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Transport, magnetic, and magnetotransport properties of Ba;_,R, Tas0;5 (R = rare earth)
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Barium tantalate with a tetragonal tungsten bronze structure, Ba;TasO;s, and compounds where Ba is partly
substituted by various rare earths (R), Ba;_ R, TasO,s5, were synthesized as single crystals, and their transport,
magnetic, and magnetotransport properties were investigated. It was found that the compounds with Eu substi-
tution show a relatively large negative magnetoresistance arising from the interaction between the conduction
electrons in the Ta 5d orbital and the localized spins in the Eu 4 f orbital.
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I. INTRODUCTION

Ba3;NbsO;s [1-12] is a compound with a tetragonal tung-
sten bronze structure and exhibits metallic behavior due to
0.2 electrons per Nb in the 4d orbitals. In this compound,
the resistivity along the ¢ axis is approximately one order
of magnitude lower than that along the ab plane [8,11], and
such anisotropy is attributed to the different configuration of
Nb-O-Nb, which is arranged in a straight manner along the ¢
axis but in a zigzag manner along the ab plane, as shown in
Fig. 1. This compound becomes superconducting below 1.5 K
[6]. With the substitution of Ba by Sr or Eu, Ba;_,Sr,NbsO5
and Ba;_,Eu,NbsO;s exhibit a metal-insulator transition at
the x value of approximately 2, similarly to some other 4d
oxides [13-16], although both Ba and Sr or Eu are divalent
and the substitution does not change the nominal number of
d electrons in Nb. Near the metal-insulator phase boundary,
Baj;_,Eu,NbsO;s exhibits a large negative magnetoresistance
of p(0)/p(H) ~ 10* [9,11], where p(H) is the resistivity at
the magnetic field of H. Such a peculiar behavior is attributed
to the coupling between the itinerant electrons in the 4d
orbitals of Nb and the localized spins in the 4f orbitals of
Eu, similarly to several oxides or chalcogenides including
Eu?t ions [17-24]. As a possible mechanism of the further
enhancement of negative magnetoresistance, it is proposed
that magnetic polarons are formed in Bas_,Eu,NbsO;5 [11],
similarly to Eu oxides or chalcogenides [17-20]. According
to a photoemission spectroscopy of this series of compounds
[12], Eu 4f levels exist ~2 eV below the Fermi level, and a
core level of Nb is well screened for x = 2 but is not for x = 3,
consistent with the metal-insulator transition at x ~ 2.2. On
the other hand, with the substitution of Ba by trivalent rare
earths, Bas_,R,NbsO;5 remains metallic up to x = 1 with a
decrease in the absolute values of the Hall coefficient and
Drude weight in the optical conductivity spectrum [11].

Ba;TasO;5 [26-29] is known to have the same crys-
tal structure as BasNbsO;5. Although different physical
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properties arising from the 5d orbitals of Ta, which are more
extended in space than the 4d orbitals of Nb, are expected,
only the crystal structure, but not the physical properties, has
been reported for the Ta compound. Note that only a few Ta
oxides have metallic properties caused by 5d electrons, but W
[30-32], Re [33,34], Os [35-37], and Ir [38—42] oxides with
metallic properties are well known, some of which exhibit in-
triguing physical properties arising from the strong spin-orbit
coupling of 5d electrons. Furthermore, by substituting Ba
with rare earths in Ba;TasOs, we can study how the coupling
between the conduction electrons in the Ta 5d orbitals and
the localized moments in the rare-earth 4f orbitals affects
the physical properties, as in the case of the Nb compounds
exhibiting a large magnetoresistance.

In this study, we grew single crystals of Ba3;TasO;s and
those with the substitution of Ba by a trivalent or divalent
rare earth, Bas_,R,NbsO5 (R = La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, and Tm), and investigated their transport,
magnetic, and optical properties. In particular, we focus on
the magnetoresistance arising from the coupling between the
5d conduction electrons of Ta and the 4 f moments of the rare
earth.

II. EXPERIMENT

We grew single crystals of Bajz_,R,TasO;s using the
floating-zone technique [43—45]. The starting materials were
Ta, Ta,Os, BasTasO15, and rare-earth oxides (R, O3 except for
CeO, for Ce and TbsO7 for Tb). BasTasO5 was prepared
by calcining stoichiometric amounts of BaCO3; and Ta;Os
at 1200 °C for 20 h in air. To prepare a polycrystalline rod,
stoichiometric amounts of the starting materials were mixed,
pressed into a rod, and sintered at 1350 °C for 30 h in a flow of
7% H, / Ar gas. Subsequently, the sintered rod was melt-grown
using a floating-zone furnace in a flow of 7% H,/Ar gas.

