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The kinetics of hot carriers in a magnetic field crossed with a linearly polarized alternating
electric field is analyzed for a semiconductor in which scattering by optical phonons is predomi-
nant. The momentum-space trajectories in a coordinate system rotating at the cyclotron frequen-
cy o, around the direction of the magnetic field are epicycloids and hypocycloids in the cases
o, >2and o, <12, respectively, where {2 is the frequency of the microwave field. If the amplitude
of the microwave field lies below a certain threshold, trapping trajectories arise in the passive
region. These trapping trajectories do not intersect the boundary of the passive region, where
carriers may accumulate. The carriers form a spindle-shaped swarm or bunch there, which exe-
cutes a periodic motion within the passive region. The distinctive features of the absorption of the
microwave field are analyzed. The cyclotron resonance line is shown to be asymmetric and broad-
ened on the weak-field side. The possibility of producing an energy-inverted carrier distribution
in a semiconductor with degenerate bands, of the p-Ge type, is analyzed. The most favorable
conditions for changing the population of a light-hole band are determined.

INTRODUCTION

After a hiatus of nearly three decades since the work by
Vosilyus et al.,'™ there has been a revival of experimental
and theoretical research on kinetic effects in semiconductors
in which the inelastic scattering of current carriers by optical
phonons is important. The revival followed the experiments
of Komiyama et al.,> who observed that in crossed fields free
electrons accumulate on momentum-space trajectories
which are closed within a so-called passive region (P region),
where an electron cannot emit an optical phonon. That elec-
trons might accumulate on such trajectories in a static elec-
tric field crossed with a magnetic field had been suggested by
Maeda and Kurosawa® and has also been confirmed by
Monte-Carlo calculations for the particular case of p-Ge.

In degenerate-band semiconductors of the p—Ge type,
the accumulation of light holes on such trajectories can
cause a deviation from the equilibrium population of the
light-hole band® and can produce an energy-inverted distri-
bution between the light-and heavy-hole bands. As An-
dronov et al.” have pointed out, this effect might be exploited
to generate far-IR radiation, and this radiation has been ob-
served in several experiments.®!*

In the most recent of these experimental studies, Voro-
b’ev et al.'! observed a stimulated emission at the wave-
length A = 100 um from a p-Ge sample in a resonator; this
emission was 1.5-2 orders of magnitude more intense than
the spontaneous emission.

The trapping trajectories in momentum space on which
carriers may accumulate also exist in an alternating electric
field.'>'* It would be quite tempting to make use of the exis-
tence of such traps to develop a contactless method for pro-
ducing an energy-inverted carrier population in degenerate-
band semiconductors of the p-Ge type and, ultimately, to
excite infrared radiation. This cannot be done in an alternat-
ing electric field by itself, however, since in this case if the
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trap lies in the light-hole band it must necessarily also be
present in the heavy-hole band.

It turns out that the situation can be “corrected” by a
static magnetic field H directed perpendicular to the alter-
nating electric field E(z). If the alternating electric field is
circularly polarized in the plane perpendicular to H, then in
the isotropic model the problem reduces to a static transfor-
mation in momentum space to a coordinate system which is
rotating with the field E (Ref. 2). An inverted carrier distri-
bution on trajectories in momentum space under these con-
ditions has been studied elsewhere.'*!° In the present paper
we are interested in the case in which the alternating electric
field applied to the semiconductor, in the direction perpen-
dicular to the magnetic field, is linearly polarized.

1. CLASSIFICATION OF TRAJECTORIES

The solution of the equation of motion for a current
carrier in an alternating electric field E(¢ ) = (0, E, cosf2¢, 0)
and a static magnetic field H = (0,0,H ) in the case of a qua-
dratic and isotropic dispersion law £( p) = p?>/2m, where p is
the momentum and m the effective mass, can be written

t=p.tip,~a exp (iQt)+B exp (—iQt)+Yo exp (—iwdt),
P+=Pos, (1)
a=eEi/2(0.+Q), p=€eE/2(0.—Q), (2)
Yo=Eo exp(i®.to) —o exp [i (0. +R) 2] —P exp[i(0.—R)%]. (3)
Hereeis the charge, o, = eH /mcis the cyclotron frequency
(for definiteness, e, H>0), £, = po, + iPq,» and po = ( Pox»
Poy > Poz) is the value of the momentum at the time #,.
The sum of the first two terms in (1) gives us a vector

whose tip traces out an ellipse in the p, = p,, plane with an
angular frequency {2 and semiaxes

a=|a+p|=eE,0./|0’—Q*|, b=|a—B|=¢€E,Q/|o;—Q?|.
(4)
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The ratio of semiaxes of this ellipse is a/b = w_/12.

