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The nonequilibrium electron electrical conductivity of thin semiconducting films in strong transverse 
magnetic fields is investigated. Both quantization in the magnetic field and size quantization are as­
sumed. It is shown that absolute negative conductivity should be possible in electric fields li/ET L << E 
<< liwc/eL (we-cyclotron frequency, T-relaxation time, L-magnetic radius) when optical phonon in­
teraction is predominant (the electric current being directed opposite to the static electric field). 

1. THE possibility of realizing absolute negative con­
ductivity (ANC) in semiconductors has been recently 
discussed in a number of papersY-31 In a state with 
such conductivity, the electric current is directed 
against the static electric field. ANC was apparently 
first investigated in semiconductors by Kromer. [ 41 

However, as shown by Zakharov[ 51 and by Elesin and 
Manykin, [ 61 in semiconductors with ANC, as a rule, the 
homogeneous distribution of the electric field is unsta­
ble and the inhomogeneous distribution is stable. Thus, 
a semiconductor with ANC can in principle serve as a 
current source. On the other hand, the ANC phenomenon 
can apparently be used to investigate the electron spec­
trum, relaxation mechanisms, etc. 

In this paper we consider certain possible ANC 
mechanisms in a semiconducting film in a transverse 
magnetic field. They are due to scattering of nonequi­
librium electrons by optical phonons and are connected 
with the structure of the energy spectrum under condi­
tions when both quantization in the magnetic field and 
size quantization take place. 

To observe the effects considered above, it is neces­
sary to have 

6>cT~1, (1) 

(we-cyclotron frequency, T-relaxation time, A-char­
acteristic distance between film levels), and also to 
have the electrons populate the lower film level and not 
go over to higher levels upon scattering. The most 
stringent of these conditions can be satisfied in suffi­
ciently thin and perfect semiconducting films with low 
effective masses in realistic magnetic fields. For ex­
ample, for an n-InSb film at a mobility J1. = eT /m ~ 2 
x 104 cm/V -sec, the magnetic field is H ;:; 2 x 104 Oe, 
and the film thickness is d ~ 5 x 10-6 em. 

2. The energy spectrum and the wave functions of 
the stationary state of the electron in a film placed in 
crossed fields are given by 

(2) 

and 

1 1 . 1 ( x-X4 \ 
'¥N •(r) = --=1Jl(z)-= e•kY--=<pN ---1, 

' yd iL" 1/L L ' 
(3) 

where N is the magnetic quantum number, we have left 

out the index y of ky, Xk = -L~ + eE/mw~ is the co­
ordinate of the center of the electron orbit, L 
= (cli/eH) 112 is the magnetic radius, the function l/J (z) 
differs from 0 in the interval (0, d) and is normalized 
to unity, and <PN(x) is the N-th Hermite function. The 
z axis is directed along the magnetic field (perpendicu­
lar to the plane of the film), and the x axis is along the 
electric field (in the plane of the film). It is assumed 
that the linear dimensions Lx and L y greatly exceed 

d. The energy is measured from the first film level 
in the absence of a magnetic field. 

The transverse electric conductivity in quantizing 
magnetic fields is due, as is well known[ 81 to migra­
tions of the centers of the electron orbits. We can 
therefore write in our case for the conduction current 
density 

(4) 
N,k;N',k' 

where fN is the number of electrons at the N-th Landau 
level per unit volume (6 fN = n, where n is the concen­

N 
tration); WN k· N' k' is the probability that the scat-' , , 
tered electron, will go from the state (N, k) to the state 
(N', k'). 

