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Berthelot-type conductivity of porous S,CrReOg Examination of an old empirical relation
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We report on the linear and nonlinear conductivity of porous samples, and of a cold-pressed powder compact
of SLCrReQ;, a ferrimagnetic double-perovskite. The ohmic conductivity of the porous samples increases
exponentially with temperaturgt is Berthelot-typé 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 widthz(T) of the cold-pressed sample follows another famous relation derived
by Sheng for his “fluctuation induced tunnelin@®IT) 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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[. INTRODUCTION perature(RT) are presently of great interest. Several ordered

transition-metal double-perovskites haie>RT. The most
The empirical Berthelot rate equatiénln K=A+BT famous member of this fam||y, g-T:eMc)Q (SFMO) with

(K—reaction rateT—temperatureA and B constantswas  T.~420 K, has attracted attention due to the large low-field
used in chemistry for many decades since 1862 before beingiagnetoresistance(MR) exhibited by polycrystalline
replaced by the Arrhenius rdlglnK=C-D/T) for ther-  samples at RT® The resistivity of such samples is much
mally activated processes. Uncannily, exactly one centuryarger than that of the bulk; it is dominated by spin-polarized
later Tredgold predicted Ino=A+BT for quantum tunneling intergrain tunneling up to RT. A very unusual temperature
conductivity (o) through a potential barrier of oscillating dependence of the zero-field conductivity of polycrystalline
width. In 1985 Hurd elaborated on this model and revealedand granular SFMO has recently been reported by érsm
Berthelot-type o(T) for a number of examples: Indium- liquid He to RT at leasty(T)=o(0)(1+T/Tgy). The values of
doped CdS films, semi-insulating GaAs, /As;, a disor- the two constantsT, and o(0), are spread over about one,
dered AsTeSiGe alloy and /5. A more recent example is and more than four orders of magnitude, respectively. This
porous silicor,® famous for its luminescenégabsent in  remarkably simple behavior af(T) is very different from
dense silicon Here we show that the low field conductivity that observed in other high-MR systems such as
of porous $}CrReQ® (SCRQ exhibits this type ofr(T), but  manganite’$ where intergrain conduction could be modeled
over a temperature range much wider than those reported feyy a combination of elastic and inelastic tunneling via impu-
all the previous examples. On the other hand, the conductiwity states. Finding out if a lineas(T) is specific to inter-
ity of a cold-pressed powder compact of this material variegrain tunneling in SFMO only, or could be reproduced in
with temperature according to the relation derived by Shengother systems, of the same family at least, was essential.
for his “fluctuation induced tunneling(FIT) model. In this SL,CrReQ, is the metallic ferrimagnet with the
model, generalized from a single tunnel junction to a randonhjghest T, (635 K) among the transition-metal ordered
network of jUnCtionS, therma”y induced V0|tage ﬂuctuatiOnsdoub|e_perovskite§.P0|ycrysta”ine Samp'es of SCRO pre-
across vibrating barriers play an important role in determinpared by the standard solid-state reaction are péraense
ing the temperature and field dependencies of the conductiynaterial is obtained by hot-press sintefirighe highT and
ity. An important prediction of the FIT modgis that the  the opportunity to investigate transport and magnetotransport
degree ofl(E) nonlinearity(J—current densitydecreases as jn a porous ferrimagnet have attracted our interest in this
T increases. This is due to an effective lowering and narrowsystem. We found that the porous samples exhibit only mod-
ing of the barrier by voltage fluctuations. This model hasest MR [Ap(H)/p(0)=-0.12 for uoH=6T at low T and
been applied successfully to the linear and nonlinear conduGrops with increasingr]. However, the importance of the
tivity of many systems consisting of metallic islands sepapresent study stems from the remarkable temperature depen-
rated by insulating barriers, such as carbon compoSitesgence of the ohmic conductivitwery different from that of

heavily dopeddisorderedl GaAs-{Z conducting .polymeréc,"llsl polycrystalline SFMQand the field dependence of the nono-
carbon nanotub€,K,C, films,*? polycrystalline SnCqg, hmic conductivity.

thin films of doped 1s03,** and more.

