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Abstract

| Noah Archer! | Chi-Shun Tu?

In this work we use Impedance Spectroscopy (IS) to study lead-free ceramics of

perovskite structure (Bi1/2Na1/2TiO3)0,925(BaTiO3)0_075 with Mn dOpll’lg of 0, 02,

1.0, and 2.0 at.%. We compare our IS results with permittivity results, using

dielectric to resistivity transformation equations which allow us to display results

either as permittivity or as resistivity. We observe ionic conductivity dominating

at lower temperatures, giving way to electronic conductivity at higher tempera-

tures. The permittivity shows deviations from Curie-Weiss behavior characteristic

of relaxor ferroelectrics. The 0.2% Mn samples show the highest ionic resistivity,

which will reduce heating for high voltage piezoelectric applications. They also

have the highest Curie-Weiss temperature and Burns temperature.

1 | INTRODUCTION

Ceramics based on grains of piezoelectric perovskite crys-
tals have good piezoelectric response in the vicinity of the
morphotropic phase boundary (MPB), but many of them
contain lead which is toxic. Bismuth sodium titanate
(BiypNa;»)TiO3; (BNT) based materials attract attention
because of their large piezoelectric responses, which are
comparable to those of lead-containing Pb(Zr,Ti)O; (PZT)
solid solutions.'* Most studies of BNT-based compounds
include BNT-BaTiO;,>> BNT-(Bi;,K;)TiO3,° BNT-
KNbO;,” BNT-BiFeO;,® BNT-SrTiOs;,° BNT-(Bi;;nK))
TiO5-SrTiO5,' BNT-BaTiO5—(K, sNag s)NbOs,'! Zr-doped
BNT-BaTiOs,'? and Mn-doped BNT-BaTiO;.">'* Among
the BNT-based materials, bismuth sodium titanate-barium
titanate (1—y)(Bij,Na;»)TiO3—yBaTiOz solid solutions
near the morphotropic phase boundary (MPB) (y = 0.06-
0.08) between rhombohedral and tetragonal structures are
of particular interest due to enhanced piezoelectric
responses,'>"” accompanied by polar nanoregions (PNRs)
and large electric (E)-field-induced piezoelectricity.!”!®
However, as mentioned in a recent review, the lower depo-
larization temperature Ty for compositions near the MPB

causes concern regarding thermal stability under long-time
operation.””

We made two previous studies of (BijpNajn)ooos
Bag g75(Ti;xMn,)O5; for x =0, 0.2, 1.0, and 2.0 mol%
(BNT7.5BT:x%Mn) ceramics, which are exactly the same
four compositions examined in the present work. We found
that manganese doping suppressed dielectric permittivity
and increased relaxor behavior.?! Coercive field (E¢)
increases while remanent polarization (P,) decreases as Mn
content increases. Most importantly, the depolarization tem-
perature (T4) was enhanced remarkably to ~152°C for the
0.2% Mn composition, compared to 93°C for no Mn. This
enhanced Ty was attributed to two-phase coexistence and
structural thermal stability induced by Mn ions. High-reso-
lIution synchrotron XRD and transmission electron micro-
scopy (TEM) revealed two-phase coexistence of
rhombohedral and tetragonal structures for x = 0 and 0.2%
Mn and an orthorhombic phase in 1 and 2% Mn-doped
BNT7.5BT at room temperature.'* Scanning electron micro-
scopy (SEM) showed grain sizes increasing from 2.1 pm
for 0% Mn to 5.2 um for 2.0% Mn.'* Insitu temperature-
dependent Raman spectra of 0% Mn BNT7.5BT revealed a
structural transition from two-phase
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tetragonal phase near 190°C with a phonon softening anom-
aly.'* Also, 0.2%-2% Mn-doped BNT7.5BT showed phonon
softening near 290°C upon heating."* We concluded that
Mn doping can enhance structural thermal stability in
BN7.5BT ceramics as temperature increases.

