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The dielectric response of layered perovskite-related insulating SyN@d conducting SrNbg,,

SrNbQ; 45, and Lg »Sry NbO; 5 single crystals is investigated. The measurements are performed aloag the
axis, i.e., perpendicular to the layers, in the frequency range from 1 MHz to 1.8 GHz. The intrinsic dielectric
properties could be monitored only at such relatively high measuring frequencies, since strong contact contri-
butions at the sample-electrode interface dominate at low frequencies. In addition to the known phase transi-
tions in the SINb@s compound, a phase transitionTt=300 K in SrNbQ 4; and SrNbQ 45 is reported here.
The frequency-dependent ac conductivity in all three conducting compounds follows the universal dielectric
response behavior. Together with results on the dc conductivity, this finding indicates that hopping of localized
charge carriers, most likely of polaronic character, is the dominating charge-transport process. For all
SrNbQ; 5, compounds, relatively high values of the dielectric constant are found.
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[. INTRODUCTION transition at 1615 K, with the polarization along thexis®
At 488 K a ferroelectric-to-incommensurate phase transition
For a long time transition-metal oxides have been the fooccurs? and finally a transition into another ferroelectric
cus of solid-state research. Strong electronic correlations dtate, which is polarized in thec plane, takes plac¥. Tran-
the partly filledd bands in addition to cooperative phenom- sition temperatures of 10@Ref. 10 and 117 K(Ref. 7 was
ena of internal degrees of freedom, such as spin, chargegported for the second ferroelectric phase transition. Due to
orbital moments, and lattice degrees of freedom, are respoiits high coercive field and high thermal stability, SINRO
sible for an enormous variety of possible ground states: fereffers a great possibility for utilization as a material for non-
roelectricity with high transition temperatures, metallic andvolatile ferroelectric memories. For this application it was
insulating ferromagnetism including colossal magnetoresisprepared as a single-phase thin film, processed at a very low
tance effects in perovskite manganites, high-temperature stemperature of 600 ° &
perconductivity in layered copper oxides, unconventiodal ( With decreasing oxygen content the insulating compound
or p-wave pairing superconductivity in SRuQ,, low-  with x=0 (n=4) becomes a layered electronic conductor
dimensional magnetism, and low-dimensional metallic bewith x~0.1 (n=5). Between these two oxygen contents a
havior are attracting continuing and considerable atterition further compound appears for<0.05 (n=4.5) which in-
Many of the systems are close to a correlation-inducediolves a well-ordered stacking sequencenef4 and 5 sub-
metal-to-insulator transition, and close to the transition manyinits. The structure type is only determined by the oxygen
interesting cooperative phenomena show! up. content. Another way of tuning the electronic properties of
A series of transition-metal oxides, SINPQ ,, was syn-  this system is a partial substitution of divalent strontium by
thesized and studied a decade Agmd recently in more trivalent lanthanum. Similar to the decrease of the oxygen
detail® These orthorhombic compounds belong to a series ofontent, this procedure also results in electron doping, leav-
A,B, O3, », and are derived from the three-dimensional neting niobium in a mixed-valent state (Rlb/Nb**).23
work of the ABO; perovskite structure by separating the  Several studies of these strongly anisotropic compounds
BOg octahedra parallel to thel10 planes, and introducing were already reported. They focused mainly on structural,
additional oxygen. In accordance with Refs. 2 and 3, wemagnetic, and electronic properties, using magnetic suscep-
define crystallographic axes such that ¢haxis is the direc- tibility measurement$>'? near-edge x-ray-absorption
tion where the Nb@ octahedra are chainlike connected, andspectroscopy’>'# angle-resolved photoemissidir;*® dc re-
thec axis is the longest axis perpendicular to the layers. Thewistivity measurements®* optical spectroscop¥’, and, very
exhibit very different properties depending on the oxygenrecently, NMR and EPR measuremetftdt was found that
content. SINb@5 (x=0,n=4) is a ferroelectric with an conducting (Sr,La)Nbgs_, compounds exhibit quasi-one-
enormously high transition temperature, and was already indimensional metallic conductivity along the axis at el-
tensively studied using different experimental techniques, inevated temperatures, whereas at lower temperatures a metal-
cluding high-resolution electron microscobpy,Raman  semiconductor transition appedrs ¢ Along the b and ¢
scattering), elastic® and dielectric-spectroscopy studied® axes only a semiconducting behavior was obsef&dn
The latter revealed that the system undergoes a ferroelectraddition, in the case of the semiconducting behavior, ther-
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mally activated electrical transport was reported in parts of 10° 107 10° 10°
the temperature randge:!® On the other hand, dielectric
studies of these compounds have not yet been reported.

