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Investigation of electrical resistivity ρ and magnetoresistance in single crystalline n-type silicon heavily doped
with antimony in the temperature range ∆T = 5−300 K and at the magnetic inductance B up to 8 T was
performed. It was established that, for the temperature range ∆T = 25−300 K the conductivity is of activation
type, while for ∆T = 5−25 K it is of variable range hopping and is described by the Mott law. Parameters of the
Mott hopping were calculated. It was shown that, to explain the experimental data, the spin polarized hopping via
the occupied states has to be taken into account. The obtained parameters revealed that for the low temperature
range ∆T = 5−11 K the spin polarized hopping dominates, while for ∆T = 11−20 K the spin polarized transport
is accompanied by the wave function contraction.
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1. Introduction

The behavior of the temperature T and magnetic �eld
B dependences of conductivity σ in heavily doped semi-
conductors while approaching the insulator�metal tran-
sition (IMT) was the subject of numerous experimental
and theoretical investigations over the last 20 years. IMT

occurs when the Mott criterion N
1/3
c aB ≈ 0.25 is satis�ed

(Nc being a critical concentration of the IMT and aB �
the e�ective Bohr radius of an isolated defect center) [1].
This criterion was con�rmed in various experiments [2].
However, some ambiguity in understanding of both σ and
magnetoresistance (MR) mechanisms still remains when
semiconductor is close to the critical concentration of the
localized centers and the competition between variable
range hopping (VRH), weak localization and standard
metallic conductivity occurs.

This paper describes temperature dependences of dc
conductivity σ(T ), the Hall e�ect and I�V characteris-
tics of single crystalline n-type silicon heavily doped with
antimony with concentration NSb ≈ 1 × 1018 cm−3 (es-
timated by the Hall measurements) which is below the
Nc and NSb values in Si studied in [3]. Rectangular sam-
ples were covered with 6 indium stripes as electric probes
(2 currents and 4 potentials) using ultrasonic soldering.
Samples were inserted into the computerized cryogen-free
measuring system CFMS (Cryogenic Ltd., London) with
superconducting magnet. The CFMS allowed perform-
ing measurements in the temperature range ∆T between
5 K and 300 K in magnetic �elds up to 8 T. Lakeshore
controller allowed stabilizing temperature with the accu-
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racy of ±0.005 K and enabled to use di�erent sweeping
rates of magnetic �eld and applied bias voltage.

2. Results and discussion

The concentration NSb corresponds to the average dis-
tance between impurity atoms of 6.2 nm. Measurements
of the resistivity ρ in the absence of the external mag-
netic �eld revealed its strong temperature dependence at
T < 25 K; the changes in ρ were more than one order
of magnitude. Application of the magnetic �eld above
1.5 T showed a signi�cant positive MR: it equals 50%
for B = 8 T at T = 5 K. In B = 2−8 T the MR is
a squared function of B. It decreases with temperature
practically vanishing above T = 25 K, Fig. 1. Therefore,
two regions are distinguished from the viewpoint of MR:
∆T = 5−25 K, where the magnetoresistance is present,
and ∆T = 25−300 K, where it is lack.
The characteristic feature of high temperature region,

where the magnetoresistance is lack, is the presence of
two activation energies, ε1 = 10.35 meV (for the temper-
ature range ∆T = 90−300 K) and ε2 = 1.725 meV (for
∆T = 25−90 K), Fig. 2.
Within the two-band model ε1 represents the acti-

vation energy of an electron from the Fermi level in
the lower-Hubbard band (LHB) to the conduction band,
and ε2 that of the extended states in the upper-Hubbard
band (UHB). The UHB corresponds to the zone of states
formed by the charged centers D−, while the LHB means
the zone of states formed by the neutral centers D0 [3].
The performed analysis revealed that, for the case

B = 0 T and ∆T = 5−20 K, the temperature depen-
dence of the resistivity is linear in the ln ρ(0)−T−1/4

scale. Therefore, the model of low temperature VRH
conductivity, for which low-T resistivity is described by
the Mott law, is applicable [1, 4],
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Fig. 1. Temperature dependence of the resistivity at
B = 0 (closed circles) and B = 8 T (open circles) for
Si heavily doped with Sb. The value of bias current is
I = 10 µA.

