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Dielectric spectra and electrical conduction in Fe-doped SrTiQ

Chen Ang and Zhi YU
Institut fur Physik, Universita Augsburg, D-86135 Augsburg, Germany

Zhi Jing
Department of Ceramics and Glass Engineering, University of Aveiro, 3810 Aveiro, Portugal

P. Lunkenheimer and A. Loidl
Institut fir Physik, Universitd Augsburg, D-86135 Augsburg, Germany
(Received 1 April 1999; revised manuscript received 30 June)1999

The transport and dielectric properties of, $(Ti,_Fe)O;_ s solid solutions have been investigated at
temperatures 1.5 KT=<300 K and frequencies 20 Hzv<1 MHz. Depending ornx, suppression of the
guantum-paraelectric background, dielectric anomalies associated with relaxational processes, variable-range-
hopping conduction, and a sublinear power-law increase in the ac conductivity were observed. The results of
the present work are the followingi) For low concentration Fe doping, the suppression of the paraelectric
state is smaller than for Bi and La doping; the higher stability of the quantum paraelectric state is due to the
fact that, in contrast to Bi and La, Fe substitutes for Ti si(@s.The observed variable-range-hoppityiRH)
conduction indicates that Fe doping leads to the occurrence of local states in the highly disordered SrTiO
lattice; this behavior coexists with the stable quantum paraelectric giateA dielectric relaxation process
from 50 to 200 K is observed that is related to some defects; it is evidenced that the dielectric relaxation has
no direct relation with the VRH mechanism, however, it is very possibly related to a polaron mechanism.

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

Ceramic samples with composition,S# Ti; 4 Fe)O5_ 5

SrTiOz-based perovskite oxides are technically |mportant§x:0.02, 0.05, 0.1, and 0.2)vere prepared by solid-state

materials and also of interest from a more fundamental poinf,, ion ' A 3% atomic Sr-site deficiency was introduced to

of view. The continuous increase of the permittivity with o p-0c6 the chemical stabilf§.In order to check for the

decreasing temperature and the leveling off of the permittivefiact of the cooling rate after sintering, two samples with

ity at very low temperatures is explained by the softening ofy_q o \were prepared with slow coolirigooled in furnacke
phonon ~ modes and quantum fluctuation  effectSand quenched processiuenched from sintering tempera-
respectively:? At low temperatures, the paraelectric state iStures, respectively.

stabilized by the zero-point energy. There are various reports Dielectric and conductivity measurements were made us-
on the effects of impurity doping on the properties of thising the HP 4284A LCR meter and Solartron 1260 Impedance
interesting systeri.® For substitutions of the Sr site the sup- Gain-Phase Analyzer, and a Keithley-617 Programmable
pression of the quantum paraelectric state was repdrfed. Electrometer. For the measurements the samples were coated
Bi doping leads to the occurrence of several polarizatiorwith silver and/or In-Ga electrodes. The x-ray-diffraction
modes and final transition to ferroelectric relaxor (XRD) results indicated that all samples were single phase
behavior®~® La doping strongly suppresses the paraelectri@nd exhibited the cubic perovskite structdte.

state, however, no intrinsic polarization modes occur, except
for polarization effects related to oxygen vacandi&sTiO;
doped with Fe combines the required stability and interesting
transport properties at relatively high temperatures. In this A. Investigation of the quantum-paraelectric background
case, F&" substitutes for Ti". The material has been con- for 0.02<x=<0.1

sidered for application as electrochemical electrodes and re- The temperature dependence of the red) (and imagi-
sistive oxygen sensof§-*? For these applications, special nary () part of the complex dielectric permittivity for Fe-
attention was paid to the electrical transport properties a§oped SrTiQ (x=0.02) is shown in Fig. 1 for various fre-
high temperatures. In a previous papéspme of the present quencies. With decreasing temperature! increases
authors reported the observation of dielectric relaxation procontinuously and saturates at low temperatures, revealing the
cesses and a variable-range-hoppitiRH) conduction in  characteristic quantum paraelectric behavior. The leveling
the temperature range 50—300 K for Srfi@oped with Fe. off of the ¢’ at the low temperatures, similar to that of the
In the present paper, we extend the temperature range dovpure SrTiQ, is more clearly seen in the plot with the loga-
to 1.5 K, to clarify the possible mechanisms of the dielectricrithm scale of the temperature axis, as shown in Fig. 2, for
relaxation process and to study the VRH conduction in dex=0.02, 0.05, and 0.1 at 100 Hz. From Fig. 1, it can be seen
tail. In addition, we briefly comment on differences in dielec- that small relaxational processes are superimposed on the
tric relaxation when substituting on the Ti site or on the Srbackground of the pure SrTidike in €' (T) from 50 to 200

site in SrTiG,. K, which can be more easily observed in #&T).