We performed detailed dielectric investigations of
SINbQ; 41, SINDQ; 45, SrNbG; 5, and Lg .Sy gNbO; 5
single crystals along the axis in a frequency range from 1 N
MHz to 1.8 GHz. We show that, due to high contact contri- i
butions, the intrinsic dielectric response can be determined
only by performing measurements at such high frequencies.

The experimental procedures are summarized in Sec. Il.
The results and analysis of measurements of all four com- Tttt

. . . " 10°F 1

pounds are given in Sec. Ill. While all the transitions ob- % 450K W 350K O 205K |
served in the SrNbg; compound were already reported in $ oK look 2K
the literature, we have detected new transitions in the other 10k UDR
two SrNbG, 5, compounds. A discussion of the results is
given in Sec. IV. From the results of both dc and ac measure-
ments, we conclude that hopping of localized charge carriers,
rather than a thermally activated behavior, governs the elec-
trical transport along the axis in the (Sr,La)Nb@s_, sys-
tem. From an analysis of the detected universal dielectric
responsgUDR) behavior and the relatively high values of
the high-frequency dielectric constant, a polaronic nature of
the charge carriers seems most likely. Finally, the results are
summarized in Sec. V.

contact

o (Q'em’)

v (Hz)

IIl. EXPERIMENTAL PROCEDURES FIG. 1. Frequency dependence of the dielectric congtarind

N N N nd L r N conductivity o' measured at several temperatures in a SiNHO
single ct:)r%é?éllss Wetr)eQ giséwﬁ bybt%é‘lh,o:tir?g-zsgri (r)ffelgr?é'?ech—s'ir!g'e crystal. Solid lines through the experimental data are fits
nique, as described in Refs. 2 and 3. The oxygen content Jising the equivalent circuit, which is also indicated in the figure.
the samples was determined thermogravimetrically with an . ] o
accuracy of~0.3%2 The typical thickness of the samples Ment, which allows a further investigation of the same
was 0.2 mm. In order to perform dielectric measurements iff@mple in different directions or using different electrodes.
the radio-frequency range, the sample was mounted at thall measurements reported in this work were performed with
end of a coaxial air |ine’ Connecting the inner and Outerthe electrical field directed parallel to tkteaXiS, thus deter-
conductors” The complex reflection coefficiert was re- mining the dielectric response perpendicular to the layers.
corded in a frequency range from 1 MHz to 1.8 GHz using a
HP4291 impedance analyzer. The complex dielectric con-
stant or complex conductivity can be calculated frbrafter
proper calibration using three standard samples, thus elimi- This section gives a description of the dielectric results
nating the influences of the coaxial line and sample holderand their analysis measured as a function of frequency in a
The end of the coaxial line was either brought into arange from 1 MHz to 1.8 GHz, and of temperature in the
nitrogen-gas heated/cooled cryostat, where the dielectric reange of 1.5-550 K in SrNb{};, SINbQ; 45, SINbQ; 5,
sponse was measured in the temperature range of 120-580d La ,Sr, g)NbO; 5 single crystals.

