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Galvanomagnetic phenomena and the emission spectra of a photoexcited electron-hole (e-4 ) sys-
tem were investigated in inhomogeneously deformed germanium. The times of electron scattering
by acoustic phonons and excitons and of electron-hole scattering were determined for various
temperatures (7') and densities (1) of the e-h system. It is shown that at 7= 2-8 K and n = (0.7~
1.6) % 10'® cm~3, when Coulomb interaction of the electrons and holes predominates in the e-h
system, the basic mechanism of carrier-momentum relaxation is e-4 scattering.

§1. INTRODUCTION

The transport properties of a photoexcited electron-
hole (e-# ) plasma in Ge have been investigated up to now
only at sufficiently high temperatures (7> 20 K).!? The rea-
sonis that in undeformed Ge at low temperatures (T~ 2 K) it
is impossible to control the plasma density in a wide range,
since the e-h system breaks up into electron-hole liquid
(EHL) drops of high density (n = 2 10'” cm~3) and a very
rarefied gas of excitons and free carriers, n ~ 10" cm~3 (Ref.
3), while the most interesting density range n~ 10'3-10'¢
cm ™~ lands in the two-phase region of the gas—EHL diagram
and is inaccessible. The situation is substantially improved
in the case of deformed Ge, when the destabilization of the
EHL permits a dense gas of excitons and biexcitons to be
obtained even at the very lowest temperatures.* When a
critical density n, = 7X 10" cm~3 is reached one can ob-
serve their ionizational destruction accompanied by an
abrupt jump of the transport electronic properties.® De-
formed Ge is therefore a convenient object for the study of
scattering mechanism in photoexcited e-h systems with dif-
ferent densities.

Two fundamental types of carrier scattering can occur
in semiconductors: scattering by the lattice (phonons, im-
purities, defects) and scattering of carriers by one another.”
In the former case the momentum acquired by the carrier in
an external field becomes dissipated, whereas in the latter it
remains inside the carrier system. This difference manifests
itself, for example, in the fact that in an uncompensated e-A
system the e-e and e-A scattering times (7., and 7., ) can not
determine the static conductivity even when these times are
the very shortest. An exceptional system in this sense, in
which 7, manifests itself, is an e-4 system with equal
numbers of electrons and holes.® This includes a system of
photoexcited carriers in semiconductors (the scattering of
carriers of one sign by one another cannot determine the
static conductivity even in this case).

The mechanisms of the scattering of carriers in a pho-
toexcited plasma at low temperatures were investigated so
far on undeformed Ge and hence only at n <10 cm—3
(Refs. 7-10) and n = 2 10'” cm 3 (Refs. 11-14). One of the
main methods of determining the relaxation times 7, and 7,,,
(7, is the time of momentum relaxation on acoustic phonons)
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in Ge at low temperatures at n < 10! cm 2 is to study the
cyclotron-resonance linewidths of photoexcited carriers.”~°
This method was used to determine at 7= 1.8 K in unde-
formed Ge the electron and hole scattering times 7 and 7,
which were found to be 10~° (Ref. 7) and 5X 10~ 1% sec (Ref.
8), respectively. These values were obtained at a free-carrier
density n~10® cm 3, when the e-A gas is classical, and in
this case the known relation 7, ~ T ~3/2 is observed.” With
increasing density of the e-h system, starting with n > 10"°
cm™?, the cyclotron resonance linewidth increases linearly
with n,° owing to the predominance of e-k scattering at
n>10"cm~3. At T= 1.8 K and n = 10! cm 3, the value
of 7., is 2X 10719 (Ref. 9), and with further increase of the
density the principal mechanism of the carrier momentum
relaxation is electron-exciton scattering.'® It is interesting
that the temperature dependence of 7., at n~ 10" cm 3 is
described by the known Brooks-Herring formula 7, ~T3/2
(Ref. 9).

On the other hand, at T~2 K and high excitation den-
sity, EHL drops are produced in undeformed Ge and com-
prise a compensated e-k plasma with equilibrium density
210" cm™? (Ref. 3). In this case the times 7, are usually
determined from the mobility of the EHL drops in an inho-
mogeneous strain field.'' The electron-hole collisions in
these experiments do not lead to relaxation of the drop mo-
mentum as a whole, but they do establish the temperature of
the carriers that move in the drop. The characteristic times
7, at T~1.6 K and n = 2.3 10"7 cm~? were found to be
1078-10"° sec (Refs. 11 and 12).

