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Nonlinear oytical yroyerties of InSb: Hot-eiectron effects
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At high-power densities (~ 2 MW/cm') the temporal dependence of transmitted 10.6-pm pulses in InSb
shows strong pump-depletion effects. The phenomena are on a 30-nsec time scale and are interpreted as due
to hot-electronic kinetics and electron-hole excitation processes. A model calculation employing rate
constants from independent measurements reported in the literature yields good agreement with the
experimental time evolution of the transmitted signal.

I. INTRODUCTION

The output efficiency of InSb spin-flip lasers de-
creases rapidly with increasing pump power. Un-
til recently this effect has been attributed to sat-,
uration of the InSb spins. However, recent studies
of the time dependences of both the spin-flip out-
put and the transmitted pump beam show unusual
behavior, which is not compatible with a simple
spin-saturation explanation. ' In the present paper
these effects are explained in terms of hot-elec-
tron kinetics. For simplicity, we address in this
paper only the characteristics in zero magnetic
field. Since the temporal dependence of the trans-
mitted 10.6-p, m CO, laser pump beam is essen-
tially independent of magnetic field strength, we
believe that this zero-field calculation explains
the qualitative characteristics of hot-electron
phenomena in InSb spin-flip lasers. The spin
states and their II dependences play no essential
role in the attenuation of the pump.

In a recent study of 12-p, m spin-flip emission
from Insb at -O'K, the time dependence of the
10.6-p, m radiation transmitted through the sample
was also measured. ' At low incident laser power
densities (-0.2 MW/cm'), the transmitted signal
is proportional to the incident laser pulse signal
(with a peak at I -50 nsec). However, if the inci-
dent laser power density is raised to ~2 MW/cm'
the transmitted radiation rises to a peak in 35-
40 nsec and then falls essentially to zero in
another 30—35 nsec. After remaining nearly at
zero for 150 nsec, the transmission asymptotically
returns to its original value. The time depen-
dences of incident and transmitted pulses are
shown in Fig. 1. Note that after 70 nsec the in-
cident pump pulse intensity is still at 80/p of its
peak value, whereas the transmitted signal is
nearly zero. This anomalous laser-induced ab-
sorption is due, we believe, to energetic conduc-
tion electrons produced by the strong laser field
inside the sample. ' In this paper we present a
simple theory explaining the laser-induced ab-

II. FORMALISM

Assume that I,(t) is the incident laser pulse
intensity. Our pulse has a peak value I„at 50 nsec
and a long tail (see Fig. l). RI, (f) is the reflected
laser pulse intensity. 8 is the reflection coef-
ficient of the sample (includes net effect of en-
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FIG. 1. Incident pulse and transmitted pulse profiles.
Experimental result of 2.2-MQ/cm incident pulse.

sorption. A general formalism of laser absorption
will be given in Sec. II. In Sec. III we describe a
pair-excitation process ("Kane process") which
contributes to the indirect laser generation of con-
duction electrons. The pertinent rate constant is
calculated. In Sec. IV we use a simple two-band
model with discrete sub-regions to calculate the
conduction-electron population. The results of
numerical calculations are discussed in Sec. V.
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(We assume that r is independent of location in the
conduction band. ) ln Eq. (5), n is the number of
electrons in conduction band' which contribute to
absorption; rn* is the effective mass of the con-
duction electron (assumed constant over the popu-
lated region of the conduction band); and e is the
electronic charge. Neglecting other polarization
effects, we have the complex dielectric constant

InSb CRYSTAL

L
where

FIG. 2. Schematic representation of the transmission
of C02 laser pulse through an n-InSb sample.

