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Abstract 

The absorption and amplification of ultrasound in semiconductors with high mobility 

in the presence of an external electric field E satisfying the conditions 

eE ≪ qɛ̅ , eEτr ≪ p̅ 

 (q -wave sound vector, τr – pulse relaxation time, ɛ̅, p̅– is the characteristic value of 

the electron energy and momentum). It is shown that the absorption and 

amplification coefficients of sound essentially from the mechanisms of electron 

scattering. 

 

Keywords—ultrasound; electric field; absorption; amplification; momentum; 

scattering; electron; semiconductor; wavelength; wave vector. 

 

1. Introduction 

So far, many theoretical and experimental scientific studies [1-15] have emerged in 

which the absorption and amplification of a sound wave in piezoelectric 

semiconductors with a frequency of ω and a wave vector q satisfy the following 

conditions 

ql ≪ 1 , ωτε ≫ 1    (1) 

here l - is the free path length of the electrons and τε- is the energy relaxation time. 

The condition ensuring the fulfillment of this inequality can be observed in 

semiconductors of n-type InSb100, where charge carriers have high mobility. In 

studies [16-26], it was found that sound absorption and amplification under such 

conditions could be significantly different from those in the hydrodynamic regime. 
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This difference is especially noticeable in cases where the electron energy increases 

with increasing the energy relaxation time of electron. In such cases, it was observed 

that the absorption of sound might be significantly higher than the value of White’s in 

the hydrodynamic theory, as well as the frequency dependence of the absorption 

coefficient may be completely different [27-36] 

Here we show that even with the fulfillment of inequalities 

ωτε ≪ 1 , q2Dτε ≫ 1    (2) 

there are specific frequency dependencies in the sound absorption coefficient. Here 

q2D = qiqmDim , Dim is the electron diffusion tensor.  

 

2. Frequency Dependencies of the Sound Absorption Coefficient 

The conditions satisfying the inequality (2) can be fulfilled experimentally, but this 

has not been considered in theoretical studies [37-39]. In work [8], formulas are given 

that are appropriate for any size of ωτε parameters, but they are derived for the 

presence of electron temperature.  

At the same time, on the one hand, for the existence of these waves, the fulfillment of 

the following inequalities is required. 

ωτee ≪ 1 , q2Dτee ≪ 1     (3) 

Here τee -is the characteristic time of the interelectron collision. On the other hand, 

in the field of the existence of wave electron temperature, the specific connections of 

absorption and amplification disappear. We assume that the opposite of one of the (3) 

inequalities is fulfilled. We also consider its intensity to be small when we look at 

sound absorption and amplification. Then we can use the usual Fourier analysis and 

assume that all quantities are proportional to exp [i(q⃗ r − ωt)]. Using the elasticity 

equation and the Poisson equation and considering the interaction of sound with 

electrons to be piezoelectric, the law of dispersion for a sound wave can be written as 

[40]: 

ω2−ω0
2(q)

ω0
2(q)

= χ [1 +
4πe2

ε0q
2
K q⃗⃗ (ω)]

−1

   (4) 

Here χ =
4πβ2

ε0c с0

24




   - is the dimensionless constant of the electromechanical 

coupling, c -is the modulus of elasticity, β -is the piezo-module, ε0 -is the electrical 

absorption, ω0
2(q) = cq2/ρ , ρ -is the crystal density. The coefficient of sound 

absorption Г (4) is determined by the law of dispersion as Г = 2ImKq⃗⃗ (ω). Where 

K q⃗⃗ (ω) -is the response function of the electron concentration  nq to the variable 

electric field potential φq: 
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nq(ω) = −eφqK q⃗⃗ (ω)    (5) 

To determine this response function, we need to solve the kinetic equation for the 

electron distribution function fp⃗⃗ : 

fp⃗⃗ = f0(εp⃗⃗ , T) + fp⃗⃗ 
(1)

, 

here f0-is the equilibrium distribution function. This equation has the following 

appearance: 

(−iω + iq⃗ ν⃗ )fp⃗⃗ 
(1)

+ Îfp⃗⃗ 
(1) = i(q⃗ ν⃗ )eφq

df0

dεp⃗⃗ 
,  (6) 

 

3. Disequilibrium Surface Distribution For Constant Energy  

In (6) Î -is a linear collision operator. Fourier component of concentration n
k⃗⃗ 
 

nq(ω) =
2

(2πħ)3
= ∫d3 p⃗ fp⃗⃗ 

(1)
= ∫ dερ(ε)f̃(ε)

∞

0
   (7) 

Here ρ(ε) =
2

(2π−)3
∫d3 p⃗ δ(ε − εp⃗⃗ ) -is the density of states, and the function f(ε)  - is the 

disequilibrium part of the distribution function averaged over the constant energy 

surface of  

f̃(ε) =
2

(2πħ)3ρ(ε)
∫d3 p⃗ fp⃗⃗ 

(1)
δ(ε − εp⃗⃗ )    (8) 

