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Experiments on bismuth were performed and a theory was developed for the 
magnetoacoustoelectronic instabilities due to the simultaneous action of a constant and a 
microwave electric field. The I-V characteristics of bismuth plates in a strong magnetic field 
have two kinks. One is due to phonon generation near the plate surface, and the other to 
phonon generation in the bulk. The second kink vanishes when the sample is irradiated with a 
microwave electromagnetic field of frequency o z 10 GHz. This means that the 
electromagnetic field suppresses phonon generation by the supersonic Hall flux of the carriers. 
It is shown that this suppression comes into play earliest at frequencies somewhat higher than 
that of the pump. The constant field E, in turn, suppresses the threshold second-harmonic 
generation produced by hypersound amplification at the frequency w at high amplitude of the 
microwave field. This is attributed to the Doppler shift of the frequencies at which the sound 
damping due to the pumping is negative. 

1. INTRODUCTION unity (v: and E : are there threshold values of the ampli- 

When the drift velocity v, of the carriers in a crystal 
reaches the sound velocity, an acoustoelectronic instability 
is produced and leads to phonon generation. This effect was 
first observed by Hutson et al.' for CdS in strong electric 
fields. In a field El =sm/er, when the drift velocity 
vLE) = Eer/m reached s, a kink appeared on the I- V charac- 
teristic and decreased its slope (e and m are the charge and 
mass of the carriers, r is the momentum relaxation time). 
Esaki2 observed in bismuth a kink on the I- V characteristic 
in crossed electric ( E )  and magnetic (H) fields, in a field E2 
in which the sound velocity reached the Hall drift velocity 
v:~) = cE /H. At vLH) > s the characteristic became steeper. 

The theory of these instabilities is usually constructed 
in the magnetohydrodynamic approximation for an elec- 
tron-hole plasma with allowance for the interaction between 
the carrier system and the lattice (see, e.g., the reviews3v4). 
At v, > s the damping y of the sound excitations in the lattice 
becomes negative, so that their amplitude increases. 

The presence of a constant drift vLH)>s increases 
strongly the nonlinear response of the bismuth at high fre- 
quencies w (Ref. 5) .  Experiments at a frequency w/27~=: 10 
GHz have shown that this effect is due to amplification of 
the hypersound at the frequency w, =:w. On the other hand, 
without a constant drift but at sufficiently high electromag- 
netic-wave amplitude E,, the threshold phenomena in the 
nonlinear response of liquid are also weaker, particularly in 
second-harmonic generati~n.~,' As shown in Ref. 8, these 
threshold phenomena are also connected with an acousto- 
electronic instability, albeit a somewhat different one than in 
the case of constant drift. In this case the phonons are gener- 
ated as a result of parametric instability. The instability 
threshold is governed by the damping level in the phonon 
system. Therefore, even though s remains the characteristic 
scale of the oscillation amplitude of the drift velocity v, , the 
ratio u:/s = E :/EZ can be smaller as well as larger than 

tudes u, and E, ) . 
Our main purpose here was to investigate the joint ac- 

tion of two strong electric fields--constant (E) and alternat- 
ing (E, ). It turned out that such an action of parallel fields 
E and E, did not enhance the nonlinear phenomena, as 
might be expected, but weakened them. It can be seen from 
Fig. 1 that two manifestations of this weakening are ob- 
served. Increasing the amplitude E, to values comparable 
with but still weaker than E, causes the kink in field E, to 
vanish. On the other hand, application of a sufficiently 
strong constant field suppresses the second-harmonic gener- 
ation, i.e., according to Ref. 8, the generation and amplifica- 
tion of the hypersound. 

In addition, we report and discuss briefly two inciden- 
tally observed experimental facts. The I-Vcharacteristics of 
bismuth plates cast in quartz molds exhibited in strong mag- 
netic field an additional kink in a field El < E2. We shall 
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show that this kink is due to phonon generation in the sub- 
surface layer of the bismuth plate. Near the field El there is 
also observed a second-harmonic spike, just as near the field 
E,. Its appearance, however, calls for a somewhat higher 
irradiation power P, . 

After a brief discussion of some procedural problems, 
we report in the first two sections of the article the experi- 
mental results. In Sec. 3 we describe the I- Vcharacteristic of 
bismuth, first in the absence and next in the presence of irra- 
diation. We discuss here all the ideas concerning the nature 
of the kink in the field E l ,  and return no more to this ques- 
tion. In Sec. 4 are reported the experimental data on the 
influence of the constant field E on the second-harmonic 
generation. This is followed in Sec. 5 by a theoretical model 
that describes the joint action of the constant and microwave 
electric fields. In the concluding part of the article we discuss 
from a point of view of this model all the experimental re- 
sults connected with the presence of microwave irradiation. 