In the case of interaction with optical phonons, which 
we shall henceforth consider, the transition probability 
is 

X {(No+ 1)/l [BN•, k'- BN, k + liooo]llk, k'+qy 

+Noll[BN•,k·-BN,k-liooo]ll•- Y •·}. (5) 

Here N0 and Wo are the number and limiting frequency 
of the optical phonon; 

liN, N'(q) I'== I (N, Ol eiq,xiN', ± qy) 12 

N! 1 )<N'-N> 1 )I ·· ( 1 )1 2 = w,( -;;L2112 ovn( _ 2 L2n2 r,.C~'-N) 2 L2q2 • 

L <~\x) is a generalized Laguerre polynomial; q = (qx, 
qy); 

q, 

where Cq, qz is the matrix element of the electron­
phonon interaction. The factor 

534 



ABSOLUTE NEGATIVE CONDUCTIVITY OF THIN FILMS 535 

expresses the possible nonconservation of the trans­
verse phonon-momentum component during scattering 
(see, for example, [ 7 l ). The results do not depend qual­
itatively on the explicit form of the dependence, so that 
to simplify the final formulas we assume that A(q) 
~q-2• We have neglected in (5) the attenuation of the 
electron spectrum, something possible E >> li /eT L 
(see [ 9 J ), and also the quantization (see, for example, 
[ 7 J on this subject) and the dispersion of the optical 
phonon. 

Let us substitute (5) in (4). Summing over k and k', 
we obtain 

X {(No+ 1)6[/iw,(N'- N)+ liw0 - eEVqy] (6) 
- No6[1iw,(N'- N) -liw0 + eEVqy]}. 

We confine ourselves to the region of the electric 
fields E << li wc/eL. In such electric fields, as shown 
by Tavger and Erukhimov, [ 10 J owing to the exponential 
smallness of the matrix elements IN N' (q) with q > L -\ 
the probability of a transition with a change of N and the 
conduction current, due to the elastic scattering mecha­
nisms, are negligibly small. For the same reason, an 
insignificant contribution to the current is made by 
processes with emission of an optical phonon and a 
transition to a higher Landau level, and also by proc­
esses with absorption of a phonon and a transition to a 
lower level. 11 

Accordingly, summing over qi in (6) and replacing 
the summation with respect to qx by integration, using 
the explicit expressions for IN N' (q) and the interaction 
constant (see, for example, [ uf), we arrive at the fol­
lowing expression for the current density 

. 2nw01i2 [ 1 ( liwA ) 2] 

Jx= leEIELtopNLlwAexp -z eEL 

X r (No+ 1)/N+AP~+~( :;~ )- NofNPtA) C;2)]. (7) 

Here 

(Ze-ion charge, a0 -distance between ions, y-dimen­
sionless polarizability coefficient, M-mass of unit cell) 
cell); WA = w0 - Awe; 

pj¢"1 (~}= _!!:, __ r dx(x2+ £2)(A-I)e-x'/21 L<f:l( ~_+ 62)1 2 
2A(N +A)!_:, 2 . 

3. Assume that electrons are produced at the lower 
Landau level under the influence of an external source, 
and that their concentration is much higher than the 
equilibrium value, i.e., f0 >> f~thermJ (different mecha­
nisms of such pumping are possible, for example opti­
cal pumping of the electrons from the valence band or 
from impurity levels, injection, etc.). Let us consider 

l) Allowance for the attenuation of the spectrum adds a correc­
tion of the order of (wer)- 1 , or even smaller, to the principal expres­
sion. 

for concreteness the first resonance we~ w 0 • We as­
sume that 

Then 

a = --:---:N::,o~T·::.._..,..,-­
Top + (2No + 1)-r, ' 

(8) 

(9) 

where T e is a quantity of the order of the electron life­
time in the conduction band. When Te << Top• we have 
by virtue of (9) 21 f0 N0 >> fN(N0 + 1), (N > 0), and proc­
esses with phonon emission can be neglected (the first 
term in the square brackets of formula (7)). In this 
case we get from (7) 

(10) 

(10') 

From (10) and (10') we see directly that when w0 >we 
the direction of the conduction current is opposite to 
that of the electric field, i.e., ANC takes place. As al­
ready noted, the usual conduction current due to scat­
tering by impurities and acoustic phonons is small in the 
electric-field region under consideration.[ 7 • 10 l 

In the general case, when w 0 ~ Mwc (M-positive 
integer), the electrons will populate mainly the levels 
with N = 0, M, 2M, ... , 

/ 0, /M, /2M, •.• ~/N (N=FO, M, 2M, ... ), (ll) 
HO foNo ~ /M(No + 1), /2M(No + 1), .. . 

