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Polycrystalline samples of Sr,NbO; (0.75 <x <0.90) have been successfully synthesized by a solid-
state reaction technique using TiO as a reducing agent. Powder x-ray-diffraction analysis indicated that
the samples with x > 0.80 were single phase of the cubic perovskite structure. Electrical resistivity of
each sample exhibited metallic behavior at temperatures below 300 K. For the samples with x <0.90,
the magnetic susceptibility was nearly temperature independent (Pauli paramagnetic), while the sample
with x =0.90 showed a Curie-Weiss behavior. Since the thermoelectric power coefficient (S) was found
to be negative for all the samples in the temperature range between 10 and 300 K, the dominant charge
carriers in Sr, NbO; (0.75 <x <0.90) were thought to be electrons. On the contrary, the nonlinear tem-
perature dependence of S indicated that electrons in Sr, NbO; were not simply metallic but rather simi-

lar to those in amorphous metals.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity (HTSC) in certain copper oxides,! numerous experi-
mental studies have been made to search for new super-
conductors exhibiting high T,.’s. The highest T, of 130 K
has been reported for the Tl 2:2:2:3 phase.> The main
features of the HTSC materials® may be summarized as
follows.

(i) Crystallography speaking, the unit cell includes
CuO, sheets and various types of charge reservoir blocks.

(ii) The structure in the vicinity of a CuO, sheet is con-
sidered to be of a modified perovskite block.

(iii) HTSC usually occurs as a result of charge-carrier
injection in the CuO, sheet.

(iv) In the parent compounds, that is, nondoped cu-
prates, the copper ions in the CuO, sheet are in the state
of 3d)° with S=1.

It should be emphasized that oxides other than copper
oxides, especially V and Nb oxides, have also been inten-
sively studied in order to search for new superconduc-
tors.*”7 1In contrast to the (3d)’ configuration for the
HTSC copper oxides, these noncopper oxides have d'
configurations such as (3d)! for V4t and (4d)' for Nb**.
Actually, there are several reports on the superconduct-
ing layered oxides Li,NbO, (T,=5.5 K) (Ref. 6) and
(Sry_,R,)Nb,O4 (R=La, Ce, Pr, Nd, Gd, and Ho)
(T.=12 K).” Hence Nb oxides can be candidates for
parent materials for HTSC materials.

Among Nb oxides, Sr,NbO; (x <1) has a perovskite-
related structure containing an array of NbOg octahedra.
Therefore it is worthwhile to synthesize a series of
Sr,NbO; samples with different values of x and investi-
gate their properties.

The Sr,NbO; compounds were first synthesized in
1955 independently by Ridgley and Ward® and Krylov
and Shiarnin.® They reported that the samples with
0.70<x <0.95 were nearly single phase with a cubic
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perovskite  structure. For the samples with
0.60 <x <0.70, both cubic perovskite-type and tetrago-
nal tungsten-bronze-type phases coexisted.'® However, to
our knowledge, there have been little data reported con-
cerning the electrical and magnetic properties of
Sr, NbO,;.

