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Electrophysical properties and microstructure of PTCR ceramics of the sys-
tem (Ba,Ca,Sr,Y)TiOs + y%Mn have been investigated. It has been shown
that manganese ions increase the potential barrier at grain boundaries and
form a high-resistance outer layer in (Ba,Ca,Sr,Y)TiO3 ceramics. The re-
sistance of grains, outer layers and grain boundaries, the values of temper-
ature coefficient of resistance as well as the varistor effect as a function of
manganese content of PTCR materials have been investigated.
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1. Introduction

Positive temperature coefficient of resistance (PTCR) occurs in ferroelectric
semiconducting ceramics based on doped barium titanate near Curie point due to
the formation of potential barriers at grain boundaries [1]. Therefore, PTCR ce-
ramics are synthesized in the conditions at which semiconducting grains and high-
resistance grain boundaries are formed. In particular, this is achieved when yttrium
ions are partially substituted for barium ions and grain boundaries oxidized dur-
ing sintering of ceramics in the air. Complex impedance (Z*) and complex electric
modulus (M*) analysis in a wide frequency range showed the presence of semicon-
ducting grains, high-resistance grain boundaries and outer layers between grains and
grain boundaries in PTCR materials. These areas of PTCR ceramics are electrically
non-uniform and can be represented by an equivalent circuit, which includes three
parallel RC-elements connected in series [2-4]. The low magnitude of resistivity
change in the PTCR region, viz. ratio of maximum (ppax) to minimum (ppi,) resis-
tivity, and large varistor effect, viz. reduction of resistivity under external electric
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field, are the basic difficulties in the use of barium-titanate-based PTCR materials
in the devices working at high strengths of electric field. The magnitude of varistor
effect can be estimated from the dependence of normalized resistivity pg/po, where
pe and pg are resistivity of the sample at zero and nonzero voltage, on the electric
field strength (E). Earlier investigations of PTCR barium titanate [5] showed that
the magnitude of varistor effect correlates with the average grain size of ceramics,
namely, the varistor effect is smaller in fine-grained ceramics. Both average grain size
and the varistor effect decrease at partial substitution of calcium and strontium for
barium in PTCR barium titanate (Ba,Ca,Sr,Y)TiO3. The magnitude of resistivity
change in this case remains unchanged. Besides, the partial isovalent substitution in
the barium site of barium titanate shifts the Curie point towards low-temperature
range, and this expands the area of application of PTCR-materials. However, the
low magnitude of resistivity change in PTCR area does not permit to utilize the
above materials at high strengths of the electric field. The decrease in varistor effect
and the increase in the magnitude of resistivity change are also attributed to the
increase in the resistance of grain boundaries [6,7]. In particular, this occurs when
the synthesized materials are doped with acceptors (for example, manganese) [8].
High-resistance grain boundaries in manganese-doped PTCR materials are formed
due to redox transformations of manganese oxides in the same temperature range in
which redox processes, accompanied with the formation of trivalent titanium, pro-
ceed [9]. However, the information concerning the distribution of manganese dopant
in a polycrystalline material is scantily presented in the literature. This does not
permit to explain the formation mechanisms of PTCR effect, as well as to control
the properties of the ceramics based on barium titanate with manganese dopant.

Therefore, the aim of this work was to study the distribution of manganese ions
in (Ba,Ca,Sr,Y)TiO3 ceramics and its effect on the properties of grains, outer grain
layers and grain boundaries of PTCR ceramics.

2. Experimental

Extra-pure BaCO3, CaCO3, SrCOs3, TiO,, Y503, SiOy, MnSO, and water solu-
tion of ammonia were used as starting reagents. Powders were ball-milled in agate
mortar. In order to reduce the pollution of mixed powders during the milling, the
working surfaces of crushing cylinders were covered with vacuum rubber. Uniform
distribution of manganese dopant was ensured by its precipitation from solutions.
Electrophysical properties of samples sintered at 1340-1360 °C have been investi-
gated. The grain sizes in the ceramics were determined using X-ray microanalyser
JCXA Superprobe 733 (JEOL, Japan). Aluminium electrodes were fabricated by
burning in Al paste. Electrical properties of the ceramics were studied at direct and
alternating current. Impedance analyzer PGSTAT-30 (Solartron) was used for mea-
surements in the frequency range 100 Hz — 1 MHz, and BM-560 Q-meter was used
for measurements in the frequency range 50 kHz — 35 MHz. Equivalent circuit and
values of its components were determined using Frequency Response Analyzer 4.7
PC program.