However, the results obtained in this case do not differ 
qualitatively from (10) or (10'). In this case the ANC 
will take place when w 0 > Mwc· 

A similar ANC mechanism is possible when the elec­
trons with T e << Top are almost in equilibrium (f0 

f<therml f 0 ) . ;::; o , N ;::; , N > 0 and the number of phonons 1s 

N >> N<therm1 
0 0 

The foregoing mechanisms have a simple physical 
interpretation. The average electron energy is smaller 
in this case than the average phonon energy, energy is 
transferred from the phonons to the electrons, and in 
each interaction events a fraction of the energy li(w0 

- Mwc) is consumed in changing the potential energy of 
the electron. If w0 > Mw c• then the potential energy of 
the electrons increases, i.e., they are displaced along 
the electric field when e < 0 (when e < 0 the displace­
ment is in the opposite direction), and this leads to the 
ANC. 

4. We consider now the case when an external source 
causes electrons to be produced at some higher level. 
Assume for concreteness that the pumping is to the lev­
el with N = 1. Then, at T << nw 0 (T is the lattice tem­
perature) two lower levels (N = 0, N = 1) become popu­
lated. The main contribution to the current at not too 
large lifetimes (T c ~ Top/No) will then be made by tran­
sitions from the first Landau level to the zeroth level, 
with emission of a phonon. In this case we obtain from 
(7) 

2 ) For equilibrium electrons and phonons f0 N0 ~ f1 (N0 + 1), 
and We~ w 0 . 
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ix=-f, (wc-wo) l(E,wc-wo). 
Wo 

(12) 

~ note that in this mechanism the ANC takes place 
when We > w0, and the possibility of its realization is 
not limited to short electron lifetimes (unlike the mech­
anisms considered in Sec. 3 of the present paper and 
in [lJ). 

At high temperatures, T ~n.w0 , the absorption of 
phonons and the repopulation of the electrons among 
the levels with N > 1 become significant. However, if 
T e ::. T op• then ANC is possible also in this case. 

In this mechanism, unlike in the preceding ones, the 
energy is pumped over from the electrons to the lattice, 
for in this case the average electron energy exceeds 
the lattice temperature. In each energy-transfer act, 
however, part of the energy is used up to change the po­
tential energy of the electron, which increases if w 
< We (w0 < Mwc). 

5. Let us present estimates for the electric fields. 
When m ~ O.Olm0 , Jl ~ 3 x 104 cm2 /V-sec, and H ~ 3 
X 104 Oe we have Emin = n/eTL ~ 2.1 X 103 V /em and 
Emax = tiwc/eL ~ 21 x 103 V /em. 

We call attention to the fact that the aforementioned 
mechanisms may not predominate if the required con­
ditions are satisfied with not too large a margin. Then 
no ANC will appear. Nonetheless, these mechanisms 
can greatly influence, for example, the current-voltage 
characteristics (the negative differential conductivity), 
the film photoconductivity spectra, etc. In particular, 
even weak pumping will lead to a change of the relative 
height of the current maxima in magnetophonon reso­
nance in thin films, l 9 J something can be used to identify 
the maxima (for example, in pumping to the lower Lan­
dau level, each first maximum of the pair, correspond­
ing to a given N, increases, and in pumping to a higher 
level every other maximum increases). 

In conclusion, we note that since the possibility of the 
considered mechanisms is due to the limitation on the 
motion of the electrons in a direction perpendicular to 
the plane of the film (two-dimensional electron motion), 

similar effects can take place also in layered structures 
and in a thin surface layer of bulky samples in the case 
of strong bending of the bands. l 12J 
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