The third term in (1) describes a vector whose tip traces
out acircle of radius |y,| with an angular frequency . in the
P: = Do, Plane. The magnitude |y,| is arbitrary and depends
on the initial conditions. As a result, the vector £ traces out
some complicated trajectory which is closed only if the fre-
quency ratio w, /{2 is rational.

a. If the frequency ratio w_ /42 is irrational, and if these
frequencies are furthermore very different, 2>, or 2<w.,
the carrier trajectory densely” fills a strip of width 2|y,| in
the p, = po, plane. This strip lies between two concentric
ellipses with respective semiaxes @ — |y,|, b — |¥,| and
a+ |7ol, b+ [¥ol-

The strip becomes filled in a characteristic time
7. = max{2 ~', '} if the frequencies w, and {2 are very
different.

b. We now consider the case of a rational frequency
ratio. Specifically, we assume {2 /o, = m/n, where m and n
are integers. In this case the carrier trajectories in momen-
tum space are closed. These trajectories are conveniently
classified in the coordinate system p;, p;, p,, which is rotat-
ing in momentum space around the p, axis with angular
frequency o, (Ref. 16)?:

&'=p/tip,/=% exp(io.t)
=v,+a exp [i (0. +R) 2] +p exp [i (0.—R)?],
p:'=p:=Ds.. (5)
It follows that in this coordinate system the shape of the
trajectories does not depend on the initial conditions; it de-
pends on only a single parameter—the frequency ratio ./
0. If o, > (2, then the trajectory of a carrier in the rotating
coordinate system is an epicycloid in the p, = p,, plane, de-
scribed by a point on a circle of radius 7, = & (the generating
circle) when the circle is rolled without slippage along the
outer side of a fixed circle of radius r, = b (the guiding circle;
Fig. 1). The center of the guiding circle lies at the point (y,,
Po: )
The ratio of radii is the rational number

T, 2 2m s
T JodQ—1l  Im—nl ¢’ (©)

\ I3 q
where s and ¢ are mutually simple integers. The number s
gives the number of turning points (4, 4,, and 4, in Fig. 1b).

Py
. I4

X

n=

<

FIG. 1. Current-carrier trajectories in momentum space in a rotating co-
ordinate system for the case w, > £2. a—Cardioid, o, = 3 2; b—w, = 5/3
0.
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FIG. 2. Carrier trajectories in momentum space in a rotating coordinate
system for the case o, < 2. a—Astroid, 2 = 20_; b—2 = S0,

This number also determines the symmetry of the epicy-
cloid, which has an s-fold axis passing through the center of
the guiding circle, perpendicular to its plane, and s reflection
planes passing through this axis (one of these reflection
planes coincides with the p.p. plane). The symmetry point
group of an epicycloid with this value of s is thus C,,. The
number g is the number of revolutions executed in the course
of its motion by the radius vector connecting the center of
the guiding circle to a point on the trajectory until the origi-
nal point is reached again. The number of self-intersections
of the epicycloid is k£ = s(g — 1). The period of the revolution
along the trajectory is

T=2nq/| 0.—L| (7)
and increases toward the resonance.

If w, < {2, then the trajectory in the rotating coordinate
system is a hypocycloid in the p, = p,, plane. The hypocy-
cloid is described by a point on a generating circle of radius
r, = a which is rolling without slippage along the interior of
a guiding circle of radius 7, = b [centered at the point (y,,
Do. )] (Fig. 2). The symmetry of the hypocycloid is, as in the
case of the epicycloid, determined by the point group C,,.
Since we have 7> 2 if w, <2 [see (6)], the trajectories can
only be hypocycloids with s>3 and g <s/2. The trajectories
are thus quite symmetric in the case w, < 2. The period of
the motion along the trajectory is given by (7). The number of
turning points, the number of times the trajectory revolves
around the center of the guiding circle, and the number of
self-intersections are given by the same expressions as in the
case of the epicycloid.

Finally, at cyclotron resonance, @, = {2, the trajectory
in the rotating coordinate system is a cycloid, which is traced
out by an arbitrary point on a circle of radius 7, = a when it
rolls without slippage along a straight line. The time evolu-
tion of the momentum p’ in this case is described by

0

. ek ) eE ) .
' =Eei% — _409_ (e29%+2iQt,) + —0 (e¥™'4-2iQt) .

