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Structural, dielectric and electrical properties
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Polycrystalline compounds of a general formula ACu3Ti;O4, (A=Ca, Sr, Ba) were
synthesized by a high-temperature solid-state reaction technique. Crystal structure of the
compounds at room temperature studied by an X-ray diffraction (XRD) technique was
found to be cubic. Detailed studies of dielectric constant (¢) and loss tangent (tan §) of the
compounds as a function of frequency (100 Hz to 1 MHz) and temperature (125 K to 600 K)
did not show any ferroelectric phase transition. The ac and dc conductivity studied over a
wide range of temperature provided activation energy of the compounds. Variable range
phonon-assisted quantum mechanical tunneling technique of correlated barrier hopping
(CBH) model has been applied to interpret the temperature and frequency dependent ac
conductivity. Using these theoretical models, various model parameters have also been
calculated. The temperature variation of resistivity shows that the compounds have
negative temperature coefficient of resistance (NTCR). © 2002 Kluwer Academic Publishers

1. Introduction

Since the discovery of high dielectric constant (> 10*) at
transition temperature, and low loss (~1073) and zero
or small spontaneous polarisation at/near transition
temperature (7;) in some ferroelectric perovskites, such
as BaTiO3 [1], LiNbOs; [2], PbTiO; [3], PZT [4], etc. of
a general formula ABO3 (A = mono or divalent, B = tri
to pentavalent ions), a large number of simple and/or
complex charged neutral or charged deficient com-
pounds of a general formula (A; ... A,)(B; ...B,)03
have been examined in the past in search of high dielec-
tric constant and low dielectric loss materials for some
electronic applications. In most of the materials studied
so far, the relative dielectric constant (¢;) and loss tan-
gent (tan §) were found to follow the Debye equations
and Curie-Weiss laws, and hence they are temperature
and frequency dependent. For some important applica-
tions, such as, capacitor in the control electronic circuit
of space craft, pyroelectric detector etc., temperature
and frequency independent high € and low tan § are very
important. Our extensive studies on many ferroelectric
materials, for example, pure and complex perovskite
(PbLa)(ZrTi)Os [S5] and tungsten-bronze with a gen-
eral formula (A;)2(A2)4(C)4(B1)2(B2)sO39 [6] showed
diffuse phase transition (DPT) in them with tempera-
ture and/or frequency independence of dielectric con-
stant in the range of 10-10° and tan§ in the range
of 1072-1073. Recently temperature independent high
dielectric constant (~10%) was reported in a higher or-
der perovskite, (CaCu3)TisO1,, by Ramirez et al. [7]
and Subramanian et al. [8] in the temperature range of
100 K to 550 K. This compound has centrosymmetric
structure at room temperature with cubic space group
Im3 and cell parameter: a =7.3730 A. We find that it
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is very unusual and unexpected to observe such a high
dielectric constant (~10000) in low temperature region
of non-ferroelectric material. Because of such incred-
ibly high dielectric constant and some other discrep-
ancies, we proposed to study the dielectric and elec-
tric properties not only of CaCu3TizO,;, but also other
members of the family in greater details. Therefore,
we have carried out extensive studies on structural, di-
electric (dielectric constant and loss) and electrical (ac
and dc conductivity) properties of a large number of
perovskite compounds of higher order of a general for-
mula (A’A”_)B, 03, (n =4; A’ =Ca, Sr,Ba; A” = Cu,
Ag, B=Ti, Zr, Sn). In this paper, we report our stud-
ies on some aspects of crystal structure, and detailed
dielectric and electrical properties of the ACusTizO1,
(A =Ca, Sr, Ba) compounds.

