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The physical principles underlying the occurrence of a population inversion and a negative differential conductivity of germanium hot holes at low temperatures in strong electric fields are set
forth. Attention is focused on the conductivity of germanium hot holes at a cyclotron resonance in
fields HllEll [OOl]. Under these conditions, stimulated emission has been achieved in the shortwave part of the millimeter wavelength range and in the submillimeter range. Experiments on the
output characteristics of a germanium hot-hole cyclotron-resonance maser with negative effective hole masses are reported. The first experiments on the use of this maser for spectroscopic
studies of semiconductors are also reported.

1. INTRODUCTION

achieving a negative differential conductivity were thus not
completely clear. In fact, there was point of views which held
that an inversion could not occur in the distribution of hot
carriers.
Interest in NEMAG revived as a result of the progress
achieved over the past 7-10 years toward an understanding
of the conditions for the occurrence of an inversion in the
distribution of hot carriers and the possible use of this inversion in active systems. In the present paper we will focus on
the cyclotron version of NEMAG in ElIH fields; this version
has been realized in practice. For a complete picture, however, we will also theoretically examine the original version
of NEMAG, without a magnetic field.

Hot carriers (electrons and holes) in semiconductors
have attracted considerable interest because of their possible
use in active devices in solid-state microwave electronics,
e.g., oscillators and amplifiers. Such hot-electron devices as
IMPATT diodes and Gunn-effect devices have made it possible to extend active systems of solid-state microwave electronics to wavelengths as short as A 1 mm. Recent experiments'-'indicate that it will be possible to develop
hot-carrier devices for even shorter wavelengths, into the
mid-IR range. Such devices would operate by virtue of the
negative differential volume conductivity of hot carriers in
semiconductors, which arises from a population inversion of
carriers in strong electric and magnetic fields. In the present
2. NEGATIVE DIFFERENTIAL CONDUCTIVITY IN A STRONG
paper we discuss the physical principles underlying the operELECTRIC FIELD WITH E11[001]
ation of one such device, a germanium hot-hole cyclotronKromer's idea%as to use ap-type semiconductor ( presonance maser with negative effective hole masses. We
Ge,p-Si,
e t ~) .to generate and amplify electromagnetic oscilalso report theoretical and experimental studies of this malations.
In
the semiconductor, the degeneracy of the valence
ser.
bands would make the dispersion for heavy holes anisotropAlthough a negative effective mass amplifier and generic, so that there would be certain directions along which the
ator (NEMAG) based on the charge carriers (holes) inptransverse effective mass of the holes would be negative. In
type semiconductors were suggested by Kromer6 back in
momentum
space, the regions of negative effective masses
1958, it was not until 1984 that lasing was actually
[001 ] axes or rings with a corrugated surface
are
cones
along
a ~ h i e v e dDespite
.~
this delay of more than a quarter of a
formed
when
such
cones coalesce" (Refs. 6 and 10). If a
century in actual implementation in a device, the NEMAG
E
,
is
applied
to
the semiconductor in a direction along
field
idea has done much to stimulate research on hot carriers and
which
the
effective
mass
of some of the holes is negative, the
a search for conditions for achieving a negative differential
j
of
the
holes
will
slow in the direction opposite the
current
conductivity in semiconductors (see, for example, the refield;
the
field
will
perform
negative work on the holes:
view in Ref. 7). After the lapse of so many years we can only
speculate on why the work on NEMAG was essentially halted back in the mid-1960s. The most likely reason is that
Kromer's suggestion was not sufficiently specific. The role
played by the population inversion of holes in the appearance of a negative differential conductivity was not fully understood, although the need for an inversion for a negative
~ . ~
differential conductivity in NEMAG was pointed ~ u t .At
the time, no detailed calculations had been carried out on the
Here E , U, a n d p are the energy, velocity, and quasimomendistributions and conductivity of hotholes. The conditions
tum of the holes. Figure l a shows the intersection of the
for achieving an inversion in the hole distribution and for
constant-energy surface of the Ge heavy holes,
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FIG. 1. a: Regions of a negative effective mass, rn;;", in the
py = 0 plane in momentum space and contour lines of a uniform distribution of germanium heavy holes during streaming in a static field E z 1 2 0 V/cm (Ref. 21). f, (arbitrary
units): 1-4.8; 2 4 . 6 ; 3 4 . 2 ; 4-4.1. b: The energy E ( 1 )
and the distribution function f ( 2 ) during the streaming of
Ge heavy holes versus the transverse momentum ( E = 120
V/cm,p, /p, = 0 . 7 , ~
=~0 ) . The hatched region is the region
of an inversion of the distribution function, with ~3f / & > 0.

%lp,

p ) = const, with the plane py = 0 in momentum space.
The dashed lines are the boundaries of the region of negative
effective masses, m::' < 0. It follows from ( 1) and ( 2 ) that
one hole in this region is capable of strengthening the field
Ex ( A P < 0), while the overall effect of the interaction of all
the holes with the field (absorption or amplification) depends on the nature of the distribution function of the holes.
A necessary condition for the existence of a negative differential conductivity is an inversion of the distribution function along the direction of the field El: (I3 f /a&) > 0
(Refs. 7-9, for example). Such an inversion can be set up by
a strong static electric field E. In this case, as we will show
below, an anisotropic distribution function, stretched out
along E, as shown in Fig. la, is formed in a semiconductor at
temperatures below the Debye temperature, k, Tgfka, (fka,
is the energy of an optical phonon). With a suitable crystallographic orientation of E, e.g., El1 [001] (as in Fig. la), a
function of this sort is inverted in the direction transverse
with respect to E by virtue of the anisotropy of the heavyhole dispersion. This situation can be seen in Fig. lb, which
shows E and f as functions ofp, in one of the cross sections
p, = const#O,py = 0. Since the constant-energy surface of
the heavy holes is concave along the [001] direction, the
dependence of E on p, is not monotonic, and for the given
type of distribution function, decreasing with distance from
thep, axis, we have
E(

