Anisotropy of the acoustoelectric effect in metals
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A formula is derived for the acoustoelectric current (and voltage) in a
metal at an arbitrary dispersion of the conduction electrons; this formula
accounts in principle for the experimental results.

PACS numbers: 72.50.+b

One of us, continuing the investigations of Ref. 1, observed an anisotropic acous-
toelectric voltage (Fig. 1) in a single-crystal tin sample. Although there is no doubt
that the acoustoelectric effect is due to the same interaction between the sound flux
and the conduction electrons which leads to the damping of the sound, the two phe-
nomena have different anisotropies (see Fig. 1). Our purpose in the present communi-
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FIG. 1. Anistoropy of the acoustoelectric voltage v, (solid curve) and absorption of ultrasound I” (dashed) -
in accord with the data of Ref. 2 in the [001] plane for tin and longitudinal sound oscillations.

cation is to derive a formula that describes the acoustoelectric effect, without simplify-
ing assumptions concerning the dispersion of the metal electrons,!’ and to explain the
nature of the difference between the angular dependences of the acoustoelectric cur-
rent J(n) and the sound absorption coefficient I'(n)(q=g¢n is the wave vector of the
sound wave; in the experiment g/ =20, so that it can be assumed that ¢/> 1, where [/ is
the electron mean free path). We describe the acoustic flux by a §-function distribution
in k-space

Mk) = - 5(k - hq),
Fow, "
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where W is the flux density of sound with frequency w,, and s is the speed of sound.
We start out in the analysis with the kinetic equations for the electron f(p) and phonon
N (k) distribution functions:
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Here p is the density of the metal and A is the corresponding component of the
deformation potential. The collision integral (df/dt),, includes the interaction of the
electrons with the thermal phonons, with the impurities, and with one another.

From (3) we obtain the well-known expression for the damping coefficient of the
sound flux'

2
T(n) = ——"%__ 1A a(a*n - -f-)dSF, @
(2nh)3ps? v% vF
T =v/v,

and we linearize Eq. (2) with respect to W, by replacing f(p) with f(p)+/,, where f(p)
is the equilibrium Fermi function and f, ~ W. Noting that because of (1) the right-hand
side of (2) contains § functions, we verify that we can neglect in the collision integral
(df/at),, the “arrival” terms, i.e.,
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and w'pp is the suitably normalized probability of the transition from the state jp) to the
state |p’> via all the scattering mechanisms. Thus,

fy= == {lfpp+1q) ~ frlp)]6(e(p + hq) - e(p) ~thw)
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The acoustoelectric current J(n) in the direction of n=q/¢ is expressed by the
formula

2 ' d
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P Je q q

Retaining in the arguments of the § functions the terms proportional to ¢?, we
have:
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where /, = 7,0 is the “departure” electron mean free path.

Comparison of formulas (7) and (4) shows the following: 1) under the simplest
assumptions concerning the dispersion law [e(p)=p?/2m] we obtain the Weinreich
relation”” E=I"W/ens; 2) the acoustoelectric effect, in contrast to sound absorption
(even at ¢/ 1) depends substantially on the dissipation mechanisms; 3) in both cases,
electrons on the “belts” participate; 4) owing to the reciprocal-effective-mass tensor
[8%€/3p%] » the anisotropy of J(n) can greatly differ from the anisotropy of I'(n).

We see that the sign of the effect is determined by the sign of the reciprocal
effective-mass tensor [d%€/dp2] along the n direction. It must be emphasized that a
negative contribution to J(n)/e can be made by the electron Fermi surface, and a
positive contribution by the hole surface. Figure 2 shows an electron surface of the
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FIG. 2. Topology of the “belts” on a Fermi surface of a “dumbbell” type. The sign of the contribution of
each “belt” to J(n)/e is marked.

“dumbbell” type.

At q = gn parallel to the “dumbbell” axis, the contribution from the central
“belt” is negative, and at g perpendicular to the axis the contribution from the existing
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is positive.’ The change in the direction of propagation of the sound should lead to
singularities in the angular dependence of J (n), due to the change of the topology of
the “belt” (see Ref. 5).

The acoustoelectric field is E (n)=p,J (n), where p,, is the resistivity along n. The
anisotropy of E (n) should not differ substantially from the anisotropy of J (n), since the
resistivity p,, is determined by all the Fermi electrons and depends only on the symme-
try class of the crystal.

A detailed comparison of the theory with experiment calls for numerical calcula-
tions that make use of a definite model of the Fermi surface.

"The theory of the acoustoelectric effect is the subject of relatively many papers (see, e.g., Ref. 3 and the
literature cited therein). We, however, know of no analysis of the difference between the anisotropies of
sound damping and of the acoustoelectric effect in metals.

2'We note that the contribution made to J(n) by a “belt” of small dimension can be anomalously large (cf.
Ref. 6). Reversal of the sign of the effect is therefore perfectly feasible even in the simplest case shown in
Fig. 2.
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