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Meyer-Neldel rule in the conductivity of phase separated manganites

Jacek Przybytek*’**, Vladimir Markovich™"* , Grzegorz Jung

KoKk ok skok

Meyer-Neldel behaviour of the conductivity of phase separated Laj_,Ca;MnO3 manganite system in the low Ca-doping
range has been investigated. Evolution of the isokinetic temperature of the conductivity, modified by Ca-doping, hydrostatic
pressure and current bias has been determined. In addition, the evolution of the isokinetic temperature with ageing has
also been studied. It is found that the Meyer-Neldel behaviour of the manganite system stems from multi-excitation entropy
mechanism. The isokinetic temperatures estimated from pressure and doping effects coincide but differ from those determined
using current and ageing controlled conductivity changes. It is concluded that in the presence of a detailed theoretical model
of the excitations coupling in manganites, the investigations of the Meyer-Neldel effect may became a powerful tool for
characterization and investigation of transport mechanisms in phase separated manganites.
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1 Thermally activated conductivity
and Meyer-Neldel rule

Electrical conductivity of phase separated manganites
is governed by thermal activation in several relatively
wide temperature ranges. In this type of processes, the
system must overcome an energy barrier in order for the
process to go forward. The rate of thermally activated
processes increases exponentially with temperature T, as
described by the well-known empirical Arrhenius relation-
ship (1):

k= AeXp(_Ea/kBT): (1)

where FE, is the activation energy, kp is Boltzmann’s
constant, and A the pre-exponential factor. The theoret-
ical expression for the rate constant, known as the Eyring
equation, results from the transition state theory [1] and

reads:

kT
k:ﬂ;;Eg exp(

kT

) (2)

Here, h is Planck’s constant, x is the transmission co-
efficient, often assumed to be equal to one, dG™ =
dH** —TdS*™* is the Gibbs free energy of activation, re-
lated to the activation enthalpy dH** and activation en-
tropy dS**. The activation parameters of the Arrhenius
and Eyring equations are related as E, = dH** 4+ kpT,
and A = (kkpT/h)exp(dS**/kg). In practice, the differ-
ences between Arrhenius activation energy FE, and the
activation enthalpy dH** are quite small and these two
energies are frequently used interchangeably.

When the rate constant k& obeys the Arrhenius’ equa-
tion, a plot of the logarithm of the rate In(k) against the

inverse temperature (1/7) produces a straight line, re-
ferred to as the Arrhenius plot, see Fig. 1. The slope of
the Arrhenius plot can be used to find the activation en-
ergy, while the y-intercept of the extrapolated line gives
the pre-exponential factor A.
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Fig. 1. Arrhenius plot for two different activation energies with pre-
exponencial factor: left — decreasing, and right — increasing, with
increasing activation energy

The role of the pre-factor A in a thermally activated
process is frequently underestimated. It is often assumed
that increase of the activation energy F, always decreases
the rate of the thermally activated process. This however
is true, as illustrated in Fig. 1, only when increase of the
activation energy does not influence, or is accompanied by
a decrease of the associated exponential pre-factor A. In
the opposite case, when increase of the activation energy
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Fig. 2. Arrhenius plot for a process obeying NMR and activation
energy depending on an experimental parameter z

is accompanied by an increase of the exponential pre-
factor A, the rate of the process decreases with increasing
E,, only at low temperatures, while at high temperatures
an increase of the rate will be observed, see Fig. 1.

Meyer and Neldel determined empirically that in the
thermally activated electrical conductivity of some oxide
semiconductors the pre-exponential factor increases expo-
nentially in proportion to the thermal activation energy
[2]. As a consequence, a decrease of the rate, due to an
increase in the activation energy, can be partially compen-
sated by an opposite change of the pre-exponential factor.
Such compensation effect was in fact originally derived in
chemical kinetics and latter observed in many processes
in chemistry, condensed matter physics, biology, and ge-
ology [3]. The expression for the thermally activated rate
accounting for this phenomenon, known as the Compen-
sation Law, the Isokinetic Rule, or the Meyer-Neldel Rule
(MNR), reads

k’ = AOO exp(Ea/kBTMN) exp(—Ea/k:BT) (3)

where Agg and T\in are constants for a given process. It
follows, that in a system obeying the Meyer-Neldel rule,
an experimental parameter z capable of changing the
activation energy, does not influence the rate of a ther-
mally activated process at the temperature T' = Ty, see
Fig. 2.