,,,,

in the region where we have

(in the region bounded by the solid lines in Fig. la).
An expression for the transverse conductivity of the
holes can be found by solving the kinetic equation for the
distribution function in the resultant electric field
E El (Ell 10011, EIIE). In the case of a weak alternating
field E, UJ e'"' (E, (E), the distribution function can be represented as the sum of a steady-state distribution formed by
the strong static field E and an oscillating part: f =fa +f,.
In this case the equation forf,takes the following form in the
T approximation:

+
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( 3 ) with the boundary condition
Integrating
f,( p, = - UJ ) = 0, we find f, and the differential hole
conductivity au:

(4)
Here p' = ip, j py k pi, w, = eE /p,., p, is the average
momentum of a hole with an energy fiw,, v ( p ) is the momentum relaxation rate, and

+

+

Since the [001 ] crystallographic direction, along which the
static electric field E is applied, is a fourfold symmetry axis,
the linear transverse conductivity is isotropic,and we have
axx= a,,),,ox,,= uyx= 0'
The absorbed power is determined by the real part of
expression (4) for ax,. At low frequencies, w(V, w,, the
induced current j, is in phase with the field E,, and we have
Im a,, = 0. For a steady-state distribution function fa
which falls off with distance from the p, axis, a negative
contribution is made to the conductivity by those holes for
which the condition ( d ~ / d p , ) (I3f /ap, ) > 0 holds, according to (4). These are holes which are localized in a region of
momentum space corresponding to E < h a , where we have
mi:' < 0 (Fig. 1) . This region is broader than that in which
the condition mli' < 0 holds, as was pointed out by Kromer,
who used expressions similar to ( 1) and ( 2 ) (several other
investigators have subsequently mentioned the same point).
Kromer was discussing the idea of NEMAG using germanium heavy holes in a strong electric field E (Refs. 6 and 10).
At high frequencies, w 2 w, ,w&V, the function Re
cXx
(w ) is oscillatory and the absolute value I Re a,, I falls off
roughly in accordance with (@/a,) - 2 (Ref.11, for example). For a needle-shaped distribution function, elongated
along thep, axis, we have Re ax,GO at all frequencies. For a
finite width fa in the direction transverse with respect to E,
regions of negative and positive conductivity alternate, as is
shown by the calculations (Fig. 2 ) .
An anisotropic distribution function, elongated along
Andronov et a/.
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FIG. 2. Real part of the transverse conductivity ox,of germanium heavy
holes at (1) T = 12 K a n d ( 2 ) 24 K i n afield with E(I[001],E = 150 V/
cm, according to a numerical simulation of the distribution function by
the Monte Carlo method. Also shown ( 3 ) is the conductivity ux, of holes
with a needle-shaped distribution function ( fo = AG( p, )S( p, ),
O<p, < p o ) ; uE = e 2 N 0 / R o E ,R = 0.3m0.

the field E, arises in moderately dopedp-type Ge at low temperatures, k, T(&),, under the conditions v < w, < yo,
where v and yo are typical values of the hole scattering rate at
E < ko
and E > k g , respectively. The holes are accelerated
essentially without scattering in the electric field up to an
energy E = k o ; they emit an optical phonon; they return to
the low-energy region; they reacquire an energy ko;etc. The
result is an anisotropic distribution of holes in momentum
space, stretched out along the E direction, i.e., streaming."-l3 It is the localization of this distribution in the region
of negative effective masses, m): < 0 (this region is broader
than the region m): <O considered by KrGmer), which
leads to the inversion in the hole distribution, as has been
shown.
It is a rather complicated problem to find the distribution function fo under streaming conditions. The most complete information here can be found through numerical simulation by the Monte Carlo method (Refs. 13 and 14, for
example). The distribution function was first calculated by
this method assuming an isotropic dispersion of heavy holes
in germanium.I3 Estimates of the anisotropy of the conductivity based on those calculations showed that for E J J[001] a
negative differential conductivity occurs at T 5 7 K at static
fields in the range 50-100 V/cm. Unfortunately, the quantitative nature of these results rules out any conclusions regarding the actual values of the conductivity, its frequency
dependence, or the temperature limits on the existence of a
negative differential conductivity.
In the present study the distribution function fo is simulated by the Monte Carlo method for the actual heavy-hole
dispersion law; scattering by acoustic and optical phonons is
taken into account (see also Section 4). The results are used
with expression (4) to find the transverse conductivity. Figure 2 shows some typical results on the behavior a ( w ) . The
absolute value of the conductivity reaches a maximum at low
frequencies. At T = 12 K, it is an order of magnitude lower2'
than the value for a needle-shaped distribution function localized at thep, axis at 0 <p, <po (cf. Ref. 11). AtT = 24 K,
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the conductivity at these frequencies decreases even further,
by more than an order of magnitude. These results show that
the negative differential conductivity is actually the difference between two approximately equal components of the
conductivity, from the inverted and noninverted parts of the
distribution function. As a result, a slight decrease in the
inverted part (as we go from T = 12K to T = 24 K ) produces a sharp decrease in the negative differential conductivity, to the point where it vanishes at3' T-30 K. Impurity
scattering (ignored in the numerical simulation in the present study), even in samples with a low doping level, p 2 lOI3
cmP3, could play a similar role in the decrease and disappearance of the negative differential conductivity. In light of
all these factors, we see why Kromer's idea of a universal
negative-mass generator and amplifier for a broad frequency
range remained unrealized as long as it did.
3. LINEAR CONDUCTIVITY OF GERMANIUM HEAVY HOLES
AT A CYCLOTRON RESONANCE IN FIELDS WITH EIJHll[001]