This paper continues in Section 2 with experimental pro-
cedure including sample characterization. The presentation
and discussion of experimental results in Section 3 begins
in Section 3.1 with using ac impedance spectroscopy results
to determine ac permittivity behavior. To make this determi-
nation we use the conversion relations between impedance
and permittivity derived and presented in the Appendix A
These permittivity results in Section 3.1, show intertwined
dielectric and conductivity behavior, including effects of
phase-shifted conductivity.** The dielectric behavior is typi-
cal of relaxor ferroelectrics,” obeying a power law relation
above the dielectric peak and then the Curie-Weiss law
above the Burns temperature. The ac conductivity behavior
is presented in Section 3.2, as Cole-Cole arcs of imaginary
vs real resistivity. The plot for each temperature is adjusted
by a “collapse” factor to factor out the exponential tempera-
ture dependence and allow easy comparison of plots for dif-
ferent temperatures. In Section 3.3, the dc resistivity is
presented in semilogarithmic plots vs inverse temperature,
which show both ionic and electronic contributions to the
conductivity. These results and their implications are sum-
marized in Section 4.

2 | EXPERIMENTAL PROCEDURE

The (Bi,Nai,TiO3)g.9o5Bag o75(Ti;_Mn,)O3 ceramic disks
of about 1 mm thickness and 8.3 mm diameter were fabri-
cated without and with B-site Mn doping, designated
BNT7.5BT and BNT7.5BT:x%Mn’, respectively. As indi-
cated in this formula, it is expected that all Mn ions go into
perovskite “B” sites, otherwise occupied by Ti ions,
because of ionic size and valence considerations. These
ceramics were prepared using the solid-state reaction. The
starting materials were high purity (>99%) powders of
Bi,03, Na,CO3, BaCO;3, TiO,, and MnQO,. Stoichiometric
amounts of powders were ball-milled for more than
24 hours in ethanol. The mixture was calcined at 900°C for
2 hour and a Retsch PM100 planetary ball mill was used to
reduce particle size. The calcined powders were then
pressed into disks that were sintered for 2 hours at 1170°C.

Three disks each were prepared with x =0, 0.2, 1.0,
and 2.0 at.% Mn doping. These are exactly the same x val-
ues as prepared in different ceramic batches in two of our
previous works.'*?! The compositions are also close to
those reported by Zhu et al,>> who used 8.0% instead of
7.5% Ba and atomic% Mn x values of 0, 0.45, 0.9, 1.5,
2.25, and 3.0. (They reported wt% MnO values of 0, 0.15,

0.3, 0.5, 0.75, and 1.0, and the conversion factor for wt%
to at.% is almost exactly 1 to 3.). Their average density
was 5.62 g/cm®. Our densities found by the Archimedes
method for samples with 0, 0.2, 1.0, and 2.0% Mn are
5.12, 4.98, 5.67, and 5.74 g/cm?, respectively. The average
density reported in Ref. [14] using the Archimedes method
for x =0, 0.2, 1.0, and 2.0% Mn was 5.79 g/cm3. The the-
oretical full density based on unit cell dimensions from
XRD and on the unit cell molecular weight is 5.78 g/cm”.

Shown and discussed in the Data S1 are field-emission
Scanning Emission Microscopy (SEM) micrographs and X-
Ray Powder Diffraction spectrometer (XRD) patterns for
disks with each Mn concentration.

Overall, our sample characterization by density, FEM,
and XRD measurements show that our samples are pure
and of the expected perovskite structure. Differences
between our measurements and those from Ref. [14] and
from Zhu®® can be attributed to these compositions being
near the morphotropic phase boundary, where small
intended or unintended composition and processing differ-
ences can have large effects. In particular, it seems from
our XRD results compared with those of Ref. [14], that our
samples are closer to the parent cubic perovskite structure
than those of Ref. [14], for which indications of rhombohe-
dral, tetragonal, and orthorhombic phases were reported.

Disks were prepared for impedance spectroscopy (IS) by
coating both faces with Ted Pella Inc. No. 16032 colloidal
silver paste. The disks were not polarized. Fine 30-gauge sil-
ver wires were attached by dabs of silver paste to each face,
and to the terminals inside a small 10-cm diameter home-
built water-cooled oven which can attain 1000°C. These ter-
minals were connected to a Solartron SI 1260 Impedance
Gain-Phase Analyzer. Temperature was maintained and
monitored with a Eurotherm 2404 controller. Runs were
made from 100°C to 500°C or 600°C in 50°C steps using a
3°C/minute ramp rate, and a hold time of 5 minutes before
measurements at each temperature. The frequencies used in
earlier runs were 1 Hz to 1 MHz in 61 logarithmically
spaced steps, and changed to start at 0.1 Hz and use 71 steps
in later runs. For the earlier runs we thought that 1 Hz would
be sufficient as a lowest frequency, but after analyzing these
data we decided that 0.1 Hz for the later runs would be
worth the considerable extra experimental time. Four runs
through the frequency range were made at each temperature
to verify that impedance did not change with time.