The quality and lattice constants of the grown crystals were
determined by x-ray powder diffraction measurements. It was
found that Ba;_,R, TasO;s withx > 1 cannot be grown except

©2024 American Physical Society
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FIG. 1. Crystal structures of Ba;TasO;s and Ba;NbsO,5 viewed
from the (a) ¢ and (b) a axes drawn using VESTA [25].

for R = Eu. The orientation of the grown single crystals was
determined by the Laue method. The valence of Ta in the
grown crystals was determined by thermogravimetric analysis
(TGA). In this measurement, except for R = Eu, only the
valence of Ta changes from 44 to 54 upon the oxidization
of the sample and, thus, it is highly sensitive and reliable
for the estimate of the Ta valence. It is to be noted that for
R = Eu, the valence of Eu also changes from 2+ to 34 upon
oxidization, and this is taken into account when the Ta valence
of the Eu-doped samples is estimated.

Electrical resistivity, magnetoresistance, and Hall resistiv-
ity were measured using a Physical Properties Measurement
System (PPMS) with gold paste cured at room temperature
as electrodes. For the magnetoresistance and Hall resistivity
measurements, a magnetic field was applied in the range of
—7 and 7 T perpendicular to the current direction. Magnetic
susceptibility was measured using a SQUID magnetometer.
Polarized optical reflectivity was measured at room temper-
ature on the polished ac plane of the grown crystals using a
grating spectrometer from 0.7 to 5 eV and an FTIR spectrom-
eter from 0.1 to 0.8 eV.

III. RESULTS

First, the data of the parent compound Ba;TasO;s are
shown in comparison with those of BasNbsO;5. Figure 2(a)
shows the temperature (7)) dependence of resistivity along
the ¢ (p.) and a (p,) axes for Ba3Tas;0;5 (solid lines) and
Ba;NbsO;s (dashed lines) reported in Ref. [8]. As can be seen,
p. is one order of magnitude lower than p, for Ba;TasOs,
similarly to BasNbsOs. This indicates a higher electrical con-
ductivity along the direction of straight Ta-O chains along the
c axis (Fig. 1). However, the upturn of p, at low T observed
for BazNbsO5 is not observed for Ba3;Tas0;5, which exhibits
a positive d p/dT for both p. and p, at all temperatures. This
indicates that the electronic conduction is less anisotropic for
the present Ba;TasO;5 than for Ba;NbsOs.

Reflectivity spectra with the polarization along the c¢
[R.(w)] and a [R,(w)] axes at room temperature are shown
in Figs. 3(a) and 3(b), respectively, for Ba3TasO;s (solid
lines) and Ba3NbsO;s5 (dashed lines) [8]. The reflectivity of
Ba3Tas;0;5 decreases gradually with increasing 7w and ex-
hibits a dip (a plasma edge), a typical spectrum for a metallic
state, both for R.(w) and R,(w). R. is higher than R, below
the plasma edge and the position of the plasma edge hw,
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FIG. 2. (a) Temperature dependence of resistivity of Ba3TasOs
(solid lines) and Ba;NbsO;5 (dashed lines) along the ¢ (blue) and a
(red) axes. The data along the ¢ axis are multiplied by four for both
compounds. (b) Temperature dependence of magnetic susceptibility
of Ba;TasO,5 (solid lines) and Ba;NbsO,5 (dashed lines) along the
¢ (X¢, blue) and a (x,, red) axes. Larmor diamagnetism arising from
the core electrons at each atom is subtracted from each of the data.
For the data of Ba;Tas0O,s, those from which the Curie component
C/(T + 0) has been subtracted are also plotted.

(plasma frequency) for R, (~1.1 eV) is higher in energy than
that for R, (~0.8 eV). These characteristics are the same as
those for Ba;NbsO,s. Regarding the comparison between the
two compounds, the reflectivity of Ba3TasO,s below fiw), is
lower than that of BazNbsOs, and the fiw, of BazTas0;s is
smaller than that of Ba;NbsO;s, both for R. and R,,.

