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Electrical conductivity of SrTi;_,Ru,O4
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SrTi1—RuO; perovskite oxide compound exhibits different physical properties depending orvtige
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 functionxo&nd temperature by alternating conductivity
technique. Pure SrTiQis an insulating material that progresses to a conductive oreéreseases. 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 substitutidristf Ti

Ru*T,

[. INTRODUCTION tion of oxygen atoms in a unitary cell due to high vibration
movement, observed in x-ray diffraction studies, also con-
Studies of mixed perovskite SiTi, RuO; (STRO  tributes to such aleatory barrier distribution.
structures have aroused considerable interest of late, since
they have shown a large variety of physical effects and tech-
nological applications. SrRuQfor example, presents elec- Il. EXPERIMENT
trical conductivity equal to % 10° (Q m) ! at low tempera-

tures and 18 (0 m)™* at room temperaturkexhibits the Tiin a 1:(1x) ratio obtained in water solution with appro
rare 4 ferromagnetism at 160 K that is characteristic of low priate stoichiometric amounts of TiCand ST(NQ),. A So-

dimensional systenfsand was used as thin barrier layer with lution containing (NH),CO; and NH,OH was then slowly

Josephson junction property in a superconduc?or—added and the final mixture stirred until the complete precipi-

ferromagneUc-sqperconductor 3 structure, _ havmg’[ation of the solid SrTiQ. After that, the product was fil-
YBa,Cus07_) films as electrodes.More recently it was o 04 \yashed in water, dried at 120 °C, and kept at 1100 °C
also discovered that members 0f(S5)RUQ3. ) SYSEEMS 4 3 b Afterwards the solid solution of STRO was prepared
are superconductofsshowing certain similarities to the high adding a molar amounx of RuO, and the mixture was
critical temperature cuprates. On the other hand, SyT8@  ground until a fine powder was obtained. The final mixture
diamagnetic insulator material that presents a giant piezoyas then heated again at 1100°C for 3 h.

Solid solutions of STRO were prepared by mixing Sr and

electric effect at low temperatuPeyut it acquires a semicon- Powder diffraction patterns of STRO solid solutions (
ducting behavior when doped with iron, presenting large=0.01, 0.05, 0.10, 0.20, and 0)3&ere obtained by a rotat-
thermochromisfhand electrocoloration effeét. ing anode Rigaku Denki diffractometer, in 0.02° steps, with

Electronic band structure of both SrRy€ubic and ortho-  a counting time of 5 s, over the range’¥®6<12®. The
rhombic crystalline forms were calculated by different meth-structures were refined by the Rietveld method using the
ods showing their unambiguous metallic behafidiElec-  DBWS and Gsas programs, until the acceptable discrepancy
tronic conduction was also observed in Srfi@t low factors of 5%, 10%, 15%, and 3%, respectively, for
temperaturé® In this paper we show complex alternating R-Bragg, Rp, Rwp, and S were reached. The results are in
conductivity studies of STRO structures, and that they beagreement with recent SrRyQ@rystal structure determina-
have as conducting disordered materfafs In such behav- tion carried out by the powder neutron diffraction methdd.
ior, the real component of the ac conductivity(f) has a Impedance measurements were carried out using a fre-
plateau at low frequencie§ i.e., for these frequencies the quency response analyzer controlled by a programmed soft-
conductivity does not vary with the frequency, but above aware, operating in the 10-10Hz frequency range. The
certain frequency, denoted by critical frequerigy it obeys  measurements were performed at different temperatures, be-
the relationo’ (f) f", where Gsn<1. The imaginary com- tween 100 and 300 K under high vacuum.
ponent obeys a linear relation in theoltff)vs Inf graph, in
almost the whole frequency range, outlining an absorption
peak at higher frequencies. Assuming that the substitution of IIl. RESULTS
Ru** for Ti** (or vice versain a STRO structure breaks the _ . _
periodicity of the electric potential arrangement, we describe X-ray diffraction for differentx values showed three crys-
the complex conductivity™* (f) in terms of hopping mecha- tallographic space groupB:m3m for x below 0.30,4/mcm
nism (or tunneling assisted by phondrsver electrical bar-  for 0.30<x<0.40, and®nmafor x above 0.402 The refine-
riers randomly distributed in the bulk material. Delocaliza- ment of the x-ray patterns by the Rietveld method discarded

