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Variable-range-hopping conduction and dielectric relaxation in disordered Sg oA Ti;_,Fe,)O5_5
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Conduction and dielectric behavior of ;3K Ti, _«Fe,) O3_s solid solutions were studied. The temperature
dependence of the dc conductivity withxA exp(—~BT**4 obtained, indicated a variable-range hopping
mechanism. A low-frequency dielectric relaxation was also observed. The activation energy for the variable-
range hopping conduction is slightly higher than that for dielectric relaxation, suggesting that the dielectric
relaxation is due to the trap-controlled ac conduct{®0163-182@08)05819-§

In numerous ionic oxides with the perovskite structure,peratures. However, work on both the dielectric and conduc-
low-frequency dielectric relaxation behavior has beentive properties, especially at low temperatures, has been
observed:® This low-frequency dielectric relaxation is not rarely done.
related to a phase transition, and probably related to a series The present paper is mainly concerned with the conduc-
of excitations in the solid®.Recently, the dielectric relax- tion and the low-frequency dielectric relaxation behavior of
ation behavior in several materials, KTaOKTaO;:Nb, Sty oA Ti1_xF&) O3_ s ceramics at low temperatures. The evi-
PbTiO;:La, etc., was reported by Bidawt al® They found  dence of a variable-range hopping mechanism for conduction
that the values of the activation energies were in the range of/as obtained, and low-frequency dielectric relaxation behav-
50—-80 meV. The authors attributed the dielectric relaxatiorior was also observed.
behavior to the localization of polarons on residual defects, The ceramic samples with the compositions
such as oxygen vacancies. Moreover, Iguethal. reported Sty oA Ti;_«Fe&)O3_s5 Wherex=0, 0.01, 0.02, 0.05, 0.1, 0.2,
polaronic conduction im-type BaTiQ, doped with LaO;or 0.4, 0.5, and 0.6, respectively, were prepared by solid state
Gd,0; accomplished by a low-frequency dielectric loss dis-reaction. 3% atomic Sr-site deficiency was introduced to en-
persion with the activation energy of 68 meV, which werehance the chemical stability. The relative densities of the
explained as being due to the hopping motion of nonadiasamples were=97%. X-ray powder diffractiofXRD) was
batic small polaron§ However, due to the complicated char- carried out to characterize lattice parameters. Dielectric and
acteristics of the real materials including the lattice contribu-conductivity measurements were made using a Solartron Im-
tion, different defects, impurities, and coupling effects, apedance Gain-Phase Analyzer and Keithley-617 Program-
uniform explanation concerning the low-frequency dielectricmable Electrometer, with silver and/or In-Ga electrodes.
relaxation behavior is difficult, and needs a firmer experi- The XRD results indicated that all samples were
mental basis to be accomplished. Detailed studies are therezonophasic and exhibited the single cubic perovskite struc-
fore needed to shed light on the physical nature of thesture. The lattice parameter decreases by increasing the Fe
phenomena, and more experimental data in different systentontent, as shown in Fig. 1.
are also desirable. The temperature dependence of the dielectric permittivity

On the other hand, dielectric properties of SrFi@nd  and loss was measured for all the samples. Typical curves for
SrTiOy-based materials have been widely studiedh. Fe x=0.2 and 0.5 are shown in Figs. 2 and 3. It has been
doped SrTiQ materials, combining the required stability and reported that the permittivity for pure SrTi@monotonically
interesting transport properties at relatively high temperaincreased with decreasing temperature, the permittivity
tures, have been considered for application as electrochemieaching the high value of 4000 at 50 K&! In the tem-
cal electrodes and possibly also for resistive oxygerperature range of 0.3-300 K, no permittivity peak
sensors?!* For these applications, special attention hasoccurrec®!! Figures 2 and 3 show that the permittivity for
been paid to the electrical transport properties at high temthe Fe-doped SrTiphas greatly decreased; for example, for
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FIG. 1. The lattice parameter versus Fe content.

x=0.2, the permittivity decreases down to 190-&80 K. In

addition, a permittivity and a dielectric loss peak can b

clearly seen.

The sample withx=0.2 was chosen to study the relax-

FIG. 3. Temperature dependence of permittivity and loss for the
sample withx=0.5.

approachgo=199,¢,=177, andB=0.73 at 75 K were ob-

€tained. In the temperature range 75-1504takes values

between 0.59 and 0.79.
The real and imaginary parts of the permittivity can be

ation time distribution. Figure 4 shows the plot of the real
part (') versus the imaginary part{) of the complex per-
mittivity, i.e., the Cole-Cole plot. The data points fitwell into  ¢' =+ (Ag’/2){1— sinh Bz)/[cosK Bz) + cog B/2)]},
a semicircular arc with the center lying underneath the ab-

scissa. The complex permittivityet) can be empirically 2
described by the equatith 3)

rewritten from Eq.(1) in the following forms:

e"=(Ag'[2)sin(Bm/2)/[coshi Bz)+cog Bm/2)],

¥ =g+ (e0—&.)/[1+(1w7)P],

oY)

whereeg is the static permittivityg,, is the permittivity at

very high frequenciesy is the angular frequency; is the

mean relaxation time, and is the angle of the semicircular

wherez=In(w7) andAe'=¢gy—¢,,. If the dielectric relax-
ation is related to a thermally activated process, the relax-
ation time will obey the following relation:

T= TOeXF[EreIaDJ(kBT)]a (4)

arc. From Fig. 5, by fitting this arc with the least-squares

where 7 is the relaxation time at an infinite temperature,

"E elax the activation energy for relaxatiokg Boltzmann's

constant, and the absolute temperature.