3 | RESULTS AND DISCUSSION
3.1 | Permittivity calculated from
transformed resistivity

Using the data for 1 Hz, 1 kHz, and 1 MHz for the most
recent runs, for which our maximum temperature was



600°C instead of 500°C, we use Equations A9 and A10 in
the Appendix A to plot ¢ and tan & vs 7. These plots
appear in Figure 1 for Mn concentrations of 0, 0.2%, 1.0%,
and 2.0%, respectively. The higher temperature points for
the 1 MHz runs were fit to the Curie-Weiss law as shown
by dashed lines. Four of the points for 1 Hz are off scale
because of high conductivity (for tan &) and the phase-
shifted component of this high conductivity (for €'). Specifi-
cally, the calculated point for & for 0% Mn for 1 Hz is not
shown because it is off scale (above 9000). Also, the calcu-
lated points for tan 6 for 1 Hz are not shown for 0%, 1.0%,
and 2.0% Mn because they are off scale (above 0.45). The
vertical scale is not extended higher because such extension
would not provide additional useful permittivity informa-
tion. It would only provide indirectly some conductivity
information, paralleling the conductivity information pro-
vided elsewhere in this paper. Specifically, the reason for
not extending the vertical scale higher is best understood by
looking at the Figure for 0.2% Mn which does show the
1 Hz points for both & and tan 8. Both of these red curves
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are increasing with temperature almost exponentially at their
highest temperatures, where their temperature dependences
are governed almost entirely by phase shifted conductivity
and by conductivity, respectively, as discussed elsewhere.
Extending the vertical scale upward on all four Figure sec-
tions would only provide more of such exponential upturns.

The results for the four Mn concentrations show general
agreement for both the relaxor ferroelectric permittivity
including dielectric loss, and for the conductivity including
phase-shifted conductivity. In discussing permittivity and
conductivity phenomena, we define permittivity as any
response that does not involve carriers moving from one unit
cell to another, and conductivity as the response of ions or
electrons that do drift from cell to cell under an electric field.
One might think that conductivity behavior should appear
only in tan &, but because of phase-shifted conductivity** it
appears also in €. Every point, whether for € or for tan 6,
that would appear above the top of the plot, disappears
because of the conductivity which increases exponentially
with temperature. The upturn in tan J at high temperature for
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FIGURE 1 Permittivity and tan & vs temperature for samples with 0%, 0.2%, 1.0%, and 2.0% Mn. The symbols at 50° temperature intervals

indicate values of ¢ and tan § calculated from our impedance data using Equations A9 and A10, respectively, in the Appendix A. The lines are

guides for the eye. Some calculated points are off-scale because of high conductivity, as discussed in the text. Fits to the Curie-Weiss law in

Equation 1 are shown [Color figure can be viewed at wileyonlinelibrary.com]



the 0.2% Mn sample at 1 kHz is also due to conductivity;
otherwise it would follow the 1 MHz curve. Our samples
show the typical relaxor ferroelectric behavior of a rounded
peak rather than the sharp €' peak characteristic of ordinary fer-
roelectrics. The peaks appear at temperatures Ty, of 206°C to
230°C, and vary somewhat in height. The dielectric (not con-
ductive) anomalies in tand associated with these € peaks show
up as small rounded peaks in tand on the low-temperature side.

We compare results in Table 1 for four Mn concentra-
tions in Figure 1 with those shown in Figure 1 of Ref. [21],
for samples with the same Mn concentrations prepared in
the same laboratory of co-author C.-S. Tu but from different
batches. These comparisons are made at 1 MHz, because at
lower frequencies some & peaks are shifted upward or even
off scale by the phase-shifted conductivity effect. The
results for both sample sets are qualitatively similar. Specifi-
cally, the peak permittivities for both sample sets lie
between 4090 and 7500, and the temperatures T;, at these
peaks lie between 206°C and 250°C. This strong overlap
gives confidence that the temperature, permittivity, and
resistivity calibrations in both laboratories are consistent.

