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We studied barium niobates with a tetragonal tungsten bronze structure in which Ba is substituted by
various rare earths including divalent Eu and trivalent La, Ce, Pr, Nd, and Sm. The magnitude of the negative
magnetoresistance observed for Ba;_,Eu,NbsO;s increases near the metal-insulator phase boundary of a series
of compounds at x ~ 2.2, where the number of carriers estimated using the Hall coefficient decreases by two
orders of magnitude from that of the parent compound. Various transport properties, specific heat, and the
optical reflectivity spectra of the series of compounds were measured and it was found that all the results can
be explained by the changes in the number of carriers n and the effective mass m™*, except for the anomalous

decrease in the Seebeck coefficient from x = 0 to 1.

DOL: 10.1103/PhysRevMaterials.7.124404

I. INTRODUCTION

Transition-metal oxides often exhibit various intriguing
phenomena arising from a strong Coulomb interaction be-
tween the electrons of d orbitals in transition metals. One
of the most fascinating phenomena is the presence of in-
sulating states caused by the Coulomb interaction (Mott
insulators) and a phase transition between a Mott-insulating
state and a metallic state induced by variations in tem-
perature, doping concentration, and applied pressure, called
Mott transitions [1]. Mott transitions occur in various 3d
transition-metal oxides, but some of the 4d and 5d transition-
metal oxides, for example, pyrochlore R,Mo,0; [2—4] and
RyIr,O5 [5-7], and (Ca, Sr);RuQy4 [8,9] also exhibit Mott
transitions.

Ba3NbsO,s [10—-17] has a tetragonal tungsten bronze struc-
ture [10,13] as illustrated in Fig. 1, where there are 0.2
nominal 4d electrons per Nb. This compound is metallic
with one order of magnitude lower resistivity along the ¢
axis [15] and exhibits superconductivity below ~1.5 K [13].
A series of compounds with the substitution of Ba by Sr,
Ba;_,Sr,NbsO;s, however, become insulating when x > 2,
even though both Ba and Sr are divalent and, thus, the number
of 4d electrons per Nb does not change with x. According
to Ref. [15], the insulating state in Bas_,Sr,NbsOys is dif-
ferent from that in conventional Mott insulators. Recently, it
has been found that a series of compounds with the substi-
tution of Ba by divalent Eu, Ba;_,Eu,NbsO;s, also exhibit
a metal-insulator transition at x ~ 2.2. Furthermore, these
compounds exhibit a large negative magnetoresistance, whose
absolute value amounts to p(0)/0(H) ~ 5 x 103, where p(H)
is the resistivity at the magnetic field H, near the metal-
insulator phase boundary [16]. It is likely that the negative
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magnetoresistance arises from the coupling between the con-
duction electrons in the 4d orbital of Nb and the localized
4f spins of Eu, and the metal-insulator transition plays an
important role in the increase in the magnitude of negative
magnetoresistance.

In Ref. [16], Ba3_,R,NbsO;s with only R = Eu was in-
vestigated but a series of compounds with the substitution of
Ba by trivalent R have not been investigated. Furthermore,
although the resistivity and magnetic susceptibility have been
investigated, the origin of the metal-insulator transition in
Baj_,Eu,NbsO;s, which may critically affect its large mag-
netoresistance, has not been clarified. In this study, we grew
single crystals of Bas_,R,NbsO;s [11] with R = La, Ce, Pr,
Nd, Sm, and Eu, and measured their various physical prop-
erties to clarify how the electronic structure changes with
the substitution of Ba in Bas_,R,NbsO;5 and also why the
negative magnetoresistance increases for R = Eu at the metal-
insulator phase boundary of x ~ 2.2.

II. EXPERIMENT

Single crystals of Ba;_,R,NbsO;s were grown by the
floating-zone technique as described in Ref. [16]. Resistivity
was measured by a conventional four-probe technique with
a silver paste cured at room temperature as electrodes. Mag-
netoresistance was measured by applying a magnetic field at
various directions, but significant dependence on the direc-
tions of the magnetic field was not observed and thus, the
resistivity along the ¢ axis with the applied magnetic field
along the a axis is shown in this paper. Magnetic susceptibility
was measured using a SQUID magnetometer. Hall resistivity
was measured by applying a magnetic field between —7 and
7 T along the b axis while applying the electric current along

©2023 American Physical Society
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(a) ab plane (b) View from the a axis

FIG. 1. Crystal structure of Ba;NbsO;5 (a) along the ab plane
and (b) seen from the a axis drawn by VESTA [18].

the ¢ axis and measuring the voltage along the a axis. Since
the effect of large negative magnetoresistance overlapped the
Hall signal for R = Eu, the difference between the voltage at
H and the voltage at —H was taken to remove such effect.
Thermopower was measured by a conventional steady-state
method both along the ¢ axis and the a axis. Specific heat was
measured by a relaxation technique. Optical reflectivity was
measured at room temperature 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.

