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Nonlinearities in bismuth under supersonic electron drift
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The transverse voltage V& of a homogeneous, high-purity bismuth sample in strong crossed electric
and magnetic fields in the phonon-generation regime was studied. A method of directly determining the
acousto emf E from the I-V~ characteristics has been developed. It is shown that in the nonlinear re-
gime the I-Vz curves contain parts with a negative differential conductivity. Nonreciprocity of the non-
linear transverse voltage was found when the magnetic field or current directions are reversed. This is
related to di6'erent degrees of phonon damping on opposite transverse sample faces as well as a contribu-
tion from a component of V& that is even in H. Several peculiarities were found in Vz that are familiar
from studies of the longitudinal component of the nonlinear voltage, namely, electroacoustic oscillations,
relaxation rate dependence on H, and "aftersound. " Under certain conditions the electroacoustic oscil-
lations of V& were transformed into noise, marking the presence of acoustic turbulence and the onset of
chaos. At high values of the electron drift velocity, the difFerential conductivity abruptly changes sign.
This is explained in terms of a radical increase in the nonlinear phonon-phonon damping, causing a de-
crease in the nonequilibrium phonon concentration.

INTRODUCTION

The effects of elastic wave amplification of supersonic
drifting electrons were first observed in piezosemiconduc-
tor crystals of CdS. ' In 1962—1963 (Ref. 2), it was
discovered that Bi in the presence of a magnetic field ex-
hibits the generation of acoustic noise accompanied by a
kink in the I-V curve that is followed by a regime of in-
creased conductivity (the Esaki effect).

Since then, Bi remains the only metallic substance
where the generation of nonequilibrium phonons in the
bulk has been observed experimentally. The remark-
able feature of Bi is that the threshold current density
sufficient for the charge carriers' drift velocity to exceed
the acoustic wave velocity is relatively small. For typical
metals, these values are of the order of 10 A/cm, while
for Bi it is on the order of 10—10 A/cm . This large
contrast is a result of the lower carrier concentration and
smaller cyclotron mass in Bi.

Thus, the necessity to attain high current densities
presents a major technical obstacle to the experimental
study of typical metals in the phonon-generation mode.
The low-heat capacity of most metal samples causes sam-
ple heating at low temperatures, making it difficult to
reach the critical current density. Another experimental
difhculty is that the current pulse heats the sample in a
time short compared to the characteristic relaxation time
to enter the phonon-generation regime; this makes it
difficult to differentiate the thermal effects from the
acoustic ones.

The Esaki effect is observed in crossed electric and
magnetic fields when the carriers drift with a supersonic
velocity v~—=cE/H )s in the direction perpendicular to
the current Aow; s is the speed of sound in the

material. This effect takes place at current densities
j&jk=nes/Qr with Qr»1, where Q=eH/m*c is the
cyclotron frequency and ~ is the momentum relaxation
time. A kink in the I-V curves toward increasing resis-
tance caused by longitudinal phonon generation in the
bulk was observed in 1983 in filamentous crystals of Bi of
thickness 3 pm at H =0 and at current densities j & nes.
A similar kink preceding the Esaki effect was observed in
1986 in filamentous 1 —10-pm Bi crystals in strong
crossed electric and magnetic fields. This phenomenon
occurs at average current densities (j ) & nesD, „,/d,
where D,„,~H ' is the extreme diameter of the cyclo-
tron orbit of an electron and d is the thickness of the
sample and is associated with longitudinal phonon gen-
eration in the skin layer with thickness D,„,/2, -provid-
ed that a static skin-effect occurs. In 1993 a similar
effect' was found in a massive (d =0. 1 cm) single-crystal
Bi sample in zero magnetic field. This kink can be attri-
buted to the anomalous skin effect, where longitudinal
phonons are generated in the skin layer with thickness 5
when j & (nes)5/l, where 1 »5 is the mean free path of
the electron.

In the aforementioned studies, the acoustoelectric non-
linear properties of Bi were investigated by measuring the
longitudinal-voltage component. In this work we show
that very fruitful information may be obtained by study-
ing the transverse voltage in the phonon-generation
mode. The first attempt of this kind was undertaken with
inhomogeneous Bi samples" in which some regions have
a short mean free path I-v&/fL, where v& is the Fermi
velocity and Q = 10' Hz.

