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Electrical conductivity of SrTi 1ÀxRuxO3

R. F. Bianchi, J. A. G. Carrio´, S. L. Cuffini, Y. P. Mascarenhas, and R. M. Faria
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~Received 13 January 2000!

SrTi(12x)RuxO3 perovskite oxide compound exhibits different physical properties depending on thex value
and the temperature range. High electrical conductivity, ferromagnetism phenomena, piezoelectricity, and
superconductivity are currently properties found in this perovskite family. In this paper we present a study of
electronic conduction of this mixed perovskite in function ofx and temperature by alternating conductivity
technique. Pure SrTiO3 is an insulating material that progresses to a conductive one asx increases. The model
used to explain this conductivity evolution is the random free energy barrier model developed to explain
transport phenomena in disordered materials. Disorder in this perovskite is supported by diffraction studies that
evidenced slight delocalizations of oxygen atoms in the lattice, added due to random substitutions of Ti41 by
Ru41.
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I. INTRODUCTION

Studies of mixed perovskite SrTi(12x)RuxO3 ~STRO!
structures have aroused considerable interest of late, s
they have shown a large variety of physical effects and te
nological applications. SrRuO3, for example, presents elec
trical conductivity equal to 43106 (V m)21 at low tempera-
tures and 106 (V m)21 at room temperature,1 exhibits the
rare 4d ferromagnetism at 160 K that is characteristic of lo
dimensional systems,2 and was used as thin barrier layer wi
Josephson junction property in a superconduc
ferromagnetic-superconductor structure, hav
YBa2Cu3O(72x) films as electrodes.3 More recently it was
also discovered that members of Sr(11x)RuO(31x) systems
are superconductors,4 showing certain similarities to the hig
critical temperature cuprates. On the other hand, SrTiO3 is a
diamagnetic insulator material that presents a giant pie
electric effect at low temperature,5 but it acquires a semicon
ducting behavior when doped with iron, presenting lar
thermochromism6 and electrocoloration effect.7

Electronic band structure of both SrRuO3 cubic and ortho-
rhombic crystalline forms were calculated by different me
ods showing their unambiguous metallic behavior.8,9 Elec-
tronic conduction was also observed in SrTiO3 at low
temperature.10 In this paper we show complex alternatin
conductivity studies of STRO structures, and that they
have as conducting disordered materials.11,12 In such behav-
ior, the real component of the ac conductivitys8( f ) has a
plateau at low frequenciesf, i.e., for these frequencies th
conductivity does not vary with the frequency, but above
certain frequency, denoted by critical frequencyf c , it obeys
the relations8( f )} f n, where 0<n<1. The imaginary com-
ponent obeys a linear relation in the lns9(f)vs ln f graph, in
almost the whole frequency range, outlining an absorpt
peak at higher frequencies. Assuming that the substitutio
Ru41 for Ti41 ~or vice versa! in a STRO structure breaks th
periodicity of the electric potential arrangement, we descr
the complex conductivitys* ( f ) in terms of hopping mecha
nism ~or tunneling assisted by phonons! over electrical bar-
riers randomly distributed in the bulk material. Delocaliz
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tion of oxygen atoms in a unitary cell due to high vibratio
movement, observed in x-ray diffraction studies, also c
tributes to such aleatory barrier distribution.

II. EXPERIMENT

Solid solutions of STRO were prepared by mixing Sr a
Ti in a 1:(1-x) ratio obtained in water solution with appro
priate stoichiometric amounts of TiCl4 and Sr(NO3)2. A so-
lution containing (NH4)2CO3 and NH4OH was then slowly
added and the final mixture stirred until the complete prec
tation of the solid SrTiO3. After that, the product was fil-
tered, washed in water, dried at 120 °C, and kept at 1100
for 3 h. Afterwards the solid solution of STRO was prepar
adding a molar amountx of RuO2 and the mixture was
ground until a fine powder was obtained. The final mixtu
was then heated again at 1100 °C for 3 h.