The magnitude of the negative differential conductivity
of ap-Ge in a strong electric field with Ell [001] can be increased substantially at frequencies above 10" Hz under cyclotron resonance conditions for holes with a negative effective mass in a magnetic field6''' such that HllEll [OOl]. The
cyclotron mass m, of germanium heavy holes
[m, = ( 2 a ) - 'dS / d ~ Sis
, the area bounded by the cyclotron
orbit], like the effective transverse mass, can take on negative values in certain regions in momentum space, specifically, two cones, symmetric with respect to thep, = 0 plane,
with axes along H and with vertices at the pointp = 0. The
boundaries of the negative-cyclotron-mass cones in the
p,, = 0 plane coincide with the boundaries of the region
mi:' <O (Fig. la). The surfaces of constant cyclotron frequency w, = eH/m,c of holes with a negative cyclotron
mass are also conical, with axis along H and with vertex at
p = 0. The cyclotron frequency varies from zero at the
boundary of the negative-cyclotron-mass cone to a,/
w, = A - (B
4 C 2 ) / B z - 4.27 at the p, axis. Here
w, = eH/m,c; m, is the mass of a free electron; and
A = 13.27,B = 74.48, and C = 153.8 are constants which
appear in the dispersion law for the heavy holesi0:

+

In a magnetic field such that HI1 [0011, holes with a negative
cyclotron mass gyrate the way electrons would in free
space-in the direction opposite that in which ordinary
holes would revolve. Consequently, the cyclotron resonance
of holes with a negative cyclotron mass will prevail for a
wave of circular polarization in the "electron direction,"
propagating along H . For holes with positive cyclotron
masses, the resonant wave would be a wave with an opposite,
"hole," circular polarization. In thermodynamic equilibrium the fraction of heavy holes with a negative cyclotron
mass is about 7% (Ref. 19), and they are not important in
the conductivity. The situation changes dramatically when
there is an inversion in a strong electric field Ell [OOl]. The
imposition of a magnetic field with H J J Emakes it possible
Andronov et aL
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these variables are, respectively, the phase of the motion of a
hole along its cyclotron orbit and the area of this orbit:

PI=-,

9%
Jjv=--,
~ P V

9%

+--=
FIG. 3.Frequency dependence of the real part of the transverse conductivity ofGe heavy holes from the ( 1) inverted and ( 2 ) noninverted regions of
the distribution function under streaming conditions (schematic) representation. Dashed line-H = 0;solid line--cyclotron resonance for a circularly polarized alternating electric field E,lHIIE.

under cyclotron resonance conditions (w, Bw,, v ) to distinguish the components of the conductivity due to the inverted
and noninverted parts of the distribution function (Fig. 3),
i.e., of holes with negative and positive cyclotron masses.
The magnitude of the negative differential conductivity in an
alternating electric field with a circular polarization in the
electron direction becomes significantly larger in this case
than in the case H = 0. Although the first calculations of the
conductivity under such conditions were carried out in Ref.
20, the a priori specification of a heavy-hole distribution
function detracted significantly from the results; judging
from the literature, that study did not stimulate further research. It was not until some twenty years later that the idea
of streaming in p-Ge, which had been developed by that
time, was used in Ref. 21 to demonstrate the existence of a
negative differential conductivity at cyclotron resonance;
the limiting values of E, H, T, and o were calculated, facilitating a subsequent search for the conditions for the appearance of stimulated emi~sion.~
As in the case H = 0, an
expression for the linear conductivity of holes at cyclotron
resonance in fields with HllEll[001] can be found analytically by solving the kinetic equation for the oscillatory part of
the distribution function, f,. To find the steady-state part of
the distribution function fo is even more difficult than at
H = 0, and this can be done for the actual dispersion law
only through numerical simulation. An analytic solution
was derived in Ref. 21 through the approximation of a dispersion law which was axisymmetric around the p, axis.
That law leads to a good description of the dynamics of holes
with a negative cyclotron mass, and such holes make a resonant contribution to the conductivity at cyclotron resonance. Because of the symmetry of the problem, a magnetic
fieldHllEll[001] does not affect the steady-state part of the
distribution function, so that the kinetic equation for fo can
be solved at H = 0. Figure l a shows fo( p,, p, ) = const
contour lines of the distribution function found by this approach. The maximum value of f, is reached near the p,
axis, but not at the axis itself, as it would be in the case of an
isotropic dispersion law. l3 The dip in the function fo at the
axis is very slight ( a few p e r ~ e n t ) ~that
' ; region is omitted
from Figs. la and lb.
To find the oscillatory part of the distribution function
in a strong magnetic field w, Bw,, it is convenient to switch
from the variablesp,, p,, in the kinetic equation to new canonical variables, the angle q, and the action S. In this case
214
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as

0,

a%
~

( S ,p,) ,

P

X

a% = 0,
S=- -

(5

a cp

where 3= &eH/c. In terms of these new variables, the kinetic equation for f l becomes

Here v = d d d p is the velocity of the hole. The right side of
this equation is a resonant force for f, at frequencies
w = nu,. Since the revolution of holes with a negative cyclotron mass far from the boundary of the cone w, ( p ) = 0 is
largely harmonic (Ref. 19, for example), we restrict the discussion to cyclotron resonance at the fundamental frequency. For the first harmonic of the revolution velocity of holes
with a negative cyclotron mass, V,(S, pZ)eip
(q, = w, t p,), the resonant electric field is a field El of
circular polarization in the electron direction: E e'"'. Solving Eq. ( 6 ) by analogy with Ref. 21, and considering the
contribution to the conductivity only from holes which are
in resonance with the field E,(o), which lie near the cone
w = - o, (S, p, ), we find a ( @ ) .The real part of this conductivity is given in the limit4' w, , v-0 by

