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Oscillations due to successive emission of LO phonons by hot electrons were observed in the hot 
photoluminescence spectrum of gallium arsenide. The luminescence was polarized because of the orientation 
of the electron momentum. The application of a magnetic field caused depolarization of the hot 
photoluminescence and this was due to rotation of the electron momentum. An analysis of the experimental 
results yielded the time constant of the process of emission of an LO phonon by an electron rpo and of the 
intervalley (r-L) transition time T,, . For an electron energy of e = 0.3 eV the phonon emission time rpo. was 
1 x lo-" sec. The value of T,, for E = 0.38 eV was 2.5 x lo-" sec, corresponding to the intervalley scattering 
interaction constant of 0 . 8 ~  lo9 eV/cm. 

PACS numbers: 78.5S.D~ 

5 1. INTRODUCTION theoretical analysis of the influence of magnetic fields 

Linear polarization of the hot photoluminescence of 
GaAs-type semiconductors was detected and investigat- 
ed by ~ e m s k ;  et al.' This linear polarization i s  due to 
an anisotropic distribution (orientation) of the photo- 
electron momenta. ' For example, excitation from the 
heavy-hole band creates electrons whose momenta a r e  
oriented mainly a t  right-angles to the electric vector of 
the exciting light. Such orientation is governed by the - - 

selection rules for interband transitions and i t  results, 
because of the same rules, in linear polarization of the 
recombination radiation. A sufficiently strong external 
magnetic field can rotate the anisotropic part  of the 
electron momentum distribution function because of the 
cyclotron motion of electrons and this can be detected 
from the change in the polarization characteristics of 
the hot photoluminescence. 3 * 4  An effect of this kind has 
been observed in fields of =60 kG for a sample of p-type 
GaAs with an acceptor concentration of 1.2 x loi8 cmm3 
( ~ e f .  3). An investigation of this effect makes it possi- 
ble to determine directly the very short electron ener- 
gy relaxation times. In particular, a time constant of 
7 =  0.5 x sec  has been obtained3 and attributed 
mainly to the impact ionization of acceptors by hot 
electrons. 

We investigated in detail the change in the polariza- 
tion characteristics of the hot photoluminescence in 
magnetic fields as a function of crystallographic orien- 
tation and we determined the characteristic time con- 
stants of the various energy relaxation mechanisms 
(more specifically, the time constants of the impact 
ionization of acceptors mentioned above, a s  well a s  of 
the emission of optical phonons and of intervalley tran- 
sitions). In the samples with a low carr ier  density the 
dominant relaxation mechanism is the one associated 
with the emission of LO phonons, which was investi- 
gated by us  most thoroughly. The experimental method 
is described in 62. The influence of corrugations of the 
valence band on the nature of the changes in the polar- 
ization characteristics of the luminescence a r e  dis- 
cussed in 03 for the (100) and (111) orientation~. A 

on the polarization characteristics of the luminescence 
in the case of multistage transitions (for example, in 
the case of successive emission of long-wavelength op- 
tical phonons by electrons) is given in 64. Finally, 85 
presents the results of a determination of the depolar- 
ization of the hot luminescence of heavily and moder- 
ately doped p-type GaAs crystals and of the energy re- 
laxation times of hot electrons. 

$2. MEASUREMENT METHOD 

We investigated p-type GaAs single crystals doped 
with Zn and Cd acceptors whose concentrations were in 
the range 10'' - 3 x loi8 cm". Measurements of the 
Hall effect a t  300 and 77 "K in accordance with a method 
described in Ref. 5 were used to determine the accept- 
o r  concentration N, and the compensating donor con- 
centration N,. These values, together with the differ- 
ence N,- N,, a re  all  listed in Table I. 

The luminescence was excited by linearly polarized 
radiation generated by He-Ne (Ewe,, = 1.96 eV) and ~ r '  
(Ewe,, =l. 83 and 1.65 eV) lasers.  The spectral and 
polarization measurements were carried out using 
DFS-24 and DFS-42 double monochromators. A two- 
channel photon-counting system made i t  possible to de- 
termine the luminescence intensity normalized to the 
intensity of the exciting light. 

