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If the mean free time for a current carrier with respect to optical phonon emission in a dielectric or 
high resistance semiconductor is much smaller than its energy relaxation time involved in quasielastic 
scattering mechanisms, then in electric fields of intermediate strength the isotropic component fo(E) of 
the quasi-isotropic distribution function becomes independent of the electric field, and the carrier mo­
bility in the substance becomes ohmic. This "second" (in distinction to the equilibrium, or "first") 
ohmic section must necessarily precede the section of drift-velocity saturation in the low-temperature 
case (l'iw0 ~ kT}, but it can exist also when there is no saturation. The form of function fo(E) in the 
"second" ohmic section is determined by the energy dependence of the mean free path Z(E} relative to 
elastic scattering. If the length is small at E ~ 0 and decreases sufficiently rapidly as E - 0, then the 
current-carrier gas will be cooler in the low temperature case than in the equilibrium case. 

1. INTRODUCTION 

THE usual result of the theory of "hot" electrons in 
dielectrics and semiconductors is the increase of the 
total carrier energy in an electric field ll-3 1 • However, 
the increase of the total energy with increasing field is 
not obligatory, since all that is required to obtain a sta­
tionary distribution of the carriers is an increase of the 
energy flux transferred by the carriers to the lattice. In 
most cases this last condition leads indeed to a growth 
of the total energy. We shall show in this paper that in 
the case of predominant scattering of the carrier energy 
by generation of optical phonons, in the low temperature 
case, situations are possible in which the growth of the 
electric field leads to a lowering of the total energy of 
the carriers, and this lowering, in principle, can be 
"absolute," i.e., the carrier energy becomes smaller 
than the equilibrium value (3/2)kT. We note that this 
effect differs essentially from the effect considered 
inl4- 81 , where the electron temperature (or the 
"thermal" energyl71 ) is reduced and the total carrier 
energy is simultaneously increased; in our case it is 
precisely the latter which is decreased. 

Our problem differs in its formulation from most 
analogous problems (seel4-s1 ) in that we investigate the 
case of extremely low carrier densities, when their 
interaction can be neglected and an electron tempera­
ture cannot be introduced. 

The main results obtained by us concern the case 

(1} 

(TJo = Eo/kT and Eo= fJ.w 0 is the energy of the optical 
phonons, the dispersion of which is neglected}, when the 
free path time relative to emission of an optical phonon 
To is much shorter than the free path time relative to 
absorption Toexp (TJo). In addition to these times, the 
problem is characterized by the free path time T rela­
tive to elastic scattering, and the time of energy scat­
tering by the quasi- elastic mechanisms T E = TK, where K 

is the inelasticity factor (K ~ 1). In the case when the 
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time T in the energy region E < Eo (passive region in ac­
cordance with the terminology ofl91 } is much shorter 
than the time T0 exp (TJo), the carrier energy distribution 
is determined in this region by the isotropic component 
of the distribution function F o( E) defined by the equation 

dFo(e) 
P(e)~+D(e)Fo(e)= -j0(e). (2) 

The left side of this equation yields (apart from the sign) 
the flux of carriers along the energy axis, which is con­
nected with the field heating and with the quasi-elastic 
interaction with the lattice. Then, 

P(e) =2f3e2E"ev(e)-r(IJ) + kTD(e), (3) 

where v(E} = .J2E/m, m is the effective carrier mass 
and is assumed to be constant and isotropic (Tis also 
assumed to be isotropic); the function D(E} character­
izes the quasi-elastic energy exchange with the lattice: 

D(e) = kTp(e) I -r.(e) 

(here p(E) = mv(E} is the carrier momentum). 
The presence of optical scattering causes the flux 

indicated above to be different from zero: 
8 

(4) 

jo(e)= J lll(e')[ (No+ 1)F!(s')- NoFo(e')]de' (5) 
0 

Here F 1(E) is the isotropic component of the distribution 
function in the energy region Eo< E < 2Eo (active region 
in accordance with the terminology ofl91 ), No 
- (exp(TJo)- 1r1 and 

