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Sr,V,0,_; was prepared by solid state reaction with controlling oxygen deficiency (5). When the
§-value increased, carrier concentration decreased and electrical conduction changed from metallic to
semiconducting while, simultaneously, the effective magnetic moment increased and the magnetic
property changed from Pauli paramagnetism to normal paramagnetism. The temperature dependence
of resistivity below 20 K was described by p = A exp(—B/T"). The X-ray photoelectron spectra of
V3, consisted of two peaks which were related to V3* and V** ions. These results suggest that the
metal-semiconductor transition in Sr,V;0_; is due to a randomness of potential caused by trivalent

vanadium ions and oxygen deficiencies.

I. Introduction

Since the discovery of a cuprate super-
conductor (1), much research on its related
compounds has been performed (2). Their
crystallostructural feature is alternative
stacking of a two-dimensional conduction
layer and a blocking layer, for example, a
CuQq perovskite layer and a (La,Sr)-O rock
salt layer in (La,_,,Sr,),CuO, (3).

Another feature of the cuprate supercon-
ductors is that superconductivity appears in
a transient region between the insulator and
normal metal (4, 5). Further, it is known that
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their superconducting transition tempera-
tures (T,) increase with both carrier concen-
trations (6, 7) and the number of Cu-0O lay-
ers per unit cell (8, 9).

These features of the cuprate supercon-
ductors seem to be a plausible guideline ap-
plicable to synthesis of a new high T, super-
conductor with or without copper.

Cyrot et al. (10) synthesized a K,NiF,-
type vanadate of Sr,VO,_;. They reported
that Sr,VO,_; was an antiferromagnetic in-
sulator (/0). On the other hand, its related
compounds such as Sr;V,0, (//) and
Sr,V;0,, (12) also have been reported to be
layered perovskite compounds with alterna-
tive stacking of VO perovskite-type layers
and SrO rock-salt-type layers. Because of
the structural similarity, Sr;V,0;_;,
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Sr,V,0,_;, Sr,VO, ™%, and/or their related
compounds are expected to satisfy the
above-mentioned conditions for supercon-
ductivity.

In the present study, Sr,V;0,,_; with
three perovskite layers was prepared by
controlling oxygen deficiencies (8). The
crystal structure was refined by a Reitvelt
method in III-1. The Hall effect and mag-
netic susceptibility were measured to eluci-
date their electrical (III-2) and magnetic
properties (III-3). X-ray photoelectron
spectra were measured to obtain the effect
of oxygen deficiency on the electronic
structure of Sr,V;0,,_,; (I11-4).

I1. Experimental Procedures

II-1. Sample Preparation

Sr,V5;0,,_s was prepared by three steps
in the first step, a mixture of SrCO; (G.R.
grade) and V,0s (99.9% in purity) with an
atomic ratio of Sr/V = 4/3 was fired in air at
1000°C for 12 hr. In this stage, the product
was a mixture of two major phases, Sr;V,0,
and Sr,V,0,, which were identified by the
powder X-ray diffraction technique.

In the second step, the product was
milled, pelletized, and reduced in 1 bar of H,
gas at 1100°C for 24 hr. After this reduction
process, the sample became an almost single
phase of Sr,V;0,,_, with a trace of Sr;V,05.

Finally, the reduced pellets were milled,
pelletized again, and sintered under 1 bar
of H, gas at 1400°C for 24 hr. In this stage,
the sintered pellets became a single phase
of Sr,V;0,9_5-

The sintered pellets were annealed under
I bar of H, gas at temperatures between 600
and 1000°C for 50 hr to control the amount
of oxygen deficiency (8). Hereafter, the
samples sintered at 1400°C and annealed at
1000, 800, and 600°C are abbreviated as
AN1400, AN1000, AN800, and AN600, re-
spectively.
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11-2. Characterization of the Samples

The amount of oxygen deficiency was de-
termined from a weight gain after the follow-
ing oxidation process. The oxidation was
repeatedly performed at 800°C in a stream
of 1 bar of O, gas until the weight of the
sample was stable within 0.01% of the initial
weight. The valence of vanadium ion after
the oxidation was supposed to be +35 to
calculate 8 and the average valence of vana-
dium ions.