214



The effect of isovalent substitutions and dopants of 3d-metals

(a) (b) () (d)

Figure 1. Microstructure of PTCR ceramics in (Ba,Ca,Sr,Y)TiO3 + y mol.% Mn
system: y = 0 (a), 0.002 (b), 0.006 (c), 0.01 (d), x1000.

3. Results and discussion

The average grain size of PTCR ceramics of the system (Ba,Ca,Sr,Y)TiO3 does
not change with manganese content (figure 1). The temperature dependence of re-
sistivity of PTCR ceramics can be schematically divided into 3 ranges (figure 2).
Range I extends from room to phase transition temperature and is characterized by
relatively low resistivity which decreases with temperature. Range II lies above the
phase transition temperature where a rapid growth of resistivity is observed (PTCR
effect). Range 111 exists at a high temperature and is characterized by high resistivity
which decreases with temperature. When the ceramics are doped with manganese,
the magnitude of resistivity change in PTCR area increases (see figure 2), and the
varistor effect essentially decreases (figure 3). On the basis of the above fact it may
be assumed that the potential barrier at grain boundaries increases with manganese
content.
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Figure 2. Resistivity of PTCR ceram- Figure 3. Normalized resistivity
ics of (Ba,Ca,Sr,Y)TiO3 +y mol.% Mn (lgpr/po) of PTCR ceramics of
system versus temperature; y = 0 (1), (Ba,Ca,Sr,Y)TiO3 + y mol.% Mn
0.002 (2), 0.006 (3), 0.01 (4), 0.02 (5), system wversus external electric field;
0.03 (6). y =0 (1), 0.002 (2), 0.006 (3), 0.01 (4),
Tmeas. =20 °C.
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Figure 4. Imaginary components of complex impedance Z” and electric modulus
M" of PTCR ceramics of (Ba,Ca,Sr,Y)TiO3 (a, b) and (Ba,Ca,Sr,Y)TiO3 +
0.01 mol.% Mn systems (c, d) versus frequency at various temperatures.

The results of frequency investigations of the PTCR ceramics can be analyzed as
four types of dependences: of complex impedance (Z*), complex admittance (Y*),
complex permittivity (¢*) and complex electric modulus (M*). The complex quan-
tities are interrelated: M* = 1/¢* = jwC,Z* = jwC,(1/Y*) (where j = /—1) For
an analysis, the results of investigations were presented as frequency dependences of
the imaginary components of complex impedance Z” and complex electric modulus
M" which for a parallel RC' element are described by the equations [2—4, 10, 11]:

RC € wRC
gl p. Y M =0, 1
14+ (wRC)?’ C 14 (wRC)? (1)
where w = 27f is angular frequency (f denote frequency in Hz) and ¢ is the

permittivity of free space (8.854 - 107 F - cm™1).
From equations (1) it follows that:

1 R €0
max —— s Z” = -, ! = —. 2
Wma RC max 2 max 20 ( )
Equations (2) show that the shift of the peaks Z  and M/ _ in frequency (wmax)

is associated with a change in the values of both capacity and resistance in the
corresponding RC' element of the equivalent circuit. The Z” _ value is sensitive to

max

the change in the resistance, and the M/ value is affected by the capacity.

Figure 4 shows frequency dependences of Z” and M"” of samples of the systems
(Ba,Ca,Sr,Y)TiO3 and (Ba,Ca,Sr,Y)TiOs + y mol.% Mn, investigated at various
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Figure 5. Resistance of grain (1), outer layer (2) and grain boundary (3) of PTCR
ceramics of the (Ba,Ca,Sr,Y)TiO3 (a) and (Ba,Ca,Sr,Y)TiO3 + 0.01 mol.% Mn
systems (b) versus temperature.