A consistent theoretical explanation of the compensa-
tion effect in rich variety of physical systems, including
also the non-solid state systems, is provided by a general
multi-excitation entropy (MEE) thermodynamic model
[3]. Observe that MNR rate (3) has in fact a form of the
Eyring equation. Since the kinetic behaviour of a system
depends upon the free energy rather than on the energy
or the enthalpy alone, the MNR behaviour will appear
whenever the activation entropy becomes proportional to
the activation enthalpy. This happens when an activa-
tion energy is large and the thermally activated process

needs to acquire big number of individual excitations to
overcome a barrier. Large number of activations can be
assembled out of the total number of available excitations
in many ways, what increases the activation entropy S =,
The number of excitations needed to overcame the barrier
equals to the activation enthalpy H*" divided by the en-
ergy of an individual excitation. In the limit of large num-
ber of excitations, the activation entropy becomes pro-
portional to the enthalpy and leads to MNR behaviour.
In the framework of the MEE model the characteristic
Meyer-Neldel temperature is determined by the energy of
an individual excitation divided by the factor kgln(N),
where NN is a coupling constant measuring the number of
available excitations within an interaction volume. Thus,
whenever the activation energy is large with respect to
thermal excitations, the MNR behaviour should appear

13].

2 Electrical conductivity of
manganite‘s single crystals

Mixed valence manganese oxides R1_,A,;MnO3 (R is
rare-earth cation, A is alkali or alkaline earth cation) show
a variety of interesting crystallographic, electronic and
magnetic properties due to a pronounced phase separa-
tion (PS), consisting in dynamic coexistence of phases
with different orbital, magnetic, and electronic proper-
ties [4]. The unusual consequences of phase separation
in manganites include the colossal magnetoresistive ef-
fect (CMR) and appearance of peculiar long and short
life-time metastable states with different resistivity. The
metastable states appear either spontaneously, or became
induced by changing external parameters such as temper-
ature, magnetic field or electrical bias [5-9]. The nature
of physical mechanisms responsible for this metastability
are still not fully understood.

The primary factor influencing properties of doped
lanthanum manganites is the doping level z [4, 10]. In the
parent compound, LaMnOs, Mn is in a 3+ valence state.
Upon doping by a divalent element (Ca2*, Sr?*, Ba?*,
Pb?t) the Mn is driven into a mixed valence state
Mn?*+ /Mn**. For La;_,Ca,MnO3 (LCMO) manganite,
the critical doping level x. = 0.225 separates the ferro-
magnetic and metallic (FMM) ground state, seen above
Z., from the orbital ordered ferromagnetic and insulat-
ing (FMI) ground state below z.. When the hole-doping
level decreases below z = 0.125, the LCMO ground state
becomes insulating and antiferromagnetic. In the low
doping range 0.125 < z < 0.225, an additional insu-
lating ferromagnetic phase, incompatible with the dou-
ble exchange mechanism, coexists with the ferromagnetic
metallic phase and strongly influences transport prop-
erties of LCMO [11]. With increasing temperature, the
FMM phase undergoes a concomitant metal-to-insulator
(M-I) and FM (ferromagnetic)-to-PM (paramagnetic)
transitions.
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Fig. 3. An example of resistance of the manganite crystal following
the Meyer-Neldel rule

Meyer-Neldel behaviour in electrical conductivity was
reported for several strongly disordered systems. How-
ever, to our best knowledge, the MNR, behaviour of colos-
sal magnetoresistive materials has been reported only
once, in thin films of PrgggCag.3oMnO3 with different
degrees of octahedral disorder [12]. Here we present ev-
idence for MNR behaviour of the electrical conductivity
of LCMO manganite bulk single crystals.