Lattice constants of Sr,V,0,,_, at room-
temperature were determined by X-ray
powder diffraction with a least-squares
method. The diffraction angles were cali-
brated by an internal standard of Si powder
(99.99% in purity).

The crystal structure of ANI1400 was
refined by a Rietvelt method (RIETAN
program (/3)) for an X-ray powder diffrac-
tion profile based on the structure parame-
ters of Sr,Ti;0,,_5 (/4). The number of
intensity data was 5001, all of which were
collected in a region of 20° < 20 (CuKa)
<120°.

Electric resistivity (p) was measured by
an ordinary dc four-probe method in a
temperature range between room tempera-
ture and 6 K. Hall coefficients Ry were
measured by a Van der Pauw method (/5)
with a Resitest 8200 system (Toyo Co.).
The samples were 7 X 7 x 0.4 mm® in
size. In the measurements, the applied field
was H = 10 kOe and the loaded current
was [ 20-100 mA. The temperature
range was between 300 and 90 K for
AN1400 and ANS800.

The magnetic susceptibility of Sr,V,0,,_;
was measured with a SQUID magnetometer
(Quantum Design Co., Ltd.) by a field cool-
ing method in a temperature range between
300 and 5 K under a magnetic field of 10 kOe.

X-ray photoelectron spectra were taken
with a Microlab 320D associated with an
X-ray source of AlKa radiation (V.G. Scien-
tific, Ltd.). Samples were entered into an
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FiG. 1. Annealing temperature dependence of oxy-
gen deficiency 8 in SryV30,4_s.

ultrahigh vacuum chamber as soon as they
were scraped in air. Pressure in the chamber
during measurement was less than 3.5 x
10~° mbar.

III. Experimental Results and Discussion

III-1. Crystal Structure and
Oxygen Deficiencies

The amount of oxygen deficiency (8) is
shown as a function of annealing tempera-
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FiG. 2. Oxygen deficiency & dependence of lattice
constants of Sr,V;0,,_;.
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F1G. 3. Crystal structure of AN1400 refined by the
Rietvelt method. This figure was drawn by the ORTEP
program (20). Radii of the spheres are proportional to
isostatic thermal parameters.

ture in Fig. 1. The maximal 8-value was ob-
served for AN1400: 8 = 0.59. The §-value
of Sr,V,0,,_; decreased with the decrease
in annealing temperature and became very
small in AN600 (6 = 0.03).

Figure 2 shows the 8-dependence of lat-
tice constants measured at room tempera-
ture. Lattice constants in a higher &-value
region are almost independent of the
5-value. This behavior is similar to that ob-
served in a perovskite-type vanadate of
SrVO,_; (16) and therefore implies that the
oxygen deficiencies in Sr,V,0,,_; are lo-
cated in the perovskite-like layers.

The result of Rietvelt analysis is shown in
Fig. 3 and Table I. As shown in Table I,
isostatic thermal parameters of O(1) and
0O(2) in AN1400 are larger than that of the
other oxygen sites. This result suggests a
possibility that the oxygen deficiencies lo-
cate at O(1) and O(2) sites.

111-2. Electrical Properties

The temperature dependence of electric
resistivity of Sr,V,0,,_; is shown in Fig.
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TABLE I

STRUCTURAL PARAMETERS OF AN1400 REFINED BY
THE RIETVELT METHOD

Composition SryV304.4,
Symmetry Tetragonal (P4/mmm)
Lattice constants (nm) a = (.3843, ¢ =2.789
Atom Site X y z B, (nm?)
Sr(1) 4e 0 0 0.431 0.004
Sr(2) 4e 0 0 0.298 0.005
V(1) 2a 0 0 0 0.003
V(2) 4e 0 0 0.139 0.003
o 4c 0 H 0 0.01
02) 4¢ 0 0 0.07 0.01
03) 8¢ 0 3 0.14 0.003
O(4) 4e 0 0 0.21 0.007
Reliability factors
Ruyp Ry Ry Ry Ry
0.099 0.073 0.022 0.017 0.035

Note. The occupation factor of each site was fixed to 1.00.
“ [sostatic thermal parameter.