In this paper we report the syntheses of polycrystalline
Sr,NbO; (0.75 <x =0.90) and their transport properties,
including resistivity, magnetic susceptibility, and ther-
moelectric power.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Sr,NbO; (0.75<x <0.90)
were prepared by a solid-state reaction technique using
reagent-grade SrO and Nb,O5 powders. Stoichiometric
mixtures were pressed into rectangular bars of 2X2X20
mm?>. Each bar was encapsulated in an evacuated silica
tube. In order to prepare samples in reducing atmo-
spheres, TiO powder was used as the reducing agent. We
used a reagent-grade TiO powder (~99%): The total
weight of the TiO powder put in a sample ampule was 1.4
times heavier than the sample weight. Encapsulated sam-
ples were fired at 1050°C for 80—-160 h. The microstruc-
tures of the samples were observed by use of a scanning
electron microscope (SEM). The composition of each
sample was checked by electron-probe microanalysis
(EPMA). The crystal structure of the sample was charac-
terized by powder x-ray-diffraction (XRD) analysis using
Cu K a radiation. The electrical resistivity of the sample
was measured by a dc four-probe method. The dc mag-
netic susceptibility was measured using a superconduct-
ing quantum interference device (SQUID) magnetometer
applying a magnetic field of H=10 kOe. The ther-
moelectric power was measured by a dc method in the
temperature range between 10 and 300 K. The tempera-
ture gradient (A7) in the sample was measured using two
pairs of copper-Constantan thermocouples. These ther-
mocouples were attached by silver epoxy glue on the
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sample. The magnitude of AT was kept at 0.3-0.4 K
throughout the measurement. To eliminate the effects
from the reference leads (Cu wires), the absolute ther-
moelectric power of Cu was subtracted from the mea-
sured thermoelectric voltage.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) schematically show the crystallo-
graphic structure of perovskite, ABO,, and a view of
Sr,NbO; (x <1) along the [100] direction, respectively.
The structure of the cubic unit cell has been reported:®°
Sr atoms (at the A site in the regular perovskite struc-
ture) are randomly absent [as demonstrated in Fig. 1(b)],
as in the tungsten bronzes or ReO;.

EPMA measurements indicated that the distributions
of both Sr and Nb were homogeneous in all the samples.
According to SEM observations, all the samples were rel-
atively porous. Figure 2 shows powder XRD patterns for
the samples for x =0.75, 0.80, 0.85, and 0.90. Most of
the diffraction lines were assigned to a cubic unit cell
with the lattice constant a =0.4 nm. Note that the
diffraction pattern for the Sry;sNbO; sample included
peaks due to unknown impurities besides those for the
cubic phase. Also, the samples with x =0.70 and 0.95
were not single phase. Figure 3 shows the lattice con-
stant a with respect to the Sr content x. The linear rela-
tionship between a and x indicates that the occupancy of
the A site increases with increasing x.

The temperature dependence of electrical resistivity (p)
is shown in Fig. 4 for the Sr,NbO,; samples with
0.75=<x =0.90. The p-vs-T curves are more or less simi-
lar for all the samples except for one where x =0.90.
That is, for the samples where x <0.90, p decreased
monotonically with decreasing temperature. This is in
good agreement with the previous p-vs-T data.!! In Fig.
4 it is also seen that the sample gets more resistive as x
approaches 0.90. For the sample with x =0.90, a broad
maximum is seen for the p-vs-T curve at ~200 K. How-
ever, the existence of this maximum must be reexamined
since the present sample was polycrystalline and porous.
That is, an artifact of a poorer pellet density may cause
an increase of the absolute value of p.

The oxygen contents of the samples were determined
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FIG. 1. (a) Schematic representation of perovskite structure.
(b) (100) projection of Sr,NbO; (x <1) structure. Sr vacancies
(0) are randomly distributed.
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FIG. 2. Powder XRD patterns for Sr,NbO; samples with
x=0.75-0.90. Impurity peaks are marked with solid circles.

by thermogravimetric measurements. The results showed
that the oxygen deficiency (8) for every sample was nearly
zero (6=0). Thus the average Nb valencies for the sam-
ples with x =0.75, 0.80, 0.85, and 0.90 are expected to be
4.5, 4.4, 4.3, and 4.2, respectively. Note that the carrier
concentration is expected to increase with increasing x.
Nonetheless, all the samples with x <0.90 exhibited rath-
er similar temperature dependences of p.

The temperature dependence of the dc magnetic sus-
ceptibility (y) is shown in Fig. 5(a). For the samples with
x <0.90, ¥ was nearly independent of temperature (Pauli
paramagnetic) above 50 K; and below 50 K it slightly in-
creased with decreasing temperature. The latter is
suspected to be due to certain magnetic impurities, such
as NbO_,!? which were not detectable by XRD analysis.
Assuming that NbO, impurities were included in the
samples with x <0.90, the volume fractions of NbO,
may be estimated at ~4% using the data of Cava et al.
for NbO,.!> On the other hand, the Sry oQNbO; sample
showed a Curie-Weiss behavior. This was thought not to
be due to magnetic-impurity effects, but to an intrinsic
property of the sample, since the magnitude of y was one
order of magnitude larger than those of x’s for the sam-
ples with x <0.90.