The time required for the point to traverse one arc of the
cycloid is 7/42. If a carrier is initially at the center of the P
region, then after a time on the order of pp /eE, it will reach
the boundary of the P region, i.e., will acquire an energy on
the order of the energy of an optical phonon.
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2. DETERMINATION OF THE THRESHOLD FIELD £,

We now seek the conditions under which trajectories
exist in the passive region which do not intersect the bound-
ary of this region.

a. If the frequency ratio w_ /2 is irrational, and if these
frequencies are furthermore greatly different (2>w. or
2<w, ), then the trajectory traced out by a carrier lies entire-
ly in the passive region and has the following form, accord-
ing to Subsection la:

Yol tmax {a, b} < (ps*—po:")", (8)

where pp, = (2m#iw,)'/? is the radius of the passive region,
and o, is the frequency of an optical phonon. Condition (8)
can be rewritten as

Igo——aei"‘“—ﬁe“°'°l<R (Por), 9)
R(po:) = (Pr*—po:’) "—eEoQul | 0 — L7, (10)

where 2,, = max{w, 2 }. The right side of inequality (9)
must be real and positive. It follows that the necessary trajec-
tories exist if the amplitude E, does not exceed the threshold
value

Eo=pr|02—Q%|[eQu. (11)

If E,<E,,, then (9) determines a region {&q, po,} in
momentum space such that a carrier which reaches this re-
gion at the time ¢ = ¢, turns out to lie on a trajectory which
lies entirely in the P region. We call this region a “trap.” Its
intersection with the p, = p,, plane is a circle of radius
R ( po,) whose center moves in the p,, plane along an ellipse
with semiaxes a and b at an angular frequency £2. This region
is spindle-shaped, as in the case of static crossed E and H
fields.’ The spindle moves as a whole along this ellipse at a
frequency 2 (Fig. 3).

b. To determine the threshold field E., in the case in
which the ratio of frequencies is rational, we note that the
threshold field amplitude is found by equating the radius of
the passive region, pp, to the radius, R_;,, of the smallest
circle which can circumscribe trajectory (5). The value of
R_;, depends on the field amplitude E,. If pp > R_;,, then
there are trajectories in the passive region which do not in-
tersect theboundary of this region. If pp < R, , on the other
hand, there are no such trajectories. We will determine R ;,,
for the case w, > {2, in which a trajectory is an epicycloid in

H
/  E(t)
X

FIG. 3. Spindle-shaped trap L in which carriers can accumulate. The dot-
dashed curve in the trajectory of the center of the trap (an ellipse with
semiaxes @ and b). The trap moves along this trajectory at an angular
frequency £2.
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the rating coordinate system. If the epicycloid has a symme-
try axis, i.e., if s>2 [see (6)], then the center of the circum-
scribed circle lies on this axis in the plane of the figure; i.e., it
coincides with the center of the guiding circle. The value of
R, in this case is 7, + 2r,. It is not difficult to see that the
threshold field in this case is the same as that in (11). If there
is no symmetry axis, i.e., if p = 1/¢g, whereq = 1, 2, 3, ... [see
(6)], then it can be shown that

Rpin=(ry+2r,) cos [n/2(2¢+1)]. (12)

In this case the center of the circumscribed circle does
not coincide with the center of the guiding circle and is in-
stead displaced from it by a distance

Ay=r,sin [7/2(2¢+1)] (13)

along the twofold symmetry axis p. . The threshold field E.,
is stronger by a factor of y = cos™![7/2(2g +'1)] than that
given by (11). For ¢ =1 (w. = 302), for example, we have
¥ =2/3=1.16;forq = 2 (w, = 52 )wefind y = 1.05; etc.,
(we move progressively closer to unity).

In the case w, < {2 the trajectory in the rotating coordi-
nate system is a hypocycloid, which always has at least a
three-fold symmetry axis. The center of the circumscribed
circle in this case coincides with the center of the guiding
circle; R ;, = r,; and the threshold field E_, is described by
(11).

