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We analyze the impurity breakdown in p-type germanium at liquid-helium temperature on a micro-
scopic level. By using a Monte Carlo simulation including capture and impact ionization processes from
shallow impurities, the field-dependent trapping and generation rates are calculated. The current noise
is investigated within a two-step process: thermal noise is obtained directly from the Monte Carlo simu-
lation and generation-recombination noise is obtained from a two-level model using the calculated tran-
sition rates. In the region close to the phase transition between a nonconducting and a conducting state,
various scenarios of nonlinear dynamics related to the dynamical Hall effect have been found.

L. INTRODUCTION

At liquid-helium temperature, p-type germanium is
known to exhibit a transition from a nonconducting to a
conducting state at applied fields of a few V/cm. This
transition is so sharp that it can be described in terms of
a nonequilibrium phase transition. In the transition re-
gion, phenomena like critical slowing down of fluctua-
tions of the carrier concentration and scenarios of non-
linear dynamics like intermittency and chaotic behavior
have been theoretically predicted and experimentally ob-
served.! ™ The physical mechanism at the basis of these
phenomena is the impact ionization of shallow traps
which, otherwise frozen out because of the low tempera-
ture, are ionized as a consequence of the increasing ap-
plied electric field.

Up until now, the microscopic description of this prob-
lem has been based on more or less approximate solutions
of the Boltzmann equation. In particular, the chaotic
behavior has been analyzed in some detail with the aid of
the balance equation method.” These equations can be
regarded as originating from a moment expansion of the
Boltzmann equation. However, the phenomenological
rates entering this method as necessary input parameters
are in general not directly related to the microscopic
characteristics of the material.

The aim of this paper is to overcome the drawbacks of
the existing theoretical approaches by using a two-step
microscopic analysis which combines a Monte Carlo
technique for the calculation of the static characteristics
and the high-frequency part of the noise with a hydro-
dynamic approach, which, for the analysis of the non-
linear dynamics and the low-frequency noise, makes use
of the rates obtained from the Monte Carlo simulations.
In this way we believe that the physics of the problem is
more transparent and no arbitrary parameters are asked
for to interpret experimental data as well as to predict a
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wide range of intermittency and chaotic behavior.

The paper is organized as follows: In Sec. II we begin
with a description of the physical model. The set of bal-
ance equations is introduced, and the relation between
the microscopic probabilities entering the kinetic descrip-
tion and the characteristic rates in the balance equations
is given. The features of the Monte Carlo simulator are
briefly described. Section III presents the static charac-
teristics which result directly from the simulations: the
mean values of carrier concentration, drift velocity, and
carrier energy, as well as the corresponding relaxation
rate coefficients as functions of the electric field.

In Sec. IV these results are then applied to a study of
noise. The total noise is decomposed into two contribu-
tions: fluctuations in the number of free carriers and fluc-
tuations in their drift velocity. Due to strongly different
time scales, a combined technique is used: the former
contribution is calculated from the rate coefficients, while
the latter one is directly obtained from the Monte Carlo
simulation. We analyze the characteristic lifetime of car-
rier number fluctvations and the low-frequency value of
the noise spectral density. Thus we obtain quantitatively
the critical slowing down and the strong increase of fluc-
tuations near the nonequilibrium phase transition. In a
certain range of electric fields, the drift-velocity correla-
tion function exhibits an oscillatory behavior related to a
streaming motion contribution induced by optical-
phonon emission.

In Sec. V we use the results from the Monte Carlo
simulations for an analysis of the nonlinear dynamics as-
sociated with the dynamical Hall effect. We report the
observation of a regime of oscillatory instabilities, chaos,
and intermittency of type I. In the intermittency
scenario, the mean laminar length of the oscillations as a
function of the magnetic field is shown to obey a critical
scaling law. We want to emphasize that here these phe-
nomena are not obtained by choosing “by hand” ap-
propriate coefficients, as is normally done, but rather by
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using coefficients which are obtained by solving the
Boltzmann equation and which therefore are directly re-
lated to the microscopic details of the scattering process-
es.