III. RESULTS

Figure 2 shows the 420 peak in the x-ray powder diffrac-
tion of the grown single crystals for Bas_,La,NbsO;s. As
can be seen, the peak is broad and seems to split into two
peaks for x = 0.5. There are two inequivalent sites of Ba ions
for BazNbsO;s, Al and A2 [10,13], as illustrated in Fig. 1.
For Bas_,LLa,NbsO;5 with x = 1, all the Al sites, which are
tightly bound to surrounding oxygen ions, are occupied by La
with a smaller ionic radius whereas all the A2 sites are occu-
pied by Ba. Thus, it is likely that the composition of x = 1 is
stable and the compounds with 0 < x < 1 tend to be separated
into phases with x = 0 and 1, resulting in the splitting of the
x-ray diffraction peaks. Furthermore, we found that it is diffi-
cult to grow the crystals with x > 1 for Bas_R,NbsOs with
trivalent R. Therefore, we investigated only Ba,RNbsOs with
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FIG. 2. The 420 peak in the x-ray diffraction pattern of
Ba;_,La,NbsO;s with x = 0, 0.5, and 1.0.
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FIG. 3. (a) Temperature dependence of resistivity and (b) x de-
pendence of resistivity at 10 and 200 K both along the ¢ axis for
Ba3,xEube5015.

trivalent R. For Bas_,Eu,NbsOs, crystals can be grown over
0 < x < 3 without any instability. This is probably because
Eu is divalent and, thus, there is no change in the valence of
Nb, and also because the ionic radius of divalent Eu is not
as small as trivalent La and close to Ba. The x-ray powder
diffraction patterns over a wider range of 20 and the lattice
constants are shown in the Appendix.

In Ref. [16], the T dependence and the magnetic field H
dependence of the resistivity p for Bas;_,Eu,NbsO;5 were
measured over a wide range of x. As a continuation of the
previous study, they were measured in more details near the
metal-insulator phase boundary of x ~ 2.2. Figure 3(a) shows
the resistivity as a function of T at various values of x and
Fig. 3(b) shows the resistivity at 10 and 200 K as a function
of x. A metal-insulator crossover around x ~ 2.2 is clearly
observed.

p(H)/p(0) is plotted as a function of H at various tem-
peratures (T) for x = 2.0, 2.2, and 2.5 in Figs. 4(a)—4(c). As
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FIG. 4. (a)—(c) Resistivity p at H [p(H )] divided by that at H =
0 [p(0)] on alogarithm scale as a function of H for Ba;_,Eu,NbsO,s
with (a) x = 2.0, (b) 2.2, and (c) 2.5. (d) Magnitude of magnetore-
sistance defined as p(0)/po(7T) at various T values as a function of x
for Ba3,xEube5015.
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FIG. 5. (a), (b) Temperature dependence of resistivity for
Ba,RNbsO,5 with various rare earths R (a) both along the ¢ (p.) and
a (p,) axes, (b) along the ¢ axis (p.) only, and (c) along the a axis
(p,) only.

can be seen, the resistivity decreases with increasing H, and it
decreases more with decreasing 7', and it decreases the most
at x = 2.2. To examine the x dependence more clearly, the
magnitude of the magnetoresistance defined as p(0)/p(H) at
H =7 T is plotted as a function of x at various T values in
Fig. 4(d). At all T values, p(0)/p(H) is maximum at x = 2.2,
indicating that the negative magnetoresistance increases near
the metal-insulator phase boundary in Bas_,Eu,NbsOs.

Figure 5 shows the T dependence of resistivity for
Ba;RNbsO;s, together with that for the parent compound
Ba3NbsO;s. As can be seen, dp/dT is positive for all the
data, indicating a metallic character of Ba;RNbsOs. Further-
more, the resistivity along the ¢ axis, p., is lower than that
along the a axis, p,, for all the compounds, similarly to the
behavior of the parent compound. For the parent compound,
dp,/dT is positive for T > 150 K, but p, shows an upturn
atT ~ 150 K and dp,/dT becomes negative for 7 < 150 K,
although dp./dT is positive over the entire T range [15]. Note
that p. does not diverge at the lowest 7 but remains finite,
indicating that the ground state is a highly anisotropic con-
ventional metallic state. However, such an anomaly in p,(7T)
disappears for the R-doped compounds, and both dp./dT and
dp,/dT are positive over the entire T range.

