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We report on the linear and nonlinear conductivity of porous samples, and of a cold-pressed powder compact
of Sr2CrReO6, a ferrimagnetic double-perovskite. The ohmic conductivityssd of the porous samples increases
exponentially with temperature(it is Berthelot-type) over an unprecedented wide range, from liquid He, up to
room temperature. This temperature dependence was predicted by Tredgold for quantum tunneling through a
potential barrier of oscillating width.ssTd of the cold-pressed sample follows another famous relation derived
by Sheng for his “fluctuation induced tunneling”(FIT) model. This model is applicable to systems consisting
of metallic islands separated by insulating barriers. The nonlinear conductivity dependence on electric field and
temperature for both types of samples follows the generic behavior of systems with FIT-type ohmic
conductivities.
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I. INTRODUCTION

The empirical Berthelot rate equation,1 ln K=A+BT
(K—reaction rate,T—temperature,A and B constants) was
used in chemistry for many decades since 1862 before being
replaced by the Arrhenius rule2 sln K=C−D /Td for ther-
mally activated processes. Uncannily, exactly one century
later Tredgold3 predicted lns=A+BT for quantum tunneling
conductivity ssd through a potential barrier of oscillating
width. In 1985 Hurd4 elaborated on this model and revealed
Berthelot-type ssTd for a number of examples: Indium-
doped CdS films, semi-insulating GaAs, As2Te3, a disor-
dered AsTeSiGe alloy and Ti7O13. A more recent example is
porous silicon,5,6 famous for its luminescence7 (absent in
dense silicon). Here we show that the low field conductivity
of porous Sr2CrReO6

8 (SCRO) exhibits this type ofssTd, but
over a temperature range much wider than those reported for
all the previous examples. On the other hand, the conductiv-
ity of a cold-pressed powder compact of this material varies
with temperature according to the relation derived by Sheng9

for his “fluctuation induced tunneling”(FIT) model. In this
model, generalized from a single tunnel junction to a random
network of junctions, thermally induced voltage fluctuations
across vibrating barriers play an important role in determin-
ing the temperature and field dependencies of the conductiv-
ity. An important prediction of the FIT model9 is that the
degree ofJsEd nonlinearity(J—current density) decreases as
T increases. This is due to an effective lowering and narrow-
ing of the barrier by voltage fluctuations. This model has
been applied successfully to the linear and nonlinear conduc-
tivity of many systems consisting of metallic islands sepa-
rated by insulating barriers, such as carbon composites,9

heavily doped(disordered) GaAs,9 conducting polymers,10,11

carbon nanotubes,11 KxC70 films,12 polycrystalline SmxC60,
13

thin films of doped In2O3,
14 and more.

The pioneering work of Hwanget al.15 on spin-polarized
inter-grain tunneling in La2/3Sr1/3MnO3 has revealed the im-
portant role of grain boundaries in the electronic transport
and magnetotransport of ferromagnetic oxides. Half-metallic
ferrimagnets with Curie temperaturessTCd above room tem-

perature(RT) are presently of great interest. Several ordered
transition-metal double-perovskites haveTC.RT. The most
famous member of this family, Sr2FeMoO6 (SFMO) with
TC<420 K, has attracted attention due to the large low-field
magnetoresistance(MR) exhibited by polycrystalline
samples at RT.16 The resistivity of such samples is much
larger than that of the bulk; it is dominated by spin-polarized
intergrain tunneling up to RT. A very unusual temperature
dependence of the zero-field conductivity of polycrystalline
and granular SFMO has recently been reported by us:17 from
liquid He to RT at least,ssTd=ss0ds1+T/Tgd. The values of
the two constants,Tg and ss0d, are spread over about one,
and more than four orders of magnitude, respectively. This
remarkably simple behavior ofssTd is very different from
that observed in other high-MR systems such as
manganites18 where intergrain conduction could be modeled
by a combination of elastic and inelastic tunneling via impu-
rity states. Finding out if a linearssTd is specific to inter-
grain tunneling in SFMO only, or could be reproduced in
other systems, of the same family at least, was essential.