II. PHYSICAL MODEL

In a balance equations approach, the drift velocity v,
and the mean carrier energy E for the case of a homo-
geneous p-type system satisfy the relaxation equations

v
vd=%—f—"» - - (1)
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Here, 6 denotes the electric field, T; the lattice tempera-
ture, m the carrier effective mass, and kp the Boltzmann
constant. Thus, under stationary conditions the momen-
tum (7,.!) and energy (75') relaxation rates can be ob-
tained from the drift velocity and mean energy according
to

T;l= e6 (3)
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While at high temperatures in a doped sample practically
all dopants are ionized, at low temperatures they are par-
tially neutral and the concentration of free carriers varies
with field. Taking into account the processes of thermal
generation (with rate X$), trapping (with coefficient T3),
and impact ionization (with coefficient X ), the free car-
rier concentration (hole concentration) # satisfies the bal-
ance equation

R=X3n,+Xnn,—Tsnp, , 5

where p,=n +n,, is the concentration of ionized accep-
tors and n,=n 4 —np —n the concentration of neutral ac-
ceptors. Here, n 4 is the acceptor concentration and n,
the concentration of the compensating donors. For sym-
metry reasons, the process inverse to impact ionization,
which is Auger recombination, should also be included.
Under low doping conditions, however, this process plays
a negligible role and therefore it will not be taken into ac-
count in this work.

For a detailed understanding, the coefficients appear-
ing in Eq. (5) have to be related to microscopic transition
rates. Here we treat the impurity within a one-level mod-
el where only the ground state is taken into account. The
impact ionization coefficient is given from the microscop-
ic transition rate P;(k—k’,k") for a carrier making a
transition from crystal momentum state k to k' and gen-
erating a new carrier with k'’ according to

XlszdSk d3k'd3k”f(k)Pii(k—>k',k”) , (6)
nn,
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where f(k) is the distribution function of the free car-
riers. The trapping coefficient is given from the micro-
scopic capture rate Py,,(k) of a carrier with momentum
k into the bound state according to

TS =—’-z;—t [ %k F(KP,,(K) @

and the thermal generation rate is determined by the
transition rate P, (k’) from the bound state to a state
with momentum k' according to

x§=[d*k'P,, (k) . @)

In the Monte Carlo simulator we use a single valence
band, the heavy-hold band, where warping and nonpara-
bolicity are taken into account. The intraband scattering
processes are elastic scattering by ionized impurities
treated in Conwell-Weisskopf approximation, as well as
inelastic scattering by both acoustic (AP) and optical
(OP) phonons due to deformation-potential interaction.
Trapping processes from the band to the impurity level
are treated within the “cascade capture model.”%” In ad-
dition, impact ionization processes, here treated in Kel-
dysh approximation,®’ lead to a transition from the im-
purity level to the band. For details of the band-impurity
transitions, the reader is referred to Ref. 10.

The details of the Monte Carlo simulator are described
in Refs. 11 and 12. It is a standard one-particle simula-
tor!® based on the ergodicity of the system and conse-
quently can describe only stationary situations. The
simulated particle is subjected to successive scattering
processes. If it performs an impact ionization process, it
is placed arbitrarily on the energy sphere that corre-
sponds to the initial energy minus the trap energy. After
a trapping process, it is immediately regenerated with a k
value according to Pg,. This procedure is justified under '
the assumption of a stationary distribution function. The
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FIG. 1. Microscopic scattering rates as functions of the mi-
croscopic carrier energy used in the Monte Carlo simulation:
acoustic absorption (ac. abs.); acoustic emission (ac. em.); opti-
cal emission (opt. em.); ionized impurity (ion. impurity); impact
ionization (impact ion.); trapping (trap.). The rates are calculat-
ed for holes in germanium for the given acceptor and donor
concentrations at a lattice temperature of 4 K. For material pa-
rameters see Table I.
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TABLE I. Material parameters for holes in germanium used in the simulations. Due to the nonpara-
bolicity, the effective mass depends on the carrier energy.