To compare € permittivity for different samples, it is
useful to have expressions with parameters which can be fit
to the data. Below the temperature T, for peak permittivity
€m, the fit may be difficult because there may be phase tran-
sitions in this region, as seen in figure 9 of Ref. [21], so we
attempt to fit the data only above T,,. Above T, relaxor
ferroelectric behavior caused by dipole clustering can be fit
by a power relation up to the Burns temperature 7. Above
Ty, dipole clustering ceases and the sample obeys the
Curie-Weiss law as for an ordinary ferroelectric. The Ty
values range from 343°C to 443°C as shown in Table 1.

As usual, the fit to the Curie-Weiss law

é(T.f) = C/(T —To);1/e' = (T — To)/C )

is performed by plotting 1/¢’ vs T. The higher-temperature
points fit a straight line well. The temperature at which the
extrapolated line hits the 1/¢/ = 0 axis is the Curie-Weiss

temperature T,. The inverse of the slope of the line is the
Curie-Weiss constant C. Because € can exhibit an upturn
at high temperatures and low frequencies due to phase-
shifted conductivity,”> we evaluate T, and C at our highest
f value, 1 MHz. Table 1 presents values for 7, and C,
including values from Ref. [2].

Turning to the power-law region for which dipole clus-
tering is prevalent, we are still at temperatures above the
usual piezoelectric application range. For this region,
Table 1 presents the experimental parameters T;, and the
power-law-fit parameters y and A. The power relation,
which is applicable between Ty, and Tg, is written as

1/¢ = (1/8;1){1 +;[(T—Tm)/A}Y}. 2)

This relation was apparently first proposed by Martirena
and Burfoot.”* They stated that the value 2 for the power
corresponds to behavior for a “diffuse ferroelectric transi-
tion” which now is called relaxor ferroelectric behavior,
whereas the value 1 corresponds to Curie-Weiss behavior.
An expression similar to Equation 2 appears in Ref. [21],
except that only (7-T,,) is taken to the power vy, while 1/AY
is replaced by 1/A”. In that Ref. [21] expression, A which
they call the broadening constant has dimensions of tem-
perature only if y = 2.

The method?' for determining the power y starts by
rewriting Equation 2 in terms of natural logarithms using
the following steps, in which only &’ is a function of T:

e,/e =1+ (e, —€)/e =1 +%[(T— Tw)/A".  (3)

Subtracting 1 from each side and taking the In, we
obtain

In[(e, —€)/e'| =yIn(T — T,) —In2 — yInA.  (4)

Next, we plot In[(e, —€')/¢/)] vs.In(T — Ty,) over the
range T, < T < Tg, using equal horizontal and vertical
scales, as shown in Figure 2. We fit the data points for
each temperature to a straight line whose slope is y. The

TABLE 1 Curie-Weiss and power law fit parameters and peak permittivities for various Mn concentrations

Sample, % Mn Ty °C Ty, °C C, 10°°C
0 417 307 3.28

417

343 276 £ 1 1.99 + 0.04
0.2 420

443 316 £ 3 1.22 + 0.02
1.0 424

348 280 + 6 1.32 + 0.05
2.0 429

413 280 + 4 2.06 £ 0.04

T, °C Y A, °C References
1.81 83 Ref. [2]
272 1.81 83 Ref. [21]
206 7500 1.81 + 0.01 74 + 2 This work
243 1.93 80 Ref. [21]
208 5500 1.97 + 0.03 75 £2 This work
233 1.94 87 Ref. [21]
230 4090 2.12 £ 0.05 85 +2 This work
215 1.96 89 Ref. [21]
220 5900 1.96 £ 0.07 80 + 3 This work
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FIGURE 2 Logarithmic plot used in finding the power law
exponent y and the width parameter A for the permittivity in the
temperature region between the maximum permittivity temperature 77,
and the Burns temperature Ty [Color figure can be viewed at
wileyonlinelibrary.com]

broadening constant A is found by rearranging Equation 4
as A= (Ty = Tw)/[2(em — 8)/ea]"", ®)

where eg is the permittivity found from the Curie-Weiss fit
line at Tg. This formula for A allows no magnitude