3 Samples and measuring procedures

In the experiments we have employed LCMO single
crystals grown by means of the floating zone technique
in an optical furnace, from sintered ceramic rods of high
purity precursors. The chemical composition of the crys-
tals was determined by field emission scanning electron
microscopy and cross-checked by scanning electron mi-
croscopy and EDX analysis. Phase analysis of the crys-
tals was performed at room temperature by X-ray powder
diffraction. The details of the fabrication procedures as
well as the results of the structural, chemical, resonance,
and magnetic characterization of the employed crystals
were published elsewhere [5-8].

Samples for the transport measurements in the form
of 1 mm thick and 3 mm wide bars directed along the
[100] crystalline direction, were cut off from the blocks
of the well-defined orientation in the as-grown crystals.
Transport characteristics were measured in a standard
four-point contact arrangement, with 0.33 mm distance
between the voltage contacts. Current and voltage leads
were indium soldered to the vacuum evaporated gold
contacts. Voltages developing across current biased sam-
ple were amplified by very low noise room temperature
preamplifier located on the top of the cryostat and pro-
cessed by a computer. The resistivity characteristics were
measured using alternatively, ac lock-in or dc current
techniques. Measurements of the resistance under hydro-
static pressure were carried out in a CuBe pressure cell.
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Fig. 4. Temperature dependence of resistivity of Laj_,Ca;MnOs3
single crystals at different level of Ca-doping x

The temperature was measured by copper-constantan
thermocouple attached to the cell, while the pressure was
monitored by a manganin gauge.

4 Meyer-Neldel rule in conductivity of
manganite single crystals: Experimental results

We have investigated temperature dependence of the
resistance R(T) of the mixed valance Laj_,Ca,MnOg
manganite with different Ca-doping levels z. In addition,
for two fixed doping levels (z = 0.18 and z = 0.14) we
have also investigated the evolution of the R(T) charac-
teristics with changing bias current, hydrostatic pressure,
and ageing.

A set of R(T) characteristics recorded for differ-
ently doped crystals is shown in Fig. 4. Labels HRS
and LRS in the z = 0.14 recordings refer to the
high and low metastable resistivity states. As fabricated
Lag.g6Cag.14MnO3 crystals was found to be in the high
resistivity state. However, already during the very first
thermal cycles between liquid He and room temperatures,
accompanied by bias current sweeps, the pristine HRS
spontaneously evolved into the low resistivity metastable
state, as discussed in details elsewhere [9,13]. The LRS
was characterized by a long lifetime and persisted for
more than three months of continuous experimentation.
However, after two months break in the experiments, the
crystal spontaneously returned to the HRS state, which
then evolved further towards even higher resistivity dur-
ing long term ageing.

Similar spontaneous and current induced metastable
resistivity states were also observed in LCMO crystals
and thin films with other doping levels from 0.125 < z <
0.225 range [5-8]. However, since x = 0.14 LCMO crys-
tals exhibits most pronounced differences between HRS
and LRS states [13], we have focused our investigations
of the MNR effect in metastable states and ageing on
z = 0.14 doping level only.
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Table 1. Summarize of results

TMN from R(T),
data below Tc¢

TMN from R(T)7
data above Tc¢

Doping controlled conductivity
Pressure controlled conductivity for z = 0.18
Bias controlled conductivity for z = 0.18

Bias controlled conductivity for = = 0.14, HRS state
Bias controlled conductivity for z = 0.14, aged HRS state

2283 £ 51K 2283 £ 5.1 K
2280 £ 5.0 K 228.0 £ 5.0 K
116.3 £ 1.7 K 205.8 £ 20K
1782 £ 0.7 K 178.2 £ 0.7 K
182.5 £ 24 K 2387 £ 29K

For all temperature ranges where the resistivity is ther-
mally activated, ie increases with decreasing temperature
in an exponential way, we have locally fitted the resistance
version of the MNR equation (3),

R(T) = Ryexp(—E./kpT) =

4

Rooexp(Ea/kTyn)exp(—E,./kgT) @)
to the experimental R(T') characteristics and from the fit
determined the local activation energy

d[ln R(T))]

Ea(T) = d(1/kgT)

(5)

and the associated exponential pre-factor Ry. We have
then plotted the logarithm of the pre-exponential factor
Ry as the function of the activation energy FE,. This is
illustrated in an example shown in Fig. 3.