Optical conductivity spectra along the ¢ [o.(w)] and a
[o.(w)] axes derived from the reflectivity spectra by the
Kramers-Kronig transformation are shown in Figs. 3(c) and
3(d), respectively. The spectral weight below 1 eV, corre-
sponding to the Drude weight, for o.(w) is larger than that
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FIG. 3. (a), (b) Reflectivity spectra with the polarization along
the (a) c and (b) a axes, and (c), (d) optical conductivity spectra along
the (¢) ¢ and (d) a axes for Ba;TasO,5 (solid lines) and Ba3;NbsOy5
(dashed lines).
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FIG. 4. (a) X-ray diffraction patterns of Ba3;TasO;s and Ba,NdTasO,s. The inset shows an expanded figure for the (620) and (002) peaks.
(b) Laue image of Ba,PrTa;O,s on the ab plane. (c) Lattice constants of Ba,RTas;O;s as a function of the ionic radius of R. (d) Lattice constants

of Bas_,Eu,TasO;5 as a function of x.

for o,(w) for both compounds. Such anisotropy in the Drude
weight is consistent with the anisotropy observed in resistiv-
ity, p. < pq. Furthermore, the Drude weight of Ba;TasOs is
approximately by half smaller than that of Ba;NbsOs5 both
for o.(w) and o,(w). The Drude weight is proportional to
n/m*, where n and m* are the number per unit volume and
the effective mass of the conduction carriers, respectively.
If n is assumed as the same between the two compounds,
the experimental result indicates that the effective mass of
the conduction electrons of Ba3TasO;5 is approximately two
times larger than that of BazNbsOs.

The magnetic susceptibility of the two compounds with the
magnetic field along the ¢ (x.) and a (x,) axes is shown in
Fig. 2(b). Note that the Larmor diamagnetism arising from the
core electrons of each atom [46] is subtracted from the data.
As can be seen, both x. and x, of Ba3TasO;5 are less than
5 x 10~* ¢cm?/mol and almost 7 independent above 100 K,
meaning the Pauli paramagnetism similarly to BasNbsOs [8].
The anisotropy of x. > x, for Bas;TasOys is also the same as
that for BasNbsO,s. The Curie tail observed in the x.(7) and
Xa(T) of BasTasO;s amounts to only 0.01 spins per Ta and
can be attributed to the defect existing in the crystal.

Next, the data for the compounds with a substitution
of various rare earths, Baj_,R,Tas0s, are shown. Fig-
ure 4(a) shows the x-ray powder diffraction patterns of
Ba;_,Nd,TasO;5 with x =0 and 1. As can be seen, both
compounds exhibit similar diffraction patterns. However, the
peaks for x = 1 shift to higher angles than those for x = 0,
as more clearly seen in the inset, where the (620) and
(002) peaks for both compounds are plotted in an expanded
scale. This means decreases in the lattice constants with Nd

substitution, which can be attributed to the smaller ionic ra-
dius of Nd than of Ba. A Laue image for a single crystal
of Ba;PrTasO;s is shown in Fig. 4(b). The lattice constants
of Ba;RTasOys with various rare earths R are plotted as a
function of the ionic radius of R in Fig. 4(c). The c lat-
tice constants tend to decrease with decreasing ionic radius
of R. The lattice constants of Bas_,Eu,TasO;s are plotted
as a function of x in Fig. 4(d). Both a and c lattice con-
stants monotonically decrease with increasing x in this series
of compounds.

The Ta valence of Bas_,R,TasO;5 obtained by TGA is
presented in Table I. The nominal Ta valence is (4.8 — x/5)
for stoichiometric Bas_,R,TasO;s with trivalent R. As can be
seen, the Ta valence obtained by TGA for Ba3Tas05 is 4.77,
which is almost consistent with the nominal Ta valence for the
parent compound 4.8. However, the Ta valence obtained by
TGA increases with increasing x, meaning that the number of
5d electrons per Ta rather decreases with R substitution, con-
trary to expectations based on stoichiometry. Such an increase
in the Ta valence (a decrease in the number of 5d electrons)
indicates an increase in the number of deficient cations Ba
and trivalent R with the substitution. Namely, if the exact
composition is Bas_,_,R,Tas_gOs, the valence of Ta be-
comes (24 —x 4+ 2a)/(5 — B), which can be larger than 4.8
even with x > 0. On the other hand, with the substitution by
Eu, which becomes divalent in the present series of com-
pounds as discussed below, the nominal Ta valence should
remain 4.8, but as shown in Table I, the Ta valence of
Baj_,Eu,Tas0;5 obtained by TGA also increases with Eu
substitution, meaning that the number of 5d electrons per Ta
decreases.
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TABLE 1. Ta valence obtained by TGA.