The pioneering work of Hwangt al!® on spin-polarized
inter-grain tunneling in LgsSr,sMnO; has revealed the im-
portant role of grain boundaries in the electronic transport Porous SCRO samples with densities 40.5% of the ideal
and magnetotransport of ferromagnetic oxides. Half-metalliavere prepared according to the protocol of Refu8ing a
ferrimagnets with Curie temperatur€k:) above room tem- compaction pressure of 10 KhaiX-ray diffraction (XRD)

II. EXPERIMENT
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samples are importantA porous sampléS10 was short-
ened and thinned by cutting and polishifigwas reduced by

a factor of~3, and its newA and| were 0.28< 0.044 cni
and 0.16 cm, respectivelyA bar-shaped sample was cut out
from the cold-pressed pellet and was polished. Its final di-
mensions were A=0.20x0.14 cnf, L=0.4cm, and |

(112)4200)

(204),(312)

(004),(220)

Intensity (arbitrary units)

= =0.13 cm.
8 = = a In order to prevent Joule heating and verify its absence,
-~ = S §§ high currents were applied using single pulses in the milli-
g = Sa ) second range from a Keithley 237 high voltage source. The
A .JL A oy time dependence of the voltage drops between the ground
L A R L R AL L and each of the voltage probes, were recorded using simul-
10 20 30 40 50 60 . >
20 (degrees) taneously the two channels of a Tektronix 2221A digital stor-
age oscilloscope. The current was checked during a second
FIG. 1. Indexed XRD powder pattern of 8rReQ;. pulse by the voltage drop across a small resistance in series

with the samplg(it accurately agreed with the nominal cur-
measurements have been performed using a Siemens D50@Mt driven from the sourgeBeyond the finite rise timén
powder diffractometer with C« radiation. The XRD pow- the microsecond rangethe measured voltages showed no
der patterns of the porous SCRO samples showed no foreigime dependence during the current pulses. In all the range of
phasegsee Fig. 1 All the peaks could be indexed in terms our measurements the pulsed current-voltdgé) character-
of a tetragonal unit cell of space groug/mmmwith a  istics were reproducible.
=5.5291) and c=7.8212) A, in good agreement with the
results reported in Ref. 8. A porous sample was crushed and |j|. EXPERIMENTAL RESULTS AND DISCUSSION
cold-pressed into a pellg¢using a compaction pressure of ] . ]
10 Kbai. Its density was 74% of the ideal. The scanning Figure 3a) represents the semilog plots ofT) for vari-
electron microscopYSEM) micrographs in F|g 2 were ohb- OuUs SCRO Samples. The upper two lines are for the fresh S1
tained from a porous and a Co|d_press(élp) Samp|e_ The and S2 porous samples; S1 was later oxidized in an ambient
estimated averages of the grains’ diameters of the porous ar@imosphere at 400 °C for 15(t is labeled S1Q The ab-
CP samples are-1 and~0.4 um, respectively. solute thermopowe®, a property insensitive to grain bound-
The sintered samples were bar-shaped of lendths aries was measured on a porous sample. The pl&(DF,
=1.3cm and cross sectiond ranging between 0.14 shown in the inset, is almost identical to that of the dense
% 0.28 cn? and 0.16<0.29 cnt. The diameter of the cold- material prepared by hot-press sinterfnalthough their re-
pressed pellet was 0.5 cm and its height was 0.15 cm. Theistivities differ by several orders of magnitude. This indi-
resistivity of the samples was measured by the standard fougates that the physical properties of the bulk are not affected
probe method in a closed cycle refrigerator or on a colddy microstructure.
finger of a He cryostat. The distance between the voltage The main result of this work is that the three semilog plots
probes of the bar-shaped samplesranged between 0.50 of o(T) for the porous samples are almost perfect straight
and 0.59 cm. Four probes were attached also to the circuntines, from liquid He temperatures up to RT, they follow the
ference of the cold-pressed pell@ a van der-Pauw con- equation
figuration. In order to obtain high fields and high current _ TITg
densities for the nonlinear regime of our measurements, thin o=0(0)e (1)
and short samples are needéére the entire lengths of the with the Berthelot temperatureTg, ranging from 57 K(for
S1) to 77 K (for S2). The effect of oxidation of S1 is mainly
adh on lowering the pre-exponent. The valuesTgffor the vari-
h ous examples in Ref. 4 range between 12 and 160 K and for
‘ porous silicor?,® between 24 and 100 K. While the validity
of Eq. () in previous examples is shown over a factor of 4-5
in T (at mos}, in our results the range is spread over a factor
of 20-40. The Tredgold prediction yieffskgTg~ B8a?/2,
wherea is the localization lengtida V-2 with V—the bar-
rier's heighy and 3, the restoring force constaritmae?,
m—the ionic mass and—an infrared frequency of an opti-
cal phonon. Fora=10'"m, m=102°Kg and w=10"?s™1,
the value of Tz 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 modéf the thermally av-
eraged tunneling probability of a carrier traversing a static
FIG. 2. SEM micrographs of a porous sample and of a cold-barrier may also lead to such behavior. Ehgonentialr(T)
pressed powder compact of,6rReQ;. of porous SCRO is in strong contrast with theear o(T)
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FIG. 4. Nonlinear conductivity represented by isothermal plots
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10 T T T T T of J/E vs E for a porous sampléa) and the powder compach).
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(b) ) Inset: Comparison of dc and pulséE characteristics emphasizing