The coefficients R and a can be calculated by con-
sidering the sample as having two parallel plane
surfaces of distance I (the thickness) and neglect-
ing the coherence. The results are

arid

(1 + e L(1 —R )'/[1 e-'KLR2 ]) (2a)

(1 e 2KL)(1 y e 2KLR )/(-1 e 4KLR -) (2b)-
where

K =Km/c

arid

is the reflection coefficient for a sample of in-
finite thickness. To calculate &, we assume that
the absorption is due to free electrons in the con-
duction band; the electrical conductivity is

cr = cr, /(1 —jcd7), (4)

where &u is the angular frequency of laser light;
t is the collision time of electroris in the conduc-
tion band; and the low-frequency electric conduc-
tivity is

trance and exit faces and multiple reflections).
(1 —R)I, (t) is the laser pulse intensity inside the
sample. c2(1 —R)I, (t) is the laser energy loss per
unit time inside the sample. a is the absorption
coefficient of the sample. I, (t) = (1 —c2)(1 —R)I, (t)
is the transmitted pulse intensity. This is sum-
marized in Fig. 2.

We will neglect all surface effects except reflection
and assume that it is accounted for by an intensity-
independent ref lectivity. The optical properties
can be described in terms of the complex dielec-
tric constant E and the complex index of refrac-
tion

is the plasma frequency due to the free electrons
in the conduction band, and e„ is the optical dielec-
tric constant (15.68 for InSb).

In this simple picture, the absorption coefficient
a is an increasing function of the free-electron
density n, and the enhanced absorption is due to
the increased number of electrons in the conduc-
tion band. A fundamental problem is the explana-
tion of the optical excitation of these extra elec-
trons. These electrons must come from the va-
lence band; however, at low temperatures, the
band gap E -1900 cm ' is more than twice as
large as the photon energy (A = 10.6 I4, m, 1/Ic
-944 cm '), so that direct particle-hole excita-
tion due to single-photon or two-photon absorp-
tion is insignificant. ' We will propose another
possible particle-hole pair excitation process in
Sec. III.

III. PAIR-EXCITATION PROCESS

H =HD+H, , (8)

In n-type InSb samples of Ref. 1 there exists
an electron density of 10" cm ' at the bottom of
the conduction band. These electrons will be ex-
cited to higher energy states in the conduction
band due to absorption of photons from the inci-
dent laser beam. Those electrons excited to the
states with energy &2E~ can decay back to the bot-
tom of the conduction band by exciting an addition-
al electron from the valence band to the conduc-
tion band [due to the electron-electron Coulomb in-
teractions (Fig. 8)]. This kind of pair-excitation
process had been previously studied by Kane'
for Si. In this section we estimate the pair-ex-
citation rate for InSb. Because of the difference
in density of states, the main contribution to this
process is from the heavy-hole band rather than
the light-hole band. Our model therefore neglects
light holes.

Consider a two-band model. The Hamiltonian
ls
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where From (15), we know that yz is a number greater
than 1. The function f is the integral

is the single-particle Hamiltonian and a is the band
index (c for conduction band and v for the heavy-
hole valence band). The electron-electron Coul-
omb interaction is

Z 2 ~a'au'p. a'tMa'8
N 8 PgP

f(y, y~) =

x, = 1~(l-x,')"',

x, =1/(y —1)"',

x[(x.—x)(x - x )]'~'
dx

(
2 2)2

(20)

Ag Ag A

C~ ~ C;a C-sc~N

x A, (z„-z„.,), (11)

where I,„, the valence-conduction-band transition
matrix element, is defined in Appendix A, Eq.
(A16).; and

X.(Z) = (1/2v'){2~.*/g)'(Z Z, )'~'

is the density of states of the conduction band.
(We neglect the nonparabolic conduction band
structure here. ) The Fourier transform of the in-
teraction potential is the screened Coulomb poten-
tial

i"(q) = (1/~„)4ae'/(q'+ 0,'),
where &„ is the optical dielectric constant and the
screening constant is

u, = [4vne'/(z, z,)]'~'— (14)

E is related to the conduction electron density ri

by

Z =Z, + {A'/2m, ){»'n)"3. (15)

Substituting Eqs. (12) and (13) into (11), we obtain

1/v'~ = (2m,*e'/3vh 'e„') ~I,„(k)
~

'f(y, y~), (16)

yz = zr/zo.

from which we obtain in Appendix A an expres-
sion for the lifetime 7'~ of a highly energetic elec-
tron against decay by the Kane process.