It can easily be seen that the part of the distribution function that is symmetric on the 

momentum p⃗  depends only on the energy ε and corresponds to the function f̃(ε) 

[11].The equation (6)  for  f̃(ε) can be found by averaging over the constant energy and 

has the following appearance [7,9]: 

[−iω + q2D(εp⃗⃗ )]f̃ + 〈Îf〉 = q2D(εp⃗⃗ )eφk⃗⃗ 
df0

dεp⃗⃗ 
   (9) 

here 

D(εp⃗⃗ ) =
qiqm

q2
Dim(εp⃗⃗ ) , Dim(εp⃗⃗ ) = 〈νiÎ

−1νm〉 

Here the magnitude D(εp⃗⃗ ) has the meaning of the diffusion coefficient of the given 

energy electrons in k⃗  direction of wave vector. Let’s assume that electrons obey 

Boltzmann's statistics, and that the leading mechanism of energy relaxation is 

scattering in acoustic phonons. In this case [41] 

〈Î f〉 = −
π

2τε

1

√x
x2 (1 +

d

dx
) f̃(x)    (10) 

Here =
ε

T
 , T -is the temperature per unit of energy, 

τε =
π3/2ħ4ρ

4√2Ʌm3/2√T
     (11) 
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-relaxation time of electron energy, m- its effective mass, Ʌ- deformation potential 

constant. If the energy dependence of D(ε) assuming as the power function of D(ε) the 

equation (9) can be written as: 

[−iωτε
2

√π
x + q2Dτε

xu

Г(u+1)
−

d

dx
x2 (1 +

d

dx
)] f̃(x) = −

eφq

T
q2Dτε

xu

Г(u+1)
e−x  (13) 

The solution of this equation can be easily found in the cases q2Dτε ≫ 1 ,  ωτε ≪ 1. In 

this case, f̃(x) = Ce−x  , in which C is a constant, it is found by integrating (13) by x, 

and we get the usual hydrodynamic expression for Kq(ω) 

Kq(ω) =
n0q

2

Tγ2
[−iωτM + q2/γ2]−1    (14) 

Here n0-is the total concentration of electrons, γ2 = 4πe2n0/ε0T -is the inverse of the 

square of the Debye radius; τM =
ε0

4πσ
 - Maxwell time of relaxation; 

σ =  
en0qiqmμim

q2
; μim-is the velocity tensor of electrons. When condition (2) is satisfied, 

the abstract part of f is much smaller than its actual part. Therefore, when calculating 

the actual part of it, we can say that ω = 0, and it is possible not to take into account 

the energy relaxation. As a result, 

ReKq(ω) =
n0

T
    (15) 

If at this time it is u < 2, it is possible to find the abstract part of  Kq(ω) (13)by 

integrating ω without taking into account the relaxation of energy in phonons. In this 

case  

ImKq(ω) =
n0

T

ωτM

q2/γ2

Г(2−u)Г(1+u)

Г2(3/2)
   (16) 

as a result, we obtain the formula (11) of the work for the sound absorption coefficient 

[4]. If u ≥ 2 (u = 3  when scattering occurs in mixtures without a magnetic field, and 

u = 3   when scattering in acoustic phonons in a strong magnetic field) is written for 

ImKq(ω) the integral in the expression becomes distant, excluding the relaxation of 

energy. If we express Imf̃(x)  as  

Imf̃(x) = θ(x)e−x     (17) 

we can obtain the following equation from (13) 

xθ̈ + (2x − x2)θ̇ − αxuθ = β√x    (18) 

Here  

α =
q2Dτε

Г(1+u)
 ,  β =

2

√π

eφq

T
ωτε 

Since the differential operator is significant only at small values of x (parameter 

α ≫  1), the coefficient in front of θ̇ can be omitted x2 relative to 2 x. Then, by 

substituting θ = y the equation (18) can be reduced to following  
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ÿ − αxu−2y = βx−1/2    (19) 

The boundary conditions for this equation are determined by ∑ Îfp = 0p  and  

lim
x→∞

⌊xye−x⌋ = lim
x→0

⌊xye−x⌋ = 0    (20) 

The fundamental solutions of the homogeneous equation in (19) are the 

√xI1/u(2xu/2√α/u)and √xK1/u(2x
u/2√α/u) functions, where I , K are the modified 

functions of Bessel. Accordingly, the solution of (19) corresponding to the boundary 

conditions (20) can be written as follows: 

θ(x) =
uβ

2√x
[
I1/u(2xu/2√α/u)∫ dtK1/u(2xu/2√α/u) −

x

∞

−K1/u(2x
u/2√α/u)∫ dt

x

∞
I1/u(2xu/2√α/u)