2. Experimental

The polycrystalline samples of ACu3TizO1,; (A =Ca,
Sr and Ba) compounds were prepared by a high-
temperature solid-state reaction technique using high
purity carbonates; CaCOj3 (99%, M/s. Sarabhai Chem.,
India), SrCO;3; (99%, M/s Burgoyne Urbridges and
Co.), BaCOj3 (99.5%, M/s. Sarabhai Chem., India) and
oxides; CuO (99%, M/s. Loba Chem., India) and TiO,
(99%, M/s. S.d. Fine Chem., India) in a suitable sto-
ichiometry. The thoroughly mixed powders were cal-
cined at 1000°C for 24 h. The process of calcination
and grinding was repeated until the formation of de-
sired compounds was confirmed by XRD studies. The
fine powder of the compounds was pressed into pel-
lets of 9.5 mm diameter and 1.5-2 mm thickness at a
pressure of 7 x 107 kg/m? using a hydraulic press. The
pellets were sintered in an air atmosphere at 1060°C for
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TABLE I Comparison of some observed [0] and calculated [c] d-values of some reflections of ACu3Ti4O12 (A = Ca, Sr, Ba) compounds at room

temperature
CaCusTigO12 SrCu3TigO12 BaCusTisO1;

hkl d A 1/1, hkl d @A) 1/1, hkl d (A) 1/1,

211 3.0100 (o) 11 211 3.0126 (o) 17 211 3.0978 (0) 22
3.0100 (c) 3.0122 (c) 3.0978 (c)

220 2.6046 (0) 100 220 2.6077 (0) 100 220 2.6848 (0) 100
2.6067 (c) 2.6086 (c) 2.6828 (c)

310 2.3316 (0) 15 310 2.3341 (0) 13 310 2.4023 (0) 29
2.3315 (c) 2.3332 (¢) 2.3995 (c)

222 2.1300 (0) 11 222 2.1300 (o) 11 222 2.1880 (0) 24
2.1284 () 2.1300 () 2.1905 (c)

321 1.9716 (o) 11 321 1.9750 (0) 10 320 2.1046 (0) 21
1.9705 (c) 1.9720 (c) 2.1045 (c)

400 1.8488 (0) 34 400 1.8477 (0) 34 322 1.8405 (0) 39
1.8432 (c) 1.8446 (c) 1.8404 (c)

422 1.5066 (o) 48 422 1.5084 (0) 43 420 1.6967 (o) 44
1.5055 (c) 1.5061 (c) 1.6967 (c)

12 h. X-ray diffraction patterns of the compounds were
recorded at room temperature with a Philips X-ray Pow-
der diffractometer with Co K,, radiation (A = 1.7902 A)
over a wide range of Bragg angles 26 (20° <20 < 80°)
at a scanning rate of 2°/min.

The dielectric constant (¢) and loss tangent (tan &)
of the compounds were measured as a function of fre-
quency (100 Hz to 1 MHz) in a wide range of tem-
perature (125 K to 600 K) using a HIOKI-3532 LCR
HiTester (Japan) and a laboratory-fabricated sample
holder. The frequency and temperature dependence of
ac conductivity was calculated using the dielectric data.
The dc conductivity was obtained as a function of
temperature (273 to 600 K) and electric field (2.5 to
70 kV/m) using a laboratory-fabricated experimental
set up consisting of a Keithley 617 programmable elec-
trometer, PID temperature controller, sample holder
and furnace.

3. Results and discussion

The sharp and single peaks of the XRD patterns (Fig. 1)
of all the compounds, which are quite different (in po-
sition and intensity) from those of ingredient carbon-
ates and oxides, suggest the formation of single-phase

TABLE II Comparison of CBH model parameters, lattice constant
a, dielectric parameters and other transport parameters for ACuzTizO12
compounds (A =Ca, Sr and Ba)