The magnetic susceptibility of Ba;RNbsO;s along the ¢
(xc) and a (x,) axes is plotted on a logarithm scale as a
function of T in Fig. 6. Depending on the species of R,
the magnitude of magnetic susceptibility at 300 K changes
from less than 1 x 10™* mol/cm? for R = La without 4f
moments to ~5 x 1073 mol/cm? for R = Nd and Pr with 4 f
moments. Figure 7 shows the inverse magnetic susceptibility
1/x of BaRNbsO;5 with R = Ce, Pr, Nd, and Sm. 1/x
follows an almost straight line, a Curie-Weiss behavior, and
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FIG. 6. Temperature dependence of magnetic susceptibility on a
logarithm scale for Ba,RNbsO;s with various rare earths R along the
¢ (solid lines) and a (dashed lines) axes.

the Curie constant ¢ obtained by the fitting of x. and yx, to
x = C/(T + 0) is consistent with the theoretical values of the
magnetic moment for trivalent Ce, Pr, Nd, and Sm ions, as
shown in the Appendix. This indicates that Ce, Pr, Nd, and
Sm are all trivalent in Ba,RNbsO;5. Nevertheless, one can
see that x. and x, are slightly different from each other and
that the 7' dependence of 1/ x is slightly away from a straight
line. Such characteristics in 1/ are different from those for
Baj_,Eu,NbsO;5 [16], suggesting the role of the multiplets of
the 4 f states in the magnetic susceptibility for trivalent R =
Ce, Pr, Nd, and Sm.

To determine the number of carriers in Baz_,R,NbsOs,
Hall measurement was conducted. H dependence of the Hall
resistivity is shown in the Appendix. Figure 8(a) shows the
Hall coefficient along the ac plane R, estimated from the Hall
resistivity for the parent compound and Ba;RNbsO;s with
R = La or Pr. As can be seen, R, is always negative, indi-
cating that the carriers are electrons, and the absolute value
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FIG. 7. Inverse magnetic susceptibility as a function of T for
Ba,RNbsO;5 along the ¢ (solid lines) and a (dashed lines) axes for
(a) R = Ce, (b) Pr, (c) Nd, and (d) Sm.
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FIG. 8. (a) Hall coefficient along the ac plane, where the voltage
along the b axis was measured while the current density is along the
¢ axis and the magnetic field is along the a axis, as a function of T’
for Ba;NbsO;5 and Ba,RNbsO;5 with R = La and Pr. (b) Absolute
values of the Hall coefficient along the ac plane as a function of T’
for Ba;_Eu,NbsO;s5 with x = 0, 1.0, 2.1, and 2.2. (c) The number
of carriers per Nb estimated from the Hall coefficient at 30 K as
a function of x for Bas_,R,NbsO;5 with R = Eu (circles) and La
(a square).

of R, is 4 x 107 m?®/C, corresponding to ~0.1 electrons
per Nb, for the parent compound [15], but it decreases to
2x107° m3/C or less for Ba,RNbs;O;5 with R = La or Pr.
This result is qualitatively consistent with the increase in the
nominal number of d electrons per Nb from 0.2 to 0.4 with
the substitution of R>* for Ba’*.

On the other hand, the sign of R, for Ba;_,Eu,NbsO5 is
also negative for all x and T values but the absolute values
increase near the MI phase boundary, as shown in Fig. 8(b),
where |R,.| is plotted on a logarithm scale. Figure 8(c) shows
the x dependence of the number of carriers per Nb, N, con-
verted from the number of carriers per unit volume n, which
was estimated from the absolute value of R,. at 30 K by the
relation

|RaC| = i (1)
ne
As can be seen, N decreases from ~10~! atx = 1to ~1073 at
x = 2.2. Together with the T dependence of the resistivity p
for Bas_,Eu,Nbs0;5 shown in Fig. 3, it can be speculated that
a metal-insulator transition occurs owing to the continuous
decrease in the number of carriers with x.

Reflectivity spectra for the parent compound Ba; RNbsOs.
with R = La and Pr, and Bas_,Eu,NbsO;5, and the optical
conductivity spectra obtained by the Kramers-Kronig trans-
formation of those reflectivity spectra are shown in Figs. 9
(BapRNbsO;5) and 10 (Bas_,Eu,NbsOq5). First, for all the
compounds, the reflectivity with the polarization along the ¢
axis [R.(w)] is higher than that along the a axis [R,(w)] below

ho (eV) ho (eV)

FIG. 9. (a), (b) Reflectivity and (c), (d) optical conductivity spec-
tra with the polarization along the (a), (c) ¢ and (b), (d) a axes for
Ba3zNbsO;5 and Ba,RNbsO;5 with R = La and Pr.

1 eV, and the position of the plasma edge fiw, [represented
by triangles in Figs. 9(a) and 9(b)] is located at higher hw
values for R.(w) than for R,(w). For the optical conductivity
spectra o.(w) and o,(w) shown in Figs. 9(c) and 9(d), which
are obtained by the Kramers-Kronig transformation of R.(®)
and R,(w), the spectral weight for o.(w) below 1 eV is larger
than that for o,(w) for all the compounds. This means that the
compound is more conducting along the ¢ axis even with the R
substitution, consistent with the result obtained for resistivity.