0163-1829/2000/626)/107855)/$15.00 PRB 62 10785 ©2000 The American Physical Society



10 786 R. F. BIANCHI et al. PRB 62

10°3
- 4 L ) ? L4 . -
£ 101 2
€ 40 X g
> Pm3m N Pnma
= 1073 AN g
‘G ~
2 10°1 I4/mcm ‘o
c . ]
8 107 g
3 5] 3
10 . =
; "o
10°1 o
T T T T
0,0 0,2 0,4 0,6 0,8 1,0 T T T T T T
n N -2
Ti/Ru molar ratio 10

FIG. 1. dc conductivity of SrTi_,RuO; for differentx val-
ues: 0.01, 0.05, 0.10, 0.15, 0.33, 0.40, 0.50, and 0.80. Measure-
ments carried out at 300 K under vacuum.
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any other primitive unit cell different from that &m3m. In
case of an ordered i for Ru** substitution, the cubic face

centeredFm3m should be observed. Then, to keep the

Pm3m structure, a spatially random substitution of Ti by Ru
must occur. Furthermore, high values of thermal vibration
factors obtained for the oxygen atoms, by the Rietveld re-
finement, indicate a disorder in the location of these atoms in
the STRO structure. High thermal vibration factors are ob-
served even at low temperatures as shown in the detailed
analysis carried out with SrJiRu 1003 at 160 K2 The
large thermal anisotropic displacement of i@ the SrRuQ@
structure was also evidenced by neutron diffraction
experiments?

Figure 1 shows the dc conductivityy. in function of x
which measures the amount of replacement of Ti by Ru in
the unit cell of STRO. One may observe that xer0.30, the 10" l;)z 163 164 1;)5 166
conductivity increases linearly witk, that is the range in Frequency (Hz)

which STRO exhibitsPm3m symmetry. Above this value,
i.e., for x>0.30, the conductivity remains practically con-  FIG. 2. o'(f) and ¢”(f) components of the complex conduc-

stant, and the structure changes frém3m to 14/mcmat V- @ SrTioeRu oDz () SiTlgeRUads,  and (o)
x=0.30, and froml4/mcmto Pnmaat x=0.40. Complex SrT|0:85RuO_1503. Measurements.carn.ec_i out at 300 K under vacuum.
conductivity measurements carried out with samples mF ull lines represent the theoretical fittings.

STRO withx>0.15 showed that the real part of ac conduc-characteristic of ther’(f) curve is that the low-frequency
tivity o’ (f) is frequency independent in the whole range ofplateau is shortefi.e., f. is smal); the sample is less con-
10 Hz to 1 MHz whose value was approximately equal toductive, which for STRO means thevalue is smallefsee

30 (@m)~* (results not showncoincident, therefore, to Fig. 2). The imaginary component of the conductivitf/( f)

that measured by dc techniq(féig. 1). However, for STRO  presents a quasilinear behavior in the double-logarithm scale,
samples withx lower than 0.15¢'(f) presents a frequency- irrespective thex value; this, probably is part of an absorp-
independent part at low frequencies, the dc conductivitytion curve whose maximum should be reached in a frequency
(og4c) plateau, followed by a part in which the conductivity beyond the scope of present measurements. The intersection
obeys approximately the’(f)of" relation. The frontier be- betweens’(f) and ¢”(f) curves is used as a method of
tween these two regions in the (f) curve is not well de- approximately finding the critical frequendy. Experimen-
fined but is determined by a critical frequenty. Another  tal values ofoy. andf, obtained from measurements carried
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TABLE |. Data of fittings between Eq.(1) and experimental results for SpEERU O3,
SrTipodRUy 13, and SrTj gRuy 103 samples at 300 K under vacuum.

Samples Tdc o) K Ymin 7o/ Ymin
(Qm)?t (Qm)? (Hz) (QmHz)?

