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Abstract

We investigated single crystals of Bag_,Sr,NbsO;5 with a tetragonal tungsten bronze (TTB)
structure, which exhibits a metal-insulator transition with x. We found that there is a one-
dimensional anisotropy with a higher dc conductivity along the ¢ axis in the metallic phase, but it
disappears in the insulating phase. The optical conductivity spectra of the metallic samples show
similar anisotropy to the dc conductivity, but the anisotropy persists even in the insulating phase.
These experimental results, together with the result of magnetic susceptibility, indicate that the
disorder caused by the Sr ions loosely bound to the surrounding oxygen ions plays an important

role in the metal-insulator transition.



I. INTRODUCTION

Metal-insulator transitions are phenomena in which electrical resistivity changes by many
orders of magnitude with temperature, pressure, or the composition of the compounds [1].
Regarding the metal-insulator transitions caused by a compositional change, the origins
can be categorized into two groups: (a) those caused by changes in the Fermi level, i.e.,
by carrier doping, and (b) those caused by changes without carrier doping. The former
includes a phase transition from a band insulator to a doped conductor and that from a
Mott insulator, where an integer number of electrons at each site are localized owing to the
on-site Coulomb repulsion, to a metal with carrier doping (a Mott transition) [2]. The latter
includes a different type of Mott transition, i.e., a transition from a Mott insulator to a metal
with a change in bandwidth, and a transition from a band insulator to a semimetal with a
shift of the valence and conduction bands. Another metal-insulator transition categorized
into (b) is a transition from a metal to an Anderson insulator (Anderson localization) caused

by disorders.

Bas_,Sr,Nb;Oy5 (0 < x < 3) [3-7] is a series of compounds with a tetragonal tungsten
bronze (TTB) structure (the space group Pymbm). This crystal structure can be regarded
as a modified perovskite structure, as illustrated in Fig. 1. Each Nb ion is surrounded by six
oxygen ions in an octahedral configuration, and these NbOg octahedra (shown by squares in
Fig. 1) share corners with each other. Compared with the perovskite structure, additional
NbOg octahedra are inserted in the TTB structure; thus, the NbOg octahedra are connected
in a zigzag manner along the ab plane of the tetragonal structure, whereas the connection
remains straight (the Nb-O-Nb bond angle is 180°) along the ¢ axis. The formal valence of
Nb is 4.84, meaning that there are 0.2 electrons on average per Nb, and this does not change
with x in this series of compounds. Nevertheless, they exhibit a metal-insulator transition
with x; it is metallic when x = 0, but it is insulating when x = 3, although its mechanism

remains unclarified.

Another unclarified issue on this series of compounds is the anisotropy of the electronic
structure and the transport properties. There are various compounds with the TTB struc-
ture and hexagonal tungsten bronze (HTB) structure, which is also composed of corner-
shared AOg octahedra, and some of them exhibit the superconducting property at low tem-

peratures [6, 8-11]. However, little is known about the anisotropy of compounds with these
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FIG. 1. Crystal structures of (a) perovskite structure (ABO3) and (b) tetragonal tungsten bronze
(TTB) structure (A3sB5015). Each square corresponds to a BOg octahedron viewed from the
vertical direction, and each circle corresponds to an A ion. The B ions exist at the centers of the
squares, and the oxygen ions exist at the corners of the squares. Note that the A ion is shifted
from the B ion by half the height of the BOg octahedron perpendicular to the plane. In (b), blue
squares are newly inserted whereas the blue circles in (a) disappear. The three dotted lines from
the A2 ion indicate the six oxygen ions (three above and three below are overlapped in the figure)

nearest to it.

crystal structures, except for a study on Na, WO3 [12]. In relation to the issue of anisotropy,
Baz_,Sr,NbsO15 in polycrystalline forma exhibit a large Seebeck coefficient, particularly
at high temperatures (S ~ 100 pV/K near 1000 K) [6], and it is interesting to see if the

thermoelectric property can be enhanced by using a particular orientation of a single crystal.

