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Mechanisms of electroconductivity in Na  Bi, TiO, single crystals
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The complex impedance spectra Z*(w) of Na  Bi ,TiO, single crystals were studied in the temperature interval 600-900 K and in
the frequency range 5-5-10° Hz. Experimental data are presented as diagrams in the complex (Z'-Z") plane and discussed on the basis of
the of equivalent circuits approach. In the studied temperature-frequency diapason the hodographs consist of two arcs and are described
by using an equivalent circuit, containing two serially connected parallel RC circuits. Shift of the arcs centers downward from Z' axis,
caused by distribution of the impedance relaxation times t, is accounted by substitution of usual capacities for generalized ones. The
high-frequency arc on the hodographs is associated with conductivity in the bulk of the sample. The low-frequency arc reflects the
charge transfer in the near electrode regions.
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B remnieparypuoii o6mact 600-900 K u B uacrorroM auarnaszone S - 5-10° 'y u3yueHbI CrIEKTPbI KOMIUIEKCHOTO uMIienanca Z*(w)
Monokpuctamios Na Bi [ TiO,. DkcriepuMeHTaIbHbIC JAHHBIE MPEJICTABIEHB! B BHJIC MATPaMM Ha KOMIUIEKCHOH miockocTu (Z'-Z'")
1 00CY’)KHal0TCsl Ha OCHOBAaHWM METOJA SKBHBAJIICHTHBIX CXEM 3aMeIleHus. I M3ydeHHOTo TeMIepaTypHO-9aCTOTHOTO JHAala30Ha
roforpadsl copepkKar ABE AyTH U OMHUCHIBAIOTCS C UCTIONB30BaHNEM SKBHBAJICHTHONW CXEMBI, COCTOSIIEH M3 IBYX MOCIENI0BATENHHO
coefimHeHHbIX mapamienbHeix RC menouek. CmelieHne LEHTPOB AYr BHU3 OT OocH Z', 00yCIOBIEHHOE PACIpeieleHneM BpeMEH
penakcanuy T UIMIeaHca, y9TeHO 3aMEeHOIT 0OBIYHBIX eMKOCTeH 00001eHHBIMU. BbIcokouacToTHAs Jyra Ha roforpadax ConocTaBieHa
MIPOBOJIMMOCTH B 00beMe oOpasia. HuskoyacToTHas yra oTpaskaeT MepeHoc 3apsijia B IPUAIEKTPOIHBIX 00IacTsIX.

Karouesbie ciioBa: Hatpuii-BucMyToBbIH TuTanat Na Bi [ TiO,, nMIielaHCHAS CTIEKTPOCKOTIHS, SIIEKTPOIPOBOHOCTb.

B Temmneparypuiit obmacti 600-900 K i B wactorHomy miamasoni 5 - 5:10° Ty BUBYEHI CHEKTPU KOMILUIEKCHOTO iMIEIaHCy
Z*(o) monokpuctanis Na, Bi TiO,. ExcniepuMenTanbHi JaHi IpeiCTaBieHi y BUMIAAL AiarpaM Ha KOMIUIEKCHiH mommHi (Z'-Z'")
Ta 0OTOBOPIOIOTHCS HA MiACTaBi METOAY SKBIBaJICHTHHX CXEM 3aMilleHHs. J[s BUBYEHOro TeMIlepaTypHO- YaCTOTHOTO Jiala3oHy
roforpau MiCTITh Bl IyTH Ta OMUCYIOTHCS 3 BUKOPHCTAHHSIM €KBIBAJICHTHOT CXEMH, 10 CKJIAAA€THCS 3 IBOX ITOCIIIOBHO 3’€THAHUX
napanensHux RC naHIioxkKiB. 3cyB HEHTPIB AyT BHU3 Bif oci Z', 00yMOBIICHII PO3IIOALTIOM YaciB peakcamnii T iMIeaHCy, BpaXOBAHO
3aMiHOI0 3BHYATHUX €MHOCTEH y3araJsHeHMMH. BucokoyacTOTHa Jyra Ha rofgorpadax 3icTaBlieHa MPOBITHOCTI B 00’€Mi 3paska.
HuspkouactoTHa ayra BimoOpaxae mepeHeCeHHs 3apsAay B IPUEIEKTPOIHUX 00IacTsIX.