A study of depolarization of the hot photoluminescence 
was made in the Faraday geometry (with the magnetic 
field parallel to the exciting light beam) using fields up 
to 70 kG. The magnetic field was generated in a super- 
conducting solenoid whose internal aperture had a di- 
ameter of 20 mm. The cryostat shown in Fig. 1 was 
employed. A crystal 1 was located in a solenoid cavity 
3. The exciting light was incident normally on the sur- 
face of a sample and the luminescence was collected by 
a spherical mirror 2. The maximum deviation of the 
luminescence rays collected by this mi r ro r  from the 
normal to the surface of the sample was about 20". 
This deviation did not exceed 6" inside the crystal, a s  
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TABLE I. Properties of Samples 

deduced f rom the refractive index of GaAs. The crys- 
tal was exposed either to helium vapor (when i t s  tem- 
perature was about 30 OK) o r  to liquid helium which was 
continuously pumped (T = 1.6 "K). Since the scattered- 
light intensity was considerably l e s s  in the former 
case, in most measurements the crystal was exposed to 
helium vapor. Control experiments showed that the hot 
luminescence spectrum and the dependence of the de- 
gree of polarization on the magnetic field were the 
same in both cases  (helium vapor and liquid). The 
Rayleigh scattering background was minimized also by 
cutoff and interference filters. 

The application of a magnetic field to GaAs-type 
crystals caused splitting of the quadruply degenerate 
acceptor state. At sufficiently low temperatures and in 
sufficiently strong fields this should result in a strong 
circular polarization of the luminescence and in distor- 
tion of the dependence of the linear polarization on the 
magnetic field of interest to us. The experimental re- 
sults indicated a much weaker circular polarization. 
This was due to the fact that the scatter of the acceptor 
levels in the doped crystals exceeded the splitting of 
these levels in a magnetic field. The circular polar- 
ization of the hot photoluminescence of the samples 
with N,- lot8 cmm3 amounted to a few percent (in fields 
of -40 kc) but i t  increased to 8-10% for samples with 
~ ~ - 1 0 ~ ~  cmq. In the latter case the samples were 
heated to a temperature at which the degree of the cir-  
cular polarization did not exceed 4-5%. Such heating 
had practically no influence on the spectrum and linear 
polarization of the hot photoluminescence. 

53. STOKES PARAMETERS IN A MAGNETIC FIELD. 
EFFECTS OF CORRUGATIONS 

The luminescence polarization can be described, a s  
is known,6 by three Stokes parameters: ti, t2, and (3. 

The parameters ti and t3 represent the linear polar- 

-- 

- 

FIG. 1. Helium cryostat with a superconducting solenoid. A 
sample 1 and a spherical mirror 2 are exposed to helium vapor 
inside a solenoid 3. The beam path i s  indicated by arrows. 
T= 1.6%. 

ization and 5, is the degree of the circular polarization. 
We shall consider these parameters in a rectangular 
coordinate system el, e2, and e3, where el  coincides 
with the linear polarization vector of the exciting light 
e, whereas e3 is parallel to the luminescence beam 
which in our case is practically parallel to the exciting 
beam. Then, t3 = I  cos2$ and Ft = I  sin2J,, where I is 
the maximum linear polarization and J ,  is the angle be- 
tween the direction of this polarization and el. The pa- 
rameter t3 is identical with the degree of polarization 
53  = (IlI - IL)/ (Il, +I,), where Ill and I, a r e  the intensities 
of the luminescence polarized, respectively, parallel 
o r  perpendicular to the polarization of the exciting 
light. The parameter represents the degree of po- 
larization defined by -I-, 4)/(Z,14 +IvI4) ,  where 
I,,,, a r e  the intensities of the luminescence polarized 
a t  the indicated angles relative to the polarization of the 
exciting light. As pointed out above, in our case the 
parameter c2 does not exceed 0.04-0.05 and i t s  influ- 
ence can be ignored. 