K, or brought into a*He cryostat, which enables measure-
ments in the temperature range of 1.5-300 K. Thus by com-
bining both methods we were able to determine the dielectric
response in the temperature range of 1.5-550 K. In all cases Figure 1 shows the frequency dependence of the dielectric
the dielectric response was monitored during temperatureonstante’ and conductivityo’ measured at several tem-
scans with a typical rate af 0.5 K/min. peratures in SrNbg),. A distinctive downward step i8’,

The reflectometric measurement technique requires a twawhich is accompanied by a steplike increasesih and a
point contact configuration, which implies that contacts alsacorresponding peak in the dielectric log§~o'/w (not
contribute to the measured response. We used two differeishown, can be observed at higher temperatures. Such a fea-
types of electrodes—the surface area of the samples, typiure often indicates a relaxation process of dipolar degrees of
cally having dimensions of 82 mn¥, was covered either freedom. However, in the present case some observations
by gold electrodes, applied using the sputtering techniqustrongly favor the contact contribution as the origin of this
(SrNbG; 45, SINbG; 5, and Lg oSy gNbO;5), or by silver  behavior: At first, for low frequencies,’ approaches unrea-
paint electrodes (SrNbQ,). Silver paint electrodes have the sonably high values of the order of.0n addition, the steps
advantage that they can be easily removed after the measuiie-¢’ and the corresponding peaksdafhave relatively small

IIl. RESULTS AND ANALYSIS

A. Dielectric properties of SrNbO; 4, single crystal
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widths, following the single-exponential Debye respotfsg, 4 - -
which is only rarely realized for dipolar relaxation. O o atv=400 MHz
The reason for such strong contact contributions presum- 3| & Oxfromfits

ably is the formation of Schottky diodes at the interface of

metal electrodes and semiconductor, which leads to a thin —’E‘
surface layer of low carrier concentration. It could also be RS 2r Bkl X TN
caused by deviations from stoichiometis.g., deviations in G *

S

the oxygen conteptor the accumulation of defect states at
the surface of the sample, leading to a thin, insulating layer.
Contact contributions are usually modeled by a par&l€l
circuit, which is connected in series to the sam€® At
high frequencies the contact capacitarCeis effectively

shorted, thus allowing the observation of the intrinsic re- 0.7} 100 wet 1
sponse of the material. The time constant of the circuit in- & aslt
creases with decreasing temperature due to the semiconduct- © 06 90

ing character of the resistance. Therefore, both steps' in
and o’ shift to lower frequencies, and the intrinsic response
can be detected down to lower frequencies when decreasing
the temperature. Within this framework, the high values of
¢’ at low frequencies can be understood by taking into ac-
count that, at low frequencies, the response is dominated by
the thin contact region.

Focusing now on the intrinsic contribution, Fig. 1 shows
that, after contact, step’ reaches a plateau, which can be  FIG. 2. Temperature dependenceogf, .., ands, determined
identified with the dc conductivityry4., while at higher fre- from the fits presented in Fig. 1. In addition, exper!mental data of
quencies the values continuously increétes is best dem- o, measu_red a}t 4QO MHz, are shown. The solid line through the
onstrated at temperatures of 25, 10, and)5@oncomitantly, s(T) data is a fit with a model for small polaron tunnelifigefs.
following the contact steps’ approaches a shallow power- 18-20.
law decrease. The frequency dependence of the intrinsic con-
ductivity can be thus well described by the so-called univer- Figure 2 shows the temperature dependence of the fit pa-
sal dielectric response, with the addition of a dcrametersoy., .., ands, which describe the intrinsic prop-

conductivity® erties of SINbQ,;. o4 Shows a strong increase at
~300 K, indicating a phase transition occurring at this tem-
o' =0yt oo’ (1)  perature. From the present data we cannot deduce the nature
of this transition, however, we suspect that it might be a
"= wepe’ =tan(sw/2) oy’ (2)  structural one. This transition can also be seen in the raw

data: the data ofr’ measured at frequency of 400 MHz are

with &, being the permittivity of free space anei&. There also presented in Fig. 2. While at lower temperaturé$400
are several theoretical approaches deducing such behavibtHz) almost coincides withry. obtained from the fits, at
from the microscopic transport properties, including hoppinghigher temperatures it tends to differ fromy., mainly due
over or tunneling of the charge carriers through an energyo the inductance contributions. On the other hand,mea-
barrier separating different localized stat&4? sured at much lower frequencies, strongly differs from the