Karouosi ciioBa: Harpiii-sicmyTosuii Tutanar Na Bi [ TiO,, imnenancHa ClIeKTPOCKOIIs, €IEKTPOIPOBIIHICTb.

Introduction atmospheres made it possible to reveal the contribution of

Sodium bismuth titanate Na Bi TiO, (NBT) and
NBT - based solid solutions are inténsi\;ely investigated as
lead-free piezoelectric materials with high Curie
temperature [1]. NBT belongs to the family of ferroelectric
relaxors with A’, A” BO,-type perovskite structure. On
cooling, NBT crystal undergoes the sequence of structural
phase transitions: at T.= 810K from cubic paraphase to the
ferroelastic tetragonal phase; below T, = 490K to
rhombohedral ferroelectric phase [2, 3]. Probable statistical
disordering of Na* and Bi** ions in the A-position of the
crystal lattice and structural defects formed by oxygen
vacancies strongly influence physical properties of NBT.
Heat treating NBT single crystals in the different

the structural defects, created by oxygen vacancies VO" , to

the permittivity and conductivity temperature behavior [4].
Thus, the low-frequency relaxation maximum of & near
670 K is associated with the presence of associated dipole
complexes. Increase of conductivity at T> 700 K is
attributed to the formation of mobile defects [4, 5].

Experimental results and discussion
It is known that the important information on
charge transfer processes can be obtained by impedance
spectroscopy [6, 7]. In this paper we study the spectra of
complex impedance Z*(w)=Z’ — ixZ” in order to elucidate
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the mechanisms of charge transport in NBT single crystals.

The NBT single crystals were grown by Czochralskii
method. Before the measurements the samples were
annealed in air at 870K for 1h in order to destroy associated
dipole complexes responsible for low-frequency dispersion
of € near 670 K [5]. Samples were prepared as the plane-
parallel plates with main faces parallel to the (001). Platinum
electrodes were deposited by magnetron sputtering in an
argon atmosphere. Studies of Z*(w) spectra were carried
out in the temperature interval 600-900 K and in the
frequency range 5-5-10° Hz by Tesla BM-507 impedance
meter. Experimental data were obtained in the regime of
thermal stabilization.

Impedance spectra Z*(w) are presented as diagrams
in the complex plane (Z'-Z") on Fig. 1. For all temperatures
studied the experimental hodographs consist of arcs of
two semicircles. It is known [6, 7] that single arc in (Z'-Z")
plane can be described by the impedance of the parallel

RC circuit Z*(a))zZ(w:O)‘[l+ia)r]_l , where

o — cyclic frequency of the measuring field; =RC —
relaxation time associated with the charge transfer rate. The
hodographs consisting of two arcs are described by using

the equivalent circuit composed of two parallel RC circuits
which are connected in series.

The centers of the arcs, plotted in Fig. 1, are shifted
downward from Z’ axis. Such shifts are usually explained
as consequence of the relaxation time t=RC distribution
in the sample volume and described by replacing ordinary
capacities by frequency-dependent generalized ones
C*=Ax(io)*! (0<n<1) [7]. Considering the above, the
experimental plots were described by using the equivalent
circuit, which is shown in the inset to Figure 1 and has an
impedance

Z*(a)):[(RlleCl*) 1+(R2’l +iaC;) 1} 1)

The hodographs, computed with the help of relation
(1), are plotted in Figure 1 by solid lines.