At the temperatures used in our investigation the lu- 
minescence spectrum is formed as a result of the con- 
duction band-acceptor transitions. It has been shown7 
that the corrugations of the constant-energy surfaces of 
the valence band can give r ise  to a strong dependence of 
the degree of the linear polarization of the hot lumines- 
cence on the orientation of the polarization vector of the 
exciting light relative to the crystallographic axes. 
This is due to the fact that the wave function of a hole a t  
an acceptor is composed, in the case of large values of 
the quasimomentum, mainly of the wave functions of the 
heavy-hole subband and i t  is strongly anisotropic, SO 

that the main contribution comes from holes with the 
"diagonal" directions of the quasimomentum ((111) di- 
r ec  tions). 

Calculated diagrams of the dependence of the parame- 
ter  t3 on the orientation of the polarization vector of 
the exciting light e relative to the crystallographic axes 
a r e  plotted in Fig. 2 for  the cases when the exciting 
beam i s  perpendicular to the (100) plane (a) and to the 
(111) plane (b); the data a r e  taken from Ref. 8. In the 
former (a) case the maximum polarization corresponds 
to ell [ ~ l l ] .  The minimum polarization (equal to zero) 
corresponds to e 1 1  [001], when-in spite of the aniso- 
tropy of the photoelectron distribution functions-all 
four diagonal directions in the momentum space a re  
equally populated. In the latter case (b) the degree of 
polarization is isotropic and i t  is independent of the di- 
rection of the vector e. 

FIG. 2. Theoretical indicatrix of the degree of the linear po- 
larization (Stokes parameter (9 plotted as a function of the 
orientation of the electric vector of the exciting light relative 
to the crystallogrpahic axesa: a) (100) plane; b) (111) plane. 
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FIG. 3. Dependences of the Stokes parameters E 3  and 5 ,  on the 
magnetic field: a) sample No. 100, (100) plane; b) sample No. 
631, (111) plane. 

Rotation of the photoelectron momenta by a magnetic 
field in the case a leaves the vector of the maximum 
linear polarization directed along the [Oll] axis. Fig- 
ure  3(a) shows the results of measurements of the 
Stokes parameters for the case a, when the polarization 
vector of the exciting light is directed along the [011] 
axis. The measurements were carried out using He- 
Ne laser radiation a t  the high-frequency edge of the lu- 
minescence spectrum (1.88 eV). The results indicated 
that whereas t3 decreased in a magnetic field, the pa- 
rameter ti remained practically zero. This indicated 
the absence of rotation of the maximum polarization 
vector, in agreement with the theoretical predictions. 
In the case b we obtained the results shown in Fig. 3(b). 
In this case there was a reduction in t3 and an increase 
in ti. Rotation of the photoelectron momenta in a mag- 
netic field in this experimental geometry resulted in ro- 
tation of the plane of polarization of the emitted lumin- 
escence. 

The measurements (described below in 55) were car- 
ried out on samples whose surfaces were parallel to the 
(111) plane. As indicated above, the orientation of the 
electric vector of the exciting light was unimportant. 

84. DEPOLARIZATION OF THE LUMINESCENCE IN A 
MAGNETIC FIELD IN THE CASE OF MULTISTAGE 
TRANSITIONS 

We shall consider the influence of a magnetic field on 
the distribution function of photoelectrons. We shall 
assume that the only relaxation mechanism is the emis- 
sion of longitudinal optical phonons by electrons. In 
this case the electron energy distribution function is in 
the form of a ser ies  of discrete peaks representing 
electrons which have not emitted even one phonon (first 
peak), those which have emitted one phonon (second 
peak), two phonons (third peak), etc. We shall denote 
the distribution function of the directions of the electron 
momenta p corresponding to the n-th peak by f,(p). 
Then, we can define f,,(p) by means of the transport 
equation 

where w,= l e  I ~ / m c  represents the cyclotron frequen- 
cy; 9 and p are  the spherical angles of the vector p in a 
.coordinate system in which the e axis is the direction of 
the magnetic field vector; T, is the time needed for the 

emission of an optical phonon by an electron corre- 
sponding to the peak whose number is n; Fn(n # 1) repre- 
sents the arrival of an electron to the n-th peak from the 
(n - 1)-th peak a s  a result of emission of an optical pho- 
non; represents the arrival of an electron in the f i rs t  
peak a s  a result of optical pumping. Then, for n #  1, 
we have 

Here, W(pl, p) is the probability of a transition (per 
unit time) of an electron from a state with a momentum 
p' to a state with a momentum p, accompanied by the 
emission of a longitudinal optical phonon. 