Ill. RESULTS AND DISCUSSION
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FIG. 3. Concentration dependence of inversg0 K) for
Sy oA Ti1_xFe) O3, with x=0.02, 0.05, and 0.1. For comparison,
the data of (Sr_45Bi)TiO; and (Sf_;s5La)TiO; are also
shown.

500

single crystal SrTi@ by Muller and Burkard T;=84 K, C
=0.9x10° K, and To=38 K).! However,T, is strongly re-
T(K) duced for the doped samples, and is negative. The positive
value of (T1-2Ty) is a signature of the quantum paraelectric
behavior; the higher the value of {(-2T;), the more stable
the paraelectric stafe’® In this work, with increasing Fe
doping concentration, the values of(2T,) increase, im-
plying that Fe doping drives the system away from the ferro-
electric instability.
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FIG. 1. Temperature dependence &fand €’ for the sample
SrygATi1_4F&)O0;_s with x=0.02 at frequencies 0.1, 1, and 10
kHz (from left to right for €', from top to bottom fore”, respec-
tively). “ A” denotes the low-temperature relaxation.

In Fig. 1, forx=0.02, anadditional frequency-dispersive N . .
loss peak(marked as A”) is observed around 10 K. A As seen in Fig. 2, the low-temperature dielectric constant

similar relaxation process has been found in nominally puréS strongly reduced with increasing Fe conpen_trat(omhat
SITiO; and Bi-doped SrTig, and is discussed in detail in Is, Fe doping strongly suppresses the polarization at low tem-
Ref. 8 peratures. In Fig. 3, inverse’'(T—0 K) (denoted as

It is known that the paraelectric state of pure Srfi€n [€'(0K)] ™) is plotted versus. For comparison, the data of

; ; o Bi and La-doped SrTiQare included in Fig. 3. It is found,
be d bed by the Barrett relatibhwhich is based on th . i . .
© gescribec Dy the barret: re/at ch 1S based on the that in the three systems investigafad (OK)] ! increases

mean-field theory taking quantum fluctuations into account: . oS :
linearly on concentration. A similar behavior was also re-
€' = CI[(T4/2)coth( T,/2T) — To]. (1)  Ported for Li-doped KTa@by Hochli et al.l_6 At present, the
microscopic nature of this linear relation is unclear. A closer
Here C is the Curie-Weiss constarif, represents the tun- inspection of Fig. 3 reveals that the slope[ef(0K)] ! vs
neling integral, andT, is the transition temperature where X for Bi doping is about two times larger than that for La
the lattice instability would occur in the absence of quantundoping, and four times larger than for Fe-doped samples.
fluctuations. Bi®* substitutes for $¢", which is a highly polarizable ion
Fits of the experimental data to the Barrett relation, Eqtending to induce polar clusters. The observation of relaxor
(1), are shown in Fig. 2. The fit parameters for the differentbehavior in Bi-doped SrTi@fits well to this frame’® and
concentrations are also indicated in Fig. 2. The series of paebviously these polar clusters must effectively suppress
rametersC and T, agree well with those reported for a pure quantum fluctuations. [*4 which also substitutes at the Sr
site, but is much less polarizable, has a much smaller influ-
ence on the quantum fluctuations. Different from Bi and La
doping, Fe substitutes on the Ti site, and has the minimum
slope; this means that the Fe substitution at Ti sites does not
cause polar clusters, and it has a smaller effect than those of
the Bi and La doping.
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B. dc conductivity