In what follows, we present the results of the systemat-
ic study of the transverse-voltage V~ in a homogeneous,
high-purity Bi sample in the phonon-generation regime
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subject to strong crossed electric and magnetic fields. We
have developed a method of extracting the acousto emf
E' from the transverse-voltage data. The acousto emf at
u ~

~ s is a measure of phonon generation and is expressed
s12 13 6

where (BP/Bt ) is the average change in momentum of
the electronic system per unit time. E' was measured
directly by means of the I-V~ curves and it was found
that Vi(I) exhibits a negative differential conductivity at
J )Jk and an inversion of sign as the current is swept up-
wards. The absolute value of the nonlinear transverse
voltage is extremely sensitive to the reversal of the direc-
tion of the current or the magnetic field.

Similar nonreciprocity efFects were observed earlier for
the longitudinal voltage when the current direction was
reversed. This phenomenon can be associated with the
fact that nonequilibrium phonons are damped at the
transverse sample boundaries and this damping is criti-
cally dependent of the particular structural defects on
each boundary. Furthermore, in Bi there may be a com-
ponent of V~ that is even in the magnetic field. The even
component arises from the tilt of the electron Fermi-
surface quasiellipsoids with respect to the basal plane.
This, in combination with the odd component, can lead
to a phonon Aux that takes on different absolute values
when H is inverted.

In the present study, several transient efFects found in
longitudinal-voltage studies have been found. They
are electroacoustic oscillations of nonlinear response, the
dependence on magnetic field of the relaxation time
characterizing the transition to the nonlinear regime, and
the so-called "aftersound. " Aftersound, a term used in
electroacoustics, arises when an applied electric field,
large enough to put the system in the nonlinear, phonon-
generation regime, is abruptly switched off. Nonequili-
brium phonons continue to drag the electrons for some
time after the field is switched off, giving rise to a residual
voltage.

We further found that under certain conditions elec-
troacoustic oscillations were transformed into noise.
This result reveals the presence of acoustic turbulence
and a transition to chaos. It was shown experimentally
that the absolute value of the voltage "overfall" (defined
as the difference between the measured voltage in the
nonlinear region of the I Vi curve and the kink-voltage)
increases until, at some very high current value, it begins
to decrease. This gives rise to an S-shaped I-Vi curve
(see Fig. 4). This feature can be attributed to an increase
on phonon-phonon damping as the current increases, i.e.,
the coe%cient in the phonon kinetic equations responsi-
ble for this mechanism increases. This brings about a
reduction in the acousto emf.

EXPERIMENT

We studied a 99.9999% pure single crystal of Bi with
dimensions 1X1X6mm . The longitudinal axis is paral-
lel to bisectrix direction Ci ~~y. The transverse faces coin-
cide with the directions C2~~x (the binary crystallographic
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H (kOe)

FICx. 1. Shubnikov —de Haas oscillations of the nondiagonal
component of magnetoresistance tensor.

axis) and C3~~Z (the trigonal crystallographic axis). The
measurements were done at 4.2 K. The contacts for the
transverse-voltage measurements were made on opposite
faces perpendicular to C2. The magnetic-field vector lies
in the C2-C3 plane S from the C& axis. The longitudinal
voltage was measured by use of current leads placed in
C2C3 planes.

The quality of the sample was estimated from the ratio
of the sample resistance measured at room temperature
to its value at 4.2 K in zero magnetic field as well as from
the amplitude of Shubnikov —de Haas oscillations. These
parameters were measured using a Keithley 224 dc
current source. The value of R, /R, ' was found to
be 190. Subnikov —de Haas oscillations as measured at 10
mA are shown in Fig. 1. The oscillations are monofre-
quent in H ' and have a rather large amplitude of about
10%%uo with respect to the monotonic part of the magne-
toresistance along C, . The period of the oscillations
h(H ') = 1.56 X 10 Oe ' corresponds to the max-
imum cross section of the hole Fermi surface. '" Inver-
sion of the magnetic field shifts the phase of the oscilla-
tions by m. At H=56 kOe, the ratio Vi(+H)/Vi( —H)
=p (+H)/p ( H)= 2 Pp y(+H)=0. 183 Qcm
and pyy 0 3 0 cm, where p,.k are the components of the
general magnetoresistivity tensor.

