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The electrical conductivity of ionic semiconductors is investigated in strong crossed elec
tric and magnetic fields. The case is considered in which the scattering of the electron en
ergy is due to piezoelectric or optical phonons and momentum scattering is due to ionized 
impurities. The mean electron energy increases with increase in the electric field strength, 
and the frequency of electron collisions with ionized impurities decreases. As a result, the 
value of the conductivity current decreases with growth of the field in a certain electric 
field intensity range. 

As is well known, the scattering of conduction 
electrons in semiconductors at temperatures be
low the Debye temperature is almost elastic. Lan
dau and Kompaneets [i] and Davydov[2J have shown 
that, as a consequence, the electrons slowly trans
fer to the lattice the energy gained from the exter
nal electric field E, and a heating of the electron 
gas takes place. For a sufficiently large value of 
the field, the mean energy of the electrons € and 
their mean free path l become especially depend
ent on the value of E, which leads to departures 
from Ohm's law. 

In the works mentioned, the interaction with 
acoustic phonons was taken into account. Davydov 
and Shmushkevich [3] considered the case of an 
ionic semiconductor when the scattering of elec
trons was brought about by their interaction with 
optical phonons. The spectrum of optical vibra
tions of the cubic lattice has the form 

(1) 

where w ( q) is the frequency of a phonon with wave 
vector q, w0 is the limiting frequency, and a is a 
length of the order of the lattice constant. 

If the mean energy of electrons € is small in 
comparison with the limiting energy of optical pho
nons tiw 0, then most of the electrons do not give 
the energy extracted from the electric field directly 
to the lattice. Only the electrons with energies e: 
exceeding the energy of the phonons tiw can emit 
optical phonons. The process of energy relaxation 
of the electron gas in this case is that the electrons 
with e: ~ tiw0, on the average, emit phonons of 
higher frequency than the frequency of phonons ab
sorbed by electrons with energies e: « tiw 0• 

The theory of galvanomagnetic phenomena in 
strong electric fields in the classic case tiQ « T 
was constructed by Bass; [4] here Q = eH/mc; m 
is the effective mass of the electron; e is its elec
tric charge; H is the magnetic field intensity, c 
the velocity of light, and T the lattice temperature 
in energy units. 

A paper by the authors [SJ was devoted to the 
quantum theory of nonlinear galvanomagnetic phe
nomena in semiconductors for the case tiQ » T. 
We assumed that the scattering of the energy of 
the electrons was brought about by interaction 
with acoustic phonons, while the momentum scat
tering was brought about by phonons and impuri
ties. It was shown that in the case tiQ » T, for 
E 1 H, the dependence of the current on the elec
tric field has an S-shaped form. 

The present communication is devoted to a study 
of the electrical conductivity of ionic semiconduc
tors in strong crossed electric and magnetic fields. 
We restrict ourselves to a consideration of the low
temperature case, in which the energy relaxation of 
the electrons is brought about by piezoelectric pho
nons or by weak dispersion of optical phonons. We 
consider here an electric field for which the energy 
of the electrons is much smaller than the limiting 
energy of the optical phonons tiw0• Furthermore, 
we assume that the scattering of electrons is 
brought about primarily by ionized impurities, but 
in this case we neglect collisions of electrons with 
one another. This is valid in the case of a com
pensated impurity semiconductor, in which the con
centration of ionized impurities is large in com
parison with the concentration of conduction elec
trons. Moreover, we shall assume that all impuri-
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ties are ionized and that the electron concentration 
n does not depend on the value of the electric field. 

1. In the case of crossed fields E 1 H, the con
ductivity current and the generation of Joule power 
are brought about by the scattering of the electrons. 
Upon scattering, the center of the electronic orbit 
is displaced by a quantity of the order of the Lar
mor radius R. As a consequence, a change in en
ergy of the electron of order eER takes place. If 
this quantity exceeds the energy transferred by the 
electrons to the lattice in the time between two such 
collisions, then the electron gas is heated and its 
distribution function differs strongly from equilib
rium. For small inelasticity of the scattering, the 
energy relaxation time of the electrons T E is large 
in comparison with the momentum relaxation time 
Tp: Tp « TE· Therefore, the part of the electron 
distribution function F0 that is even in the momen
tum p quickly becomes symmetric about the direc
tion of p and is a function only of the energy E. The 
part of the distribution function f ( p ) = - f ( - p ) that 
is odd in the electron momentum, corresponding to 
the conduction current, is expressed in terms of 
the symmetric part F0( E) in the same fashion as 
in the theory that is linear in E. 