the effect of Joule heating in dc measurements.

FIG. 3. Temperature dependence of the conductivity of porous
samplegS1, S2, and S1fXa) and of a cold-pressed powder com- 1(T) andoy(T) are two Berthelot-type conductivities,(T)

pact(SCB of Sr,CrReQ; (b). Inset: The absolute thermopower of is the tangent to the experimental data at,RT a'@dl'.) is
porous SsCrReQ,. paraII_eI to the tangent to the_ ldata at Ié_ﬁ/,vsll_ghtly shn‘te_d
from it by the small value of,7(0). 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 interpretatio]) for
this sample is dominated mainly lay(T) at very lowT and
by o,(T) at highT.
Four-probel-V characteristics of samples prepared from
§1O and SCP were measured between 10 and 200 K using
pulsed currents. Thinner and shorter samples enabled the use
of high current densitiegl) and fields(E). The effect of cold
o= o T 2) work (see Sec. )lon o(T) was negligible for S10 but seri-
ous for the fragile SCP; in the latter cas€l) dropped by a
whereoy, T;, andT, are constantst,/ To~w/a, wherew is  factor of ~2.5 preserving approximately the previolgle-
the barrier's width an@—the localization lengtlias earliey; pendence[d In(o)/dT]™* for the new plot varies from 31 K
kgT, is the activation energy of the process that dominatest low T to 120 K at RT). The nonlinear conductivity results
transport for T>T, (not necessarily hopping above the are presented in Fig.(d) (for S10 and (b) (for SCP as
barrief). The fitted parameters seem reasonabléTo~10 isothermal plots of)/E vs E. J-E characteristics measured
and kgT;~0.35 eV. It should be mentioned that FIT-type with direct current(dc) and with pulsed currents are shown
o(T) (with much lower values off; and Tp) has been re- in the inset of Fig. 4a); this shows that nonohmic behavior
cently observed for Ag and Na-doped SFMO. due to Joule heating in dc measurements becomes significant
In the course of our search for a possible relation betweeat relatively low fields. Thus, the use of pulsed measure-
the Berthelot and FIT-type behaviors, we realized that therenents was unavoidable. The solid lines in Fi¢p)4epresent
may be an alternative interpretation of T) for the CP  J/E=o(T)exp(E/Ep). Their extrapolations t&E=0, are in
sample. The dashed line in Fig(h3, almost indistinguish- very good agreement witti(T) measured with very lowdc)
able from the solid line represent$T)=(o7"+05") Y where  currents[see Fig. §a), vertical axis at right The nonlinear

exhibited by sintered and granular SFMO samplek. is
possible that this is correlated with the weak MR of the first
system as compared to that of the second.

