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It has been shown experimentally that the supersonic Hall drift of carriers
in bismuth in magnetic fields H =20-100kOe stimulates nonlinear
reflection of 9.2 GHz electromagnetic wave: the second harmonic power
increases by a factor of 10® to 10%. According to the model proposed this
effect is related to amplification by the supersonic drift of the hypersonic
wave generated at the surface of the crystal.

INTRODUCTION

WHEN THE ELECTRON FLUX in the crystal attains
the velocity of sound s there arises an acoustoelectronic
instability leading to the phonon generation (see review
[1], for example). The degenerate electron gas flux can
usually be described by a shift of the Fermi surface as a
whole in the k-space. The electron distribution function
is then (hkv € ey)

-1

el “hkv—er | (1)

f(k) = |exp 7

Let the drift velocity v entering into (1) be directed
along the x axis and, for simplicity, 7=0. When a
threshold v = s is attained, then, according to the energy
and momentum conservation laws, the transitions
(ky, k)~ (—k,, k) can occur on the spherical Fermi
surface €y = h’k%/2m, followed by phonon emission
with the wave vector ¢ ~ 2k,. Inasmuch as k2 + k?
= k%, the g-vector values satisfy the inequality

0 < g < 2%p. (2)

In bismuth, comprising n =3+ 10" cm™ electrons

and the same number of holes, ¥ 2 s can most readily be
realized in the crossed fields E L H at low temperatures,
when the scattering rate 1/7 is small, and the dissipative
flux along E is by £7 times smaller than the Hall flux
across E and H (2 is the cyclotron frequency). In this
case the drift Hall velocity for the carriers of either the
sign is v = c(E/H) (c is the velocity of light) attaining
sound velocity

CE/H = s 3)

leads to a kink in the V—[I characteristic, first observed
in [2], to the appearance of acoustic noise [3] and to
the possibility of sound amplification [4].

With v<s the function (1) is accompanied in a
stationary state by a shifted phonon distribution

¢(@) = [exp (hq(s—v)/T)—1]7". 4

With v>s the distribution (4) becomes impossible.
Instead, spatially non-uniform distribution of phonon
modes (2) which increases exponentially along the drift
direction has to be established. The final stationary
function ¢(q) depends on the dissipation processes in
the phonon system.

The Fermi surface is anisotropic in bismuth. The
minimal kp value (the smallest half-axis of electronic
ellipsoids) lying in the plane (C;, C;) is such that the
corresponding ultimate frequency of the slow transversal
wave with q || C,, w = gs = 2kps equals 1.45-10'° Hz.
Up till now, the sound amplification has been realized
only at frequencies lower than 2 - 108 Hz. The present
communication describes the experiment enabling one,
although indirectly but convincingly enough, to observe
sound amplification at a frequency 0.9 + 10'°Hz.

EXPERIMENT

A bismuth sample, placed in a constant magnetic
field H, was subjected to a double electromagnetic
action (Fig. 1). The pulse of voltage U produced a
carrier drift in the sample in the direction normal to its
surface. Also, the sample was irradiated by the electro-
magnetic field of frequency w/27 =0.92 - 10* Hz. The
electromagnetic emanation from the sample was
measured at a second-harmonic frequency 2w. The
duration of the voltage pulse g and the microwave one
t,, could be varied independently within 0.5us<<ig
< 20us and 2us <1, < 10us, the shift A¢ could have
not only different value, but different sign too. The
voltage U was varied within 0 <U<60V. With the
distance between the contacts on the sample being
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Fig. 1. Schematic drawing of the experiment (1 is the
sample, 2 is the opening in the cavity wall, 3 is the brass
screen, 4 are the slits into the waveguides, S is the cavity
itself).

2.5mm, this enabled to produce the field £ up to
240Vem™ . The power released in the sample reached
500W. The pulse repetition frequency was 16 Hz.

The shape of the current 7 pulse and of the second
harmonic P,,, pulse could be observed both on the
oscilloscope and/or recorded on the two-coordinate
recorder by means of a boxcar. Also, having fixed the
boxcar electron gate position and changing U, one could
record the dependence of the second harmonic power
P,, on E and the VI characteristic.

The sample 1 was retained against the opening 2 in
the wall of the rectangular cavity 5 and closed from the
outside with a brass screen 3 (Fig. 1). The cavity was
tuned to the frequency w (TEy mode). Owing to a
great magnitude of the P, , signal it was unnecessary to
tune the cavity to the 2w frequency. The description of
the microwave circuits of the measurement system is
given elsewhere [5].

The sample was placed in liquid helium at T=4.2K
(further temperature decrease did not affect the results),
the magnetic field was produced by a superconducting
solenoid and could reach 80 kOe. Under these conditions
at w- and 2w frequencies the magnetosonic waves [6]
with the directions of the magnetic and electric fields
H,, || Hy, 10z, E, Il Ey, || Oy propogate along the
normal n || Ox in bismuth.

It was most convenient to work at such constant-
field values when a standing wave was established in the
sample. (Note, that because of the external brass screen
the electric field at the opposite surfaces of the sample
was different.) The experiments were done with the
samples of different form (rod, platelet, disc) and
orientation. The experimental curves presented were
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Fig. 2. V—-I characteristic and the second harmonic
power against the voltage at the sample. Both curves are
recorded under the stationary conditions (see the insert).
H = 45kOe.

20

Fig. 3. Second harmonic power without the current
through the sample (v=0) and with the current
correponding to maximum generation power in Fig. 2
(v~s). H=45kO0e.

obtained using a disc of thickness d =04mm, nlC;,
L(n,<C,)=6°,H|| H,, IC;, 1| E, L H.