Powder diffraction patterns of STRO solid solutionsx
50.01, 0.05, 0.10, 0.20, and 0.33! were obtained by a rotat
ing anode Rigaku Denki diffractometer, in 0.02° steps, w
a counting time of 5 s, over the range 100<2u<1200. The
structures were refined by the Rietveld method using
DBWS and GSAS programs, until the acceptable discrepan
factors of 5%, 10%, 15%, and 3%, respectively, f
R-Bragg, Rp, Rwp, and S were reached. The results ar
agreement with recent SrRuO3 crystal structure determina
tion carried out by the powder neutron diffraction method13

Impedance measurements were carried out using a
quency response analyzer controlled by a programmed s
ware, operating in the 10–106 Hz frequency range. The
measurements were performed at different temperatures
tween 100 and 300 K under high vacuum.

III. RESULTS

X-ray diffraction for differentx values showed three crys
tallographic space groups:Pm3̄m for x below 0.30,I4/mcm
for 0.30,x,0.40, andPnmafor x above 0.40.13 The refine-
ment of the x-ray patterns by the Rietveld method discar
10 785 ©2000 The American Physical Society
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10 786 PRB 62R. F. BIANCHI et al.
any other primitive unit cell different from that ofPm3̄m. In
case of an ordered Ti41 for Ru41 substitution, the cubic face
centeredFm3̄m should be observed. Then, to keep t
Pm3̄m structure, a spatially random substitution of Ti by R
must occur. Furthermore, high values of thermal vibrat
factors obtained for the oxygen atoms, by the Rietveld
finement, indicate a disorder in the location of these atom
the STRO structure. High thermal vibration factors are o
served even at low temperatures as shown in the deta
analysis carried out with SrTi0.90Ru0.10O3 at 160 K.13 The
large thermal anisotropic displacement of O2 in the SrRuO3
structure was also evidenced by neutron diffract
experiments.14

Figure 1 shows the dc conductivitysdc in function of x
which measures the amount of replacement of Ti by Ru
the unit cell of STRO. One may observe that forx,0.30, the
conductivity increases linearly withx, that is the range in
which STRO exhibitsPm3̄m symmetry. Above this value
i.e., for x.0.30, the conductivity remains practically co
stant, and the structure changes fromPm3̄m to I4/mcm at
x50.30, and fromI4/mcm to Pnma at x50.40. Complex
conductivity measurements carried out with samples
STRO withx.0.15 showed that the real part of ac condu
tivity s8( f ) is frequency independent in the whole range
10 Hz to 1 MHz whose value was approximately equal
30 (V m)21 ~results not shown! coincident, therefore, to
that measured by dc technique~Fig. 1!. However, for STRO
samples withx lower than 0.15,s8( f ) presents a frequency
independent part at low frequencies, the dc conductiv
(sdc) plateau, followed by a part in which the conductivi
obeys approximately thes8( f )} f n relation. The frontier be-
tween these two regions in thes8( f ) curve is not well de-
fined but is determined by a critical frequencyf c . Another

FIG. 1. dc conductivity of SrTi(12x)RuxO3 for different x val-
ues: 0.01, 0.05, 0.10, 0.15, 0.33, 0.40, 0.50, and 0.80. Meas
ments carried out at 300 K under vacuum.
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characteristic of thes8( f ) curve is that the low-frequency
plateau is shorter~i.e., f c is small!; the sample is less con
ductive, which for STRO means thex value is smaller~see
Fig. 2!. The imaginary component of the conductivitys9( f )
presents a quasilinear behavior in the double-logarithm sc
irrespective thex value; this, probably is part of an absorp
tion curve whose maximum should be reached in a freque
beyond the scope of present measurements. The interse
betweens8( f ) and s9( f ) curves is used as a method
approximately finding the critical frequencyf c . Experimen-
tal values ofsdc and f c obtained from measurements carrie

re-

FIG. 2. s8( f ) and s9( f ) components of the complex conduc
tivity. ~a! SrTi0.95Ru0.05O3, ~b! SrTi0.90Ru0.10O3, and ~c!
SrTi0.85Ru0.15O3. Measurements carried out at 300 K under vacuu
Full lines represent the theoretical fittings.
TABLE I. Data of fittings between Eq.~1! and experimental results for SrTi0.95Ru0.05O3 ,
SrTi0.90Ru0.10O3, and SrTi0.85Ru0.15O3 samples at 300 K under vacuum.