Sr2CrReO6 is the metallic ferrimagnet with the
highest TC s635 Kd among the transition-metal ordered
double-perovskites.8 Polycrystalline samples of SCRO pre-
pared by the standard solid-state reaction are porous8 (dense
material is obtained by hot-press sintering). The highTC and
the opportunity to investigate transport and magnetotransport
in a porous ferrimagnet have attracted our interest in this
system. We found that the porous samples exhibit only mod-
est MR [DrsHd /rs0d<−0.12 for m0H=6T at low T and
drops with increasingT]. However, the importance of the
present study stems from the remarkable temperature depen-
dence of the ohmic conductivity(very different from that of
polycrystalline SFMO) and the field dependence of the nono-
hmic conductivity.

II. EXPERIMENT

Porous SCRO samples with densities 40.5% of the ideal
were prepared according to the protocol of Ref. 8(using a
compaction pressure of 10 Kbar). X-ray diffraction (XRD)
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measurements have been performed using a Siemens D5000
powder diffractometer with CuKa radiation. The XRD pow-
der patterns of the porous SCRO samples showed no foreign
phases(see Fig. 1). All the peaks could be indexed in terms
of a tetragonal unit cell of space groupI4/mmm with a
=5.529s1d and c=7.821s2d Å, in good agreement with the
results reported in Ref. 8. A porous sample was crushed and
cold-pressed into a pellet(using a compaction pressure of
10 Kbar). Its density was 74% of the ideal. The scanning
electron microscopy(SEM) micrographs in Fig. 2 were ob-
tained from a porous and a cold-pressed(CP) sample. The
estimated averages of the grains’ diameters of the porous and
CP samples are,1 and,0.4 mm, respectively.

The sintered samples were bar-shaped of lengthsL
=1.3 cm and cross sectionsA ranging between 0.14
30.28 cm2 and 0.1630.29 cm2. The diameter of the cold-
pressed pellet was 0.5 cm and its height was 0.15 cm. The
resistivity of the samples was measured by the standard four-
probe method in a closed cycle refrigerator or on a cold
finger of a He cryostat. The distance between the voltage
probes of the bar-shaped samples,l, ranged between 0.50
and 0.59 cm. Four probes were attached also to the circum-
ference of the cold-pressed pellet(in a van der-Pauw con-
figuration). In order to obtain high fields and high current
densities for the nonlinear regime of our measurements, thin
and short samples are needed(here the entire lengths of the

samples are important). A porous sample(S1O) was short-
ened and thinned by cutting and polishing(L was reduced by
a factor of,3, and its newA and l were 0.2830.044 cm2

and 0.16 cm, respectively). A bar-shaped sample was cut out
from the cold-pressed pellet and was polished. Its final di-
mensions were A=0.2030.14 cm2, L=0.4 cm, and l
=0.13 cm.

In order to prevent Joule heating and verify its absence,
high currents were applied using single pulses in the milli-
second range from a Keithley 237 high voltage source. The
time dependence of the voltage drops between the ground
and each of the voltage probes, were recorded using simul-
taneously the two channels of a Tektronix 2221A digital stor-
age oscilloscope. The current was checked during a second
pulse by the voltage drop across a small resistance in series
with the sample(it accurately agreed with the nominal cur-
rent driven from the source). Beyond the finite rise time(in
the microsecond range), the measured voltages showed no
time dependence during the current pulses. In all the range of
our measurements the pulsed current-voltagesI-Vd character-
istics were reproducible.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3(a) represents the semilog plots ofssTd for vari-
ous SCRO samples. The upper two lines are for the fresh S1
and S2 porous samples; S1 was later oxidized in an ambient
atmosphere at 400 °C for 15 h(it is labeled S1O). The ab-
solute thermopowerS, a property insensitive to grain bound-
aries was measured on a porous sample. The plot ofSsTd,
shown in the inset, is almost identical to that of the dense
material prepared by hot-press sintering,8 although their re-
sistivities differ by several orders of magnitude. This indi-
cates that the physical properties of the bulk are not affected
by microstructure.