In this study, we grew single crystals of Bag_,Sr,Nb;O15 and investigated their various
properties to clarify the origin of the metal-insulator transition and the anisotropy of the

electronic structure.



II. EXPERIMENT AND BAND CALCULATION

Single crystals of Bag_,Sr,Nb5O15 (0 < x < 2) were grown by the floating-zone technique.
The starting materials were BaCOj3, SrCOg3, and NbyOp, and their stoichiometric amounts
were mixed and pressed into a rod, and the rod was sintered at 1300 °C for 12 hours in a
7 % Hy/Ar gas. The sintered rod was melted in a floating-zone furnace in a 7 % Hy/Ar
gas, and single crystals were grown at a feed speed of 8 mm/h. The grown crystals were
checked by X-ray powder diffraction measurement. We found that the single crystals for
x > 2.5 cannot be grown but the A-site-deficient perovskite appears when using this method,
although polycrystalline samples with the TTB structure in this compositional range can

be easily synthesized.

The orientation of the grown crystals was determined by the Laue method. The offstoi-
chiometry of the crystals was determined by induction-coupled plasma (ICP) analysis and
thermogravimetric analysis (TGA). We found that the composition of our single crystals is
BagNbsO15,08 (n = 0.17, where n corresponds to the nominal number of d electrons per Nb)
for = 0, Bay 5511 57Nby 9601485 (n = 0.25) for 2 = 1.5, and Ba;Sry 94Nby 8201457 (n = 0.17)
for x = 2.0. This confirms that the change in the nominal number of d electrons in Nb is

not the origin of the metal-insulator transition.

Resistivity and Hall measurements were performed using silver paste cured at room tem-
perature as electrodes. For the Hall measurement, the magnetic field was applied between
—7 and 7 T perpendicular to the current direction. Magnetic susceptibility was measured
by a SQUID magnetometer. The Seebeck coefficient and resistivity at high temperatures
were simultaneously measured in helium gas at negative pressure by a four-probe method,
where an R-type thermocouple was used to measure both the temperature difference and
thermoelectromotive force. The polarized optical reflectivity was measured on the polished
ac plane of the single crystals using a grating spectrometer between 0.7 and 5 eV and an

FTIR spectrometer between 0.1 and 0.8 eV at room temperature.

First-principles calculations were performed on the basis of the plane wave density func-
tional theory using the Quantum Espresso (QE) simulation package[13]. We employed the
local density approximation without on-site Coulomb repulsion (U). A tetragonal primitive
cell consisting of BagNb;gO3¢ was used. The atom positions and lattice parameters were

taken from Ref. [6]. The atoms were represented by norm-conserving pseudopotentials from
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the QE library with the fhi98PP pseudopotential program[14]. The cutoff kinetic energy for
charge density and potential calculations was set to 350 eV. The transport properties were
calculated from a band structure with a 20 x 20 x 20 k-point mesh using the BoltzTraP
program|15].

III. RESULTS

Figure 2 shows the temperature (7') dependence of the resistivity along the ¢ axis (p.)
and a axis (p,). The behavior of resistivity changes from being metallic (dp/dT > 0, z < 1)
to insulating (dp/dT < 0, x > 1.5) with increasing x, as similarly observed in polycrystalline
samples previously reported [6]. Furthermore, there is anisotropy of approximately one order
of magnitude (p. < p,) for the metallic samples (x < 1). This is more clearly seen in Fig.
3, where p. and p, for two different samples with = 0 in a linear scale are shown as a
function of T'. As can be seen, p. keeps decreasing whereas p, increases below 120 K with
decreasing T for the No. 1 sample (as shown in Fig. 2), but an upturn is observed also in
the T" dependence of p. for the No. 2 sample. We speculate that the upturn in p,. for the No.
2 sample, which has a lower resistivity than the No. 1 sample, arises from the misalignment
of the crystal, resulting in the mixture of the p, component with a larger absolute value in
the measurement of p.. Such anisotropy in the resistivity can be qualitatively explained by
their zigzag Nb-O-Nb bonds along the ab plane (Fig. 1) and the straight Nb-O-Nb bonds
along the c axis.