With the substitution of Ba by trivalent La or Pr, R.(w)
below 1 eV decreases but the position of the plasma edge hiw),
barely changes [Fig. 9(a)]. The o.(w) spectrum changes from
a Drude-type spectrum [meaning that o.(w) is maximum at
hiw = 0 eV] for the parent compound to the spectrum with a
peak at finite /iw for the Pr-doped compounds [Fig. 9(c)]. On
the other hand, the reflectivity of the parent compound and
that of Bas_,Eu,NbsO;s with x = 1 are barely different but
with a further increase in x more than 1, the reflectivity below
1 eV decreases and fiw), shifts to lower energies [Fig. 10(a)].
As a result, the spectral weight of o.(w) below 1.4 eV is
heavily suppressed when x > 1 [Fig. 10(c)].

To estimate the Drude weight, the o.(w) and o,(w) spectra
for these compounds were integrated up to 1.4 eV and are
plotted as a function of x in Fig. 11. In the same figure,
the Drude weight for Bas_,Sr,NbsO;5 [15] is also plotted as
comparison. Note that the Drude weight is given by

7Tn6‘2

D= , @

T 2m*

where m* is the effective mass of the carriers and » is the
number of carriers per unit volume. First, the Drude weight
for o, (closed symbols in Fig. 11) is approximately two times
larger than that for o, (open symbols in Fig. 11) when x is less
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FIG. 10. (a), (b) Reflectivity and (c), (d) optical conductivity
spectra with the polarization along the (a), (¢) ¢ and (b), (d) a
axes for Ba;_,Eu,NbsO;s. The dashed lines are the spectra for
Ba;_,Sr,NbsO,5 with x = 2 for comparison.

than 2. Furthermore, the Drude weight barely changes with
the substitution of Ba by R up to x = 1 but it decreases when
x becomes larger than 1 for R = Eu. This result is qualitatively
consistent with the metal-insulator transition observed in the
resistivity of this series of compounds, although the Drude
weight for x = 2.1 is not as small as suggested by the number
of carriers estimated from the Hall coefficient shown in Fig. 8.
Note also that the o, (@) spectrum for Baz_,Eu,NbsO,s with
x = 2.1 is similar to that for Baz_,Sr,NbsO;5 with x = 2 [15]
shown by dashed lines in Fig. 10. Furthermore, the x depen-
dence of the Drude weight shown in Fig. 11 is similar to each
other between Ba;_,Eu,NbsO;5 and Baz_,Sr,NbsO;5. These
results indicate that the characteristics of the metal-insulator
transition are similar between these two series of compounds.
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= 1000 3R Nbs 15 ]
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FIG. 11. Spectral weight of the optical conductivity up to 1.4 eV
along the ¢ (closed symbols) and a (open symbols) axes as a func-
tion of x for Ba;_,R,NbsO;s with R = Eu (circles), La (a square),
and Pr (a cross). Small circles are the data for Bas_,Sr,NbsO,s for
comparison.
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FIG. 12. (a) Specific heat ¢ per molar Nb divided by temperature
T as a function of 72 for BasNbsO,;s and Ba,RNbsO;s with R = La
and Pr. (b) Specific heat ¢ per molar unit cell (BagNb;9O3) minus
the linear term y 7', which is divided by T3, as a function of T for
Ba3;NbsO;5 and Ba;RNbsO,5 with R = La and Pr. The dashed line
indicates the contribution of optical phonon modes with fiw/kg =
47 K.

To further study the electronic states near the Fermi level
contributing to the transport properties, we measured the spe-
cific heat of BasNbsO;5 and Ba,RNbsO;5 with R = La and
Pr. Figure 12(a) shows the specific heat ¢ per molar Nb di-
vided by T as a function of 72. The electronic specific-heat
coefficient y, which appears as yT for ¢ and corresponds to
the y intercept of the graph, is given by

n?
y = ?kBTg(SF)U, 3

where g(Er) is the density of states at the Fermi energy and
v is the molar volume. This means that y is proportional to
m*n'/3. It was fund that experimentally obtained y increases
from 1 mJ/Nb mol K? for Ba3NbsO;s, which amounts to the
density of states per Nb of 0.4 eV~!, to 2.6 mJ/Nb mol K>
for Ba,LaNbsO;s, which amounts to 1.1 eV~'. This indicates
that either the effective mass m™* or the number of carriers n
(or both) increases with La doping.