2. EXPERIMENT 

A bismuth sample measuring 18 x 6 x 0.4 mm was irra- 
diated through a diaphragm of 4  mm diameter by an electro- 
magnetic field of frequency w / 2 r  = 9.1 GHz. In addition, 
direct current J was made to flow through the sample, i.e., a 
constant field E was applied (see the inset of Fig. 2 ) .  To 
prevent overheating, both fields were applied in pulses. It 
was possible to vary the durations of both pulses and to shift 
one relative to the other. We measured the I- Vcharacteristic 
and the second-harmonic power generated by the sample. 
The experimental setup is described in detail in Refs. 5  and 8. 

In strong magnetic fields H Z  40 kOe the length of the 
magnetoplasma wave at 10 GHz is so large that it exceeds 
double the plate thickness 2 d z 0 . 8  mm. Under these condi- 
tions the electromagnetic-wave field in the sample can be 
regarded as uniform and can be estimated from the simple 
relation E, z c H ,  = ( Va / c ) H ,  ( Va is the velocity of the 
magnetoplasma wave). The magnetic field H ,  is specified in 

the experiment (it does not depend on the sample impedance 
6) and is determined by the resonator figure of merit 
Q z  lo3, by its mode (TE, , ,  ), and by the incident power P, . 
Knowing these values, we can determine the electric field E, 
in the sample at an accuracy we estimate to be 50%. 

The bismuth sample was cast in a demountable quartz 
mold. No additional surface treatment was used. This sam- 
ple was used in Ref. 8  and assigned there the number 1 .  

All the experiments were performed at 4.2 K. 

3. CURRENT-VOLTAGE CHARACTERISTIC OF BISMUTH 

The solid line in Fig. 2  shows the I- V characteristic of 
the bismuth prior to exposure to the electromagnetic field. It 
has two kinks. The one on the right side was observed many 
times, starting with Refs. 2 and 9. When the field His  varied, 
this kink shifts in accordance with the formula E, = (s/c) H.  
The E, kink is preceded by a kink of opposite sign in a field 
El < E,, similar to that observed in CdS without a magnetic 
field. ' The position of the El kink depends little on H, but in 
weak fields it is less pronounced and is hard to distinguish 
against the background ofE, kink that shifts with decreasing 
H towards weaker electric fields. Control experiments with a 
magnetic field Hlln along the normal to the surface have 
shown that at this field configuration the El kink vanishes 
but the E, kink remains. 

Figure 3 shows the process of establishment of the sta- 
tionary value of the current. It can be seen that the time 
connected with the El kink is at least half the settling time at 
E > E,. It is nevertheless still of the order of several microse- 
conds, both in the Esaki effect9 and in CdS.' The damping of 
the current after the drawing field is turned off also recalls 
the analogous process in CdS." 

All the characteristics of the kink of El (the sign of the 
change of the resistance past the kink, the current settling 

I I I . /  I 
0 1 2 3 t, psec 

FIG. 2. Dependences of the current through the sample on the applied 
electric field E without irradiation (solid curve) and under conditions of FIG. 3. Time dependence of current flowing through the sample at differ- 
microwave irradiation '(dashed), H = 60 kOe. Thedashed linein the inset ent values of E. The scales along the Jaxis are chosen such that the pulse 
shows the sample region irradiated by the microwave field. sizes are approximately equal; H = 60 kOe, Em = 0. 
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times, the sign of the residual current after turning off the 
drawing field) are reminiscent of the CdS kink. 

According to Ref. 11, one of the variants of the static 
skin effect" is realized in bismuth in a magnetic field Hln. 
First, owing to the collisions with the surface, the displace- 
ments of the electrons along E directly at the surface are 
substantially stronger than in the bulk. Second, owing to the 
relatively low probability of the intervalley transitions (of 
the electron-hole recombination), I/?< 1/r, the drift of the 
electrons and of the holes viH) leads to a carrier-density gra- 
dient at the surface.13 As a result, the current is concentrated 
in a layer h ZR ( ? / T ) " ~  at the bismuth surface (R is the 
Larmor radius). According to measurements," (?/ 
T ) " ~ z  10, SO that in fields H z 5 0  kOe we have h~ 
10W5 cm. Using the value of the critical current from Fig. 2 
( J ~ 2 . 5  A) and the known carrier density in bismuth, we 
find that the condition vLE) z s  is indeed realized in a field 
EzE, .  