Fig. 2. Speci�c conductivity vs. T−1 for the tempera-
ture range ∆T = 25−300 K. Experimental data (open
circles) are approximated by two activation energies.
Dashed line corresponds to the ∆T = 90−300 K, solid
line is for ∆T = 25−90 K.

ρ(T ) = ρ0 exp
(

(T0M/T )1/4
)
, (1)

where T0M = βM[g(EF)a3MkB]−1 is the Mott parameter,
βM = 21.2±1.2 is the constant, g(EF) = const is density
of states (DOS) of electron at the Fermi level, kB � the
Boltzmann constant, aM � the localization radius of the
states around the Fermi level, ρ0 is the pre-exponential
factor.

Estimations of the DOS and localization radius values
have been obtained by plotting the experimental data in
the Mott coordinates and application of valuation formu-
lae without using the MR data [5, 6]:

g(EF) =
Nd

2kB(T0MT 3
vM)1/4

, (2)

aM =
β
1/3
M

[kBT0Mg(EF)]
1/3

, (3)

where TvM is the temperature of the onset of the
Mott VRH.
The results of calculations according to Eqs. (2), (3)

are summarized in Table. The obtained within di�erent
approaches values of the Mott parameter and DOS are
in good agreement with each other.

TABLE

Parameters of the VRH model obtained within di�erent
approaches.

The method of
parameter estimation

Equations
(2), (3)

From the
MR data

TvM [K] 19�20 �

T0M [K] 1.524 × 104 1.524 × 104

aM [nm] 6.58 7.0

g(EF) [eV−1 cm−3] 5.408 × 1019 4.7 × 1019

In Table parameters of the VRH model obtained
from the MR measurements are also shown. The sig-
ni�cant positive contribution to the MR of the form
ln(ρ(H)/ρ(0)) ∼ H2f(T ), which is usually related to
the localized state wave function contraction in mag-
netic �eld, was observed. The joint analysis of ρ(T ) and
MR(B) dependences leads to the possibility of �nding of
g(EF) and aM in self-consistent mode. Positive MR for
the wave function contraction mechanism is expressed as
[4, 7]:

ln
ρ(H)

ρ(0)
= t3

a4M
l4H

(
T0M
T

)3/4

, (4)

where t3 = 5/2016, lH =
√
~c/qH =

√
~/qB is the mag-

netic length and ρ(0) � the zero �eld resistivity.
On the base of Eq. (4) it is possible to obtain aM values

versus B and T . These results are plotted in Fig. 3a,b.
It follows from the analysis of Fig. 3 that, at B > 2 T,
the localization radius practically does not depend on B.
At that some temperature dependence is present. In par-
ticular, for the temperature range ∆T = 5−25 K the aM
values decrease from 8.5 to ≈ 6.0 nm.
Within the obtained Mott parameters it is possible to

evaluate the width of the energy band of the so-called
essential states [4]:

ε0(T ) = (kBT )3/4
/ [
g(EF)a3M

]1/4
= kBT (T0M/T )1/4,

(5)

which is in the range ε0 = 2.7−11 meV. This leads
to the estimation of the DOS N(ε0) = 2g(EF)ε0 =
(2.7�9) × 1017 cm−3 in this narrow band. This value
agrees well with the real donor concentration. Moreover,
the inequality ε0(T ) > kBT is satis�ed for ∆T = 5−25 K,
i.e. the width of the narrow band is larger than the char-
acteristic temperature energy kBT .
The most important result regarding estimations of lo-

calization radii from the MR data is related to the tem-
perature dependence of aM. In this case the model of
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Fig. 3. Magnetic �eld dependences of aM at two tem-
peratures (a) and temperature dependence of aM at
B = 8 T (b).

positive MR, which takes into account only the contrac-
tion of the wave function, is incomplete. To describe the
MR adequately we need to take into account the spin po-
larized contribution, which re�ects electron hopping not
only by free localized states, but also by the occupied
ones [8]. Typically, only intracenter correlations are con-
sidered and the long range column e�ects are neglected.
In this case the resistance of the samples is determined
by two types of tunnel transitions. To describe them in
detail we assume that if D0 denotes singly occupied, or
free state, and D− is for doubly occupied state, then D−

states should be of larger energy than D0 states. This
di�erence is determined by the energy of repulsion be-
tween centers. But due to the dispersion of distances
between centers energy levels D0 and D− will be over-
lapped. Therefore both D0 and D− states will be in the
vicinity of the Fermi level.