On the other hand, the seemingly large c¢/T for
Ba,PrNbsO;s in Fig. 12 is likely due to the contribution of the
magnetic moments of Pr. As shown in Fig. 7(b), the magnetic
susceptibility for the Pr-doped compound does not diverge
at the lowest 7. This can be explained either by a strong
antiferromagnetic interaction between the Pr moments or a
spin-singlet ground state of the Pr** ions in this compound.
In either case, the entropy of the Pr moments can contribute
to the specific heat in the 7 range shown in Fig. 12(a) and to a
small peak below 10 K in the data of Ba;PrNbsO;5 shown in
Fig. 12(b). The analysis of the T dependence of the specific
heat for this contribution is difficult and is not conducted in
this paper.

In the graph of ¢/T vs T? [Fig. 12(a)], the contribution of
phonon specific heat, which is proportional to 73 as ¢ = T3,
is supposed to appear as the slope of a straight line. However,
the curve for the parent compound clearly deviates from a
straight line but increases in a superlinear manner, indicat-
ing that the specific heat whose T dependence is different
from either yT or BT3 exists at a low 7. To see this more
clearly, the contribution of the electronic specific heat yT is
subtracted from ¢, and divided by 7, and the result is plotted
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FIG. 13. (a) Temperature dependence of the Seebeck coefficient
for Ba;NbsO;5 along both the ¢ axis [S.(7T")] and the a axis [S,(T)]
and for Ba,RNbsO;s with R = La, Pr, and Nd along the ¢ axis
[S.(T)]. (b), (c) Temperature dependence of the Seebeck coefficient
along the ¢ axis for Bas_,Eu,NbsO;5 with (b) 0 < x < 2.1 and
(c) 0 < x < 3.0. (d) Temperature dependence of the Seebeck coef-
ficient along the a axis for Ba;_,Eu,NbsO;s with 0 < x < 2.1.

as a function of T in Fig. 12(b). If the specific heat is given by
the sum of only the electronic contribution y 7 and the phonon
contribution T3, this becomes a T-independent value of B.
However, Fig. 12(b) clearly shows a large peak, particularly
for the parent compound. We found that the specific heat of
Ba3NbsO,s can be approximately fitted by the contribution of
an Einstein mode plus a T3 term and a T term, namely,

_ 3 ie0)* expllion /ksT)
7 {exp(hwo /kgT) — 1)

with a frequency of Jwg/kp=47 K, B=13
mJ/u.c. mol/K*, and y = 1.0 mJ/Nb mol/K?, as shown
by a dashed line in Fig. 12(b). By La or Pr doping, however,
this peak is substantially suppressed. This suggests that
these modes with /iw/kg = 47 K are optical phonon modes
associated with the motion of heavy Ba ions in BazNbsOs.
A similar behavior of specific heat has been observed in
materials with open structures [19].

We measured the thermopower of these compounds to clar-
ify the change in charge dynamics with the substitution of R
for Ba in the series of compounds. Figure 13(a) shows the T
dependence of the Seebeck coefficient along the ¢ axis S.(T")
and along the a axis S,(T) for the parent compound, and S.(7T")
for Ba,RNbsOs with R = La, Pr, and Nd. S(T') is negative
for all the compounds over the entire T range. S.(T) and
S.(T) for the parent compound are ~ — 50 ©V/K at 300 K,
which is consistent with the value reported in Ref. [15]. S.(T)
is nearly constant down to 50 K but below that temperature,
its absolute value |S.(7T)| sharply decreases toward O almost
linearly with T'. For Ba,RNbsO;5 with any R, S(T") at 300 K
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FIG. 14. (a) Coefficient of the T -linear term in the Seebeck coef-
ficient along the c axis, 7, for Ba;_,R,NbsO;s with R = Eu (circles),
La (a square), and Pr (a cross). (b) Thermoelectric power factor S/
at 290 K as a function the resistivity at 290 K for Ba;_,R,NbsO;
with R = Eu, La, Pr, and Nd. Note that x = 0 is depicted as Ba.

is only ~ — 15 uV/K and |S.(T)| decreases almost linearly
with T from 300 K to the lowest T'.

Figures 13(b) and 13(c) show S.(T') for Bas_,Eu,NbsO;5
with various x values. |S.(T)| at 300 K decreases to
~15 uV/K and exhibits an almost T -linear behavior, sim-
ilarly to the compounds with the substitution by trivalent
R. With a further increase in x, however, |S.(T)| increases
again and at x = 2.1, |S.(T)| exceeds that at x = 0. At x =
3 (EusNbsOys), |S.(T)| at 300 K amounts to 150 uK/V
[Fig. 13(c)]. Note that the Seebeck coefficient of EusNbsO5
below 40 K cannot be measured because of the too large
resistivity. As shown in Fig. 13(d), the Seebeck coefficient
along the a axis [S,(7T")] behaves similarly to S.(T').