<I>(e) =p{e) /-ro(e), (6) 

where 1/To(E} ~ p(E +Eo) in the case of a deformation 
potential of carrier scattering by optical phonons, and 

_1_ ~ _1_ 1n p(e+ eo)+ p(e) 
-ro(e) p(e) p(e +eo)- p(e) 

in the case of a polarization potential. In both cases, 
To( E) tends to a finite value when E « Eo, so that .P( E) 
~ .fE. 
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2. "SECOND" OHMIC SECTION 

The carrier flux jo(E), generally speaking, depends on 
the energy: the conserved quantity in the case of optical 
scattering in the generalized flux, equal to the sum of 
fluxes in all the energy intervals (0, Eo), (Eo, 2E0), 

(2 Eo, 3 Eo), etc. In the case when (1) is satisfied and the 
fields are sufficiently weak, the fluxes in all the inter­
vals except the first two can be neglected because they 
are exponentially small; then 

io(e) + h (e) = j == const. (7) 

We shall henceforth be interested only in the situation 
in which 

"t,(eo) ~"to(O). (8) 

If the electric field is much weaker than a certain 
critical value, equal to 

EA = p(eo) I ey"to(O).,;(eo) (9) 

when 7o(O) > 7( Eo) and 

EE = p(eo) I e"to(O) (10) 

when 7o(O) < 7( Eo), then the penetration of the carriers 
into the active region is limited to a narrow energy in­
terval near Eo, so that the flux j 1( E) is comparable with j 
only near the bottom of the band. 

In such fields, F o( Eo) is much smaller than F 0 ( E) in 
almost the entire interval (0, Eo), so that the Eq. (2) can 
be solved with the approximate boundary condition 

Fo(eo) ~ 0. (11) 

This solution takes the form 

where 

•• d '. ( ') 
Fo(e)=J e )o E ei(e",)-I(e) 

, P(s') ' 

_ s" D(e') , 
/(e)- o P(e') de. 

(12) 

(13) 

Taking the foregoing into account, we can replace jo(E') 
by j almost everywhere in (12), and we can determine 
this constant from the normalization condition 

faeg(e)Fo(€)=-~ gofe'lodeddFo =no, (14) 
() 0 £ 

where g( E) = go -IE is the density of states along the E 
axis. 

Let us analyze expressions (12)-(14). When E- 0 
(Y(E) = 2e3 E2 EV(E)T(E)/3kTD(E) « 1 everywhere), the 
function Fo(E), defined by formula (12), becomes 
Maxwellian almost everywhere (with the exception of 
the region ~ kT near Eo, owing to the inaccurate condi­
tion (11)). The average energy tends in this case to the 
equilibrium value (3/2)kT, and Ohm's law is satisfied. 
In sufficiently strong fields, such that 

/(eo)~ 1 (15) 

and 

y(e) ~ 1 (16) 

the function (12) for actual values of E takes the form 
Eu de' 

Fo(e)=CJ (17) 
, e'v(e').,;(e') ' 

where the redefined (compared w1th (12)) normalization 

constant can be obtained from (14) and is independent of 
the field. For the same reason, the conductivity defined 
with the aid of the function (17) is likewise independent 
of the field. Thus, a "second" ohmic section should be 
observed on the current-voltage characteristics (the 
"first" section corresponds to E - 0). The mobility in 
this section, if it is assumed that the change of 7( E) with 
energy is determined by the power-law function 

"t(e) ~ er, 

can be obtained from 

J.! = e-r(eo) (1- r) I m, 

and the average energy from the formula 

£=3(1-r)eo/5(2-r). 