discontinuity between the power law and Curie-Weiss fit
lines at Tg. There will, however, be a slope discontinuity.
Such a discontinuity can be expected because Equation 2
is merely an empirical fit not derived from basic physics.
Its value is in providing the constants y and A describing
the relaxor behavior. Table 1 presents values from our
work and Ref. [21] for y and A. The agreement between
the Ref. [21] results and ours for y and A is quite satisfy-
ing. Their exponent 7y increases with Mn content monotoni-
cally toward 2, agreeing with our values almost exactly
except for the 1% Mn sample, where we found y = 2.12.
Note that y > 2 is theoretically possible; it just means that
the permittivity at higher temperatures drops off faster than
predicted by the power law with y = 2. The width parame-
ter A values from both labs agree well, showing an upward
trend with increasing Mn content. These upward trends for
both v and A indicate increasing relaxor behavior.?!

3.2 | Impedance spectroscopy

Using ac impedance spectroscopy (IS),>> we obtained
impedance plots of —p” vs p’ for four Mn concentrations
from 100°C to 600°C. A plot of —p” vs p’ for a 1% Mn
sample at 250°C appears in Figure 3. It is untypical in that
it shows two arcs more prominently than any of the other
plots. In Figure 4 we present four plots, one for each Mn
concentration, with the data “collapsed” or “scaled” to fac-
tor out the large thermally activated temperature depen-
dence of the impedance. We used a similar presentation
method previously26 for Bi;Nd,FeO; multiferroic ceram-
ics. To collapse the data for a given sample for different
temperatures, instead of plotting —p” vs p’, we plot —p”"e”
vs p'e”, where

¢* = expl(Eu/kg)(1/673 — 1/T)]. ©)

Here, E, is the activation energy in joules, kg is Boltz-
mann’s constant, 673 is the Kelvin temperature corre-
sponding to 400°C, and T is the Kelvin temperature for a
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FIGURE 3 Plot of raw resistivity data showing negative imaginary resistivity vs real resistivity for a 1% Mn sample at 250°C. The four

different color circles are four consecutive runs at fixed 250°C. The circles are data points for frequencies ranging from 0.1 Hz to 1 MHz with

ten logarithmically spaced frequencies per decade. This plot is atypical in that it shows the strongest second (right-hand) arc [Color figure can be

viewed at wileyonlinelibrary.com]
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giving 8 points for each temperature [Color figure can be viewed at wileyonlinelibrary.com]

given run. For a run at 400°C, the collapse factor ¢" is just
1. The activation energy E, is taken from Table 1 and is
determined by a procedure explained below. To avoid clut-
tering the plots, we only present data at 100° intervals,
and only show data points for frequencies at integral pow-
ers of 10.

We first discuss the plot for the 0.2% Mn sample S3,
because it is a “textbook example” of how collapsing the
data improves its presentation. Only the results for 400°C,
500°C, and 600°C are shown, corresponding to the range
of exponential temperature dependence resulting from elec-
tronic conductivity. The tendency for points for a given fre-
quency to move leftward on an arc as temperature
decreases is illustrated by the two points at the top of the
arc, where for 400°C the top of the arc is at 100 Hz,
whereas at 500°C the top of the arc is at 10 kHz. These
arc plots often appear as slightly distorted and depressed
circular arcs, or sometimes as more than one arc. In the
plot for 0.2% Mn there is one arc, depressed to the extent
that its center is at (49 500, —6500) ohm-m instead of
(49 500, 0) ohm-m. To fit a depressed semicircle to the
arc, one can use the following relation:

0" = [(Pac2/8Ppk — Ppi/2)” + (pac — P)P']"/?

+ Pp/2 = Pac/8Ppk- @)

Here, ppy is the peak value of —p” for a given 7. We
note the corresponding p:)k value and assume a symmetric
main arc, so that pg. = 2pp.