The symmetric part of the distribution function 
F 0 ( E ) is found from the condition for the stationary 
mode, which represents the equation of continuity 
in energy space. It means that the power of the 
electric field absorbed by electrons with energy E 
is equal to the power given to the lattice by the 
same electrons. It was shown in [S] that in the 
case of interaction of the electrons with longitudi
nal acoustic phonons and impurities, the equation 
for F 0 (E), for E » lifl » li (Vi + Vph), has the form 

Fo(e) + T {1 + -j-(;;r [1 + v1 (e)/vph (e)l} 8Jso = o. (2) 

Here Vi ( E ) and Vph ( E ) are the collision frequen
cies of electrons with energy E with impurities 
and phonons, respectively; s is the speed of lon
gitudinal sound. In the derivation of Eq. (2), it 
was assumed that the energy of phonons interact
ing with the electrons is small in comparison with 
the lattice temperature, while their distribution 
function is equilibrium. A calculation was carried 
out for an isotropic quadratic spectrum of conduc
tion electrons. 

As follows from considerations of symmetry,C6J 
in the ionic semiconductors InAs, GaAs, InP and 
so on, which have the structure of zinc blende, the 
acoustic vibrations can lead to the appearance of 
a macroscopic electric field. In the scattering of 
conduction electrons by such a piezoelectric poten
tial, the square of the modulus of the matrix ele
ment of interaction has the form [1] 

(3) 

where {3 is the piezoelectric modulus of the cubic 
crystal, p is the density, K is the dielectric con
stant, e(q, a) and wq,a is the unit polarization 
vector and the frequency of the phonon with wave vec
tor q and wave number a, while the indices 1, 2, 
and 3 indicate the projections of the vectors q and 
e on the principal crystallographic axes. 

By means of the method used in [5 J for the deriva
tion of (2), and under the same assumptions, it can 
be shown that the equation for the symmetric part 
of the distribution 80( E) differs from (2) by the 
substitution 

(4) 

where Ti and Tj are, in order of magnitude, equal 
to the relaxation times of electrons in their scat
tering by charged impurities and long-wave piezo
electric phonons in the absence of an electric field. 
Here s - 2 has the meaning of the inverse square of 
the sound velocity, averaged over the directions of 
its propagation and summed over the polarizations. 

Carrying out the substitution (4) in (2), and in
troducing the non -dimensional energy z = E/T, we 
represent the function F 0 in the case of interest 
to us in the form 

z 

F0 (z) =A exp{- ~dz'[I +11(1 +-f-- :: )rl 
0 

11 = (c£/sH)2/3, (5) 

where A is a normalizing constant. 
We have noted above that in almost-elastic 

scattering of electrons the part of the distribution 
function f that is even in the velocity of the elec
tron is expressed in terms of F 0 in the same way 
as in the theory that is linear in E. Therefore, for 
a fixed concentration of conduction electrons n 
= const, the current density j is determined by the 
expression ( E II x; H II z) 

(6) 

(7) 

where f0 ( z ) and j <O> are the electron distribution 
function and the current density vector, respec
tively, as E - 0. 

2. We first consider the case Ti » Tf, in which 
the impurities do not play a role in electron scat
tering. Then 

F 0 (z) = A 0 (I + 11)-'!.exp {- z/(1 + 1])}, 

A 0 = n (2n1i,2JmT)'1', (8) 
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i.e., the electron distribution is described by an 
exponential with effective temperature 

Tert = (I + lJ) T. (9) 

Substituting (8) in (6) for Ti » Tf, it is easy to 
prove that in this case 

Thus, in the region of strong electric fields, 
E » sH/c, the density of conduction current h 
is inversely proportional to the third power of the 
magnetic field H, and does not depend on the value 
of the electric field E. The saturation of h as a 
function of E is a consequence of the fact that the 
probability of scattering by a piezoelectric poten
tial is inversely proportional to the square root of 
the energy of the electron, and, in accord with (8), 
the mean energy of the electrons for 17 » 1 is pro
portional to E2• 

3. We now consider the case Ti « Tf. In the re
gion of electric fields E satisfying the condition 

(11) 

the scattering of electrons is essentially deter
mined by the charged impurities. In this case, the 
electron distribution function is 

F 0 (z) ;:::::;; A 0 ('r,l2l]'t'r}'1• ex p (- Z2T;/2l]Tf) (12) 

and the conduction current density is 

(13) 

The decrease of the conduction current with in
crease in the electric field (negative differential 
conductivity) is explained by the fact that the mean 
electron energy is 

00 

z ~ ~ F 0 (z) z'1'dz ~ (lJTr/T;)'1' ~ E, (14) 

while the frequency of collisions with charged im
purities (and, consequently, the conductivity in a 
magnetic field) is proportional to ( z) - 3/ 2• 

Let us make precise the region of applicability 
of Eq. (13) for h· Along with the condition (11), 
this region is determined by the requirement that 
the mean collision frequency of electrons with im
purities be small in comparison with the cyclotron 
frequency ~. i.e., 

(15) 

In other words, (13) holds also for ~Ti « 1, if 
conditions (11) and (15) are satisfied. 