+

Re o = o,

,

11{dp,dS6 (ru

= - 2n2e2

- oc(S, p,))) I VI j2

(7)
The integration over d S here is carried out over the surfaces
of both of the resonant cones, over the entire energy range,
~ ( p<kwO;
)
the derivative d fo(S, p, )/a&is calculated in the
direction perpendicular to the p, axis. It follows from
expression ( 7 ) that the negative component of the conductivity at the frequency w comes from holes which are in this
part of momentum space on the resonant cone w, (S,
p,) = - w, where the distribution function is inverted:
(df0/d&) ,,,,> 0. Figure 4 shows the function ores
(w) for
certain values of the static electric field E. These curves were
found by integrating (7), assuming an axisymmetric dispersion law, for the steady-state distribution function f, calcu~ ' nonresonant transverse conduclated for this m ~ d e l . The
tivity of holes in fields such that EllH can be calculated
from22

(8)
where Tii = 0.32mo, = eH /Ec, and r is the gamma function. Comparing ah and ore, (Fig. 4), we find
Andronov et aL
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tion with the field El is resonant. In a strong alternating
field, the holes can exhibit autoresonant behavior; as they
are "uncoiled" by the field E l , they are captured to the resonant cone and do not leave resonance until the next scattering event. In Ref.23 a model of an axisymmetric heavy-hole
dispersion law,
E

FIG. 4. Real part of the resonant conductivity ur,,of hot heavy holes in
germanium with a negative cyclotron mass ( w E , <O). E (V/cm): 1480; 2-240; 3-120; oH = eZN,/Fi75,.

+

am= a,,, a h < 0 at frequencies w > w, . At liquid-helium
temperature, the streaming of heavy holes (w, Z v ) arises at
fieldsI3E R 100 V/cm, corresponding to a transit frequency
w,
3. 101° s- 'which actually determines the long-wave
boundary of the region of negative differential conductivity.
The short-wave boundary is determined by the quantization
of the energy spectrum of the heavy holes. At energies
E < h 0 , no fewer than two Landau levels should fall within
the negative-cyclotron-mass cone. This requirement leads to
the condition w < 1013S - l ( A > 0.2mm).
Numerical estimates for w = 10" s-I, E = 120V/cm,
H = 25kOe, and No = 1014cm-3yield a,,, ~ 2 . 1 s-',
0 ~ and
~
ahz 5.10' S-I. The corresponding gain is

-

4. NEGATIVE DIFFERENTIAL CONDUCTIVITY IN A STRONG
ALTERNATING ELECTRIC FIELD

The negative differential conductivity ofp-Ge in strong
static fields with EllH can lead to such a substantial intensification of a weak alternating electric field E l (w), either resulting from fluctuations or the field of an electromagnetic
wave incident on the semiconductor from the exterior, that
the conductivity a ( w ) changes. It is not possible to derive an
analytic expression for the heavy-hole conductivity from the
solution of the kinetic equation in the case of an arbitrary
field amplitude E,. An effective method here is a numerical
simulation of the conductivity; we report the results of such
a simulation below. Certain qualitative conclusions regarding the nature of the hole conductivity in a circularly polarized strong field E l can be extracted from a direct analysis of
the equations of motion in fields E,lEIIH:
p=eE cos O f e E i sin 0 cos cp

eH 1 a s
+ ---,
c P acp
sin @,

E,=E,(i cos wt+j sin cat).

As the holes drift and revolve in the EllH fields, they
intersect the cone w, (p) = - w, near which their interac215
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was used, and it was shown that system of equations (9) has
a solution in the form of a rotational translational motion
along the surface of the resonant cone:

0--eo=const,

eEit

El

cp=-o e t , p = - for -= tg 0,. ( 10)
sin 0,
E

Solution ( 10) is stable with respect to small perturbations of
8 and p; i.e., near the resonant cone in momentum space
there is a region in which, once a hole enters, the hole becomes captured to the cone and subsequently moves along
its surface.'' The power absorbed in the process,

is negative if m, < 0, and it increases in magnitude in proportion to the time of free flight between scattering events.
Figure 5 shows a numerical solution of Eqs. (9) in a
strong alternating field El which is circularly polarized in
the electron direction for the actual dispersion law of Ge
heavy holes. A hole which has been captured to the resonant
cone moves along an uncoiling spiral; its absorption is negative and increases in absolute value in proportion to t , while
the absorption of the uncaptured holes oscillates around
zero. A numerical solution of the equations of motions of
holes with various initial conditions shows that under the
condition w, )w, the captured holes constitute a significant
fraction of the total number of holes.23In a strong field El,
the hole may therefore bunch near a resonant cone, and the
absolute value of the negative differential conductivity can
increase.
The conductivity a was studied as a function of the
strength of the alternating field E, through a Monte Carlo
numerical simulation which took into account both the particular features of the dynamics of holes with a complex dispersion law and the scattering in the strong fields E l , E, and
H. The equations of motions were integrated, and the velocity v ( t ) , the current j ( t ) , and the average absorbed power6'

(9)

Equations ( 9 ) are written in terms of the polar coordinates
@=ot-cp,

(p) = ( p 2 / 2 m )( I f E cos 40),

were calculated. Here N is the number of scattering events,
and (T,, r,,, ) is the interval between the k th and
( k 1)st events. The calculations incorporate the scattering of holes involving the emission and absorption of acoustic and optical phonons. The corresponding probability densities for a transition of a hole from state p to state p'per unit
time are (Ref. 14, for example)

