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Abstract

In this paper it is argued that the generality of the
Meyer-Neldel rule compels one to adopt a phenomenological
approach if a universally valid model is aimed at. It is
shown that there exists only one possible phenomenological
model. This model is based on an exponential probability
distribution of energy barriers. The model predicts a power-=
law frequency-dependence of the a.c. conductivity with the
exponent s given by s = 1-T/TO where T is the charac-
teristic temperature of the Meyer-Neldel rule. It is conjec-
tured that the exponential energy barrier distribution
derives from a "glass transistion” at TO . The generaliza-
tion of the model to account for the compensation effect is
briefly discussed examplified by the case of heterogeneous

catalysis.



1. Introduction

Semiconductors are characterized by the temperature-depen-
dence of their electrical conductivity. If &(0) denotes the

d.c. conductivity one usually writes

g0 = A g | (1)

where AE 1is the activation encrgy, Xk is the Boltzmann
constant, T is the temperature, and A is the so-called
preexponential factor. Almost 50 years ago, Meyer and Neldel
(1937) found for some oxide semiconductors that when the semi-
conductor is prepared or annealed under different conditions,
the activation energy varies and that A depends exponential-
ly on AE . Their discovery has become known as the Meyer-

- Neldel (MN-) rule. It states that the d.c. conductivity is

given by

a5y

GTZO) oo € AT e (2)

where @, and To are constants within a class of related
Semicondnctors.

' The MN-rule is an empirical relation which has been obser-
ved in very many different semiconductors. These include
single-crystal arnd polycrystalline semiconductors, arorphous.
semiconductors, organic semiconductors, and even ‘ionically con-
ducting crystals and glasses (Rosenberg, Bhowmik, Harder and
Postow 196¢, Roberts 1971, Carlson and Wronski 1979; Dosdale
‘ andABroek 1983) . The rule applies to chemically clecsely related

semiconductors or to a single semiconductor prepared in various




ways. For instance one may vary the degree of non-stoichiometry,
the dopant concentration, the oxygen partial pressure at anneal-
ing, etc. The MN-rule seems to be an almost unﬁyersal characteristic
of semiconductors which have in common only the property of being
inhomogeneous from some point of view (Irsigler, Wagner and
Dunstan 1983). But the relation is even more general than that.
In a number of rate processes it is found that the preexponen-
tial factor A of the reaction rate depends itself exponential-
ly on the activation energy: A o« expl( AE/kTO) ,'just as in

eqn. (2). This phenomenon is usually referred to as the compen-
sation effect, but it has also been called the Constakle law,
the isckinetic relationship or the @-rule (Exner 1964, Khait
1983) . A thoroughly studied example is the compensation effect
in heterogeneous catalysis which has been reviewed by Galwey
(1977). The compensation effect has also been observed by e.g.
thermionic emission of electrons from a metal (Vanselow 1985),
diffusion in solids (Shinar, Davidov and Shaltiel 1984), anneal-
ing time of irradiated silicon (Fang 1969), viscosity of

aqueous solutions (Gocd and Stone 1972), decomposition of solids
(Zsako,Varhelyi, Varhelyi and Liptay 1981), and a number of
biophysical, kiochemical and biological systems (Rosenbeig,
Kemeny, Switzer and Hamilton 1971, Tomlinson 1983).

In this paper the starting point is the observation that one
is forced to adopt a phenomenological approach if the many oc-
curences of the MN-rule are believed to have a single common
origin. The occurence of the compensation effect in other
contexts even more emphasizes the need for a phenomenological
approach. While the paper is almost exclusively about the MN-
rule in semiconductors, the model to ke proposed can be genera-

lized immediately to deal with the compensation effect in other




rate processes, as will be briefly commented upon in sec. 6.

" The paper is organized as follows. Section 2 argues for the
need for a'phenomenological model and derives the basic feature
of such a model, an exponential probability distribution of
"energy barriers. In section 3 the simple mathematics of the
 model is developed. It will be shown that the model predicts
a'correlatibn between the MN-rule and the a.c. properties of
‘thé semiconddctors. In section 4 the model predictions aré com-
pared to eipeiiments. In section 5 it is conjectured that the
exponential energy barrier distribution is a consequence of
a glass trénsistion. Section 6 deals with the generaliza-
tion of the mddel to deal with the compensation effect in other
rate processes, examplified by the case of heterogenecus cata-

lysis. A final discussion is given in section 7.