Since we are interested in only the order of mag-
nitude of the rate of pair excitation, we neglect
the exchange term in (A15). We take the energy
zero point at the top of valence band: they. as an
approximation, E&„=0, because the effective mass
of the heavy-hole valence band m„*=0.5', is
much greater than the conduction electron mass
me*= 0.014m, . Then we have

2e' 2m(y —1) "~' 1
7' E~ y —1

(22)

Mathematically, for a real solution f, we require
x, to be real and x, & l. Then, from (21), we get
y &2, This means that the pair-excitation process
cannot occur unless the electron is in a highly ex-
cited state with energy E~ &2E~. Physically, this
is simply a result of energy conservation. The
function f(y, yz) is an increasing function of y =Zr/
EG and'is of the order of magnitude of unity for
y & 3. ~I,„(k)~' is &1 for K r-1. Then the pair-
excitation r ate parameter can be estimated from
(16) to be

g~& m,*e'/wn3e„-5x 10" sec '

-5x 1.0' nsee '.
This rate is faster than the ordinary conduction-
electron relaxation rate' (10" sec ') or the con-
duction-valence-band recombination rate (10'
sec ') in this sample. (This wiH be justified and
discussed ln Sec. V. )

IV, SIMPLE RATE-EQUATION MODEL

It is convenient to separate the conduction band
into three regions: a low-energy region e and an
intermediate-energy region b, each with width
-@u; 2nd a high-energy region a. Before the
laser pulse (I&0), aH conduction electrons are in
the bottom states of the conduction band, i.e. ,
n, =n~=0, n, =n', =n+I-, where n, =10"cm, A
is the cross- sectional area of the laser beam, and I.
is the sample thickness. After the laser pulse (t ~ 0)
the conduction electrons in the lower-energy regions
will be excited to the higher-energy regions, and
there will be pair-excitation processes. There is a
finite momentum change for a conduction electron
decay from region a to c. This means the pair-exci-
tation process will also involve a finite momentum
change for an electron excited from the valence band
to the conduction band (region c)because of momen-
tum conservation. Furthermore, the recombination
process of conduction electrons (in region c) to the
valence band @rill involve negligiMe momentum
change, because of the small momentum of the emit-



NON LINEAR OPTICA I, PROPERTIES OF InSb: HOT- . . .

n, (t) +n, (t) +n, (t) +n„,(t) +n ,(t)v2

=0+0+n, +N„, +N„, , (25)

(aj

„Tcb' (2

BecRuse the pRlr-excltRtloQ process ls

~h~~~ Rt t=o, n =n =o, =nb=, n, =n„n
enote the total. number of elec-

tronic states in the two rwo regions of the valence
and. For the pair-excitation process,
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FIG. 3. Possible transitions in the tao-bande mo-band model
a es xn InSb crystal in CO& laser field.

(28)

e
nv 1 cv T1»

nv2 Tba + Tab + ~12 &

bc~

(29a)

(29b)

(29c)

na &&nb &nc' (2

and n pproxlmation to as--.n, n . It ls a, good a
me n, = for our calculation, i.e.,

IM Tl
ba ab'

Then the rate equations [(24a)-(24e)
pllf led Rs

a — e can be sim-

(24b)