Sample Nominal valence Valence by TGA Number of d electrons per Ta
Ba;Tas0;5 4.8+ 4.74+ 0.26
BazLaTa5O|5 46+ 485+ 015
B32C6T8.5015 46+ 488+ 0.12
Ba,PrTas0;; 4.6+ 4.86+ 0.14
BaszTaSO]S 46+ 488+ 012
BaQSmTasols 46+ 486+ 0.14
Ba,GdTasO;s 4.6+ 4.85+ 0.15
BaszTa50|5 46+ 489+ 011
BazHoTa5015 4.6+ 4.89+ 0.11
BazEuTa5Ol5 4.8+ 4.90+ 0.10
Ba].75Eu|.25Ta5015 48+ 483+ 0.17
Ba1_5Eu1A5Ta5015 48+ 487+ 0.13
Ba1<4Eu1<6Ta5015 48+ 487+ 0.13

The magnetic susceptibility with the magnetic field (H)
along the ¢ axis (y.) for Ba,RTas0;5 on a logarithm scale
as a function of T is shown in Fig. 5(a). The magnitude
of x. at room temperature varies depending on the species
of R and is roughly Eu ~ Gd ~ Tb ~ Dy ~ Ho ~ Er ~
Tm > Pr ~ Nd > Ce > Sm. The inverse of the magnetic
susceptibility along the ¢ axis and the a axis (x,) for R = Ce,
Nd, and Eu is shown in Figs. 5(b)-5(d). For these compounds,
1/x. and 1/, almost follow the Curie-Weiss behavior x =
C/(T 4+ 6). The result of Eu indicates that Eu is divalent
with § = % but not trivalent, which is nearly nonmagnetic.
The behavior of 1/x. and 1/, for BayRTas0;s with other R
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FIG. 5. (a) Temperature dependence of magnetic susceptibility
along the ¢ axis on a logarithm scale for Ba,RTasO;s with various
rare earths. (b)—(d) Temperature dependence of inverse magnetic sus-
ceptibility along the ¢ and a axes for Ba,RTasO,5 with R = (b) Ce,
(c) Nd, and (d) Eu.

elements is summarized also in the Appendix. The Curie con-
stant C obtained by fitting x (T') to x = C/(T + 6) is almost
consistent with the theoretical values of the magnetic moment
for any R, as summarized in Table II in the Appendix. Nev-
ertheless, there is a clear difference in terms of the linearity
in 1/x(T) for each R. Namely, the 1/ of Ba,RTasO,s with
R = Eu is quite precisely T linear with almost no anisotropy
between x. and x,, whereas 1/x(T) for Ce and Nd slightly
deviates from a straight line. Such deviation from the Curie-
Weiss behavior arises from the contribution of multiplets with
higher energies of 4 f levels, which is negligible for Eu*" in
the 4f7 configuration. Note that a similar behavior of 1/ (T)
has been observed for BaRNbsO;s [11].

The temperature-dependent resistivity along the ¢ (p.) and
a (p,) axes for BapRTasOs is shown in Figs. 6(a) and 6(b), re-
spectively. Compared with the parent compound Ba3;TasO;s,
both p. and p, of the R-doped compounds become larger over
the entire T range. However, systematic changes in p, and p,
with R substitution are barely observed. The absolute values
of both p. and p, change quite randomly with R substitution,
and the anisotropy of resistivity is also quite random; namely,
some compounds show p. < p,, which is the case for the
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FIG. 6. (a), (b) Temperature dependence of resistivity along the
(a) ¢ and (b) a axes on a logarithm scale for Ba;TasO;s and
BazRTa5015.
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FIG. 7. Temperature dependence of the resistivity along the ¢
axis on a logarithm scale for Ba;_,Eu,TasO;s at various x values.

parent compound, whereas other compounds show p. > p,.
As discussed below, the optical spectra of Baz_ R, TasO;s
exhibit a systematic change with R substitution and the same
anisotropy as the parent compound. We speculate that the
resistivity of Ba;RTasO;s5 is substantially affected by the
extrinsic properties of the crystal, for example, the number
of defects and, accordingly, it is difficult to discuss its R
dependence.

pe at various x values for Bas_,Eu,Tas05 is shown in
Fig. 7. In this Eu series, a systematic change in p. with x is
observed; namely, p. increases as x increases and p. diverges
at the lowest T for the compounds with x > 1.7, meaning that
there is a metal-insulator transition at x. ~ 1.7. Note that the
Ta valence estimated by TGA increases with Eu substitution,
as shown in Table I, but it is still less than 54, at which
it becomes a 5d° band insulator; thus, this metal-insulator
transition is not simply caused by a decrease in the nominal
number of 5d electrons in Ta.

