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Various explanations of the recent anomalous nuclear-acoustic-resonance (NAR) signals observed in aluminum

are discussed. The possible correlation between the phase reversal of the NAR signals and the sign reversal of
the Hall coefficient is discussed and shown to be unlikely.

The recent nuclear-acoustic-resonance (NAR)
experiments in aluminum reported by Hsu, Lei-
sure, and Seiber'(HI. S), raise a number of inter-
esting questions. The striking features of their
experiments are the following: (i) Upon cooling
the sample from -60 to 30'K the amplitudes of
both the absorption and dispersion signals passed
through zero and reemerged with reversed phase;
(ii) the temperature at which the signals vanished
remained close to 45'K for all but one of the runs
reported, although the magnetic field varied from
46 to 63 kQ. The authors of the paper suggest that
the vanishing of the signal may be related to the
fact that the Hall coefficient of aluminum reverses
sign as a function of temperature and magnetic
field. '~ The connection between the two types of
experiments would be expected because the Hall
coefficient and the NAR signal are both functions
of the off-diagonal elements of the magnetoresisti-
vity tensor.

Measurements of the Hall coefficient in alumi-
num have been reported over the temperature
range from 2 K to room temperature and in mag-
netic fields up to 30 kQ. ' ' All of the results fit
well on a Kohler plot' indicating that the mag-
netoresistance is a function of B/p, where B is the
magnetic field and p is the electronic resistivity,
as predicted by the solution of the Boltzmann
transport equation in the relaxation-time approxi-
mation. Figure 1 shows a plot of points where the
Hall coefficient vanishes as a function of magnetic
field and temperature. It is clear from the figure
that the zeros of the NAR signals do not fit on the

theoretical extension of the low-field data. HLS'
suggest two possible reasons why their results do
not agree with the Kohler-plot prediction. Their
first suggestion is that the Fermi surface of alu-
minum' is complex, with pieces lying in both the
second and third conduction bands; thus a two-
band calculation of the NAR interaction might ex-
plain their anomalous results. Their second sug-
gestion is that previous experiments' have shown
that magnetic breakdown effects may become im-
portant in magnetic fields of about 60 kQ, thus
introducing additional scattering mechanisms, so
that a single-relaxation-time solution to the Boltz-
mann equation might be incorrect. In the following
we discuss these ideas and indicate why we believe
that the field and temperature at which signals
vanish are uncorrelated with those at which the
Hall coefficient vanishes.

NAR in aluminum takes place via the interaction
of an acoustically generated internal rf magnetic
field with the nuclear dipole moments, ' the so-
called Alpher Rubin mechanism. Several different
theories of NAR' ' have been presented covering
both the high, ur, 7 «1, and low-, u, w»1, tem-
perature regions. Here ~, is the cyclotron fre-
quency and 7 is the mean electronic relaxation
time, In both the high- and low-temperature theo-
ries the term in the equation of motion for the
ions that contains the coupling of the ions to the
electrons and nuclear spins is proportional to

(I R ~ I') (I —R I') i (R —R).
In this expression R, is the static resistivity ten-
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FIG. 1. Magnetic field and temperature dependence of
the zeros of the Hall coefficient in aluminum. Points are
taken from the data of Refs. 2—4. The curve is a
theoretical extension of the low-field data, assuming
Kohler's rule. Also plotted are the points at which the
NAR signals of HLS pass through zero.

sor, R is complete dynamic magnetoresistivity
tensor, and I'= —iPo, p, , where cr, is the static con-
ductivity, p. is the magnetic permeability tensor
which differs from 1 only because of the slight
alignment of the nuclear dipole moments, and P
= ere'/4wo, v', where &u is the frequency of the ultra. —

sonic wave, v is the ultrasonic velocity, and c is
the velocity of light. The above expression can be
written in terms of the square of the off-diagonal
element of the magnetoresistivity tensor, i.e. ,
p'„„which is just the square of the Hall resistivi-
ty. Since within the theories referred to above
the NAR dispersion and absorption signals are
proportional to the real and imaginary parts of the
coupling term, they would be proportional to the
square of the Hall resistivity, and hence might be
expected to go to zero when the Hall coefficient
changes sign, but would not be expected to show
a phase reversal. A straightforward application
of neither the high-temperature nor the low-tem-
perature theory, therefore, can explain the
anomalous NAR results in aluminum.

The fact that the NAR phase reversals were
seen in the region of ur, v- 1 raises the question of
whether either the high- or the low-temperature
theory is applicable in this intermediate-tempera-
ture region. We have extended Fedders's" high-
temperature calculation to cover the case of
ql &1,e,v-1, and find that the NAR signal pre-
dicted remains proportional to p' . The extrapola-
tion of Buttet's" low-temperature calculation to
the region ql &1 also indicates that nothing anom-
alous happens in this region. Thus other explana-
tions must be sought.