(24c)

ted photon. Thus' lt 18 R oocI, Rgoo approximation to sepa-
e e valence band into twoe ' oregions„ the region v1

band 1"e loQ c
ing o e wave vectors spannedb c dy con uction
gion c, and the region v2 outside the re io

p p ation rate equa-i ee ectron o ul
8 0 0'ws; For p~» O~

n, (t) = T,', —r„—r'
a ba ab ac &

(24a)

n, (t)= T' +T' +T —T, ,ba cb ab bc &

e
n, (t)=-T,', +T, —T +T'

cb bc cv ac

n„,(t) = T,„T„, - (24d)

n„,(t) = T'„,+ &„, — (24e)

where n, (t), n, (t), n, (t), n (t) andw . . . , , , n„, t, and n„,(t) are the
regions a br o e ectrons in the three re

the conduction band and
' o en an regions v 1 and n2 of the

ron excitation from region b to re io
(ctob)duetoth ' r xe single-photon absor tirp ion pro-

rates for elect
cv R ion

ctron transitions from a to b b

TP
n c to vl, respectively. T~ and

T„, are the transition rates, ' ' ' ' n.

xp e-photon absorption processes
w lc are much s -p 0 onlower than the single-photon

absorption process). From the law of

4

T,'. + &,', = ~(i - tt)t, (t)x,
+here A is e cross-sectional area
pulse beam. Th

area of the laser
e Rb801ptlvlty Q 1f-t-"f h de ensity n, = n +n

e: o e laser aborption. Hence th f
atic electrical conduct' 't E

be approximated as

(30)

o, = (n„e'/m*)r . (5i)

The effective electron densit n
ra e equation

nsi y nb, varies according

bc nvl nv2 ~ T T a cvc cc bc cc cc (3

This densitsity is increa. sed due to the enesit e o e generation of

cess T" and d

m e valence band b t

T . The
n ecreased due to

y he pair pro-
to the recombination

e various rates are taken to be iv
p yslcally reasonable expressions:

Tl,'. =- y, [n, (tt. -n. ) - n.(tt„n)-b b

Tl,', =y, [n, (X, -n, )-n, bV, -n.)],
T,c = r,n, (&g —nc),

C„=y,n, (X, n, ), -

(32b)

(32c)

(32d)

e ~

c n l nv2 nb' (29d)

Because of (27) the photon absorption due to el
1'Ons ln region g 18 egl* bllgi ly smal. l in comparison

a. ue to electrons ln re
we hRve

regions b and e. Then
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and

T„=y~„,(Nc, —n„,),

T'=y, n. (N, -n, )'n„,

(32e)

(32f)

0.6—

O

~ 0.4-

THEORY

EXPER lHENT

(nc ~t

T,„~const && smaller value of
&

. (33)
(N„—n„

For the physical situation of the InSb experiment
considered here, n, »N„, —n„„' it is a good ap-
proximation to write

T,„=y,„(N„, n„,), — (34)

where y,„ is a constant.
For numerica. l calculations we define the transi-

tion ratio

x = T,', /Z", ,= (N,n, N, n. )—/(N, n, N, n, )—

Then

T,'. = [x/(1 +x)]a(l R)1,(t)A-.

(35)

(38a)

T,' =-[I/(I+x)]o(l —B)f,.(t)A,

where A is the laser-beam cross-section area.
From the relations (28), (32d), and (32f) the elec-
tron density n, («nnc, ) can be calculated

n. = T,'./(y, (N, n, )'n„+ y, (N-„- n, )].

V. NUMERICAL RESULTS

where y, is the transition probability due to single-
photon absorption, y, (y„) is the relaxation rate
constant of electrons in the conduction (valence)
band, and y~ is the pair excitation rate constant.
N„N„and N, (N„„N») are the total number of
electronic states in the three (two) regions of the
conduction (valence) band.