To investigate the carrier density of these compounds,
Hall measurement was conducted. Figure 8(a) shows the Hall
coefficient along the ac plane R,., where j || ¢, E || a, and
H || b, and along the ab plane R,,, where j || a, E || b, and
H | ¢, for BazTasOys. As can be seen, R, is negative over
the entire T range, indicating that the carriers are electrons.
The number of carriers estimated from the absolute value
of R, ~ 4 x 107 m?/C corresponds to N ~ 0.1, where N
is the number of electrons per Ta, approximately consistent
with the number of carriers estimated from the valence of
Ta, N ~ 0.2. In contrast, R,, is close to zero. Note that a
similar anisotropy between R,. and R, has been observed in
Bang5015 [8]

The absolute value of R, for BaRTas;0,5 with R = La and
Ce and those for Bas_,Eu, TasO;5 with various x values of are
presented in Figs. 8(b) and 8(c), respectively. The sign of R,
is negative for all the data. As can be seen, |R,.| increases
by several times with La or Ce substitution, and the number
of conduction electrons per Ta (N) estimated from R,. by the
relation |R,.| = 1/ne, where n is the carrier density, becomes
~0.02. Such a decrease in the number of conduction elec-
trons with R** substitution is qualitatively consistent with the
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FIG. 8. (a) Hall coefficient as a function of 7 for Ba;TasOs
along the ac and ab planes. (b), (c) Absolute value of the Hall
coefficient along the ac plane for (b) Ba,RTasO;s with R = La and
Ce and (c) Ba;_,Eu, TasO;5 with various x values.

increase in the Ta valence estimated by TGA (Table I) caused
by off-stoichiometry, although the number of conduction elec-
trons estimated from R, is smaller than that estimated by
TGA, ~0.1. For Bas_,Eu,TasO;5, as x increases, |R,.| in-
creases, meaning that the number of conduction electrons
decreases, and N becomes ~0.01 for x = 1.6. Such a decrease
in the number of conduction electrons estimated from R,.
seems to be related to the metal-insulator transition in this
series of compounds but cannot be explained simply by the
change in the Ta valence estimated by TGA (Table I). It is also
to be noted that p, shown in Fig. 7 increases more than |R,.|
with x, particularly at low T, indicating that the mobility of
the conduction electrons given as it = |R,.|/p. decreases with
increasing x. This means that not only the number of carriers
but their mobility also decreases upon the metal-insulator
transition.

The reflectivity spectra R.(w) and R,(w) for Ba3Tas0;s,
Ba,LaTas0;5, and Baz_,Eu,TasO;5 withx = 1, 1.5, and 1.75
are shown in Figs. 9(a) and 9(b), respectively. With R substi-
tution, both R.(w) and R,(w) below 1 eV decrease, and the
plasma edge shifts to lower frequencies. Below the plasma
edge, R.(w) is higher than R,(w) even with R substitution.
The optical conductivity spectra o.(w) and o,(w) obtained by
the Kramers-Kronig transformation of R.(w) and R,(w) are
shown in Figs. 9(c) and 9(d), respectively. The R substitution
results in decreases in o.(w) and o,(w) below 1 eV. In partic-
ular, the spectral weight below 1 eV for Ba;_,Eu,TasO,5 with
x = 1.5 and 1.75 is substantially suppressed and becomes less
than 1—10 of that for the parent compound. Nevertheless, the
spectral weight of such a Drude component for o, (w) is larger
than that for o,(w) for all the compounds. The reflectivity
and optical conductivity spectra of Ba;RTas0;5 with other R
elements are summarized in the Appendix, and the behavior
is similar to that of Ba;LaTas0;5; namely, o.(w) and o,(w)
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FIG. 9. (a), (b) Reflectivity spectra with the polarization along
the (a) ¢ and (b) a axes, and (c), (d) optical conductivity spectra
along the (c) ¢ and (d) a axes for Ba;Ta;O;s, Ba,LaTas0,s, and
Ba3,XEuXTa5015 with x = ], 1.5, and 1.75.

below 1 eV decrease with R substitution, but o.(w) remains
larger than o,(w). This means that the anisotropy of optical
conductivity does not change with any R substitution, unlike
the anisotropy of the dc resistivity shown in Fig. 6.

