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The susceptibility K (w) of the valence electrons is determined for an intrinsic semiconductor 
which interacts with a free radiation field (steady state), and the carrier distribution function 
is found. The saturation which follows from the expression for K stabilizes the natural fre
quencies of the field. 

BAsov, Bogdankevich, and Devyatkov ru and also 
Vavilov et al. r 21 analyzed the possibility of creating 
a semiconductor laser excited by fast electrons. 
As in p-n junction injection lasers, the stabiliza
tion of the short-wave limit of the radiation spec
trum is observed at a certain excitation level of 
the crystal. It will be shown below that this effect 
results from the saturation of the valence-electron 
susceptibility K. To determine K, let us consider 
the interaction of a semiconductor with a strong 
resonant (w F::J .0.) radiation field. The term 
"strong" means that the behavior of the system 
cannot be described by perturbation theory. rsJ We 
assume that the photon density is much smaller 
than the carrier concentration and that the radia
tive transitions have a clearly expressed collec
tive character. Their times (in first-order per
turbation theory) are very small; thus, in the case 
of a continuous spectrum 

Trad ~ 10-11 IN [sec], 

where N is the number of photons in the volume V;. 
in the presence of a single field oscillator 

Trad ~ 10-13 IN [sec]. 

On the other hand, the characteristic relaxation 
times (also in first-order perturbation theory) due 
to scattering by acoustic phonons at a temperature 
T F::J 20 °K, are 

Tph ;2; 10-12 sec. 

Restricting ourselves to temperatures of ~ 10 oK 
(T « e D), we may neglect the influence of optical 
phonons. Thus, for a sufficiently high number of 
photons N, the dynamics of the system has to be 
described in the first approximation by a Hamil
tonian which allows only for the carrier interac
tion with the radiation field. [31 Because T rad de
creases with increasing transition energy, a popu-

lation growth on moving upwards in the band is 
possible. 

Consider a steady state with specified carrier 
densities and field intensity in the volume V occu
pied by the crystal and by the radiation field. The 
field is represented by a single oscillator with 
frequency w. We define K by the expression 

liro2V 
j = --x(ro)Aw, (1) 

co 

where K is the susceptibility operator. The elec
tron current j and the vector potential Aw (divided 
by 1i) have the form 

j = ~ (aap+b_p++a*b-pap), 
p 

Aw = Pco(c + c+), 

a= (elm)s, p = (2:rtlliro V) 'i'n. (2) 

Here a, b, and c are the electron and photon oper
ators, ~ is the momentum matrix element; e and m 
are the electron charge and mass; n is the polari
zation vector, and Co is the light velocity in vacuo. 
The summation in (2) is with respect to the wave 
vectors p and the spins u. Subsequently we will 
deal with linear polarization only, and the quantiza
tion direction is given by the vector n, therefore 
we will omit the vector designations. 

Let us write the equations of motion by means of 
a full Hamiltonian 
a· 

__.!_ = i ~ (ec(P) + ev (P)) (aap+b_p+- a*b-pap) 
dt 

p 

+ i I a 1 2 ~'\' ( ro) ( c- c+), 

~ ( ~ aap+b_p+- a*b-pap) = i ~ (ec(P) + ev(P)) 
p p 
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p(oo) 

v(oo) = ~ (ap+ap+b-p+b_p-1), 
p=O 

y being constant in the steady state. Taking into 
account the inequality i'ip2 /2/l « .D. (!l is the reduced 
mass), and also the relationship 

cPj I dt2 = -oo2j, 

we obtain the equation 

Introducing (1) and averaging over the system wave 
function, we finally get 

( ) = (' ) e21si2(L\~{L\2- ( ) 2ne21sl2_ 2}-1 
X 00 V 00 2" zy V 00 2fi V 00 mnw m w 

P(UJ) 

v(w) = ~ ((ap+ap) + (b_p+b_p) -1). (5) 
p=O 

If w2 > .D-2, the dispersion is negative in the case 
y (w) > 0 and the system is excited. From (5) it 
then follows that 

n.(p) = nh(p) > 1/2. (6) 

The equality sign appears here because the opera
tors ap +ap and b_p +b_p obey identical equations of 
motion. Since K is finite when w - .D. we assume 
that y(w) is described by the expression 

(7) 

where the factor {3 depends on the excitation level 
and on the photon density. From ( 7) we conclude 
that the population changes in the bands obey the 
law 

(8) 

The formula for y actually defines the envelope of 
the intensity maxima of the observed spectral 
lines, if one identifies them with the various 
modes. 

The second term in the curly brackets in (5), 
which can be omitted in the similar problem for a 

system of two-level molecules, now becomes im
portant and determines the saturation. When this 
term is larger than (w2 - .D-2), K tends to -1/21!", 
and ~e = 1 + 41l"K- -1, i.e., the electronic part of 
the permittivity becomes negative; the lattice com
ponent of the permittivity ~latt is assumed to be 
specified and independent of w. The saturation sta
bilizes the mode frequency w :::::~ c0/E:il2• When the 
generator operates simultaneously in several 
modes, one of which (wmax> is in saturation condi
tions, the frequencies of the others approach Wmax 
as the excitation level increases. 

Taking for an estimate (see, e.g. [21 ) Wmax = 
2.541 X 1015 , 

(J)max = 2.541·1015 sec-1' L\ = 2.512 ·1015 eel£-\ 

!612,...., 1Q-3S g2cm2/sec2, 

we obtain for the saturation carrier density 
p s :::::~ 1019 em - 3, and the corresponding limiting 
wave vector equals ...... 8 x 106 em -t. To obtain 
agreement with the observed value Wmax- .D. = 
0.029 x1o15 sec-1 one has to take for the reduced 
mass ll the value ...... 10-27 g, which is quite possi
ble because we are far from the bottom of the band. 

In conclusion, the author expresses his grati
tude to L. V. Keldysh for the discussion of a num
ber of problems concerning this work. 
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