(18) 

(19) 

(20) 

We note that the mobility and the galvanomagnetic 
coefficients in the range of fields corresponding to the 
"second" ohmic section were calculated recently by 
Rabinovich l101 • He proposed that the indicated section 
should take place only in the case when 

"t~"to (21) 

and thus must precede the section of saturation of the 
drift velocity. In fact, as will be shown below, in order 
for it to appear, generally speaking, it is necessary to 
satisfy a much less stringent condition, so that this 
saturation need not necessarily occur in this section. 
The conditions for the existence and the length of this 
section can be obtained more accurately by comparing 
(15) and (16), which limit this section on the weak-field 
side, with the condition 

(22) 

which limits it on the strong-field side at 7 0(0) > 7(Eo), 
or else with the condition 

E ~ p(eo) / e-r(eo) (1- r) (23) 

at 7o(O) < 7( Eo). The field defined by the right side of 
the inequality (23) is the field at which saturation is 
reached (it can be calculated by taking into account the 
possible anisotropy of the distribution function in the 
kinetic equation, for example, by Baraff's methoctl11l). 

Postponing to the next section the case r ?, 1, when 
formulas (19), (20), and (23) are known not to be valid, 
let us consider the limits of the "second" ohmic section 
in the case when 7(E) and 7E(E) are determined by the 
scattering from the deformation potential of the acoustic 
phonons: r = -(1/2), D(E)- E2 , and y(E) = y(Eo)Eo/E. The 
transition to the ''second'' section from below is deter­
mined by the inequality (15) (since (16) is satisfied as 
soon as heating sets in, i.e., at y(kT) > 1). The inequal­
ity (15) yields 

y(eo)~'lo/2 

or 

(24) 

where s is the velocity of the longitudinal sound. Com­
paring (24) with the conditions (22) and (23), we can see 
that the "second" ohmic section takes place when 

,;(eo) /"to(O) > 3ms2 1 2kT, (25) 
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if To(O) > T( ~o), and when 

27ms2/8kT < 1, (26) 

if To(O) < T(E::o)· Inasmuch as the right side of (25) is 
much smaller than unity at T > 1 °K for reasonable 
values of m, the criterion (25) is much less stringent 
than the criterion (21) used in[101 • 

We note also that for the existence of a "second" 
ohmic section the inequality (1) is not a limiting one. If 
a condition of the type (2 5) is satisfied, the "second" 
ohmic section exists for any relation between ~0 and kT. 
If kT ~ ~o, then the mobilities on the "first" and 
"second" sections hardly differ from each other. But 
their difference can be quite appreciable already when 
kT R~ ~o· 

3. "COOLING" OF CARRIERS 

When r > 1 formulas (19), (20), and (21) become 
meaningless. We shall therefore consider this section 
in greater detail. Interest in this section is stimulated 
by the fact that in the scattering of carriers by a 
charged impurity, relation (18) for T(~) with r = 3/2 
holds approximately in a wide range of energies. 

The analysis depends significantly on the relation 
between three numbers: r + 3/2, d, and 5/2, where dis 
the exponent in the relation D(~) - ~d. Since the case 
d > 5/2, which leads to interesting consequences, is so 
far only of academic interest (we do not know the corre­
sponding mechanisms), and the case r + 3/2 < 5/2 was 
considered above, we shall focus our attention on the 
situation in which 

r + 3/2 > 5/2 > d_ (27) 

We assume that the fields are so strong that the condi­
tion (15) is satisfied, for which it is necessary to have 

1- (3j2 - d + r) [y(eo) ]<d-r-'/,)/(d+r+'iol 
y(eo)>!Jo d-r-l/2 . (28) 

(When d = r + 1/2, this condition reduces to y(~o) 
~ 'Tio ln y(~o), and when r + 1/2 exceeds d by several 

units it reduces to [Y(~o)]1/{d- r + %) ~ 1/o·) Satisfac­
tion of (15) still does not imply satisfaction of (16), and 
therefore the distribution function is given by the form­
ula 

I d:J: 
Fo(x)=C!f y(eo)x>'t'f,+xd ' (29) 

where x = ~1 ~0 , and the normalization constant has again 
been redesignated. (Formula (29) is obtained by neglect­
ing the second term in the left side of (2); thus, carrier 
heating by the lattice is taken into account, but their 
cooling is omitted.) 