Figure 4 (a) shows the x dependence of p. (closed symbols) and p, (open symbols) at 280
K (circles) and 20 K (squares). The magnitude of resistivity increases for x > 1, particularly
at 20 K. Here, we define the anisotropy of conductivity as o./0, = pa/pe, where o; = 1/p; is
the conductivity in the i direction (i = a, ¢), and we plot it at 280 K and 20 K in a log scale
as a function of = in Fig. 4 (b). 0./0, is largest for © = 0, which is on the order of 10, but
it gradually decreases with increasing  and becomes smaller than unity for z > 1. These
results are summarized as follows: for x < 1, this series of compounds are metallic with the
anisotropy of o. > g,, but they become insulating for x > 1 with least anisotropy.

To investigate the anisotropy of this series of compounds in more detail, we measured the
polarized optical reflectivity spectra for the single crystals. Figure 5 shows the reflectivity

spectra with E || ¢ [R.(w)] and E || @ [R,(w)] for various values of = at room temperature
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FIG. 2. Temperature dependence of resistivity for Bag_,Sr,NbsO15 along the (a) ¢ and (b) a axes.

The dashed lines in (b) refer to the resistivity along the ¢ axis shown in (a).
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FIG. 3. Temperature dependence of resistivity for two different samples, No. 1 (thick lines) and
No. 2 (thin lines), of BagNb5O15 along the a axis (p,) and ¢ axis (p.). The data of p. is multiplied

by four for clarity.

A Drude-like spectrum, i.e., large values at low hw, a sharp decrease and an edge (a plasma
edge, whose position is referred to as fiw,, as indicated by arrows in Fig. 5), and a relatively
flat hw dependence at higher than the plasma edge, is observed both for R.(w) and R,(w) for
all z. However, hw, decreases with increasing = both for R.(w) and R,(w) [Figs. 5 (a)(b)],
and hw, is larger for R.(w) than for R,(w) with the same x [Fig. 5 (b)].

Figure 6 shows the optical conductivity spectra derived from the R(w) spectra shown in
Fig. 5 by the Kramers-Kronig transformation. The open circle in Fig. 6 (a) corresponds to

the dc conductivity for z = 2. In this figure, a Drude spectrum of the optical conductivity,
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FIG. 4. (a) Resistivity of Bag_,Sr;Nb5015 at 280 K (red circles) and 20 K (blue squares) along
the ¢ axis (p., closed symbols) and a axis (p,, open symbols) as a function of . (b) Anisotropy of

resistivity, o./0q, at 280 K (red circles) and 20 K (blue squares) as a function of x.
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FIG. 5. Reflectivity spectra of Bag_,Sr,NbsO15 at room temperature with the polarization along
(a) the ¢ axis (R.) and (b) a axis (R,). The dashed line in (b) is R, with = 0 shown in (a). The

arrows show the position of the plasma edge hw, for x = 0 and 2.

i.e., a Lorentz function centered at hw = 0, is observed for F || ¢ [o.(w)] with = 0 and 1,
but it changes to a spectrum with a peak at finite hw for x > 1.5. The optical conductivity
spectra for E || a [0,(w)] behaves similarly to o.(w) with x, but the spectral weight for
04(w) below 1.4 eV is smaller than that for o.(w) [Fig. 6 (b)]. Such anisotropy, which is
characteristic of materials with a one dimensional conduction, has been observed in various
transition-metal oxides.[16-19] We estimated the spectral weight by integrating the optical

conductivity below 1.4 eV and plot it as a function of x in Fig. 7. As can be seen, the
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FIG. 6. Optical conductivity spectra of Bag_,Sr,NbsO15 at room temperature along (a) the ¢ axis
(0¢) and (b) a axis (0,). The dashed line in (b) is o, with 2 = 0 shown in (a). The open circle in

