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The temperature dependence of the Hall coefficient of germanium with a low impurity content was in
vestigated at liquid-helium temperatures in various magnetic fields. A magnetoconcentration effect, [11 
associated with a redistribution of carriers localized at impurity centers, was observed at T ~ 7-4.2° K. 
The experimental results were in good agreement with a theory given in [11 . A method is suggested for 
estimating the compensating impurity concentration from the magnitude of the magnetoconcentration 
effect at T = 4,2° K. 

1. INTRODUCTION 

GALVANOMAGNETIC effects in semiconductors at 
temperatures which are low compared with the impurity 
exhaustion temperature are considered theoretically 
in [11 . It is shown there that the Hall field, which appears 
in a semiconductor sample placed in crossed electric {E) 
and magnetic {H) fields, is due to a redistribution of car
riers localized at impurity centers, provided 

eE 1-l / 8nednoc }> 1, (1) 

where e: is the permittivity; J.J. and no are, respectively, 
the mobility and equilibrium density of carriers; e is 
the absolute value of the electronic charge; cis the ve
locity of light; 2d is the thickness of the semiconductor 
plate along the Hall direction. 

Physically, this effect can be explained as follows. 
At temperatures considerably lower than the impurity 
exhaustion temperature, most electrons in a semicon
ductor are localized at impurity centers. At low im
purity concentrations, the density of free electrons may 
be far too low to establish the polarization which bal
ances the Lorentz force. Consequently, free carriers 
become concentrated at one of the lateral faces of the 
plate and the volume density of free carriers falls to 
a low value. 

This disturbs the dynamic equilibrium between the 
free and localized electrons: the free electrons are gen
erated in the carrier-depleted region and these electrons 
move to the opposite face and recombine there. The re
distribution of electrons continues until a sufficiently 
strong polarization is established and the motion of 
electrons along the Hall direction stops. The total num
ber of free electrons in the plate increases because of 
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a strong rise of their density in a thin layer near one of 
the lateral faces. This gives rise to the magnetoconcen
tration effect, as the result of which the conductivity of 
the plate may increase by several orders of magnitude. 

Let No be the equilibrium number of carriers in a 
sample. According to UJ, the number of carriers in 
mutually perpendicular fields E and H becomes 

I 

[ ckT e~-t'H'E' l 
N=No 1+(1-K)-1/K 4evdHEexp 4nc2N,kT .. {2) 

Here, K = N2/N1 is the degree of compensation of the 
sample; N 1 and N2 are the concentrations of the main 
and compensating impurities. In the derivation of Eq. (2) 
it is assumed that the free-carrier density n always re
mains quite small, namely 

{3) 

The purpose of our investigation was to study experi
mentally the magnetoconcentration effect predicted in [11 

2. EXPERIMENTAL RESULTS 

We investigated n- and p-type germanium samples in 
which the total impurity concentration ranged from 
2 x 1014 to 7 x 1011 cm-3 and the degree of compensation 
ranged from 9 to 85%. All the measurements were car
ried out using de [21 at temperatures of 4,2-20° K in mag
netic fields H up to 5000 Oe. 

The parameters of the samples are given in Table I. 
The values of N2 and K were deduced from the values of 
the Hall coefficient measured at temperatures and in 
fields such that the concentration effect was not observed. 

Figure 1 shows the dependences of log RHT312 on T-1 
{RH is the Hall coefficient) for several samples. All the 
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1.03-104 2, 9 .1c• 0.182 0.85 
5,8 ·10' 3.1-10' 0.202 1.15 
9.8 -103 9.3·1r.s 0.157 2.(i 
1.33-10' 1.8-1G3 0.18 2.5 
4.6 ·1C3 3.5·1C3 0.19 1.1 
9.7 ·103 1.1-104 0.189 6.9 
1.9 ·102 2.1·102 0,18 -
50 62.5 0.139 12.6 
4.2 - 0.19 -
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FIG. I. Temperature dependence 
of RH for several samples. The black 
dots are the experimental results and 
the open circles are the values calcu
lated using Eq. (2). 

measurements were carried out in a magnetic field H 
= 5000 Oe. At high temperatures, the obtained depen
dences were linear, in agreement with the exponential 
temperature dependence of the carrier density. When 
the temperature was lowered, the exponential depen
dence of RHT3 / 2 on T-1 broke down for all samples. The 
curves of some of the samples had maxima. 

We extended the straight lines in Fig. 1 in the direc
tion of low temperatures. We used RHo to denote the 
Hall coefficient obtained through such extrapolation. It 
was obvious that N/No = RH0/RH. 

It is evident from Fig. 1 and Table I that the magni
tude of the effect (N/No) and the temperature at which 
the dependences log RHT3/ 2 = f(T-1) became nonlinear 
depended mainly (for a constant value of HE and a given 
thickness of the sample) on the concentration of the com
pensating impurity. Thus, for sample No. 1 with Nz 
= 5.6 x 1011 cm-3 a departure from the exponential de
pendence was observed at T ~ 8° K, and we found that 
N/No = 104 at T = 6.1° K; for sample No. 9 with Nz = 2.1 
x 1014 cm-3 a linear temperature dependence of the Hall 
coefficient was observed right down to T ~ 4.2° K, and 
we found that N/No RJ 4 at T = 4.2° K. 