When the field amplitude E, is equal to the threshold
value, we thus have only a single trajectory which does not
intersect the boundary of the passive region (but does touch
it). The center of the guiding circle which determines the
position of the trajectory is at the point O’, with the coordi-
nates (¥,,0). For an epi-hypocycloid with a symmetry axis we
have y, = 0, while for an epicycloid without a symmetry axis
(s = 1) we have ¥, = — 4, If E, is below the threshold val-
ue, the centers of the guiding circles for trajectories which do
not intersect the boundary of the passive region fill some
region {¥,, po, }=L ' around the point O’ in the P’ momen-
tum space. The symmetry of the region L ’ is described by the
point group D,,, , asis easily shown. The s-fold symmetry axis
coincides with the p, axis, and the horizontal symmetry
plane coincides with the p, = 0 plane.

We are interested in the locus of points {&g, po, } =L
such that a carrier reaching such a point at the time ¢, turns
out to lie on a trajectory which is entirely within the Pregion.
From (3) we find

Eo="o exp (—iw.t,) +a exp (iQt,) +p exp (—iQ%). (14)

The region L can thus be found from L ’ by rotating the latter
counterclockwise an angle w_ ¢, around the p, axis and dis-
placing it as a whole along the direction of the vector a exp(i-
2t,) + B exp( — if2t,). The trap in which the current carriers
can accumulate thus executes a rather complicated motion
in the passive region. It rotates as a whole around some axis
(the symmetry axis of the trap if the latter exists) at an angu-
lar frequency @, and also undergoes a translational motion
along an ellipse at an angular frequency £2. The shape of the
trap is the same as the shape of the region L’ in this case.
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3. ACCUMULATION CONDITIONS

Current carriers accumulate on trajectories in the pas-
sive region when the field E, is below the threshold field
under the following conditions:

1) The very concept of a trajectory in the P region is
valid, i.e., the carrier dynamics is clearly expressed in the P
region.

2) The carrier scattering probability in the active region,
1/77 (the frequency of the spontaneous emission of an opti-
cal phonon), is considerably higher than the scattering prob-
ability, 1/77, in the Pregion (scattering by an impurity or an
acoustic phonon, for example). Here the temperature must
be low enough to satisfy the condition k7T <%iw,,.

The accumulation regions undergo a periodic motion at
the field frequency in the passive region. The reason for this
periodic motion is that a given point in momentum space
may belong at different times to completely different trajec-
tories: both trajectories which lie completely in the passive
region and trajectories which intersect its boundary. Conse-
quently, we do not have simply a random accumulation of
carriers on trajectories in the p region but instead a bunching
(due to scattering by optical phonons) and a formation of
carrier bunches which fill the trap and which undergo a peri-
odic motion along with the trap. The lifetime of the carriers
in the trap is determined by 7, the characteristic time
between scattering events in the passive region.

In determining the threshold field E, above, we
showed that in most cases its dependence on the frequency {2
and the magnetic field H is given by (11). Exceptional cases
are those with o, = (2¢ + 1)02, where ¢ =1, 2, 3, ... . The
threshold field turns out to be larger than that found from
(11) by a factor of y = cos™'[7/2(2¢q + 1)]. The greatest dif-
ference between the threshold field and (11)—on the order of
16%—is found at w, = 3£2. The dependence of the thresh-
old field on the magnetic field is thus extremely unusual: It is
described by a discontinuous curve with finite jumps at the
discrete points H, = mc{2 (2q + 1)/e.

How would be this behavior be seen experimentally?
The threshold field could be measured quite accurately by
taking the following approach (cf. Ref. 5): We apply to a
semiconductor, along with the magnetic and alternating
electric fields, a weak static electric field E; directed parallel
to the magnetic field H. This weak field drives a current j
along the direction of the magnetic field. We measure the
dependence of this current on the amplitude of the alternat-
ing electric field, j (E,), in various magnetic fields. As long
as the field E, is below the threshold value, the dependence

Ji (Eo) will be smooth, and the magnitude of j;; will be deter-
mined by the number of carriers trapped on a trajectory in
the passive region and by the mobility of these carriers along
the magnetic field, which is proportional to the time 7~ and
is large. As E, is increased and goes through the threshold
value, the current j; should drop sharply, since there will no
longer be any carriers with a high mobility along the magnet-
ic field: All the carriers will be on trajectories which pass
through the active region, where they are strongly scattered
by optical phonons. The decrease in j; when the field E,
crosses the threshold value will be quite sharp because the
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carriers on the trajectories in the passive region, even if few
in number in comparison with the total number of carriers,
will be primarily responsible for the current j; because of
their high mobility along the magnetic field.