(a) corresponds to the dc conductivity along the ¢ axis for z = 2.
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FIG. 7. Spectral weight of optical conductivity below 1.4 eV as a function of = for (a) o, (W,

closed circles) and o, (W,, open circles) of Bas_,Sr;Nb;Os5.

spectral weight for o.(w) (W,) is approximately twice that for o,(w) (W,) at z = 0, and
both decrease with increasing z, although W, decreases more significantly, and as a result,

the anisotropy in the spectral weight (W./W,) decreases with increasing x.

Here, we point out the qualitative similarity as well as a quantitative discrepancy between
the dc conductivity [Fig. 4 (b)] and the spectral weight of the optical conductivity (Fig.
7). Qualitatively, both the spectral weight and dc conductivity decrease with increasing x,
and the anisotropy becomes smaller with increasing x for both quantities. However, the dc

conductivity at room temperature is suppressed by two or three orders of magnitude from



x = 0 to z = 2, whereas the spectral weight decreases only by a factor of two with x. The
anisotropy of the dc conductivity for x = 0 is o./0, ~ 10, but that of the spectral weight for
x =01is W./W, ~ 2. On the other hand, o./0, is almost unity for z > 1.5 in the insulating
phase, but W, /W, is clearly larger than unity for x > 1.5. Such discrepancies suggest that
the metal-insulator transition in this series of compounds is dominated mainly by an energy
scale of smaller than 1.4 eV, although the behavior at around 1.4 eV may partially affect

the phenomenon.

Figure 8 shows the temperature dependence of the Hall coefficient for x = 0, 0.5, and
1. R,. was measured with the current direction j || ¢, the voltage direction E || a, and the
magnetic-field direction H || b, whereas R, was measured with j || a, E || b, and H || c.
As can be seen, R, is on the order of ~ —4 x 107 m3/C, which corresponds to ~ 0.1
electrons per Nb based on the simple free electron model of Ry = 1/ne, and it exhibits only
a small variation with 7" or z. On the other hand, R, is almost zero at all 7" and x. The
anisotropy in the Hall coefficient can be explained by the Fermi surface of one-dimensional
metals, as discussed below. The z dependence of the Hall coefficient indicates that the
electronic structure of this series of compounds barely changes for x < 1, even though the

metal-insulator transition occurs at around x ~ 1.

As discussed in the Introduction, BazNbsOq5 is a good n-type thermoelectric material
at high temperatures in a polycrystalline form [6]. We measured the Seebeck coefficient
S and the resistivity p of our single crystal both along the ¢ and a axes up to 900 K, as
shown in Fig. 9. Although there is a factor of 10 anisotropy in p, S along the ¢ axis and
that along the a axis are nearly the same. As a result, the power factor PF = S?/p along
the ¢ axis becomes as high as ~ 18 yW/K?cm at room temperature and ~ 10 yW/K?cm
at 900 K, which is several times larger than that along the a axis, and is comparable to
that of doped SrTiO3 [20, 21], which is a promising n-type thermoelectric oxide at high
temperatures. Note that the Seebeck coefficient is given by (7?k%T/3q)(0’(Er)/o(EFr)),
where o(E) is the conductivity when the Fermi level is located at E and ¢/(E) is its energy
derivative. Thus, if all the conduction carriers have the same mass tensor with anisotropy,
the anisotropy of the mass tensor does not produce any anisotropy in the Seebeck coefficient
since it is cancelled when dividing o’(EFr) by o(Er), whereas the anisotropy in the electrical
conductivity is inversely proportional to the anisotropy of the mass tensor. Accordingly, the

power factor can be enhanced compared with that of the polycrystalline form by utilizing a
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FIG. 8. Hall coefficient along the ac plane (R, closed circles) and ab plane (R4, open circles) as

a function of temperature for Bag_,Sr;Nb;O;5 with (a) z =0, (b) x = 0.5, and (c) = = 1.0.

specific direction (with a smaller mass tensor) of the single crystal, where a smaller resistivity
can be realized without reducing the Seebeck coefficient. This is consistent with the present
experimental result shown in Fig. 9. Note that such an absence of the anisotropy in the
Seebeck coefficient in spite of a large anisotropy in the resistivity has been observed in some

cobaltites [22].