In Ref. 2, and also in later experiments (e.g., Refs. 9 and 
14), the E l  kink could not be observed for a number of rea- 
sons. First, the samples used in these experiments were cut 
by the electric-spark method, so that mechanical defects 
could make the intervalley scattering ?zr  strong on the sur- 
face layer. Second, weaker magnetic fields were used in a 
number of cases. Third, the field E l  might have been aniso- 
tropic and strongly dependent on the n direction. Influence 
of the irradiation. The dashed curve in Fig. 2 shows the influ- 
ence of the irradiation on the I- V characteristic. The micro- 
wave field did not manifest itself in this characteristic in the 
region E- El ,  but did straighten out the kink at E > E2. The 
same effect can be tracked also in Fig. 4. At E, < E < E2 a 
field E, z 3 0  V/cm does not affect the current J (lower 
pulse), but at larger E the same high-frequency field alters J 
(upper pulse). 

D 5 10 t, psec 

FIG. 4. Influence of microwave irradiation on the time dependence of the 
current flowing through the sample at different values of E; Em -30 V/ 
cm, H = 60 kOe. 

Figure 4 excludes the possibility of attributing this in- 
fluence to a change of the transverse conductivity a,, 
through heating of the crystal or of the carrier system by the 
field E, . Heating of the carrier system should increase rath- 
e/r than decrease a,, (T) in a magnetic field, in view of the 
increase of the collision frequency l/r, and should have ap- 
peared on the lower curve, since both kinks are equally sensi- 
tive to temperature. Furthermore, processes that heat the 
entire crystal should lead to longer transient characteristics 
than observed in experiment (Fig. 4).  

4. SECOND-HARMONIC GENERATION 

It was shown in Refs. 5 and 8 that harmonic generation 
in the presence of a field B> B2, or without a field B but in a 
strong electromagnetic field Em,  proceeds in the same man- 
ner: the electromagnetic wave incident on the surface initi- 
ates a sound wave of frequency w (Ref. 15 ); owing to the 
acoustoelectronic instability, the sound is amplified and is 
transformed into higher acoustic harmonics; hypersonic 
waves of multiple frequencies are again transformed into 
electromagnetic ones. 

We report in this section the results of experiments on 
second-harmonic generation under simultaneous action of 
two fields, E and Em.  The experimental curves are shown in 
Figs. 5 and 6. It can be seen from both figures that at small 
E, (Em ~ 0 . 3  V/cm) generation takes place only at E >  E2 
(the difference in the position of the generation peak on the 
E scale is due to the difference in the values of the constant 
field H). Increasing the amplitude E, leads to the appear- 
ance of an additional generation peak on the first kink EzE, 
(Fig. 5). 

If Em > E 2, harmonic generation sets in at E = 0. The 
electric field E changes the generation threshold. An exam- 
ple of such a change is shown in Fig. 7; the threshold is first 
lowered, and then begins to rise rapidly. The rise of the 

FIG. 5 .  Dependence of the second-harmonic power P,, on E a t  various 
amplitudes Em.  Both curves were plotted for equal sensitivity of the re- 
ceiving channel at the frequency 2w. To compare the positions of the 
generation flashes the figure shows also the I -V  characteristic; H = 60 
kOe. 
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eous (k = 0) electromagnetic pumping. It turned out that 
pumping near frequencies nw that are multiples of the pump 
frequency gives rise to narrow frequency regions 

in which the sound damping rate is negative, y < 0. 
Let us generalize the solution given in Ref. 8, by intro- 

ducing besides the alternating carrier drift with velocity 
u, cos wt =c(E,/H)cos wt also a constant drift in the 
same direction, with velocity 

The electromagnetic pumping is assumed homogeneous as 
before. We define the moving coordinate frame introduced 

FIG. 6. Suppression of the parametric excitation of hypersound and of the in the course of the solution as harmonic generation by a constant electric field (curve at E, = 20 V/ 
cm); H = 45 kOe. For comparison, a plot of P,, (E)  is shown for small e= y-vdt- ( v , / o )  sin a t ,  
Em. The inset shows the time to elapsed from the start of the pulse and the ( 3  
instant when the power was measured. 

where y is the coordinate in the immobile system along the 
axis yllv, llv, 1H. The sound wave 

threshold means that the second-harmonic power P,, de- 
creases at a fixed pump level. This decrease of P,, on intro- 
duction of the field E is demonstrated in Fig. 6 at a pump 
level E, = 20 V/cm. 

Thus, at low pump amplitude the P,, generation takes 
place only at EzE2.' One more generation region appears 
next-near E,. Finally, the maximum generation level for 
the largest pump amplitude E, takes place at E = 0, and E, 
decreases with increase of E. 