SrTig odRUy 003 6.2x10° ¢ 5.7x10 © 50 1.1 10° 5.3x10°°

SrTig oRUy. 103 4.9x10°° 4.8x10°° 65 3.5x10° 1.4x10°8

SrTi gRUp 103 2.3x10°3 1.9x10°3 75 1.9 10° 1.0x10°8
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increases. Table Il shows experimental valuesogf and
adjusted values af, v, andK. However, it is important

to note thatoy, is close toog and yy,, is close tof.. The
exponentn is slightly smaller than 0.7, as obtained from
measurements at 150 and 100 K. On the other hafi(f),
which is always a quasilinear function in the double-
logarithm scale, practically does not vary with the tempera-
ture.

o' (f) and o" (f) (Qm)"

IV. THEORETICAL CONSIDERATIONS

Electronic conduction behavior of isotropic-disordered
media depends strongly on their bulk structural irregularities.
A random distribution of energy barriers, among the elec-
tronic energy levels, is derived from such irregularities. In a
; STRO structure withx different from 0 and 1x determining
o 107] . 55 the Ru amount in STRO, it is reasonable to assume a break
’ in the regular potential arrangement of the crystal. Further-
more, the high vibration of oxygen atoms also generates dis-
tortions on the local potential, contributing to the disarrange-
ment of the potential in the crystal network. In such a
S ' ' ' ' ' picture, the electronic conduction may occur, at least par-
tially, via hopping, or via phonon assisted tunneling, among
localized states, whose transition rate depends on the spatial
distance and/or the energy difference of the localized energy
levels. In the concept of hopping conduction, all the infor-
mation about the disorder is comprised in the hopping time
distribution functionW(t). For a disordered solid this func-
tion is determined by hopping over a random distributed en-
ergy barrier, as proposed by DyfeFrom the continuous
time random walk approach applied to a regular lattice, and
obeying the Kubo’s fluctuation theorem, Odagaki and*fax
derived the efficacious expression for the complex conduc-
tivity o*(w)=C[l/¢* (iw)—iw], where ¢*(iw) is the
Laplace transform ofp(t) that is the probability residence

FIG. 3. ¢/(f) and o’ (f) components of the complex conduc- for a timet in a given site(localized energy levgl andC is
tivity of SrTipgRUp1:03. (8) 300 K, (b) 200 K, and(c) 100 K. @ constant that depends on the carrier dengi(y) is related
Measurements carried out under vacuum. Full lines represent th® the hopping time distribution function by¥(t)=
theoretical fittings. —de¢(t)/dt.

For each sité, one may associate a residence time func-
out with samples ok equal to 0.05, 0.10, and 0.15 are showntion ¢(t) =exp(—t) that represents an exponential decay,
in Table I; the angular coefficiemt is approximately 0.7. where y; is a frequency escape parameter that obeys an

Figure 3 shows measurements of beth(f) and o”(f) Arrhenius processesy;= yoe~Vi’kT; where v, is a fre-
carried out with the sample of=0.15, for several tempera- quency factor andV; is the barrier energy of sitg The
tures: 100, 200, and 300 K. The conductivity. decreases function ®(t)=(¢(t)) is then defined as the average of all
from 2.3x10°% (OQm)"! at 300 K to 2.5 possible aleatory exponential decay processes. From the gen-
x10°® (Qm) ! at 100 K, whilef, becomes higher as the eral expression derived by Odagaki and Lax and the concepts
conductivity of the material increases, i.e., as the temperaturexposed above we easily derived the Dyre expression for the

& (f) and " (f) (@m)”

() 100 K

10' 107 10° 10* 10° 10°
Frequency (Hz)

TABLE Il. Data of fittings between Eq(1) and experimental results for SpEtRU 103 sample at
different temperatures under vacuum.

Temperature Tyc o K Ymin o/ Yin
(K) (Qm)?t (Qm)? (Hz) (2 mHz)*
300 2.3<10°3 1.9x10°° 75 1.9 10° 1.0x10°8
250 6.6x10°* 5.5x10°4 72 7.0 10 7.9x10°°
200 1.6<10°4 1.6x10°* 71 2.1x 10 7.4x10°°
150 3.4x10°° 3.2x10°° 70 4.5¢10° 7.1x10°°

