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Abstract

In two-probe impedance measurements the interfacial impedance between metal electrode and ionic conductor contributes
to the measured impedance. Therefore a calculation procedure which separates the bulk from the interfacial impedance must
be applied. The separation procedure can be avoided by measuring the bulk conductivity in the four-probe arrangement. The
impedance of polycrystalline samples and single crystals of the oxygen ion conductor BICUVOX.10 was measured in the

6a.c. two- and four-probe configuration. The frequency range was 0.1 to 1 3 10 Hz in the case of two-probe measurements
5and 0.1 to 1 3 10 Hz in the case of four-probe measurements. For single crystals, impedance spectra were taken in the

direction parallel to the oxygen-conducting layers. The results of bulk conductivity obtained by four- and two-probe
measurements were in agreement for polycrystalline samples and for single crystals. The origin of inductive loops visible for
single crystals in the impedance spectra taken by the four-probe method is explained in a qualitative fashion as an interfacial
effect at the voltage electrodes.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction b0-alumina isomorphs in the two-probe configuration
with conductivity measurements at constant fre-

The separation of bulk- and interfacial impedance quency. Although we used the old four-probe set-up
which is required for two-probe measurements may [2] the results illustrated the advantages of four-
fail in systems where the time constants of the probe measurements. Other comparative measure-
different processes are of the same order of mag- ments with the new four-probe set-up on NASICON,
nitude. In contrast to the a.c. two-probe impedance Na b0-alumina and Ag b0-alumina [3] also demon-
technique the four-probe technique provides the strated the limitations of the two-probe impedance
measurement of the bulk impedance without contri- spectroscopy as a method of separation of the grain
bution of the interfacial impedance. In a previous and grain-boundary contributions to the total resist-
paper [1] we compared impedance measurements on ance.

A carefully designed device is needed for reliable
results in the four-probe configuration. The input*Corresponding author. Tel.: 143-1-58801-15850; fax: 143-1-
impedance of the voltage amplifiers represents a load58801-15899.
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effects at the voltage probes may contribute to the special sample holder for high temperature measure-
measured impedance in the four-probe arrangement ments.
too [4,5]. The design of the four-probe set-up was The paper presents two- and four-probe impedance
improved remarkably [4] by using high-input impe- measurements on polycrystalline samples and single
dance amplifiers for the measurement of the voltage crystals of the oxygen ion conductor BICUVOX.10
drop between the voltage electrodes, driven shields with a nominal composition of Bi Cu V O .2 0.1 0.9 5.35

for the voltage electrodes, a sensitive current to For single-crystal ionic conductors, the bulk impe-
voltage amplifier for the current measurement and a dance shows only one dispersion equal to the ionic

conductivity of the sample. In the case of poly-
crystalline samples, the impedance exhibits only
dispersions due to the ionic conductivity of grains
and grain boundaries.

2. Experimental

We used a four-probe set-up which consisted of a
voltage amplifier designed by us, the very sensitive
current to voltage converter Keithley K-428, both
with analog outputs for the amplified signal and theFig. 1. Sample holder for four-probe measurements at high

temperatures. SI-1260 impedance analyzer from Solartron. The

Fig. 2. Bode and complex plane plots of impedance for polycrystalline sample of BICUVOX.10 in four-probe configuration at 1468C. (a)
Bode plot; (b) impedance plot.
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configuration is different from that described in Ref. ration and the spectra were taken at the same
[4], although the principle is the same. The advan- temperature. Later, the four-probe configuration was
tages of the modified system are the more sensitive restored.
current amplifier, the possibility to measure at lower The samples were quenched from 7008C to room
frequencies and the use of the integration function of temperature before the impedance measurements
the SI-1260, which provides less scatter in the data. were performed. Measurements were taken on sam-
The program of the computer-controlled device ples of rectangular shape in air. The current elec-
allows the setting of several ramps of frequencies trodes were applied by platinum paste. Platinum tips
and temperatures [6]. A schematic diagram of the were used as voltage electrodes. In case of the single
sample holder is shown in Fig. 1. crystal the impedance was measured parallel to the

The measurements were done in the temperature oxygen conduction planes. The tips were pressed
range between room temperature and 5008C for the onto that side of the single crystal where the
polycrystalline sample and between room tempera- conducting planes reach the surface.
ture and 6508C for the single crystal. The frequency

6range was 0.1 to 1 3 10 Hz in the case of two-probe
5measurements and 0.1 to 1 3 10 Hz in the case of 3. Results and discussion

four-probe measurements. The a.c. signal was 50 mV
for two-probe and 100 mV for four-probe. Usually 3.1. Polycrystalline samples
the measurements were made in the four-probe
configuration. At some particular temperatures the Usually, at low temperature, the dispersion associ-
connections were changed to the two-probe configu- ated with the grain-interior and grain-boundary po-

Fig. 3. Bode and complex plane plots of impedance for polycrystalline sample of BICUVOX.10 in four-probe configuration at 1718C. (a)
Bode plot; (b) impedance plot.
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larization can be separated if the frequency range of results obtained for the two different configurations
the impedance measurement is wide enough. is very good.