The properties of the sample in the phonon-generation
regime were studied using a 4S-V-peak pulse with a pulse
duration of -=4.3 ps and a duty cycle of 0.1 s. A pulsed-
current method was chosen so that sample heating effects
would be negligible. The sample was connected as a load
to the pulse generator in series with a reference resistor
R&=1 Q. (The lead resistance was about 0.3 Q.) The
current was measured by monitoring the voltage drop
across the reference resistor.

Figures 2(a) —2(c) shows the time dependence of the
transverse sample voltage in a magnetic field of S2.3 kOe
with three different configurations of field and current
direction. Figure 2(d) shows the voltage across the refer-
ence resistor, i.e, the current pulse. We assume that the
transition to the nonlinear regime takes place when
de/Br=0. (This is also when BVi/BI=0 since the
current is increasing monotonically at this point. ) Noting
that the kink in the I-Vj curves occurs at nearly the same
value of current Ik for both the transverse and longitudi-
nal voltages and using the longitudinal voltage corre-
sponding to this kink to estimate the drift velocity, we
find that Uz =—cE/H —= 1.1X10 cm/s. Since this value is
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FIG. 3. Oscillograms of V, (t) (a) and (b} and l(t) ~ VR& (c)
signals, H =14.94 kOe. Horizontal scale: 1 ps/div. Vertical
scale: (a) 1 V/div, (b) 0.5 V/div, (c) 2 V/div. Magnetic field and
current orientations: (a) +H, +I; (b) —H, +I.

FIG. 2. Oscillograms of Vj(t) (a)—(c) and I(t) ~ Vzz (d) sig-
nals, H=53. 2 kOe. Horizontal scale: 1 ps/div. Vertical scale:
(a) —(c) 1 V/div, (d) 2 V/div. Magnetic field and current orienta-
tions: (a) +H, +I; (b) —H, +I; (c) —H, —I. "Zero" of the
each trace coincides with the horizontal line at the end of the
pulse.

approximately equal to s and given the results of previous
work, we can conclude that the observed transition to
nonlinear behavior is due to phonon generation.

The main observed properties of the transverse voltage
can be summarized as follows.

(1) The value of the transverse voltage in the nonlinear
regime strongly depends on the directions of magnetic
field and current (+H, +I). The voltage overfall reaches
a maximum for direction —H and +I [Fig. 2(b)]. More-
over, the transverse voltage actually changes sign for
configurations —H, +I and —H, —I [Figs. 2(b) and 2(c)].
For all configurhtions of current and Geld directions, a
negative difFerential resistance was observed (Figs. 2 and
4).

(2) The current at which the transition to the nonlinear
regime occurs, I&+, (as well as the current at which linear-
ity is restored as the current ramped down, I& ) is larger
for +H than for —H (Fig. 2 and Fig. 4—see dashed
line). The same conclusion can be reached from the data
in Fig. 3. The current dependence of transverse voltage
is nearly linear at a magnetic 6eld of 14.94 kOe for the
direction +H and clearly nonlinear for the —H direction
at corresponding values of current. Similarly, as the
current direction is switched from +I to —I, both Ik+

and Ii, increase. [Figs. 2(b) and 2(c)].
(3) For the configuration —H, +I (and to a lesser ex-

tent for —H, —I) the absolute value of the transverse
voltage is smaller for the transition to the nonlinear re-
gime (as measured by the maximum voltage as the
current is increased) than for the back transition (as mea-
sured by the maximum as the current is decreased). In

these configurations, Ik is larger than Ik (Fig. 2).
(4) Electroacoustic oscillations of Vi have maximum

amplitude for the configuration —H, +I (Fig. 2). These
oscillations can be seen in the dynamical I-V~ curves,
where Vi fluctuates about its average (static) value. (Fig
4, curves 1 and 2.) A dynamic I Vi curve is-one that is
derived by comparing corresponding values from the
time-dependent current and voltage signals.

(5) The time interval from the transition to the non-
linear regime to when V~ reaches a minimum is about 2
ps at H =14.94 kOe. This rather long relaxation time re-
sults in the asymmetrical shape of the transverse-voltage
signal with respect to the peak in the current pulse.
[Figs. 3(b) and 3(c)]. When H =52.3 kOe, the relaxation
time can be estimated from noting the appearance of a
sudden change in the slope of Vj as a function of time.
At this point, we believe that the system enters the sta-
tionary state (see Fig. 6 and caption). This method of es-
timating the relaxation time is commonly applied in
longitudinal-voltage studies. ' As can be seen in Figs.
2(a) and 2(b), Vi(t) exhibits a large negative slope im-

mediately after entering the nonlinear regime; the curve
then rapidly flattens out in a time ~„=0.5 ps, as mea-
sured from when the voltage first reaches a maximum.
This is in agreement with longitudinal-voltage studies.