According to the equations (3) and (4), the hallmark
of the MNR behaviour is the linear dependence of the
logarithm of the pre-exponential factor on the activation
energy. The values of the isokinetic temperature Ty can
be determined from the slope of the linear plots. Thus
determined Tyn should be obviously consistent with the
temperature at which the process becomes independent of
the experimental parameter that changes the resistivity.

Our experiments showed that the resistivity of low-
doped LCMO manganites influenced by doping, ap-
plied pressure, bias current, and ageing time, follows
the Meyer-Neldel compensation rule in almost all stud-
ied cases. The only deviations from MNR were observed
in the temperature ranges at which the local activation
energy becomes comparable or smaller than the thermal
activation energy kpT', what clearly violates the prereq-
uisites of the multiple excitation entropy model [3]. The
results of our investigations are summarized in Tab. 1.

5 Discussion

The fact that the MNR behaviour breaks down when-
ever the local activation energy becomes smaller that
the thermal excitation k7', indicates that the Meyer-
Neldel rule in LCMO single crystals stems from the
multi-excitation entropy mechanism. Multiple excitation
entropy model describes the Meyer-Neldel temperature

Ty only as a function of a generic coupling constant
that measures the number of available excitations within
the interaction volume [3]. In-depth analysis of our exper-
imental results would require a comprehensive theoretical
model relating the coupling constant to all possible trans-
port mechanisms in the investigated manganite system.
Regrettably, such model is not available at present. How-
ever, even in the absence of the model, some valuable
conclusions can be drawn from the experimental results.

The Meyer-Neldel temperature revealed from the mea-
surements of differently doped LCMO crystals coincides
exactly with Tyiy obtained from pressure dependent re-
sistivity of LCMO crystal doped at = 0.18. This is con-
sistent with the fact that both doping and pressure influ-
ence the resistivity of mixed valance manganites through
a similar mechanism of enhancing concentration of itin-
erant electrons and the hopping rate, which favors charge
delocalization and increases ferromagnetic interactions
[14]. On the other hand, Ty determined from bias de-
pendent resistivity differs from that obtained in pressure
and doping experiments, what suggests that bias current
influences conductivity of the studied manganite through
a markedly different mechanism. This is confirmed by dif-
ferences between temperature dependencies of activation
energies F,(T'), derived using pressure and current bias
influenced resistance of x = 0.18 LCMO, as shown in
Fig. 5 and Fig. 6.

At a first glance the overall shape of both dependen-
cies is similar. At high temperatures, the activation en-
ergy is almost temperature independent, with exception
of the small local maximum associated with Jahn-Teller
transition. With decreasing temperature, there is a sharp
drop in the activation energy at T = T, associated with
strong increase of ferromagnetic correlations at the PM-
to-FM phase transition [4].

Negative values of the activation energy at tempera-
tures close to T¢ are only related to the procedure of
determining FE, and have no physical meaning. Never-
theless, there are marked differences between the depen-
dencies. First of all, dc current changes the activation
energy in a much weaker way than the applied pressure.
Moreover, current bias does not change significantly any
of the characteristic temperatures, which, on the other
hand, are quite sensitive to the applied pressure. With
increasing pressure, the Jahn-Teller maximum decreases
and moves towards lower temperatures, consistently with
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Fig. 5. Temperature dependence of the local activation energy of
Lag.g2Cap.18MnOs3 single crystal at increasing applied hydrostatic
pressure
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Fig. 7. Temperature dependence of the local activation energy
of Lag.g2Cap.18MnOs3 single crystal in various resistivity states at
different bias currents

the known sharp decrease of the temperature of Jahn-
Teller transition with increasing doping [10]. Increasing
pressure also increases the PM-FM transition tempera-
ture, similarly to T increase with increasing doping.