w x = 0.05 \ The temperature dependence of the dc conductivity
~~~~~~~~~ o N\ for x=0.1 andx= 0.2 is shown in Fig. 4. The results indicate
that o4 T) cannot be fitted assuming a thermally activated
conduction mechanism, which is commonly used to charac-
terize band conduction. In this casey. should follow oy
Stoer =0gexXd —Econd/ksT], Where o is the pre-exponential
0 e ol term, andE..,qis the activation energy for conduction. The
1 10 100 Arrhenius plot shown in the inset of Fig. 4 does not lead to
T(K) straight lines over significant temperature ranges. However, a
satisfactory result can be obtained assuming a VRH
mechanisr’
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FIG. 2. Temperature dependenceedffor the samples wittx
=0.02, 0.05, and 0.1 at 100 Hz. Solid lines: fits to Barrett relation,
Eq. (1); the fitting parameters are noted in the figure. Tge=0gexp —To/T)Y4 2
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100 / [T(K)m] =0.2 samplegslow cooled and quenched during preparatidrne

frequencies aréfrom top to bottony: 0.1, 1, and 10 kHz.

FIG. 4. Temperature dependence of the dc conductivityxfor
=0.1 and 0.2quenched and slow cooled during preparatiomthe  slow-cooling sample. The temperature dependence of the dc
main frame a representation was chosen that leads to a straight ligdnductivity for the quenched sample also follows VRH be-
for VRH. The solid lines are fits to the VRH prediction, E@).  havior, as shown in Fig. 4; only the conductivity is smaller
The triangles are the values of;. as determined from the low- by about half an order of magnitude. It should be pointed out
frequency plateau ot’(v) for the slow-cooling sample witkk  that the temperature range for the sharp increase (it)
:Q.Z(see Fig. 6. The inset shows the data in Arrhenius represen-corresponds to the temperature region in which the VRH
tation. behavior was observed.

The frequency dependence of the real part of the ac con-
whereT, is proportional toa®/N(E), with « the inverse of  quctivity, o,(»), is shown for both samples in Fig. 6. For
the localization length anM(E) the density of states at the high temperaturesy,{») exhibits a low-frequency plateau
Fermi level!” Indeed, the plot log(og) vs 1T¥* leads to  that can be associated with the dc conductivity. Indeed, the
straight lines over a considerable temperature rdR@e 4.  values foroy., read off from the plateau ior,{v), agree
In the VRH model, it is assumed that the charge carriersyell with the measuredry. as demonstrated for the slow-
move away along a path determined by the optimal pair hopeooling sample in Fig. 4triangles. For higher frequencies a
ping rate from one localized state to another in the disordepower-law behaviorg,{ )~ v° is observed. The ac conduc-

system. Band conduction is absent because the extendggity then can be described by the so-called universal dielec-
states are far away from the Fermi levél. tric responsé®

— S
C. Dielectric relaxation and ac conductivity oad V) =04t A(T) v ()

For all the samples investigated, dielectric loss peakdvith s<1. There is a vast number of theoretical approaches
were found in the temperature range 50—-200 K with fre-to deduce this behavior from the microscopic transport prop-
quency dispersiofsee, e.g., Fig.)l typical for a relaxational
process. Due to the huge paraelectric background, the 10°

samples with 0.0&x<0.1 show only weak corresponding | SToar(Tloal802)Oq
dielectric anomalies i’ (T). However, for the slow-cooling . quenched
sample withx=0.2, the expected steplike behaviored{T) 10 __H_M

is nicely developedFig. 5. The obvious dielectric peaks i-+—+—**’

were observed ir’(T) from 100 to 180 K in the frequency — 10°F 7

range 0.1-10 kHz; with further increasing temperature, S x

€'(T) increases quickly. *-é - pYE——

In the previous papéer the dielectric relaxation process is = 10° Foononoomosoocoos®
attributed to trap-controlled ac conduction. However, the re- % _Zﬁ_w_+w+w;;f:v ¥
laxing entities and the carriers of the VRH mechanism are 5 R P e
unclear up to now. In the present work, in order to explore 10
the nature of the dielectric relaxation and conduction mecha- o [rear
nism, the sample witk=0.2 was studied in more detail. We 107 " relmationpeak (b)

found that the cooling rate during preparation has a strong
influence on the electrical properties of the samples. As
shown in Fig. 5, in contrast to the slow-cooling sample, for
the quenched samplée is strongly suppressed and the di-  FIG. 6. Frequency dependence of the real part of the conductiv-
electric peaks in the temperature range 100-180 K disafty o,(») for both samples with=0.2 (slow cooled and quenched
pear; however, with further increasing temperature higheturing preparation The temperatures atéfom bottom to top: 60,
than 180 K,e'(T) increases sharply similar to that of the 100, 140, 160, 200, 240, 260, and 290 K.

10° 102 10° 10* 10° 10°
v (Hz)
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erties of various classes of materiflsThe quantum- eral exist in this system, if the concentration of holes is high.
