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We present the first verification of the theoretically predicted effect of temperature-induced smearing
of the Coulomb gap. Measurements of the variable-range-hopping conductivity (VRH) in samples of
ion-implanted Si:As and computer simulation are used to study the density of states (DOS) near the
Fermi level (FL) in the impurity band. The VRH is determined by the DOS integrated over some
energy range that depends on temperature 7 and on the magnetic field B. Using the interplay between
T and B we find that the DOS in the vicinity of the FL increases with increasing 7.

PACS numbers: 71.27.+a

The temperature dependence of the resistance R(T) of
an Anderson insulator at low temperatures follows Mott’s
variable-range-hopping (VRH) law [1],

R(T) = Roexpl(T,/T)"], 1

with p = 1/4 in a three-dimensional system for the
constant density of states (DOS) g(g) = g, where gg
is the DOS at the Fermi level (FL).  In this case T4 =
Ty =21/ gpa3, where a is the localization radius. Pollak
[2] and Efros and Shklovskii (ES) [3,4] have predicted
that long-range electron-electron interaction reduces the
DOS at the FL, forming the so-called Coulomb gap (CG),
for which g(g) = go&?, where go = (3/7) (e?/k) 3, the
energy € = E — Ef is measured from the Fermi energy
Ep, and « is the dielectric constant. This form for g(g)
leads to a different VRH law [4] in which p = 1/2 and
T1/2 = TES = 2.862/Ka.

Experimental evidence for the “CG behavior” of VRH
conductivity was demonstrated on different materials [4].
A “crossover” between these two regimes is expected as
T increases because the Coulomb interaction influences
the DOS only near the FL. Far from the FL the DOS
has its unperturbed value, which is approximately equal
to gr. Hence, the half-width A of the CG can be roughly
determined from ggA? = g, yielding

A = (gr/g0)"/? = [(Tgs)*/Tr ]V )

In contrast to the nearest-neighbor hopping conductiv-
ity, the VRH mechanism involves only some of the local-
ized states around the FL, the so-called “optimal band,”

4764 0031-9007/95/75(26)/4764(4)$06.00

whose half-width E. is given by [1]
E.=T¢ < T'7P, (©)

where &.(T) = (T,/T)? is the critical percolation param-
eter, which can be obtained from the experimental data:
&.(T) = In[R(T)/Ro] from Eq. (1). It is believed that
for E. << A, the ES law (p = 1/2) should be observed,
while for E. > A, the Mott law (p = 1/4) is valid. For
E. = A, a crossover should take place between these two
regimes.

For a given sample with a fixed concentration of impu-
rities one can increase the value E, by increasing T or by
applying a strong magnetic field B; in the latter case &.(T)
must be replaced by &.(B,T) = In[R(B,T)/Ry], which
increases with B due to the positive magnetoresistance.

Recently a number of papers devoted to the experimen-
tal investigation of the crossover phenomenon have been
published (see, for example, [5,6] and references therein).
In [6,7] the variation of E. was achieved by increasing &,
in a strong magnetic field, whereas in other studies E. was
increased by increasing 7. It has been shown theoreti-
cally that an increase of 7 not only increases E. but also
modifies considerably the DOS in the region of the CG:
The weakening of the gap has been predicted due to the
filling in by localized states. This was demonstrated by
computer simulations on the lattice model [8—10], on the
Coulomb glass model [11], and on the random model [12]
of the impurity band, as well as by analytical calculations
based on the self-consistent equation for the CG [13]. We
will refer to this effect as the temperature-induced smear-
ing of the CG.

© 1995 The American Physical Society
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We are not aware of any experimental verification of
this effect and suggest here a method to study the effect
qualitatively. It was shown recently [7] that one can
determine the integrated DOS in the optimal band

E.
&) = [ glerae @

from experimental measurements of the VRH resistance
in different magnetic fields B. We suggest using the
interplay between T and B to determine the values of
I(E.) at different temperatures.