2. The need for a phenomenological approach

Several models have been proposed to explain the MN-rule.
.Busch (1950) suggested that the MN-rule in extrinsic broad
band semiconductors is due to a freezing of the donor concen-
trétion during cooling after the preparation. The MN-rule in
amorphous or polycrystalline semiconductors may derive from
an exponential tailing of the majority band states as suggested
Ly Roberts (1971), or it may be due to a long-ranged electro-
static random potential (Overhof 1984). As regards the MN-rule
in organic semicondﬁctors, Kemeny and Rosenberg (1970) proposed
.a,moael where electrons or polarons tunnel through intermolecu-

‘lar barfiérs from activated energy states of the organic molecu-




les. For ionic conductors it has been argued -that the MN-rule

is an approximate relation valid for ionic crystals with either
Frenkel, Schottky or interstitial disorder (Dosdale and Brook
1983). It has even beeﬁ”suggested that the Mﬁ:fule may be a
spurious effect due to a thin rectifying layer at the electrode-
soclid interface (Roberts 1971). |

It is of course perfectly possiblie that the MN-rule has many
different explanations, each valid for only‘a limited class of
éolids. But in view of the generality of the phenoménon it seems
ﬁore likely that there is a single, general explanation. However,
if a single model of the MN-rule is to be universally valid, it
can not relate directly to the microscopic details of the con-
duction process; it must be a phenomenological model. This is an |
important, though obvious, conclusion. It will be shown below
that once the phenomenological approach is accepted there is
only one possible model.

Proceeding now to derive the basic feature of a phenomeno-
logical model for the MN-rule, we remind that the rule has been
observed in both electronically, polaronically and ionically
conducting solids. The only way to describe these different
cases by a single model is to use a hopping model, i. e. to
regard the conduction process as mediated by hopping of locali-
zed charge carriers ("quasiparticles"). The single common
feature of the many occurences of the MN-rule is an element
of disorder from some point of view (Dewsberry 1975, Irsigler
et al. 1983). Disorder can easily be built into a hopping model
via a probability distribution p(T ) of waiting times T
at each quasiparticle site (Scher and Lax 1973). It is known
from a. c¢. conductivity measurements that there is always a

maximum waiting time qtmax , corresponding to the frequency




below which the conductivity becomes frequency-independent.
On the other hand, there is no minimum waiting time Tmin of

any relevance to this problem (i.e. X .in =10 s). Thus,

in the phenomenological model a solid is completely characteri-
zed by the two entities: p(T) and 'tmax . Now, a class of
MN-related solids must have something in common. It is physical-
ly obvious that the d.c. conductivity depends strongly on .tmax
so the common entity must be p(T) . -

Having reached the conclusion that different MN-related

solids have the same p( T) but different Thax * the next step
is to aék what can be learned about p(<T) from eqn. (2) -

the Meyer-Neldel rule. The d.c. conductivity is proportional to
the diffusion constant which by Einsteins equation is propor-

tional to the mean-square displacement per unit time of a

guasiparticle. The d.c. conductivity is thus propertional to

lim N/"tN where 'tN is the time taken for N Jjumps, that is
N— o0
-]
5(0) <« {T) (3)
where ( ) denotes an average over p(t) (all jump-jump corre-

lations are ignored). The quasiparticle jumps are thermally ac-

tivated so Y is determined by an energy barrier AE' :
AE
T = "2"_‘0 e /ﬂT (4)

where Y, is a microscopic time ( T, = 10712 ) . The

maximum waiting time 1%n corresponds to a maximum energy

ax
barrier AE+q , while the minimum energy barrier is approxi-

mately equal to zero because 1:min£; T, If the distribution

of energy barriers corresponding to p(ZT) 1is denoted by



p( AE') we now find by combining egns. (2), (3) and (4)