We now assume w, /2 = 100/33, i.e., a ratio very near-
ly equal to 3. The ratio of the radii of the guiding and gener-
ating circles, (6), is 7 = 66/67. In this case the trajectory is a
very symmetric epicycloid with a 66-fold symmetry axis.
The period at which this curve is traversed, (7), is
T =100-27/w, , and the threshold field is the same as (11),
according to our definition.

Since w_ /{2 is very nearly equal to 3, the motion along
this complicated trajectory can be described as a rapid mo-
tion along a cardioid (Fig. 1a) which is slowly precessing
around the center of the guiding circle. In our experiment
the position of the jump on the j, (E,) dependence may be
completely different from (11). It will be if the carrier lifetime
on the trajectory, 77, is considerably longer than the time
required for motion along the cardioid, 37/w, , but consider-
ably smaller than the time required for a complete rotation
of the cardioid through 27, i.e., 2007/w, . The jump will then
occur near the threshold field corresponding to the cardioid,
which is higher than (11); i.e., the threshold field measured in
the same experiment as a function of the magnetic field can
have a maximum at H = 3mc(2 /e. The width of the maxi-
mum is determined from the condition AH = mc/er~; this
condition is the condition that 7~ be equal to the period T in
(7).

4. TOPOLOGY OF THE MAIN TRAJECTORY. THE CRITICAL
FIELDS £E..and £, 4

We have been discussing conditions such that trajector-
ies appear in the P region which do not cross its boundary.
The kinetic coefficients may also acquire some distinctive
features upon a change in the topology of the main trajec-
tory, i.e., of the trajectory passing through the center p =0
(Refs. 1, 2, and 17). Since the carrier trajectories are not cir-
cles in our case, as in crossed static fields E and H, we find
not one but two critical fields E,, and E_;. The first, E_, , is
the field at which, upon a decrease in the amplitude E,, the
first main trajectory, which lies entirely in the P region, ap-
pears. The field E,; is the amplitude at which all the main
trajectories lie entirely in the passive region. The first main
trajectory in the Pregion evidently appears when, as the field
amplitude E, is decreased, the trap begins to touch the center
of the passive region in the course of its motion. With a
further decrease in the amplitude E, and an increase in the
dimensions of the trap, we eventually reach a time at which
the center of the passive region is in the trap at all times. It is
this value of E, which corresponds to the critical field E; .

In determining the critical field E,; above we showed
that it is given in essentially all cases by expression (11), de-
rived for a spindle-shaped trap. The reason is that the actual
shape of the trap is in fact very nearly a spindle. When we
also take into account its rotation around its own axis, we are
no longer surprised by this fact. To determine the critical
fields E,, and E.; we will thus adopt the approximation of a
spindle-shaped trap. It is then a simple matter to show that
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Eo=(p/e)|0.~Ql, Eu—=(p,/2eQu) 02—, (15)

The singularities at the fields E., and E.; —in the ab-
sorption coefficient of a strong alternating electric field, for
example—can occur at quite small values of the time 7™, i.e.,
when the emission of an optical phonon occurs essentially
instantaneously, and a large fraction of the carriers lie on
main trajectories. As the amplitude E is decreased, the first
main trajectory which lies entirely in the passive region then
appears at E, = K, , and the absorption of energy from the
microwave field begins to decrease. This decrease occurs in
the amplitude interval E; < E,<E,,, i.e., quite smoothly
(evenin the limit 7+ = 0), since in this interval there are both
main trajectories which lie entirely in the passive region (a
carrier moving along such a trajectory weakly absorbs ener-
gy of the alternating field) and main trajectories which cross
the boundary of the passive region. Just which of the main
trajectories the carrier will move along depends on the phase
of the electric field at the time in which the optical phonon is
emitted. The situation is very similar to that during the ab-
sorption of a strong, linearly polarized microwave signal in
the absence of a magnetic field.* In contrast, in the case of a
circular polarization all the main trajectories are closed in
the passive region at a common field amplitude E,, so that
the singularity in the absorption is sharper in the case of
circular polarization.?

If, on the other hand, the time 7™ is not too short, and
the carriers tend to accumulate in the trap, then the absorp-
tion coefficient will already be beginning to decrease at
E,=E, , when carriers begin to appear in the trap, where
they weakly absorb energy from the alternating field.'? This
decrease will become sharper with increasing carrier lifetime
in the trap, 7. In the limit 7~ — 0, all the carriers accumu-
late in a trap, and the absorption coefficient abruptly drops
to zero at E, = E., (cf. Ref. 13).

