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The effect of a quantized magnetic field on the free electron concentration in semiconductors is stud-
ied. Semiconductors with a nonparabolic conduction band, of the n-InSb type, are considered. The free
electron concentration in degenerate semiconductors increases with increasing magnetic field; in non-
degenerate semiconductors, the effect of the magnetic field on the concentration is insignificant. The
magnitude of the concentration depends on the electron Lande g-factor. The results are obtained with
a digital computer and are presented graphically. The experiments performed with n-InSb and n-InAs
samples in fields up to 150 kOe at 78°K are in good agreement with the theoretical calculations.

WE shall consider the influence of a quantizing mag-
netic field on the concentration of the free carriers in
impurity semiconductors. A similar problem was pro-
posed also earlier!™®! but no account was taken there
of the nonparabolicity of the conduction band and, con-
sequently, of the anomalously large Lande g-factor (an
important circumstance in cases of practical interest),
nor was the statistics of the electrons at the impurity
levels taken into account correctly —the spin splitting
of the electrons was characterized by g = 2 and the
formation of a system of Landau impurity levels was
completely ignored. As a result, the conclusions de-
rived in the cited papers are incorrect even qualita-
tively.

1. ELECTRON STATISTICS IN THE CONDUCTION
BAND

According to the Kane model!®], the density of states
in a nonparabolic conduction band, in the presence of a
magnetic field, can be written in the form!®
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In the Kane model B(€)= €, but the actual differ-
ence between the two is quite small and in all the cases
considered below the resultant errors do not exceed
~15%. In (1) and (2), € is the electron energy, m* the
effective mass of the electron at the bottom of the con-
duction band, m, the mass of the free electron, wf{
= eH/m*C the cyclotron frequency of the electron in a
magnetic field of intensity H, ¢g the width of the for-
bidden band, and A the spin-orbit splitting in the
valence band.

For mo/m* > 1 and ¢ < €g + %A, Eq. (2) can be
rewritten in the form

G = A[2(3e,--23), 3)

which yields G = 0.35 for InSb and G = 0.20 for InAs.
The electron concentration n in the conduction band
is determined by the expression
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where Ng = (27m*k,T)¥*/47°n® is the effective density
of states in the conduction band in the absence of a
magnetic field, # =hwpy# /koT, EF = €p/koT (€F is
the Fermi energy), and

r =% dt
Foy@)="{f—n—r
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is the Fermi integral, We note that EF is, generally
speaking, a function of the magnetic field.

We consider two limiting cases. In the absence of
degeneracy (i.e., when 7,7 — G#% — EF > 1) F_y/2(x)
=~ y7eX and (4) can be reduced to the form
GO (5)
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In the case of strong degeneracy in the quantum limit
(Eg < (7. + G)#), when all the electrons are at the
lowest sublevel of the lower (N =0) Landau level,
Eq. (4) takes the form

n —.-5:—;1\Jf1 [F—(lz——G)df] (6)
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2. STATISTICS OF ELECTRONS AT IMPURITY
LEVELS

We consider the so-called shallow impurity levels,
In semiconductors with a small effective mass, the
radius of the Bohr orbit of the electron located at such
a center is very large, and the regions of localization
of the electrons at the impurity atoms overlap in the
absence of a magnetic field. This leads to formation
of an impurity band that can overlap with the conduc-
tion band. A strong magnetic field leads to localization
of the wave functions of the electron at the impurities,
and as a result the binding energy €¢p of the electron
to the impurity center increases and the band overlap
is eliminated(>®), We shall henceforth assume the
magnetic field to be “strong’’ in the required sense!®,

When ep 2 kT, the increase of the ionization en-
ergy in the magnetic field leads to the effect of
““magnetic freezing out’’l®); we consider the opposite
case: €p < k,T (for InSb and InAs this means
T 2 20°K at H ~ 100 kOe), when this effect is missing.
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In a magnetic field, the energy spectrum of an elec-
tron at an impurity is a system of Landau impurity
levels. In a quantizing magnetic field (hwg*x > koT)
almost all the electrons are at the zero Landau level,
and we shall therefore take only this level into account.
Within the framework of the hydrogen-like model we
have!®

[ ep{il) - hou’ + oGlioy .