LYY AEs 26
e 4’°e kT ocj e E/hTP(AE')A(AE) (5)
o

which is valid for each sample, i.e. for varying AE,
Taking the derivative of this equation with respect to AE

one obtains

- A AE/ A&y . d
e k1o RT kT ~ AE~ (6)
e ol & F(Abr) | AE ,

The constant of proportionality depends weakly on T and AE
but this is unimportant compared to the exponentials and it will
be ignored. By considering the temperature-dependence of both
sides of eqn. (6), one finds that AE = AE?? . This is a manifes-
tation of the above mentioned fact that &(0) ang j:max are

strongly correlated. Equation (6) now becomes

- AE’
P(AE') of @ /kT° (7)

Thus, once the phenomenological approach is accepted one 1is
led to a unique model for the MN-rule based on an exponential
distribution of energy barriers. It is not surprising that
the mathematics involved is very similar to the derivation of
the MN-rule from the aésumption of exponential band tails
(Roberts 1971, Cohen, Economou and Soukoulis 1984), here we

have essentially just reversed their argumentation.



3. The model

/4 It is easy to see that variations in quasiparticle jump

'distanee are of little importance compared to the large

‘variations in waiting times. This fact may be

7r;pﬁi1t into the model by adopting the Scher-Lax approach (1973)

fd_;end regard'the disordered semiconductor as a regular lattice
ff@ith randomly varying jump frequeneies, and this approaeh is
ﬁ::édopted.here. It is convenient to speak of jump frequencies Y

"7riinsﬁéad of waiting times; these two quantities are related by

:X:zvjflso-the.jump frequency is given by
. - AE ~
3’ X' 61 /£7- - (8)

1012 sf1) and AE'

"

ff»Where Y, is the attempt frequency (
'fis the energy barrier.
rAstcntioned, the MN-rule is observed in disordered semi-

';iconductors This is the same class of solids that is known to

“show strong frequency dispersion of tne eonductivity, and
Ektherefore it is of interest to evaluate the entire‘frequency-
ﬁidependent ednductiVity of the model, (W) . This quantity can

H"i.be'ealcnlatedvby the CTRW approximation, the simplest possible

Anenfﬁrivial mean—field approximation. In the CTRW 5Tuﬁ‘is

‘given by (Scher and Lax 1973, Odagaki and Lax 1981)

~ C
6(w) = |- LW + (9)

where < ) denotes an average over the jump frequency probabili-

ty dlstrlbutlon p(x’) v and C .is a constant depending on ‘the

- qua51part1cle concentratlon, average jump dlstance, etc.



The jump frequency distribution is really a probability
density: p(Y) = dp/dy
(7) and (8)

. From this we find by means of egns.

Ay _dF o ey

-S .
= — == + &e To —'LO( 10
Y3
where
s = |- T/T, , (11)
The maximum jump frequency is 3, (corresponding to AE’® = 0)

min
while the minimum jump frequency is given by

- dAE/_
XMM = XD e ’(I (12)

where AE as in sec. 2 is the maximum energy barrier. The

normalized jump frequency distribution is given by

)

- _l-5s Y
P(X) =, Y] (13)

Here it has been assumed that Y . <<Y¥, which is valid in
min o
all cases of interest and will be assumed throughout the paper

Proceeding now to calculate the conductivity we find for

the d.c. conductivity

_ _C -1\ i \3
=400 5 ufdee) o

or

Abr, -4¢
T l_fs ){a C? ¢ 45-

(15)



As expected we recover the MN-rule. There is a factor of T2

in the dénominator differing from egn. (2), but this is almost
unobservable compared to the strong temperature-dependence

of the Boltzmann factor. The a.c. conductivity is independent
of ffequency for (W <K xmin and equal to &l0) . For frequen-
cies around. Ymin the conductivity begins to increase. In the
limit W >> Y, (but still w << ¥,) it is easy to calculate

(W) . In this regime one finds

//" eQ - ) -S
| o~ I'SJ (¥/y,) dy = e (1-s)1r /WJ (16)
x+cw ). o Y+ iw i, sim(sm) l ¥

and since the iw-term of eqn. (9) is negligible, &(w) is

simply given by

. .\ S \
@‘(w)% - ¥ —?—:fs(;g(x:’), X, CWLKY, ., U7

Thus a power-law frequency-dependencé of the conductivity re-
sults,with the exponent s = 1 - T/T_ . It must be emphasized,
however, that Blwlec s with s = 1 - T/To is a direct consequen-
ce of eén. (13); the CTRW approximation enters only in the cal-

culation of the constant of proportionality.