Therefore, in order to analyze the measured data we haw#ata, obtained from the fits, due to the contact contribution.
used the equivalent circuit, presented in Fig. 1. Apar&l€l In Sec. IV we will discuss the possible mechanisms govern-
circuit, describing the contact contribution, is connected ining the electrical transport in the SrNh@Q system.
series to the sample, whose intrinsic response is described by The temperature dependence of the UDR expoisest
the dc conductivity, the universal dielectric response, andlmost independent of temperature above 100 K, but it starts
€., the latter taking account of the ionic and electronic po-to increase rapidly when lowering the temperature below 100
larizabilities of the sample. It can be seen in Fig. 1 thatK. Such a dependence was predicted for the tunneling of
especially at high temperatures, the measured values of botimall polaron'=23(originally this model was developed for
¢’ ando’ start to decrease at high frequencies. At the high-overlapping large polarort$;?2but in Ref. 23 it was argued
est frequenciess’ even becomes negative. This can be asthat in fact it is applicable to small polarondndeed, the
cribed to the inductanck of the system. Therefore, an in- solid line through the experimental data represents a good fit
ductance connected in series with the sample and contact issing this model, though with a very low value of the hop-
included in the equivalent circuit. Solid lines through the ping barrierw,,=1.5 meV. One has to be aware that the
experimental data in Fig. 1 are fits using this equivalent cirsmall polaron tunneling model also predicts a frequency de-
cuit, performed simultaneously far’ and ¢’. The agree- pendence of. Therefore, Eqs(1l) and(2) should no longer
ment is very good; thus the equivalent circuit gives a goodbe valid in a strong sense, i.e. wifl+ const. However, the
description of the measured dielectric response. present data reveal a “pured® contribution only in rela-
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) ) FIG. 4. Frequency dependence of the dielectric constassind
FIG. 3. Temperature dependence of the red) (nd imaginary  conductivity ' measured at several temperatures in a SENBO
(") parts of the complex dielectric constant measured at severaingle crystal. Solid lines through the experimental data are fits to
frequencies in a SrNbQ)s single crystal. The inset shows the he UDR. The inset shows the temperature dependence of the ex-

temperature-dependest data in another SrNbQs crystal with  ponents, with the solid line being a fit with a model for small
lower ac conductivity, which is probably the result of a slightly polaron tunneling.

different oxygen content. Here the valuesqf~ 50 was determined.

tively small frequency ranges and it can be assumed that the Figure ‘,1 shows the fre_q_uenf;y dependence of the dielectric
rather weak In¥) dependence predicted fefv) (Refs. 21 constants” and conductivitye _measgred_at seve_ral tem-
and 22 leads only to small deviations from Ed4) and (2) peratures. Due to problems with calibration at higher fre-
For the fit ofs(T) shown in Fig. 2, a frequency of 1 G.Hz qguencies, the usable frequency range in this measurement is

was assumed. Values of the other two fitting parameters arrestrlcted tor<<100 MHz. In contrast to the results in the_
” "1 h . X rNbQ; 4, sample, no dc plateau and also no contact contri-
70=1.1}10"" s andaro=3.5, wherery is an inverse at- .05 ohsarved in the measured data. The absence of
tempt frequency andr is the reduced polaron radiés?2 e e
) P . contact contributions in this sample may indicate that no
Finally, values ofs.,, presented in Fig. 2, are almost in-