+
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FIG. 5. a: Rotational-translational motion of holes in fields
E,IEIIHII @, 11 [001] (projectionsofthepathsontothep, = 0
plane are shown here). The field E l is resonant with holes
having a negative cyclotron mass [see ( 10) 1. Markers on the
paths show equal time intervals At, corresponding to the motion of a hole a distance Ap, = eEAt alongp,. b: Absorption
of a circularly polarized electromagnetic wave E l by various
holes (the markers have the same meaning as in part a ) . The
curve with the plus sign corresponds to the absorption of a
hole with a negative cyclotron mass which has been captured
to the resonant cone w, ( p ) = - w .

scattering probabilities are

where
Ba,=AE,.V4pVos,

B,,,=fi ( D , K )V2pVooo,

and Nqv0= { e ~ p ( h ~ , ~ T/ k) , 1)- ' is the phonon distribution according to Bose-Einstein statistics. Here Vois the
crystal volume, E ,, = 4.6 eV is the constant of the acoustic
interaction," D,K = 9-lo8 eV/cm is the constant of the
strain energy, p = 5.32 g/cm3 is the density of the crystal,
s = 4-lo5cm/s is the sound velocity, and h,= 0.037 eV is
the energy of an optical phonon. Expressions ( 11) and ( 12)
can be used to determine the integrated probabilities for the
transitions of particles out of the state p; these probabilities
are used to determine the scattering mechanism in each scattering event during the simulation. For an interaction with
uniformly distributed acoustic phonons8) the integrated

while for the interaction with optical phonons they are

where
2n n

m.h j J drp sin 0 d0
rndr%= 4n

,

0

w

(0.35m0)",

g"(0,rp)

Some of the results of a numerical simulation of the conductivity u = F/E ofp-Ge are shown in Fig. 6. The values of u
at El/E(l correspond to a linear conductivity. According
to the result of the linear theory, the conductivity reaches a
maximum at the cyclotron resonance,wzw,, and at
H = 25kOeJ = 2mm, and No = 1014cm-3 this conductivity is a= - l.O-lO1Os-la = 2?ra/ceA'*=0.53 cm-'. This is
about half the value found from the analytic calculations and
given above. In a strong alternating field El (0.3-0.5) E w e
observe an increase in the conductivity in absolute value,
evidently due to a dynamic change in the structure of the
hole distribution function as a result of their capture to the
resonant cone. Because of this capture, the region with a
negative differential conductivity expands to fields E l 2 E.
These results can be used to determine the limiting power of
millimeter-range radiation which can be achieved through
the use ofp-Ge in fields EllH as the active element of a generator: P / V = u ( E I ) E : =: 100 W/cm3 with A = 2 mm and
No = 1014cmP3. The corresponding efficiency is 7 5-lop3.
The maximum power radiated from the surface of the semiP/S
conductor
can
be
estimated
from
= CEA'~E / 4 n z 200 W/cm2.

:

-

FIG. 6. Real part of the conductivity at cyclotron resonance of germanium heavy holes in fields such that EllHll[001] according to a Monte Carlo
numerical simulation for the following values of E, H, w ( E l is the circularly polarized field which is in resonance with the holes with the negative
cyclotron mass; T = 24 K): - E = 200 V/cm, H = 34 kOe, w = 1012
s- I; 0-200 V/cm, 69 kOe, 2.10" s- I; A-200 V/cm, 136 kOe, 4.1012
s-I; A-200 V/cm, 25 kOe, 10" s-'; 0-150 V/cm, 25 kOe, 1012s-I.
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5. EXPERIMENTAL PROCEDURE AND RESULTS