(6) When H =29.9 kOe and for the configuration—H, +I, two points are observed where dV~/dI=O.
(See Fig. 4, curve 3.) The first, at I=2.6 A, corresponds
to the transition to the nonlinear regime. The second
occurs at I=—6 A. At this point, the charge drift velocity
vi =cE/H is estimated to—be about 2 X 10 cm/s.

Let us conclude this section by noting that the data in
this study are not degraded by heating efFects. In the
linear regime the values of p„(+H, +I) measured with a
pulsed current agree within experimental error with the
results of dc measurements with I=10 mA. This indi-
cates that the sample temperature change during the
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FIG. 4. I-V& curves for H =52.3 kOe (1,2) and H =29.9 kOe
(3). Magnetic field and current orientation are 1, +H, +I; 2,—H, +I' 3 —H +I

current pulse is negligible. Thermal effects could be un-
covered by gradually decreasing the duty cycle and not-
ing that the slope of the nonlinear part of the I-V~ curve
decreases towards the linear value.

DISCUSSION

Let us assume that in the phonon-generation regime
the average change in momentum of the electron and
phonon subsystems per unit time are equal. In this case
[see Eq. (1)]

(Bp/Bt &, = —( BP/Bt &, = —q g rq ( BN, /Bt &

q

= —neE' . (2)

E y (BN, IBt &= y ~,(N„+N,"')+a/,
q q

i.e., the acousto emf is determined by the number of pho-
nons in the stationary state, the growth coefFicient a,
and the interaction of charge carriers with the zero-point
lattice vibrations, indicated by aq.

Let us assume a N »aq and a are almost indepen-
dent of temperature (the effective Debye temperature in
Bi is Oz —1 —10 K). The effective Debye temperature,

Hence,

E'= q( Be/Bt & Ines,

where ( Be/Bt &y
=g~fisq ( BNq IBt & and q is the unit vec-

tor.
The condition for phonon generation is q.v co, where

co is the phonon frequency. This means that phonons are
emitted into a Cherenkov-type cone. The direction of the
net recoil momentum is on average opposite to the drift
velocity; this implies that E' is parallel to v". In strong
crossed electric and magnetic fields v~/v -Qt &&1 and,
therefore, we can assume that v~ —=v .

Let us express the phonon distribution function as a
sum of equilibrium (N o) and nonequilibrium (N'")
terms. This yields

usually used in the description of semiconductors, is
determined from the relation OD =s fiq /k~, where
A'q =p&, the Fermi momentum. When Aq )pI, energy is
no longer conserved. In Bi, electrons can effectively in-
teract with phonons of momentum less than
(0.5 —7)X10 ' gsm/s. The limits of this range corre-
sponds respectively to the minor and major axes of the
electron Fermi-quasi-ellipsoids. ' Thus, Oz —1 —10 K.
In this case, if we take Nq" =0, which is equivalent to
Miyake and Kubo's' assumption of an equilibrium
phonon-distribution function, the acousto emf should
increase with temperature. On the contrary, for
Nq »Nqo an increase in temperature wil 1 result in a
considerable reduction of the acousto emf due to the
scattering of nonequilibrium phonons off of thermal ones.
Since previous work indicates that the acousto emf in Bi
decreases significantly as temperature increases (in the
range 4.2 —20 K), we conclude that the phonon distribu-
tion is nonequilibrium in this study. We believe this ex-
plains why the experimental data is inconsistent with
some theoretical predictions. '

Introducing a coefBcient y as the fraction of input elec-
tric power 8' that is transformed into acoustic Aux, the
acousto emf may be expressed, neglecting equilibrium
and zero-point vibration amplification, as