Transport properties were also examined from the calculated band structure. Figure 10
shows the band structure of BagNbsO;5. With the stoichiometric composition, where 0.2
electrons per Nb site exist, there are two bands with smaller dispersion and several bands
with larger dispersion along the I'-Z direction around the Fermi energy. The former two
bands have two-dimensional cylindrical Fermi surfaces, whereas the latter bands have one-
dimensional sheet-like Fermi surfaces perpendicular to the Z direction, as shown in the upper

panels of Fig. 11. With the decreased Fermi energy, however, the two-dimensional cylindrical
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FIG. 10. Band structure of BagNbsO15. The inset shows the symmetry labels for the primitive

tetragonal lattice.

Fermi surfaces disappear and the one-dimensional sheet-like Fermi surfaces survive, as shown
in Fig. 10 and the lower panels of Fig. 11, and they seem to dominate the anisotropy of the
transport properties.

To evaluate the anisotropy quantitatively, the transport properties were calculated on
the basis of the Boltzmann theory[15]. The electric current j along the a axis (o = z, vy, 2)

can be written in terms of the conductivity tensors o with the electric field E and magnetic

field B:

Jo =D 0apEs+ ) 0up EsB, (1)
B8 By

where Eg and B, (3,7 = z,y, z) are the components of E and B along the § and -y directions
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FIG. 11. Fermi velocities v, (i, k) and v, (i, k) and relative inverse effective mass tensor M@l (1, k)

at F = Ep (upper panels) and E = Ep — 0.15 eV (lower panels).

respectively. The conductivity tensors 0,5 and o4, in Eq. (1) are defined as follows. At the
crystal momentum k with the band index ¢, the local conductivity tensors can be expressed

as

0apli, k) = €27 100 (i, k)vs(i, k)

Oapy (i, k) Ze kewyva i, k)v, (i, k)MB_ul(z,k), (2)

where €, is the Levi-Civita symbol, 7; . is the relaxation time of the electron with the crystal
momentum k and the band index i, v, (7, k) is its group velocity along the « direction, and
M B_ul(Z’ k) is its inverse effective mass tensor. In the present compound, the inverse effective
mass tensor is almost diagonal with respect to the tetragonal axes; accordingly, the local

Hall conductivity tensors are approximated as,
UJE?JZ (Zv k) = —63’7'2,@’0926(7:7 k)My_yl (7'7 k)
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Ooay(l, k) = e?’Tfkvi(i, k)M i k). (3)

The conductivity tensors can be obtained by integrating the local conductivity tensors mul-
tiplied by the derivative of the Fermi-Dirac distribution function (—0f/0c) over the entire
Brillouin zone and summing over all band indices i. At low temperatures, —df/0s is ap-
proximated by the delta function; thus, the conductivity tensors in Eq. (1) are calculated
from the surface integration of Egs. (3) on the Fermi surface. Since the Hall terms 0,4, B,
and the off-diagonal terms 0,4 are sufficiently smaller than the diagonal terms 0,3, the Hall

coefficients R,., R, are expressed as

Rab = %7 Rac = —Tzay (4)

0% 02202z
To simplify the calculation, we assume that 7; is a constant with any ¢ and k; thus, the
Hall coefficient does not depend on 7. Seebeck coefficients S, and S, were also calculated
from 0,4 and Fermi-Dirac distribution function [15].

