefficient for Li-rich sample exhibits
a smaller value than the Li-deficient one. Moreover,
thc tendency of decreasing3 in the positive Hall coeffi-
cients with increasing CL; has already been confirmed
by the Van der Pauw technique at room temperature.

The "ideal" energy-band structure proposed by
Zunger' points out that LiA1 is not only a semimetal
with a hole pocket around I and electron pocket
along I'-X (close X), but also the X~ conduction state
and the minima along the 6 direction is lower than
the I, in the entire lattice parameter range, yielding

a semimetallic character. Hence the difference of RH
observed here is expected to base on the behavior of
holes and electrons as the carriers. As the Hall coef-

ficient except for the Li-deficient critical composition
behaves,

and p, ~ ) p,„NI,p, I', decreases with CL;, awhile N&

alone increases because of the increase effect of the
conduction-band overlap with the valence band, since
the lattice parameters vary linearly with CL; in the P
phase from 6.36 to 6.39 A. 6 On the other hand, a re-
cent theoretical calculation' of the band structure for
the "real" defect phase LiA1 constructed from the
stoichiometric composition has indicated a lowering
of the Fermi energy by 17 mRy. As the result of the
shift, the large hole pocket surrounding I over-
whelms the small electronic pockets at the X points.
Therefore the increasing effect of vacancies near the
Li-deficient phase boundary, which has 15.6% vacan-
cies on the Li sites and 0% Li atoms on the Al sites,
is a remarkably lowered Fermi energy. Hence it is
expected to hold approximately Nz » N2 (Ref. 14)
in Eq. (1) according to the reduction of overlap in
the I", -X~ "negative" band gap and lowering the

Fermi level. The Hall coefficient near the Li-
deficient phase boundary is as follows:

RH
1

eNp,

Substituting the RH and resistivity values in Fig. 1 in
Eq. (2), the temperature-dependent hole concentra-
tion Nl, and Hall mobility (p, q =AH/p) are estimated,
as shown. in Fig. 3. The Hall mobility decreases al-
most exponentially with increasing temperature ex-
cept for the anomalous part, whereas the hole con-
centration decreases almost linearly to the critical
temperature (T,) as the temperature is decreased,
and makes an abrupt increase at T,.

The more possible speculation4 for anomalous
behavior is a lattice instability such as the order-
disorder transition. In order to interpret the
anomalous feature, we should pay attention to the
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FIG. 2, Hall coefficient and electrical resistivity of Li-rich
LiA1 (53.5 %0.5 at. % Li) as a function of temperature.

FIG. 3. Hall mobility and hole concentration for Li-
deficient LiA1 as a function of temperature,
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behavior of the Li vacancies. Since in the Li-
deficient phase boundary, the rea/ LiAl has 15.6% va-
cancies on the Li sites, whereas the Li-rich sample
has about 0.3% vacancies on the Li sites and 7% Li
atoms on the Al sites, the Li-vacancy effect is expect-
ed to have a great influence on the Li-deficient re-
gion. Furthermore, since the resistivity change ob-
served here is more characteristic of a freezing out of
some scattering channel, and also a speculation for
anomalous heat capacity proposed by us4 has been as-
sociated with the freezing effect induced by order-
disorder transition of the Li vacancies in LiAl, an
abrupt increase in the hole concentration might be
explained in the slight lowering effect of the Fermi
energy (or the increasing effect of the Fermi level for
holes in LiA1) induced by the long-range ordering of
Li vacancies at lower temperature as the deformation
of the density of states at the Fermi surface based on
the long-period superlattice observed in CuAu alloy. "
Thus the phase transition from random configuration
of Li vacancies to an orderly one might appear in the
Li-deficient LiA1 containing a large number of vacan-
cies at the critical temperature. On the other hand,
in the Li-rich region containing a small number of
vacancies, this effect is expected to disappear. The
other interpretation for the anomalous behavior is
the deformation of the Fermi surface induced by the
lattice distortions near a vacancy. Such distortions
are as high as 20% (Ref. 16) of the atomic spacing in
LiA1.

In order to survey the origin of the scattering
center for holes near the Li-deficient phase boun-
dary, the in@,q vs lnT curve is plotted in Fig. 4. The
Hall mobility can be fairly well represented by a
power-law dependence on the temperature, with the
power of —1.4. This value is smaller than the ex-
ponent of T for scattering between carriers in dif-
ferent valley observed in bismuth. " In either the
electron-hole or the anisotropic-carrier case, the tem-
perature dependence is at T . On the other hand,
the temperature dependence of the mobility associat-
ed with lattice scattering follows approximately the
T law predicted by the simple theory. ' Therefore
over the range 77 to 300 K, the holes near the Li-
deficient phase boundary essentially might be dom-
inated by the lattice-phonon scattering rather than the
ionized impurity scattering based on the field of a Li
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FIG. 4. 1np, & vs lnT plot for Li-deficient LiAl. The ex-
ponent of T was determined to be -1.4 by a least-squares
method, which is compared with the value (—1.5) of the
lattice-phonon scattering.
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vacancy.
In conclusion, we have observed an anomalous

Hall coefficient near 95 K for the Li-deficient sample.
%e proposed that an abrupt increase in hole concen-
tration at the critical temperature is associated with
the shght lowering effect of the Fermi energy (or the
increasing effect of the Fermi level for holes in LiA1)
induced by the long-range ordering of Li vacancies at
lower temperature. Also, the holes near the Li-
deficient phase boundary are dominated by the
lattice-phonon scattering.
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