E'=—(y I3) W/nes, —

where P describes sound damping.
In Bi, the contribution to the phonon Aux from super-

sonic electrons is much larger than that from holes. This
claim is supported by both the ratio of the deformation
potential constants for electrons and holes' as well as by
experimental data. Moreover, it was shown earlier
when I~~C&, H is in the C2-C3 plane ((H, C3 =10 ), the
hole drift velocity is (U~)h =cE/H and —its direction is
close to the binary axis. The drift velocity for an electron
in one of the electron quasiellipsoids is approximately
(Uj"), =2cE/H and is di—rected at an angle of about 45'
from the trigonal aris in the C2-C3 plane. (The drift ve-

locity values were determined from the components of
the mobility tensor. '

) Longitudinal and two shear acous-
tic mode velocities along the binary axis are, respectively,
2.54X10, 1.55X10, and 0.85X10 crn/s. Because of
bismuth's crystalline symmetry, deformation interaction
between charge carriers and transverse phonons moving
along C2 is rather small. So, given the present experi-
mental geometry, phonon generation by holes is apprecia-
ble only when cE/H & 2. 5 X 10 cm/s.

The transverse rnagnetoconductance has a part that is
an even function of magnetic Beld. We may write this
component for small angle 8 (see Fig. 5) as'

xy n (Pxx Pyy )P'xxPyzHxHz IP'xxPyyHz

where p;k are the components of the electron mobility
tensor.

Assuming that p;k~p, and p pyy p it is easy to
obtain

cr'„"'"(+H)= —(nec /H)sinB(P, H /c)

Introducing hn =n, —n&, the difference in electron and
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FIG. 5. Scheme of experiment.

XE(n, epH+n~ep~) '+E', (9)

where p, z -p, h /(Q, I, ~, & ) are the mean electron and
hole mobilities in the x direction, E'~jE [see Eq. (5)]
and Pl 8p 71h8pp, .

Figure 6 schematically shows a rectangular
longitudinal-voltage driving pulse with E )Hs/c. It also
shows the current I and transverse-voltage V~ pulses on
the sample. The I and Vj signals reach stationary values
after a time ~„, the relaxation time for entry into the
phonon-generation regime. When the driving pulse is
sufhcient to put the system into the phonon-generation
regime, the conductivity increases, resulting in a decrease
in the measured transverse voltage. The vertical arrow in
Fig. 6 indicates the acousto emf, the difference. between
the value of the transverse voltage at t & ~, and its value
at t )~, . This brings about a negative differential con-
ductance in the I-Vi curve. According to Eq. (9), a re-
versal of the sign of V~ is most likely to occur when the
magnetic field is in the —H direction. All of these
features are indeed observed experimentally (Figs. 2 and
4)

The longitudinal voltage grows by =30% after the sys-
tern relaxes into the pho non-generation regime until
current reaches the maximum value I,„ for H =52.3
kQe. This explains why the value of the acousto emfE'—=25 V/cm (E'/E =—0.4), derived from Eq. (9) [where
Ei(+H) and the first term on the right-hand side are, re-
spectively, the nonlinear and linear experimental fields]

hole concentrations, we get 0 „' = b,nec—/—H, and hence

cr„(+H)=—+ (nec/H)[b n /n ksin8(p, H/c) '] .

This gives ~o„~(+H)/a„~( —H)~ ) 1, which agrees with
our experimental results.

Assuming that p„ /p~ -(b, n /n )Qr, Q~-p, H/c
—10 we estimate that b, n /n 10—. Since experimen-
tally o.„~(+H)/o„~( —H)=—p„~(+H)/p„~( —H)= —2,
we find that ~o„'~ /o'~'"~ -=3. On the other hand, we can
determine the same ratio using Eq. (8) and the above esti-
mates of Q~ and hn!n; this gives a value of 10. Hence,
Eq. (8) seems to work to within an order of magnitude.

Let us assume that the sample is infinitely long in the z
direction and consider the acousto emf of electrons drift-
ing in the x direction. Imposing the condition that no
current How in the x direction and neglecting diffusion
effects, the transverse-voltage V~ in the phonon-
generation regime may be written as

Ei(+H) =-+(nec/H)[bn/n+sin8(p, H/c) ]

FIG. 6. Experimental setup for acousto ernf measurements.

seems to be slightly low (see Fig. 4, curve 2). As men-
tioned above, the accuracy of Eqs. (6)—(9) is within an or-
der of magnitude. Evaluating the acousto emf using Eq.
(5) with y = 1 and P= 0 and using experimental data for
the longitudinal voltage and current gives E'= 6. 5 V/cm- .