It can be therefore concluded that current enforced
changes of the resistivity are indeed due to a different
mechanism than pressure induced changes. Applied pres-
sure influences the resistivity by increasing the number
of itinerant electrons, what causes an increase of ferro-
magnetic correlations. Increasing volume of the FMM
phase results in a reduction of the energy gap, decrease
of the Jahn-Teller transition temperature, shifting of the
resistivity upturn point in the R(T) characteristics to
lower temperatures, and increase of the Curie tempera-
ture. Nonetheless, there is no consensus in the existing
literature on the physics behind the bias dependent resis-
tivity of mixed valence manganites. One of the plausible
scenario may consist in melting of the current driven high
density polarons, accumulating at phase boundaries be-
tween metallic and insulating domains, into low density
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Fig. 6. Temperature dependence of the local activation energy of
Lag.g2Cap.18MnO3 single crystal at increasing bias current

and high mobility free electrons [15]. Additional features,
such as differences in Meyer-Neldel temperatures below
and above T¢ may be attributed to different conduction
mechanism at low (ferromagnetic) and high (paramag-
netic) temperature ranges.

Physical mechanism behind metastable resistivity sta-
tes in mixed valance manganites remains to be obscure.
Therefore, any additional insight into the physics of
metastable states cannot be underestimated. Our exper-
iments reveal that a transition of the Lag ggCag.14MnQOj3
manganite from the low resistivity metastable state to the
high resistivity one is accompanied by an increase of the
Meyer-Neldel temperature. The ageing of the metastable
state causes further TN increase. The discussion of this
behaviour in terms of increasing coupling constant is not
be productive, in the light of missing proper microscopic
model describing transport governed by multi-excitation
entropy in mixed valence manganite systems. However,
we can draw a straightforward phenomenological conclu-
sion from the analysis of Tyn data and from ageing of
the bias current dependence of the local activation en-
ergy shown in Fig. 7. In the pristine high resistivity state
HRS, low resistivity metastable state LRS, and in the
aged HRS state at different bias currents. One notes that
bias current dependence of the activation energy in the
crystal Ca-doped at x = 0.14 is much stronger than in
the x = 0.18 crystal and that there is a systematic de-
crease of the activation energy with increasing age of the
sample.

It follows from the comparison of the Eyring equa-
tion (2) with the MNR equation (3) that Ty is sim-
ply a proportionality constant between the activation en-
thalpy H™" and activation entropy S . We have pointed
out earlier that differences between the activation en-
thalpy and activation energy E, are practically negligi-
ble. Therefore, one can write that F, = TunS™™ . Since
the activation energy decreases with ageing, the increase
of Meyer-Neldel temperature with ageing time indicates
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that the entropy of the system has to decrease with age-
ing of the sample. In other words, the higher resistance
metastable states are more ordered. Obviously, this con-
clusion does not violate the II thermodynamics law be-
cause the investigated system is not an insulated one. On
the other hand, the conclusion of the progressive ordering
of the metastable state concurs with results of our inde-
pendent noise investigations of the metastable resistivity
states [9].

6 Conclusions

In summary, we have shown that conductivity of mixed
valance Ca-doped manganite single crystals obeys the
Meyer-Neldel rule in a wide range of temperatures and
under changing electric bias, hydrostatic pressure, dop-
ing, and ageing. The behaviour of characteristic Meyer-
Neldel temperature Tyn revealed significant differences
between mechanisms of resistivity changes enforced by
doping or pressure and current bias or ageing. Conductiv-
ity changes with changing doping and applied pressure are
caused by the same mechanism of enhancing e, conduc-
tion electrons. Bias influences the conductivity through a
different mechanism, likely consisting in melting of small
polarons into free carriers at phase-separated interfaces.

Meyer-Neldel temperature Tyn of the high resistivity
metastable state is higher than in the low resistivity one.
Systematic increase of the Ty with ageing brought us to
the conclusion that resistivity increase in aged metastable
states consists in ordering of the electronic state of the
manganite system.

It can be concluded that Meyer-Neldel temperature
can constitute an excellent parameter enabling one to
monitor and characterize changes in the conductivity as-
sociated with metastable resistivity states, provided a mi-
croscopic model relating electrical transport in mixed va-
lence manganite systems with multi excitation entropy
conditions will be further developed in the future [16].
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