Schottky diodes are formed, probably due to the use of gold

dependent of temperature below 70 K. The inductance con: ; .
tribution, which dominates at higher frequencies, also pre_electrodes(lnsteaql of silver for_ SrNb@.‘”) or du_e o the

= ; lower charge-carrier concentration leading to a different band
vents us from determining values of., at higher

temperatures. In anv case. it can be seen clearly that thconfiguration at the interface. The experimental data can be
rempe : y ' y fescribed by using only the UDR. The temperature depen-
intrinsic values ofe are much smaller than one could con-

clude if the dielectric response would be measured at fregence of th? param_eteris shown in the inset to Fig. 4, and
uencies below 1 MHz onl can be again described by the model for small polaron tun-
q Y- neling, yielding values oW,,=54 meV, 7,=2.5x10 s,
) , ) , and ary=6.5. The resulting value of the hopping barrier is
B. Dielectric properties of SrINbO; 45 single crystal thus higher in SrNb@,s than in SINbQ ;. Together with
The temperature dependence of the real and imaginarpe decreased number of charge carriers, this leads to the
part of the complex dielectric constant, measured at severalbserved lower conductivity of SrINRQs.
frequencies in SrNbgys, is shown in Fig. 3. AtT Partly due to the somewhat restricted frequency range, the
~280 K a phase transition occurs, which is reflected in d@requency dependence ef, as shown in Fig. 4, does not
strong anomaly in botle’ ande”. The high conductivity of saturate at higher frequencies, which prevented the determi-
the samples prevented us from measuring the polarizationation ofe.. in this particular sample. However, the inset to
hysteresis loop at temperatures either above or below theig. 3 shows the temperature-dependentlata measured in
transition temperature to check if this is a polar phase trananother SrNb@,s sample. In this sample values of bath
sition. Nevertheless it may be suspected that this transition isnde” are almost independent of frequency at temperatures
connected with transitions which take place in the SrhlbO above and below the phase transition. Obviously this occurs
system, and will be described in Sec. IV C. due to the lower ac conductivity of this sample, which might
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200r 440 460 480 500 7] SrNbQ; 5 single crystal. The inset shows the temperature depen-
T dence of the frequency,, at whiche” reaches its peak value. The
100

solid line is a guide to the eye.

SINDO,

incommensurate phase transition was repottéd.small
anomaly can be observed at=470 K. However, it is al-
T(K) most unrecognizable in comparison to the transitiorT at

