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Abstract
Full Text

A. A. GRINBERG, N. I. KRAMER

ACOUSTO-MAGNETIC EFFECT IN PIEZO-
ELECTRIC SEMICONDUCTORS
(Presented by Academician B. P. Konstantinov, February 3, 1964)

PHYSICS
Recently it has become clear that some semiconductors possess piezoelectric
properties. It has been established theoretically (¹), and partly also experi-
mentally, for example, that all semiconductors of the group 𝐴𝐼𝐼𝐼𝐵𝑉 have a
piezoelectric constant different from zero. A number of phenomena associated
with the passage or generation of ultrasound in piezoelectric semiconductors
with monopolar conductivity have been studied both experimentally and the-
oretically (²–�). However, there are no works in the literature on the study
of piezoelectric semiconductors with bipolar conductivity; meanwhile the new
group of piezoelectrics mentioned above makes it possible to carry out studies
under conditions of bipolar conductivity.

In the present work an effect inherent only in piezoelectric semiconductors with
bipolar conductivity is investigated theoretically. This effect, which we shall
call the acousto-magnetic (a.m.) effect, consists in the following: if ultrasound
is passed through a piezoelectric placed in a magnetic field H, in a direction
perpendicular to H, then in a third direction (see Fig. 1) an electric field 𝐸a.m

(or current 𝐼a.m) will arise.

Fig. 1

Fig. 1

Indeed, when ultrasound passes through a piezoelectric, electrons and holes
are carried along by the ultrasonic wave in one direction. If the circuit in
the direction of propagation of the ultrasound is open, then the electron and
hole fluxes will be equal in magnitude, so that the total electric current in this
direction is zero. In a magnetic field the electrons and holes will be deflected in
opposite directions and thereby create a potential difference 𝑉 a.m.

An analogous effect also takes place in semiconductors that do not possess piezo-
electric properties. In such semiconductors the interaction of the acoustic wave
with electrons and holes is effected by means of the deformation potential. As
a rule, this interaction is considerably weaker than the piezoelectric one, and
therefore in certain cases the a.m. effect in piezoelectrics will be considerably
larger.
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For simplicity let us consider a one-dimensional model of a piezoelectric with
equilibrium concentrations of electrons and holes 𝑛0 and 𝑝0. We shall assume
that the ultrasonic wave, propagating in the direction of the 𝑦-axis, is transverse,
and represent it in complex form as 𝑈 = 𝑈0𝑒𝑖(𝑘𝑦−𝜔𝑡), where 𝑘, 𝜔 are respectively
the wave number and frequency of the ultrasound, and 𝑈0 is the initial amplitude
of the wave at the surface of the specimen. The electric induction D, field E,
and displacement 𝑈 are related by the equations

D = 𝜂 𝜕𝑈
𝜕𝑦 j + 𝜀E; 𝜕𝐷

𝜕𝑦 = 4𝜋𝑒(𝑝 − 𝑛); 1
𝑆2

𝜕2𝑈
𝜕𝑡2 − 𝜕2𝑈

𝜕𝑦2 = − 𝜂
𝜌𝑆2

𝜕𝐸𝑦
𝜕𝑦 , (1)

where 𝜂, 𝜀 are respectively the piezoelectric and dielectric constants; 𝑆 is the
sound velocity for 𝜂 = 0, 𝑝0 = 𝑛0 = 0; 𝜌 is the density of the substance; j is the
unit vector in the direction of the 𝑦-axis.

We write the equation for the electron and hole currents in the presence of a
magnetic field in the form [11]

j𝑛 = 𝜑𝑛{j∗
𝑛 + tg 𝜃𝑛[j∗

𝑛𝜒⃗]} + (1 − 𝜑𝑛)(j∗
𝑛𝜒⃗)𝜒⃗,

j𝑝 = 𝜑𝑝{j∗
𝑝 + tg 𝜃𝑝[j∗

𝑝𝜒⃗]} + (1 − 𝜑𝑝)(j∗
𝑛𝜒⃗)𝜒⃗, (2)

where j∗
𝑛 = 𝑒𝜇𝑛𝑛E + 𝑒𝐷𝑛 grad 𝑛, j∗

𝑝 = 𝑒𝜇𝑝𝑝E − 𝑒𝐷𝑝 grad 𝑝; 𝜃𝑛, 𝜃𝑝 are the Hall
angles of the electrons and holes; 𝜑𝑛 and 𝜑𝑝 are kinetic integrals, in particular,
for an energy-independent relaxation time, they are equal to {1+(𝜇𝑛,𝑝𝐻/𝑐)2}−1;
𝑐 is the speed of light; 𝜒⃗ is a unit vector in the direction of the magnetic field.