Because of momentum conservation, the recom-
bination rate between the conduction band and va-
lence band can be written

0.2

I I

l00 200 300 400 500

t{n sj
FIG. 4. "Best fit" to the experimental result (I;=2.2

M~/cm2). The parameters in the theoretical curve are
g) —-24, gp—- 500, and g = 0.22, g„=0.3, g„=8 &&10 "
(units of nsec ) and +&= 2000/(n/no) . The experi-
mental curve is scaled the same as the theoretical curve
at the peak position.

be adjusted to test the degree of nonlinearity. In
our theory, the absorption or transmission coef-
ficient is dependent on the electron population; the
more conduction electrons, the more absorption
and then the less transmission. This is shown in
Fig. 5. For a comparison with experiment, we
have calculated the curve for the low intensity
case ((I,) =270 kW/cm', i.e. , g, = 3), where very
few electrons are generated by the pair-production
processes, hence everything is linear and no non-
linear absorption effects can be observed. This
is shown in Fig. 6.

A second parameter is &, the collision time in

Eq. (5). We assume that v is given by a mean
free path divided by the electron velocity

00
C)

Using the preceding equations we have calculated
the transmitted pulse intensity versus time. The
results are shown in Fig. 4. The theoretical curve
involves six parameters. However, these param-
eters may be calculated or at least estimated in-
dependently.

The fir st quantity g, is given by

a' =14/n'. ,

where I, is the peak value of the incident pulse
intensity 1,(t); A is the cross sectional -area of the
sample normal to the beam, and n', is the number
of conduction electrons in the absence of the beam.
In Fig 4the theo. ry uses' g, = 24 nsec ' (i.e. , 2.2

M W/cm').

g, is a good characteristic par'ameter which can

C)

IO 20

~c/nc'
I'IG. 5. Conduction-electron population dependence of

the coefficients of reflection R, absorption', and
transmission 7".
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n = [3(E—Eo)/m+]'~' .
Since (E —Eo) varies as g'~', we have

g ccrc ~~3.

(39)

(4o)

Of course g changes as a. function of time during
the pulse, and so does 7. Numerical computations
which ignored this implicit time dependence of
7' and instead treated 7 as an adjustable but
time-independent constant gave poorer agreement
with experiment. Figure 4 uses a value of

0 400 0 600

~
)

I
f

~

0 200 0 600

IL

(e)
I

400 400 t(n s}
FIG. 6. Degree of nonlinearity and comparison be-

tween experiment and theory for the two cases: (I)
g'&) =2.2 MVjf/cm and (II) g;) =270 kgb/cm . (a) Ex-
perimental incident pulse profiles (Hef. 1). (b) Experi-
mental transmitted pulse profiles (Ref. 1). (c) Theore-
tical transmitted pulse profiles fI&(t) /Ip], (d) Theore-
tical conduction-electron population profiles tn, (t)/n~].
{e) Theoretical transmission coefficient (7').

This numerical value is taken from Kahlert and
Bauer', the functional form agrees with Eq. (40).

The four remaining parameters are as follows:
gq, which ts the same as 'ygq ln Eg. (34), ls a 1 adla-
tive recombination-rate constant known to be
-3&&10' sec ' at O'K from the work of Fossum and
Ancker-Johnson. ' (Figure 4 uses this value of
0.3 nsec '. ) g, is the conduction-electron relaxa-
tion parameter equal to y,n', . The fit in Fig. 4 with

g, = 0.22 nsec ' corresponds to a conduction-elec-
tron relaxation time of 10 "sec. This time v',

for conduction-el. ectron energy relaxation must
be long compared to Kahlert and Bauer's' 10 '2