4. Neither a superconducting transition nor
any anomaly of resistivity was observed in
the present study. However, the
metal-semiconductor transition occurred
between & = 0.30 (AN1000) and & = 0.14
(ANB800).

W TT T T 171011
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o AN1000
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F1G. 4. Temperature dependence of electric resisti-
vity of Sr,V;0,,_;. Resistivity was normalized by the
value at 200 K. Open circle, AN1400; closed circle,
AN1000; open square, AN800; and closed square,
AN600.
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Fi1G. 5. Oxygen deficiency & dependence of carrier
concentration (e|Ry|) ' (closed circle) and electric re-
sistivity (open circle) of Sr,V;0;y_; at room temper-
ature.

Hall coefficients Ry of the present sam-
ples are all negative, which means that the
carrier is an electron. The values of
(e|Ryl)~ " at room temperature together with
electrical resistivities at room temperature
as a function of § are shown in Fig. 5. Sup-
posing the single carrier approximation,
(e|Ry|) ! corresponds to the concentration
of the effective carrier.

The value of (e|Ry|) ! of Sr,V;0,,_5 de-
creases with the increase in the §-value. In
general, it is considered that oxygen defi-
ciencies in n-type oxide semiconductors are
donors as observed in BaTiO;, SrTiO;, etc.
(17); nevertheless, (e|Ry|)~! of Sr,Vi0,0_s
decreases with the increase of the §-value.
The effect of oxygen deficiency in
Sr,V,0,,_5onthe electrical properties is dif-
ferent from that in perovskite titanate com-
pounds, suggesting that the electrons in the
conduction band, which is thought to be
mainly formed from the V;, orbital, are lo-
calized by the introduction of oxygen defi-
ciencies.

Temperature dependencies of carrier con-
centration (e|Ry|)~' and mobility [Ry|/p of
AN1400 and ANBQO are shown in Fig. 6.
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F1G. 6. Temperature dependence of carrier concen-
tration (e|Ry)~! and mobility Ry/p of AN1400 and
ANB800. Open and closed circles indicate AN1400 and
ANBS8O00, respectively.

This figure suggests that the carriers are of
a thermal activation type.

The carrier concentration ny and mobility
gy are fitted by the following equations, re-
spectively:

(e|Ry))~' = ny = nyexpl —(AE/T)] (1)
|Rullp = py = AT (2

Solid lines in Fig. 6 show the best fits of Eqs.
(1) and (2). Fitting parameters of n,, AE, A,
and « are listed in Table I1. As seen in Table

TABLE II
PARAMETERS DETERMINED BY A FITTING OF
(elRul)~! AND |Ryl/p To Eg@s. (1) AND (2) IN THE
TEXT, RESPECTIVELY

Sample 5 ny (10%cm=3) AEX) A a
AN1400 0.59 1.38 92 16 0.66
ANB00 0.14 1.39 35 19 0.66
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FiG. 7. Electric resistivity against 7~ "%, Solid line
shows the best fit of temperature dependence of resisti-
vity to p = p, exp(—B/TV*).

I, preexponential factors n, are indepen-
dent of the 8-value. This result indicates that
the oxygen deficiencies affect neither the
density of state of the Fermi level nor the
donor concentration; however, the activa-
tion energies and mobilities are affected by
them.

Below 90 K, the resistivity of AN1400
was lower than the value calculated by the
parameters in Table II and Eq. (3),

p() = (enyuy). (3)

This deviation suggests that the conduction
mechanism of the carrier is different below
and above 90 K.

Mott and Davis (I18) proposed variable
range hopping for the electrical conduction
in a random system. In the variable range
hopping model, the resistivity was de-
scribed by Eq. (4),

p = A expl—B/TV]. 4)

By plotting In p versus T~¥, the resistivi-
ties of AN1400 and AN1000 lie on straight
lines at low temperature (T < 20 K) as shown
in Fig. 7. From this result, it is conjectured
that the variable range hopping conduction
takes place at lower temperature in the semi-
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FiG. 8. Temperature dependence of magnetic suscep-
tibility of Sr,V;0;y_;. Open circle, AN1400; closed cir-
cle, AN1000; open square, AN800; and closed square
ANG600.

conducting Sr,V;0,0_;. In the temperature
region between 7 = 20 K and T = 100 K,
both hopping and carrier activation may oc-
cur simultaneously. The conduction mecha-
nism will be discussed in I1I-5 in relation to
the electronic structure.