The solution of Eq. (1) is 

Expressing in the form of an expansion in terms of 
spherical functions 

we find from Eq. (3) that 

I'" 

where 

The formulas (2) and (6) represent a recurrence rela- 
tionship between the distribution function for the n-th 
peak and the distribution function for the (n - 1)-th peak. 
The distribution function for the f i rs t  peak is governed 
by the optical pumping q (p) :  

The coefficients in the expansion F:,!,)(p) a r e  indepen- 
dent of the magnetic field if we ignore the quantization 
of states by the field. Therefore, Eq. (7) can be re- 
written in the form 

Applying successively the recurrence relationships giv- 
en by Eqs. (6) and (2), we obtain expressions linking 
the distribution functions of the various peaks in the 
presence of a magnetic field and in i t s  absence: 

It should be noted that the electron lifetime T, corre- 
sponding to the k-th peak generally depends on the elec- 
tron energy E, in this peak. 

The intensity of the recombination radiation with the 
polarization el is related to the distribution function a s  
follow s2 : 

I(e,)  - j [1+or~(3(e~v)~-i)/~lf ( p ) d ~ .  (10) 

Here, v is a unit vector along p and a o = i l  applies to 
transitions from the light- and heavy-hole bands, re- 
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spectively. If the distribution function is written down 
in the form of Eq. (5), the intensity of then-thpeakwith 
the polarization et  is given by 

4n 
I, (4 (4n) *f::' +ao Yzl (e,) f::'. (11) 

m 

Equation (11) allows us to relate the Stokes parameters 
of the recombination radiation to the coefficients f2 z ' .  

We shall now consider the case when the exciting 
beam, luminescence beam, and magnetic field a r e  all  
parallel. Then, the parameter t 3  representing the de- 
gree of the linear polarization of the luminescence in 
terms of the et  and e2 axes introduced in 53 is 

The parameter ti representing the degree of polariza- 
tion in a system of axes rotated by 45" about the lumin- 
escence beam relative to the initial system el, e2 is 
then 

If linearly polarized light is used to excite the lumin- 
escence, we find that2 

The distribution functions of a l l  the peaks have the 
same form (differing only in respect of the anisotropy 
parameter a) in the absence of a magnetic field. Then, 
in the selected coordinate system, we have 

where the coefficients a r e  real. This is a consequence 
of the symmetry of the distribution function relative to 
the e2, e3 plane. The relationship (14) makes i t  possi- 
ble to express the Stokes parameters in terms of their 
values in zero magnetic field and this can be done with 
the aid of Eqs. (91, (121, and (3): 

where, according to Ref. 2, 

[~,'"'],_,--3aoa,l (20+aoan) 

and a, is the anisotropy parameter of the distribution 
function for the n-th peak in zero magnetic field. 

For the f i rs t  three peaks the formulas of Eq. (15) 
give 

Similar formulas describe also the Hanle curves in the 
case of multistage transitions in atoms. I t  should be 

noted that the formulas in Eqs. (15) and (16) remain 
valid if phonon emission is accompanied by other pro- 
cesses  resulting in the transfer of electrons out of the 
n-th peak (such transfer may be due to, for example, in- 
tervalley transitions). Then, the quantity 7, should be 
regarded as the effective loss  time allowing for all such 
processes. 