Figure 2 shows the dependences log RHT3/ 2 = f(T-1) 
for samples Nos. 8 and 3, obtained using various values 
of the magnetic field intensity H. Evidently, the value 
of N/No at a fixed temperature (in the range of temper
atures at which the magnetoconcentration effect was ob
served) increased with increasing magnetic field inten
sity. We should mention here that all the measurements 
were carried out using the same value of the current 
through the sample. 

Using Eq. (2) and bearing in mind that N/No = RHo/RH, 
we could calculate RH as a function of E, H, and T. In 
these calculations, we took the Hall emf U to be 2dj.J.HE/c. 
The values of U were experimental. Such a calculation 
was carried out for sample No. 1 in the temperature 
range 9-6° K and at one temperature, T = 4.2 o K, for all 
the other samples. The calculated values of N/No are 
compared with the experimental values both in Table I 
and in Fig. 1 (for sample No. 1 the value of N/No given 
in Table I corresponds to a temperature of 6.1 °K). It is 
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FIG. 2. Dependence ofRHT3/ 2 

on T"1 for two samples of Ge, ob
tained using different values of the 
magnetic field: 0-sample No. 8; 
+-sample No. 3. The intensity of 
the magnetic field H is given in oer
steds alongside the curves. 
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evident from these results that the theory and experi
ment are in good agreement. 

3. ANALYSIS OF THE RESULTS 

The presence of maxima in the RHT3 / 2 = f(T"'1) curves 
(cf. Fig. 1) for the majority of samples indicates that, at 
some temperature Tm, the free-carrier density reaches 
its minimum value and begins to rise when the tempera
ture is lowered still further. We shall now find the con
ditions for a minimum at given values of E and H. In 
finding the minimum of N (T) we must take into account 
that 

No ac T'i• exp ( -B; I kT), 

where Ei is the ionization energy of the main impurity. 
For simplicity, we shall assume that all the pre

exponential factors are independent of T. Then, assum
ing that iJ. ex. Tf3 and bearing in mind that N(Tm) 
» N0 (Tm), we obtain the condition for the minimum 
in the following form: 

BJ1.2H2E2 eCJ2 
(2(:1- 1) 4nc•N2e; = (2(:1- 1) 16nd2Nze; = -1. ( 4) 

In our experiments, the mobility was close to the lattice 
value ({3 = - %) and the product EH was approximately 
constant. Therefore, the various samples should, as 
indicated by Eq. (4), obey approximately the following 
relationship 

NzT m3 = const. 

In fact, we can easily show, using Fig. 1 and Table I, 
that, for example, the product NzTfu for samples Nos. 4 
and 1 is, respectively, 2.7 x1014 and 2.5x 1014 deg3 ·cm-3 • 

It is evident from Eq. (2) that the dependences of Non 
Nz and on the degree of compensation K are quite differ
ent. Nz occurs in the denominator of the argument of the 
exponential function and K appears only in the pre-expo
nential factor, which is not much greater than unity for 
0 < K < 0.9. It follows that N/No is, other conditions 
being equal, almost independent of N1 and increases 
exponentially when Nz is reduced. Therefore, when 
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N » No, expression (2) can be written in the form 

N-No kT ( eU2 ) 

-~ ~ 2eU exp i6ndN2kT · (5) 

The above relationship can be used to calculate Na. The 
values of the concentration of the compensating impurity 
calculated in this way are listed in Table I (they are de
noted by Nzcald· We can see that these calculated values 
agree very well with the values of Na deduced from 
RH(T) in the range of temperatures at which the mag
netoconcentration effect is absent. 

In conclusion, we must note the following points. 
1. In the derivation of Eq. (2), we have assumed that, 

in the absence of external fields, free carriers are in 
thermodynamic equilibrium with carriers localized at 
centers of a given type. The equilibrium number of free 
carriers in a sample is No. From the definition of RHo• 
it follows that RH0 /RH = N/No. However, we may find 
that RH and N do not tend to RH0 and No when HE - 0. 
Thus, for example, we carried out experiments in H 
= 400 Oe and found that the difference between RH and 
RHo (cf. Fig. 2) was greater than that predicted by 
Eq. (2). This shows that, even in the absence of ex
ternal fields, the free-carrier density is higher than 
the equilibrium value. The most likely cause of this 
effect is the thermal radiation of the upper part of the 
cryostat, a fraction of which reaches the sample, in 

spite of the precautionary measures, and produces a 
background free-carrier density. However, this cir
cumstance should not prevent us from comparing 
Eq. (2) with the experimental results if the magneto
concentration effect is sufficiently large, i.e., when N 
is large compared with the number of free carriers in 
the absence of external fields. 

2. When N » No the current in the semiconductor 
plate flows in a thin layer, ~ L = kT/eU thick, near one 
of its faces. Under the experimental conditions we find 
that L ~ 10-4 em. The good agreement between the 
theory and experiment indicates that, if a surface layer 
with properties different from the volume properties 
(for example, if the carrier mobility is different in the 
surface layer) does exist, the thickness of such a layer 
is much less than 10-4 em. 
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