The y-vs-T curve for the sample with x =0.90 is repro-
duced in Fig. 5(b) to make a curve fitting according to the
Curie-Weiss relation
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FIG. 3. Relationship between the lattice constant a and Sr
content x.
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FIG. 4. Temperature dependence of electrical resistivity for
Sr,NbOj;. A broad maximum was observed for the sample with
x =0.90 at a temperature around 200 K.
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FIG. 5. (a) Temperature dependences of the magnetic suscep-
tibility x for Sr,NbO; with x =0.80, 0.85, and 0.90. The data
for Sry;sNbO; were similar to those for the samples with
x =0.80 and 0.85. (b) Temperature dependence of the magnetic
susceptibility for Sry ¢oNbO;; the solid line represents a fitted
curve using the Curie-Weiss relation [Eq. (1)] with
Xo=7.3X10"8 emu/g, C=3.3X10"*emuK/g, and ®=1.2 K.

C
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in which Y, is a constant which is independent of temper-
ature, C is a Curie constant, and ® is an asymptotic Curie
temperature. The fitted curve is for the parameters
Xo=7.3X10"% emu/g, C=3.3X10"° emuK/g, and
®=1.2 K. Only if the Nb** ions are responsible to the
magnetic moment can we calculate an effective magnetic
moment p.q using the formula

X=Xot+ (

j'muiﬁ 2
¢ 3k3 ’ @

where N, is the number of magnetic ions per unit
volume and kj is the Boltzmann constant. The value ob-
tained for u s was 0.24u (where up is the Bohr magne-
ton), which was rather small compared with the value for
a free Nb*™ ion, i.e., 1.73ug. Since the p-vs-T curve for
Srg 9oNbO; showed a metallic behavior, its magnetic
property was expected to be Pauli paramagnetic. Con-
trary to this expectation, a Curie-Weiss behavior was ob-
tained for the same sample. This Curie-Weiss behavior
may be caused by the following possible origins: (i) a
characteristic electronic structure (narrow band), (ii) in-
equivalent sites for Nb ions, and/or (iii) stacking faults.

(i) Characteristic electronic structure: A metal with a
wide band is ordinarily Pauli paramagnetic, while the Y-
vs-T curve of a narrow-band system shows a Curie-Weiss
behavior.!* The conduction band of Sr,NbO, is con-
sidered to be caused by the hybridization between the Nb
4d and O 2p orbitals, being similar to the case of
tungsten-bronze compounds.!* If the band structure
changed at around x =0.90, we may attribute the Curie-
Weiss behavior to this. A more detailed investigation of
the electronic structure of this sample is required.

(ii) Inequivalent sites for Nb ions: The random Sr va-
cancies may yield inequivalent sites for Nb ions, as pro-
posed for Nb;,0,, by Cava et al.!? In such a situation,
Nb ions located at some sites may be localized, while
those at other sites may remain in a delocalized state.

(iii) Stacking faults: Stacking faults or lattice imperfec-
tions in a crystal generally exhibit a Curie-Weiss contri-
bution.!?

Figure 6(a) shows the temperature dependence of ther-
moelectric power (S) for the samples with 0.75 <x <0.90.
S’s for all the samples are found to be negative in the
temperature range between 10 and 300 K. Therefore the
dominant charge carriers are thought to be electrons. As
the temperature is lowered, S increased from ~ —20 to
~—2uV/K and dS /dT for every sample decreased with
temperature. It is worth noting that the value of dS/dT
for Sry ooNbO; was the smallest.