The polarization characteristics of the luminescence 
given above a r e  derived in the approximation of a 
spherical model of the valence band. However, in re- 
ality (because of corrugations of the valence band) the 
photoelectron distribution is not characterized by 
spherical but by cubic harmonics. We shall ignore the 
scatter of the electron energies a t  the moment of photo- 
excitation (i. e. , we shall ignore the anisotropy of the 
reduced masses of electrons and heavy holes). Then, 
using the electron momentum distribution [Eq. (2) in 
Ref. 81 and assuming that only the "diagonal" holes 
contribute to the luminescence, we can substitute n = 1 
in Eq. (3) and obtain the expressions for the Stokes pa- 
rameters  of the recombination radiation near the 
short-wavelength edge subject to allowance for the va- 
lence-band corrugations. If the magnetic field is then 
directed along the [lll] crystallographic axis, the ex- 
pressions for  the Stokes parameters in the Faraday 
geometry a r e  

In the formulas (17) the quantities y, and y2 a r e  the Lut- 
tinger parameters,'0 whereas the quantities A, B, C, 
D, and E a r e  given by the expressions 

The dependence [$ '(If) in Fig. 4 represents the re- 

FIG. 4. Dependences of the Stokes parameter [Ji)  on w,r. 
The dashed curve i s  the Lorentzian profile represented by 
Eq. (16) for 5: ' ) .  whereas the continuous curve i s  calculated 
using Eq. (17). 
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sults of calculations based on Eq. (17) and it is com- 
pared there with the simple Lorentzian profile repre- 
sented by Eq. (16) for 5:' ! We can see  that allowance 
for the valence-band corrugations has practically no ef- 
fect on the luminescence depolarization curve in the se- 
lected geometry. Therefore, we shall analyze the ex- 
perimental results using Eqs. (15) and (16). 

55. EXPERIMENTAL RESULTS. DETERMINATION OF 
THE ENERGY RELAXATION TIMES 

The luminescence depolarization in a magnetic field 
was studied for p-type GaAs samples with different ac- 
ceptor concentrations (Table I). The experimental re- 
sults for the high-frequency edge of the luminescence 
spectrum could be described well by Eq. (16) for [i", 
which was also used to determine the electron lifetime 
7, at the point of creation. The cyclotron frequency oc- 
curring in Eq. (16) was calculated allowing for the con- 
duction band nonparabolicity. The cyclotron mass 
m(c) was deduced from the approximate formula fo r  a 
Kane band" 

assuming that m(0) = 0. 067mo and E, = 1.52 eV. In 
particular, in the case of excitation with He-Ne laser 
radiation (Ewe,, = 1.96 eV) the energy of electrons a t  
the moment of creation was co= 0.38 eV and their mass 
was m = 0. lmo. 

The results of a determination of r1 for four samples 
a s  a function of the concentration of uncompensated ac- 
ceptors N,, - N, a re  presented in Fig. 5. They can be 
approximated by a straight line of the rl" = rO-' + C(NA 
- N,) type. The slope of the straight line gave C = (0.9 
* 0 . 3 ) ~  10' cm3/sec. Clearly, in the samples with high 
acceptor concentrations the main energy relaxation 
mechanism was the process of collisions of electrons 
with neutral acceptors accompanied by the excitation or  
ionization of the latter. A theoretical estimate of the 
total excitation and ionization cross  section u of neutral 
hydrogen-like atoms by fast electronst2 for a medium 
with the permittivity of GaAs ( 4 3 )  gave ov" 0.5 X 10' 
cm3/sec for v = 10' cm/sec. This was in satisfactory 
agreement with the above value of C. Extrapolation of 
the straight line in Fig. 5 to zero acceptor concentra- 
tion gave 1/ r0 = 1.4 x loi3 s e ~ ' ~ .  