The main result of this work is that the three semilog plots
of ssTd for the porous samples are almost perfect straight
lines, from liquid He temperatures up to RT; they follow the
equation

s = ss0deT/TB s1d

with the Berthelot temperature—TB, ranging from 57 K(for
S1) to 77 K (for S2). The effect of oxidation of S1 is mainly
on lowering the pre-exponent. The values ofTB for the vari-
ous examples in Ref. 4 range between 12 and 160 K and for
porous silicon,5,6 between 24 and 100 K. While the validity
of Eq. (1) in previous examples is shown over a factor of 4–5
in T (at most), in our results the range is spread over a factor
of 20–40. The Tredgold prediction yields3,4 kBTB<ba2/2,
wherea is the localization length(a~V−1/2 with V—the bar-
rier’s height) and b, the restoring force constant(=mv2,
m—the ionic mass andv—an infrared frequency of an opti-
cal phonon). For a=10−10 m, m=10−25 Kg and v=1012 s−1,
the value of TB is 73 K. It should be pointed out that
Tredgold’s model is not the only one leading to Berthelot-
type behavior. In more recent models,19,20 the thermally av-
eraged tunneling probability of a carrier traversing a static
barrier may also lead to such behavior. TheexponentialssTd
of porous SCRO is in strong contrast with thelinear ssTd

FIG. 1. Indexed XRD powder pattern of Sr2CrReO6.

FIG. 2. SEM micrographs of a porous sample and of a cold-
pressed powder compact of Sr2CrReO6.
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exhibited by sintered and granular SFMO samples.17 It is
possible that this is correlated with the weak MR of the first
system as compared to that of the second.

Figure 3(b) represents the semilog plot ofssTd for the CP
sample(labeled SCP). The functionfd lnssd /dTg−1 (equiva-
lent to TB) increases from 35 K at low-T to 112 K at RT, in
the ballpark of the values ofTB obtained from the straight
lines in Fig. 3(a), indicating that the transport mechanism has
not changed much. On the other hand, the solid line fitted to
this plot follows the FIT model formula9

s = s0e
−T1/sT+T0d, s2d

wheres0, T1, andT0 are constants;T1/T0,w/a, wherew is
the barrier’s width anda—the localization length(as earlier);
kBT1 is the activation energy of the process that dominates
transport for T@T0 (not necessarily hopping above the
barrier9). The fitted parameters seem reasonable,T1/T0<10
and kBT1<0.35 eV. It should be mentioned that FIT-type
ssTd (with much lower values ofT1 and T0) has been re-
cently observed for Ag and Na-doped SFMO.21

In the course of our search for a possible relation between
the Berthelot and FIT-type behaviors, we realized that there
may be an alternative interpretation ofssTd for the CP
sample. The dashed line in Fig. 3(b), almost indistinguish-
able from the solid line representsssTd=ss1

−1+s2
−1d−1 where

s1sTd ands2sTd are two Berthelot-type conductivities:s2sTd
is the tangent to the experimental data at RT ands1sTd is
parallel to the tangent to the data at lowT, slightly shifted
from it by the small value ofs2

−1s0d. This implies that while
the porous samples behave as if their tunnel junctions are of
a single type, the CP sample seems to contain a distribution
of Berthelot-type junctions; two resistivities with different
exponents and preexponents are sufficient to reproduce the
experimental data. According to this interpretation,ssTd for
this sample is dominated mainly bys1sTd at very lowT and
by s2sTd at highT.

Four-probeI-V characteristics of samples prepared from
S1O and SCP were measured between 10 and 200 K using
pulsed currents. Thinner and shorter samples enabled the use
of high current densitiessJd and fieldssEd. The effect of cold
work (see Sec. II) on ssTd was negligible for S1O but seri-
ous for the fragile SCP; in the latter casessTd dropped by a
factor of ,2.5 preserving approximately the previousT de-
pendence(fd lnssd /dTg−1 for the new plot varies from 31 K
at low T to 120 K at RT). The nonlinear conductivity results
are presented in Fig. 4(a) (for S1O) and (b) (for SCP) as
isothermal plots ofJ/E vs E. J-E characteristics measured
with direct current(dc) and with pulsed currents are shown
in the inset of Fig. 4(a); this shows that nonohmic behavior
due to Joule heating in dc measurements becomes significant
at relatively low fields. Thus, the use of pulsed measure-
ments was unavoidable. The solid lines in Fig. 4(a) represent
J/E=ssTdexpsE/E0d. Their extrapolations toE=0, are in
very good agreement withssTd measured with very low(dc)
currents[see Fig. 5(a), vertical axis at right]. The nonlinear

FIG. 3. Temperature dependence of the conductivity of porous
samples(S1, S2, and S1O) (a) and of a cold-pressed powder com-
pact (SCP) of Sr2CrReO6 (b). Inset: The absolute thermopower of
porous Sr2CrReO6.