tion and then heating of holes. The wavelength of the backward-wave
tube was chosen so that the wave propagation
The first studies of the cyclotron resonance of holes
path was equal to an integer number of half-wavelengths. In
with a negative effective mass in germanium were carried
this case, with a slight modulation of the transmission of the
out as early as 1958-1960 (Ref. 18). Although the results
sample, M( 1, the magnitude of the measured signal for optiemerging from those experiments were rather contradictory,
cally thin plates was proportional to the real part of the hole
these were the first steps along the path that led, a quarter of
conductivity in the electric field. Figure 7 shows the modulaa century later, to the discovery of an induced emission of
hot holes with a negative cyclotron mass in g e r m a n i ~ r n . ~ tion of the transmission as a function of the magnetic field,
according to measurements at the time at which pulses of a
Several experimental studies which were carried out over
strong
electric field E = 100 V/cm were applied to the samthese years added substantially to the picture of the distribuple
and
immediately after these pulses ( E = 0 ) . In the latter
tion function and conductivity of Ge heavy holes. Measurecase,the
modulation stems from thermal activation of the
ments by optical methods in the near-IR region in Ref. 12
holes
from
impurity levels into the valence band as a result of
revealed the appearance of a hole distribution function
the heating of the crystal during the field pulse. The sample
which was elongated along E in strong fields at T = 77
temperature was chosen in such a way that the degree of
K:streaming (see also Ref. 24). These results were later
thermal ionization of the acceptors was low, so that the mosupplmented with measurements of the hole drift velocities
dulation of the transmission was slight. The line I in the specv(E) by a time-of-flight method.25Some distinctive features
trum
corresponds to the cyclotron resonance of light holes,
of the dynamics of carriers in an anisotropic zone under conh are the first and third harmonics of the cyclotron
while
ditions of nearly collisionless motion at energies E <%,
resonance
of heavy holes.
were discovered in Refs. 26-28 on the basis of the cyclotron
In
a
strong
field, E z 100 V / c m ,in which essentially all
.
we
resonance of Ge heavy holes in fields with E J J H Finally,
the
acceptors
are
ionized, the sample is transparent to the
should also mention Kajita's study,29which, although forpradiation from the backward-wave tube: M=: 1at H = 0. In a
Si, revealed a negative Hall effect during streaming in the
magnetic field with HllE we observed an increase in the
[ 111] direction, with negative transverse masses.
transmission of the sample to MS0.5, apparently due to
vanishing (or even a change in the sign) of the hole conduc5.1 Absorption of electromagnetic radiation in p-Ge in fields
with EllH
tivity in an electric field of circular polarization in the electron direction which is in resonance with the cyclotron revoAn interaction of centimeter-range electromagnetic ralution of holes with a negative cyclotron mass. For the hole
diation with holes in germanium in strong electric fields
direction of the circular polarization of the electric field, the
Ell [001] was first studied by Gershenzon et
at T = 77
conductivity
remained high, so that only one of the two cirK. The results showed that it was not possible to achieve
cularly
polarized
components of the incident plane-polarNEMAG inp-Ge at liquid-nitrogen temperature without a
ized wave passed through the sample. The maximum inmagnetic field. In the present experiments, we studied the
crease in transmission [the minimum of M ( H ) ] is found at
absorption at A 2 mm of p-Ge at liquid-helium temperamagnetic fields corresponding to a cyclotron mass
tures under cyclotron resonance conditions, using the procem, =:0.5m,, as we would expect for inverted holes with a
dure described in Ref. 27. The quantity which was measured
negative cyclotron mass (Fig. 4 ) .
directly was the change in the transmission of the linearly
polarized radiation from a backward-wave tube under the
JJ
The parallelinfluence of a pulse of an electric E J J H [OOl].
5.2. Generation of electromagnetic radiation inp-Ge in fields
plate p-Ge sample was positioned in a quasioptical section
such that EI/H
and oriented perpendicular to the wave vector of the radiFigure 8 is a schematic diagram of the apparatus used in
ation. In the absence of an electric field E at T = 4.2 K, all
the present experiments to observe the stimulated emission.
the holes in the sample were frozen in shallow acceptor levWe studied samples of weakly compensated Ge:Ga. The
els, and the sample was transparent to the millimeter-range
samples were held in a liquid-helium cryostat, at the center
radiation. The strong electric-field pulse produced ionizaof a superconducting solenoid. A voltage pulse applied to the
sample through noninjecting contacts ( 7 , 1-80 pm,
f,,, S 200 Hz, E Z 5 V/cm), as in experiments on the absorption of electromagnetic radiation, caused impact ionization
of shallow impurities and set up a drift of charge carriers
along the [001] crystallographic direction. The radiation
was detected by an a-InSb detector outside the magnetic
field of the solenoid. The pulsed output signal from this detector was amplified, converted into a static voltage by a
strobe integrator, and fed to the Y input of an x, y chart
recorder. The signal was built up on the strobe integator over
the length of the reference strobe pulse. A slowly varying
FIG. 7. Modulation of the millimeter-range radiation from a backwardvoltage proportional to the current through the solenoid or
wave tube ( A - 2 mm) by ap-Ge sample versus the magnetic field. 1D = 100V/cm (EIIH);2-E = 0 ( T S 10 K ) .
to the delay of the strobe pulse was fed to the X input of the

,,,

-

-
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FIG. 8. lock diagram of the apparatus used to study the emission frompGe samples in fields, E, H. 1-Power supply for solenoid; 2-trigger pulse
generator; 3-generator of the strong electric field pulses; L x , y recorder; 5-strobe integrator; bbroad-band amplifier; 7-Schottky-barrier
diode; 8-Michelson interferometer;9-helium cryostat; 10-superconducting solenoid.

recorder. The recorder thus recorded either the dependence
of the emission intensity on the magnetic field or the shape of
the emission pulse.
Stimulated emission from p-Ge was observed under
conditions similar to those under which the maximum increase in the transmission of the sample was observed. Figure 9 shows some typical results on the behavior of the emission intensity as a function of the magnetic field. The
emission arose after a threshold was reached, in the field
intervals E- (70-320) V/cm, HG- ( 15-50) kOe; its intensity was more than five orders of magnitude higher than that
of the spontaneous emission of p-Ge under similar condit i o n ~Figure
. ~ ~ 10 shows the emission zones of several samples. The boundary values of fields E and H were determined
by the balance between the resonant amplification, on the
one hand, and the nonresonant hole absorption and other
loss mechanisms, which do not involve free carriers, on the
other. The dependence of the hole conductivity on the magnetic field was found in the preceeding section [see (7),
(8) 1; a,,, a 1/H, a, a 1/H at a fixed value of the field E. It

FIG. 9. Intensity ofthe emission fromp-Ge (sample 1) versus the magnetic field in the band of the n-InSb detector at several values of E (V/cm):
1-50; 2-80; 3-90; 6 1 2 0 ; 5-140; 6-195; 7-250; 8-275; 9-310.
The curves have been displaced along the ordinate for clarity.
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FIG. 10. Emission zones of variousp-Ge samples. Solid line-Sample 1;
dot-dashed line-sample 2, made from the same material as sample 1, but
with twice the length along the direction of H; dashed line-sample 3, of
the same configuration as sample 2, but made from a material with a
dopant concentration three times higher,