].   (21) 

Since we have α ≫ 1, it is ImKq(ω) that connects θ(x)  with  

ImKq(ω) = −
2n0

T√π
∫ √x

∞

0
θ(x)e−xdx     (22) 

in the expression it will be possible to replace e−xwith A1, then it will be possible to 

find the connection of ImKq(ω) from the parameter α by bringing the corresponding 

integral to it in a measurable form. As a result, we will have 

ImKq(ω) =
n0

T

ωτM

q2/γ2
[q2Dτε]

(u−2)/2A1    (23) 

here  

A1 =
8

π
(

u

2Г(u+1)
)
2/u

∫ ξ
2−u

u K1

u

(ξ)dξ ∫ η
2−u

u I1
u

(η)dη
ξ

0

∞

0
    (24) 

 

4. The Increase In Sound At The External Electric Field  

Now let us look at the increase in sound at the external electric field E. In this work, 

we do not take into account the phenomenon of statistical heating of conductive 

electrons in such a field, and assume that the condition (qvd)τε ≪ 1  is fulfilled. Where 

vd − is the drift velocity of the electrons in the external electric field vi
d = μikEk. The 

external field can be taken into account in addition to the right side of equation (9) if 

the given condition is satisfied 
ieqiEk

√ε

df0

dε

d

dε
(√εDik(ε))    (25) 

The results obtained depend significantly on whether the energy bonds of the 

combinations qiEkDik(ε) and q2D(ε) are the same or different. In the absence of a 

magnetic field, as well as in the presence of a strong magnet (v⃗ d‖⃦q⃗ ‖⃦𝐇⃗⃗  and v⃗ d‖⃦q⃗ ⊥  𝐇⃗⃗  

when the Hall contacts are closed), such connections are the same. In practice, this 

case is considered in [4]. The value of the electric field added to ImKq(ω) will be equal 

to the following  
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−
n0

T
(q⃗ ∙ v⃗ d) ∙ A2 , A2 = 2u .    (26) 

In a strong magnetic field (v   ^ d ‖ ⃦q  ⊥H   and when the Hall contacts are 

disconnected) qiEkDik(ε) gives the main contribution to the combination the 

nondiagonal part of the diffusion tensor proportional to ε. In this case, except for 

scattering in acoustic phonons, the small range of energy values is not highlighted. 

The percentage of electric field is determined by the expression (26), in which 

A2 =
3

2
Г(1 + u)Г(2 − u)    (27) 

However, during the relaxation of electron pulses in deformation-acoustic phonons, 

the strong magnetic field is u = 2 (s = −1/2)and a small energy field is highlighted. 

In this case, in order to calculate the contribution of the electric field to the abstract 

part of the response function, the same must be taken into account here as the 

relaxation of energy in sound absorption. The contribution of the electric field to 

ImKq(ω) is carried out by replacing ω with(−q⃗ v⃗ d) ∙
3√π

4
 in the expression (23).  

 

5. Conclusion  

In the summary section of our work we present the formulas for the coefficient of 

sound absorption (amplification) for the cases that are not considered in the articles 

[3-5]. 

u ≥ 2 , H = 0, as well as a strong magnetic field (in the case of 𝐇⃗⃗ ⊥ q⃗ ‖⃦v⃗ dand 𝐇⃗⃗ ‖⃦q⃗ ‖⃦v⃗ d  

when the Hall contacts are closed) 

Г = χq(1 + q2/γ2)−2⌊ωA1(q
2Dτε)⌋τM    (28) 

 When u = 2 (acoustic scattering in a strong magnetic field 𝐇⃗⃗ ⊥ q⃗ ‖⃦v⃗ d and when Hall 

contacts are disconnected)  

Г = χq (1 +
q2

γ2)
−2

A1 [ω −
3√π

4
(q⃗ v⃗ d)] τM    (29) 

When u < 2 (in the case of a strong magnetic field 𝐇⃗⃗ ⊥ q⃗ ‖⃦v⃗ dand when the Hall 

contacts are disconnected) 

Г = χq
4

π
(1 +

q2

γ2)
−2

Г(u + 1)Г(2 − u) [ω −
3√π

4
(q⃗ v⃗ d)] τM  (30) 

The formulas given in (28-30) are drastically different from the formulas in 

hydrodynamic theory. It can be seen from them that the threshold of amplification at 

the frequencies seen in the study is generally frequency-dependent, the appearance of 

such a coupling is determined by the predominant mechanism of electron pulse 

relaxation. The study of the absorption and amplification of ultrasound in the 

frequencies we are looking at in transmitters is, in our view, a very effective method  
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of studying kinetic phenomena in such materials. It should be noted that the results 

of this study, together with the results of the study in [42-47], fully cover the 

experimental cases that can be carried out in high-speed semiconductors. 
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