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The experimental determination ol activation energies in the electrical
conductivity @ as a function of temperature is sometimes difficult, as the
Arrhenius plot (loge versus 7 ') may not be linear. This may be due to a
process involving several similar activat on energies, o conduction by polarons
[1-3), or to vanable range hopping of carners [L4) In this paper we discuss a
method of analysis of experimental results for loga versus 77! plots which
helps to determine the best transport model [5,6]. and which avoids an érror
which has appeared several imes in the recent literature [7-9].

A peneral expression for de electrical conductivity in semiconductors and in
insulators is

o(T) = A(T) exp[—BW(T)], (1)

where 7 is the temperature, 87" = k4T, kg is the Boltzmann constant, and
A(T) and W{T) are assumed to be slowly varying functions of the wmpera-
ture. For example, several models of conduction [3,6] lead o A{T) =al ™",
The usual analysis of the conduction curve by Arrhenius plot calculates the
slope, or W' (T )k, ' where '

Wi {T)=—3Ina/ 38 (2)

alnA(T) _aWw(T)
If there is reason to believe that 4 and W are temperature independent, then
the slope should be constant, vielding directly the activation energy, W, In the
general case, knowledge of W'(T ) does not permit the two unknowns A and 1
to be uniquely determined. Often, howeer, models of elecineal transport place
additional constrainis on the functions (T ) and (T ) and with these we can

* This work was supporied by the Canada NSERC and the Quebee Ministry of Educition,
** Present address: Department of Materals Sspmee, MIT, Cambndge MA U2134, USA.

0022-2093 /81 /DO00-000 /502,75 © 1581 North-Hoelland

e S s




L Cep— ——

R — ——

414 M. Meumier et al. / Actication energies

Jstermine both from a knowledge of o(T ) We illustrate this point with two
model examples.

(1) Variable range hopping. Assuming i general function for the density of
clectronic states about the Fermi energy

N(E)=NJ(E-Eg). (4)
where
0 <p<ceo,

Hamilton [10] has shown that the de electrical conductivity is related 1o this
density of states by

a(T) = 0(0) exp(— BT ~r+ Wzt 8, (5)
Mott's widely quoted T /4 law corresponds 10 the case p=0 and to a
constant density of states near the Fermi energy [14]. An Arrhenius analysis
[2g. (3)] yields the function .

¥ = ¥ P+I ] ol
wtrm_mﬂ(_..__pH)T Aped (6)

The constants 8 and p may be independently determined h;,- finding the
intercept and the slope, respectively. en a log W versus log T plot. The
fanction W'(T) also gives the hopping erzrgy through the relation [10]

AE=2"#1r el 17 " [j}

This energy varies continuously from B to W /2 as p increases from 0 to a
large value, Finally, as a check on the validity of this model, according to Mott

[1,4] the energy W' must satisfy
W4T )y<2p/Pt8% g T. (8)

(2) Conduction by small pelarons. Schnakenberg (11) has analysed the
son-adiabatic hopping energy W of small polarons at temperatures above
#, /4, where 818 the Dcbve temperature of the optical phonons of the solid,
and he deduced the following high temperature relation:

| tanh( 8 /4T ) Wg

o) |2 )

W(T)= W,
where Wy, and W), are two constants {disorder energy and high temperature
small polaron hopping energy. respectively). Moreover, the conductivity a(T)
is given by eq. (1), with the above expression for WiT) and a prefactor, A,
which is constant or depends only very weakly on temperature. Fitting the
constants of the model using an Arrhenus plot analysus, this involves the
energy ' .

WH{T)= Wy sech’ (8, /4T ) + Wp /2. (10)

We determine the parameters Wy, B, and 85 in a two siep process. First
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we assumie that B, as rero and caleulate 8, and W frone the slope of o B
versus T plot for those temperatures above 8, 4, Second we find better
values for Wy and W, from the slope and the intercept of the strasght line in a
W* versus sechi(#,,/4T) plot. The hoppimg energy H{T) may then be
determined using eq. (9). Recemtly. several authors [7-9] have made the
mistake of calculating 8, from eq. (9) instead of eq. (10) for B(T), in the
analyses of their Archenius plots. This leads to values of the Debye tempera-
ture #y, which are a factor of up te 2 100 large. s

As an example of the analvses deseribed above, we have applied the two
models just described to the conductivity -temperature data for hiotite mica
[12.13]. Applying the vanable range hopping model, we indeed find that log e
is lincarly dependent upon T at high temperature, and varies roughly as 704
at low temperature. However, W(T) thus obtamned does not satisfy the
relation [8], In addition, the resulting values of B and of 8 lead to unreasona-
ble values for the hopping lengih and of the density of states at the Fermi
encrgy [12] In contrast, use of the small polaron model to caleulate BT
yields physically plausible values, Wy, =05 eV, Wy =(0=0.05) ¢V and
8, =550K. In fig. | we show the fit of W'(T) versus sech’(#, /4T ), using
these values of the parameters. The excellent fit supports both the methodology
for the parameters, as well as the model of conduction in biotite mica.
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Fig. . Best It of the small polarcn hopping modsl to conductivity-temperature data for biotite

mica as shiwn by a plot of W(T) versus Hch:lﬂnf‘lrl. The values of the parameters are
Hy=0.5 eV, B =00 eV and 8, =550 K.
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