4. The phenomenological model and the experimental situation

As shown above, the phenomenological model implies a power-
law frequency-dependence of the a.c. conductivity. This is a
striking prediction which can be easily checked experimentally,
it seems. And indeed, all disordered semicondﬁctors exhibits

an ujs-behaviour of the a.c. conductivity where s is always




- 10 -

less than one and always goes to one as T goes to zero (Jon-
scher 1977, Long 1982). Still, these experimental findings can
not be taken as evidence for the model. The reason is the fol-
lowing. For most solids AE/TO is not very much larger than

one and therefore it is necessary to go to temperatures much
below TO in order to observe a power-law behaviour of 61u0
covering a wide frequency range. But at low temperatures, the
above model is hard to distinguish from another phenomenological
model which has nothing to do with the MN-rule. This model,
which formally corresponds to the To—éoo limit of the above

model, predicts that (Dyre 1985a)

G = G lwT
(w) (o) (1 + i) . (18)

This formula implies an a.c. conductivity which is very close

to a power-law w?® where s at low temperatures is given by

(Dyre 1985b)

S = — 7-
, /‘ZI:AE ' (19)

Here AE as usual denotes the activation energy of 6ol .
Obviously, accurate measurements of the a.c. conductivity are
necessary in order to distinguish the MN-phenomenological
nodel from the model behind egqn. (18€). To make things even worse,
it seems that no measurements at all of 6(W) has been carried
out on the same samples that has been reported to obey the
MN-rule.

The superionic conductor Na p-alumina is a promising candi-
date for the verification of the phenomenological model.

Although the MN-rule has not been observed in Na p—alumina, we




expect the MN-rule to apply at low temperatures with TO
around 250 K. This prediction is based op the a.c. conducti-
vity meésuremeﬂts of Almond and West (1981). Their data has
been carefully analysed by Macdonald and Cook (1984) and they
find values of s between 0,35 and 0,72 which turn out to
obey eqn. (11) with T055250 K . A search for the MN-rule in
ﬁhé low-tempefature_d.é. conductivitytof.Na. p—alumina samples

would be very'interesting.

5. The Meyer-Neldel rule as a consequence of a giass transistion

In this section the origin o6f the MN—rulé is discussed.
First one may askvwhefher 'TO is to be‘interpreted as a real
physical temperature or whether kT, is just a characteristic
éhergy. The iatter point of view is held by the workers postu-
l%tihg exponéﬁtiél bana tailé‘(Roberts'1971, Adler 1982, Cohen
e£-51; 1984) and By Kemeny ana'Rosenberg (1970) who link T
to the.Debye temperéture which really is an energy scale. Here,
wé éﬂall suggest that To- is a real physical temperature,
narely a glasswtransistion temperature.

Rémember that the MN-rule implies that the d.c. conductivity
at T = TO. is independent of AE . According to the phenomenc-
lbgical model, as T rises towards TO the deepest energy
minima become.less important for the determination cof 6'(0) and
right at T = T, they are not important at all. This is reflec-
ted by the fact that p()Y )a()(-s becomes p(yY) = const. at

T = TO. When the deepest energy minima loose their importance

it is obvious that @(0) becomes independent of A4E, the maximum




energy barrier. In the AE-0 1limit, energy maxima and energy
minima are indistinguishable so the population of energy maxima
becomés non-vaniéhing at T = TO . Thés means thét the pic?pre
of activated conductivity breaks down in the setting of an ex-
ponential energy barrier distribqtiony so that the model does
not apply for T > To .

What happens at TO is hinted at by the exponential energy
barrier distribution itself. Since on the average AE'= const.—EZ
where E' is the energy of the state which has the barrier AE'

to its surrounding states, we find immediately from egn. (7)

h(E')‘ £ @ E/hTB | (20)

where n(E') is the density of energy levels. It must be emphasized
that egn. (20) refer to the quasiparticle-lattice interaction
energy and does not include any quasiparticle "kinetic energy”.