We expected that a t  low impurity concentrations the 
main processes responsible for the energy relaxation 
of electrons would be the emission of long-wavelength 
LO phonons by the electrons accompanied by intervalley 

FIG. 5. Dependence of r i '  on the concentration of uncompen- 
sated acceptors. 

scattering (see below). " In fact, for N A -  N,< 5 x  10'' 
cm9 we found oscillations in the hot photoluminescence 
spectrum. Figure 6 shows the hot photoluminescence 
spectra of sample No. 631 obtained using excitation en- 
ergies 1.96, 1.83, and 1.65 eV. We can see  that the 
separation between the maxima in the spectra is 37 
meV, which agrees with the energy of long-wavelength 
LO phonons in GaAs. We shall postulate that the f i rs t  
high-frequency maximum in each of the spectra I, 11, 
and 111 (Fig. 6) is due to transitions to the acceptor 
levels of electrons excited from the heavy-hole band, 
which have not experienced energy relaxation. The 
second and third maxima correspond to the recombina- 
tion of electrons which have emitted successively one 
and two optical phonons (the transition scheme is shown 
in the inset in Fig. 6). The r i se  of the intensity and the 
ser ies  of maxima in the spectra I and 11 a r e  due to the 
participation in the recombination process also of the 
electrons excited from the light-hole subband. The 
widths of the maxima in the spectra is governed by a 
number of factors, in particular, by the scatter of the 
energies of the final states representing the acceptor 
levels and by the broadening of the initial electron en- 
ergy distribution because of the valence-band corruga- 
tions. The broadening due to the last  factor should de- 
crease on reduction in the excitation energy, a s  found 
experimentally. The oscillations in the hot photolumi- 
nescence spectra a r e  very pronounced for N,-3 x 10" 
cm9 and their amplitude is not affected by a further re- 
duction in NA. It follows that the emission of phonons 
is the main electron energy relaxation mechanism a t  
these acceptor concentrations. 

In the ser ies  of maxima 1-2-3 in the spectrum I (Fig. 
6) the linear polarization in the absence of a magnetic 
field decreases a t  each step by a factor of about 1.5, 
which is close to the theoretical result (1.6) obtained 
in Ref. 2 for the loss of polarization as a result of 

l.8 1.6 r .7  1.9 2.0 
hw, ev 

FIG. 6. Hot photoluminescence spectra obtained for different 
excitation energies: I )  1.96 eV; 11) 1.833 eV; 111) 1.648 eV. 
T= 30°K. sample No. 631. The excitation lines are identified 
by arrows. The peaks denoted by TO correspond to the Ra- 
man scattering of light on TO phonons ( the scattering by LO 
phonons is  forbidded in the experimental geometry employed 
here). The inset shows the transition scheme. The maxima 
1 ,  2 ,  and 3 in the spectrum correspond to the excitation from 
the heavy-hole subband (hh)  and the recombination at the ac- 
ceptor levels I@) 3f electrons arriving from the point of crea- 
tion and to the recombination after the emission of one and two 
phonons , respectively. 
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emission of an optical phonon by an electron in GaAs 
Whose energy is about 0.40 eV. We investigated the 
dependence of the Stokes parameter t3 on the magnetic 
field a t  the frequencies of the first ,  second, and third 
maxima in the spectrum I of Fig. 6 (the luminescence 
was excited with He-Ne laser radiation). The results 
a r e  plotted in Fig. 7 together with the approximating 
curves calculated using the formulas in Eq. (16). 
These curves correspond to the following times: Ti 

= 0.7 X sec, r2 = 0 . 8 ~  sec, r3 = 1 X 10-13 sec. 
The value of r1 corresponds to the electron lifetime a t  
the point of creation with an energy co"O. 38 eV, the 
value of T2 corresponds to the lifetime a t  the point so 
- FiwLo, and r3 corresponds to the lifetime a t  the point 
co- 2EuL0= 0.31 eV. 

We shall show later that the difference between r1 and 
r3 is probably due to the role of the intervalley transi- 
tions. It is known that the conduction band of GaAs has 
the central r minimum a s  well a s  side minima at the 
points L and X of the Brillouin zone. According to the 
current ideas,13 the lowest of these a r e  the L minima 
(valleys) located a t  AE,,= 0.31 eV above the central 
minimum. l4 In the case of excitation of the lumines- 
cence by He-Ne laser  radiation, the electrons a t  the 
point of creation have the energy co = 0.38 eV, i. e., 
they a r e  above the bottom of the L valleys. Conse- 
quently, they may be scattered from the point of crea- 
tion o r  remain inside the central minimum, r - r, or  
they may undergo transitions to one of the L valleys 
emitting a t  the same time an "intervalley" phonon with 
q - n/a. Thus, the probability of the scattering of an 
electron from the point of i t s  creation can be repre- 
sented by 

-1 z , -~  = z,.-~ + T,.+L, (18) 

where rjO is the probability of emission of a long-wave- 
length optical phonon and 72- 1 is the probability of the 
scattering to the L valleys accompanied by the emission 
of a short-wavelength phonon. 