Our measurements of the VRH conductivity on samples
of ion-implanted Si:As show that I(E.) in the vicinity of
the FL increases with increasing 7. This can be considered
as experimental verification of the temperature-induced
smearing of the CG. Computer simulations confirm this
conclusion.

The hopping magnetoresistance of two samples of ion-
implanted Si:As with impurity concentration approxi-
mately 10% below the metal-insulator transition has
been measured for temperatures down to 0.1 K and in
magnetic fields up to 11 T. The conductivity of these
samples without the magnetic field had been measured
earlier [14], where all details about sample preparation
and contact fabrication are described. Our measurements
in zero magnetic field agree well with these previous data.

In Fig. 1 we present the results of the resistance
measurements as a function of temperature in different
magnetic fields for one of the samples. The key point of
our analysis is the assumption that the ES law in the VRH
conductivity is only reached at the lowest temperatures,
T < 200 mK. From the slope of the straight line shown
in Fig. 1, we obtain Tgs = 11.2 K; the intercept gives
Ro = 26.7 . The deviation of the resistance above
the straight line with increasing T is interpreted as the
crossover regime. Taking into account that for this
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FIG. 1. The resistance of one sample of ion-implanted Si:As

in the VRH regime in zero magnetic field and in magnetic
fields of 5, 9, and 11 T. The solid line shows the fit to the
T-1/2 law in the low-temperature limit; the intercept gives the
value Ry = 26.7 ).

sample Ty = 420 K [14], one can obtain from (2) the
value A = 1.8 K.

It was suggested in [14] that in zero magnetic field the
ES law is obeyed at higher temperatures, 7 > 200 mK,
with Ry = 200 Q and Tgs = 5.4 K. In this case, the
deviation of higher resistance with decreasing 7' below
200 mK could be explained by the appearance of a rigid
gap at the Fermi level because of the spin-spin interaction
[15]. However, this value of Tgg leads to the smaller
width A of the CG determined from (2), A = 0.6 K,
and thus ES law would be observed at T = A, which
is doubtful. Moreover, according to the model [15], a
significant negative magnetoresistance must be observed
because of restoration of the ES law in magnetic field.
We measured the magnetoresistance at different fixed
temperatures, sweeping the magnetic field. No negative
effect was observed even at small fields, where the
positive component of magnetoresistance caused by the
shrinkage of the electron wave function is negligible.
This also supports our assumption.

Let us now turn to the determination of the DOS
from the experimental data. The integrated density of
localized states in the optimal band /(E.) determines the
mean hopping length r(T) = [I(E.)]"'/3, on the other
hand, r(T) = a&./2 [4] and the average hopping volume
around each site

V(&) = (4m/3) (aé./2). 5)

A percolation path forms where the number of states
in the average volume reaches the critical value n, =
I(E.)V(&.) = 7.66 [4]. Therefore

. 6_n_c_ 1 _ A
1E) == Gieor — eaor @

In strong magnetic fields, Eq. (5) has to be modified
because of the shrinking of the electronic wave function
and changing its shape from a sphere to a double
paraboloid,

4 [ ag.(B,T)

3
3 > :I X(s), a

V(gc) =
where &.(B,T) = In[R(B,T)/Ro] and s = (mwe/h)a® X
B&.(B,T). InRef. [7] a plot is given of the function X (s).
Consequently,

6n,. 1
mad [£.(B, T)PX(s)’

I(E.) = 8)

We have calculated the normalized integrated DOS
I'"(x) = I(x)[(2/3)g0A3]"!, where x = E./A is the di-
mensionless energy. We used the value ¢ = 16 nm,
which is quite reasonable for given impurity concentra-
tion [16]; this is the only adjustable parameter. The quan-
tities &.(T) and &.(B,T) were both determined from the
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experimental data, assuming that R, is constant and in-
dependent of magnetic field. The width of the CG, A =
1.8 K, was obtained from (2) using Tgs=11.2 K and
Ty =420 K [14].