Samples sdc s0 K gmin8 s0 /gmin8

(V m)21 (V m)21 ~Hz! (V mHz)21

SrTi0.95Ru0.05O3 6.231026 5.731026 50 1.13103 5.331029

SrTi0.90Ru0.10O3 4.931025 4.831025 65 3.53103 1.431028

SrTi0.85Ru0.15O3 2.331023 1.931023 75 1.93105 1.031028
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out with samples ofx equal to 0.05, 0.10, and 0.15 are show
in Table I; the angular coefficientn is approximately 0.7.

Figure 3 shows measurements of boths8( f ) and s9( f )
carried out with the sample ofx50.15, for several tempera
tures: 100, 200, and 300 K. The conductivitysdc decreases
from 2.331023 (V m)21 at 300 K to 2.5
31026 (V m)21 at 100 K, whilef c becomes higher as th
conductivity of the material increases, i.e., as the tempera

FIG. 3. s8( f ) and s9( f ) components of the complex condu
tivity of SrTi0.85Ru0.15O3. ~a! 300 K, ~b! 200 K, and~c! 100 K.
Measurements carried out under vacuum. Full lines represen
theoretical fittings.
re

increases. Table II shows experimental values ofsdc and
adjusted values ofs0 ,gmin8 , andK. However, it is important
to note thatsdc is close tos0 andgmin8 is close tof c . The
exponentn is slightly smaller than 0.7, as obtained fro
measurements at 150 and 100 K. On the other hand,s9( f ),
which is always a quasilinear function in the doubl
logarithm scale, practically does not vary with the tempe
ture.

IV. THEORETICAL CONSIDERATIONS

Electronic conduction behavior of isotropic-disorder
media depends strongly on their bulk structural irregulariti
A random distribution of energy barriers, among the ele
tronic energy levels, is derived from such irregularities. In
STRO structure withx different from 0 and 1,x determining
the Ru amount in STRO, it is reasonable to assume a b
in the regular potential arrangement of the crystal. Furth
more, the high vibration of oxygen atoms also generates
tortions on the local potential, contributing to the disarrang
ment of the potential in the crystal network. In such
picture, the electronic conduction may occur, at least p
tially, via hopping, or via phonon assisted tunneling, amo
localized states, whose transition rate depends on the sp
distance and/or the energy difference of the localized ene
levels. In the concept of hopping conduction, all the info
mation about the disorder is comprised in the hopping ti
distribution functionC(t). For a disordered solid this func
tion is determined by hopping over a random distributed
ergy barrier, as proposed by Dyre.15 From the continuous
time random walk approach applied to a regular lattice, a
obeying the Kubo’s fluctuation theorem, Odagaki and La16

derived the efficacious expression for the complex cond
tivity s* (v)5C@1/f* ( iv)2 iv#, where f* ( iv) is the
Laplace transform off(t) that is the probability residenc
for a time t in a given site~localized energy level!, andC is
a constant that depends on the carrier density.f(t) is related
to the hopping time distribution function byC(t)5
2df(t)/dt.

For each sitei, one may associate a residence time fun
tion f(t)5exp(2git) that represents an exponential deca
where g i is a frequency escape parameter that obeys
Arrhenius processes,g i5g0e2Wi /kT; where g0 is a fre-
quency factor andWi is the barrier energy of sitei, The
function F(t)5^f(t)& is then defined as the average of a
possible aleatory exponential decay processes. From the
eral expression derived by Odagaki and Lax and the conc
exposed above we easily derived the Dyre expression for

he
TABLE II. Data of fittings between Eq.~1! and experimental results for SrTi0.85Ru0.15O3 sample at
different temperatures under vacuum.