The Seebeck coefficient of metals, where kgR < Er holds,
is generally given by

72 k3T

S| = ——, 5
IS 3 s &)

where & is the Fermi energy. This means that |S| is propor-
tional to T at a low T (|S| = nT), and the coefficient 1 of
the T -linear term is inversely proportional to £r. Note that if
the condition kgR < EF is not satisfied, |S(7T)| tends to satu-
rate with increased T, resulting in the nearly T-independent
behavior for x = 0 above 50 K, for example. The coefficient
n estimated from the experimentally obtained S(7') at low T
is plotted as a function of x in Fig. 14(a). As can be seen,
n first decreases from x = 0 to 1, and then it increases with
increasing x. The increase in 1 for x > 1 is consistent with
the metal-insulator transition occurring at x ~ 2.2 with a con-
tinuous decrease in the number of carriers, which results in
the decrease in Eg. The decrease in 1 from x = 0 to 1 will be
discussed in the next section.

The thermoelectric power factor §?/p at 290 K is plot-
ted as a function of the resistivity in Fig. 14. Although
the Seebeck coefficient becomes larger with Eu doping for
Baj_,Eu,NbsO;s, the power factor becomes smaller with Eu
doping because of the increase in the resistivity. The thermo-
electric power factor was found to be the largest for the parent
compound, Ba;NbsOs.
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IV. DISCUSSIONS

In this study, we measured six different physical quanti-
ties, namely, the resistivity p, the magnetic susceptibility y,
the Hall coefficient R,., the optical conductivity o (w), the
specific heat ¢, and the Seebeck coefficient S. Among them,
R, the Drude weight D obtained using o (w), the electronic
specific-heat coefficient y obtained using ¢, and S = nT are
the quantities whose magnitudes are determined solely by the
effective mass m* and the number of carriers n. Namely, R,
D, y, and n are given by Egs. (1), (2), (3), and (5), respec-
tively, and are related to m* and n as |R,.| oc n~!, D oc m*~'n,
y ccm*n'/3, and n oc m*n=2/3,

Let us discuss the dependence of these quantities on R
based on these relations. First, with the R3* substitution, the
number of carriers n estimated from the Hall coefficient in-
creases [Fig. 8(c)]. Nevertheless, the Drude weight, which is
proportional to m*~ ! n, barely changes (Fig. 11). This indicates
that m* increases with x for the R** substitution. This result is
also consistent with the increase in the electronic specific-heat
coefficient y with La substitution [Fig. 12(a)]. According to
a band calculation of BazNbsO;s [15], when the number of
electrons per Nb is less than 0.1, there is a large dispersion
along k, for the bands crossing the Fermi level, resulting
in planelike Fermi surfaces along the k,-k, plane. However,
when the number of electrons is 0.2, the band dispersion
around the Fermi level along k, becomes smaller and one of
the Fermi surfaces becomes cylindrical along the k, direction.
This indicates the increase in effective mass along the ¢ axis
with n, which is consistent with the present experimental
results.

However, it does not seem compatible with the behavior of
the coefficient of the T-linear term in the Seebeck coefficient
1, which should be proportional to m*n~2/3 but substantially
decreases by a factor of ~10 with the substitution of R**
[Fig. 14(a)].

With the Eu?T substitution, n decreases from x =0 to 1
more significantly compared with small changes in R, and
D. With a further increase in x for Ba;_,Eu,NbsO,s, near the
metal-insulator phase boundary at x ~ 2, n decreases by two
orders of magnitude as shown in Fig. 8(c). D also decreases
with x (Fig. 11) but not as significantly as suggested by n
estimated from |R,.|. On the basis of the fact that the o (w)
spectra are measured at room temperature and D is estimated
as the spectral weight up to 1.4 eV, we speculate that part
of the Drude spectrum at room temperature will separate and
form a real Drude spectrum with much smaller spectral weight
at low T'. The increase in n with x > 1 is also consistent
with the change in n if one considers the values of both
n estimated from |R,.| and n at x = 1 as reference values
for them at other x values but ignores the results at x =0
[Fig. 14(a)]. This means that the behaviors of R,., D, and y for
Ba;_,Eu,NbsO;5 and Ba,RNbsO,5 are consistent with each
other, but the behavior of S is not consistent with that of other
quantities near x = 0. It can be speculated that the coefficient
of the T-linear term in S, 7, for the parent compound is
larger than that expected from the values of m* and n, which
results in the anomalous decrease in n with the substitution
of R despite the absence of corresponding changes in m*
and n.