sec, since that is a momentum-changing time,
and most momentum-changing collisions do not
change the energy. %'e further note that the time
for an electron to leave region b is characterized
by multiple- (not single-) phonon emission. Each
phonon emission time is of the order of 10 "sec,
and each emission lowers the electron energy by
roughly 0.01 eV. Thus approximately 30-50 phonon
emissions are required to remove an electron
from region b. The time 7', must also be short
compared with the value of 10 ' sec from chal. en
and Westgate, ' since their value corresponds to a
physical situation in which no electron-optical-
phonon relaxation is possible (only acoustical).
Under the nonthermal conditions of hot electrons
and hot phonons present in the experiments analy-
zed here, an estimate of the number of distribu-
tion of optical phonons is beyond the scope .of the
present paper, but &, must be. such that 10 '»7',
»10 " sec. Our value 10 'o sec is thus consistent.
with the physical requirements of the problem,
within the limitations of a model employing a small
number of discrete region to represent a contin-
uum of electron states. For. a further theoretical.
justification of this value, we make a microscopic
numerical calculation of the opticel-phonon-induced
relaxation time, by assuming a time-dependent
Fermi-Dirac distribution of conduction electron
with temperature T(f) and Fermi energy cr(f)
(see Appendix B). In this calculation we have taken
into account the time-dependent static screen ef-
fect. %e find that the conduction electron relaxa-
tion time v, (defined as the average time that
every conduction electron mill lose energy he,
i.e. , an electron will relax from region a to b or
b to c by emitting optical phonons to the crystal
at low temperature) is exactly of the order of 10"
sec, in agreement with our emperical constant
g, here. g„ is the valence-band hole replacement
rate given by'p~B~. Our value gy = 8 & 10 nsec
used in Fig. 4 corresponds to a hol. e replacement
time of 100 nsec. Ne know of no independent
measurement of this parameter, and indeed its
numerical value may be an artifact of our two-
band model, which ignores the light-hole band.
However, the physical meaning of g„ is a, replace-
ment rate for electron near the top of the valence
band; thus, we expect the ratio g, /g„ to scale not
as the electron-to-hole lifetime ratio (v,/7'„=1)'
but as the conduction-electron-to-heavy-hole-
mobility ratio, which is -10' due to the masses
involved. Thus, the ratio of g, /g„= 10' used in Fig.
4 is in accord with the best estimate based on in-
dependent data, . Figure 7 shows the effect of in-
creasing or decreasing g„by 10. Since the physi-
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g„=10 (n s) gy=lP (n s )

200 400, 0
I I I I

200 400 0
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I I I
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FIG. '7. Intra-band electron relaxation effect of heavy-
hole band. The common parameters are g&

——24, g&
=10, g, =22, g„=0.3 {units of nsec ) and ~y=2000/
{n~~/no)

VI. DISCUSSION AND CONCLUSIONS

In this paper we have presented a very simple
phenomenological theory to explain the anomalous
absorption of high-power 10.6-p. m laser radiation
in InSb at low temperature. We consider the con-
tribution due to an enhanced electron concentra-
tion in the conduction band whi. ch is generated in-
directly by excitation from the valence band by
means of the electronic Coulomb interaction. '
Qualitatively, the results of simple model numeri-
cal calculations agree with the experimental re-
sults quite well. Quantitatively, we do not have
an ' exact" fit with the experimental curve because
of our simple models and choice of parameters.
However, our collision time agrees quantitatively
with Kahlert and Bauer's calculation, ' and other
parameters seem equally plausible.

Some limitations of the present work are listed
below:

First, the conductivity of holes in valence bands
is neglected in comparison with that of electrons
in the conduction band. This approximation is
good only when the number of holes is much small-

cal effect of small g„ is to prevent hole mobility
and reduce the recombination processes by shutting
off the supply of electrons near the top of the
valence band, values of g„»10 ' nsec ' give only
a small pump-depletion effect. For large values
of g„, more electrons can relax from region v1,
causing electrons to decay radiatively from con-
duction-band region c and reducing the anomalous
absorption of conduction electrons. The final
parameter gp, the Kane pair 'generation rate pa-
rameter, wa. s calculated as -5 & 10' nsec ' in Eq.
(23). This is the number used in Fig. 4. The cal-
culation is not particularly sensitive to this num-
ber, as long as it corresponds to a characteristic
time (in this case 10 " sec) which is fast com-
pared to all other relaxation times.