A macroscopic system with the density of energy levels given by

eqn. (20) undergoes a phase transistion at T = To to a state
of zero entropy (a Gibbs-DiMarzio glass transistion (1958)). The
system is "frozen". A quasiparticle is only a microscopic system,
but still eqn. (20) implies that the quasiparticle energy fluc-
tuations decrease drastically below To . It is an obvious guess
that what happens at To is that the relevant lattice degrees
of freedom freeze, so that the quasiparticles for T<To are un-
able to exchange potential energy with the lattice. By freezing
is not meant the crystallization of the liquid state, of course,
but the freezing-in of the various kinds of lattice defects that
.determine the quasiparticle energy. When the lattice freezes, the
quasiparticle~lattice interaction energy E' becomes a function

of the quasiparticle coordinates only. This function is more or

less random in space and egn. (20) then just expresses the pro-




bability of finding energy E' at a given quasiparticle position.
In summary, it is conjectured that the MN-rule and egn. (20) are
consequences of a frustration of thermal equilibrium at To . The
frustration takes place on cooling at the sample preparation. If
this picture is correct, the element of disorder common to all
occurences of the MN-rule simply derives from a freezing of ther-
mal disorder at TO

A frustration of thermal equilibrium can be referred to as
a glass transistion. The concept is here used in a generalized
sense, often one only speaks of a glass transistion in connection
with the solidification of supercooled liquids. The idea that the
MN—rule is due to a glass trénsistion, is not new. Busch (1950)
suggested that the MN-rule for extrinsic éemicohductoré derives
from-a freezing of the donor concehtration during cooling after
the samplé preparation (Metselaar and Oversluizen 1984). This
idea has been generalized here to the conjecture that the MN-rule

universally is a consequence of a glass transistion.

6. Generalization of the model. A model for the compensation

effect in heterogeneous catalysis.

The topic of this section is the gencralization of the
phenomenological model to deal with the compensation effect
in other contexfs than elzctrical conductivity. By the compen-
sation effect is meant the phenomenon that the reaction rate K

t
for a class of related rate processes is given by

AE, - AE
K = Cohst, € 4T°€ /AT ' (21)

In this more general setting TO is cftcn rcferred to as the
isokinetic temperature. To be specific we shall discuss only
the compensation effect in heterogeneous catalysis (Cremer 1955,

Sinfelt 1969, Galwey 1977), but it is straightforward to




generalize the below considerations to deal with other cases.

In the present model hetexogenecus catalysis is regarded as
the result of many possible reacﬁion seguences, eégh sequence
consisting of many intermediate steps. The intermediate states
are situated at local energy minima in the abstract reaction
coordinate space and an intermediate reaction is a thermally
activated "jump" between two adjacent minima. This is analogous
to quasiparticle jumps in ordinary space and the overall reac-
tion rate K becomes the analogue of @(0). Because of the
complexity in the model, a statistical approach is needed for
the calculatioh of K . Analogodély to the MN-rule case it can
now be shown that an exponential energy barrier distribution
implies eqn. (21). As in sec.5, the exponential distribution 1is
conjectured to derive from a glass transistion at TO . The glass
transistion is here the freezing of the relevant catalyst sur-
face degrees of freedom -~ they determine the energy function in
reaction coordinate space.

If this model is correct there is no such thing as the
mechanism of a heterogeneous catalytic reaction. Many different
reaction sequences contributes to the overall reaction, and
the whole thing is so complex that a statistical approach is
necessary. Actually, the complexity of heterogeneocus catalysis
is commonly recognized to the extent that the mechanism of
catalysis is often referred to as "black magic". Once the
statistical approach is accepted, however, the argumentation
of sec. 2 applies from which it can be concluded that the model
is unique in the sense that only an exponential energy barrier
distribution is possible if the compensation effect is to be
reproduced (assuming AEﬁin = 0).

The model implies that interesting time-dependent phenomena




mﬁst be present in connéction with the compensation effect.
As a consequence of the exponential barrier distribution, it
ié predicted that power-law time- or frequency-dependence
sﬁould be observed in chemical reléxation experiments with an
ekpénént s given by eqn. (11). Further discussion of this

point will appear elsewhere.