5. THEORY 

A coupled system of equations for a magnetized elec- 
tron-hole plasma in a neutral lattice was derived in Ref. 8. It 
is applicable in a sufficiently strong magnetic field: qR 4 1 
and Sl) w ) 1/r, where fl and R are the cyclotron frequency 
and the radius, while q is the wave vector of the transverse 
magnetic field. This system was solved in Ref. 8 to investi- 
gate acoustic instabilities in the presence of strong homogen- 

u= (u,,/2) exp i (qy-oat)  (4 )  

is transformed in the new coordinate system into 

u'= (uqo/2) exp (igq) exp i[ (qvd-as) t+ (qualm) sin at] .  
( 5  

Following next the procedure of Ref. 8 and using Ref. 16, we 
obtain the sound-wave damping (4) in the form - 

where N is the equilibrium carrier density, Q the arithmetic 
mean of the electron and hold deformation potentials, m and 
u, the electron mass and Fermi velocity, andp the bismuth 
density. 

It follows from (6)  that the set of frequencies near 
which the sound damping by the pump becomes negative, 
undergoes a Doppler shift 

6. DISCUSSION 

Linearization of the current-voltage characteristic. For 
sound frequencies 

Eq. (6) can be written in the form 

FIG. 7. Dependence of the threshold E on the constant field E; H = 46 
kOe. where 
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We are interested in the region above the kink of the I-V 
characteristic, where p < 0 and I plz0.1--0.5. If there is no 
pump, (8)  goes over into the known equation that describes 
the acoustoelectronic instability in crossed The co- 
efficient y is negative in the entire frequency band (qR < 1, 
i.e., w, < w,,,, = (s/vF ) R),  where the effective electron- 
phonon interaction is produced. The kink is due to phonom 
emission in the entire frequency interval from zero to w,,,, 
and the largest contribution is made by high-frequency 
phonons that acquire a maximum momentum from the elec- 
tron system. 

In our case 

0, -=oil pl= (2-10) 0, 

so that Eq. (8) can be used for the entire frequency interval 
from 0 to w, ,,, . It can be seen from (8)  that turning-on the 
pump suppresses the instability in fact at the high frequen- 
cies. For example, for the experimental curve on Fig. 2 we 
have v,/sz0.5, and p = - 0.3 corresponds to the point 
with the abscissa 100 V/cm. According to (8),  the high- 
frequency pump decreases 1 yl under these conditions by ap- 
proximately 15% at the frequency w, = w, by more than a 
factor of two at w, = 2w, and the coefficient y becomes posi- 
tive at w, > 2.5 w. 

Figure 2 contains one more important experimental 
fact: low frequency pumping had no effect whatever on the 
kink in the field El .  We assume that this difference in the 
action of the pump on different sections of the I- Vcharacter- 
istic is due to differences in the modulation depth P of the 
drift velocity. The buildup time of the velocity v:H) is very 
short, of the order of R- ' (w - I .  Therefore the relative mo- 
dulation depth i s 0  = L ~ , / v ~ ~ )  = E,/E. The buildup time of 
the subsurface current, determined by diffusion and inter- 
band recombination, is equal tor ,  =: (Fr) "')w-'. This de- 
creasep by a factor a r , ,  i.e., at least by two orders. 

Suppression of harmonic generation. The negative 
sound damping near the pump frequency is determined by 
the term having n = 1 in the sum of ( 6 ) .  The maximum 
instability growth rate - y, is realized at the frequency 

which is less than w at v, = 0, and then increases rapidly 
with increasing v,. The initiating sound wave that is ampli- 
fied in our experiments has a frequency w. This means that 
the Doppler shift of the frequency w,, first improves the 

agreement between the initiating sound and the natural fre- 
quency of the hypersound amplifier, and then causes a com- 
plete mismatch between them at v,/s > vl/o. At a small val- 
ue of v,/w, i.e., in stronger fields H, the initial growth of the 
gain may even not set in. All these conclusions are in fact 
confirmed by the experimental curves in Fig. 6 and 7. 

The foregoing explanations confirm once more the cor- 
rectness of the initial assumption formulated in [8] : second- 
harmonic generation is due precisely to amplification of 
weak sound at a frequency w, generated on the surface, and 
not to generation of sound in the bulk in the immediate vicin- 
ity of the frequency 2w on account of the negative y in the 
second frequency interval ( 7 ) .  

Second harmonic generation on the kink El. It appears 
that the mechanism whereby a harmonic is generated on the 
kink El is similar to the mechanism considered in Ref. 5 for 
the kink E,. There is an obvious difference in the volume 
occupied by the active medium: in the field E z  E, this is only 
a layer of thickness h. Observation of this generation re- 
quires therefore a higher incident power P,. At the same 
time, there should be also other differences, connected in 
particular with the fact that the wave vector of the amplified 
sound should be directed along the surface. This question 
calls for further study. 

The authors are grateful to S. S. Murzin for a discussion 
of the results and for supplying the sample. 
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