The results are shown in Fig. 2. The dotted curve
corresponds to the cubic dependence I*(x) = x3 for the
pure parabolic gap, the dot-dashed line shows the linear
dependence I*(x) = x for the constant DOS without gap.
One can see that at fixed E., for lower magnetic fields
(i.e., for higher T), I(E.) is larger. These results clearly
demonstrate the increase of the DOS with increasing 7 in
the vicinity of the FL.

This means that the deviation of the resistance above
the straight line with increasing 7 in zero magnetic field
(Fig. 1) is caused by temperature-induced smearing of the
Coulomb gap rather than by a crossover from the ES to
the Mott law. It can hardly be explained in the framework
of the “pure” theory because the temperature changes
the DOS in the interval of «T, where @ = const, while
the width of the optimal band is equal E. = (TgsT)'/2.
Therefore E./T = &, = /Tgs/T > 1, and so it would
seem that the temperature cannot influence the VRH
conductivity. However, « is relatively large (« = 3 [9]),
of order of £., which makes it possible to observe the
effect of temperature-induced smearing.

We note that the information on the DOS was obtained
indirectly via the integrated DOS. Therefore, the smearing
of the CG is given only qualitatively. However, this seems
to be the first experimental verification of the effect.

One can also argue that the integrated DOS is essen-
tially the concentration of localized states. If so, how
can it depend on temperature? Indeed, the DOS integrated
over the entire energy range is just the concentration of
the localized states in the impurity system. However, not
all energy states, but only those inside the optimal band of
width 2E,, contribute to the VRH conductivity that was
investigated. Therefore, the question is how the states
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FIG. 2. The normalized integrated DOS I*(x) determined
from experimental data in magnetic fields 0, 5, 9, and 11 T.
The low-energy approximation for the pure Coulomb gap
I*(x) = x® is shown as the dotted curve. The dot-dashed
straight line shows the linear dependence I*(x) = x in the
absence of the Coulomb gap.
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are redistributed between different energy ranges with
increasing T. Of course, the above method of “hopping
spectroscopy” of the integrated DOS cannot answer this
question. In order to study this problem, we have carried
out a Monte Carlo computer simulation of the DOS in the
CG at different T'.

The algorithm of the simulation was the same as that
described in detail in [17]. A random impurity band
was studied similar to that in [12], i.e., not the lattice
model [8-10]. Most of the previous simulations of the
temperature dependence of the DOS in the CG were
restricted to the intermediate degree of compensation
K = 0.5, because the CG is most pronounced in that
case (K being the ratio of the minority to majority
impurity concentration). We have measured samples with
low K, so the aim of the computer simulation was to
study the impurity band in the case of low K as well.
We first checked that at K = 0.5 the results of our
simulation agree with those obtained previously. Our
results for the DOS at K = 0.5 are shown on Fig. 3(a) for
different temperatures (the values of kT as well as other
energies are given in the units of ¢2N'/3/k, N being the
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FIG. 3. The computer simulation of the temperature-induced

smearing of the Coulomb gap for lightly doped semicon-
ductors with compensation of K = 0.5 (a) and K = 0.1 (b).
The temperatures and energies are shown in the units of
e?N'3/k. Curves 1-5 correspond to the temperatures T =
0, 0.1, 0.2, 0.3, and 0.5.
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concentration of majority impurities). The energies are
plotted with respect to the Fermi energy Er. The value
Er = 0.490 was obtained at K = 0.5, in agreement with
the previous calculations [4]. A pronounced CG is seen at
T = 0, which smoothly disappears with a slight increase
of T. The hard gap in the DOS at T = 0 is due to the
relatively low size of the simulated array (100 donors).
Being interested only in the evolution of the DOS with
increasing 7, we did not average the results for the
DOS at T = 0 over different arrays to obtain a smooth
curve. At nonzero T, such averaging is provided by
the temperature-induced hopping movements of electrons
between the sites.