Another method of determining the carrier momentum
relaxation time in EHL drops is to study their transverse
magnetoresistance R, (H ). To this end one studies, as a func-
tion of the constant magnetic field, either the conductivity of
thin Ge crystals completely filled with EHL,"? or the absorp-
tion of the energy of an alternating magnetic field by the
EHL drops.'* As shown in Refs. 6 and 15, however, evenin a
compensated e-# plasma, where the resistivity at H = 0 can
be determined by 7., (p(0)~7,, ~' at 7,, €7, ), the quantity
7., does not enter in the transverse magnetoresistance
Ap,(H) (Refs. 6 and 15):

Do () =p, (D) —p, @)= (224 22) "

T
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FIG. 1. Dependence of the no-load voltage Uin the PhVPM effect on the
gradient of the band gap V&, in Ge(100) (@) and Ge(111) (i) at H = 0.7
T and T = 2 K. The inset shows the experimental setup: 1—sample, 2—
brass prism, 3_black paper, 4—tin liner. 4 and B are two methods of
exciting the crysal: A—to study the properties of the e-4 system in the
potential well, B—to study the PhVPM effect. The region of the contacts
soldered to the crystal is shaded.

Expression (1) can be represented in a form more convenient
for the reduction of experimental data:

01 (H)=p, (0) (1+0csurTaty), )

Here v, and o, are the cyclotron frequencies of the elec-
trons and holes, and 7.5 is the effective time, equal to
(Tp Ten )2 atr,, <7, (see §4 for details). Thus, by measuring
the transverse magnetoresistance it is possible to determine
only a combination of 7, and 7, , so that to determine 7., it
is necessary to measure independently 7, and 7.4 for one and
the same e-A system. This possibility manifests itself in the
study of the photovoltaic-piezomagnetic (PhVPM) effect in
inhomogeneously compressed Ge.>'® The gist of this effect is
that ionization destruction of the exciton produces a plasma
filament that moves in the inhomogeneous-deformation
field transversely to the magnetic field and, by virtue of the
experimental geometry, wth ends joined to contacts (Fig. 1).
The emf of such a photoelectric cell'” depends only on 7,
and its internal resistance depends on 7.4 =(7, 7. )'/2, so
that 7, and 7., can be determined independently.

§2. EXPERIMENTAL TECHNIQUE

We investigated pure Ge single crystals measuring
3 X3 X 10mm (as well as 2 X 2 X 10 mm) with residual-impu-
rity density N~10'2 cm ™ (the measurement results were
independent of N at N<3 X 10" cm ). Nonuniform uniax-
ial deformation was produced with a brass prism along a
direction close to (100)? (deformation along (111) yields
similar results, but the determination of 7, and 7., is more
complicated, see §3). A low pressure was applied at room
temperature so that the knife edge of the prism became
blunter (to a size@ ~0.7 mm) and the crystal was pressed into
a lower liner made of tin solder. After cooling to helium
temperature, the pressure P in the potential well could be
varied to 800 MPa. The potential well produced in the interi-
or of the crystal had in this case axial symmetry and its ends
were joined to contacts.
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Simultaneously with electric measurements we investi-
gated the radiative-recombination spectra of the e-4 system,
from which the system temperature and density as well as
the pressure in the potential well and the gradient of the band
gap'®!” could be determined (the distance from the excited
surface of the sample to the end point of the prism was cho-
sen such that the Ge band gap could be measured directly
from the surface of the crystal).

