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ON THE VARIABLE RANGE HOPPING
THERMOPOWER IN AMORPHOUS MATERIALS

Dang Dinh Toi, Nguyen Quang Bau
Department of Physics, College of Science - VNU

Abstract: By suggesting a simple density of localized states for amorphous ma-
terials and using the percolation method the analytical expression is obtained for
describing qualitatively the observed variable-range hopping thermopower crossover
from the Mott T'/?-behaviour to the temperature-independent behaviour as the tem-
perature increases. The erossover shows a profound manifestation of the Coulomb
correlation along that observed in VRH conductivity crossover.

1. Introduction

The Variable Range Hopping (VRH) conception was first introduced by Mott [1]

with his famous 7 1/¢

-law for the temperature dependence of de conductivity. Later, it
was shown by Efros and Shklovskii (ES) (2] that the Coulomb correlation between localized
electron states leads to an appearance of a depressed gap (Coulomb gap) in the density
of states (DOS) at the Fermi level. The most observable manifestation of the Coulomb
gap is that the temperature dependence of VRH conductivity should obey the ES law
Ina(T) o« T-1/2 instead of the Mott law Ing(T) o T~/ for three dimensional system.

Experimentally, both the Mott law and the ES-law have been observed in a great
number of measurements for various materials [3]. Moreover, for some materials the
low-temperature measurements show a smooth crossover in o(7T) from the Mott 71/
behaviour to the ES T !/2.behaviour or inversely as temperature decreases. Such a
crossover is considered as an evidence of the role of the Coulomb correlation in VRH
o(T) [4].

Thus the role of the Coulomb correlation effects in temperature dependence of VRH
conductivity is well understood both experimentally and theoretically, while however much
less is known abont the role of this correlation in other transport properties, in particular,
in the thermoelectric power (thermopower). The thermopower, as was originally noted by
Mott [5], is very sensitive to the material parameters and may be expected to provide a
good test for the principal ideas of the transport theory of disordered systems. However,
the theoretical description of the thermopower data for amorphous materials encounters
some difficulties. The reason, as pointed out by Overhof [6], is that an exact treatinent is
very tedious and can be carried out analytically only for the simplest form of DOS. Using
Mott constant DOS and applying percolation method, Zvyagin (7] has obtained for the
VRH thermopower the law S(T) o T*/2. The same results were received by others [5, 6].
Burn and Chaikin [8] have pointed out that in contrast to a Mott model, the thermopower
in the ES electron-electron interaction model should approach a non-zero constant as
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T — 0. There is a munber of experimental reports of the VRH thermopower crossover from
the Mott T2 hehavionr to the temperature-independent behaviour as the temperature
decreases [9, 111 However, in varions amorphous materials the observed data match the
inverse directions: the thermopower is ahnost constant at sufficient high temperature, but
in the low temperature range it rapidly increases with increasing temperature 13-16].

To onr knowledpe. there is no adequate theoretical work has been made for descerip-
tion of such features,

In this paper, using an effective form of DOS for amorphous materials, we obtain
the nseful expression for describing Mott-ES crossover of VRH thermopower. The de-
rived expression shows a profound manifestation of the Coulomb correlation along that
observed in VRH conductivity. Besides. it is simple and easy to be used in comparison
with experiments.

The outline of this work is as follows: In the second section, based on the percolation
method the VRH thermopower is derived by using the DOS suggested for systems under
study. The received result is discussed in the third section. It is shown that at low- and
high- temperature limits our expression tends to the Mott- and ES behaviour, respectively.
At an intermediate temperature range the present result describes the smooth crossover
between these behavionrs. The comparison with experiments is made at the end of third
section. Finally, the conclusions are given in the fourth section.

2. VRH thermopower expression
The thermopower S is defined as [7]:
S = IT/eT, (1)

where 7 is the Peltier heat, ¢ is the elementary charge. By linearizing the rate equation
and applying the percolation method, Zvyagin shows that in the VRH regim the Peltier
heat IT is equal to the hopping energy (9. The VRH thermopower could be then found
as:

_l_f EG(E)p(E)E .
~eT JGEWE)E "’ (2)

where G(E) is density of states, E is the one-particle energy, which is measured from the
Fermi level and:

2r |E|+|E'|+ |E - E'
i, Bl s By )

plE) ./dr ‘/(.’.E G(E )H(TIC = ¢ kT

Here 6 s the Heaviside step function, ne is the percolation threshold, € is the
localization length and kp is Boltzimann constant. The integration region is |[E| < A =
nckpT.