temperatures. The plot of Z”(f) exhibits one peak, and the plot of M”(f) exhibits
two peaks: one in the medium-frequency range (10* — 10° Hz) and the other in the
high-frequency ( > 10® Hz) range. The positions of Z”__and M/ __do not coincide in
frequency. This may be accounted for by the fact that the behavior of these maxima
is affected by different electroactive ceramic regions. The change in the value and
position of the maximum in the plot of Z”(f) is associated with the change in the
electrophysical properties of the grain boundary, and that of M”(f) at 10* — 10° Hz
and at > 10® Hz is associated with the change in the electrophysical properties
of the grain outer layer and the grain, respectively [2-4]. Figure 4 shows that the
frequency of Z/  in (Ba,Ca,Sr,Y)TiO3 ceramics decreases and the value of Z!/ .
increases with the increase of temperature. This is due, according to equations (2),
to an increase in the resistance of the grain boundary. The positions of M/  in
the medium-frequency range slightly shifts with the increase of temperature, and
the value of M/ _ essentially increases. This is due, according to equation (2), to a
decrease in the capacitance and an increase in the resistance of the outer layer of the
grain. A calculation carried out on the basis of our experimental data corroborated

the above conclusion.

Temperature dependences of the resistance of electrically different areas of the
PTCR ceramics (Ba,Ca,Sr,Y)TiO3 and (Ba,Ca,Sr,Y)TiO3 + 0.01 mol.% Mn are
shown in figure 5. The variation of the resistance of the outer layer with temperature
is similar to that of the grain boundary. Hence, the PTCR effect in (Ba,Ca,Sr,Y)TiO3
ceramics without manganese dopant occurs due to a change in electrophysical prop-
erties of the grain boundaries and the outer layers.

Temperature dependences of capacitances of (Ba,Ca,Sr,Y)TiO3 PTCR ceramics
are shown in figure 6. The capacitance of the grain boundary of the PTCR ceramic
slightly changes with temperature, and the capacitance of the outer layer varies
with temperature by the Curie-Weiss law (figure 6a). The capacitance of the grain
boundary and the outer layer decreases in manganese-doped ceramics (figure 6b).

The results of investigations of PTCR (Ba,Ca,Sr,Y)TiO3 ceramics properties at
room temperature as a function of manganese content are shown in figure 7. As is
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Figure 6. Inverse capacitance of grain boundary (1) and outer layer (2) of the
systems (Ba,Ca,Sr,Y)TiO3 (a) and (Ba,Ca,Sr,Y)TiO3+0.01 mol.% Mn (b) versus
temperature.

evident from the data presented, the grain boundary resistance increases, whereas
the grain resistance remains practically unchanged with the increasing manganese
content. This is due to the manganese being not incorporated into the whole bulk
of PTCR barium titanate grain in the concentration range under study.

To ascertain the reason of the increase in the multiplicity of resistance change
in the PTCR region of ceramics as a function of manganese content, the magnitude
of the potential barrier at the grain boundary has been calculated. The variation
of the resistance in the temperature range ca. 17-50 °C (see figure 2, range I) and
ca. 300-500 °C (see figure 2, range III) is described by the equations [1, 12]:

£y o Bl

ps = py - €T, pa=pgy e, (3)

where py is a constant for material [13]; E, is the activation energy of conductivity;
k is Boltzmann constant (1.38 - 1072 J/K = 8.62-107° eV/K).
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Figure 7. Resistance of grain (1) and Figure 8. Potential barrier at grain
grain boundary (2) of PTCR ceramics boundaries (®() of PTCR ceramics of
of (Ba,Ca,Sr,Y)TiOs3 + y mol.% Mn (Ba,Ca,Sr,Y)TiO3 + y mol.% Mn sys-
system wversus Mn content; Tieas. = tem wversus temperature; y = 0 (1),
20 °C. 0.01 (2).
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Table 1. The effect of manganese content on the characteristics of temperature
dependence of the resistance of PTCR ceramics (Ba,Ca,Sr,Y)TiO3 .