We can see from Figs. 2(b) and 2(c) that under present
experimental conditions a reversal of the current direc-
tion (+I—+ —I) results in a decrease in the acousto emf
to =—20 V/cm when the magnetic field is in the —H
direction. In Ref. 6, the effect of reversing the direction
of the drift velocity on the longitudinal voltage is dis-
cussed. Following that discussion, we believe that the
change in the acousto emf AE' when the direction of
current is reversed can be explained by the fact that the
nonequilibrium phonons experience different degrees of
damping on the opposite faces of the sample, most
likely because each face has unique structural defects
[bE'-( W/nes)bP].

According to Figs. 2 and 4, when the magnetic field is
reversed ( —H~+H) with the current in the +I direc-
tion, the acousto emf decreases to =10 V/cm. Both the
magnitude and sign of the linear transverse electric field
change when H is reversed. Using the fact that the
dielectric constant of Bi is —10, the linear transverse
electric field Ei =—30 V/cm (Fig. 4, curve 1) corresponds
to a surface electron density of n, -2 X 10 cm . (A sur-
face charge density order 10' cm of magnitude causes
the conductance band to bend near the edges of the sam-
ple by an amount of the order of the Fermi energy
cf-10 ' erg and extends into the sample a length of
about the Debye radius r~ —10 cm. ) A change in n,
and E~ when the direction of H is reversed may afFect the
mobile-carrier intervalley-scattering probability on the
surface, resulting in a variation of the carrier-
concentration gradients near the surface. [Such gra-
dients, which arise because of the difFerence in the elec-
trons (and holes) intervalley and intravalley mobilities,
have a length scale of the order of the diffusion length
L-r(~, Ir)'~ —10 cm. , where r is the Larmor radius
and r,. —10 s (Ref. 21) and r-10 ' s are, respectively,
the intervalley and intravalley bulk relaxation times. ] In
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FIG. 7. Transformation of electroacoustic oscillations into
noise. Sample dimensions are 1X1X8 mm', horizontal scale
is 1 ps/div; vertical scale is 1 V/div; H~~C, ;I~~Cz. Lower
trace: H=14.9 kOe, I,„=5 A. Upper trace: H =22.7 kOe,I,„=7A.

turn, the change in the concentration gradient should al-
ter the magnitude of the diffusion current of electrons
moving opposite to the phonon Aux; that is, the phonon
absorption changes. In other words, the value of p in Eq.
(5) should also change, leading to a variation of the
acousto emf.

The decrease in the acousto emf when we switch the
direction of current (+I~—I) and field ( —H~+H) is
obviously related [see Eq. (9)] to the experimentally ob-
served shift towards larger value of currents of the transi-
tion to the nonlinear regime (and back to the linear) (see
Figs. 3 and 4, curves l and 2).

The amplitude of the electroacoustic oscillation de-
creases when the direction of both the current and mag-
netic field are reversed (from —H, +I) (see Fig. 2). Ear-
lier it was suggested that oscillations arise from the
motion of acoustoelectric domains that originate near the
sample face and propagate in the Hall direction towards
the opposite boundary. Under certain conditions mono-
chromatic electroacoustic oscillations are transformed
into noise. Figure 7 shows the most striking picture ob-
tained for longitudinal-voltage measurements on a sample
similar to the one used in this work. The observation of
electroacoustic noise suggests the appearance of acoustic
turbulence and the transition to chaos. This
phenomenon requires further detailed study.

The phenomenon of "aftersound" was observed in
longitudinal-voltage studies. ' A similar effect was found
during measurements of the transverse voltage in the
present study [Figs. 2(b) and 2(c)]. This eff'ect is revealed
by the fact that the voltage peak that corresponds to
reentry into the linear regime (at Ik ) is larger than the
one that corresponds entry into the nonlinear regime (at
Ik+). This can be explained by the dragging of the elec-
trons by excited nonequilibrium phonons, producing an
additional voltage drop. The time scale for this effect
should be of the order of the phonon-electron relaxation
time ~,. In our experiment ~, 0.3 ps. Assuming the
acoustic absorption coefficient to be a—=(sr, ) ', we can
estimate a ~ 30 cm ', consistent with the data taken at
frequency co -= 10 s ', H =—10 kOe, and T =4.2 K.