The contributions of both electron scattering mechan- 

FIG. 7 .  Depolarization of the hot photoluminescence in a mag- 
netic field: curves 1-3 correspond to measurements at the 
maxima 1-3 in spectrum I of Fig. 6 ( tiwe,= 1.96 eV) . The 
points are the experimental results. The continuous curves 
represent approximation of the experimental results by means 
of Eq. (16). 

FIG. 8. Depolarization of the hot photoluminescence in a mag- 
netic field for excitation energies of 1.96 eV(1) and 1.83 eV 
(2). The measurements were carried out at the maximum de- 
noted by 1 in the spectra I and I1 in Fig. 6. Sample No. 63. 

i sms  were determined by finding the electron lifetime 
a t  the point of creation after excitation with Fiu,,, = 1.83 
eV photons, when the initial energy was co = 0.26 eV. 
This energy was less  than AE,, and, therefore, the 
scattering to the L valley was no longer possible. The 
dependence of 6 on the magnetic field for Fiw,,, = 1.83 
eV is shown in Fig. 8 together with a similar curve for 
Rue,, = 1.96 eV. The times deduced from these curves 
a r e  (0.72 0.05)x 10-l3 s e c  for C, =0.38 eV and (1.0* 0.05) 
x 10-l3 sec  for c, = 0.26 eV. We shall identify the time 
7, = 1.OX 10-lS s e c  with the time representing the process 
of scattering of electrons accompanied by the emission 
of a long-wavelength optical phonon, i.e., we shall iden- 
tify it with rpo. The value of T , ~  can be compared with 
the calculated result. In the case of G A S  the parabolic 
approximation applied at T = 0 "K for & = 0.3 eV yields 
rp,= 2X 10-l3 sec  (Ref. 15). Allowance for the conduc- 
tion band nonparabolicity reduces somewhat (by 15-2%) 
the value of rfi0 (Refs. 16 and 17). 

Using rPo = 1 x 10"~ sec, we can determine the inter- 
valley transition time for co = 0.38 eV by the application 
of Eq. (18). This gives rr,, = (2.5 0 . 8 ) ~  loa3 sec. 
We can assume that 7;- , = B e ,  where c' is the ener- 
gy of the final state of an electron measured from the 
bottom of the L valley (E' = EO - AErL - Fiw,,, where 
Eu,, is the energy of an intervalley phonon). Then, for 
Fur,= 0.03 eV, we obtain B = 2 x  loi3 sec' . e ~ " ' ~ .  
This corresponds to the interaction constant for the 
scattering from the valley r to the valley L amounting 
to D,, = 0.8 x lo8 eV/cm. The valley in question was 
calculated using the f ~ r m u l a ' ~ - ~ ~  

where p is the density of the investigated crystal (5.37 
g/cm3) and m, =O. 56mo is the density-of-states mass 
in the L valley. 

Our results showed that an investigation of the hot 
photoluminescence of semiconductors yielded directly 
the energy relaxation times of hot electrons under in- 
travalley and intervalley scattering conditions. 

The authors a r e  grateful to B. P. Zakharchenya for 
his interest and valuable advice, to I. Ya. Karlik for his 
help in the recording method, and to T. S. Lagunova for 
supplying several GaAs samples. 
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to he contribution of the scattering by acoustic phonons can be  
justifiably neglected. Under our  experimental conditions 
( low electron density) the electron-electron collisions a lso  
make a negligible contribution to  the energy relaxation pro- 
ce s s  ( this i s  confirmed by separa te  estimates). 
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