To measure the e-h plasma density we recorded the
spectra of the plasma emission with participation of L4 and
TA phonons (allowed and forbidden transitions, respective-
ly), from whose integral intensity ratio the average density
could be determined.'®'®

The temperature of the e-4 system in the range 1.7-3 K
was varied by pumping off He* vapor. To vary the crystal
temperature in the 2-8 K range, the He* and the massive
solenoid were cooled to 1.3 K and the He* vapor was set
equal to 1 atm. Laser-radiation energy fed to the cryostat
raised the temperature of the helium and of the solenoid
monotonically to 4.2 K after more than an hour (at maxi-
mum incident power), after which intense boiling of the He*
set in and the spectroscopic investigations became impossi-
ble. As the He* and solenoid temperature were raised to 4.2
K, the temperature of the e-4 system in the Ge at fixed pump
differed substantially from that of the bath, rose from 3 to 10
K, and was determined from the ratio of the integral intensi-
ties of the 74 and LA components of the emission spectra of
the free exciton in the undeformed Ge (the load of the crystal
was removed when the temperature of the e-4 system was
determined). In undeformed germanium I % /I &3 = 0.0025
T[K] (Ref. 18), and although the temperature of the crystal
changed very slowly, it was determined by the described
method before and after the electric measurements; the dif-
ference was included in the measurement error.

The nonequilibrium carriers were excited with an LT-2
cw laser (4 = 1.064 um) of power up to 10 W. The spectral
instrument was a double monochromator with 600 lines/
mm gratings and with a dispersion 8 A/mm in the operating
range. The recombination radiation was registered with a
cooled Ge(Cu) photoresistor in the synchronous detection
regime at a modulation frequency 70 Hz. For the electric
measurements, indium contacts were soldered to the lateral
faces of the sample (see inset of Fig. 1). The contacts were
always ohmic and were monitored against the change of the
experimental data on reversal of the magnetic field direc-
tion.

§3. SCATTERING OF FREE CARRIERS BY ACOUSTIC
PHONONS

In pure Ge samples at low temperature, the principal
mechanisms of the scattering of the photoexcited carriers in
the e-h system are the electron-phonon, electron-exciton,
and electron-hole mechanism. Scattering by lattice defects
and impurities was negligible in our case, since the measure-
ment results were the same for different samples with differ-
ent shallow-impurity densities (up to N~10'* cm~3. The
peculiarities of the electron-phonon scattering mechanism
in semiconductors at low temperatures are, first, the fact

1. V. Kukushkin 184




1071 °
L P o
N\
N a®
1071 AN Lo
N o
N\ r
o\ Sem-”
B NS .
. \\ &
~ A“
107" >~
1 ! 1 1 1 - !
707 0% 0% 707 5, cm=—3

FIG. 2. Dependence of the free-carrier momentum relaxation time 7 on
their density in Ge(100) at 7 = 3 K for different scattering mechanisms:
7, (O,0); 7op (A, A); Teg (I); 7eex (). Light symbols— data of Refs. 7—
14, dark—results of present work. Curves, 1, 2, and 3 were obtained by
calculating from Egs. (3), (11), and (12), respectively.

that the thermal velocities of the carriers (v) at low e-% sys-
tem densities are of the order of the speed of sound (s), and as
a result at 25> v, >s the phonon emission is greatly hin-
dered, and at vy <s it is utterly impossible.'® Second, with
increasing density of the e-h plasma quantum-statistical
properties of the electrons and holes come into play and per-
mit only the carriers on the Fermi surface to participate in
the scattering processes. In the general case (but at v, <s) the
time of carrier scattering by acoustic phonons was obtained
by Keldysh?’:
e*dx

et mD? ( kT 5.‘-”‘

? T 73020 hPnps hs) MENCEE
e*+exp(—a+!/.p) (z+p~*)?)
1+exp (—at+/p (z+p=1)2) ’

(3)

where @ = u/kT; B = kT /2ms?; u is the chemical potential
of a carrier system of density » at a temperature 7, p is the
density of the Ge crystal, D is the deformation potential, 7 is
the state-density mass, and v, is the velocity of the plasma
drift as a whole. The result of a computer calculation in ac-
cord with Eq. (3) is shown in Figs. 2 and 3 for the following
values of the parameters: m, = 0.22 my; m, = 0.082 my;
D, =12eV; D, =9¢eV;p=5.3g/cm? s =5X10° cm/sec
(Refs. 1,3,21).