5. WIDTH OF THE CYCLOTRON RESONANCE REGION

Experimentally, the absorption coefficient for a strong
rf field is usually studied as a function of the magnetic field in
the cyclotron resonance region.'® Using (11) and (15) for the
critical fields E,, , 5, we can easily determine the magnetic-
field intervals 4,H, 4,H, and 4;H in which, respectively,
there is no trap (so that the absorption is high), there are no
main trajectories in the passive region, and, finally, all the
main trajectories lie in the passive region:

Yy
AH: Q—”ic—(1——e?—°) <H<Q—”£{ eEs
e Qpp e \2Qp,

eED 2 2
+ +1] } 16
[(2szp,,) (162)
E E,
AH: Qﬂ(1— a °) <H<Qﬂ°-(1+ ¢ ),(l6b)
e ) 259 e Qp,
A
AH: ch(i_ZeEo) <H<Q mc{eE.,
e Qpp e Qpe
eE, \* s
+[( ) +1] } 16¢
T (16¢)

Each interval incorporates the preceding interval. If the left
sides of these inequalities are purely imaginary or negative

392 Sov. Phys. JETP 59 (2), February 1984

they should be replaced by zero. We may conclude from
these inequalities that the cyclotron resonance curve is gen-
erally asymmetric, broader on the side of weak magnetic
fields. This tendency was clearly seen in the experiments of
Ref. 18. This circumstance also distinguishes the cyclotron
resonance in the field of a linearly polarized wave from that
in the field of a circularly polarized wave, where the absorp-
tion curve is symmetric.?

6. INVERTED DISTRIBUTION IN THE CASE OF DEGENERATE
BANDS

Another important field of application of this theory is
a semiconductor with degenerate light-hole and heavy-hole
bands, such as p-Ge. Under certain conditions, a situation
may arise in such a semiconductor such that a trap in which
carriers can accumulate occurs in the light-hole band but not
in the heavy-hole band. This circumstance can cause a
change in the population of the light-hole band and, ulti-
mately, the generation of infrared light.'¢

It follows from the analysis above that a necessary con-
dition for this situation is

E.f<E,<E., (17)

where EL and E 2 are the threshold fields for the light and
heavy holes, respectively. Using (11) for the threshold field,
we find that the condition E ¥ < EL, and, correspondingly,
(17) can hold only if

Q<Q'=(00H)", (18)

where w* and w* are the cyclotron frequencies of the light
and heavy holes. Since 0¥ <2 * <%, an energy-inverted
distribution can also be produced in a degenerate-band semi-
conductor at 2 = ¥, for example, i.e., under conditions
corresponding to a heavy-hole cyclotron resonance. The
possibility of this occurrence in a magnetic field crossed with
a circularly polarized rf electric field was discussed in Ref.
14.

Webelieve that the most favorable situation for produc-
ing a repopulation of the light—hole band is that in which the
trap in the light-hole band contains the center of the passive
region at all times, while there is no trap in the heavy-hole
band. A necessary condition here is

E.<E,<E., (19)
ie, EX <EL. Analysis with the help of (11) and (15) shows
that the latter inequality holds if

2—x'

o)c"( 2%2—x'h
where % = my /m; is the ratio of the masses of the heavy
and light holes, and f'(x) is the positive root of the equation

z*+2xnz*—nz—2=0. (21)

For p-Ge we have x = 7.9 and f(x) = 0.24. It follows
from (20) that at x > 4 the frequency £2 has only an upper
bound [in this case the left side of inequality (20) is taken to
be zero], while at » < 4 it has both upper and lower bounds.
To produce an inverted distribution in a semiconductor with

my/m; <4 (p-Si), therefore, we should use an alternating
electric field, since in crossed static fields, without a trap in

)"’<sz<mff(u>, (20
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the heavy-hole band, the trap in the light-hole band may not

be large enough to contain the center of the passive region.
We are greatly indebted to V. L. Gurevich and I. B.

Levinson for an extremely useful discussion of this study.

UIfthe frequency ratio w, /12 is irrational, there are no gaps in the filling. If
the ratio w, /42 is rational, there are gaps in the filling, although the
filling is very “dense” if w. and {2 are greatly different.

PTrajectories with irrational ratios w, /2 could be classified in the same
way.
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