Thus, in summary, the six parameters used to-
calculate Fig. 4 are in no sense freely adjustable,
and in all cases appear in agreement with either
a calculation (for g~) or independent values taken
from the literature.
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APPENDIX A: PAIR-EXCITATION RATE CALCULATION

Assume

1
V, ,„,, ...,., =— d ry„.. (r)lk. (r)

x d'r'g&, ,( r')g;, (r)

x V(
I

r r'
l
) (Al)

where Q-„ is the single-particle wave function of
state k in band n; the two-particle interaction can
be written in the Fourier form

V(lr —r'l) =g V(q)e"'" ' '.
q

Substituting (A2) into (Al) we have

1
V~'v'y ~'as'8 = ~ V(q)f8n' fa(k k +&)

(A2)

where

xf, , , (p p q), (AS)

Ip, f (Q) = d'r e'u'P&, .(r)g, (r) . (A4)

The single-particle wave function can be written
in the Bloch form

Pf (r) =u|; (r)e'"', (A6)

with the atomic-wave approximation

u-„(r)= ~ Q g (r —R,),
j-"1

where N is the total number of atoms, R& is the
lattice point of the jth atom, and Q (r —R,.) is the

(A6)

er than that of conduction electrons or the hole
mobility is much smaller than the electronic mobil-
ity —this is good for heavy holes but not for light
holes.

Second, this is only a phenomenological theory
which separates the conduction band into three re-
gions. A microscopic calculation is needed for an
exact fit with the experimental result.

Third, we use the free-electron model (with ef-
fective mass m—- 0.014m, ) for the electric con-
ductivity in the calculation. We have neglected
the nonparabolicity of the conduction band in InSb.

Fourth, the T's, the transition rate parameters
in the rate equations, are all phenomenological;
there is no microscopic derivation here.

We plan to return to these and other points in
later publications.
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Ec ~Eg Ec -'Fg Ev-0 Next, we consider the l.ifetime &k of a high-ener-
gy electron due to this pair excitation process.
From the Fermi Golden Rule

ELECTRON-
ELECTRON
I NTERACTI ON

= „2l
&flH, l

)l'6(z, z,-),

and using the results of Eqs. (A10)-(A13), we ob-
tain

(A14)

=—lf..(K) l' ~ '(Ea. +E~. Ea"-E~"-)6-; ."R--
k k'PP'

Ec~2EQ

FIG. 8. Pair-excitation process. where

x[
l
V(k' —k) f' —V*(p' —k)V(k' —k)],

(A15)

f,„(K)=&c le"'"lt» (A16)

atomic wave function about the lattice Af. In our
simple mode, a = 5s for the conduction band and

a=5p for the valence band.
Substituting Eqs. (A5) and (A6) into (A4), we

have

is the valence-conduction-band transition matrix
element. There are two terms: the first term
~l V(k' —k) l' is the direct, and the second term,
proportional to V*(p' —k)V(k' —k), is the exchange
term.

(A7)
APPENDIX 8

where

l . w~eSQRf P,
f=l

(AB)

K is a reciprocal-lattice vector, and the transition-
matrix element

The hot-electron energy relaxation processes, the
relaxations from region a to b and b to c in our
model, for example, are principaBy due to the
electron-optical-phonon interaction. To calculate
this relaxation time, we start from the definition
of total conduction electronic energy

(r)elQ ~ ry (r) (A9) U(t)=g en (t),
Qg

0, is the atomic volume. We have two ca,ses: (i)
intraband transition, a. = Q. ', the dominant contri-
bution is at K = 0; then we have

f„...„(Q)= 6-„; (Alo)

(ii) interband transition, n4 a', the term K
=0 will vanish; we have

(A11)

In this paper, we are interested in the pair-pro-
duction process where Q. = a' = P' = c = 5s and P = e
= 5II); see Fig. 8. For the model interaction Harn-
iltonian

At At h A

k'AP'p k'c pic pv kc

the interaction matrix element is

Vy pp p g V(q)fy y (k k +q)k'ke'P

where the summation is over the states of con-
duction band. Then the rate of energy change is

U(t)=g e,s, (t).