follows that when there is a large difference between the lower and upper boundary values of H the former will be determined primarily by the balance between a,,, and a,,, while
the latter will be determined primarily by the resonant amplification and the other loss mechanisms.
The range of electric fields in which emission is observed corresponds to the maximum anisotropy (an elongation along E ) of the distribution function of the Ge heavy
holes at T- (5-20) K (Ref. 13) and to its localization in the
negative-cyclotron-mass cone. At lower electric fields, the
time over which a hole must move to reach the energy of an
optical phonon is comparable to or shorter than the scale
time for scattering by acoustic phonons, so that streaming
does not set in. On the other hand, in fields E > 200 V/cm the
distribution function begins to broaden because of the appearance of holes in the region E > h0.
This circumstance
reduces the absolute value of a,,, (Fig. 4) and increases
a, -w,fif
[see (8) 1. Experimentally, this behavior is seen
as a decrease in the emission intensity at fields E > 200 V/
cm, to the point at which the emission is cut off at a fixed
value of the magnetic field (Fig. 9). The substantial narrowing of the emission zone for a more heavily doped sample, 3
(Fig. lo), is apparently also a consequence of a decrease in
the anisotropy of the distribution function and of la,, I due
to an additional scattering of holes by ionized centers.
The anisotropy of the distribution function should also
fade with increasing temperature of the semiconductor because of enhancement of the acoustic scattering. Under the
experimental conditions, the sample is heated adiabatically
during the electric field pulse, and it has cooled off slowly to
the temperature of the liquid-helium bath, T = 4.2 K, by the
time the next pulse arrives. The solid lines in the inset in Fig.
11 show the emission pulses at various initial temperatures
Toof sample 1. The heating from 4.2 K to Tois caused by aI1
electric pulse directly preceding the field pulse during which
the emission is observed; the values of Toand T ( t )are calculated3l on the basis of an adiabatic heating of the sample
during both pulses. Figure 11 shows the temperature dependence of the emission intensity. These results show that the
Andronov eta/.
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FIG. 11. Temperature dependence of the emission intensity of sample 1
(dashed line) and sample2 (solid line) at To = 4.2 K, E = 150 V/cm, and
H = 27 kOe. .-Data
corresponding to the crests of pulses 2-6 in the
inset; O - d a t a from various regions ofpulses 2-5. The inset shows oscilloscope traces of the emission pulses from sample 1 found at various initial
lattice temperatures To when the voltage pulse is applied to the sample
(dshed line). T,(K): 1-17.4; 2-16.8; 3-15.2; 4--13.2; 5-8.5; 6 4 . 2 .

decrease in the emission intensity during the pulse results
from an increase in the temperature of the sample; the preliminary heating and the heating during the field pulse affect
the emission intensity in identical ways.
The linear behavior of the radiated power P as a function of T near the cutoff temperature (where the generation
is cut off; Fig. 1I ) , can be explained by using the balance
equation for amplification and absorption in the sample,

and the resonant conductivity approximation

in the region where a,, deviates very slightly from linear
conductivity (see the curve in Fig. 5 for R = 2 mm and
H = 34 kOe at fields E,(E). Here a, is the effective conductivity, which incorporates all types of loss. The quadratic
field term in ( 14) arises from the iteration following ( 6 ) in
the small parameter El/E(l in the kinetic equation. The
temperature factor yT(1 is related to the decrease in the
number of holes which are involved in the streaming and
which contribute to a,,, because of scattering by acoustic
phonons: vac TE'/*. Accordingly, under conditions near
the cutoff of the generation, we find from ( 13) and ( 14)

which the behavior u,,, cc ( 1 - fl E: ) is disrupted (Section
4).
The question of the limiting temperatures for the existence of a negative differential conductivity inp-Ge requires
additional study, but some qualitative conclusions can be
drawn from even the results presently available. The effect of
the temperature on the resonant conductivity can be estimated from ( 14), which, as we have shown, gives a satisfactory description of the experimental results found at T < 20
K. As was mentioned above, the temperature factor in ( 14)
results from the acoustic scattering of holes over the transit
time w;': y T = Yac/w,, where Y,, is the average of
1.07.108T[K] ( ~ / k [,K ] ) ' I 2 [s-'1 . An estimate of Pa, for
the simplest, needle-shaped, streaming model yields
yT+1.4T[K]/E[V/cm], or yT=0.14 with T = 20 K and
E = 100 V/cm. The factor y T remains small if the field E
increases with increasing T. At T- 80 K we have y T S 0.2 at
E 2 600 V/cm, and if the conductivity a,,, were negative at
liquid-helium temperatures in such fields the conductivity
would retain its sign at T = 80 K. We have not made a detailed study here of the possibility of lasing in such strong
fields. Lasing was observed, however, at liquid-helium temperatures in comparatively weak fields, E-40-50 V/cm,
which correspond, according to Ref. 13, to the same degree
of anisotropy of the distribution and thus the same value of
a,,, as do fields E- 600 V/cm. As E is increased from 50 to
600 V/cm, there will of course be an increase in the loss
associated with the contribution to the conductivity of the
uninverted part of the distribution function, a,,,but the relation between a,,, and uh can be improved by increasing the
magnetic field [see ( 7 ) and ( 8 ) 1. We thus see that a negative
differential conductivity at the cyclotron resonance of heavy
holes in Ge in fields with EllH can be reached at temperatures substantially above 20 K, but the interval along the
magnetic-field scale in which the generation occurs will become narrower with increasing temperature.
Spectral studies of the induced emission were carried
out with a Michelson interferometer (Fig. 8 ) and also with a
superheterodyne receiver outside the cryostat. The emission

f, GHz

I

-

i.e., that radiation power falls off in proportion to the temperature (Fig. 11). The apparent reason for the deviation of
P ( T ) from linearity for the longer sample 2 (for which the
emission zone is broader, as can be seen from Fig. 10, so that
the value of a, is smaller) at T < 13 K is the autoresonant
behavior of the holes in the strong alternating field E,, in
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FIG. 12. Tuning the output frequency of the maser with a magnetic field.
The dashed lines are the limiting values of the magnetic field at which
emission was found in sample 2.
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CONCLUSION

FIG. 13. Cyclotron resonance inp-Ge in fields E l H ( E - 50 V/cm). Here
Sois the signal level at the receiver in the absence of an electric field at the

sample.