We next carried out the simulation of the low-
compensated system having K = 0.1. The accuracy of
the simulation did not allow us to investigate smaller
values of K, which would correspond more closely to
the very low degree of compensation of our measured
samples. Nevertheless, the simulation results for K = 0.1
presented in Fig. 3(b) give a good impression of the DOS
behavior with increasing T for a low-compensated ma-
terial. The value Er = 0.968 was obtained at K = 0.1,
in good agreement with the previous calculation [4].
The main feature of the results shown in Fig. 3(b) is the
significant change of the DOS not only in the region
of the CG, but near the maximum of the distribution as
well at relatively small temperatures, i.e., for k7 much
less than the energy distance between the maximum of
the distribution at € = —1 and the position of the CG
at ¢ = 0. This allows one to assume that even at low
temperatures the redistribution of states between different
energy ranges is so effective that some additional states
come into the region of the optimal band with increasing
T. This permits the increase of I(E.) to be observed
experimentally. The above holds until the width of the
optimal band E. remains small compared to the entire
width of the impurity band Epsng (=1 in the units of
Fig. 3). Moreover, if E. becomes comparable with
Evang, the VRH regime converges into the regime of the
hopping conductivity to the nearest neighbor.

We conclude with the statement that the method of
“hopping spectroscopy” of the integrated DOS in the
optimal band for the VRH conductivity demonstrates

the temperature-induced smearing of the Coulomb gap
predicted previously in a number of theoretical investi-
gations [8—13,17].

We are very grateful to B.I. Shklovskii and M.J. Lea
for stimulating discussions. We also thank G. Citver
for his useful participation in the experiment. S.D.B.
is grateful to the Deutsche Forschungsgemeinschaft for
financial support through Contract No. SFB 383.

[1] N.F. Mott, J. Non-Cryst. Solids 1, 1 (1968).

[2] M. Pollak, Discuss. Faraday Soc. 50, 13 (1970); M. L.
Knotek and M. Pollak, J. Non-Cryst. Solids 8, 10 (1972).

[31 A.L. Efros and B.I. Shklovskii, J. Phys. C 8, L-49 (1975).

[4] B.I. Shklovskii and A.L. Efros, Electronic Properties of
Doped Semiconductors (Springer-Verlag, Berlin, 1984).

[5] A. Aharony, Y. Zhang, and M.P. Sarachik, Phys. Rev.
Lett. 68, 3900 (1992).

[6] I. Shlimak, M. Kaveh, M. Yosefin, M. Lea, and
P. Fozooni, Phys. Rev. Lett. 68, 3076 (1992).

[7] I.S. Shlimak, M.J. Lea, P. Fozooni, P. Stefanyi, and A.N.
Ionov, Phys. Rev. B 48, 11796 (1993).

[8] J.H. Davies, P. A. Lee, and T. M. Rice, Phys. Rev. B 29,
4260 (1984).

[9] E.L Levin, V.L. Nguen, B.1. Shklovskii, and A.L. Efros,
Sov. Phys. JETP 65, 842 (1987).

[10] F.G. Pikus and A.L. Efros, Phys. Rev. Lett. 73, 3014
(1994).

[11] E.R. Grannan and C.C. Yu, Phys. Rev. Lett. 71, 3335
(1993).

[12] S. Summerfield, J.A. Mclnnes,
J. Phys. C 20, 3647 (1987).

[13] A.A. Mogilyanskii and M. E. Raikh, Sov. Phys. JETP 68,
1081 (1989).

[14] R.W. van der Heijden, G. Chen, A.T.A.M. de Waele,
H. M. Gijsman, and F.P.B. Tielen, Solid State Commun.
78, 5 (1991).

[15] I.S. Shlimak, in Hopping and Related Phenomena, edited
by H. Fritzsche and M. Pollak (World Scientific, Singa-
pore, 1990), p. 49.

[16] LI.S. Shlimak and M.J. Lea, Int. J. Mod. Phys. B 8, 891
(1994).

[17] S.D. Baranovskii, P. Thomas, and H. Vaupel, Philos.
Mag. B 65, 685 (1992).

and P.N. Butcher,

4767