The continuity equations for electrons and holes have the form

𝜕𝑛
𝜕𝑡 = 1

𝑒
𝜕𝑗𝑛𝑦
𝜕𝑦 − 𝑛 − 𝑛′

𝜏 , 𝜕𝑝
𝜕𝑡 = −1

𝑒
𝜕𝑗𝑝𝑦
𝜕𝑦 − 𝑝 − 𝑝′

𝜏 , (3)

where 𝜏 is the lifetime of nonequilibrium current carriers; 𝑛′ and 𝑝′ are the
concentrations of electrons and holes that would be established in the semicon-
ductor if the deformation produced by the ultrasonic wave were static. These
concentrations, determined from the conditions 𝑗𝑛𝑦(𝜔 = 0) = 0, 𝑗𝑝𝑦(𝜔 = 0) = 0
(we assume the specimen to be sufficiently thick, so that the variation of the
concentrations 𝑛 and 𝑝 at 𝑈 = 0 may be neglected; see, for example, [13]), are
equal to 𝑛′ = 𝑛0𝑒𝑒𝜑̃/𝑘𝑇 , 𝑝′ = 𝑝0𝑒−𝑒𝜑̃/𝑘𝑇 , where 𝜑̃ = − ∫𝑦

0
̃𝐸𝑦 𝑑𝑦, ̃𝐸𝑦 is the vari-

able part of the electric field. Taking the electric field to be potential, imposing
the condition of homogeneity in the direction of the 𝑥-axis (𝐿 ≫ 𝑑), and also
taking into account that the velocity 𝑆 differs little from the true speed of sound,
i.e., 𝑘𝑆 = 𝜔, we obtain the following formula for the coefficient of absorption
(amplification) of ultrasound 𝛼:
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𝛼 = 𝜂2𝜔
2𝜀𝐶𝑆

𝜈𝑛𝜈𝑝𝑁1
𝑁2

1 + 𝑁2
2

, (4)

where the following notation has been introduced

𝑁1 = 𝜈𝑛
𝜔𝑝
𝜔 (1 + 𝜔𝜏𝜔𝐷𝑝

𝜔2 ) (1 − 𝑣𝑝
𝑆 ) + 𝜈𝑝

𝜔𝑛
𝜔 (1 + 𝜔𝜏𝜔𝐷𝑛

𝜔2 ) (1 − 𝑣𝑛
𝑆 ) ;

𝑁2 = 𝜈𝑛𝜈𝑝 + 𝜈𝑝
𝜔𝑛

𝜔𝐷𝑛
(1 + 𝜔𝜏𝜔𝐷𝑛

𝜔2 )
2

+ 𝜈𝑛
𝜔𝑝

𝜔𝐷𝑝
(1 + 𝜔𝜏𝜔𝐷𝑝

𝜔2 )
2

;

𝜈𝑛 = (𝜔𝜏
𝜔 + 𝜔

𝜔𝐷𝑛
)

2
+ (1 − 𝑣𝑛

𝑆 )
2

; 𝜈𝑝 = (𝜔𝜏
𝜔 + 𝜔

𝜔𝐷𝑝
)

2
+ (1 − 𝑣𝑝

𝑆 )
2

;

𝜔𝜏 = 1
𝜏 ; 𝜔𝑛 = 4𝜋𝑒𝜑𝑛𝜇𝑛𝑛0

𝜀 ; 𝜔𝑝 = 4𝜋𝑒𝜑𝑝𝜇𝑝𝑝0
𝜀 ;

𝜔𝐷𝑛 = 𝑆2

𝐷𝑛𝜑𝑛
; 𝜔𝐷𝑝 = 𝑆2

𝐷𝑝𝜑𝑝
;

𝑣𝑛 = 𝜑𝑛𝜇𝑛𝐸𝑥 tg 𝜃𝑛; 𝑣𝑝 = −𝜑𝑝𝜇𝑝𝐸𝑥 tg 𝜃𝑝; 𝐸𝑥 is the external electric field, 𝐶 is
the elastic constant.

For 𝑝0 = 0 (𝜔𝑝 = 0) we obtain from (4) the expression

𝛼 = 𝜂2𝜔
2𝜀𝐶𝑆

𝜔𝑛
𝜔 (1 + 𝜔𝜏𝜔𝐷𝑛

𝜔2 ) (1 − 𝑣𝑛
𝑆 )

{(1 + 𝜔𝑛𝜔𝐷𝑛
𝜔2 )2 ( 𝜔𝜏

𝜔 + 𝜔
𝜔𝐷𝑛

)2 + (1 − 𝑣𝑛
𝑆 )2}

, (5)

which, in practically interesting cases, when the inequality 𝜔𝜏𝜔𝐷𝑛 ≪ 𝜔2 is
satisfied, goes over into the formula obtained in [12].

