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A Bommel-Dransfeld technique is used to analyse the frequency spectrum in GaAs acousto­
electric domains up to 8 GHz. Parametric frequency conversion is found to be only dominant at 
the very onset of domain formation. In the strongly nonlinear regime, the amplified noise is mainly 
concentrated around the shifting frequency of maximum nonlinear gain. The shift of the maximum 
gain frequency is generally discussed by a theory of nonlinear ultrasound amplification. An 
evaluation of the measured frequency shifts by this theory leads to the simple relation \x\ ~  2 y  
between the domain electric field and the bunching rate.

1. Introduction

From Brillouin scattering studies 1-3 and current 
noise measurements 4 it is known that the frequency 
distribution of highly amplified vibrational noise in 
acoustoelectric domains has maxima different from 
the frequency com of maximum linear gain 5> 6. These 
peaks have been explained by parametric amplifica­
tion of subharmonic acoustic w aves7) 8. On the 
other hand an indication of a continuous shift of 
maximum gain frequency has also been observed 
in the nonlinear regime 3> 4.

Using a Bömmel-Dransfeld technique9 a new 
frequency analysis of the vibrations involved in an 
acoustoelectric domain up to 8 GHz is measured for 
GaAs. The different development with time of para­
metric processes and nonlinear effects in the ampli­
fication process could be resolved. In particular, the 
shift of the frequency of maximum gain has been 
detected and has been evaluated by a nonlinear 
theory 10. The results leads to new ideas on the de­
velopment of the domain frequency spectrum.

2. Experim ental Technique and Results

A rod 1 x 1 x 10.8 mm was cut along the [110] crys­
tal direction from a 1.5 Q  cm oxygen-doped GaAs ma­
terial purchased from Monsanto Chemicals. The end
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faces were polished optically flat and paralle l. In-Te 
contacts were alloyed to the side faces close to the end 
faces in order to obtain approxim ately a homogeneous 
voltage drop down the rod. A h igh  voltage pulse was 
applied to obtain travelling acoustic domains in the 
rod. A B öm m el-D r a n sf e l d  m eth o d 9 was used to de­
tect the acoustic waves reflected at the flat end face of 
the specimen. The frequency spectrum , therefore, is 
m easured a t the tim e when the domain hits the end 
face of the specimen. In  order to obtain different 
growth stages for the domain a t this definite poin t of 
the specimen the applied  voltage was varied between 
700 and 750 V. Besides this the same sam pling tech­
nique to analyse the frequency spectrum  of the pulsed 
signals was used as described in the previous paper 11.

A typical result for a frequency spectrum is shown 
in Fig. 1 . The nonlinear deviation from the ohmic 
current AI  =  1.1 A is used as a measure for the state 
of the nonlinearity. In intervals of 2 GHz different 
attenuators have been applied to avoid nonlinear 
effects in the detection unit of the frequency ana­
lyser. The power scale, therefore, must be multi­
plied by this attenuation factors if one compares the 
magnitude of the peaks in different frequency ran­
ges. The shifted frequency vm of maximum acoustic 
power is observed at a frequency 2.5 GHz. All the 
other observed peaks are not related to this fre­
quency but to the frequency of maximum linear 
gain at 3 .6  GHz which could not be detected, being
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Fig. 1. Acoustic noise spectrum in the frequency range 0 to 8 GHz taken during domain formation at nonlinear current
deviation A 7=1.1 A.

in the same interval 2 — 4 GHz as the strong shifted 
peak at 2.5 GHz. As marked in the spectrum, peaks 
are observed at the subharmonic frequencies vm/2,  
vm/3,  and vm/4> to the frequency of maximum linear 
gain. Note that there also is a strong peak observed 
at f  vm which can only be explained by mode-mixing 
of the fundamental frequency vm with the subhar­
monic vm/2.  The second harmonic is also observed 
at 7.2 GHz. No frequency shift could be detected 
for all these peaks. Only the small peak at 5 GHz 
follows the shift of the main peak and can thus be 
explained as second harmonic of the main frequen­
cy peak.