from the sample reached the receiver and the interferometer
along an oversized metal waveguide. Schottky-barrier diodes were used as rectifier and mixer. The signal is a rather
narrow spectral line, with a width which is, less than or equal
to the spectral resolution of the interferometer and of the
superheterodyne receiver ( 60 and 40 MHz, respectively).
Figure 12 shows the emission frequencies found with the
help of the interferometer, along with the approximation
f ( H ) in the interval of magnetic fields in which the emission is observed. The experimental points conform satisfactorily to the line, which corresponds to the functional depenwith an effective mass
dence f = (eH /m*c)/2n
m* z0.45m0. The results shown here were obtained for various values of E; within the measurement error, we observed
no dependence of the emission frequency on the electric
field. The change in the frequency with the magnetic field
stems from a change in the structure of the gain band and a
competition among modes in the generator, with the result
that induced emission is established at the frequency of the
mode having the highest linear growth rate.
Since the emission from this semiconductor maser is
highly monochromatic, it can be used for spectral studies. A
first experiment along this line involved the observation of
the cyclotron resonance of light holes in germanium in fields
ElH. The semiconductor generator and the test sample were
placed in superconducting solenoids in different cryostats.
The emission from the generator, with a wavelength A z 1.9
mm, was channeled through an oversized section holding
the p-Ge sample, and it was detected by a cooled n:InSb
detector. The measurement procedure here was analogous
to that used in the experiments on the absorption inp-Ge in
fields E((H(Subsection 5.1 ). A pulsed electric field E 50
V/cm, which ionized shallow acceptor impurities and then
heated the holes, was applied to the sample in synchronization with the generator pulses. The result was to attenuate
the signal, by virtue of the absorption of the emission by free
carriers (Fig. 13) . As the magnetic field at the sample was
varied, we observed the cyclotron-resonance line of light
holes in Ge (Fig. 13; cf. Refs. 26 and 27). This experiment
demonstrates the use of a semiconductor generator for the
spectroscopy of hot carriers, although the possibilities here
are much broader and stem primarily from the broad range
over which the wavelength can be tuned.

-
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The results of this experimental study of the emission
from p-Ge in fields EIIH, i.e., the conditions under which
emission is observed, the threshold required for the onset of
emission, the suppression by heating the crystal, and the fact
that the output wavelength can be tuned by means of a magnetic field, leave no doubt that stimulated emission has been
achieved in a maser which operates by virtue of the cyclotron
resonance of holes with negative effective masses: cyclotronresonance NEMAG. Like other new sources of radiation in
the submillimeter1-3 and millimeter5 ranges, NEMAG has
so far been implemented only in comparatively pure germanium at liquid-helium temperature^.^ Moving to substantially higher temperatures will require improving the design of
the apparatus and using other materials. The materials of
primary interest for NEMAG are silicon and diamond ofptype conductivity. The energy of an optical phonon in these
semiconductors is two to four times larger than that in germanium, so that we could expect a rather narrow distribution function during streaming in an electric field, not only
at liquid-helium temperatures but also at higher temperatures. Furthermore, the minimum values of the negative effective mass for holes at the axis of the negative-cyclotronmass cone in these materials are three to seven times smaller
than in p-Ge, so that emission can be achieved in weaker
magnetic fields. These properties are of course only prerequisites which qualify these materials as promising. Final
conclusions will have to await a detailed study of the conductivity, like that which has been carried out for p-Ge. For
diamond and silicon, an important property along the anisotropy of the dispersion law is that its dispersion law is not
parallel (the energy of the spin-orbit splitting of these materials is lower than the energy of an optical phonon), so that a
rigorous consideration of all features of the scattering and
dynamics of holes becomes a complicated problem even for a
Monte Carlo numerical simulation.
Also of interest would be a study of the possibilities of a
negative conductivity at cyclotron resonance in polarp-type
semiconductors, e.g.,p-GaAs. In these materials, because of
the predominant small-angle scattering in interactions with
optical phonons, conditions are more favorable for localization of the distribution function in the negative-cyclotronmass cone. We believe that the future development of both
experimental and theoretical research on the cyclotron resonance of holes with a negative effective mass will add substantially to our understanding of the possibilities of semiconductor cyclotron-resonance masers.
We wish to thank Yu. A. Dryagin, L. M. Kukin, and V.
V.Parshin for assistance in the studies of the spectral characteristics of the emission.
"Analysis of the dispersion law shows that similar cones also exist along
[ 1 1 1 ] axes. In the valence band of germanium, these cones lie at energies
and they are of no interabove the energy of an optical phonon, E > h0,
est here, for reasons that we will give below.
"This value agrees with an estimate found for the limit w-0 in Ref. 13.
3'Thereis the possibility that at T > 30 K a negative differential conductivity would be attainable in thin films of ap-type semiconductor, where the
conditions for the occurrence of an inversion might be more favor-

Andronov et aL

220

4'Under the condition w, Bw,, v , the shape of the cyclotron-resonance
line of germanium heavy holes with a negative cyclotron mass is determined by the dispersion of the cyclotron frequencies, w, (S,p, ), and by
the static distribution function f,(E, H).
"A capture also occurs in a linearly polarized field E l if resonant conditions are satisfied for one of the two circularly polarized components of
the wave.
6'The average is taken over long time intervals, during which a hole experiences tens of thousands of scattering events.
7'Here and below, the numerical values of the parameters are given forpGe.
"This approximation holds inp-Ge under streaming conditions at Tk 12
K. At lower temperatures, it becomes necessary to resort to the approximation of zero-point lattice vibrations.
"Vorob'ev et al.' also reported observing an emission at T z 80 K in p-Ge
in fields E l H in the range 1- 100 pm.
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