R, Ru, and the anisotropy in the conductivity o, /0., thus calculated are plotted as a
function of the number of electrons per Nb in Fig. 12(a). When the number of electrons per
Nb is 0.20, which is the value for the stoichiometric compound, |R,.| is much smaller than
| Ra|, partly owing to the anisotropy in the conductivity o,, > 0.., but it does not agree
with the experimental result. Anisotropy in the conductivity o,, /0., ~ 5 is also not as large
as the experimental value. However, with decreasing Fermi energy, the anisotropy in the
conductivity is enhanced and the sign of Ry, is reversed from negative to positive. If we
assume 0.08 electrons/Nb, corresponding to the Fermi energy of 0.15 eV lower than the value
for the stoichiometric sample, R,. is comparable to the experimental value of ~ —4 x 10°
m?/C, whereas Ry, is close to zero. Anisotropy in the conductivity o../0,, ~ 14 is also in
a good agreement with the experimental value.

Seebeck coefficient also shows a good agreement with the experimental value of ~ 50
uV/K both for |S,| and |S,| by assuming 0.08 electrons/Nb, though if 0.20 electrons/Nb
is assumed, the calculated |S.| is too small whereas |S,| is too large compared with the
experimental values, as shown in Fig. 12 (b).

Experimentally, the number of d electrons per Nb estimated by TGA is 0.17, slightly
lower than the stoichiometric value of 0.20, as described in the introduction, but is not as
small as 0.08 suggested by the comparison with the band calculation. One possibility for

this discrepancy is that not all the d electrons estimated by the chemical analysis become
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FIG. 12. (a) Calculated Hall coefficients Ry, and Ry, the anisotropy in the conductivity, o./0q,
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experimental values for BagNbsO15, and vertical solid lines correspond to the number of electrons
per Nb for the stoichiometric (0.2) and slightly hole-doped (0.08, where Ey is lower by 0.15 eV)

compositions.

the itinerant electrons that contribute to the Fermi level, but some of them remain localized.
Another possibility is that some branches of the band dispersion seen in Fig. 10 are pushed
up in energy due to the electron correlation and thus, the band dispersion at the Fermi level
of n = 0.20 in the real material becomes similar to that of n = 0.08 in the present band

calculation.

The enhancement of the anisotropy in the conductivity with decreasing Er can be ex-
plained by the disappearance of two-dimensional cylindrical Fermi surfaces but the existence
of one-dimensional sheet-like Fermi surfaces, as shown in Fig. 11. The one-dimensional
sheet-like Fermi surfaces have both the electron-like and hole-like curvatures along the zy
plane. This can be seen in the lower panels of Fig. 11, where My_y1 is negative or positive
depending on the direction of k. On the other hand, the sheet-like Fermi surfaces have the
electron-like curvature along the z direction, meaning that M_' < 0. This explains why

|R.c| becomes larger than |R,,| as Er decreases.

Finally, the T" dependence of the magnetic susceptibilities when the magnetic field is
applied along the ¢ axis (x.) and the a axis (x,) are shown in Fig. 13. In this figure,

the Lamor diamagnetism arising from the core electrons at each atom is subtracted from
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FIG. 13. Magnetic susceptibility of Bas_,Sr,Nb5O15 along (a) the ¢ axis and (b) the a axis.

the data. As can be seen, the anisotropy of the magnetic susceptibility is negligible. y for
x = 0 is almost T-independent, and this is most likely caused by the Pauli paramagnetism
of the conduction electrons in the Nb 4d states. This T-independent behavior becomes T-
dependent; y decreases with decreasing T" for x > 1.5. This means that there is no local
4d moment, which should give a Curie-Weiss behavior in x(7) if it exists, in the Nb ions of

this compound even in the insulating phase.