Effective mass at T, =4 K
Effective mass at T, =1000 K
Crystal density

Sound velocity

Optical-phonon temperature
Relative static dielectric constant
Acoustic deformation potential
Optical deformation potential

Equilibrium volume recombination rate

Equilibrium generation rate
Energy of the acceptor level

Cross section for impact ionization _

0.346m,
0.476”10
532 gem”™
3.93X10° cms™!
430 K

16.0

4.6 eV

9.0X10% eVem™!
6.5X107° cm’®s™!
2.1X1073 57!

11 meV
3.15X107!% cm?

3

effects of trapping, generation, and impact ionization on
the free carrier dynamics, especially the energy loss and
the randomization of carrier momentum, are thus fully
taken into account in the simulation.

The macroscopic coefficients are obtained from the
simulation according to Eqgs. (6) and (7). Since the micro-
scopic transition rates depend on the concentration of
ionized and neutral impurities, for the case of a one-
particle simulator an iterative procedure is necessary:
Given the coefficients, Eq. (5) yields a value for the sta-
tionary carrier concentration. This concentration is used
as new input value for the Monte Carlo simulation. This
procedure is repeated until convergence occurs which re-
quires typically three to five iteration steps.

In Fig. 1 the microscopic rates of all the included
scattering processes are shown for an acceptor concentra-
tion of n,=10" cm™3 and a donor concentration of
np =10 cm™3. The density-dependent rates are plotted
for the case of a vanishing free carrier concentration
referring to the lowest value of the electric field. It can
be seen that the time scales for intraband scattering pro-
cesses (in particular, ionized impurity scattering and
optical-phonon emission) are much shorter then trapping
and impact ionization processes. In this case the shape of
the distribution function is mainly determined by intra-
band processes (see also Table I).

III. STATIC PROPERTIES

Using the Monte Carlo simulation, the dependences of
the drift velocity v,;, mean energy E, and concentration of
free carriers n on the applied electric field have been
determined. The results for two donor concentrations
are shown in Fig. 2 where the mean energy is expressed
in terms of a hole temperature according to E=3kpT),.
For electric fields above 10 V/cm, the values are indepen-
dent of the donor concentration. Below, however, they
are largely influenced. A higher compensation shifts the
breakdown associated with the sharp rise in # to higher
voltages, in agreement with the simple phenomenological
theory.! Due to the increased scattering by ionized im-
purities, the drift velocity is strongly reduced in the re-
gion below threshold. This scattering process, although
being elastic, also reduces the carrier heating by prevent-
ing long free flights where the carriers could gain energy

from the external field.

The drift velocity and mean energy have then been
used to determine the relaxation rates for momentum
(1,;!) and energy (75 ') according to Egs. (3) and (4). The
impact ionization (X,) and trapping (T7) coefficients
have been calculated according to their definitions [Eqgs.
(6) and (7)]. In Fig. 3 the rates 7%, 75 ', n 4 X, and n 4 T
are shown as functions of the electric field for the same
cases as in Fig. 2. At the lowest fields, the momentum re-
laxation rate is approximately independent of the field
reflecting the Ohmic behavior of the transport. For the
lower donor concentration it is increasing monotonically
due to the increase in the efficiency of phonon scattering
which domipates the decreasing efficiency of impurity
scattering. For the higher donor concentration this latter
effect dominates in the region just before the breakdown
leading to a nonmonotonic behavior. The energy relaxa-
tion rate exhibits the well-known behavior:'* With in-
creasing field it first approaches the momentum relaxa-
tion rate and then decreases again at the highest fields
due to the reduced efficiency of optical-phonon emission.
The trapping coefficient decreases with increasing field
since only carriers in states with very small energy can
perform trapping processes (see Fig. 1). The occupation