3. Discussion of the Experimental Results

The following interpretation for this behaviour 
of the frequency spectrum is suggested. At very 
early stages of domain formation the frequency of 
maximum linear net gain is negligibly shifted but 
pumps energy into subharmonic acoustic waves 
which again mix with the fundamental frequency 
to form the observed peaks at rational multiples of 
the linear fundamental frequencies. At a further de­
veloped stage of the domain the power of acoustic 
waves at frequency of maximum gain reaches a level 
at which the concentration nonlinearity causes three 
different effects:

1. The well-known shift of the frequency of maxi­
mum gain.

2. The saturation of harmonic generation.

3. A reduction of subharmonic generation n .
At the more developed stage of the domain the 

noise peak at the frequency of maximum gain thus 
loses the coupling to the pumped subharmonics 
which from this time on propagate freely to the end 
surface where they are detected. This decoupling 
might be a consequence of the break-down of the 
Manley-Rowe relation which is inappropriate for a

highly active medium *. Because of 2. only a small 
peak is observed at the harmonic frequency of the 
shifted peak. The spectrum thus consists of two 
superposed spectra of acoustic waves which have 
been formed at two different intervals of time dur­
ing the development of the domain. The many peaks 
of acoustic power at rational multiples o f the fre­
quency of maximum linear net gain are formed at

Noise 
Power 
[o.uJ

Fig. 2. Sequence of noise spectra showing the shift of the fre­
quency of maximum gain. The parameter varied is the non­
linear current deviation A j .  The electronic attenuation used 

is also given.
a) A ] = \ . \  A, Attenuation = —20 dB,
b) Zl/ =  1.2 A, Attenuation = —20 dB,
c) Zl7 =  1 -0 A, Attenuation = —20 dB,
d) /17=0.75A, Attenuation = — 10 dB.

* During domain formation the activity of the medium rises 
rapidly from a situation l ^ l / ^ T F ^ l  to i ^ l / ^ T F ^ l  
(see Sects. 4 and 5). In the latter regime, the Manley-Rowe 
relation is inappropriate. The authors owe this remark to 
H. G. Reik.

2.0 30 £.0 
-----— v [GHz]
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an early growth stage of the domain. At the further 
developed stage these waves propagate freely while 
the frequency of maximum gain is shifted due to 
the concentration nonlinearity. The main power is 
then concentrated in this frequency.

In Figs. 2 a — 2 d successive shifts of the funda­
mental frequency peak are shown for several stages 
of the domain growth which is  indicated by the 
magnitude AI  of the deviation from the ohmic cur­
rent. In Fig. 3 the frequency shift is plotted as a

Fig. 3. Measured frequency of maximum nonlinear gain vm 
as a function of the nonlinear current deviation A j .

function of the nonlinear current deviation AI. The 
frequency shift is almost linear. An extrapolation 
to the linear situation AI =  0 leads to the frequency 
3.6 GHz for maximum linear net gain. The shifted 
frequencies are assumed to be frequencies of maxi­
mum nonlinear gain. This quantitative measurement 
of the frequency shift can then be inserted into a 
nonlinear theory to obtain a relation for domain 
parameters.

4. Theory

The subject of the frequencies of maximum non­
linear gain has been dealt with in various theories 
of nonlinear ultrasonic wave amplification 10,12~ 15.

From the practical point of view, one would like 
to have a complete numerical account of the values 
of d>m . Such an account has been given by B u t c h e r

and O g g  12 for their theory. For the theory in 
R e f.10, this will be done here.

The following analysis utilizes the dielectric for­
mulation of Ref. 10. It was shown that the nonlinear 
response of a collision-dominated solid state plasma 
is given by the dielectric function

1 7i _ ix (2 i y)
£nl =  1 +  (&TF— 1 ) 7i y  J - i x ( 2 i y ) ( 1 )

Here, 2 y  is the normalized amplitude of the poten­
tial variation

dcp =  y  k T  exp{ i  Q x  — i co t }  + c .  c.