The 0% Mn arcs are depressed more than the 0.2% Mn
arcs. Also, the shape deviates from that for only one
depressed arc, and consists of considerably depressed arcs
at the left merging with the beginnings of second arcs on
the right. The widest temperature range, from 100°C to
600°C, could be used for the 1% Mn sample arcs. At
100°C there is only a single arc. At 200°C there are two
arcs of similar size. At 300°C there is one very asymmetric
arc, while at higher temperatures there are large arcs at
high frequency and small and flat arcs at low frequency.
For 2% Mn there are two different activation energies used
in the ¢* collapse factors. For 200°C and 300°C the lower
activation energy corresponding to ionic conductivity is
used, and there are large arcs merging into the beginnings
of smaller arcs. For 500°C and 600°C the higher activation



energy corresponding to electronic conductivity is used.
There is a large arc at 500°C but only the tail end of a
large arc at 600°C, both merging into low flat arcs.
Appearance of a second arc in ceramics is generally attrib-
uted to grain boundary effects. In equivalent circuits, there
is a grain boundary resistor in parallel with a grain bound-
ary capacitor. This parallel pair is in series with a bulk
resistor, and this three-element circuit is in parallel with a
geometric capacitor. In a single crystal, the grain boundary
resistor and capacitor would be absent. In a relaxor ferro-
electric, the different dielectric responses of local polar
regions can be expected to contribute additional arc flatten-
ing beyond the effects of grains and grain boundaries.

3.3 | DC resistivity

The values chosen for dc resistivity pgy. are based on
where each main high-frequency —p” vs p’ arc, such as
those shown in Figures 3 and 4, extrapolates to the hori-
zontal p’ axis. If the arc has the shape of a flattened cir-
cular arc (circular but less than 180° of arc), then we
use the procedure associated with Equation 7 to find our
assumed pg.. If the shape of the arc is clearly not circu-
lar, but instead shows a point of inflection in going to a
second arc, we extrapolate the curvature of the initial arc
until it meets the p’ axis.

A graph showing pgc points plotted as logpg. vs 10%/T
appears in Figure 5. The points for a given sample are gen-
erally fit by a straight line. For the 2% Mn sample S3, the
fit is to two straight lines, corresponding to what we
believe is an ionic conduction mechanism at lower temper-
atures and an electronic conduction mechanism at higher
temperatures. To complement the Figure 5 graph, Table 2
presents resistivities and their activation energies and their
error bars. One might think that because for thermally acti-
vated conductivity with a single activation energy the
resistivity obeys

P = Po eXp(Ea/kT)v (€]

one need only find and present error bars for p, and E,.
One would do this by taking the log,

log p = log py + (E./KT) = log(e) log p, + 0.4343E, /kT,
(C))

and doing a least-squares fit to a straight line for the log p
vs 1/T points using log p and E,/k as fit parameters. This
is an inefficient and misleading procedure for two reasons.
First, these two fitting parameters are highly correlated.
Second, the error bars on log py will be much larger than
the correct error bars on the data points because of the
large extrapolation from the data points to the 1/7 =10
point corresponding to po. Instead, we pick a reference
temperature near the middle of the data range, at Kelvin
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FIGURE 5 Semilogarithmic plot of dc resistivity vs inverse
temperature. The dc resistivity values were determined by the
procedure described in Section 3.3. The steeper and less steep lines or
line segments are attributed, respectively, to electronic and ionic
conductivities [Color figure can be viewed at wileyonlinelibrary.com]

temperature 7;, and use the corresponding log p, as the fit-
ting parameter, which will have only a weak correlation
with the other fitting parameter, E,/k. Then the fit equa-
tion changes from Equation 8§ to

log p = log p, + 0.4343(E, /k)(1/T — 1/T,).  (10)

Then we find the (log p,, E./k) pair giving the least rms
error ¢ for the n data points, using

. 1/2

6 = Z (pimeas - picalc)z/(n - 1) . (11

i=1

From Equation 10 this ¢ will be the rms error for the
T, temperature point, because the second term on the right
vanishes and so it is assumed that the error for E,/k does
not enter.

To find the error bar for E,/k, we assume that by adding
this error to the best fitting E/k value, but keeping the best
fitting value for p,, we get the same increase in G using
Equation 4 as we get using the best fitting value for E./k
but increasing the p, value by the best-fit ¢ value. Once
both of these error bars are found, we can use Equation 10
with 1/T set to O to find py. By using the error bars for



TABLE 2 Resistivity properties as functions of temperature

Sample T range Fit range T,

0% Mn S2 100-500 150-500 300
0% Mn S3 100-600 150-600 350
0% Mn, “A” 25-600 400-600 500
0.2% Mn S2 100-500 350-500 400
0.2% Mn S3 100-600 350-600 450
1% Mn S1 100-500 100-500 250
1% Mn S2 100-600 100-600 300
2% Mn S2 100-500 100-400 200
2% Mn S3 100-600 150-350 250
2% Mn S3 100-600 450-600 500