The total thermoelectric power (S) is usually expressed
by the sum of three contributions,

S=S,+S,+S,, , (3)

where S, is the term for thermal diffusion, S, for the
phonon drag, and S,, for the magnon drag of conduction
electrons. To the zeroth-order approximation, the three
contributions are thought to be independent of each oth-
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er. It is known that the peak of |Sp| is observed in the
temperature range between ®, /10 and @, /5,'® where
®p is the Debye temperature. To our knowledge the
value of ®, for Sr,NbO; is unknown. For Eu,NbOj,,
whose crystal structure is the same as that for Sr, NbO,,
@) has been estimated to be 343 K.!7 Nevertheless, no
peaks for phonon drag were observed at temperatures
below 300 K. This may be because the phonon drag was
suppressed by a certain disorder such as that in the Sr oc-
cupancy.'® Furthermore, the contribution S, may be ig-
nored, because any significant magnetic orders have not
been reported for Sr,NbO;. Therefore the S; term is
considered to be the predominant one in Eq. (3).

The following three models for S are worth discussing
for an explanation of the nonlinear temperature depen-
dence of S assuming that S=S,.

(1) For metals with spherical Fermi surfaces, S, is ex-
pressed by the Mott formula'®

S, <T/Eg, (4)

where E is the Fermi energy. By this model the non-
linear dependence of S on T cannot be explained unless
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FIG. 6. (a) Temperature dependence of thermoelectric power
for Sr,NbO; (0.75<x <0.90). (b) The relationship between
thermoelectric power and temperature for Sry.9oNbO;. The
so}iczl line represents the fitted curve using Eq. (5) with 8~25
K!72,
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the shape of the Fermi surface is dependent on T.

(ii) For semiconductors in which conduction occurs as
a result of electron variable-range hopping between local-
ized states in the energy gap, S, is expressed as'®!®

SdO:T+ﬂT1/2 , (5)

where BT!/? is the hopping term with 8 being a constant.
Figure 6(b) shows a fitted curve based on Eq. (5) (with
B~25 K'7%). Although the fitting seems to be in good
agreement with the experimental data for the sample
with x =0.90, no evidence for variable-range hopping is
seen in the p-vs-T curve given in Fig. 4.

(iii) For metals in which electron-phonon interactions
play a significant role for S at low temperatures, S; is
given as?%?!

S;=So[1+aM )T , (6)

where A(T) is the temperature-dependent enhancement of
S due to electron-phonon interactions, S, is the bare
thermoelectric power, and the coefficient a is approxi-
mately equal to unity, if additional effects are negligible.?!
The experimental data of S for glassy metals?> and amor-
phous films?* provided evidence that the electron-phonon
enhancement was the dominant factor for nonlinear S-
vs-T curves. Since there are randomly distributed vacan-
cies on Sr sites in Sr,NbO;, we may consider that
Sr,NbO; is similar to the case of amorphous metals in
terms of the transport property. Then Eq. (6) is con-
sidered to be a reasonably good expression for the non-
linear S-vs-T curve.

IV. SUMMARY

Polycrystalline samples of Sr,NbO; (0.75 <x <0.90)
were successfully synthesized by a gettering technique us-
ing titanium mono-oxide as the reducing agent. Powder
x-ray-diffraction analysis indicated that the samples with
x 20.80 were single phase of a cubic perovskite struc-
ture. From the electrical-resistivity data, every sample
exhibited metallic behavior at temperatures below 300
K, though, as x increased, the sample became more resis-
tive. For the samples with x <0.90, the magnetic suscep-
tibility was nearly temperature independent (Pauli
paramagnetic), though the sample with x =0.90 exhibit-
ed a Curie-Weiss behavior. Since thermoelectric power
coefficients (S) were found to be negative for all the sam-
ples in the temperature (7) range between 10 and 300 K,
the dominant charge carriers were thought to be elec-
trons. It was found that the relationship between S and T
was nonlinear. A particular electron-phonon interaction
was thought to be the dominant factor for this nonlineari-
ty, as previously proposed for glassy metals and/or amor-
phous-metal films.
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