mechanical tunnelingQMT) model, which corresponds to These processes can be described by
the VRH model for nonzero frequencies, predicts a

temperature-independent frequency exporemtear 0.8° FE"+h eFe, 5
Unfortunately, due to additional contributionsdnd v) (see o "
below) an unambiguous determination of T) is difficult Tt +h e Tt (6)

but at least the data do not contradict the QMT prediction.
From Fig. @), it can be seen that at low temperatures, for _ These weakly bonded holes lead to local states around the

example, 100 Kg,{v) of the slow-cooling sample exhibits Fermi level that giye rise tq the observed VRH behavior. It is
an obvious shoulder in the frequency range 0.1—100 kHZpossmle_ to explain the difference of the values of the dc
which corresponds well to the dielectric relaxation peak ob-conductivity of the slow-cooled and quenched samples: the
served in the temperature dependence ofetl{@) in Fig. 5. gquenching process leads to a smaller oxygen concent(atmn in
For the quenched sample this contribution is abgeng.  the sample and therefore a smaller hole concentratiéh.
6(a)]. In addition, o,{») of both samples approaches a pe-Hence, o, in Eq. (2) is Iower_ t_han that _of the slow-cooled
havior o,{v)~ v? for the highest frequencies investigated. sample _and the dc _conductl\(lty value is low, but the VRH
While the used LCR meters often show some systemati€onduction mechanism remains the same.
errors at the highest frequencies> 100 kHz, we think this
unusually steep increase is intrinsic, especially in light of the
fact that both samples have been measured using two differ- The slow-cooling sample witli=0.2 shows a dielectric
ent devices, HP 4284 LCR meter and Solartron 1260 Impedrelaxation mode, but the quenched sample does not. How-
ance Gain-Phase Analyzer. Measurements at higher frequeaver both samples exhibit VRH conduction. It can be con-
cies are necessary to explore the physical nature of theluded that the dielectric relaxation process is not directly
behavior. related to the VRH mechanism.
In this work, the dielectric relaxation time, determined
D. Discussion from the loss-peak frequencies, follows a thermal activation
mechanism, with an activation energoj,=60 meV?!3
This value of the activation energy has a similar magnitude
It is reported that Sre(Ti,_Fe,)Os_ s exhibits hole con-  to that of the dielectric relaxations found in various perovs-
duction when sintered in air(i.e., under oxidizing kites of ABO; type??~2* These relaxation processes were
conditions.** In the present work, the conductivity of the attributed to localized hopping of polarons between lattice
quenched sample is lower than that of the sample made bysites, which is equivalent to the reorientation of an electric
slow-cooling process. This phenomenon was also observedipole??=2* The dielectric relaxation behavior can be as-
for quenched samples of high- superconducting ceramic cribed to a local hopping of holes between twc* FFe**
Y-Ba-Cu-O with hole conductiof and attributed to oxygen and/or TP*/Ti** sites [Eq. (5) and/or (6)], which corre-
deficiency due to the lack of oxygen absorption during thesponds to a polaronic process. The disappearance of the di-
cooling process. For both systems, the creation of holes caglectric relaxation in the quenched sample might be attrib-
be described &5 uted to the lower hole concentration in the sample.

3. Dielectric relaxation

1. Conduction carrier

0,+2V, =20} +4h', 4 IV. CONCLUSION

whereV, represents an oxygen vacancy carrying two excess
positive charges, 9 means a neutral oxygen lattice site, and
h" is a hole.

The present work reveals some results:For low con-
centration Fe doping, the quantum-paraelectric background
remains present and the suppression of the paraelectric state
is smaller than that for Bi doping and La doping. The higher
stability of the quantum-paraelectric state might be due to the

The occurrence of VRH conduction in fact that Fe substitutes on the Ti site, in contrast to Bi and La
Sry9A Ti1_xFe)O5_ 5 implies that the system is highly dis- doping.(ii) From the observed VRH conduction mechanism
ordered, which might be caused by the existence of Sr vait can be concluded that the Fe doping generates local states
cancies, oxygen vacancies, and/or the random distribution af the highly disordered SrTiQlattice; this behavior coexists
the Fe ions at the Ti sité$:* The VRH conduction is con- with the quantum-paraelectric backgrouriiii.) A dielectric
nected with local states around the Fermi level. relaxation process from 50 to 200 K is observed, which has

In this work, the conduction carriers are holes; for Fe andho direct relation with the VRH process. It is very possibly
Ti ions in the oxides, it is very reasonable to assume theelated to the hopping of polarons between two Fe and/or Ti
holes could be trapped by Feor Ti®* ions, which in gen-  sites.

2. VRH conduction
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