The times of carrier-momentum relaxation on acoustic
phonons in a dense e-k plasma are determined in experi-
ments from the drift of the EHL drops in an inhomogeneous
deformation field.!* In the PhVPM effect, the e-4 plasma
(n=7x"® cm™?) is produced as a result of ionization de-
struction of the excitons drifting in the inhomogeneous de-
formation field, when they reach critical density.'® The no-
load voltage (U) produced in the PhVPM effect because of
the e-h plasma drift across the magnetic field (H ) does not
depend on 7., and is determined exclusively by the times 7
and 75 (Ref. 17):

U=V &LH (m.o[ts°+men/7,") ", 4)

where V&, is the gradient of the band gap, L is the distance
between the contacts, m., and m, are the carrier cyclotron
masses. We used this circumstance for an experimental de-
termination of the values of 7,. The only restriction on the
applicability of (4) is the condition on the drift velocity:
v, <£s. Since this condition is violated at sufficiently small
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FIG. 3. Dependence of momentum relaxation time 7 of free carriers on
temperature in Ge(100) at n =7 10"> cm™? for different scattering
mechanisms: 7, (®); 7.« (l)); 7., (&). Curves 1 and 2—theoretical depen-
dences of 75 and 77, calculated from Eq. (3) at n = 7Xx 10'* cm~>. The
dashed line shows extrapolation of the 7;(7") dependence obtained at
T>20K (Ref. 1) in the temperature range 7 = 2-10 K.

A%, X 10 meV/mm,** we have determined experimentally
the A#, region in which (4) is well satisfied. Figure 1 shows
U(V&,) plots for Ge(100) and Ge(111) at H=0.7 T and
T'=2 K, from which it is seen that the condition for the
applicability of (4) is V&, <7 meV/mm, corresponding to
uniaxial strains P < 60 MPa for Ge(111) and P < 300 MPa
for Ge (100). In Ge(111) at P < 60 MPa the structure of the
valence band is very complicated.”® We therefore investigat-
ed in the present study the PhVPM effect in Ge(100), where
at P = 300 MPa the splitting of the valence band is 10 meV
and it can be regarded with good accuracy as parabolic with
masses m) = 0.0457 my, m; = 0.1094 m,. In Ge(100) we
havem,, /7% ~8m,, /7% (Fig. 2) and, as can be seen from (4),
the no-load voltage is determined mainly by the electron
scattering time 7.

Figure 4 shows plots of U (H ) in Ge(100) at V&, =6
meV/mm and at different excitation densities® (Fig. 4a) and
temperatures (Fig. 4b), from which we determined the times
7,. We note that in the present study all the measurements
were made in magnetic fields H <1 T in order to exclude

&
T <

HT

FIG. 4. Dependence of the no-load voltage U on the magnetic field H in
Ge(100) at A%, = 4 meV/mm at different excitation powers (a) and tem-
peratures (b):a) T=3K; W, =05W (n, =7Xx10% cm™3), W, = 1.5 W
(1, =9X10" cm™3), W, =2.6 W (n, = 1.7X 10" cm~3); b) W =0.7 W
(n=(7T+1)x10%cm=3; T, =19K; T, =38K; T, =52 K.
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quantum effects that influence substantially the kinetic phe-
nomena in semiconductors in stronger fields.>* A change of
the excitation power from 0.5 to 2.5 W permitted variation of
the average e-h plasma density in the range (0.7-1.7) X 10'¢
cm 3, which was determined from the ratio of the integral
intensities of the 74 and L4 components of its emission
spectrum.'® We note that although the density of the e-A
pairs in the plasma filament is most likely not constant, the
quantity determined from the ratio of the integral intensities
of the plasma emission lines is an average in the sense that it
corresponds to the density of the main fraction of the carri-
ers. From Fig. 2, in which the circles show the experimental
7, (n) dependence and the solid line the theoretical calculated
from Eq. (3), it can be seen that the experimental and theo-
retical dependences are close and behave similarly in the
density range (0.7-1.7) X 10'° cm 2. The growth of 7; with n
is due to quantum statistical properties of the electron gas.

The temperature dependence of 75 at V&, = 6 meV/
mm and W = 0.7 W is shown by circles in Fig. 3. At W = 0.7
W and with the temperature varied from 2 to 8 K the e-A
plasma density remained practically constant, (7 + 1)X 10"3
cm ™2, and the parameter u, /kT changed from 2 to — 1, so
that the electron gas exhibits the 7, ~T —3/2 dependence
typical of the nondegenerate case. For comparison, the solid
lines 1 and 2 in the same figure show the theoretical plots of
75(T) and 75(T'), calculated from Eq. (3) at a fixed density
n=7x10" cm™?, while the dashed line shows the 7 (T)
plot obtained by extrapolating into the "= 2-8 K tempera-
ture region the values of obtained experimentally at 7> 30K
for a classical electron gas.” It can be seen that the agreement
is quite satisfactory.