FIG. 5. Temperature dependence of the red) @and imaginary :97.'1 K. "
(¢") parts of the complex dielectric constant measured at several Figure 6 shows the freguency dependence afneasur.ed
frequencies in a SrNbQ single crystal. The upper inset shows the f"‘t several temperatu_res in SINDE Data are shown mainly
inverse of the real part of the dielectric constant after subtraction of the frequency region around 10 MHz, where a peak'in
the background in the temperature region around the ferroelectri@ccurs. Usually peaks ia”(v) arise when the measurement
phase transition. The lower inset shows #fedata measured at frequency matches the characteristic time, e.g., of a relax-
frequencies of 3.8 MHz, 346 MHz, 732 MHz, and 1.8 GHom ational or resonance process in the sample material. As
top to bottom in the temperature region around the ferroelectric-to-shown in the inset to Fig. 6, the peak frequengyexhibits a
incommensurate phase transition. minimum at the transition temperatuie.=97.1 K. This
finding indicates that the observed peal¢ihis connected to
be the result of a slightly different oxygen content. In thisdynamic processes that are closely related to this phase tran-
sample one can directly determine the valuesgf~50,  sition. The minimum most probably reflects a slowing down
which strongly differs from the SrNbQ), system, where the of these processes close to the incommensurate-to-
corresponding value was,~ 95 (cf. Fig. 2. ferroelectric phase transition. However, one has to state that
the spectral form of the peak &#f(v) is untypical for dielec-
tric relaxation or resonance processes, and further investiga-
tions of this feature are necessary to understand its nature in
Figure 5 shows the temperature dependence of the realll detail.
and imaginary parts of the complex dielectric constant mea-
sured at several frequencies in SINROA strong anomaly
is observed af~100 K, corresponding to the ferroelectric
transition already reported in Ref. 10. The upper inset to Fig. In the Lg sSry gNbO; 5 sample charge carriers are doped
5 shows the inverse of the real part of the dielectric constarinto insulating SrNb@s by substituting LA™ for SP*. Fig-
after subtraction of the background value ©f=28. The ure 7 shows the frequency dependence of the dielectric con-
data below and above the transition temperature can be wedtante’ and conductivityo’ measured at several tempera-
described with a Curie-Weiss law. In addition, no thermaltures in Lag .Sy gNbO; 5. Solid lines represent fits using the
hysteresis was observed between data obtained during co@guivalent circuit, presented in Fig. 1. Again, large contact
ing and heating. Therefore, as already argued in Ref. 1Qontributions can be observed. Since gold electrodes were
these results strongly suggest that the transition is of secongsed in this case, we can conclude that charge-carrier con-
order. The transition temperature Bf=97.1 K agrees with centrations leading to different band configurations at the
the one published in Ref. 10, but is about 20 K lower thaninterface is the main reason for this feature. That is, in
that reported in Ref. 7. A possible origin of this difference SrNbQ; 5 and SrNbQ 4,5 samples with gold electrodes, no
may be found in slightly different oxygen concentrations. contact contributions were observed in the measuring fre-
The lower inset to Fig. 5 shows the¢ data measured at quency range, while in the SrNR@, sample with silver
frequencies of 3.8 MHz, 346 MHz, 732 MHz, and 1.8 GHz electrodes and the kaSr, gNbO; 5 sample with gold elec-
in the temperature region, where a ferroelectric-to-trodes, distinctive contributions were observed. Indeed, the

0 100 200 300 400 500

C. Dielectric properties of SINbO; 5 single crystal

D. Dielectric properties of Lag ,Sry gNbO; 5 single crystal
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FIG. 9. High-frequency dielectric constast as a function of
oxygen content in the SrNbQ , system. The inset shows the
imaginary part of the complex dielectric consta#it, measured at
two different temperatures in all three studied compounds. Solid
. lines through the data are guides to the eye.

v (Hz) which prevented the determination ef,. Furthermore, at
. . higher temperatures the contact steps inand ¢’ shift to
FIG. 7. Frequency dependence of the dielectric constaand  g,ch high frequencies that even the determinatiom gfis
conductivity o' measured at several temperatures in apeyented. Therefore, in Fig. 8 we show only results in the
L8,,,51gNDO; 5 single crystal. Solid lines through the experimental temperature region below 300 K. In order to obtain intrinsic
data are fits using the equivalent circuit, indicated in Fig. 1. data also at higher temperatures, and thus find out if the
phase transition, observed in SrNp@and SrNbQ ,5, also
number of introduced charge carriers inob8 NbOss  takes place in Lg,Sr NbOs s, further dielectric measure-

would correspond to the SrNRG, case, thus being much ments at frequencies higher than 1.8 GHz are needed.
closer to SrNb@,; than to the other two compounds.

Figure 8 shows the temperature dependence of the fit pa-
rameteroy. and, in the right inset, of the UDR expones)t
yielding values for the fit parameters of the small polaron Al members of the SrNbg;_, family are derived from
tunneling model ofW.=3 meV, 7,=15x10"'"s, and  the layered ferroelectric insulator SrNpQ However, by
aro=140. Unfortunately, the frequency dependences6f  decreasing the oxygen content, more and more charge carri-
as shown in Fig. 7, does not saturate at higher frequenciegys are doped into this insulating compound. Therefore, the

conductivity of the samples increases with decreasing oxy-
- T : - - - gen content, which can be clearly seen by comparing the
0.00 KN ™ o145 " LaO.QSrO'sNbOS.S. measured values of’ in Figs. 1 and 4. Both dc and ac
Y / conductivity values are higher in SrNR@ than in
% ;J 10’2"% /' ] SrNbQ; 45. This behavior is also shown in the inset to Fig. 9,
© R where the imaginary part of the complex dielectric constant,
‘]O 10° 8 S e”, measured at two different temperatures in all three
© * )