THE SECOND HARMONIC GENERATION

The main result is that in the region of the kink in
the V-1 characteristic related to acoustoelectronic
instability [2] strong generation of the second harmonic
takes place in spite of the relatively low level of the
initial irradiation at the frequency w. A typical example
is presented in Fig. 2 wherein the positive direction of £
corresponds to the carrier drift deep down from the
surface irradiated by the microwave. With reversal of the
drift directjon the P, peak vanishes, the V-1 character-
istic being practically unaltered. In the peak region the
relationship between the amplitudes Py ,(E7)/Py,(E7)
~20-30dB (see Fig. 3; Py, (E7) =P, ,(E =0)). The
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peak may be vanished by reversal of the magnetic field
in the solenoid as well.

Figure 2 indicates that an increase of the power Py,
was also observed in weak fields £. We shall not discuss
this phenomenon here.

DISCUSSION

The P,, peak position with respect to scale E,
correlating with (3), and the importance of the drift
direction show unambiguously that the amplification of
the sound wave, running from the irradiated surface,
takes place in the sample. Therefore the described
experimental result should be regarded as a consequence
of the following processes:

(a) the electromagnetic wave incident onto the
surface generates a sound wave of frequency w running
from the surface;

(b) the sound wave is amplified by the drift flux of
electrons and holes and, simultaneously, transformed to
higher harmonics, in particular, to second one;

(c) the 2w-frequency sound wave is again trans-
formed to electromagnetic one at the sample surface.

We shall denote the powers of the initial and ampli-
fied sound waves of frequency w as Qg and Q;, the
power of the second sound harmonic as Q,, 7 and § will
stand for the corresponding transformation coefficients,
ad for the sound amplification coefficient at a length d.
Making use of a quadratic character of the transformation
01 = O, that follows from Fig. 3, we obtain

nQ, = Q% = nB(ad)*Q% = n°plad)*PL,.
)

There are several mechanisms of the surface excitation
of sound (see [7], for example) and it is unlikely that
any of these can be preferred with confidence under our
experimental conditions. We shall only note that the
experimentally measured coefficients of transformation
P, — Qg of the electromagnetic power to the sonic one
at frequencies of about 10" Hz amounted to
n=Qo/P,, = 107 [7]. Though these experiments were
conducted with other than bismuth materials and in the
absence of the magnetic field, this value can be
employed for numerical estimates.

An approximate estimate for the § value can be
obtained by assuming that 87 = Qmax, Where Qimax
= adnP,,max is the power magnitude at which devi-
ation from a quadratic dependence ensues (see Fig.
3). Then despite some uncertainty due to the lack of
match between the sample and the cavity at a frequency
2w, one can obtain from (5) the estimation ad ~ 40—
60dB. It is quite a reasonable value that agrees fairly
well with what can be obtained theoretically. For

P2w=
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example, according to [8] the sound amplification
coefficient per 1cm sample length with Qr > 1, 2> w
and gR > 1 (R being the cyclotron radius) equals

(6)

ap = 2nD%7/pms®, o =

o ()]
(7N

D is the deformation potential constant, p is the density
of bismuth. This expression is unlikely to be directly
applicable in our case. For instance, it does not allow for
quantization in the magnetic field. For qualitative
estimations, however, it might be employed. The factor
w/(u* + const.) that enters into (6) is typical for such
expressions [1, 9]. It leads to a maximum in dependence
a(v). The consequence of this is the maximum on the
P, (E) curve (see Fig. 2).

One can act semi-empirically too when analysing the
ad value. Putting ad ~ 17.5dB/cm + 0.04cm = 0.7dB
[4] that relates to a frequency of 10° Hz and making
use of the dependence ounax = a(ilo) = w from (6), we
obtain that at our frequency one has to expect the
amplification coefficient ad~70dB. These estimates
also enable one to evaluate the sonic energy flux Qimax
that appears to be of the order of 10>W cm™2. This
corresponds to the oscillation amplitude of about 10° cm
It is not surprising that at such amplitudes harmonics are
intensively generated. The energy transfer to harmonics
is facilitated by lack of the sound velocity dispersion.

TRANSITIONAL PROCESSES

Due to low velocity of sound the stationary function
of phonon distribution ¢(q) is established comparatively
slowly. Being highly non-equilibrium it affects, in its
turn, the function f leading to long transitional electrical
processes. The process of changes of the VI character-
istic in bismuth when v > s was studied in detail in [10].
It was shown that the onset of the stationary nonlinear
regime occurs in times 7y~ 107%s. We have also
observed in the present experiment several transitional
processes during the establishment of the sound wave
amplification regime.

Figure 4 shows the amplitude of the second
harmonic power P,, vs the time. This dependence
appears more complicated than the corresponding dc
one [10]. It is characterised by two parameters i.e.
by the time of increase, 7,, and by the maximum
width, 7,. The data of Fig. 3 relate to the stationary
regime. As suggested by Fig. 4 the generation power
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Fig. 4. Time dependence of the dc through the sample
and second harmonic generation power.

can be by one order of magnitude stronger in the transi-
tional region. Note the decrease of the generation
before it goes to the stationary regime. It is likely to
be due to increase of the phonon—phonon scattering.
Indeed, as the stationary function of the phonon distri-
bution ¢(q) is established the phonons are accumulated
in the crystal. This suggestion however, needs to be
checked.

In conclusion, we have experimentally observed a
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new mechanism of the electromagnetic second harmonic
generation, that is, through the sound generation as an
intermediate step. A new method of hypersound gener-
ation in bismuth has simultaneously been realized — by
means of irradiating it by the electromagnetic wave in
the presence of a supersonic Hall carrier drift in the
sample.
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