Substituting (29) in the expression for the drift veloc­
ity, we have 

eE-r(e0) 
1 

;' , v=--- f dxx>'t'"dFo/d:x f dxx 1•dFo/d:x 
m o o 

(30) 

where 

~ eE-r(eo)(r+a/.-d) sin (n 5/a-d )y[('J.-d)/(1'!-%-d)l-1 ~ yv 
mn r+a/2 -d 

v= 
7/2-(d+r) 

2(r+ 3/2-d) ' 
(30') 

and y stands for y( ~o). Since the denominator of 11, in 
accordance with (27), is positive, the sign of 11 is gov­
erned by the numerator. In the case when d + r = 7/2 
the drift velocity saturates in fields satisfying the con­
dition (28). This case is realized approximately, in par­
ticular, energy scattering by the deformation potential 
of the acoustic phonons (d = 2) and in momentum scat­
tering by the charged impurity (r = 3/2). In the latter 
case the saturated value of v is 

v= T{Bo) [ 3kTD(eo) ]''• =~s. 
mn 2eov(eo)-r(eo) n 

(31) 

i.e., it is practically independent of the temperature. 
(An estimate shows that the saturated value is reached 
after v passes through a maximum near y(~o) - 'Tio·) If 
the piezopotential (d = 1) predominates in the energy 
scattering, and the ions predominate in the momentum 
scattering, as before, then r + d = 5/2 and the current 
increases in the investigated region in proportion to v'E. 
Unfortunately, there are no simple examples for the 
cased+ r > 7/2, when the current-voltage character­
istic should be decreasing. 

When (28) is satisfied, the average carrier energy is 
calculated differently, depending on whether r > 2 or 
r < 2. When 1 < r < 2 (but is not too close to the limits 
of the interval) we have 

3(r+%-d) ( 5/2-d ) g =Eo sin n y(l-r)/(r+'!.-d), 
5n(2-r) r+ 3/2-d 

(32) 

i.e., the average energy decreases with increasing field. 
When r = 3/2 and d = 2 we have 

6 eo 
E= ~E-1 ; 

Sn [y (eo) 1"' (33) 

and when r = 3/2 and d = 1 

6y2 eo 
e Sn [y(eo)] ''• ~ E-'l•. 

Without stopping on the unrealistic situation r > 2, 
let us investigate in greater detail the average energy 
determined by formula (33). It exceeds (3/2)kT so long 
as the field does not reach the value 

4/6 ms 
E1 ""---!]o. (34) 

Sn e-r(eo) 

(As above, it is assumed that the dependence D - t 2 is 
ensured by energy scattering in the interaction with the 
deformation potential of the acoustic phonons.) Since the 
field E 1 is much larger than the field with which satis­
faction of condition (28) starts, we can conclude that 
E:: = ~(E) is a non-monotonic function. In weak fields ~ 
increases with increasing field, and then goes through a 
maximum at y(~o) R~ 71 0 , after which it decreases in ac­
cordance with (33). This decrease is limited in different 
manners, depending on the relation between To(O) and 
T( ~o), and also on the deviation of the real T( ~) depen­
dence for scattering by a charged impurity from an 
idealized power-law. Ignoring the latter for the time 
being, let us consider the mechanisms of limitation in 
the idealized model. With increasing field, the region 
of "production" of the carriers near the bottom of the 
band, after emission of the optical phonons, broadens as 
the result of their deepening in the active region. This 
effect is taken into account by calculating the explicit 
dependence of j 0 { ~) in the expression for F0 { ~) (see (12)). 
To calculate jo(~) it is necessary to find the function 
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F 1(£). If (15) is satisfied, the latter is determined by 
the relation 

where 

u = 1 s· de (e)= 2p(eo).:t'•. (36) 
eEeoT(e0) 0 p 3eE,;(e0) 

This equation is obtained under the assumptions that 
1) the energy scattering proceeds only via emission of 
an optical phonon, owing to satisfaction of (15); 2) the 
spilling of carriers from the passive region with absorp­
tion of optical phonons can be neglected; 3) besides the 
phonon emission, there is an appreciable elastic-scat­
tering mechanism, given by T Rj T(£0); 4) the possible 
anisotropy of the distribution function can be stylized 
after BaraffruJ. When 

x < (-ro(O) I ,;(eo)) 2 (37) 

the term in the right side of (35) is larger than the 
second and third terms on the left side. Since we are 
interested in values x ~ r(02 , the indicated two terms 
can be neglected if To(O) > T(£0)/71o· Retaining only that 
solution (35) (without the indicated terms) which decrea­
ses as £- oo, and discarding in expression (5) for j 0(£) 
the term connected with the thermal spilling into the ac­
tive region, we obtain in place of (29) 