At present, we do not have a clear explanation for the
anomaly in the Seebeck coefficient near x = 0 but we point
out the experimental result that dp,/dT is negative whereas
dp./dT is positive below 100 K only for x = 0 [Fig. 5(a)].
This result can be explained by thermally excited carriers
contributing to the electrical conduction perpendicular to the
chain direction (Fig. 1). That is, for x =0, even at tem-
peratures below 100 K, thermally excited carriers contribute
more to the conductivity along the a axis than the electrons
near the Fermi level do. This means that metallic conduction
exists only along the ¢ axis at temperatures below 100 K in
Ba3NbsO;s. Such one dimensionality may be the origin of
the anomaly in the Seebeck coefficient, i.e., larger values at
x = 0, which disappears in the R-doped compounds because
of the appearance of the three-dimensional conduction. Note
that the increase in Seebeck coefficient in a two-dimensional
structure has been observed in SrTiO5 [20].

Note that a large negative magnetoresistance of
Ba;_,Eu,NbsO;s occurs in the x and T ranges where
|R,| increases. This means that the large negative
magnetoresistance is caused by the extremely small number of
carriers near the metal-insulator phase boundary. This reminds
us of the large negative magnetoresistance observed in EuO
and Eu chalcogenides [21-23]. In these so-called magnetic
semiconductors, the stoichiometric compounds are band
insulators with magnetic moment on Eu but a small number
of conduction carriers can be introduced by offstoichiometry
or intentional doping, and they can be coupled with the
magnetic moment of Eu, resulting in magnetic polarons
and a large negative magnetoresistance. In Ba;_,Eu,NbsOs,
although the origin of the small number of conduction carriers
may be different from that in magnetic semiconductors, the
existence of a small number of conduction carriers in the sea
of a large number of magnetic moments of Eu is a common
feature of magnetic semiconductors and Bas_Eu,NbsOys,
and is likely related to the large negative magnetoresistance.
Note that after the discovery of the large magnetoresistance of
Baj;_,Eu,NbsO;s [16], a similar negative magnetoresistance
has been reported for EuUNbO;_, N, [24].

Since the change in the optical conductivity spectra of
Bas_,Eu,NbsO,5 with x is similar to that of Ba3_,Sr,Nb5Os,
as shown in Figs. 10 and 11, the origin of the metal-insulator
transition may be disorder [15]. Namely, there are two sites
for the Ba and Eu ions, Al and A2 sites (Fig. 1), and since
the ion at the Al site is tightly connected to the surrounding
oxygen ions, the Eu ions with a smaller ionic radius than Ba
first occupy the Al site up to x = 1 and, then, they start to
occupy the A2 site when x > 1. Since the ion at the A2 site
is only loosely bounded to the surrounding oxygen ions, a
small Eu ion at the A2 site is likely located at several possible
positions with local energy minima randomly, resulting in
disorder in the crystal structure when x > 1. However, dis-
order alone may not be able to explain the reduction of the
carriers near the metal-insulator phase boundary as observed
in the Hall measurement, but it suggests the important role
of the Coulomb interaction between the 4d electrons, which
causes the so-called Coulomb gap in the density of states
of the conduction electrons [25,26]. This scenario is roughly
consistent with the change in the optical conductivity from a
Drude-type spectrum to a spectrum with a peak at a finite fiw
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FIG. 15. Resistivity normalized to the value at H =0 as a
function of (M/M,)? for Ba;_,Eu,NbsO,s with x = 2.2. M, is a the-
oretical value of the saturation magnetization per mole for x = 2.2.

with increasing x. Note, however, that the T dependence of the
Hall coefficient shown in Fig. 8(b) seems to suggest that the
coupling between the Eu spins and the conduction electrons
in the Nb 4d states is also responsible for the decrease in the
number of conduction carriers.

The large magnetoresistance in Ba;_,Eu,NbsO,s near the
metal-insulator phase boundary may be related to the physics
of negative magnetoresistance in disordered systems [26-28].
However, the coupling between the itinerant electrons in the
Nb 4d states and the localized spins at the Eu site must be
considered in addition to disorder to explain the large negative
magnetoresistance in this series of compounds. In Ref. [16],
the resistivity divided by the value at H = 0 is plotted as
a function of (M/M,)? for Bas_,Eu,NbsO;s with x = 2.0,
where M is the magnetization experimentally obtained and M
is the theoretical value of saturation magnetization. The data
at different temperatures were found to approximately merge,
indicating that negative magnetoresistance scales with M? for
x = 2.0. The same plot has been performed for x = 2.2, as
shown in Fig. 15, but the data at different temperatures do
not merge for this composition close to the metal-insulator
phase boundary. One possible origin of this deviation is the T
dependence of carrier concentration n as suggested by the Hall
coefficient R,. in Fig. 8. Namely, the decrease in n results in
the increase in the magnetoresistance and the deviation from
the M? scaling.