7. Summary and discussion

The MN-rule is a quite universal'phenomenon and this fact
emphaéizeé the need for a phenomenological model. As shown in
sec. 2, once the phenomenological approach is accepted the;e
is only one possible model, namely that based on an exponen-
fial distfibution of energy barriers. The exponential barrier
distribution is well-known. It has been used e.g. for descri-
bihgva.c. conductivity of hollandite (Bernasconi, Beyeler,
Strdssler and Alexander 1979), dispersive transport in a-Si:H
(Hvam and Brodsky 1981), structural relaxation of amorphous
gérmanium (Olsen), dielectric polarisation phenomena in glasses
(Thurzo, Baranéok, Doupovec, Mariani and Jan&i 1975), and, in
the form of exponential band tails, to explain the MN-rule
(Roberts 1971, Cohen et al. 1984). A thorough study of the
exponentiai energy barrier distribution was given by Macdonald
(1963) . The phenomenological model thus contains few new ideas,
it is just an attempt to present a coherent picture of conduc-
tivity in MN-semiconductors. Though the model was constructed
to explain the d.c. properties, it implies a perhaps surprising

prediction of a correlation between the MN-rule and the a.c.



properties: & (w) L W yhere s = 1—T/TO (sec. 3).

The experimental situation is complex and there exists no
conclusive .evidence in favour of the model. The MN-rule isiob—,
served in disordered semiconductors, exactly the same class
of solids that is known to show a power-law frequency-dependen-
ce of the a.c. conductivity. This, and the fact that the exponent
s always obeys s<1 and s-1 for T=0 , is in agreemeht
with model predictions, but it can not be taken as evidence for
the model as discussed in sec. 4. Careful experiments are needed,
for instance measuring s(T) as T—0 . In one case, for the
important seﬁiconductor a-Si:H, observed values of s close to
one at T ¥ 300 K (Shimakawa, Watanabe, Yano and Kondo 1983)
do not agree with the model because the various reported vélues of
T, for this solid are all below 1000 K (Fritzsche 1980).

In sec. 5 it was suggested that the MN-rule is a conseguence
of a glass transistion. It was conjectured that the exponential
barrier distribution follows from a freezing-in of the
lattice degrees of freedom defing the quasiparticle energy, i.e.
of the various relevant lattice defects. In this picture both the
MN-rule and the conductivity dispersion are ultimately consequen-
ces of broken ergodicity (Palmer 1982).

At T = TO the phenomenological model breaks down and a kind of
phase transistion is expected. In particular, the conductivity
becomes frequency-independent at this temperature. Usually, it
is not possible to measure at this high temperature. Some ex-
periments at TO have been carried out, though, and there are
signs of something happening at TO as signalled by a discon-
tinuous change of activation energy (fig. 1 of Weichman and

KuZel (1970), fig. 1 of Irsigler et al. (1983)). Further experi-

ments near To would be very interesting.




The MN—rule is only one manifestation of the very general
cOmpéﬁsétion effect. The need for a universal explanation is
increasingly realizea, and this problem has been addressed by several
authors recently suggesting various modifications of rate theory |
(Conner 1982, Peacock-Lépez and Suhl 1982, Khait 1983, McCoy
1984) . In this paper rate theory has been assumed to apply. It
is.straightforward fo:generalize the phenomenological model to
deal Qith the compensation effect in general, as was discussed
in sec. 6 examplified by the case of heterogeneous catalysis.
Qﬁasiparticle jumps in ordinary space are replaced by reactions
in the abstract reaction coordinate space, but the exponential
enerqy barrier distribution remains unchanged. The basic
assumptions of the generalized model ére: 15 the existence of
an element of disorder, and 2) that the overall reaction is
the result of many reaction sequences acting in parallei, each
sequence involving many intermediate steps. If these assump-
-tions are.accepted, the overall reaction rate becomes the ana-
lbgue of the d.c. conductivity of the MN-rule, and the unique-
ness of thé generalized model can be proved just as in sec. 2.

As in sec. 5 it may be argued that a glass transistion at
TO ~1s the origin of the exponential energy barrier distribu-
tion of the'generalized model. It is interesting that the com-
pensation effect almost always invblves solids. These solids
must contain an elément of disorder deriving from a freezing
of thermal disorder at TO , if the ideas of sec. 5 are correct.
As regards the observation of the compensation effect in liquid
solutions (Leffler 1955), it is hard to see how the glass tran-
sistion ideas can apply, though.

The generalized model predicts a power-law time-dependence

of éhemical relaxation experiments and also that a kind of



phase transistion must occur at TO . Further discussion of the
phenomenological model in this more general setting is the sub-

ject of a fuiure publication.
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