1 _ J 1- az-'l•x'l•K•to(4/5(x'l•fz-)] 
Fo(x)- Ct ( ) r+'/ + d dx, 

X y €o X 2 X 
(38) 

where 

z = (.! e2E2 T(eo)To(O) ) 'i• 
3 -p2-::-:(-eo-:-) -'- ' 

2 ( 2 )"' 
a.= r(3fs) 5 ' 

and K 11(x) is the Macdonald function. Using the function 
(38) in the normalization condition (14), we can see that 
in weak fields the divergence of the normalization 
integral is cut off by the second term in the denomina­
tor, which expresses the heating of the carriers by the 
lattice, and in strong fields it is cut off by the presence 
of the subtrahend of the numerator, which expresses the 
nonlocality of the spilling. 

Let us calculate the drift velocity and the average 
energy in the last case, neglecting the term xd in the 
denominator. Integrating the normalization integral by 
parts, we get u2 1 

_ 2eE,;(e0) (r -i)z«r-i)/5 

v=ma(5/ 2)<7- 4rl/5f((5-2r)/5)f((7-2r)/5)' (39) 

with 1 < r < 5/2 (when r > 5/2, the nonlocality of the 
spilling does not cut off the divergence of the normaliza­
tion). When r = 3/2 we have v ~ E715 , and the average 
energy is 

(40) 

At a certain field E2 , the energy becomes equal to 
(3/2)kT. It is obvious that the condition for the existence 
of a region of "absolute" cooling (€ < (3/2)kT) is 

(41) 

From (41) there follows a stringent limitation on the 
temperature and on the parameters of the material 

_s_'IJo''' < 20 Y ,;(eo) . (42) 
v(e0) To(O) 

When To(O) « T(£o)/1)o, the condition (42) must be re­
placed by the condition 

s 8 T(e0) 
--ljo•< -­
v(eo) To(O) ' 

(42') 

which is obtained if one neglects the right side of (35) 
(then the numerator under the integral sign in (38) is 
equal to 1 - e-u/2). Conditions (42) and (42') are the 
results of the limitations imposed on the carrier cool­
ing, because of their heating by the lattice (by absorp­
tion of acoustic phonons) and penetration into the active 
region. We shall consider below two other mechanisms 
that limit the cooling, of which the second is particularly 
important. 

Needle-like Distribution in the Passive Region 

When To(O) < T(£0), if the field E reaches a value 
p(£o)/eT(£o), a needle-like distributionr131 becomes es­
tablished in the passive region, but does not encompass 
the entire region, because of the strong scattering near 
£ = 0. An exact calculation of the strong anisotropy of 
the distribution function is quite laborious ; we therefore 
use the procedure of BaraffruJ, who proposed to use in 
place of the usual method of cutting off the chain of 
Davydov equations 

/2=0 (43) 

a different cutoff method 

(44) 

(Here f1 and f2 are the first and second spherical har­
monics of the distribution function.) This method yields 
exact results in limiting cases of quasi-isotropic and 
needle-like distributions; in the intermediate case, a 
certain interpolation is obtained. In our case of large 
fields, when the condition (15) is satisfied and the cool­
ing of the carriers by the quasi-elastic channels can be 
neglected, the equations determining the function F0(£) 
and the first spherical harmonic of the distribution func­
tion cp0 ( £) ( cp0 = f1 in the passive region) take the form 

2 dF0 -3eEe<po+ kTD(e)~= -j0 (e), (45) 

[ dFo 2 d , ] 
eEv(e),;(e) - + -,---(e ''<Po) = -cpo. 

de 3e" de 
(45') 