Manganese Range I Range 11 Range III
content, mol.% | Ry, Q | EL eV | np - 0% em™ | R, Q | BN eV

0 4.2 0.04 3.2-108 2000 0.13
0.002 4.7 0.04 3.6-10° 800 0.22
0.006 4.8 0.04 4.2-108 120 0.36
0.01 5.2 0.04 5.4-108 36 0.44
0.02 5.8 0.04 5.5-108 0.7 0.69
0.03 8.2 0.04 5.8-108 0.5 0.72

The variation of the resistance in the temperature range ca. 100-300 °C, where a
PTCR effect manifests itself, is usually described in terms of the Heywang model [1]:

20 (T)

p=q-pg-e *T (4)

where « is the geometric factor; ®4(T) is the height of the potential barrier at the

grain boundary:

e? - np - b

C2-6(T) €’ (5)
e is the electron charge; np is the electron volume concentration; b is the potential
barrier thickness (2b = ng/np, where ng is surface concentration of acceptor states);
€¢;(T) is grain permittivity which varies in ferroelectrics by the Curie-Weiss law:
€(T) = C/T — O (where C is Curie constant and © is Curie temperature).

From equations (3) and (4) we can get:

By e-np-b*(T —0O
p:a.po.ekiq.eXp QIZOCS/{T ) (6)

The results of calculations for (Ba,Ca,Sr,Y)TiO3 ceramics according to equations
(3) and (6) show that in the temperature range I the resistance remains unchanged
and conductivity activation energy E! decreases with the increasing manganese con-
tent, whereas in the temperature range III the resistance decreases and conductivity
activation energy increases (table 1). The magnitude of the potential barrier at the
grain boundaries of PTCR barium titanate, which accounts for the increase in the
multiplicity of resistance change in the PTCR region, were calculated using equa-
tion 5 (figure 8) and agreed with the literature data [14].

Thus, the investigations of the manganese-doped PTCR ceramics based on
(Ba,Ca,Sr,Y)TiO3 carried out by us over a wide frequency and temperature range
showed that the manganese content slightly affects the grain resistance. Manganese
ions are mainly at the grain boundaries and in the grain outer layer and act as
acceptors. This greatly improves the properties of PTCR materials: the multiplic-
ity of the resistance change in the PTCR region increases, and the varistor effect
decreases.

Do(T)
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Bnnue isoBaneHTHMUX 3amilieHb i AoMiwok 3d-meTanis
Ha BNIaCTUBOCTI CerHeToeneKkTpukiB-HaniBnpoBiaHUKIB

O.l.B’toHoB, J1.J1.KoBaneHko, A.l.binoyc

IHCTUTYT 3aranbHOI Ta HeOpPraHivHoiI ximii im. B.l.BepHaacbkoro
03680 Knis-142, npocn. NannagiHa, 32/34

OTpumaHo 2 BepecHs 2002 p.

MeToto gaHoi poboTn 6yno BUBHEHHS BMJIMBY MOHIB MaHraHy Ha BlacTu-
BocTi obnactei NTKO kepamikn Ha ocHogi (Ba,Ca,Sr,Y)TiOs, wo Bigpis-
HAKTLCS 3a eNEKTPUYHMMKU BACTUBOCTAMU. Byno 3HamgeHo, wo pict
BMICTY MaHraHy B kepamili Ha OCHOBI TUTaHaTy 6apito 36inbLwye onip
rpaHvLb i 30BHILLHIX LWIAPIB 3€pPeH, ane NpPakTUYHO He 3MIHIOE Onopy
3epeH; Npu LUbOMY MOTEHLUiaNbHMM Bap’ep Ha rpaHULUsX 3epeH 3Poc-
Tae. NpoeeneHi nocnigxkeHHs MNMTKO kepamikn Ha OCHOBI TUTaHaTy 6apito
B LUMPOKOMY 4aCTOTHOMY i TemnepaTypHOMY iHTepBanax A03BONASAIOTb
CTBEPOXYBATU, WO NOHN MaHraHy 3HaxoOAaTbCHA NepeBaKHO Ha rpaHu-
Lsx 3epeH i cnabo BNAMBaKTh Ha Onip 3epeH. Takuii po3noain AOMiILLKM
MaHraHy cyTTeBo nokpatuye snactmueocTi [MTKO maTtepianis.

Kmouogi cnoea: [1TKO, gomiluka MaHraHy, BapuCcTOPHUY eexT,
MIKPOCTPYKTYpa, NoTeHLiabHui 6ap €p, KOMIIEKCHW iMrneaaHc

PACS: 61.66.Fn, 77.80.Bh, 78.40.Fy
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