£ é e i
10—2 i P J
. 3 e n, =10"cm™
10~ /"x': L 8 4
e
107} T B + 0, =10 cm™
I R
0 1 3 1 N3 1, L
10t 10° 10t 10 100 10t 10°
& (V/cm)

FIG. 2. Mean values of free carrier concentration », drift ve-
locity vy, and carrier energy E (expressed in terms of a carrier
temperature E =%k3 T}) as functions of the electric field for the

given acceptor and donor concentrations.
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FIG. 3. Momentum (7,,') and energy (rz!) relaxation rates,
as well as impact ionization (X,) and trapping (T7) coefficient,
multiplied by the acceptor concentration as functions of the
electric field for the given acceptor and donor concentrations.

of these states is strongly reduced with increasing carrier
temperature. The impact ionization coefficient, on the
other hand, requires an activation energy and therefore is
negligible at low fields. It increases strongly at a field of
the order of 1 V/cm, leading to the impurity breakdown.
This increase is shifted towards higher fields and becomes
sharper with increasing donor concentration.

IV. FLUCTUATIONS

After discussing the static characteristics, we now turn
to the fluctuations 8I(¢) of the current I(¢) and thus to
the noise of the system. The experimentally observed
noise spectrum is related to the current correlation func-
tions according to the Wiener-Khintchine theorem

SiH=2[" (s1(0BI(1))e* a1 , ©)

where I(t)={I)+38I(t) is the instantaneous value of the
total current and the angle brackets denote a time aver-
age. Due to the Ramo-Shockley theorem, in a homo-
geneous sample of length L under constant voltage condi-
tion, it is proportional to the product of the number of
carriers N inside the sample and their drift velocity.
Thus, the total noise can be decomposed into three
different contributions:!? thermal noise related to fluctua-
tions in the drift velocity, generation-recombination noise
related to fluctuations in the number of free carriers, and
noise due to cross correlations between both types of fluc-
tuations. In the present case, where the time scales of
scattering processes and trapping-detrapping processes
are largely different, cross correlations can be neglected'?
and the current correlation function is given by

2
<aI(0)aI(t)>=—£¥2<N>2<5ud<o>avd(t>>

+ (v, Y>(3N(0)8N(2)) . (10)

Motivated by the difference in the time scales, the two
contributions have been calculated by different tech-
niques: The thermal noise is mainly governed by the fast
intraband scattering processes; the velocity correlation
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_function is therefore calculated directly in the Monte

Carlo simulation. The generation-recombination noise
can be reduced to an effective two-level dynamics with
transition coefficients given by Eqgs. (6)—(8).

- Let us first discuss the velocity correlation function. It
is plotted for the longitudinal as well as for the transverse
case in Fig. 4. At the lowest field, both correlation func-
tions coincide and exhibit an exponential decay, as ex-
pected close to equilibrium. For symmetry reasons the
transverse velocity does not couple to other variables;
thus, its correlation function always decays exponentially,
the decay rate being related to the momentum relaxation
rate. With increasing field, due to the onset of hot-carrier
conditions, momentum and energy relaxation processes
couple in the direction of the field: The correlation func-
tion of the longitudinal velocity first decays to a negative
value with the momentum relaxation rate and then re-
turns to zero with the energy relaxation rate. A detailed
discussion of these phenomena can be found in Ref. 14
where the case of p-type silicon at liquid-nitrogen temper-
ature has been analyzed. In the region between 100 and
1000 V/cm, where the energy and momentum relaxation
rates practically coincide, this coupling leads to an oscil-
latory contribution in the correlation function. The
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FIG. 4. Normalized correlation functions of velocity fluctua-
tions C(t)={8v4(0)8v,(¢)) in longitudinal and transverse
direction with respect to the electric field, as a function of time
for (a) low and (b) high applied voltages. Calculations refer to
the case np, =10 cm ™3,
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physical ori%in is a streaming motion character of the
transport:'>16 The carriers are accelerated up to the
threshold of optical-phonon emission, where they emit a
phonon returning to the band minimum. This corre-
sponds to a periodic motion in k space, which is damped
by other scattering mechanisms and the finite value of the
phonon emission rate. In contrast to the case of Si at 77
K, where this damping has been found to prevent a direct
observation of oscillations,'# here they are clearly visible.
For further increasing field, energy and momentum relax-
ation rates again become different, leading to a reduction
in the coupling and consequently in the negative part of
the correlation function.