Here € is the electron energy (reckoned from the
bottom of the conduction band at H =0),0 =+1, and G’
is the reduced Lande g-factor of the electron at the
impurity. If the cyclotron-rotation energy is much
larger than the binding energy of the localized electron,
its interaction with the magnetic field can be regarded
in the same manner as for a free electron. We shall
therefore assume G’ = G,

By regarding the impurity center as a subsystem
with two nondegenerate energy levels €., we can write
down its thermodynamic potential Q in the following
manner*%);

Q kT =In[l -exp(Er—E.) +exp(Er — E-)]. (7)

Here E; =€, /k,T. The concentration of the nonionized
impurity atoms is determined by the expression

v [O(Q/kT) ®)
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where Np is the concentration of the impurity atoms,.

From (7) and (8) we obtain the concentration Np, of
the ionized impurity atoms
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We took into account here the fact that G’ = G. Since
we are considering the case ep < kT, we can rewrite
(9) in the form

Np* 1
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3. CALCULATION OF THE CONDUCTION-ELECTRON
CONCENTRATION

Supplementing (4) and (10) with the neutrality equa-
tion n = ND, we obtain the following system:

(10)
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Here n = n/ Np is the dimensionless concentration of
the conduction electrons, and A = No/2V7Np is a
parameter characterizing the degree of degeneracy of
the electron gas at H = 0, with A < 1 corresponding
to strong degeneracy and A > 1 to the absence of de-
generacy.

Before we proceed to discuss the results of the
numerical solution of this system, let us consider two
limiting cases. For a nondegenerate electron gas we
can rewrite (11) in a form similar to (5). We then ob-
tain for o > 1

(13)

We see therefore that although the concentration in-
creases with increasing 5, but since A > 1 and

n=1—1/AVn38.

FIG. 1. Conduction electron
concentration n in impurity semi-
conductors, at different degrees of
degeneracy A, vs. the magnetic
field ¥ at G = 0.35.
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FIG. 3. Fermi energy EF inim- '—{_\L—“—‘.__
purity semiconductors at different
degrees of degeneracy vs. the mag-
netic field # at G = 0.35.

# > 1, the relative change of n is very small and is
therefore difficult to observe experimentally,

In the case of the quantum limit, (11) can be written
in a form analogous to (6), while (12), subject to the
additional condition GJ¢ >> 1, takes the form

n= _* . (14)
1 - oxp(Ee =136 + G38)

From (14) with account taken of (6) we obtain

n=AKF_,[In(1/n—1)]. (15)

We see that n — 1 as # — =, and since n(0) K 1,
the relative growth of the electron concentration is
very large; we note that n is independent of G in this

case.
The system (11) and (12) was solved for the general

case with a computer. The most important result of
these calculations is that the concentration of the free
electrons increases monotonically with increasing .
The main cause of this effect is the sublinear depend-
ence of the Fermi energy EF on the magnetic field 6.
The energy gap between the Fermi level and the bottom
of the conduction band EF - %% + G# decreases with
increasing # (see Fig. 3). This causes a decrease in
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FIG. 4. Experimental plots (contin-
) : uous lines) of the free-electron concen-
tration in n-InSb and n-InAs vs. the mag-
netic field. Dashed lines—corresponding
theoretical plots. a—n-InSb, n(0) = 2.2 X
10" cm™, A =10"', G = 0.35; b—n-InSb,
: n(0)=5.5X10%cm™,A=10%,G=

g ; 0.35;c—n-InAs, n(0) = 1.5 X 106 cm™3,
A=10%,G=0.2.
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the degree of degeneracy of the electron gas, leading
to an increase of the concentration 1. Another cause,
not decisive under our conditions, of the change of 7

is the increase of the electron state density in the con-
duction band. The results of the calculations are shown
in Figs. 1, 2, and 3.

Figure 1 shows plots of n(s#) for different values of
the parameter A = 1—-10"° at G = 0.35 (corresponding
to a wide range of electron concentrations in InSb in
the absence of a magnetic field: n(0) = 8 x 10**—6
x 10'® ¢cm™). The value o =1 corresponds to H
=11 kOe for InSb and H = 17 kOe for InAs at
T = TT°K.

Figure 2 shows plots of n(#) for different values of
the parameter G (0 < G < 0.5) for A =10"%, When %
=< 20, the rate of change of n decreases with increasing
G, and when 57 20, as noted above, 1 is independent
of G (for G=0).