The expressions of Eqgs. (2) and (3) show that the thermopower is entirely deter-
mined by the form of the DOS G(F). From these expressions it is clear that, the symmetric
part of the DOS does not contribute to the VRH thermopower and both the sign and the
magnitude of thermopower are determined by an asymmetry (even if it is small) in the
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contributions from sites above and below the Fermi level in the band |F| < A. Assumn-
ing the DOS being a slowly varying function of energy we can neglect terms with higher
derivatives in the expansion of the DOS and write it in the asymmetric form:

G(E) = G,,(E)(I 4 71-:), (4)

where G,(E) is symmetric part of the DOS, which does not give any contribution to the
VRH thermopower [7]. The asymmetric correction that responds to the VRH thermopower
is assumed to be small, i.e. it is assumed in Eq. (4) that y€ << 1, where € is the
optimum hopping energy. The factor v, measuring an asymmetricalness of DOS, should
be considered as a material parameter, which might even be negative [9].
To calculate VRH thermopower, we start from an assumption that for amorphous
materials, the DOS near the Fermi level has the form [10}:
B*
G.(E) = Gg(l + =7 ). (5)
Ej
where Ej is adjustable parameter, which should be used in fitting theoretical results to
experimental data, It is clear that the DOS of Eq. (5) tends to the Mott constant DOS
in the limit of |E| << Ey and to the ES Coulomb gap DOS G(E) — (3/7)(k/e?)3|E|?
in the opposite limit [2|. This form of DOS was previously suggested for describing the

Mott-ES VRH conductivity crossover in amorphous materials [10]. The detail discussion
of the chosen DOS of Eq. (5) is given in ref. [10]. We would like here mention only that
the DOS (5) is widely accepted for amorphous materials [5].

The procedure of calculating the VRH thermopower consists of two steps: first we
determine the threshold 7., and then put it into Eq. (2) to evaluate S(7'). In order to
evaluate no(7T), we use the standard Mott optimizing procedure [11, which is started with
the hopping probability:

p=vpnexp(=2r/€ — EfkpT) = vy exp(—n), (6)

where vy, is an attempt frequency that cannot exceed the maximum phonon frequency.
The energy E can be related to the hoping distance » bysnormalizing to unity the number
of states in a given volume:

E
4 . .
§m"‘f(:'(E)dE = 1, (7)
. 0
On the basis of the DOS Eq. (5 ), using Eq. (7) we already have:
4 o ~1/3
» = | =G E(l —_-,—; ] :
' [3” il G ,‘5) (8)

Substituting r given by Eq. (8) into Eq. (6) and minimizing  we obtained following
equations for determining ne(T'):

2r .

o) = % + 72, (9)

. r? ) L\ 1/37
=y 2 T a3 Ih) 0 ,
T 4 1 4 — = Ing — oo
6”1 4+ 2)( 3 ) Q(l M TM) T (10)
ar 3 To\-Y3,  2%\-1/3 |
? = a(ﬁmm) (.r ‘ —5-) ; (11)
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where r = E/Ey, Ty = Fo/kn,Tar = B/ (kpGo€3),Bm = 18.1 and Q = (3/2)(4n/3)Y/3.
These equations are very simple to solve numerically for determining 1e as a func-
tion of the temperature T According to percolation theory. the VRH conductivity should

behave as o(T) ayexpl=nc(T).  In the limiting case of ¥ = F/Ey, >> 1. from
Egs. (9)-(11) we already have ne = (Tar /T) 3. which is exactly coincident with Mott
T-Y4daw. In the opposite limiting case of @ << 1. we have ne = (Tes/T)Y/'? Tes =

Bes(e?/kgr€), dps = 7.27 and the ES T2 ]law.

Now, using the suggested DOS G, (E) of Eq. (5) the expressions of Eqs. (2) and
(3) could be evaluated simply. To the terms linear in the small parameter y€ << 1 the
VRH thermopower obtained from Eqgs. (2)-(3) is the following:

reims e d

So 1/10 + (1/63)nz T + (1/1080)n,. T}

S o 1/84 4 (1/216mATE + (29/55440)nd. T

where T) = kgT/Ey and Sy = vEpkg/e.