In the experiment one usually measures the re
sistivity tensor 

P;k = E;j/j2• (16) 

In the presence of a strong magnetic field H, 
the angle between the vectors E and j is close to 
rr/2 Ox « jy ). Because of this, 

j;:::::;; iu =nee EjH 

and the dependence of the resistance of the crystal 
on the value of j has in the case (11) and (15) the 
form 

Pxu = H!nec. (17) 

In Fig. 1, the dependence of the projection of 
the vector E in the direction j is shown as a func
tion of the quantity j. The curve a corresponds 
to the case Ti » Tf, the curve b to the case Ti 
« Tf. Here the same value of Tf and different 
values of Ti correspond to the two curves. The 
merging of curve b with curve a is a consequence 
of the fact that, for high values of the current den
sity j, a strong heating of the electron gas takes 
place and the ionized impurities cease to play a 
role in the scattering of the electrons. 

0~ 
j 

FIG. 1 

4. Let us not investigate the electrical conduc
tivity of an ionic semiconductor in the case in which 
the relaxation of the energy of the electrons is 
brought about by disperse optical phonons (1) and 
the relaxation of the momentum by the ionized 
impurities. 

In accord with Davydov and Shmushkevich, [3] 

the function F 0 ( z ) for scattering of electrons by 
optical phonons in the case z « tiw 0 /T is deter
mined by the equation 

eEv(z) = f/,2v0 1iw0z [F0 (z) +8Fof8z], (18) 

where 

2 eE aFo v(z)= ---z-3 mv0 az 

is the velocity of the electrons averaged over 
states with energy z; 

_ 2 (2 1i )'!, ( rZe2)2 exp(-1if»0/T) 
Vo - n m Wo IICJ)o Maa 

0 

is the frequency of collisions of electrons with op
tical phonons (M is the mass of the elementary 



924 THEORY OF ELECTRICAL CONDUCTIVITY OF IONIC SEMICONDUCTORS 

cell, a 0 is the lattice constant, y is a dimension
less coefficient of polarizability of the ions, Z is 
the charge); A. = 2mw0a2/n; the quantity 1/A. 2v0 

characterizes the electron energy relaxation time. 
Equation (18) represents the differential energy 

balance for electrons with energy z. Actually, the 
quantity eEv(z) is the average power of the elec
tric field absorbed by electrons with energy z, 
while the right side of (18) is the power transferred 
by such electrons to the lattice. 

In the presence of impurities, the total frequency 
of collisions of the electron with the scatterers is 
equal to v0 + Vi ( z ) . Therefore, in crossed fields 
E 1 H the velocity of the electron averaged over 
states with energy z has the form 

2 eE Vo + vi (z) oF 0 
V (z) =- 3 mS22 + [v0 + v,(z)]22 Tz' (19) 

We substitute (19) in Eq. (18) and integrate it in 
the case z » 1 and 

V0 ~ v;(z) ~ Q. (20) 

Bearing in mind that 

v, (z) = 11-r,z'l,, 

we arrive at the following expression for the sym
metric part of the distribution function: 

(21) 

(22) 

where the quantity .0. = A.2v0Tinw0 characterizes the 
energy given off by the electron to the lattice in the 
time between two successive collisions with impuri
ties. 

By means of (21), it is not difficult to compute 
the mean energy of electrons z and the conduction 
current density: 

co /co z = ~ F0 (z) z'12dz ~ fo (z) z'hdz = g-'1., 
0 0 

(23) 

(24) 

Thus a negative differential conductivity occurs 
also in the case under consideration. The region of 
applicability of (23) and (24) is determined by the 
requirements that the mean energy of the electron 
z be much greater than unity and that the mean 
frequency of collisions with impurities be large in 
comparison with Q, i.e., that 

(25) 

If condition (25) is satisfied the dependence of 
the resistivity Pxx on the value of j has the form 

(26) 

where a0 is the conductivity of the crystal for 
H = 0 and E- 0. 

The dependence of the projection of the electric 
field E on the direction of j as a function of the 
magnitude of j is shown in Fig. 2. 

FIG. 2 

For small j, Ohm's law is valid and the depend
ence of j • E/j on the value of j is linear. In the 
case QTi » 1, the slope of the volt-ampere char
acteristic is proportional to 1/Ti. For large val
ues of j, heating of the electron gas takes place. 
As a consequence, the probability of scattering of 
electrons by ionized impurities decreases and the 
magnetic resistance of the crystal falls off with 
increasing j (26). The decreasing portion of the 
volt-ampere characteristic corresponds to this 
region of values of j. With further increase in j, 
the electron gas is heated so much that the proba
bility of scattering of electrons by impurities be
comes less than the probability of scattering by 
optical phonons. Inasmuch as the frequency of 
collisions with optical phonons v0 does not depend 
on the energy of the electron, the magnetoresist
ance ceases to depend on the value of j and Ohm's 
law is again satisfied. However, the slope of the 
characteristic is now determined by collisions 
with optical phonons and is proportional to v0 and 
not to 1/Ti· 

The authors are sincerely grateful to L. E. 
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