The Drude weight for o.(w) and the number of elec-
trons per Ta (N) estimated from the Hall coefficient at
100 K are plotted on a logarithm scale as functions of x
for Ba;_,Eu,Tas0;5 in Figs. 10(a) and 10(b), respectively,
together with the results for the Nb series Bas_,Eu,NbsOs
[11]. As can be seen, both values decrease by more
than one order of magnitude between x =0 and 1.6 for
Baj_,Eu,Tas0;s. This indicates that the x dependence of the
Drude weight, which is proportional to n/m*, in this series
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Spectral Weight ( Q'lem’ev)

w [

FIG. 10. (a) Drude weight [the integral of o (w) up to the first
minimum position], and (b) the number of electrons per Ta (N)
estimated from the Hall coefficient, both on a logarithm scale as func-
tions of x for Ba;_,Eu,TasO;s (closed symbols and solid lines) and
for Ba;_,Eu,NbsO;s (open circles and dashed lines). N is estimated
by the Hall coefficient at 100 K for the Ta series and that at 30 K for
the Nb series.
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FIG. 11. Resistivity along the ¢ axis normalized to the value at

H =0, p.(H)/p:(0), as a function of the magnetic field H || a for
Ba,RTas;0;5 with R = Ce, Pr, Nd, Tb, Er, and Tm.

of compounds is principally dominated by the decrease in
the number of electrons. It is also found that both the Drude
weight and the number of electrons estimated from the Hall
coefficient decrease much more slowly with x for the Nb
series.

Figure 11 shows the dependence of resistivity along the
¢ axis normalized to the value at H = 0 on the magnetic
field along the a axis for Ba;RTasO;s with trivalent R. The
compounds with any of trivalent R exhibit a small positive
magnetoresistance, which increases with decreasing 7 but
is less than 1% at 4 K with an applied magnetic field of
7 T. Figure 12(a) shows the H dependence of p. normalized
to the value at H =0 for Bas_,Eu,TasO;5 with x = 1.6.
This compound exhibits a large negative magnetoresistance,
whose magnitude defined as 1 — p.(H)/p.(0) increases with
decreasing temperature and is ~0.8 at 4 K.

The H dependence of p,. normalized to the value at H = 0
for Ba;_,Eu,Tas0,5 with various x values at 4 K is shown
in Fig. 12(b). The magnitude of negative magnetoresistances,
1 — p.(H)/p:(0), is only ~0.02 for x = 1.0, but it gradually
increases with x and becomes ~0.9 for x = 1.7. In Fig. 12(c),
0:(0)/p.(7 T) is plotted as a function of x at various 7 val-
ues. As can be seen, p.(0)/p.(7 T) at low T is enhanced
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FIG. 12. (a), (b) Resistivity along the ¢ axis normalized to the
value at H =0, p.(H)/p.(0), as a function of the magnetic field
H || a for Ba;_,Eu,TasOs (a) with x = 1.6 at various 7 values and
(b) at 4 K with various x values. (c) Dependence of p.(0)/p.(7 T)
on x at various T values for Ba;_,Eu,TasOs. (d) p.(H)/p.(0) as a
function of the magnetization M for Ba;_,Eu,Tas0;s with x = 1.6.

near the metal-insulator phase boundary of x. = 1.7, where
0:(0)/p.(7 T) reaches the maximum of ~8.

For the Nb series, Bas_,Eu,NbsO;s, if p.(H)/p.(0) val-
ues at various 7 values are plotted as a function of the
magnetization M, they almost merge at x = 2.0 [9], where
the magnitude of negative magnetoresistance, p.(0)/po.(H),
at 7 T and 4 K is ~5, but they do not merge at x = 2.2
[11], where p.(0)/p.(H) at 7 T and 4 K is ~500, probably
because an insulator-metal transition is induced by a magnetic
field near the metal-insulator phase boundary. In Fig. 12(d),
pc(H)/p.(0) at various T values is plotted as a function of
the magnetization M for Ba;_,Eu,TasO;s with x = 1.6. As
can be seen, the data at different values of T do not merge,
although p.(0)/pn(0) at 7 T and 4 K is only ~4. This in-
dicates that even if the system is sufficiently close to the
metal-insulator phase boundary to induce the magnetic-field-
induced insulator-metal transition, the magnitude of negative
magnetoresistance is smaller for the Ta series than for the Nb
series.