FIG. 4. Nonlinear conductivity represented by isothermal plots
of J/E vs E for a porous sample(a) and the powder compact(b).
Inset: Comparison of dc and pulsedJ-E characteristics emphasizing
the effect of Joule heating in dc measurements.
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conductivity parameter,E0 is plotted as function ofT in Fig.
5(a) (left vertical axis). In our range of measurementsE0
increases linearly withT. The behavior ofJ/E vs E of SCP
[Fig. 4(b)] is different; over wide ranges of fields the in-
crease ofJ/E with E is quasilinear(on the semilog scale the
plots are curved). The lines fitted to these plots will be dis-
cussed later. A theory addressing the nonlinear regime of
samples with Berthelot-typessTd is lacking. An analytic for-
mula for JsEd was derived by Sheng9 for the FIT model,
however, this formula is not valid for too low or too high
currents; in the general case numerical calculations are in-
volved in the analyses of experimental results. A generic
shape of theI-V characteristic was obtained by Kaiseret al.22

on the basis of such calculations. It is well described by the
simple analytic expression

I = G0V
expsV/V0d

1 + hfexpsV/V0d − 1g
. s3d

For low fields, this expression reduces to Ohm’s law
(G0—the ohmic conductance). Equation (3) expressed in
terms ofE, E0, J, and s, with h!1, describes exactly the
behavior of the nonlinear conductivity of the porous sample
[Fig. 4(a)]: J/E increases exponentially withE on a scale
determined byE0. h is a parameter which damps the expo-
nential increase when tunneling occurs close to the top of the
barriers.22 The field dependence of the denominator becomes
significant whenE/E0 approaches lnfs1−hd /hg. This is not

observed for the range of fields employed in the measure-
ments on the porous sample. Whenh is a large fraction of 1,
implying shallow barriers, the increase ofJ/E is slower than
exponential over the whole range of fields. The solid lines in
Fig. 4(b) represent Eq.(3) with finite h fitted to the experi-
mental data. At low temperatures, the agreement between the
calculated lines and the experimental data is very good for
the whole range of fields(R2ù0.99 for T=10–60 K); ac-
cording to the interpretation based on junctions connected in
series, in this range of temperatures transport is dominated
by a single type of junctions(represented bys1

−1). As T
increases this agreement becomes gradually poorers0.93
øR2ø0.98d. Above 80 K, in the temperature range around
the crossover[see Fig. 3(b)], the fits are valid for not too low
fields. The fitting parametersE0 andh are plotted as function
of T in Fig. 5(b) (left and right axes, respectively); the fitted
parameters obtained below 60 K are represented by full sym-
bols, the others by empty ones. Although transport in the CP
sample is not as straightforward as in the porous sample, the
validity of Eq. (3) for the analysis of the low temperature
data in Fig. 3(b) seems credible. In this rangeE0 increases
with T.

It is remarkable that the field dependence of the nonlinear
conductivity of samples with Berthelot-type ohmic conduc-
tivities, follows the rule discovered for samples with FIT-
type ohmic conductivity. This may indicate that the generic
shape expressed by Eq.(3) is not too sensitive to the precise
nature of the mechanisms involved in transport. It may also
indicate that the FIT and Berthelot-type conductivities are
related in general, and the relation found in this work is not
accidental. It is notable that the increase ofE0 with T for
both types of samples is qualitatively consistent with the
prediction of the FIT model that theJsEd nonlinearity de-
creases asT increases.

IV. SUMMARY

To summarize, we have shown thatssTd of porous
Sr2CrReO6 follows the Berthelot equation, similarly to other
systems such as porous silicon, but over a much wider tem-
perature range. Changing the microstructure by grinding and
cold pressing leads tossTd that follows the prediction of the
FIT model or alternatively that caused by two Berthelot-type
resistivities connected in series. The pulsed, highE-field J
-E characteristics of both types of samples follow the same
rule and are, at least in qualitative agreement with the pre-
diction of the FIT model. Hopefully, this report will kindle
renewed theoretical interest in these models that may ulti-
mately lead to closing the gap between them.
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FIG. 5. The temperature dependence of the nonlinear conduc-
tivity parameterE0 for the porous sample(a) and the powder com-
pact(b). ssTd obtained from the extrapolations of the fitted lines in
Fig. 4(a) to E=0 compared with that measured with low dc currents
(a) and the temperature dependence of the second nonlinear con-
ductivity parameterh (b). Bold symbols in(b) represent the fitted
parameters of curves with correlation coefficientsR2ù0.99.
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