IV. DISCUSSION

Let us discuss the possible origin of the metal-insulator transition with x in Bas_,Sr,;NbsO;5.
One possibility is a Mott transition. Even though the number of d electron per Nb is only
0.2, since there are ten Nb ions in one unit cell, it is possible that an integer number of
d electrons exist at one cluster of Nb ions and become localized owing to the Coulomb
repulsion. However, there are two experimental results that do not support this inter-
pretation in this study: (1) The magnetic susceptibility of usual Mott insulators exhibits
a Curie-Weiss behavior arising from the magnetic moment of the localized electrons and
thus, the phase transition from a metallic state to a Mott-insulating state should show a
change in the magnetic susceptibility from a T-independent Pauli paramagnetic behavior
to a Curie-Weiss behavior. This is the case for VoO3 [23, 24] and perovskite titanates [25],
typical compounds exhibiting Mott transitions. However, the magnetic susceptibility of the

present compound does not show a Curie-Weiss behavior, as seen in Fig. 13. (2) In usual
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Mott transitions, the spectral weight of the Drude part in the optical conductivity spectrum
o(w) is transferred to a Mott excitation dominated by the on-site Coulomb energy U in the
insulating phase [26], but no such behavior was observed in the present series of compounds;
the spectral weight of the Drude part simply decreases and o(w) at hw ~ 0 decreases to zero
with the metal-insulator transition (Fig. 6). This indicates that the on-site Coulomb energy
is not as large as to dominate the metal-insulator transition in Bag_,Sr,NbsOq5, although
an important role of the Coulomb interaction in the present compounds was previously

pointed out on the basis of hard x-ray photoemission spectroscopy results [7].

Another possibility is a phase transition into a band-insulating state. Since there is no
change in the number of d electrons with x in this series of compounds, the only possibility
is a transition from a semimetallic state to a band-insulating state, which arises from the
shift of the conduction band and the valence band with x. However, this is inconsistent with
some of the results in this study: (1) The band calculation of BagNbsO;5 indicates that all
the Fermi surfaces are electron pockets but there is no hole pocket. (2) The behavior of the
Hall coefficient barely changes with = up to x = 1, although it is expected that both the
number of electrons and that of holes decrease with increasing = in the semimetallic regime

in this model.

One of the reasonable explanations for the metal-insulator transition is the insulating
state caused by a disorder, as proposed in Ref. [6]. There are two inequivalent sites A1 and
A2 with a 1:2 ratio for Ba of BagNb50;5 in the TTB structure, as shown in Fig. 1. Here,
the Ba ion at the Al site is tightly bound to 12 oxygen ions, similarly to the A site of the
perovskite structure, whereas the surrounding of the A2 site is rather loose and there are
only six Ba-O bonds shorter than 3 A for the Ba ion at the A2 site (Fig. 1). Thus, the
Sr ion, which is smaller than the Ba ion, will first be substituted for Ba at the Al site up
to o = 1 and then it will be substituted for Ba at the A2 site [5]. It is likely that the Sr
ion at the A2 site is too small to be stably located at the symmetric position but randomly
takes several positions with energy minima around the A2 site. This leads to a disorder in
the crystal structure, resulting in the insulating behavior for £ > 1. Note that this disorder
exists even for the other end material, Sr3Nbs;O15, since it is not substitutional disorder but
the disorder arising from the Sr ions that are loosely bound to the neighboring ions. For
this issue, to see if the T" dependence of the resistivity for our single crystals is dominated

by the variable- range-hopping (VRH) process, a typical transport process in the disordered
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FIG. 14. The resistivity along the ¢ axis (p.) and the a axis (pg) of Bag_,Sr,Nbs015 with x = 2
in a log scale as functions of (a) T-'/2, (b) T=/3, and (c) T~/*. The dashed straight line in each

figure is guide to eyes.

system, the resistivity of Bag_,Sr,Nbs;Oq5 with = 2 is plotted in a log scale as functions
of T=Y/™ with n = 2, 3, and 4 in Fig. 14. As can be seen, log p, becomes almost linear as
a function of T7'/3 (n = 2), suggesting two-dimensional VRH process, though p, is slightly

1/n

away from T~/™ for any of n. This result is consistent with that for the polycrystalline

samples previously reported [6], which are mainly dominated by p,.