The second term in the square brackets in (45') is the 
consequence of the transition from the cutoff method 
(43) to Baraff's method (44). From (45) and (45') we can 
obtain an equation determining F0(£): 

( dFo . ( 1 eEv(e),;(e) ) 
p e) de= -Jo + 3e · (46) 

(In the derivation of (46) we took into account the fact 
that the term with the second derivative F0(£) is small 
everywhere compared with the other terms of the equa­
tions, and we also took into account the insignificance of 
the second term in the round brackets in that region 
where the change of jo(£) with energy is appreciable. 
Cooling by the quasi-elastic mechanisms can then be 
taken into account by adding the term D(E)Fo in the left 
side.) 
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Equation (46) must be solved with the boundary con­
dition 

Fo(eo) = 1/~(eo), (47) 

where <p0 (Eo) can be calculated from (45). The condition 
(47) goes over into the condition (11) when 'Po( Eo)« F0 , 

and can be obtained by comparing momentum-space 
carrier fluxes crossing the surface E = Eo· Solving (46) 
with condition (47) and calculating the drift \ elocity in 
analogy with (30), we get 

v = eE't(Eo) [ 3w(e0) 

my(eo) y(eo) 

+ :rt 1 (r +~-a) sin (:rr ·12 - a ) [y(eo) 1(·{,-d)/(r+'/,-d)]_, (48) 
2 r+ 3/2-d 

where w(Eo) = 2eET(Eo)/3p(Eo)· For the average energy 
we obtain 

~= 3 80 [-1 -+~w(eo)] (49) 
5 y(eo)K(Eo) 2-r 3 ' 

where K(Eo) is the expression in the square brackets 
from (48). At r = 3/2 and d = 2, the drift velocity, cal­
culated from formula (48), barely differs from that 
calculated from formula (30). On the other hand, the 
average energy in fields on the order of 

E3 = 9p(eo) I 5e't(eo) (50) 

saturates, and the saturated value, which equals 
2l"2 8 

Es=--=-eo--, (51) 
:rrl"3 v(e0) 

is small compared with (3/2)kT practically at all times 
when the scattering of carriers with energy Eo by the 
acoustic phonons can be regarded as quasi-elastic. 
When s/v(Eo) ~ 10-2 and Eo= 400°K, the energy Es 
amounts to 2-3°K. 

Thermal Spilling of Carriers Into the Active Region 

When To- 0, the carrier distribution function in the 
active region F 1(E) is determined entirely by the thermal 
spilling of the carriers from the passive region (with 
absorption of optical phonons), and is equal to 

F1 (e)= F0 (e)e-n•. (52) 

If we neglect the quasi-elastic energy exchange with the 
lattice, then Eq. (7) with allowance for (52) yields 

2 dFo 
-ge2E,2v(eo)'t(e0) (xr+'h + e-"")a;-= -j. 

Determining from this Fo(x) and calculating at r = 3/2 
the average energy, we obtain 

9 
!! = 5;;- 80 ( enol• - f) -t. (53) 

This quantity is smaller than (3/2)kT at 

'l']o ( eno/6 - 1) -1 < 2,5. (53') 

The criterion (53) has a meaning opposite to criterions 
(42) and (42'), and together with them establishes a nar­
row temperature region in which "absolute" cooling is 
possible via the proposed scattering mechanisms. Ac­
cording to (53) and (42), this region exists if 

v(eo) 't"(eo) >BOO. 
s 'to(O) (54) 

At typical values of the velocities (s = 5 x 105 em/sec 

and v(Eo) = 3 x 107 em/sec) it is necessary to have a 
very strong inequality of the relaxation time ( To(O) 
< T(Eo)/15). The deviation of the "real" law of scatter­
ing by a charged impurity from a power-law (18) with 
r = 3/2 increases the right side of (54). 

4. ALLOWANCE FOR THE "REAL" LAW OF CARRIER 
SCATTERING BY A CHARGED IMPURITY 

As already mentioned in the introduction, the main 
results of the present article concern the case of small 
carrier concentrations, when it is impossible to intro­
duce an electron temperature. An interaction of the car­
riers with one another, significant at least in the entire 
passive region, would lead to an additional flux of en­
ergy from this region into the active region, where it 
would be rapidly transferred to the lattice [SJ • (At the 
same time, the interaction between the carriers, which 
is significant only at the bottom of the band in the en­
ergy region E « Eo, apparently does not affect qualita­
tively the conclusions of the work.) 