The correlation function of velocity fluctuations is re-
sponsible for the high-frequency behavior of the noise
spectrum. Let us now turn to the low-frequency part
governed by carrier number fluctuations. Starting from a
master-equation analysis of the effective two-level system
consisting of the impurity level and the band, the correla-
tion function of number fluctuations can be expressed in
terms of the macroscopic coefficients.’” One obtains an
exponentially decaying correlation function.

(BN(0BN ()= (8N)e /™, (11)
and a corresponding Lorentzian noise spectrum,
71
S{A=4IV—7 . - (12)
i 14+ Q2ufr)?
The variance is given by
d+u)1—u)
(SN?Y=V(n 4 —np)—20 (13)
4P s (1 (1 —u)?
and the inverse lifetime by
ny—n
ﬂ”=T%%:;iU+8—M+7XL—Mﬂ, (14)

where V is the volume of the sample and the following
abbreviations have been used: u=n/(n4—np),
d=np/(n4—np),and y=X,/T5.

Figure 5 shows the inverse lifetime according to Eq.
(14) as a function of the electric field. Close to the break-
down transition, we observe a reduction by about two or-
ders of magnitude, the “critical slowing down” associated
with a phase transition. For comparison, the momentum
relaxation rate related to velocity fluctuations has also
been included. In the whole range there are at least
about two orders of magnitude difference, justifying the
separate treatment of both contributions to the current
noise.

In Fig. 6 the contributions to the low-frequency value
of the noise spectrum have been plotted as functions of
the electric field. In order to eliminate the geometry pa-
rameters, the spectral density S;(f) has been scaled ac-
cording to
_4ne*4

Si(f)= T s, (N Hsg (AT, (19)

)

4ne?V
S

where s, and s,, refer to velocity and number fluctua-
tions, respectively, and A is the cross section of the sam-
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FIG. 5. Inverse lifetime 777! of carrier number fluctuations as
a function of the electric field for the given acceptor and donor
concentrations. The momentum relaxation rate 75, is also plot-
ted to emphasize the difference in the time scales relevant for
velocity and number fluctuations. The minima of 77! evidence
the “critical slowing down” of number fluctuations associated
with a phase transition.

ple. Except for very low and very high fields,
generation-recombination noise is always the dominant
contribution. This holds even for fields where more than
99% of the acceptors are already ionized, as has been
verified experimentally for the case of p-type Si at 77 K.'8
The main reason is the much larger value of the lifetime
compared to the momentum relaxation time. Close to
the transition, s,, increases by several orders of magni-
tude, as expected for a phase transition and observed ex-
perimentally,> The overall behavior of the velocity con-
tribution can be understood as a competition between
different features: The increasing carrier temperature
leads to an increase in s,(0), while the increase of the
momentum relaxation rate leads to a decrease in the
noise, both effects dominating in different field ranges.
Finally, in Fig. 7 noise spectra for different values of
the electric field are shown as functions of the frequency.
They have been obtained by Fourier transformation of
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FIG. 6. Low-frequency value of the scaled noise spectral den-
sity [see Eq. (15)], as well as the contributions due to velocity
and number fluctuations, as functions of the electric field for the
given acceptor and donor concentrations.
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FIG. 7. Scaled noise spectra as functions of frequency at (a)
low and (b) high applied fields. Calculations refer to the case
np=102cm3,

the velocity correlation function and addition of the
Lorentzian due to generation-recombination noise. The
coupling between energy and momentum relaxation re-
sults in a nonmonotonic behavior of the noise spectra: A
local maximum is appearing beyond the cutoff frequency
of generation-recombination noise. For an oscillating
correlation function this maximum is above the line of
the asymptotic high-frequency decay; if there is only a
negaltgive part in the correlation function, it is below
this.