The idea of the metal-insulator transition caused by disorder is consistent with various
experimental results in this study. First, the absolute values of the resistivity barely change
up to x = 1 but they increase (particularly at low 7") for x > 1. The behavior of the Hall
coefficient also barely changes up to x = 1. This can be explained by the fact that the
substitution of Sr for Ba at the A1 site for x < 1 induces the least disorder, whereas the

substitution for Ba at the A2 site for x > 1 induces a significant disorder. The anisotropy
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in the dc conductivity o./0, decreases with increasing x experimentally, and this can be
explained by the increase in the disorder of the Nb-O-Nb bond angle along the ¢ axis, which
is 180 ° without any disorder. The discrepancy between the anisotropy in the dc conductivity
and that in the spectral weight of the optical conductivity below 1.4 eV can be explained
by this model assuming that the distribution of the magnitude of the transfer integral At
arising from the structural disorder is less than 1.4 eV. In such a case, even if the dc transport
properties at hiw = 0 eV are severely affected by the disorder, the spectral weight up to 1.4
eV is less affected, resulting in the existence of anisotropy in the spectral weight even for
x = 2. The behavior of magnetic susceptibility is also consistent with this model; there
is no clear gap in the density of states but it is partially reduced in the insulating phase
caused by the disorder, and this will induce a small suppression in the Pauli paramagnetic
susceptibility, particularly at low T', with increasing x. Recent EXAFS measurement also
confirms the model above. Namely, the Fourier transform of the EXAFS spectra for the Nb
K-edge significantly changes with Sr doping for 3.5—4 A[Q?], suggesting that the neighboring
Nb-Nb bonds are locally modulated with Sr doping.

V. SUMMARY

In summary, we studied the single crystals of Bas_,Sr,NbsO15 (0 < z < 2) to clarify
the origin of the metal-insulator transition and the anisotropy of the electronic structure.
We found that the dc resistivity changes from being metallic (dp/dT > 0) to insulating
(dp/dT < 0) across x = 1.5 both along the ¢ axis (straight chains of Nb-O-Nb), p., and
along the ab plane (zigzag chains of Nb-O-Nb), p,, similarly to the polycrystalline samples.
In particular, p.(7") barely changes with increasing x from 0 to 1 in the metallic phase.
The anisotropy of dc conductivity (the inverse dc resistivity), o./0, = pa/pe is ~ 10 for
x = 0, but with increasing z, it decreases and becomes close to unity in the insulating phase
for x > 1.5. We also found that the optical conductivity o(w) derived from the optical
reflectivity spectrum changes from a Drude-like spectrum to a spectrum with a peak at
finite hw across x = 1.5, and the anisotropy of the spectral weight below hw = 1.4 eV is
~ 2 in the metallic phase, but it persists, although slightly decreases, even in the insulating
phase. The Hall coefficients R,. (where the current is along the ¢ axis and the voltage is

along the a axis) are negative and their absolute values are larger than those of R, (where
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the current and voltage are both along the ab plane) for x = 0, and the behavior barely
changes with increasing x up to x = 1. The Seebeck coefficients along the ¢ and a axes
are almost comparable for x = 0, which is in contrast to the behavior of the resistivity.
The anisotropy of the resistivity, the Hall coefficient, and the Seebeck coefficient can be
quantitatively explained by band calculation with the number of electrons per Nb modified
to 0.08. The magnetic susceptibility is almost T" independent for x = 0, but slightly decreases

with decreasing T for = > 1.5.

These experimental results indicate the one-dimensional characteristic of the electronic
structure and transport properties in this series of compounds. The origin of the insulating
state for x > 1.5 is most likely to be the disorder arising from the Sr ions at the A2 site,

which are bound to the surrounding oxygen ions quite loosely.
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