Parameters Ca Sr Ba

s 0.27 0.29 0.37
n 17.45 15.21 8.03
R, (A)at1 kHz 0.56 0.47 0.44
w (eV) 0.843 0.784 0.585
N(Ep) x 10% eV~!.cm™3 3.9 1.81 1.45
a(A) 7.3730 (20) 7.3784 (20) 7.5880 (20)
& (RT and 1 kHz) 478 550 521
tand (RT and 1 kHz) 1.102 0.062 0.744
ode (@t RTHQ™-m~1) x 107% 0.41 0.01 3.42
Eqc(eV) 0.77 0.68 0.35
Egc (eV) 0.75 0.67 0.38

compound. All the peaks were indexed and cell pa-
rameters were determined using interplanar spacing d
using computer software “POWDmult”. Least-squares
refined cubic cell parameter a of ACu3Ti4O; (A =Ca,
Srand Ba) (Table IT) was found to be consistent with that
reported [7]. A good agreement between the observed
and calculated d values of these compounds suggests
the correctness of lattice parameters and crystal struc-
ture (Table I).
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Figure 1 Comparison of XRD patterns of ACu3TizO12 compounds at room temperature.
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Figure 2 Variation of ¢ with frequency of ACu3Ti4O12 compounds at room temperature. (b) Variation of tan$ with frequency of ACu3TizO12

compounds at room temperature.

The frequency dependence of & and tan§ of the
above compounds is shown in Fig. 2a and b respec-
tively. The dielectric constant of all the compounds
decreases rapidly with increasing frequency. Above
10 kHz, dielectric constant becomes almost constant.
Similar trend is also observed in loss tangent (Fig. 2b).
At lower frequencies, we have different types of po-
larisations (i.e., atomic, interfacial, ionic and elec-
tronic) and at higher frequencies (>1000 kHz) dielec-
tric constant has main contribution from the electronic
polarisation.

Fig. 3a and b show the temperature variation of
¢ and tand respectively at 1 kHz. We observed al-
most constant ¢ in all the ACu3Ti4O1, compounds in
the temperature range of 100-340 K, but above this
temperature, ¢ increases rapidly only for CaCu3Ti4Oy5».
The dielectric constant of CaCu3TizO;, was reported
very high value (~10%) in the low temperature range
(liquid helium temperature to room temperature) [7],
but we did not get such type of results in other com-
pounds in the liquid nitrogen region. Our extensive
dielectric studies of other compounds of this family,

such as SrCu3Ti4sO;, and BaCu3TizOy;, yielded low ¢
(~500) at 1 kHz at room temperature. The dielectric
constant of CaCusTisO;, was found nearly constant
(~500) from liquid nitrogen temperature to 340 K, and
thereafter it increases to very high value (2 x 10* at
600 K). The value of dielectric constant (~550) of
SrCu3TisO1; is almost temperature independent upto
575 K and then increases very slowly. Among all three
samples studied, CaCu3Ti4O;, shows a tan § anomaly
at around 350 K which is consistent with that reported
[7, 8].

For multi-component system, there is always some
uncertainty for ascertaining the actual conduction
mechanism. However, we attempted to obtain ac con-
ductivity and activation energy E,. using dielectric
data and some empirical relations, o, = €€, tan § and
Oac =00 exp(—E,./kT). Using an established corre-
lated barrier-hopping (CBH) model [9], different trans-
port parameters were calculated. The variation of In o
with frequency and temperature (K~') is shown in
Figs 4 and 5 respectively. As it is evident from the
figures, 0,.(w) obeys arelation o, (w) = A(T )w®, where
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Figure 3 Temperature variation of ¢ at 1 kHz of ACu3Ti4O12 compounds. (b) Temperature variation of tan§ at 1 kHz of ACu3Ti4O12 compounds.
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Figure 4 Variation of In o,c with frequency at room temperature of ACu3TizO12 compounds.
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Figure 5 Variation of In o, with temperature (K —1yat 1 kHz of ACu3TisO12 compounds.
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Figure 6 Variation of In o4, with temperature (K 1) of ACu3TisO12 compounds.