The energy relaxation time &, is defined as the
average time that each conduction electron will
lose energy Ku (i.e. , an electron will relax from
region a to 5 or 5 to c) by emitting optical phonons
to the crystal, i.e. ,

1/7', = [1/Vn(t)S&u]U(t), (B3)

n„= (1/r,'")(1 —s„)—(1/r;"')~„

where n(t) is the density of conduction electrons.
@co is the photon energy of CO, laser pulse. At
low lattice temperature (4 'K), by considering only
the spontaneous phonon emission process, n„(t)
can be calculated from the first-order time-depen-
dent theory

"fp,p, (p —p' —q) . (A13) where
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—
g ~ I~

I &). ~(e} —e}). +@Qo)

... =—ZI, I'(I — ...)
1 2r

X 5(E& E~, I)QO) .

(B5a)

(B5b)

2Q,'m,'e'
/ 1

n)('g'(u(e" "o~'()r —1) (&„

(ferf(e, f) -f(e+IIQ„ I)]

m, is the matrix element of the electron-optical-
phonon interaction (it can be calculated that the
electron- acoustical-phonon interaction can be
neglected in the high-electron-temperature region'
which is practically the interesting region in this
experiment), in the screening form, we have

n(f) = X(e) def(e, I)
0

(B12}

The total conduction electron density n. and the
screening constant k, ai e given by

and

I
~, I' = (ff/vq')(4vze)'q'/(q'+ I,')' (B8) k2 = 4re' N(c}dt(- f(t, t} (BiS)

F' = (Q,/8)))(l/e„—I/e„) . (BV)

X 5(&„—E„—A Qo) . (B8)

If we assume the nonequilibrium electronic pop-
ulation to be the time-dependent Fermi distribu-
tion, ' i.e. ,

g (f) f(e f) (e(~)}&F(t))l))B (tr) ~ 1)-)
kl (B9)

with time-dependent electronic temperature T(f)
and Fermi energy e~(f). T(t) will be much higher
than the lattice temperature (4 'K) during the laser-
pulse irradiation.

We assume further that the conduction electrons
have the energy dispersion

k, is the screening constant, which is a fraction-
al. of electron density n. 0, is the average optical.
phonon frequency. V is the volume of the sample.
&„and e, are the optical and static dielectric con-
stants.

Substituting (B4), (B5a), and (B5b) into (B2),
we have

where

N(e) = (m,'~'/)('ff')(2e)'(' (B14)

is the' density of states.
From (B9) and (Bll)-(B18) we know that ),(t)

and n(t) are function of T(t) and ez(f). In our
model, the electrons are heated and generated by
laser pulse. For the case of 2.2-MW/cm' pulse,
the electron density n(t) is in the range n, -20n,
(n, =10" cm ') during the pulse period, i e. , te. m-
perature T(f) and Fermi energy ez(t) will vary
accordingly. For a quantitative estimate of &„
we work the numerical calculation with the follow-
ing characteristic constants"':

~ = 1.78 x 10" sec ',
00 = 3.03 x 10" sec ',
~, =0.235 eV, ~, =17.88,

~„=15.68, m, = 0.0139m, .
For the case ez(t) =1.3)& 10 ' eV and T= 800 'K,
from (Bll) and (B12), we get

n(f) = 20,
and

I/r, =8)(10' sec '

e„=@'rz'/2m, = e, (B10)
.Or

7~ —10 sec .
with the origin at the bottom of conduction band.
Substituting (BG)-(B10) into (B8), after angular
integration and some algebra, we obtain

This is just the value calculated from g, =0.22 of
our previous phenomenological. model. kinetic cal-
culation.
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