The study of the no-load voltage in the PhVPM effect
has thus permitted a determination of 7, in a dense compen-
sated e-h plasma; determination of 7., in this plasma calls
for measurements of the transverse magnetoresistance.

§4. ELECTRON-HOLE SCATTERING

A dense compensated e-h plasma is unique in the sense
that its static conductivity is determined by the e-A scatter-
ing time if 7, €7, (Ref. 6):

0=ne*Te (m.+ms) [mem,

However, as shown in Refs. 6 and 15, there is no trans-
verse magnetoresistance due to scattering between carriers:
A4p, (H)cannot depend on 7, (and 7., ). The reason is that the
conductivity in a transverse magnetic field reduces to mo-
tion of the centers of the electron and hole orbits along and
counter to the direction of the electric field. In e-A collisions
the centers of orbits of the scattered particles shift to one
side, and consequently such processes cannot contribute to
the conductivity. The change of the conductivity of a dense
compensated e-k plasma in a transverse magnetic field is
completely determined by the carrier scattering by the lat-
tice (phonons, impurities, defects). Following Refs. 6 and 15
we can express p, (H ) in the form (2), where

h. e

1:,,2,=1:,,"|:,"1,,. / (1,',,. + m ) .

MeotMen

(5)
The quantity 72; usually determined in experiment contains
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FIG. 5. Dependence of transverse magnetoresistance R, (H) on H? in
Ge(100) at various excitation powers (a) and temperatures (b):a) T = 3 K;
W, =24 W (n,=16x10" cm™3), W,=18 W (n,=10' cm™?),
W,=06W (1, =7X10" cm™3); b) #=0.7 W (n =7X 10" cm™3),
T,=2K, T,=35K, T, =8K.

Tn, and at 7, €7, we have 72 =~7,7,.,, where 7, is the
shorter of the times 7¢ and 7).

A photocell based on the PhVPM effect has a strictly
ohmic current-voltage characteristic in the excitation den-
sity range 0.5 W < W < 2.5 W (Ref. 17), and has therefore a
definite internal resistance R = U /J, where J is the short-
circuit current of the photocell. The radiation intensity of
the plasma filament and the average density of the carriers in
it do not depend on H up to H =2 T (Ref. 16), so that its
volume and cross section (L = const) do not change in these
fields. The change of the internal resistance of the photocell
in a transverse magnetic field is therefore due only to a
change of the specific conductivity and is determined entire-
ly by the transverse magnetoresistance.

Figures 5a and 5b show plots of R, (H?) for different
temperatures and densities of the e-4 plasma; in accord with
(2) and (5), these plots are straight lines. The values of 7.4
obtained from R, (H ?) at different T and n are shown by the
squares in Figs. 2 and 3 and are in fair agreement with the
data of Refs. 13 and 14. Having independent measurements
of 75 (which are substantially shorter than 7':) and of 7., we
can determine from (5) the value of 7, . The 7, (n)and 7, (T')
dependences are shown by the triangles in Figs. 2 and 3 re-
spectively. The distinguishing feature of e-h scattering is the
increase of 7., with increasing temperature, observed at
T>3 K (see Fig. 3), when an electron gas with n X7 10'?
cm ™3 is found to be nondegenerate. The reason is that in a
nondegenerate gas a temperature rise increases the average
kinetic energy of the electrons, and hence decreases the cross
section for their scattering by the holes. At 7" < 3K the deci-
sive factoris & p, & p, /(kT')?, which is of quantum-statistical
origin? (here & r, and &, are the Fermi energies of the
electrons and holes). For the same reason, an increase of 7.,
with increasing » is observed in Fig. 2 at T =3 K.

The functions 7, (n) and 7., (T) have thus minima 75"
at nyand T, when the chemical potential of the electron gas
vanishes and a noticeable role is assumed by the quantum
statistical factor & p, &z, /(kT)?, i.e., on satisfaction of the
condition

7 = _1_ ( 2m kT
n* h?