V. INTERMITTENCY AND CHAOS

Besides critical slowing down and increase of noise, the
nonequilibrium phase transition from a nonconducting to
a conducting state induced by impact ionization of accep-
tors is associated with various scenarios of nonlinear dy-
namics. While the investigation of the fluctuations is per-
formed with fixed electric field (voltage control), where
the system is stable against fluctuations, the dynamic
behavior of the system changes significantly under
current control. In this area a novel mechanism that ex-
plains self-generated voltage or current oscillations in-
duced by a transverse magnetic field on the basis of a dy-
namic Hall effect was proposed recently.?’ The main ob-
jective of this previous theoretical treatment was the
physical origin of these oscillations without using a de-
tailed semiconductor model.

In the framework of balance equations, the system is
described by the following three dynamical variables:
carrier density n, longitudinal drift field &, and trans-
verse Hall field &,. Equation (5) determining the dynami-
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" cal behavior of the carrier density is supplemented by the

equations of motion for the two components of the field:

Géx =J0_e:u$n(6x_6z“$) ’ (16)
€6,=—eugn(6,+6,.uB) , (17)
where € is the permittivity, u the mobility,

pe=p/[1 +'(,u$)2], B the magnetic induction, and J,, the
externally applied current density. Here we attempt to

- understand these phenomena on a more microscopic level
of description. For the numerical analysis of the dynam-
ics of the system, the field dependence of the transport
coefficients appearing in the above equations have been
expressed in terms of smooth functions of the field
6=(6%+62%)!2 according to

1w E)=p(Ey+6/6,)" (18)
for the mobility,
X,(8)=X, explay(6/6)7] (19)

for the impact ionization coefficient, and
T(8)=T3 explaas— /6] +aga;— 6/

(20)

for the trapping coefficient. These functions are fitted to
our Monte Carlo data. The fit parameters ;, g, X0, T'5
have been obtained by a nonlinear-regression analysis.
They are

o=1.3%X10% cm?/(Vs), &6,=1.04,
a;=—0.64, X,=2.34X10"7 cm®s™!,
a,=9.2, a;=—1.37,

T5=5.6X10"% cm®s™!, «,=1.355,
as=0.76, ag=0.72 cm3s™!, a,=157,
a,=—2.05, §;=1V/cm.

The resulting curves together with the simulation data
are shown in Fig. 8. The fits are performed without mag-
netic field. However, since it turns out that in the
relevant field regime, the Hall coefficient is close to uni-
ty,?! the above expressions can be used for B0 if substi-
tuting the electric field & by §(1+u282)~172,

A linear-stability analysis of the above equations yields
necessary but not sufficient conditions for the onset of an
oscillatory instability:2%2!

ug 2__
1. (uB) 1 , uB>1
i

71

21

which requires a minimum value of B and a lifetime
which is large compared to the effective dielectric relaxa-
tion time

Ty =€(1+p*B?) /(en*pgg) ,

Lag=dv, /d &, being the differential mobility and n* the
steady-state carrier density.
These conditions are fulfilled for the Monte Carlo data



1484

L em%Vs)) T (nzny T,

106
10+

T. KUHN et al. 48

FIG. 8. Transport coefficients obtained.