So, the �rst type of hopping is realized only between
D0 states, while the second one could occur between D−

and D−, D0 and D−, D− and D0 centers. All jumps of the
second type include a double occupied center with oppo-

site electron spins. Application of the external magnetic
�eld polarizes these spin states, therefore the percentage
of the second type transitions is reduced and magnetore-
sistance appears.

Fig. 4. Temperature dependence of the coe�cient A
in Eq. (6) (points), showing two di�erent mechanisms
of hopping in heavily doped Si. For details see the text.

The �rst type jumps of electrons are characterized
by the parameters a1 and g1(EF) = g1, while the sec-
ond type hopping depends on the parameters a2 and
g2(EF) = g2. The localization radius for states D− is
larger than that of D0 state. At that the spatial part of
the hopping integral is determined by the largest local-
ization radius. Therefore, it is reasonably to assume that
the parameter a2 means the localization radius in D−

band. In this case the modi�ed expression for MR is [8]:

ln
ρ(H)

ρ(0)
=

(
T0M
T

)1/4

×

[(
1

1 −A tanh2(µBH/kBT )

)1/4

− 1

]
, (6)

where A = (g2a
3
2 − g1a

3
1)/(g2a

3
2 + g1a

3
1). Here g1, g2 are

DOS, a1, a2 are localization radii for two types of jumps,
T0M = 2nc

kB(g2a3
2+g1a3

1)
, where nc is a constant. The e�ect

of the wave function contraction in�uences mainly jumps
with the maximum length, i.e. the second type hopping.
Consequently, in�uence of the wave function contraction
on the MR could be accounted for by appying Eq. (6) as-
suming aM = a2. Parameter T0M is known from the ρ(T )
measurements in zero �eld. By applying Eq. (6) for anal-
ysis of the experimental data regarding MR, it is possible
to obtain values of the parameter A at each temperature.
Taking into account both the spin polarized mechanism
and wave function contraction the temperature depen-
dence of A is expressed as [8]:

A(T ) = aS + b(T/T0M)3/2, (7)

where constant aS characterizes the contribution of spin
polarized mechanism, and constant
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b = 4tda
4
2

(
q2k2BT

2
0M/~2µ2

B

)
(8)

is related to the wave function contraction.
Analysis of the A(T ) dependence is present in Fig. 4.

It is seen that, at low T (∆T = 5−11 K), the coe�-
cient A is temperature independent which, according to
Eq. (7), corresponds to the dominant spin polarized hop-
ping. At T > 11 K mostly the wave function contraction
determines hopping.

3. Summary

In conclusion, measurements of the resistivity versus
temperature and magnetoresistance at di�erent temper-
atures were performed for single crystalline silicon heav-
ily doped with antimony. Range of temperature was
changed between 5 and 300 K, magnetic �eld was var-
ied up to 8 T.
It was established that, in the temperature range

∆T = 25−300 K, the resistivity is of activation type
with two characteristic activation energies, 10.35 meV
and 1.725 meV, while in the low T range, ∆T = 5−25 K,
the VRH dominates. For the VRH the positive MR of
50% at T = 5 K was also observed. At temperatures
above 25 K the MR e�ect vanishes.
Carried out according to various approaches evalua-

tions of the model parameters showed that the value of
the Mott parameter is (1�1.5) × 104 K, the localization
radius is around 7�8 nm and the DOS at the Fermi level is
in the range (4.5�5.4)×104 eV−1 cm−3. The obtained on
the base of MR measurements values of the localization
radius revealed its temperature dependence, which led to
the conclusion that it is insu�cient to use only the Mott
law in its classical form for MR and localization radius
estimations. Within the models of either spin polarized
hopping conductivity, or wave function contraction two
temperature intervals were established, which re�ects dif-
ferent contributions of these mechanisms. In the temper-
ature range ∆T = 5−11 K the spin dependent hopping
dominates, while for ∆T = 11−20 K both mechanisms
should to be taken into account. This result is consis-
tent with the general physical representation that with
decreasing temperature the contribution of hopping by
the occupied states increases.
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