£tf is the Thomas-Fermi dielectric constant and the 
/ ’s are Bessel-functions. The activity parameter /  is 
given by % =  (1 — v& Q/co) m* co/(k T r  Q2) where 
m* and r are effective mass and conductivity re­
laxation time of the electrons, respectively. v& is the 
electron drift velocity. The nonlinear temporal gain 
a of an ultrasonic wave then is written

a = K 2 oo 4- Im —
I £nl (2 )

K 2 is the electro-mechanical coupling-constant. Vary­
ing the frequency {m =  Q v8) and keeping the am­
plitude 2 y  fixed, the frequency d)m of maximum 
nonlinear gain is found from the unique nontrivial 
root with respect to the variable & t f —  1 =  ( ® m / ® ) 2 

of the equation

3 fnl —  2 + / ( d / d x )  «nlIm
«nr

=  0 . (3)

In Fig. 4, the computed values of ü>m/com are plot­
ted as a function of the remaining parameters in­
volved in £ni . As the activity parameter x depends 
on ä)m the quantity Xm is used instead of x :

cod (4)

coD =  v 2/D  is the diffusion frequency.
From Fig. 4, three regions a, b, and c may be 

distinguished. In region a, for small drift velocities 
or more precisely for Xm2 ^  2 y ,  the values of 
&>m/a)m are functions of 2 y  only. For 2 y  ^ 1 0 ,  
a simple power law cöm/a>m =  (y)  _1/s is valid. Such 
a relation has been proposed earlier in Ref. 12. This 
equation follows from Eq. (3) by the appropriate 
asymptotic expansion of the Bessel-functions in 
Eq. (2 ).

12 P. N. B u tc h e r  and N. R. Ogg, Brit. J. Phys. C 3, 706 14 B. K. Ridley, Brit. J. Phys. C 3, 935 [1970].
[1970]. 15 R. K. L. Gay and H. L. H a r tn a g e l, Brit. J. Phys. D 3,

13 Yu. V. G ulayev, Sov. Phys. Sol. State 12, 328 [1970]. 736 [1970].
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Fig. 4. Reduced frequency of maximum nonlinear gain as a 
function of the activity parameter £m= ( l  — v&/vs) Wß/wm > 

and the potential ratio 2 y .

The transition region b is roughly given by 
Xm2 2 y .  A simple analytic formula has not been 
found for it.

Region c is  readied for ^m2> 2 ? / > 4 .  In this 
region, the semi-logarithmic plot of Fig. 4 shows an 
exponential increase of cöm/com with log | Xm | • 
A more detailed analysis results in the simple re­
lation

^mA^m | Xm |/2  y  .

Because of Eq. (4) this is equivalent to

U l = 2 y .

This has been found earlier10 to be the location of 
gain maxima as a function of intensity. Here, it 
turns out, that this relation is valid for frequencies 
of maximum nonlinear gain. It is noted, that a re­
lation \ x \ ~ 2 y  is also valid for smaller potential 
ratios than those required for region c in a small 
strip extending slightly above the line Xm2 =  .

5. Quantitative Evaluation of the Theory

For a direct comparison of the experimental re­
sults with the theory, the local dc electric field and
the intensity of the shifted fundamental must be
known. The local electric field can be deduced from
the domain form, using the measured values of the

nonlinear deviation o f the specimen current, but 
the equivalent potential ratio 2 y  is not available. 
The theory, therefore, is used to calculate this po­
tential ratio by inserting the measured values of the 
frequency shift. The result of this procedure will be 
a relation between the local field, the shifted fre­
quency and the bundling rate.

At first, the specimen data are compiled (n0 elec­
tron concentration, T  lattice temperature, fx electron 
mobility, v s shear wave sound velocity, a)m fre­
quency of maximum linear gain, Fsync  ̂ syn ch ron ­
ous electric field, coD diffusion frequency, RQ ohmic 
resistence, L sample length between contacts, U vol­
tage across the sample, respectively):

Sample
GaAs G2/1322

n0 =  9 -1 0 14 cm- 3 ;
^ =  6700 cm2 V-1 s- 1 ; 
v8 =  3.35 • 105 cm s_1; 

0)0 =  8' 108 s“ 1;
L =  1.08 cm;

T =  300 °K;
•fsynch =  50 V cm “ 1; 

ft>m = 2.4-1010 s- 1 ; 
Ra =  390 ß ;

£/ =  700 to 750 V.