E, (eV) pr (ohm-m) po (chm-m)
0.77 + 0.02 29+ 02 x 10° 48 +£1.6 x 107*
0.74 + 0.01 8.1 + 0.6 x 10% 78 £1.8 x 10°*
1.66 + 0.30 1.7 £0.7 x 10* 23 x 10778
1.62 + 0.01 6.0 £ 0.1 x 10* 47 £08 x 1078
1.71 + 0.01 1.26 + 0.03 x 10* 14 4+ 02 x 1078
0.74 + 0.07 14 £+ 06 x 10° 13 x 107%
0.68 + 0.03 32 + 0.8 x 10% 32 +21x 107*
0.63 + 0.02 1.87 + 0.16 x 10° 34 £ 24 x 1072
0.53 + 0.03 3.1 +02 x 10* 24 +0.1 x 107!
1.46 £ 0.06 1.00 £ 0.05 x 10? 3.0 x 107%

For sample “A” the dielectric data presented in Ref. [2] were converted to resistivity as described in Section 3.3. Fit T range is for logp points that fall nearly on a

straight line vs 10%7. Here, T, is the reference temperature near the midpoint of the measurement range whose corresponding p; is a fit parameter. Both + and —

error bars are shown for py values if they are significantly different because of the long extrapolation to zero reciprocal temperature of the exponential resistivity

function. E, values below and above 1 eV are assumed to correspond, respectively, to ionic and electronic conductions.

*Error limits are 5 x 107 to 1 x 107> ohm-m for this p, value.
®Error limits are 2 x 107> to 6 x 10~* ohm-m for this po value.
°Error limits are 1.8 x 107% to 7.4 x 107® ohm-m for this pq value.

E./k and p,, we can find the error bar for py, but the error
bar for E,/k will have by far the larger effect on finding
the pg error.

In order of increasing Mn concentration, the following
results in Figure 5 and Table 2 are discussed. For 0%
Mn, the first sample (S1) gave anomalous results, but the
sample S2 and S3 results agree well with each other. For
sample “A” from Ref. [2], the resistivities, as converted
from their dielectric data plot using Equation A12 in the
Appendix A, lay much higher than for samples S2 and
S3. The pre-exponential py was much lower,
2.3 x 1077 ohm-m, close to the values for various metals
and electronic semiconductors. The activation energy was
much higher, 1.66 eV, again indicating electronic conduc-
tivity, dominating over the temperature range 400°C to
600°C.

Indications of two activation energies were found for
the 0.2% Mn samples. The first sample was run only up to
500°C, but for samples S2 and S3 we went to 600°C and
got results in good agreement, showing high activation
energy indicative of electronic conductivity at higher tem-
peratures. At lower temperatures there was a tendency
toward lower activation energy, but no straight-line seg-
ments from which E, could be found.

We ran two 1% Mn samples, S1 up to 500°C and S2 to
600°C, and obtained excellent agreement. They had low
activation energy characteristic of ionic conductivity. Their
resistivity was the lowest of all the samples, low enough
that on Figure 5 the data points (as also found for 0% Mn
samples S2 and S3) did not reach the region where one
would expect curvature to a higher slope indicating cross-
over to electronic conductivity.

For the first two 2% Mn samples, both run up to
500°C, there was disagreement in that the second sample
S2 showed lower resistivity. Both showed low activation
energies consistent with ionic conductivity, and a steepen-
ing of the slope at high temperature indicating the begin-
ning of a crossover to electronic conductivity. To clarify
this situation, we ran a third sample S3, up to 600°C. Up
to 500°C the results from samples S2 and S3 agreed well,
and by going to 600°C we obtained three data points for
sample S3 falling on a steep straight line in Figure 5. This
is the only sample for which we obtained two straight-line
segments in Figure 5, indicating a low temperature region
where ionic conductivity dominates and a high temperature
region where electronic conductivity dominates.