° / SrNbQ; 5, compounds under investigation, is shown. The
o S values ofe” increase with decreasing oxygen content. It can
] also be seen that the dielectric losses decrease with decreas-
ya d ing temperature in both conducting compounds SrjhO
and SrNbQ4s. In SrNbQ; 5 the dependence on temperature
0.00 - L is different, since this compound undergoes a ferroelectric

0 100 200 300 "

transition atT,~100 K, where losses reach a peak value.
TK) The main frame of Fig. 9 shows the intrinsic high-

FIG. 8. Temperature dependenceogf. determined from the fits frequency dlele_ctrlc ConSta_mw in all t_hree SINDbQ@sx
presented in Fig. 7. The right inset shows the temperature depefOMPoOUNds... increases with decreasing oxygen content,
dence of the UDR exponestwith the solid line being a fit with a  i-€-» With an increasing number of charge carriers. Since the
model for small polaron tunneling. The left inset showg, pre-  relatively high values ok.. reflect a high polarizability of
sented in the Arrhenius representation and in a representation whidhe lattice, the formation of polarons seems very possible,
should linearize the data for VRH with Coulomb interactigRef. ~ especially in the SrNbgy; system.

25) and one-dimensional VRIRef. 24. In fact, the mechanism governing the electrical transport

IV. DISCUSSION

0.10

-1 -1
c,, (Qcm’)
o
(=)
(5]
T
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[T(K)]™* peratures with nearly equal quality. It can be speculated that
00 02 04 06 08 hopping conduction governs the dc transport in Srilp@t
. . . — low temperatures only, where band conduction alone would
8 /_) 0.0 [TT 54 lead to much lower conductivity values. However, consider-
ing our finding of UDR at high temperatures, hopping con-

duction most likely prevails in the complete temperature
range investigated. Furthermore, the left inset to Fig. 8
shows the same two representations, mentioned above, of the

o %e o4c data obtained in LgSrNbOs5 in the temperature
15 7 range of 50—-300 K. Again, VRH provides the best descrip-
1000/T (K') tion of o4(T). It can be clearly seen that hopping conduc-

tion of localized charge carriers also governs the electrical
transport at higher temperatures.

V. CONCLUSIONS
SrNbOS_ » ® ' . . . '
10° Lo ! L ! The dielectric responses of insulating SrNk@nd quasi-
0 200 400 600 one-dimensional metallic SrNkQ@;, SrNbQ; 4, and
1000/T (K") Lay »Sry gNbO; 5 were measured along the axis in a fre-

o _ guency range from 1 MHz to 1.8 GHz. Due to strong contact
~ FIG. 10. The dc conductivity data in SINBQ), already shown  contributions to the measured dielectric response, the intrin-
in Fig. 2. Here they are presented in an Arrhenius representatiogjc dielectric response in these compounds can be monitored
and in a representation which should linearize the data for VR nly by performing measurements at high frequencies
with Coulomb interactions and one-dimensional VRH. The inset SINbO, ¢ a ferroelectric-to-incommensurate phase.tran-
shows an enlarged view of the high-temperature region. The SO"%ition atT~4573 K and a second ferroelectric transition at
line through the open circles is a fit to thermally activated behavior,.l. —971 K have been detected. Both transitions were al-
04c* exp(—Ey/2kT), which yieldsE4=20 meV, while the other C_d ) ted in the literat TH i ition t t f
solid lines demonstrate VRH behavior. ready reported In the literature. The transition temperature o
T.=97.1 K agrees reasonably with the one published in

is one of the most interesting questions concerning semicorR€f- 10, but is about 20 K lower than reported in Ref. 7. In
ducting materials. As already mentioned in Sec. I, based oAddition, we found evidence of a dynamic process, which
measurements of the dc conductivity, it was suggested thaignificantly slows down close o .