) * Fu0).
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Although the accessible range of densities and pressures was
small in this study, nonetheless the value of 75" was practi-
cally independent in it of # and 7, and amounted to (1-
1.5)X 10~ '3 sec. We note, first, that the characteristic “Cou-
lomb” time 7 = #/Ry = 2.4-10~ "> sec is close to the value of

min and, second, that a similar 7, () dependence with 75"
=~ 107 '3 sec was observed at high temperatures (T = 20-300
K) in Ref. 2. '

§5. ELECTRON-EXCITON SCATTERING

So far we have investigated the electron transport prop-
erties of the system at excitation densities higher than the
Mott value (n, = 7X 10"* cm 2 in Ge, Ref. 16), when practi-
cally all the excitons are ionized because of the screening of
the Coulomb interaction. On the other hand, at n <n, the
dominant role in the e-A system is assumed by excitons and
biexcitons, whose density in Ge(100) at T~2 K can reach
1.5 10" cm ™2 and 2 X 10"° cm ™2, respectively.* In such a
system the conductivity can be determined by electron-exci-
ton and electron-biexciton collisions, using the notation e-ex
and 7,,, ). It is interesting that although formally the e-ex
scattering mechanism cannot be regarded as being of the
lattice type (in the classification of Ref. 6), in transverse mag-
netoresistance it is completely analogous to the lattice mech-
anisms, since scattering of an electron by an electrically neu-
tral exciton is accompanied by charge transfer, so that this
scattering mechanism can determine the static conductivity
in a transverse magnetic field.

The e-ex scattering mechanism was studied in unde-
formed Ge at 7 = 4.2 K and at an e-A system density ~ 10'3
cm~? in Ref. 10, where it was shown that it is similar to
electron scattering by a neutral impurity, for whch?S:

5Nhe!  20h*xN
?m:xE;p,,_

=

ezusz 4 (6)
where N is the density of the neutral impurities (excitons), x
is the dielectric constant of Ge, E; is the impurity (exciton)
ionization energy, and u, is the reduced mass of the electron
and impurity (exciton). Inasmuch as at neutral-impurity
densities 10'*-10' cm™2 the electron-impurity scattering
mechanism predominates at low temperatures?’ (T2 K),
the e-ex mechanism is expected to determine the static con-
ductivity of the system at T~2 K and at a density ~10"°
cm ™2 both in the absence and in the presence of a transverse
magnetic field:

R, (H)=R,(0) (1+0e0aTor), (7)
L m
RO=—7—, 8)

where L is the distance between the contacts and .S is the
cross section.

In the present work we studied the transverse magne-
toresistance of an e-k system in an axisymmetric potential
well with terminal contacts (H||P||(100), see Fig. 1). To ex-
clude breakdown and drift of the e-4 plasma in the crossed
electric and magnetic field it was necessary to use an electric
field E<10~2 V/cm (Ref. 13). Therefore to exclude the
photo-voltaic-magnetic fields of scale ~1 V/cm (Ref. 16) the
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FIG. 6. Dependence of transverse magnetoresistance R (H } in e-A system
in Ge(100) on H? at T = 2.2 K, P = 480 MPa, and different excitation
powers: W=20 mW, n, =12x10"* c¢m™® (O W=35 mW,
n, = 1.8 10" cm=2 (L), W= 90 mW, n, = 4x 10 cm > (A).

experimental conditions were made such that the photoex-
cited carriers drifted in the potential well practically in the
magnetic field direction.

In Fig. 6 are shown typical R, (H ?) plots at different
values of the exciton and biexciton gas density (n,) deter-
mined from the radiative-recombination spectra. (The devi-
ation of the R, (H ?) plots from straight lines, due to change of
the exciton ionization energy in the magnetic field,”® was
significant only at H > 0.5 T.) The pesence of two emission
lines, of excitons (FE ) and of biexcitons (M ), makes it possible
to determine with good accuracy, from the ratio of the inte-
gral intensities of these lines (7, //z ), the chemical poten-
tial u,, of the gas phase, and the densities of the excitons
(n., ) and biexcitons {n,,) (Ref. 4):

Tt/ Trs=2.3-Y2 exp (— %A—”) , (9)