IV. DISCUSSION

We compare the properties of Bas_,R,TasO;5 and
Ba;_R,NbsO;s [11]. First, the Drude weight of BazTasOs
is approximately half that of BasNbsO;s, meaning that the
effective mass of the conduction electrons in BazTasOys is
two times larger than that of Ba;NbsO;s. This cannot be ex-
plained by the larger extent in the space of Ta 5d orbitals than
of Nb 4d orbitals, which results in a larger transfer integral.
However, as illustrated in Figs. 13(a) and 13(b), it is likely that
the Ta 5d orbitals are located higher in energy than the Nb 4d

(a) (b)
Ep Ta (5d)
E, Nb (4d)
0 (2p) O (2p)
Ba;Ta 0,5 Ba;Nb;O, 5
O gy @ ©
Ta (5d)
E, Ta (5d) - Nb (4d)
F
Eu?* (4f) Eu?* (4f)
0 (2p) O (2p) O (2p)
R (4f) Eu’* (4f) Eu* (4f)
Ba,RTa 0,5 Ba; Eu,Ta;0,; Ba; [Eu NbsO,;

FIG. 13. Energy diagrams of (a) Ba;Tas;0;s, (b) Ba;NbsO;s,
(C) BazRTa5015, (d) Ba3_xEuXTa5015, and (C) Ba3_xEuXNb5015.

orbitals (by ~0.5 eV according to Ref. [47]); thus, the energy
difference between the cation d orbitals and the oxygen 2p
orbitals is larger for Ba3Tas0;5 than for BazNbsOs, resulting
in a smaller hybridization between the two orbitals and the
dispersion of the conduction band mainly composed of Ta 5d
levels, which is consistent with the experimental result.

The substitution of Ba by trivalent rare earths R causes
different situations between the Ta and Nb series. For
Ba3Nbs;O;5, the R substitution induces an increase in the
number of conduction electrons per Nb, as expected, and this
is confirmed by the decrease in the absolute Hall coefficient
value [11]. For Ba3zTas0O;5, however, the R substitution in-
duces a decrease in the number of conduction electrons per
Ta (Table I), probably due to the increase in the number of
cation deficiencies. Such a decrease in the number of conduc-
tion electrons is consistent with the increase in the absolute
Hall coefficient values and the decrease in the Drude weight
experimentally observed (Figs. 8—10).

The substitution of Ba by divalent Eu results in a metal-
insulator transition both for the Ta and Nb series. The
metal-insulator phase boundary x, is ~1.7 for the Ta series,
whereas it is ~2.2 for the Nb series [11]. For the metal-
insulator transition in the Nb series, it is proposed that when
R occupies a site that is loosely bound to surrounding oxygen
ions, several energy minima appear at which R can settle,
resulting in disorder and the insulating state [8,11]. Based on
this consideration, the origin of the difference in x, between
the Ta and Nb series can be qualitatively explained by the fact
that for the Ta series, the band dispersion of the parent com-
pound is smaller, meaning that the itineracy of the conduction
electrons is smaller, resulting in the predominance of the insu-
lating phase and a smaller x.. Another difference between the
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FIG. 14. Inverse magnetic susceptibility along the ¢ (solid lines) and a (dashed lines) axes for Ba,RNbsO;s with R = Pr, Sm, Gd, Tb, Dy,

Ho, Er, and Tm.

two series of compounds is seen in the x dependence of the
Drude weight, which decreases much more substantially with
x for the Ta series [Fig. 10(a)].