thermally activated behavior is responsible for the electrical N the conducting compounds SrNp& and SrNbQ 45, a
transport in the SINbg),; system along the axis231¢|n  phase transition af~300 K has been observed. Due to the
contrast, from the ac conductivity results, presented in Secéelatively high electrical conductivity, which prevented us
LA, 11l B, and 1I1 D, we conclude that hopping of localized from performing polarization measurements, it is not pos-
charge carrierémost probably of polaronic naturelays an sible to deduce if this transition is connected to the above-
important role in the SrNbg._, type compounds. To clarify mentioned transitions'i'n SrNQ@,' i.e'., if this is a pola}r or
this discrepancy, the dc conductivity of SrNpgQ, already ~ Structural phase transition. Dominating contact contributions
shown in Fig. 2, is replotted in an Arrhenius representation it high temperatures prevented the detection of a possible
Fig. 10 (open circles The high-temperature region between transition in Lg ;Sto gNbO; 5.

about 100 and 200 K may indeed follow the thermally acti- The ac conductivity in all three conducting compounds
vated behavior with an energy gap of about 20 nigMef.  follows the UDR behaviotr, .« w®, which is also reflected in
However, the low-temperature results clearly deviate fronthe real part of the complex dielectric constastycw®™ ™.

the Arrhenius behavior, and can be fitted by straight lines inrhis indicates a hopping transport of localized charge carri-
insignificantly small temperature regions only. Alternatively ers. The temperature dependence of the exposentall

in Fig. 10 a representation is included that should lead to #&hree compounds can be well described using a model for
linearization of the results for a behavieg.~ exp(To/T)¥2  small polaron tunneling. The lower value of the hopping bar-
Such a behavior is typical of variable range hoppiW&H) rier in SINbG; 41 than in SrNbQ 45, and the increased num-

in one dimensiod? or alternatively for three-dimensional ber of charge carriers, are in accordance with the fact that
VRH with strong Coulomb interactiorfS. VRH, involving  with lowering the oxygen content in SINRQ , the conduc-
tunneling of electrons or holes, is the most common modelivity increases. Guided by the very low hopping barriers for
for the description of the dc response of hopping charge caiSrNbG; 4; (W..=1.5 meV) and for the La-doped compound
riers. Indeed this representation leads to a linearization ofW..=3 meV), we can conclude that even in our measure-
o4c(T) at T<80 K. Therefore, we conclude that hopping of ments with the ac electric field along thexis, polarons are
localized charge carriers is also the dominating process forery close to delocalization. The intrinsic high-frequency di-
the dc transport in SrNbQ,, at least at low temperatures. As electric constant., increases with decreasing oxygen con-
demonstrated in the inset, thermally activated transport antent. The relatively high values of.. determined in the
VRH can both describe the experimental data at high temSrNbGQ; 5 series, between 30 and 100, reflect a high polar-
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izability of the lattice, thus favoring the formation of po- charge carriers governs charge transport alongcthgis in

larons. the (Sr,La)NbQs_, system.
Finally, the dc conductivity data obtained from an

equivalent-circuit analysis in SINRQ; and Lg ,Sry gNbO; 5

can be well described by assuming a variable range hopping
of localized charge carriers. At least at low temperatures the
electrical transport along the axis is clearly not thermally This research was supported by the BMBF via VDI/EKM
activated, as suggested earfiér-®Both the results on dc and 13N6917 and 13N6918, and partly by the Deutsche Fors-
ac conductivities indicate that the hopping of localizedchungsgemeinschaft via the SFB 4@4ugsburg.
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