Figure 2 shows the dependence of 𝛼 on the position of the Fermi level for GaSb
at 𝑇 = 300∘K, 𝜂2/𝜀𝐶 = 10−3, and 𝜔 = 2 ⋅ 108 s−1. The minimum at the center
is located at the point where 𝑛0 ≈ 𝑝0; its origin is due, vo-

first, because at 𝑛0 ≈ 𝑝0 the best neutralization of the electric field is achieved,
and, second, because the conductivity of the specimen turns out to be the small-
est. When the Fermi level is shifted toward one of the edges of the forbidden
band, the absorption coefficient increases owing to the increase in the concentra-
tion of electrons or holes (as long as 𝜔 < √𝜔𝜏𝜔𝐷𝑛 or 𝜔 < √𝜔𝑝𝜔𝐷𝑝), and then
decreases when the concentration of one type of carrier reaches such a value
that these carriers alone screen the electric field associated with the ultrasonic
wave.
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Fig. 2. Dependence of the acousto-magnetic field 𝐸a.m (1) and of the absorp-
tion coefficient 𝛼 (2) in GaSb on the Fermi level, measured from the middle
of the forbidden band, at 𝑇 = 300∘ K, 𝜔 = 2 ⋅ 108 s−1, 𝑤0 = 107 erg/cm2 ⋅ s;
𝜂2/𝜀𝐶 = 10−3, 𝐻 = 104 oersted. The width of the forbidden band is taken to be
0.785 eV, and the effective masses of electrons and holes 𝑚∗

𝑛 = 𝑚∗
𝑝 = 0.15 𝑚𝑒.

Fig. 3. Dependence of 𝐸a.m (1𝑎, , ) and 𝛼 (2𝑎, , ) on the ultrasonic frequency 𝜔
for GaSb under the same conditions as in Fig. 2, for three concentration values:
𝑎—𝑛0 = 1012 cm−3, —𝑛0 = 5 ⋅ 1012 cm−3, —𝑛0 = 1013 cm−3.

From equations (2), to within terms quadratic in the wave amplitude, there
follows an expression for 𝑗𝑥. After averaging over the wavelength, taking ac-
count of the acoustoelectric field 𝐸a.e

𝑦 , we obtain the following expression for
the density of the acousto-magnetic current:

𝑗a.m = 𝜎⟂𝐸a.m + 𝑒𝜑𝑛𝜑𝑝𝜇𝑛𝜇𝑝(tg 𝜃𝑝 − tg 𝜃𝑛)
(𝜑𝑛𝜇𝑛𝑛0 + 𝜑𝑝𝜇𝑝𝑝0)

1
2 Re [𝐸 ∗

𝑦 ( ̃𝑝𝑛0 − 𝑛̃𝑝0)]; (6)

where

𝜎⟂ = 𝑒 {𝑛0𝜇𝑛𝜑𝑛 + 𝜇𝑝𝜑𝑝𝑝0 + (𝜑𝑝𝜇𝑝𝑝0 tg 𝜃𝑝 + 𝜑𝑛𝜇𝑛𝑛0 tg 𝜃𝑛)2

(𝜑𝑛𝜇𝑛𝑛0 + 𝜑𝑝𝜇𝑝𝑝0) } ;

𝑛̃, ̃𝑝 are the variable components of the electron and hole concentrations; the
asterisk denotes complex conjugation.

Substituting into (6) the quantities ̃𝑝, 𝑛̃, and 𝐸 found from the system (1)—(3),
and integrating it over the cross section of the specimen 𝑥 = const, we obtain,
in the case of an open circuit,

𝐸a.m = 𝜔0𝑒𝜑𝑛𝜑𝑝𝜇𝑛𝜇𝑝𝑝0𝑛0(tg 𝜃𝑝 − tg 𝜃𝑛) {𝜑𝑝𝜇𝑝𝜈𝑛 (1 + 𝜔𝜏𝜔𝐷𝑝
𝜔2 ) (1 − 𝑣𝑝

𝑆 ) +

+𝜑𝑛𝜇𝑛𝜈𝑝 (1 + 𝜔𝜏𝜔𝐷𝑛
𝜔2 ) (1 − 𝑣𝑛

𝑆 )} {𝜀𝑆𝜔(𝜇𝑛𝜑𝑛𝑛0 + 𝜇𝑝𝜑𝑝𝑝0)2𝜎⟂𝑑𝑁1}−1 (1 − 𝑒−2𝛼𝑑),
(7)

and with a closed circuit

𝐼a.m = 𝑑𝑙𝜎⟂𝐸a.m, where 𝑤0 = 1
2𝜌𝑆𝜔2𝑈2

0 . (8)