Figure 3 shows plots of EF — %% + G (the energy
gap between the bottom of the conduction band and the
Fermi level) against the magnetic field 5 for A = 10—
10°° and G = 0.35. We see that the magnetic field de-
creases the degree of degeneracy of the electrons. The
dashed line bounds the region of the quantum limit.

4. EXPERIMENTAL RESULTS

An experimental verification of the notions devel-
oped above concerning the change of the conduction-
electron concentration in semiconductors in quantizing
magnetic fields was carried out by measuring the Hall
effect on n-InSb and n-InAs samples. It is known!*"
that in a quantizing magnetic field the Hall constant ry
=1/n(H)ec does not depend on the electron-scattering
mechanism or on the field intensity, and therefore
Hall-effect measurements under these conditions make
it possible to determine the n(H) dependence directly.

It should be noted that Hall measurements of such a
type were also undertaken earlier****1, The results of
these investigations, however, are quite contradictory
even qualitatively, namely in regard to the character
of the variation (growth or decrease) of Rg(H). The
possible causes of this are the inhomogeneity of the
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electron concentration in the employed samples [**! and
the difficulties connected with measuring small Hall
emf’s under conditions of pulsed magnetic fields of high
intensity.

The measurements were performed in pulsed mag-
netic fields up to 150 kOe (field half-period 1 msec) at
liquid-nitrogen temperature, corresponding to values
# < 13.5 for InSb and 5¢ < 9 for InAs. To decrease the
inhomogeneity of the electron-concentration distribu-
tion, the samples, which measured 7 x 3 X 1 mm, were
cut in a plane perpendicular to the crystal growth axis.
The initial electron concentration n(0) was measured
in a weak (#’ < 1) constant magnetic field.

As already noted, Hall measurements under condi-
tions of strong pulsed magnetic fields are very diffi-
cult. This is connected primarily with the noise induced
by the time-varying magnetic field in the measuring
circuit. The frequency spectrum of such parasitic emf’s
overlaps the useful-signal spectrum and makes fre-
quency selection of the latter impossible. Practical
measures towards eliminating and cancelling out the
noise are frequently insufficient for exact measure-
ments. For a radical elimination of the foregoing diffi-
culties, our Hall measurements were carried out with
alternating current of frequency f, = 20 MHz. High-
frequency Hall measurements are made possible by the
smallness of the settling time 7y of the Hall field. In
analogy with the Maxwellian relaxation time, we can
write TH = ko/470xy, where oyy =nec/H is the Hall
component of the conductivity tensor and «, is the
dielectric constant of the lattice. It is easy to see that
TH < (27fo) ' at H~ 100 kOe and n > 10” cm™, This
inequality is certainly satisfied under experimental
conditions and makes it possible to use a high-fre-
quency measurement procedure. The Hall signal was
registered with a selective amplifier with resonant
frequency f, and a bandwidth 100 kHz, which (in con-
junction with transformer coupling of the receiver)
eliminated completely the noise of low frequency
(compared with f, = 20 MHz).

The electron concentrations n(H) measured in this
manner as functions of the magnetic field are repre-
sented by the continuous curves in Fig. 4 for three
different samples: InSb (n(0) + 2.2x 10** cm™),

InSb (n(0) = 5.5 10" cm™), and InAs (n(0) = 1.5

x 10" ¢cm™). We see that n(H) increases monotonically
with increasing magnetic field intensity and at H = 150
kOe we have n(H)/n(0)~ 1, i.e., the effect is quite
appreciable. The dashed curves in the same figure
show the theoretically calculated n(H) dependences and,
in accord with the considerations advanced earlier, we
assumed for the construction of these plots appropri-
ate values of the parameter A (ensuring the required
value of n(0), and also used the values G = 0.35 for
InSb and G = 0.20 for InAs. The theoretical curves are
in good agreement with the experimental data.

We have thus shown that the statistical properties
of the electrons in impurity semiconductors such as
n-InSb lead to an increase in the concentration of the
free electrons in a quantizing magnetic field. This ef-
fect (and the associated dependence of the Fermi level
on the magnetic field) must be taken into account when
certain kinetic phenomena in quantizing magnetic fields
are considered.
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