100 2.3x10°° 2.1x10°° 62 3.5 107 6.0x10°°
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parameters are the,, whose value is close tay., and the
dielectric constantk. All adjusted values are shown in
Tables | and II. Bothoy and vy/,,;, increase with Ru content
and temperature, and the raig /vy, varies only slightly
with the temperature, as shown in Table II. This is in agree-
ment with the expressionog/y,in=C'In\, where \

= Ymax! Ymin- Indeed in Fig. 4 the curves show that monolog
curves Inop and Iny/,, vs the temperature reciprocal are
parallels showing and Arrhenius process and having, there-

-6 4-
-9 - 4.
-124 1-12
-15 T T T —-15

2,0x10° 40x10° 6,0x10° 80x10° 1,0x10°
Temperan.lre'l "

fore, the same activation ener§y=0.085 eV. This activa-
tion energy is a reasonable value for carrier traps. The di-
electric constantK increased slightly with the material
conductivity, i.e., it was bigger for highetr or temperature.
However, a more accurate study should take into account its
dependence with the frequency.

FIG. 4. Iny,,vs T'1 (O) and Inouvs T ! (O) from data of
Table Il. Both curves present an activation energy-B.085 eV
when fitted by the Arrhenius process.
complex conductivity, for the case wherey,,;,, associated VI CONCLUSIONS
to Wpay, IS much smaller thaw,, .4, associated toWV,,: Since the remarkable paper of Pollak and Geballe about
the effect ofn-type doping in crystalline silicolf in which a
1) power-law frque_ncy dependenoé(f)c_xf_n of the real pa_rt_

of the conductivity was observed, similar ac conductivity
behavior has been observed in a great variety of disordered
Holids. Several studies based on hopping conductieilyc-
tronic, polaronic or even ionjchave been developed, but
some disagreements with experimental results were always
present(for a brief review see Ref. 12Treatments of hop-
ping in a manifold of states near the Fermi level results in a
weak temperature-dependent ac conductivity. The classical
approach of pair approximatidi,predicted that the power-
law exponenn has a value to 0.8, the dc conductivity varied
strongly with temperature. This strong temperature depen-

Considering that there are irregularities in the STROdence can .be explained.in terms O.f thermal activation Qf
structure, due to the oxygen delocalization and the aleatog%harge ‘;*3‘”'efs from !ocahzed state; in the gap to the mobil-
RU*-Ti** substitution, its potential landscape is such that y edger S'uch Iocqllzgd states bemg generaf[ed or by both
carrier in movement under an applied field should overcom henomena: distortion in a pure Ia_ttl(:}w_re lattice defined
potential barriers randomly distributed in position and in en- y x=1 or x=0) caused by changing Ti for Ru, and delo-

ergy in the bulk's material. This may occur via hopping, calization of oxygen atoms in a primitive cell. Thg, or o

overleaping the barriers, or by tunneling via phonons assisWOUId t.hery be proportional to expE,/KT) Wi.th Ea being
ping y g P the activation energy. The random free-barrier approach

tance. In this picture the model of an energy barrier ran- 410 b d del for STRO |
domly distributed in a system, succinctly described abovd°V€ to be a good model for structures not only
ecause it fit the ac conductivity results well but mainly be-

and expressed by E@l), seems to be a good approach in o
describing the complex conductivity shown in Figs. 2 and gcause the results showed the same activation process for both

Equation(1) also has a contribution of the dielectric relax- 7o @d Ymin s foreseen by this model. It is important to
ation to the conductivity of the material. Continuous curves'®mark that the dielectric constakitshowed weak variation

of all graphs of Figs. 2 and 3 are the fitting obtained by EqWith the frequency and temperature.
(2). In this expressiony,, is the frequency escape of higher
energy barrieMW,,,, and y/,;,= 27 ymin is one of the adjust
parameter, having a value close tg. The other adjusted

i @/ Yrmin

————— | +iwe'.
IN(1+iw/ ymin) loe

o*(w)=0yg

This derivation assumes a continuous distribution betwee
the lowestW,,;, and the highesiV,,,, energy barrier values.
The valueoy(=Cyninln\) is obtained taking into account
the limit w— 0, wherex = ymax/ Ymin- The additional term
iwe’ comes from the dielectric response of the matesal.
=Keg, Where K is the dielectric constant and, is the
vacuum permissivity.

V. PARAMETERS OF THE MODEL
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