III-3. Magnetic Properties

Temperature dependencies of magnetic
susceptibility x are shown in Fig. 8. The
magnetic susceptibility of AN600 was
changed slightly with the temperature beiow
60 K while it is almost independent of tem-
perature above 60 K. The Pauli paramag-
netic behavior of AN600 is consistent with
its metallic conduction. However, a slight
increase of magnetic moments in the x-T
curve in the lower temperature region sug-
gested that a small part of the carrier in
ANG600 is localized to induce the magnetic
moment.

The magnetic susceptibilities of ANS00,
AN1000, and AN 1400 were described by the
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TABLE III
MAGNETIC PARAMETERS OF Sr,V;0y4_;

Sample d C 6(K) xo(mole V)™!  u /up
AN1400 0.59 3.4 x 1072 —-1.2 3.0 x 10°* 1.03
AN1000 030 2.3 x 1072 —0.7 3.0 x 1074 0.85
ANROO 0.14 1.0x 1072 -52 3.8 x 10°* 0.57

Note. C, 0, and y, are determined by fitting the temperature
dependence of magnetic susceptibility x (T) to x (T) = CAT —
9 + xo-

Curie—Weiss law and no magnetic anomaly
was observed in the temperature region be-
tween 5 and 300 K. Curie constants and
temperatures determined by a least-squares
method are listed in Table I1I. Curie temper-
atures are almost zero for all samples, sug-
gesting that the magnetism of the semicon-
ducting samples is normal paramagnetic
without any magnetic ordering.

Curie constants increase with the 8-value.
This is opposite to the behavior of the carrier
concentration which decreases with the 8-
value. As listed in Table 111, effective mag-
netic moments ., are smaller than those of
free V3* (2.83 ug) and V** (1.73 wp) ions,
where g is the Bohr magneton. Such small
values of u, also suggest that some part of
the carrier is itinerant and the rest is local-
ized; the latter has the magnetic moment.
This is consistent with the discussion on the
Hall effect.

1114. Photoelectron Spectroscopy

The X-ray photoelectron spectra (XPS) of
the V ion in AN1400 (A) and AN600 (B) are
shown in Fig. 9. Peaks observed between
510 and 520 eV are ascribed to V,,3/2. The
V,,3/2 peak of AN600 is relatively sharp
compared with that of AN1400.

The difference between the spectra of
AN1400 and AN600 is also shown in Fig. 9:
positive and negative peaks appear in the
difference profile. This result suggests that
the V,,3/2 spectrum of AN1400 consists of
two peaks. A shoulder at the lower energy
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F1G. 9. X-ray photoelectron spectra of the V,, core
level of (A) AN1400 with V35+_ (B) AN600 with V40+,
(A — B) difference profile between XPS of AN1400
and AN600, and (C) SrVO,, with V3+,

side of the V,,3/2 peak of AN1400, which
corresponds to the positive peak of the dif-
ference profile, is considered to relate to
V3* jons. Therefore, comparing AN1400
with AN600, the amount of V** ions de-
creases and that of V3T ions increases in
AN1400.

The bottom spectrum in Fig. 9 is for
SrvVO0,, with the average valence of V
(+3.6) the same as that of AN1400. How-
ever, the shape of the V,,3/2 peak of SrVO,
is rather similar to that of AN600 with V4*,
The different average valences between
SrVO, ¢ and AN600 are seen as the different
binding energies: the binding energy of
ANG600 is higher than that of SrVO, ;. This
result suggests that the valence state of V
ions in SrVO0, 4 is averaged; that is, their V,,
electrons are delocalized. Conversely, these
results suggest that the valence V ions are
not averaged and that V3* and V** ions
coexist in AN1400. Taking into account that
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ANI1400 is of the activated type while
ANG600 is metallic, the V;, electrons of V4*
ions are delocalized in AN1400 and in
AN600.