In Fig. 2, for illustration, the dependence of 𝐸a.m on the position of the Fermi
level is plotted, and in Fig. 3 the values of 𝐸a.m and 𝛼, calculated from formulas
(4) and (7), are given as functions of the ultrasound frequency for three positions
of the Fermi level in GaSb. It is clear from the figures that, as the Fermi
level approaches the middle of the forbidden band, the absorption coefficient
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decreases, whereas 𝐸a.m increases sharply. If one starts from the estimated
value of the piezomechanical constant 𝜂2/𝜀𝐶 = 10−3, then, as is seen from the
figure, the acousto-magnetic field turns out to be very considerable. It can be
shown that in the case when the piezoelectric constant 𝜂 = 0 and the effect is
completely determined by the deformation potential,

𝐸a.m = 2𝜔𝜇 (tg 𝜃𝑝 − tg 𝜃𝑛)
𝑆𝜇⟂𝑛0𝑒𝑑 (1 − 𝑒−2𝛼𝑑) ; (9)

𝛼 =
𝜇𝑒(𝐸𝑛 − 𝐸𝑝)2𝑛0𝜔2 (1 + 𝜔𝜏𝜔𝐷

𝜔2 ) (1 − 𝑣
𝑆 )

2𝜌𝑆5 {(𝜔𝜏
𝜔 + 𝜔

𝜔𝐷
)

2
+ (1 − 𝑣

𝑆 )
2
}

; (10)

𝜔𝐷 = 𝑆2

𝐷 ; 𝜇 = 𝜑𝑛𝜑𝑝𝜇𝑛𝜇𝑝
𝜑𝑛𝜇𝑛 + 𝜑𝑝𝜇𝑝

; 𝐷 = 𝐷𝑛𝜇𝑝 + 𝐷𝑝𝜇𝑛
𝜑𝑛𝜇𝑛 + 𝜑𝑝𝜇𝑝

𝜑𝑛𝜑𝑝,

where

𝜇⟂ = [𝜑𝑛𝜇𝑛 + 𝜑𝑝𝜇𝑝 + (𝜑𝑛𝜇𝑛 tg 𝜃𝑛 + 𝜑𝑝𝜇𝑝 tg 𝜃𝑝)2

𝜑𝑛𝜇𝑛 + 𝜑𝑝𝜇𝑝
] ; 𝑣 = −𝜇𝐸𝑥 (tg 𝜃𝑝 − tg 𝜃𝑛) ;

𝐸𝑛, 𝐸𝑝 are the deformation-potential constants of electrons and holes.

Formula (9), in addition to the general assumptions made in deriving (7), is
obtained when the following inequalities are satisfied:

(𝐸𝑛 − 𝐸𝑝)2𝜇2
𝑛𝜇2

𝑝𝜔2

(𝜇𝑛 + 𝜇𝑝)2𝑆4 (1 + 𝜔𝜏𝜔𝐷
𝜔2 ) ≫ 1; ∣ (𝐸𝑛 − 𝐸𝑝)𝜇𝑛𝜇𝑝𝜔𝐷

(𝜇𝑛 + 𝜇𝑝)𝑆2 (1 − 𝑣
𝑆 )∣ ≫ 1;

4𝜋𝑒𝑛0
𝜀 (𝜇𝑛𝜑𝑛 + 𝜇𝑝𝜑𝑝) ∣𝜔𝜏 + 𝜔2

𝜔𝐷
− 𝑖𝜔∣

∣(𝜔𝜏 + 𝜔2

𝜔𝐷𝑛

− 𝑖𝜔) (𝜔𝜏 + 𝜔2

𝜔𝐷𝑝

− 𝑖𝜔)∣
≫ 1.

(11)

The first two inequalities correspond to neglecting the entrainment of current
carriers by the lattice, and the third to the condition of quasineutrality.

It is not difficult to see from (4), (5), and (10) that, in the case of piezoelectric
interaction, the absorption coefficient at a fixed frequency 𝜔 (𝜔 < 𝜔𝑛, 𝜔𝑝) de-
creases with increasing concentration of current carriers, whereas the absorption
coefficient due to the deformation potential increases. Therefore, for example, in
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InSb at room temperatures (in the intrinsic-conductivity region) the a.m. effect
in the range of ultrasound frequencies presently accessible is entirely determined
by the deformation potential.
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Academy of Sciences of the USSR
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