4 | SUMMARY
Impedance spectroscopy measurements were made on
(BijoNay/2)0.925Bag 075(Ti; —,Mn, )O3 ceramics  (x = 0%,
0.2%, 1.0%, and 2.0%). The results are presented on Cole-
Cole plots of arcs of imaginary vs real resistivity. The
resistivities are multiplied by “collapse factors” which
remove the exponential temperature dependence. Extrapola-
tion to zero frequency of the primary (high frequency) arc
provides assumed dc resistivities. From logarithmic plots of
dc resistivities vs inverse temperature we determine the
activation energies for the conductivity. These fall into two
groups, above 1 eV attributed to electronic conductivity,
and below 1 eV attributed to ionic conductivity.

Various effects can cause variations in results from dif-
ferent samples. These include possible differences in



preparation technique, and differences in electrical history
(poling or piezoelectric measurements which require large
applies voltage) which can affect phase coexistence and
domain texturing,l’lﬁ’17 14
Correlations among results include increasing power law
exponent y and increasing permittivity peak width parame-

as well as effects of Mn valence.

ter A with increasing Mn content, both for our present and
previous®!

We found previously”' that 0.2% Mn doping gives the
highest depolarization temperature T4 of 152°C, which is
important for piezoelectric applications, compared to only
93°C for 0% Mn. The piezoelectric coefficient d33 of 170 pC/
N for 0.2% Mn is only slightly lower than the 186 pC/N value
for 0% Mn.?' Because this 0.2% Mn doping seems best for
applications, we mention here how the 0.2% Mn results of our
present study differ from those for the other compositions.
The 0.2% Mn samples show considerably lower ionic conduc-
tivities, which will reduce heating for high voltage piezoelec-
tric applications. They also have the highest Curie-Weiss
temperature and Burns temperature. These results add to the
knowledge base concerning lead-free piezoelectric ceramics,
and how doping can improve performance and enhance ther-
mal stability to allow operation of piezoelectric devices at
higher temperatures and at higher power levels.

results.
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APPENDIX A

RELATION BETWEEN IMPEDANCE
p=p' +jp” AND PERMITTIVITY ¢ = ¢’ + j&"

The apparatus supplies an ac voltage V to a sample that is
a uniform slab of thickness d and area A, so that the elec-
tric field is V/d = E = Egexp(jot). Then the current density
J can be described in terms of complex conductivity G as

J =oE = (¢’ +jo")E. (A1)

We describe the response in terms of complex resistivity
p = 1/c, so

c=1/p=1/(p'+jp") = (p —ip")/(p* +p"). (A2)

Then the response in Equation Al can be written as

I=1[(p'—jp")/(p"” + p")E. (A3)

The current density J can also be described as the time
derivative of the electric displacement D, where

D =¢E+P. (Ad)
For a linear dielectric this can be written
D = goeE = go(& + j&")E. (AS)

To find the corresponding J, we take the time derivative
of Equation A5 and obtain

J = jwey (e + j&')E = weog(—&" + j&')E. (A6)

The —wmepe"E term is the conduction current density.
The jwey-¢'E term is the capacitive charging current density
which leads the field by 90°. Equating the real parts of
Equations A3 and A6, we get

g = —p’/o)ao(p’2 + p”z). (A7)

Sometimes the lossy part of the permittivity is reported
in terms of tan J rather than €”. Then to have tan d be pos-
itive, the definition tan & = —e&"/¢’ must have the minus
sign. Equation A6 then becomes

J = wgoe/ (tan d + j)E. (A8)

We find the relations between resistivity and permittiv-
ity by equating separately the real and imaginary J terms in
Equations A3 and AS8. From the imaginary terms we get

g = —p/og(p” +p"). (A9)

Then we plug € from Equation A9 into Equation A8
and solve for tand by equating the real parts of Equa-
tion A3 and transformed Equation A8, and obtain

tand = —p'/p”. (A10)

To obtain the inverse relations, we start by noting that
from Equation A10, p’ = —p"tan 8. Then we insert this
relation for p’ into Equation A9 and solve for p”, to obtain

p" = —1/wepe (tan® & + 1). (A11)

Finally, we combine Equations A10 and All to solve
for p’, and obtain

p' = tan §/wege/ (tan” & + 1) (A12)

Using Equations A9-A12, we can transform between
the resistivity and permittivity representations, without
assumptions about an equivalent Expressions
related to Equations A9-A12 appear elsewhere®>’ but
without the derivation, and in terms of &” instead of tan 9§,
and complex impedance Z together with empty-cell capaci-
tance instead of complex resistivity p.

circuit.
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