HI-5. Electronic Structures

Dougier and Hagenmuller (/9) reported
metal-semiconductor transition in a solid
solution system of (La,_,,Sr,)VO, and dis-
cussed the modification of electronic struc-
ture due to the substitution of Sr. The
metal-semiconductor transition occurred at
x = 0.225, below which the semiconducting
behavior appeared (x < 0.225). Further, the
semiconducting region was classified into
two cases. In a lower x region of semicon-
ducting (La,_,,Sr,)VO,, the carriers were
localized by a Hubbard gap and the mag-
netic property was antiferromagnetic, while
in a higher x region of semiconducting
(La,_,,Sr,)VO,, the carriers were localized
by random potential.

Mott and Davis (/8) studied the effect of
random potential on electrical conduction.
According to them, random potential in-
duces the localization of the carrier; that
is, a mobility edge is formed by it in the
conduction band.

It is thought that the metal-semiconduc-
tor transition of Sr,V;0,,_; occurs by the
mechanism shown in Fig. 10. Figures 10a
and 10b show band models of metallic and

AN

3d Band of V37 or Mixed
Band of Vand Oxygen
Deficiency

F1G. 10. Schematic figure of the conduction band of
(a) metallic and (b) semiconducting Sr,V;,0,4_;. E, and
E; indicate the mobility edge and Fermi level, respec-
tively.
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semiconducting Sr,V;0,,_, with mobility
edge E_, respectively.

Figure 10a corresponds to the metallic
Sr,V;0,4_5 AN600. The amount of the V3*
ion is considerably smaller than that of the
V** ion and therefore the effect of the V3*
ion and/or oxygen deficiency is minor. The
mobility edge is thought not to be formed in
the conduction band as shown in Fig. 10a or
to be formed below Fermi level E;. Metallic
conduction of AN600 is consistent with the
model of Fig. 10a. The Pauli paramagnetic
behavior in the high temperature region and
normal paramagnetic behavior in the low
temperature region of AN600 as shown in
Fig. 8 are ascribed to the itinerant electrons
of V** jons and the localized electrons of
V** ions, respectively.

Figure 10b represents the band scheme of
the semiconducting Sr,V;0,,_s AN1000 and
AN1400. The small ., and the semiconduct-
ing behavior can be explained by the forma-
tion of the mobility edge in the conduction
band. The result of XPS of AN1400 suggests
an increase of the fraction of the localized
V,,electron related to the V37 ion. The band
of V** ions and/or oxygen deficiencies is
formed below the band of V#* ions and they
possibly overlap each other. As the oxygen
deficiency and V3* and V** ions are consid-
ered to be randomly distributed, the random
potential due to them can produce the mobil-
ity edge. In the case of the activation energy,
AE in Eq. (1) is therefore related to the en-
ergy difference between the Fermi level and
the mobility edge: E; — E_. The increase of
Curie constants in Table III is considered to
be related to the increase of the amount of
V3* ions whose electrons are localized be-
low the mobility edge and have the magnetic
moment.

V. Conclusion

The oxygen-deficient layered perovskite
compound of Sr,V;0,,_; was prepared by
controlling the amount of oxygen deficienc-
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ies by annealing at various temperatures.
The electric resistivity of Sr,V;0,,_5 was
increased with the increase of the amount
of oxygen deficiencies and metal-semicon-
ductor transition was observed between & =
0.14 and & = 0.30. The localization of the
carrier could be explained by the mobility
edge formed by the random potential of V3*
ions and/or oxygen deficiencies.

Neither superconducting transition nor
antiferromagnetic transition in Sr,V,0,,_;
was observed in the present study. If the
antiferromagnetic ordering is essential for
high 7., superconductivity to appear,
S1,V;0,,_; does not satisfy the condition for
a high T, superconductor. However, as the
perovskite-type titanate of SrTiO; (I7) is a
low T, superconductor without antiferro-
magnetic ordering, the possibility of super-
conductivity in Sr,V;0,,_j still might be ex-
pected.
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