It is noted that in  our case (Q I) <  10_1, where Q 
is the sound wave number and I is the electron 
mean free path, respectively. Thus, hydrodynamic 
theories of sound amplification are appropriate and 
ft)m is calculated from the Hutson-White theory 5> 6. 
The corresponding frequency is 3.8 GHz while the 
frequency of maximum linear net gain was deduced 
from the experiments to be 3.6 GHz. The 5 per cent 
downward shift is due to the nonelectronic loss. 
This loss is estimated to be 1 • 106 s —1 at 3 .6  GHz in 
accord with the measured acoustoelectric current 
saturation and noise reduction measurements in 
Ref. 16. This attenuation value corresponds to a v1A 
extrapolation of K e l l e r  and A b e le s ’s 17 attenuation 
value 2 dB/cm at 0.63 GHz. These data are in ac­
cord with the above downward shift of the order of
5 per cent.

During the process of domain formation the gain 
is always large so that with decreasing frequency 
the influence of the nonelectronic loss on the down­
ward shift should be less than 5 per cent. The non­
electronic loss will therefore be neglected in the 
following.

For the calculation of the local dc electric field 
a simple rectangular domain form of width AL  is 
assumed. In this model, the correction Ax  inside

16 M . S c h u l z , to  b e  p u b l is h e d . 17 K. R. K e l l e r  and B. A b e l e s , J. A p p l. Phys. 37, 1937
[1966].
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the domain to the externally given value xext is 
found to be

AX = -  —  R RQ ( } T A c o t 's  \ A L  L I

Inserting the presented specimen data this formula 
reduces to

A 4.2-1010 A t . AA x - - — Ml As

for a domain width of 0 .13  cm.
In Table 1, , x-> Xm > and 2 y  are compiled.

d)m is taken from Fig. 3. x  and Xm are calculated by 
the above equation. Using the theoretical curves of 
Fig. 4  the potential ratio 2 y  is determined for 
various domain growth stages.

Table 1.

A J  [A] <Sm ![s-‘J wm 7 Xm 2 y anl [s'1] aiin Ls-*j

0 2,27 .lOio 0.95 - 0 .5 - 0 .5 0 1.0 •107 1.0 •107
0.6 1.90 •1010 0.79 - 1.8 - 1 .4 1.9 1.6 •107 2.0 •107
0.8 1.76 * 10*o 0.73 -2 .5 - 1.8 2.5 1.7 •107 2.2 •107
1.0 1.64 ■ 10*o 0.67 - 3 .2 - 2.2 3.3 1.6 •107 2.1 •107
1.2 1.52 * IO*0 0.62 - 4 .0 - 2.6 4.0 1.1 •107 2.0 •107
1.4 1.41 •1010 0.58 - 5 .0 - 2 .9 5.0 0.9 •107 1.9 •107

For information, the values of the nonlinear elec­
tronic gain computed by the theory in Ref. 10 and 
the linear gain in the /j, ^ -m o d e l18 are given in the 
last two columns. The large nonlinear gains allow 
the noise distribution to adjust itself to the variable 
frequencies <5m o f maximum gain.

From the results of Table 1 it is seen, that a 
relation

U N 2 y

18 A. M any and I. B alberg , Phys. Letters 24 A, 705 [1967].

is always valid for the shifted fundamental fre­
quency. The above result is only weakly dependent 
on the domain width AL  within reasonable margins. 
The absolute values of x  and 2 y ,  however, strongly 
depend on AL.

6. Conclusions

From the presented results, the following model 
for the behaviour of acoustic frequencies involved 
in an acoustoelectric domain is suggested. During 
the very onset of domain formation the concentra­
tion nonlinearity weakly couples the acoustic wave 
at frequency o f maximum linear gain to a wide 
variety of rational multiples of the fundamental 
frequency. Energy is pumped into subharmonic 
acoustic waves and mode-mixing with the funda­
mental frequency transfers energy into rational mul­
tiple frequencies.

In the strongly nonlinear regime the fundamental 
acoustic waves themselves are affected by the con­
centration nonlinearity. This results in  a decoupling 
of the parametrically amplified signals and leads to 
a continuous downward shift in frequency of the 
amplified noise. The local domain field, the shifted 
frequency and the acoustic power at this frequency 
are related by !^ |ä ? 2 y .  This relation seems to be 
generally valid. It has also been found valid for a 
single frequency domain n , where the power is only 
related to the electric field because in that case the 
frequency is fixed.
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