On the other hand, to realize the cooling effect it is 
necessary that the impurity scattering predominate in 
the entire passive region up to E = E0• These two re­
quirements can be made compatible in compensated 
semiconductors (dielectrics), where the concentration 
of the ionized donors Nd is almost equal to the concen­
tration of the ionized acceptors Na and each of them 
greatly exceeds the concentration of the free carriers. 
The calculation of the exact T( E) dependence for carrier 
scattering by the indicated donors and acceptors encoun­
ters serious difficulties (see the review[ 14 l), and in ap­
proximate calculations taken from plasma theory[15 • 161 , 

a concept wherein "multiple collisions" are regarded 
as pair collisions, predominates; this concept leads in 
the case of singly-charged centers to the formula 
(see[171 ) 

_1__ :ne4nt [ ln(1 +b)- _b_] 
1:(e) - m'!.~(2e)'h 1 + b ' 

S:nmxkT 
b=---e=ax, 

e2hl-n2 
(55) 

where K is the dielectric constant, n1 is the concentra­
tion of the scattering centers, and n2 is the carrier con­
centration; in the case when carriers of one polarity 
predominate we have 

ni=Na+Nd, n2=1Na-Ndi· (56) 

According to (55), T(E) decreases more slowly with in­
creasing Ethan in accordance with (18) at r = 3/2, and 
near ax~ 1 it reaches a minimum value. Both these 
singularities are typical of scattering by an impurity, 
regardless of the chosen model for the cutoff of the 
Coulomb potential, so that there appears one more limi­
tation of the cooling level, connected with the real T(E) 
dependence. In the case when (55) is valid, the minimum 
value is 

3 ln(1+a)-3(1-a-'i•arctga'l•) 
1!=5 80 a'l•arctga''•-ln(1+a) · (57) 

When Eo/k = 400°K, T = 70°K, K = 20, and m = 10-28 we 
get a~ 2.5 x 1018/n2 , and since we are interested in 
carrier densities n2 < 1014 cm-3 , €/k < 10°K, so that the 
cooling-limitation mechanisms considered above are 
more effective. Inasmuch as to ensure predominance of 
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impurity scattering it is necessary to have 
n1 "2: 1016 em-s, the Debye radius greatly exceeds the 
distance between impurities (so that the number of ions 
in the De bye sphere amounts to several thousand), and 
it can be assumed that the upper scattering radius in 
(55) is overestimated. The lower limit of this quantity 
was apparently used in the well known formula of 
Connwell-Weiskopf (see[14 l ), which leads to a formula 
for € which is quite similar to (57) at large a, but dif­
fers in having an essentially different value of a: 

(58) 

at n1 = 1016 cm-3 and at the previous values of Eo and K, 

formula (58) yields only a = 20, so that the minimum 
value of € rises to 40- 50°K and the given limitation 
mechanism becomes significant. 

When the energy reaches its limiting value (53) or 
(57) (essentially, the larger of the two) with increasing 
field, the drift velocity increases linearly with the field 
(regardless of whether € is larger than or smaller than 
(3/2)kT). If the quantity given by formula (53) is larger 
than that given by (57), then 

v,:::::; e't(eo) (e""" -1)-•. 
2m 

(59) 

The result for the opposite case is given in [10 l . Thus, 
"saturation" of € signifies the reaching of the second 
"ohmic" section which in impurity scattering is charac­
terized by low mobility. 

In conclusion we note that effects analogous to those 
considered here should take place also for other mech­
anisms of essentially inelastic scattering, namely inter­
valley scattering with emission of a phonon, excitation 
or ionization of an impurity center, excitation of a quasi­
local or local phonon, etc. 

The authors are grateful to I. B. Levinson and E. I. 
Rashba for a useful discussion. 
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