Temperature sdc s0 K gmin8 s0 /gmin8

~K! (V m)21 (V m)21 ~Hz! (V mHz)21

300 2.331023 1.931023 75 1.93105 1.031028

250 6.631024 5.531024 72 7.03104 7.931029

200 1.631024 1.631024 71 2.13104 7.431029

150 3.431025 3.231025 70 4.53103 7.131029

100 2.331026 2.131026 62 3.53102 6.031029
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complex conductivity,17 for the case wheregmin , associated
to Wmax, is much smaller thangmax, associated toWmin :

s* ~v!5s0F iv/gmin

ln~11 iv/gmin!
G1 ive8. ~1!

This derivation assumes a continuous distribution betw
the lowestWmin and the highestWmax energy barrier values
The values0(5Cgminlnl) is obtained taking into accoun
the limit v→0, wherel5gmax/gmin . The additional term
ive8 comes from the dielectric response of the material.e8
5Ke0, where K is the dielectric constant ande0 is the
vacuum permissivity.

V. PARAMETERS OF THE MODEL

Considering that there are irregularities in the STR
structure, due to the oxygen delocalization and the alea
Ru41-Ti41 substitution, its potential landscape is such tha
carrier in movement under an applied field should overco
potential barriers randomly distributed in position and in e
ergy in the bulk’s material. This may occur via hoppin
overleaping the barriers, or by tunneling via phonons as
tance. In this picture the model of an energy barrier r
domly distributed in a system, succinctly described abo
and expressed by Eq.~1!, seems to be a good approach
describing the complex conductivity shown in Figs. 2 and
Equation~1! also has a contribution of the dielectric rela
ation to the conductivity of the material. Continuous curv
of all graphs of Figs. 2 and 3 are the fitting obtained by E
~1!. In this expressiongmin is the frequency escape of high
energy barrierWmax andgmin8 52pgmin is one of the adjust
parameter, having a value close tof c . The other adjusted

FIG. 4. lngmin8 vs T21 (h) and lns0 vs T21 (s) from data of
Table II. Both curves present an activation energy Ea50.085 eV
when fitted by the Arrhenius process.
.
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parameters are thes0, whose value is close tosdc , and the
dielectric constantK. All adjusted values are shown i
Tables I and II. Boths0 andgmin8 increase with Ru conten
and temperature, and the ratios0 /gmin8 varies only slightly
with the temperature, as shown in Table II. This is in agr
ment with the expressions0 /gmin8 5C8ln l, where l
5gmax/gmin . Indeed in Fig. 4 the curves show that monol
curves lns0 and lngmin8 vs the temperature reciprocal a
parallels showing and Arrhenius process and having, th
fore, the same activation energyEa50.085 eV. This activa-
tion energy is a reasonable value for carrier traps. The
electric constantK increased slightly with the materia
conductivity, i.e., it was bigger for higherx or temperature.
However, a more accurate study should take into accoun
dependence with the frequency.

VI. CONCLUSIONS

Since the remarkable paper of Pollak and Geballe ab
the effect ofn-type doping in crystalline silicon,18 in which a
power-law frequency dependences8( f )} f n of the real part
of the conductivity was observed, similar ac conductiv
behavior has been observed in a great variety of disorde
solids. Several studies based on hopping conductivity~elec-
tronic, polaronic or even ionic! have been developed, bu
some disagreements with experimental results were alw
present~for a brief review see Ref. 12!. Treatments of hop-
ping in a manifold of states near the Fermi level results i
weak temperature-dependent ac conductivity. The class
approach of pair approximation,19 predicted that the power
law exponentn has a value to 0.8, the dc conductivity varie
strongly with temperature. This strong temperature dep
dence can be explained in terms of thermal activation
charge carriers from localized states in the gap to the mo
ity edge.20 Such localized states being generated or by b
phenomena: distortion in a pure lattice~pure lattice defined
by x51 or x50) caused by changing Ti for Ru, and del
calization of oxygen atoms in a primitive cell. Thesdc or s0
would then be proportional to exp(2Ea /KT) with Ea being
the activation energy. The random free-barrier approach15,17

proved to be a good model for STRO structures not o
because it fit the ac conductivity results well but mainly b
cause the results showed the same activation process for
s0 and gmin8 as foreseen by this model. It is important
remark that the dielectric constantK showed weak variation
with the frequency and temperature.
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