10° 107 from the Monte Carlo simulation together
with the analytical fit functions used in the
£ (Viem) £ (V/em) analysis of the nonlinear dynamics: (a) mobili-
ty, (b) dimensionless capture coefficient, (c) di-
X (@znp Ty u mensionless impact ionization coefficient, (d)
105 i 101+ normilized steady-state  carrier  density
u=n"/(n,s—np) as functions of the steady-
10;,__ state drift field 6F. Calculations refer to the
07 © case n, =10 cm™3 and 7, =107,
107 T
10°7 1070753 f 1' 1 -
10° 10! 102 10t 10° 10! 10?
€ (Viem) €5 (Viem)
at the onset of the breakdown where, due to the critical
slowing down, the lifetime becomes large, and we 15.0 1 (@)
obtain—without any adjustable parameter—a regime of J
oscillatory instabilities in the (6%,B) plane [Fig. 9(a)], ) S TR
where 67 is the steady-state electric field at a certain J, § 7.5 it el 'i‘: il
and B. o 1 gt e
A numerical integration of the full nonlinear equations 004 ' o i
(5), (16), and (17) yields the following scenario for the
maximum of the density n,, as a function of the mag- ) R I
netic field [see Fig. 9(b)]: a Hopf bifurcation of a limit cy- -1.5 T : T -
cle, a period-doubling route to chaos, and type-I intermit- 0.8 1.2 1.6 2.0
tency at the end of a period-three window.? A similar t(10%)

bifurcation diagram is obtained by variation of J,.

Figure 10(a) shows an intermittent time series: an al-
most periodic oscillation is interrupted by chaotic bursts.
For fixed magnetic field B, the length of the laminar
periodic oscillations shows a distribution, which is
characteristic for type-I intermittency [Fig. 10(b)]. While
this characteristic shape of the function remains, the po-
sition of the second peak varies as a function of B. Thus,
the main laminar length of the oscillations as a function
of the magnetic field obeys a universal scaling behavior
(1) = (B~B,)"?, B, being the critical bifurcation
point where the period-three motion ceases, in good
agreement with experiments.”> The scaling property of

500 B (mT) @ 2,0 Rinws (10%€m?) ®
400 _
200 15
200 L0
100 u
haa TR .
O ey - S
16350 16450 = 16550 ST120 140 160 180

& (V/em) B (mT)

FIG. 9. (a) Phase diagram of the control parameter plane.
The dashed area indicates the regime of oscillatory instability.
(b) Bifurcation diagram of the maxima of the carrier density vs
the control parameter B for §¥=1.647 V/cm.

@

O-OO - T T T T
e =l 0 168.5 ... 168.7
: ) - B (mT)

FIG. 10. Type-I intermittency: (a) time series &,.(z), (b) dis-
tribution of laminar lengths ! for B=168.56mT, (c) scaling
behavior of the mean laminar length (!} as a function of the
magnetic field for the parameters as in Fig. 9. (The laminar

length is given by the number of iterates of the Poincaré map.)
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the higher moments of the laminar length which was
found recently®* is also verified.??

VI. CONCLUSIONS

We have presented a detailed microscopic analysis of
transport phenomena in p-type Ge at liquid-helium tem-
perature. From Monte Carlo simulations the static prop-
erties and the resulting phenomenological rates have been
obtained. The different time scales of intraband scatter-
ing processes and trapping-detrapping processes have en-
abled us to separate thermal noise related to velocity fluc-
tuations from generation-recombination noise related to
fluctuations in the carrier number. The former has been
calculated directly within the Monte Carlo simulation,
while for the latter, analytical expressions involving the
phenomenological rates have been used.

We have found a field region where a strong streaming
motion leads to an oscillatory contribution in the velocity
correlation function as a function of time. The lifetime of

carrier number fluctuations reflects the critical slowing
down close to the phase transition, and the low-frequency
value of the noise spectrum is strongly peaked in this re-
gion.

The phenomenological rates have then been used for
an analysis of the nonlinear dynamics related to the non-
equilibrium phase transition. Various scenarios have
been found, including oscillatory instabilities, period-
doubling routes to chaos, and intermittency of type I. In
the latter case, the mean laminar length obeys a universal
scaling behavior. Thus, previous results based on
simplified models have been confirmed by a realistic mod-
eling of carrier transport in germanium.
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