V. SUMMARY

We grew single crystals of Baz_Eu,NbsO;5 for 0 < x < 3
and Bay,RNbsO;5 with R** = La, Ce, Pr, Nd, and Sm, and
measured their various physical properties. BaRNbsO;5 is
metallic irrespective of the species of R, whereas a metal-
insulator transition occurs in Bas_,Eu,NbsO;s at x ~ 2.2.
Negative magnetoresistance observed in the Eu-substituted
compounds increases near the metal-insulator phase boundary
at x ~ 2.2. The sign of the Hall coefficient is negative for all
the compounds, and the absolute value of the Hall coefficient
decreases with R3* substitution, consistent with the increase
in the nominal number of electrons in Nb. The absolute val-
ues of the Hall coefficient for the Eu-substituted compounds
increase by two orders of magnitude near the metal-insulator
phase boundary, indicating a continuous decrease in the
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FIG. 16. (a) X-ray diffraction patterns of BasNbsO;s,

Ba;_,R,NbsO;5 with R= La and x = 1, and with R = Eu and
x = 2 and 3. For Ba;NbsO;s, a Rietveld refinement pattern and the
difference between the observed and calculated intensities are also
plotted. (b) Lattice constants as a function of x for Ba;_,R,NbsOs.
(c) Lattice constants of Ba,RNbsO;s as a function of the ionic radius
of R.

number of electrons upon the metal-insulator phase transition.
The Drude weight of the optical conductivity spectrum along
the ¢ axis is larger than that along the a axis for all the com-
pounds, indicating a higher electrical conduction along the ¢
axis. The Drude weight along the c¢ axis slightly decreases in
the R3*-substituted compounds, and substantially decreases
for the Eu’*-substituted compounds as they approach the
metal-insulator phase boundary.

The electronic specific-heat coefficient increases with La®*
substitution. The Seebeck coefficient is negative for all the
compounds, and for the parent compound, it is nearly constant
at ~—50 uV/K from 300 to 50 K, and then the absolute
value decreases linearly with 7 below 50 K. With the R** or
Eu substitution at x = 1, the absolute value of the Seebeck
coefficient substantially decreases to ~15 uwV/K, but with a
further increase in the Eu substitution, it increases again.

These experimental results can be explained by an in-
crease in the number of carriers » and an increase in the
effective mass m* for the R3% substitution, and a substantial
decrease in n for the Eu®* substitution near the metal-insulator

TABLEI. Valence of Nb obtained by thermogravimetric analysis
(TGA).

Nominal valence Valence of = Number of d

Sample of Nb Nb by TGA electrons per Nb
Ba;EuNbsOys 4.8 4.81 0.19
Bal‘gEuleNbSOls 4.8 4.82 0.18
Eu3;NbsO;5 4.8 4.94 0.06
BazLale5015 4.6 4.63 0.37
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TABLE II. Effective moment p and Weiss temperature 6 ob-
tained by the Curies-Weiss fitting of the susceptibility along the ¢
axis. For the fitting, the data in the following ranges of 7' were
used. (1) Ce: 50 < T <300 K; (2) Pr: 0 < T < 300 K; (3) Nd:
80 <T <300K;(4)Sm: 70 < T <250 K.

R p 6 (K) Theoretical p
Ce 2.44 44 2.54
Pr 4.23 78 3.58
Nd 3.85 52 3.63
Sm 1.23 550 0.84

phase boundary. Nevertheless, the behavior of the Seebeck
coefficient near x = 0 cannot be explained by the changes in
n or m* but it suggests that the absolute value of the Seebeck
coefficient at x = 0 is larger than that expected from the values
of n and m*. The possible origins of this discrepancy are the
one-dimensional character of x = 0 and the change into the
three-dimensional characters of the R-substituted compounds,
as suggested by the sign of the temperature derivative of the
resistivity. The present experimental results also indicate that
negative magnetoresistance increases in the x and 7 ranges
in which the number of carriers decreases substantially. This
is similar to the behavior of the negative magnetoresistance of
magnetic semiconductors, such as EuO and Eu chalcogenides,
although the mechanism of the reduction in the number of
carriers may be different.
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APPENDIX

X-ray diffraction patterns of several samples and the lattice
constants obtained from the x-ray diffraction are shown in
Fig. 16.

The valence of Nb and the number of d electrons
per Nb obtained by the thermogravimetric analysis of
Bas_RNbsO;s5 are shown in Table I. In the Curie-Weiss
model, the magnetic susceptibility x is given by the effective
moment p and the Weiss temperature 6 as

_ Pug
=31+ oy
where pp is the Bohr magneton. The values of p and 6 ob-
tained by the fitting of the magnetic susceptibility along the ¢
axis for Ba,RNbsO;5 are shown in Table II.

The magnetic field dependence of Hall resistivity is shown
for two samples in Fig. 17. To remove the contribution of
magnetoresistance, the difference between the Hall voltage at
H and that at —H was taken to calculate p,.(H). The result
of the measurement from 7 to —7 T and that from —7 to 7 T
are plotted in the positive and the negative sides of Fig. 17,
respectively.
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