According to [4] the charge transfer in NBT crystals
combines the electronic and ionic components. Combination
of electronic and ionic conductivity corresponds to a model
of “parallel layers” [7, 8] and can be described by parallel
connection of RC circuits, corresponding to the considered
transfer mechanisms. It is clear, that parallel connection
of several parallel RC-circuits is equivalent to single
parallel RC-circuit with parameters averaged over existing

648 K
673 K
698 K
723 K

O m O e

C (o)

%

C.()

4,0x10° 6,0x10°

Z'\ Q

2,0x10°

|
8,0x10°

748 K
773 K
798 K
823 K
848 K

A A S € D

4,0x10*° 6,0x10°

Z', Q

2,0x10"

8,0x10"

Fig. 1. Impedance spectra of NBT single crystals. Symbols represent experimental data. Solid lines are calculated by

using impedance of equivalent circuit, shown in the inset.
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conduction mechanisms.

Considering the above, presence of the two arcs on
experimental hodographs (Fig. 1) requires to use the “series
layers” model [8]. Therefore, the arcs on the hodographs
in Fig. 1 can be compared with charge transfer in the
sample volume and in the regions near of semitransparent
electrodes. According to [8], to describe this situation the
“series layers” model is applicable that corresponds to
the serial connection of volume (Z, ) and near-electrode
(Z,,) impedances. Thus, the high -frequency semicircle
on the hodograph in Figure 1 may be compared with the
conductivity of the sample volume, which includes both
electronic and ionic components. The low-frequency arc
corresponds to the charge transfer in the near-electrode
layer. The presence of the arc indicates that the electrodes
are semitransparent for charge carriers. In the case of
blocking electrodes accumulation of charge carriers in the
near-electrode region leads to appearance of the vertical or
inclined rays in the low -frequency part of the hodographs.
Therefore, one can assume that the low-frequency arcs
(Fig. 1) are contributed by electronic (or hole) conductivity.

It is known that the impedance (or conductivity) of
the corresponding process in DC field may be determined
by the intersection of the arc with the Z’-axis. Conductivity
in zero frequency field, determined within this approach
for high- and low-frequency arcs (Fig. 1), are presented
in Arrhenius scale in Fig.2. The inset in Fig. 2 shows the
values of the index n in the expressions for generalized
capacities used in (1). It is seen that the charge transfer
processes corresponding to high-frequency and low-
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Fig. 2. Electrical conductivity in a DC field 6(®w=0) vs
1/T, determined from the hodographs in Fig. 1 for high-
frequency (1) and low frequency (2) arcs. Inset shows
the values of the generalized capacities index n used in
the relation (1).
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frequency arcs are characterized by similar values of the
activation energy. The values of index n indicate that the
distribution of the relaxation times t of charge transfer in
near-electrode region (low- frequency arcs in Fig. 1) is
significantly higher than in the bulk of the sample.

In [4] increase of the conductivity at T>700 K is
explained by the formation of mobile defects associated

with oxygen vacancies. Formation of vacancies V)", the

charge of which is compensated by electrons localized in
neighboring cations, is possible in the process of crystal
growth. Quasi-chemical reactions of this process in the
notation of Kroger-Wienke can be written as follows

O; +2Ti,, > V" +2Tiy, +%02 ,

where O, Ti;, —filled neutral lattice sites; ;" —oxygen

vacancy 711 i;i — Ti*" ion capturing an extra electron. In the

external electric field electrons can hop over the sites,
contributing to the electronic conductivity. The oxygen

ions can hop through vacant sites (¥,") that determines
ionic component of conductivity.

Conclusions
Study of the complex impedance spectra showed
that the experimental hodographs consist of arcs of two
semicircles. The high-frequency arc is attributed to charge
transfer in the sample volume. It is supposed that charge
transfer in the bulk includes contributions from electronic
and ionic hopping conductivity. lonic conductivity can be

result of oxygen vacancies ;" motion. Electrons can

hop via traps such as F* centers. The low-frequency arc of
experimental hodographs reflects electron conductivity in
the near-electrode regions.
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