HLS' raise the question as to whether a two-band

approach to the theory of NAR might explain their
anomalous results. Ashcroft" has proposed that
the reversal of the Hall fields in aluminum may
occur because of a delicate balance between con-
tributions to the conductivity from the third-band
electrons and from the second-band holes. Ac-
cording to this theory the electrons in the third
band would dominate the conductivity at low mag-
netic fields. The third-band carriers, however,
have a very small cyclotron mass and thus would
be expected to pass into the +,7 & 1 region at a
much smaller field than the second-band carriers.
Since in the high-field regime the contribution of
carriers to the conductivity is proportional to the
volume enclosed by the Fermi surface in the band
they occupy, ' the third-band carriers make negli-
gible contribution in this region. These ideas
have been substantiated by Douglas and Datars"
who have calculated the components of the mag-
netoresistivity tensor using the path-integral
method. It is not difficult to incorporate this mod-
el into Fedders's calculation of the NAR signals.
In his paper Fedders states" that his calculation
was intended to include "anisotropy and non-free-
electron-like effects in the conductivity in a self-
consistent manner"; it is only necessary to use
the correct magnetoresistivity tensor. One can
easily show that such a straightforward inclusion
of the two-band model into Fedders's calculation
results once again in the diagonal coupling terms
from which the NAR absorption and dispersion
signals are derived, being proportional to the
square of the Hall resistivity. Thus within the
framework of current theories, the two-band mod-
el does not lead to a simple explanation of the
NAR-signal phase reversal.

It is interesting to note, however, that any de-
viation from free-electron behavior introduced
into Fedders's calculation causes very different
effects to occur. In the following we show that
if the Hall coefficient differs from the free-elec-
tron value, the ultrasonic mechanical resonances
will be distorted, and for the geometry of the ex-
periments of HLS, ' that of shear waves propagated
parallel to the magnetic field and to a [100] direc-
tion, the plane of polarization of the shear waves
will rotate. We expand Eq. (13) of Fedders's cal-
culation for the free-electron case, omitting for
the moment the small coupling to the nuclear mag-
netization, and find
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2( —$2v2) = o

oPI
&7 $ +(dT)„1+zP

(2)

In these equations $ is the ion displacement, no is
the number of conduction electrons, no/s is the
number of ions per unit volume, and M is the ion
mass. The off-diagonal elements in these expres-
sions vanish because

Mc

2 2 2~+e &~V p
(rPI 1+ iP

M eR~
o x»

where z~ measures the extent to which the conduc-
tion electrons are unable to shield the ions from
direct interaction with the magnetic field. These

zydeco noe(d, ~ +o zze~ jzoe'+o~ +o
M .. ~ M

from which Fedders's results follow. The second
term in the parentheses comes from the direct
effect of the magnetic field on the moving ions, the
f~rst from the electron-ion interaction. The fact
that they cancel indicates that in the free-electron
case, the electrons completely shield the ions
from direct interaction with the magnetic field.
Within the framework of Fedders's calculation,
however, this is only true in the free-electron
case. This can be seen by noting that in Eqs. (1)
and (2), v, ~/o, has been substituted for the off-
diagonal element of the magnetoresistivity tensor.
In cases where the Hall coefficient differs greatly
from its free-electron value, and thus Fermi-sur-
face effects are important, this substitution is not
justified. Taking this into account, Egs. (1) and

(2) can be rewritten in the following way:

e2 27'2
(d2$ 2 2( o c

aPI 1+iP

equations can be diagonalized by the substitution
(' = („+i$, and $ = $„—z$„corresponding to left-
and right-handed circularly polarized waves. The
+ and —waves would travel through the sample
with different velocities.

The results of such a velocity shift would be
twofold. First, the shape of the ultrasonic me-
chanical resonances would change. For small
shifts a broadening of the resonances would occur,
while for larger shifts each mechanical resonance
would split into two. Second, the plane of polari-
zation of the ultrasonic wave would rotate. The
magnitude of these two effects would depend on
the values of z* and Bo. Although rotations of the
plane of polarization of ultrasonic shear waves
have been predicted" and observed in the low-tem-
perature regime, "ql &1, neither of the above ef-
fects have been reported in the regime and q/ & 1
for which Fedders's calculation is intended. It is
possible that under the particular experimental
conditions of the experiments of HLS, u,~-1 and
at temperatures below which the Hall coefficient
changes sign, the velocity shift between the left-
and right-handed circularly pol.arized waves be-
comes significant. If so, it is difficult to predict
how this would appear in the HLS experiments.
In general, such experiments are performed by
locking the spectrometer to a mechanical reso-
nance of the sample by means of a feedback loop.
The NAR signals detected in this way depend on the
shape of the mechanical resonance. If the shape of
the resonance is shifting with magnetic field and
temperature, the exact effect on the NAR signals
would depend on the details of the spectrometer.
It is possible that the above effects might produce
the anomalous results reported by HLS. The pos-
sibility of such effects indicates that more experi-
ments in this temperature and field range are
called for.
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