(m&kT)*% & zhdz
V2 n2h? 5 exp(z—p,,-/kT)—f

i=er, M, (10)

ni=gi

where g,, = 4,8y = 1, tar = 21, + App; 43 = 0.27 meV
(Ref. 28) is the biexciton binding energy. The value of 7.,
determined from R, (H ) turned out to be sensitive to only
one parameter, the exciton and biexciton gas density n,, and
was independent, e.g., of the temperature at constant n,,.
Figure 7 shows the 7, (n,) dependence at T = 2.2 K it

Vi ml

e |
" " 72 5 ay,cm -3

FIG. 7. Dependence of momentum relaxation time 7 on the exciton and
biexciton as density n, in Ge(100) at P = 480 MPa and T=2.2 K. The
straight line shows the .., (n, ) dependence calculated from Eq. (6).
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agrees well, in the density range 2 10"-2x 10" cm~3,
with the theoretical dependence calculated from Eq. (6). The
deviation from a straight line at n, <2X 10" cm™> corre-
sponds to a change of the dominant scattering mechanism,
and judging from the temperature dependence (7.4 increases
like ~ T ***) with rising temperatureatn, <2 X 10"#cm ™3,
the shortest momentum relaxation time corresponds in this
case to the e-4 scattering mechanism.

Besides measurements of the transverse magnetoresis-
tanceatn, <7X 10> cm ™3, we have alsoinvestigated R, (H )
in an EHL with n = (1.4-3)X 10'® cm 3, which filled com-
pletely the axisymmetric potential well. These measure-
ments agreed well with the results of §4 and permitted a
determination of the cross-section area of the potential well:
§= 0.7+0.1 mm?® (this value was practically indepen-
dent of the e-h plasma density and temperature). The ob-
tained value of S, as well as the exciton emission FE line
shape, confirms the conclusions®* that at large strains and
close dimensions of the crystal (L = 2 mm) and of the knife
edge of the deforming prism (¢ ~0.7 mm) the result S~a?
depends little on the carrier energy.

An independent measurement of 7., using transverse
magnetoresistance yielded the free-carrier density », which
did not exceed 3X 10'* cm ™3 at T'= 3 K all the way to the
condensation of the excitons in the EHL drop. A plot of
Teex (1) at T = 3 K is shown in Fig. 2.

§6. DISCUSSION OF RESULTS

The mechanisms of carrier scattering in a photoexcited
plasma at low temperatures were investigated experimental-
ly in Refs. 7-14 in the region of low densities n < 10! cm—3
and very high ones n>0.7X 107 cm 3. A summary of the
available experimental and theoretical data is presented in
Fig. 2. In the present work we studied the density range (0.7—
1.7)X 10'® cm ™3, which is of interest primarily because e-h
scattering in this system turns out to be strongest, since the
carrier density is already high enough and the quantum-sta-
tistical factor & p, &, /(kT)? is still close to unity, so that
practically all the particles can participate in the scattering
processes. In addition, at T~2-7 K it is just the Coulomb
interaction between the electrons and the holes which pre-
dominates in this system (the characteristic energy of this
interaction is Ry = e*u,/2,*%#* = 2.65 meV, whereas the
average kinetic energy of the carriers is () (1 meV at
n =7x10" cm™3). We note that there is no theory of e-h
scattering with dominant Coulomb interaction, although
two approaches are usually discussed in the literature. The
first® is based on the known Brooks-Herring formula ob-
tained for scattering by a screened Coulomb center (ionized
impurity):

Ten ' =8nnv (¥/4x<&Y ) (In (1+A-)+ (1+A) ),  (11)

where A = #7/4u%v%a}, x is the dielectric constant, g, is the
screening radius, u, is the reduced mass of the electron and
hole, and v is the average carrier velocity. Equation (11) was
obtained by Brooks and Herring®® in the Born approxima-
tion for a nondegenerate electron gas of low density, and the
condition for its applicability is Ry<(#) = 1.5 kT. An
expression similar to (11) for 7,,, can be found in the theory of
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classical plasma,*® in which the small parameter is the ratio
of the average Coulomb energy to the temperature
g =e’n'3/xkT=Ry/r,kT<]1. In this case the correlation
effects are negligibly small (~g) and it is therefore not sur-
prising that expression (11) describes correctly the experi-
mental data obtained in Ref. 9atn < 10" cm™3and T = 3 K.
On the other hand, in the plasma studied in the present paper
(n = 7x10" cm 3, T~ 3 K), the Coulomb interaction of the
carriers predominates and the parameter g > 2. Nonetheless,
as seen from Fig. 2, the values of 7, obtained at 7= 3 K in
§4 are also described fairly well by Eq. (11) (curves 3 of Fig.
2), and the agreement is particularly good if account is taken
in expression (11) of the quantum-statistical factor
(%.Y(&,)/(1.5kT)* Inaddition, if we substitutein (11) the
density at which the transition from a classical plasma to a
degenerate with n~(mkT /#*)*/? is realized and the weak
logarithmic function is neglected, then 775" = #/Ry, in
agreement with the experiment.
Another expression for 7, was proposed in Ref. 31:

Tt = (4aun/3) " (vs.ven) " (KT) Y s e, (12)

wehre v, and vg, are the Fermi velocities of the carriers,
and &, and & g, are their Fermi energies. It is easily seen
that Eq. (12) accounts for only the quantum statistics of the
carriers and for the average interparticle path time, but the
Coulomb interaction of the electrons and holes is completely
absent. It is therefore to be expected that expression (12) will
describe 7, correctly only at 75 €1, when the Fermi energies
of the carriers are substantially larger than their Coulomb-
interaction energies (in particular, Eq. (12) may turn out to
be valid for semimetals). The values of 7., calculated from
(12) (curve 3 of Fig. 2) are somewhat higher than the experi-
mental), obviously because of the neglect of the Coulomb
scattering cross section in (12). On the other hand, from Eq.
(12) we can determine 7., of uncorrelated electrons and
holes (i.e., without allowance for Coulomb effects) and to
determine the gain g,,, (0) which is equal, by definition, to the
ratio of the probabilities of finding the electron at the hole
location in the case of correlated and uncorrelated carriers.?
If this approach were legitimate it would permit, at different
n and T, a determination of the value of g, (0), which is of
particular interest to the theory, for it is precisely this pa-
rameter which is most sensitive to the theoretical approxi-
mations.>” The value of g, (0) at T=2 K and n = 7 X 10'°
cm ™3 (r, =~2), obtained by such a procedure, is 10 + 1 and is
close to the values obtained in Ref. 33.

It is interesting that the momentum transport relaxa-
tion time obtained from galvanomagnetic investigations in
the case of electron-hole scattering does not conform to the
energy uncertainty 4 ¢ = #/7,, ~4 meV that would mani-
fest itself as a broadening of the radiative-recombination
spectra of an e-4 plasma, since the halfwidth of the emission
line of the plasma Pis ~2 meV (Refs. 4,16) and, for example,
is practically independent of temperature, whereas 7,, de-
pends on it substantially (Fig. 3). The apparent reason is that
in recombination of electrons and holes (which is well de-
scribed in the single-particle approximation even at
n=7X10" cm~?and T = 3 K, Ref. 34), the e-A scattering,
being an internal process, can determine A% of each of the
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particles, but does not influence the combined energy of re-
combining carriers, which is the one that manifests itself in
the emission spectrum. An answer to this question, however,
requires a rigorous solution and can be of definite interest
from the theoretical standpoint.

Thus, in a compensated e-4 plasma in deformed Ge, at
low temperatures and at densities n~7X 105 cm =3 (r, ~2),
when Coulomb interaction predominates in the carrier sys-
tem, the principal momentum relaxation mechanism is elec-
tron-hole scattering. The e-4 scattering time depends strong-
ly on density and temperature, and the minimum value of
7., is reached on going from a classical e-h plasma to a de-
generate one, and amounts to ~#/Ry.

In conclusion, the author is deeply grateful to V. F.
Gantmakher, S. E. Esipov, S. V. Iordanskii, V. D. Kulakovs-
kii, I. B. Levinson, Ya. E. Pokrovskii, and V. B. Timofeev for
exceedingly helpful discussions.

UCarrier scattering by excitons, which predominates at low temperatures
and at e-h gas densities ~ 10'° cm ™3, turns out to be similar to electron-
impurity scattering and is therefore included in the first type (see §5).

DThe deflection from (100) was ~5° and was necessary to lift degener-
acies in the conduction band.

¥To maintain constant crystal temperature the bath temperature was var-
ied when the excitation power was varied.
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