Thus. to calculate S at a given temperature one has first to solve Eqgs. (9) - (11) in
getting 1. and then, to put the obtained value of 5 into Eq. (12) for further calculating
S
3. Discussion

In the limiting case of £ << Ej. the expressions (9)-(11) give 5o = ('l‘_su/"l")]"‘4 and
the expression (12) gives for VRH thermopower the T2 Jaw:

S(Mott) = %7'1‘;\,7"/2A-f3 fe. (13)

In the opposite limit £ >> Fy, when the DOS of Eq. (5) takes the form of the ES
Coulomb gap, and therefore the expressions (9)-(11) give ne = (Tes/T)?, we receive for

the VRH thermopower following expression:

87 Al 2
“.IESA'}';/(:‘. (14)

S(ES) = 151

The expressions (13). (14) are agree qualitatively with those obtained by Burn and
Chaikin [8], using the Mott constant DOS and the Coulomb gap DOS, respectively.

As an illustration, a solution of Eq. (12) is presented in Fig. 1 together with the
limit expressions (13) and (14). Clearly, as can be seen from this figure, there exists
smooth VRH thermopower crossover from the Mott 7/2-behaviour of Eq. (13) to the
temperature-independent behaviour of Eq. (14) as the temperature increases, Such a
crossover is considered as a consequence of the electron-electron interaction [3]. One might
expect that the thermopower and conductivity crossovers could be parallelly observed. The
latter crossover is also shown in the inset, where the In(7.) is plotted vs In(T'). The slopes
of the straight lines are equal ——% and —% showing the Mott and ES limits, respectively.
From Fig. 1 it is obviously that the cressover in the thermopower is even more clear than
that in conductivity.

Experimentally, the thermopower measurements at low temperatures have been re-
ported by many anthors for a-Ge and a-Si [13-16]. Measuring various transport characters
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of as-deposited a-Ge samples in a large temperature range, Lewis [14, 15] has observed
the Mott T~ "/4-law and the more rapidly rise of the thermopower at lowest temperature,
than that predicted by 7'/? law. For most amorphous semiconductors [13-16], in the high
temperature range, thermopower is almost constant, i.e. its temperature dependence is
weaker than that given by T2 law. We would like here emphasize that above mentioned
features of thermopower behaviour could be qualitatively described in large temperature
range by the curve in Fig. 1.

-

S/Su><l03
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Figure 1. The numerical solution of expressions (9)-(12) (solid lines) is presented in to-
gether with the limits of Eqs. (13) (dashed line) and (14) (dots); Sy = vEgkp/e. The
parameter used: Eg = 2.1073.

Inset: In(7.) is plotted vs In(T"). The slopes of the straight lines are equal: -1/4 (dashed
line) and -1/2 (dots).

We like to note that, there are still difficulties in quantitative comparison with
experimentals [11]. There are some reasons: (i) the magnitude of thermopower is often so
small that could even not dominate measurement egrors; (ii) VRH thermopower is very
sensitive to the conditions in preparing measurement samples (vacnum level, impurity
content, deposition rate, substrate temperature ...). So, at the present stage the theory of
the hopping thermopower can only be expected to provide a qualitative description of the
experimental data [9].

4. Conclusion

Using suggested form of DOS (5) for amorphous materials and the standard Mott
optimizing procedure we have obtained the exponent of the VRH conductivity as a func-
tion of the temperature. By applying percolation method we have received analytical
expression for describing the dependence of VRH thermopower on temperature for amor-
phous materials. This expression shows the crossover in the temperature dependence of
the thermbpowar from the Mott behaviour to the ES behaviour in parallel with the ob-
served conductivity crossover. The obtained expression, on the one hand, is simple and
easy to be used in comparison with experiments and, on the other hand, shows a profound
manifestation of the Coulomb correlation.
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TAP CHI KHOA HOC DHQGHN, Toan - Ly, T.XVII, S 2 - 2002

VE SUAT NHIET DIEN PONG G MIEN DAN NHAY BUGC BIEN POI
TRONG VAT LIEU VO DINH HINH

Pang Dinh Tai, Nguyén Quang Bau
Khoa Ly, Dat hoc Khoa hoc Tiwe nhién - DHQG Ha Noi

Bing viéc dé xudt mot mat do trang thai don gian cho vat liéu vo dinh hinh va sir

dung phuong phip |y thuyét tham, da tim dugce biéu thic giai tich mo ta dinh tinh su chuyén
cua sudt nhiét dién dong trong mién dan nhay bude bién déi (VRH thermopower) tir quy
luat Mott 7172 dén quy luat ES khong phu thudce nhiét do khi nhiét do tang. Su chuyén nay
cung véi su chuyén Mott-ES da duoc quan sat thuc nghiém déi véi do dan dién cho thay
rd bi¢u hién cua twong quan Coulomb trong mién dan nhay budc bién doi.