The aftersound emf value E, defined as the difFerence

in magnitude of the voltage peaks on front and rear edge
of the pulse [Fig. 2(b)], has a rather large value of
E —=7.5 V/cm for configuration —H, +I. E can be in-

P
terpreted as the acousto emf associated with momentum

transfer from phonon subsystem to the electron subsys-
tem when u & s. The fact that E' and E~ have close (ap-
proximately equal) values is compelling evidence of the
strong phonon-electron interaction in the Bi crystal un-
der investigation. As expected, the phonon Aux decrease
with the reversal of the direction of both the magnetic
field and current is accompanied by the gradual vanishing
of aftersound eff'ect [Figs. 2(c) and (2a)].

If the rise time of current pulse is of the order of the re-
laxation time for transition to the nonlinear regime, the
peak on the dynamic I-V~ curve is shifted towards the
larger values of current when compared with stationary
I-V~ curves. This transient effect can hinder the observa-
tion of aftersound, since the height and shape of the volt-
age peaks may depend delicately on the shape of the
current pulse [Figs. 2(a) and 3(b)].

According to the analysis in Ref. 6, in crossed electric
and magnetic fields the dynamics of the transition to the
nonlinear regime of a finite Bi sample can be described in
terms of phonon-electron interactions. Phonon-electron
damping is possible and dominant when the excited
acoustic wave reAects from the sample face and propa-
gates in the direction opposite to the drift velocity of the
charge carriers. In keeping with Ref. 6, the relaxation
time for entering the nonlinear regime and for the trans-
verse voltage to reach equilibrium in samples with the
thickness d & s~, is mainly determined by 7

p
Since the

electronic density of states increases with magnetic field,
the value of ~, as well as the relaxation time ~, decrease
as H increases (Figs. 2 and 3).

As mentioned above, in a magnetic field of H =29.9
kOe ( —H direction) at I)6 A the absolute value of the
voltage overfall decreases as the current is swept up.
This can be attributed to the fact that the acousto emf de-
creases as the current rises (Fig. 4, curve 3). This feature
could be explained by the generation of phonons by su-
personic holes, whose acousto emf is opposite in sign to
that of the electrons. However, within the present exper-
imental geometry, the hole drift velocity is probably not
enough for the excitation of the longitudinal-acoustic
mode (see above). Another possible explanation is the
dependence of the coefficient that defines nonlinear
phonon-phonon damping ( —p X ) in the kinetic equa-
tion for phonons. It is evident that if p as a function of
drift velocity increases faster than a, then the
nonequilibrium-phonon concentration X"'-a /p" will

decrease, leading to a reduction of the acousto emf. The
physical reason p increases as a function of drift velocity
is due to the expansion of the Cherenkov radiation
cone P —l —s/u .

The decreasing voltage overall is not observed for the
magnetic field oriented in the +H direction, probably
due to the relatively small phonon Aux magnitude.

It should be noted that a similar phenomenon was
found in the study of longitudinal phonon generation in
the bulk of filamentous crystals of Bi at H =0 and was
explained there in terms of the fact that p is an increas-
ing function of U". This phenomenon appears as an
abrupt change in the slope of the I-V curve at j /jk —10,
followed by a regime of increased conductivity. Using a
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phenomenological description of the I-V curves, namely
j=o(E E—'), this second kink observed in Ref. 7 may
be formally interpreted as a decrease in the acousto emf.

In summary, if the electron drift velocity is high
enough, the nonlinear phonon-phonon interaction is be-
lieved to play a dominant role in stabilization of the
acoustic instability that occurs in the presence of crossed
electric and magnetic fields. All earlier attempts to ob-
serve the inAuence of the nonlinear phonon-phonon in-
teractions on the I-V curves in the phonon-generation re-
gime at ElH and d &s~, probed the longitudinal voltage
and, hence, were unsuccessful.

Sound generation in Bi was found many years ago.

However, existing theory has only been able to describe
the initial part of the acoustoelectric instability corre-
sponding to the slightly nonequilibrium distribution func-
tion. Comparing experiment with theory' (we do
not refer to phenomenological models), one has only the
qualitatively conclusion that supersonic carrier drift ve-
locities in Bi are related to the amplification and genera-
tion of elastic waves. ' ' " It is quite evident that
concerted theoretical attention to the study of highly
nonequilibrium states, which are affected by complex in-
teractions between quasiparticles and collective excita-
tions, is needed to generate theories that agree quantita-
tively with experimental results.
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