Figure 3b) represents the semilog plot ofT) for the CP
sample(labeled SCR The function[d In(¢)/dT]™* (equiva-
lent to Tg) increases from 35 K at low-to 112 K at RT, in
the ballpark of the values ofg obtained from the straight
lines in Fig. 3a), indicating that the transport mechanism has
not changed much. On the other hand, the solid line fitted t
this plot follows the FIT model formuPa
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6000 observed for the range of fields employed in the measure-

ments on the porous sample. Wheis a large fraction of 1,
1102 implying shallow barriers, the increase MfE is slower than
exponential over the whole range of fields. The solid lines in
Fig. 4b) represent Eq(3) with finite h fitted to the experi-
{00 mental data. At low temperatures, the agreement between the
calculated lines and the experimental data is very good for
5 the whole range of field$R>=0.99 for T=10-60 K); ac-
4 cording to the interpretation based on junctions connected in
series, in this range of temperatures transport is dominated
1200 0.4 by a single type of junctiongrepresented byr{l). As T
i . o 2 0 E increases this agreement becomes gradually po@&3
** ¢ jo3 <R?<0.99. Above 80 K, in the temperature range around
s00p o o o 0 : the crossovefsee Fig. 8b)], the fits are valid for not too low
. fields. The fitting parametels, andh are plotted as function
° ] of T in Fig. 5b) (left and right axes, respectivgjythe fitted
parameters obtained below 60 K are represented by full sym-
Lo bols, the others by empty ones. Although transport in the CP
sample is not as straightforward as in the porous sample, the
0 100 ' 200 ' e validity of Eq. (3) for the analysis of the low temperature
(b) T(K) data in Fig. 8b) seems credible. In this rand® increases
with T.
~ FIG. 5. The temperature dependence of the nonlinear conduc- |t js remarkable that the field dependence of the nonlinear
tivity parameterE, for the porous samplég) and the powder com- gy ctivity of samples with Berthelot-type ohmic conduc-
pgct(b). o(T) obtained from t_he extrapolations of the fitted lines in tivities, follows the rule discovered for samples with FIT-
Fig. 4(a) to E=0 compared with that measured with low dc (.:urrentst pe ohmic conductivity. This may indicate that the generic
(a) a_n_d the temperature dependence qf the second nonlln_ear co hape expressed by E@) is not too sensitive to the precise
ductivity parameteh (b). Bold symbols in(b) represent the fitted - . .
parameters of curves with correlation coefficieRfs=0.99. _natyre of the mechanisms involved in transport. It. ’.“.ay also
indicate that the FIT and Berthelot-type conductivities are
o ] ) o related in general, and the relation found in this work is not
conductivity parametek, is plotted as function o in Fig.  4ccidental. It is notable that the increaseBfwith T for
5(@) (left vertical axis. In our range of measuremeny  poth types of samples is qualitatively consistent with the

increases linearly wit. The behavior ofl/E vs E of SCP  regiction of the FIT model that th&E) nonlinearity de-
[Fig. 4b)] is different; over wide ranges of fields the in- creases ag increases.

crease ofl/E with E is quasilineafon the semilog scale the
plots are curveld The lines fitted to these plots will be dis-
cussed later. A theory addressing the nonlinear regime of
samples with Berthelot-type(T) is lacking. An analytic for-
mula for J(E) was derived by Shefgfor the FIT model,

however, this formula is not valid for too low or too high . .
currents; in the general case numerical calculations are inor2CrReQy follows the Berthelot equation, similarly to other

volved in the analyses of experimental results. A generic‘SyStemS such as porous S|I|con,.but over a much \.N|d.er tem-
shape of thé-V characteristic was obtained by Kaisral 22 perature range. Changing the microstructure by grinding and

on the basis of such calculations. It is well described by thé:Old pressing leads @(T) that follows the prediction of the
simple analytic expression FIT model or alternatively that caused by two Berthelot-type

resistivities connected in series. The pulsed, Higfield J

-E characteristics of both types of samples follow the same

=Gy exp(V/Vo) _ (3 rule and are, at least in qualitative agreement with the pre-
1 +h[expVIVy) — 1] 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.

A Low DC currents o(T)
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IV. SUMMARY

To summarize, we have shown that(T) of porous

For low fields, this expression reduces to Ohm’s law
(Gg—the ohmic conductange Equation (3) expressed in
terms ofE, Eg, J, and o, with h<1, describes exactly the
behavior of the nonlinear conductivity of the porous sample ACKNOWLEDGMENTS

[Fig. 4@)]: J/E increases exponentially witk on a scale

determined byE,. h is a parameter which damps the expo- Erudite comments by A. B. KaisdWictoria University,
nential increase when tunneling occurs close to the top of th&.Z.) and fruitful discussions with A. Man(Technior) are
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