220 0.3 By using Eqs.(2) and(3), the relaxation time was calcu-
lated from 75 to 150 K forx=0.2 at 1 and 10 kHz. The
200 0.95 temperature dependence of relaxation tinig shown in Fig.
25
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FIG. 2. Temperature dependence of permittivity and loss for the
sample withx=0.2.

FIG. 4. Cole-Cole plot for the sample witt=0.2 at 75 K.
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-3 other samples showing similar behavior. This is generally
indicative of a variable-range-hopping conduction
mechanisnt/

For x=0.2, and in the low-temperature regime corre-
sponding to the temperature range of the dielectric ggak
120 K, at 1 kHz, for example, the conduction activation
energy isE.,n=140 meV at 100 K. In the high-temperature
regime (>180 K), the conduction activation energ {nJ
increased, bein§ ;=330 meV at 300 K. Fork=0.5, from
50 to 300 K, a similar behavior was obtained for the dielec-
tric characteristics.

In the SpgATi;,_«Fg)O3_s solid solutions, several facts
6 L L L L have to considered: first, according to the nominal stoichi-

6 7 8 9 10 11 ometry, 3% Sr-site vacancies will be present; second, the
10°T (K cubic crystalline structure suggests that the Fe igns are

(K% mainly in the tetravalent Fé state® the results of Me-

FIG. 5. The relaxation timér) versus IT curve for the sample Dauer also confirmed that the Fe is mainly*Feby the
with x=0.2 at 1 and 10 kHz. present author¥’ third, oxygen vacancies are easily formed
by loss of oxygen in the high-temperature sintering process,
in order to balance the charge mismatch due to the existence
of Sr vacancies. On the other hand, for Ti-based ceramics, Ti

~3X107® s and an activation energy @ . ,.=~60 meV can _easny change_ vaIe_nce. Hence,_ in the
were obtained. The value of the activation energy is in g0008r0-97(T'1—+XFQ<_)393—5 solid foluuo?s, electron jumps be-
agreement with that reported by Bidatal. and Iguchi tween Tf*=Ti*" and/or F&"«Fe*" might possibly occur.
ot al 18 As mentioned earlier, the variable-range-hopping mecha-
The results of the temperature dependence of the corftism[Eq. (5)] could fit the experiments. This form of con-
ductivity (o) indicate thato~1/T cannot be fitted to the ductivity has been observed in some amorphous materials
general conduction activation mechanism, which is comvia “states in the gap,” which have been attributed to the
monly used to characterize the band conductian, divacancies and dangling bontlsin other words, it comes
=0 exf—Egng/ (ks T)], Where o is the preexponential from some type of lattice disorder. The observed variable-
term, ancE.,nqis the activation energy for conduction. How- fange-hopping phenomenon implies, therefore, that the
ever, a satisfactory result was obtained, by fitting the experiSfo.od Ti1-xF€&)Os- s material is highly disordered, with the

mental data to a variable-range hopping mechanism dedisorder coming probably from the existence of Sr vacancies,
scribed by the following equation: oxygen vacancies, and the random distribution of the Ti and

Fe ions. This kind of disorder was also proposed to occur in
s SrFeQ ceramics'®
o=0g ex —B/T™)], ©) Based on the observation of the variable-range-hopping
mechanism, the following explanation of the conduction and
whereB=4E/(kgT®% andE is the activation energy. The polarization is proposed. The short-range hopping of weakly
plot of o versus IT¥*is shown forx=0.2 and 0.5 in Fig. 6, bonded defects, such as*T&Ti®*" and Fé"<Fe’, leads
to a net dipole moment, and hence, originates the permittiv-
ity relaxation peaks, i.e., the relaxation mechanism is gov-
erned by the trap-controlled ac conductf8rOn the other
hand, in the disordered matrix of SrTj@ith a random dis-
tribution of Vg, and Fe ions, the long-range movement of the
weakly bonded electrons gives the dc conduction, which can
be described by the variable-range-hopping mechanism.
The transient transport of the electrons bonded b ,Ti
Fe**, and/or Vo from the cathode to the anode, contributing
to dc conduction, can have more difficult steps than the small
displacement changing dipoles. In this case, the value of
E elax IS €xpected to be close to or less than that of the con-
duction activation energyH..,9 derived from the tempera-
ture dependence of the conductivity?® For the sample with
-13 _t x=0.2, the activation energy for dielectric relaxation occur-
24 26 23 30 32 34 ring in the temperature range 50-120 K at 1 kHz
10T (K4 (E(elax=60 meV) is lower than and also close to the activa-
tion energy for the variable-range-hopping conduction at 100
FIG. 6. Temperature dependence of the dc conductivity for thdK (E.on=140 meV). This experimental evidence supports
samples withk=0.2 and 0.5. the above discussion.

log, o[ (s)]

5. It revealed a linear relation between Jjggand 17 in the
temperature range of 75-150 K, from whichy=

log,,[c(Qcm)]

[
-
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In conclusion, for SyqATi;_4Fe)O3_s solid solutions, higher than the calculated activation energy for dielectric re-
the XRD results showed that the single cubic structure anthxation, which, therefore, suggests that the dielectric relax-

stable ceramics were obtained and the lattice parameter dation behavior can be due to the trap-controlled ac conduc-
creases with increasing Fe content. The variable-rangeaion.

hopping mechanism observed for conduction suggests that

the SpoATi;_Fg)05_5 solid solutions are highly disor- The authors would like to thank JNICT, Portugal, for its
dered. The low-frequency dielectric relaxation with the acti-financial support. One of the authdiG.A.) also thanks Zhe-
vation energy~60 meV was observed. The calculated acti-jiang University, People’s Republic of China, for permitting
vation energy for a variable-range-hopping mechanism iis leave and work at the University of Aveiro.
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