In the four-probe measurement a separation of the
grain and grain-boundary polarization was only 3.2. Single-crystal samples
possible up to about 1508C. The reason is the gain-
bandwidth of the particular voltage amplifier re- The four-probe impedance spectra were taken in
quired in our four-probe configuration. The upper the direction parallel to the oxygen-conducting
frequency limit extends to about 10 to 100 kHz. The layers. Bode and impedance plots at 208C are shown
data above this limit are determined by the frequency in Fig. 7. At higher temperatures a small additional
response of the amplifier and not of the sample. semicircle appeared at low frequencies (see Fig. 8).
Bode and complex plane plots of impedance are The phase angle of this semicircle was sometimes
shown in Figs. 2 and 3 at 146 and 1718C, respective- positive which indicates an inductive behavior at low
ly. frequencies. Inductive loops at low frequencies are

In the case of two-probe measurements a sepa- possible when high resistive samples are measured in
ration was possible up to about 2508C. Bode and a poorly designed four-probe configuration or due to
complex plane plots of impedance are shown in Fig. high interfacial impedance at the voltage probes. The
4 (1468C) and Fig. 5 (1718C) for this configuration. measured impedance Z [4] given by equationx
The frequency response of the interface is visible at
low frequencies as expected. V Z Zx in bx

] ]]]]]Z 5 5 (1)xThe Arrhenius plots of grain-interior and total I Z 1 Z 1 2Zx in bx int
conductivity for the two- and four-probe configura-
tions are shown in Fig. 6. The agreement of the becomes inductive when the phase angle of the sum

Fig. 4. Bode and complex plane plots of impedance for polycrystalline sample of BICUVOX.10 in two-probe configuration at 1468C. (a)
Bode plot; (b) impedance plot, the arrow indicates the four-probe measurement, which is shown for comparison.
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Fig. 5. Bode and complex plane plots of impedance for polycrystalline sample of BICUVOX.10 in two-probe configuration at 1718C. (a)
Bode plot; (b) impedance plot, the arrow indicates the four-probe measurement, which is shown for comparison.

of the input impedance Z , bulk impedance Z and the occurrence of this reaction. Although the exactin bx

interfacial impedance Z is larger than the phase proportion of the electronic conductivity inint

angle of the product Z ?Z . BICUVOX.10 is not known up to now, the results ofin bx

In the present four-probe set-up the resistance of different experiments suggest that it should be in the
the sample and also the interfacial impedance of the range of few percent [7,8].
voltage electrodes are low compared to the input Reaction (2) will cause an internal polarization,
impedance of the voltage amplifier (which is very which reduces the measured voltage when the fre-

15high: C 50.12 pF, R .10 V) at high tempera- quency becomes lower. A lower voltage gives ain in

ture. An influence should be negligible. lower impedance and this corresponds to an induct-
In contrast to the above model the inductive loop ance. We have to consider that at these temperatures

might be explained qualitatively as an interfacial the platinum voltage electrodes are more or less
effect at the voltage electrodes where electrode reversible oxygen electrodes with the potential fixed
reactions could occur, i.e. the reaction by the ambient oxygen partial pressure of the air.

The influence of the property of the interface of1→ the voltage electrodes in d.c. four-probe measure-]O O 1 V 1 2e (2)←o 2 o2 ments on mixed conductors was proposed and ana-
¨written in Kroger Vink notation where O is an lyzed by Riess [9]. A future discussion of the effectso

oxygen ion in a normal position, O a gaseous from these theoretical results and their extension to2

oxygen molecule, V an ionized oxygen vacancy and oxygen ion conductors and a.c. measurements iso

e an electron. Since no net current can flow into the needed in order to explain this feature of our four-
voltage amplifier (because of its high input impe- probe impedance spectra.
dance) partial electronic conductivity is necessary for Only few points were measured in the two-probe
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Fig. 6. The Arrhenius plots of grain-interior and total conductivity for polycrystalline sample of BICUVOX.10 in two- and four-probe
configurations. Description in the insert.

configuration immediately after a four-probe mea- 4. Conclusions
surement without changing the temperature. Never-
theless the data may be compared with previously The separation of the interfacial impedance from
acquired two-probe data on the same sample. the bulk impedance of two-probe measurements on

The temperature dependence of the conductivity in BICUVOX.10 is relatively simple. Therefore this
the Arrhenius plot shows two linear regions with system was very useful for checking the accuracy
different activation energies (Fig. 9). Our earlier and reliability of the a.c. four-probe measurements
work [10,11] reported a time dependence of the with our new set-up. It turned out that the agreement
conductivity between those regions. This is not of the two- and four-probe data is very good. The
visible here because the impedance measurements observed inductive effects at high temperatures in
were taken without observing the changes of the four-probe measurements on BICUVOX.10 single
impedance with time. crystals cannot be explained by the influence of the

The agreement between the conductivity obtained input impedance of the voltage amplifier because of
from two- and four-probe measurements was very the high conductivity of the sample. It is probably
good for both the polycrystalline sample and the related to the interfacial reaction at the voltage
single crystal. Since in the case of BICUVOX.10 the probes which are quasi-reversible oxygen electrodes.
separation of the bulk- and the interfacial impedance,
measured in the two-probe configuration, is rela-
tively simple, the advantage of the four-probe mea- Acknowledgements
surement is not so evident. On the other hand we
could show that the results of our newly developed The support of Professor M.W. Breiter is gratefully
four-probe system are of good quality. acknowledged.
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Fig. 7. Bode and complex plane plots of impedance for single crystal of BICUVOX.10 in four-probe configuration at 208C. (a) Bode plot;
(b) impedance plot.

Fig. 8. Bode and complex plane plots of impedance for single crystal of BICUVOX.10 in four-probe configuration at 5748C. (a) Bode plot;
(b) impedance plot.
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Fig. 9. The Arrhenius plots of conductivity in the direction parallel to the oxygen-conducting layers of the single crystal of BICUVOX.10.
Four-probe configuration.
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