the frequency exponent s was calculated from the slopes
of the curves of Fig. 4. The value of s for all compounds
was found lying within the range of 0.27 to 0.37 in the
frequency band 1 kHz to 1 MHz. It is observed that s is
temperature and frequency dependent. The frequency
response of ac conductivity of ACu3Ti4Oj, (A =Ca, Sr
and Ba) suggests that the exponent s increases with in-
creasing frequency. We have calculated different trans-
port or model parameters using this model. In the CBH
model, the variable range phonon-assisted quantum
mechanical tunneling of localized electrons between
two sites, closed to Fermi level, has been considered.
This model correlates the barrier height w with barrier
width R,,. Here the frequency dependent electrical con-
ductivity in a wide frequency band limit Ay (A, > kT)
for the hopping of localized electrons among dif-
ferent atomic sites is calculated using an empirical
relation [9]:0,:(w) = [7r3g§(kT)2880sz)]/12 where,
g =N (EF) is the density of states at the Fermi
level, k =Boltzmann constant, ¢ =relative permittiv-
ity of material at angular frequency w and temper-
ature 7, and ¢, =free space permittivity. The bar-
rier width R, at A particular frequency w is given

by szm where; 1, and e are the

mean relaxation time and electronic charge respec-
tively. Now the frequency exponent s can be written
ass=1— #ﬂl(wr{,)'

Again from the power law of ac conductiv-
ity o,c=BT" (where B =constant). The value
of temperature exponent n can be calculated by
n=(1—s)In(1/w1,). It is observed (Fig. 4) that In o
of SrCu3TisO;, is much lower compared to that of
other two compounds of the family. But in all the cases,
In 0, increases with rise in frequency. Fig. 5 shows that
In o, increases with rise in temperature. At high tem-
perature, nature of variation of In o, with temperature
for all these compounds is similar. Again, we have ob-
served a broad o4 peak in CaCu3TisOj, but no peak
was observed in other two compounds. The value of
CBH model parameters (s, n, R,,, w, N(Ef)) obtained
from all the above equations for different compounds
are compared in Table II. It is observed that the barrier
height and ac activation energy (E,.) of all the com-
pounds of ACu3TizO1, family decrease gradually with
increasing atomic number of the A elements. The ac ac-
tivation energy (E,.) of the compounds was calculated
from the slope of the Ino,. versus inverse of abso-
lute temperature (i.e., 103/T) plot. Similarly, the dc
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activation energy (FE4.) was calculated from the plot of
In o4, with inverse of absolute temperature (1/7 )(Fig. 6)
at constant biasing voltage (10 V) using the relation
Odc = 0o exp(—Eq4c/kpgT). It is also observed that the
value of Inoy. is much lower for SrCuzTi4O;, com-
pared to other two compounds. There is a wide differ-
ence in the value of In o4 (~2.5-3) of SrCu3Ti4O;, and
BaCu;3TiyO1; with the intermediate value of this param-
eter for CaCusTigO1;. It is noted that activation energy
obtained from ac and dc conductivity matches reason-
ably well, and has the trend of reduction with successive
A-site substitution of higher atomic numbers element
(i.e., Ca, Sr and Ba). The ac conductivity is contributed
by hopping of both localized and free charges, whereas
dc conductivity is contributed by free or delocalized
charges only. Therefore, ac activation energy is slightly
greater than dc activation energy (Table II). The na-
ture of temperature dependent of dc conductivity of the
compound shows the negative temperature coefficient
of resistance (NTCR) effect in them.

Fig. 7 shows the variation of dc conductivity (oqc)
with biasing field (E) at room temperature. With in-
creasing field, dc conductivity slightly increases for all
the compounds, which can clearly be explained from
Schottky conduction mechanism.

4. Conclusion

Finally, it is concluded that though the CaCu3TizO1;
has high dielectric constant compared to that of
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SrCu;TisOp, and BaCu3TiyO1, above room tempera-
ture. They do not have any ferroelectric phase transi-
tion. The electrical properties suggest that these com-
pounds can be used as negative temperature coefficient
resistors.
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