Regarding the negative magnetoresistance, both for the
Ta and Nb series, its absolute value increases at low 7' and
near x.. The largest negative magnetoresistance, p(0)/p(H),
is ~10* for the Nb series, whereas it is ~8 for the Ta series.
This suggests that the coupling between the d electrons in
the transition metal and the localized spins in Eu is smaller
for the Ta series. As discussed above, the Ta 5d orbitals are
located higher in energy than the Nb 4d orbitals [47] and,
thus, the energy difference between the Eu’* level and the
Ta 5d orbitals is larger than that between the Eu’>* level and
the Nb 4d orbitals, as illustrated in Figs. 13(d) and 13(e). This
results in a smaller exchange coupling between the Eu spins
and the electrons in the Ta 5d levels, which is dominated
by tjf/ (Eq — Ey), where E4, Ef, and t4r are the energy of
the d states of Ta/Nb, the energy of Eu?* levels, and the
transfer integral between these two states, respectively. This
may also result in the difference in the 7 dependence of
the Hall coefficient R,. between the Nb series, where |R,.|
increases with a decrease in T [11], and the Ta series, where
itis almost 7 independent even near x,, as shown in Fig. 8(c).
It is to be noted that the discussion above is based on the ionic
model but ignores the effect of the 2p states of the ligand
oxygens, which may play an important role for the different
behavior between the Ta and Nb series. Furthermore, the
effect of magnetic polarons, which appear if a small number
of carriers exist in a large number of spins, may play a role in
the Ta series, as seen in various Eu chalcogenides [17-20] and
Ba3,xEube5015 [1 1]

Regarding the R dependence of magnetoresistance in
Ba;_ R, TasO,s, only the compounds with Eu substitution

exhibit a large negative magnetoresistance, whereas those
with a substitution by other trivalent R exhibit only a small
positive magnetoresistance. According to a recent photoemis-
sion spectroscopy of Bas_,Eu,NbsO;s, the Eu®t level is lo-
cated at ~2 eV below the Fermi level (Er) [12], and it is likely
that for Ba;_,Eu, TasO;s, the Eu>* level is located slightly
lower in energy than this. Thus, we can draw the energy
diagram shown in in Figs. 13(c) and 13(d), and we speculate
that the energy difference between Er and the R** level is
much larger than that between Er and the Eu>* level, resulting
in a much smaller exchange coupling between the localized
moments of the 4 f electrons in R** and the 5d electrons in Ta.

V. SUMMARY

Single crystals of tantalates with a tetragonal tungsten
bronze structure BazTasO;s and with a substitution of Ba
by trivalent rare earth R (Ba;RTas0;s) and divalent Eu
(Baz_,Eu,TasO;s) have been grown and studied. It was found
that Ba3Tas05 is metallic due to the 0.2 electrons in the Ta 5d
orbitals, and its resistivity is lower along the c¢ axis, similarly
to its Nb analog, Ba;NbsO;5. The Drude weight of the optical
conductivity spectrum for Ba3TasO;s5 is approximately half
that for BazNbsOys, indicating that the effective mass of the
conduction carriers is two times heavier.

With a substitution of Ba by trivalent R, the Ta valence
increases, meaning that the number of 5d electrons decreases,
contrary to the expectation based on the stoichiometry of
the compounds. This is likely caused by the increases in the
number of deficient cations (Ba and Ta) with R substitution.
The Drude weight also decreases, but the Drude weight along
the ¢ axis remains larger than that along the a axis with R
substitution. However, the resistivity of Ba;RTasO,s does not
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FIG. 15. (a), (b) Reflectivity spectra with the polarization along
the (a) c and (b) a axes, and (c), (d) optical conductivity spectra along
the (c¢) ¢ and (d) a axes for Ba,RNbsO;5 with R = La, Ce, Pr, Nd, Sm,
Gd, and Tb.

systematically change with R substitution, suggesting that the
dc resistivity of this series of compounds is dominated by
extrinsic properties, for example, disorders in the crystals.

On the other hand, the resistivity of Baz_,Eu,TasO;5 sys-
tematically increases with increasing x, and it exhibits a
metal-insulator transition at x.~1.7. This behavior is also sim-
ilar to its Nb analog, Ba;_,Eu,NbsOjs, although the critical
value of x for the metal-insulator transition is larger for the Eu
series, x.~2.2, probably due to the larger itineracy of the d
electrons in BazNbsO,5. The absolute values of the Hall coef-
ficient for Ba;_,Eu,Tas0;5 increase near the metal-insulator
phase boundary, indicating that this metal-insulator transition
is caused by the decrease in the number of the conduction car-
riers. Unlike the case of the Nb series, however, the increase
in the absolute values of the Hall coefficient with decreasing
T is barely observed in the Ta series. The Drude weight
of Bas_,Eu,TasO;s5 also decreases near the metal-insulator
phase boundary.

Regarding magnetoresistance of Ba;_,R,TasOs with var-
ious R, only the compounds with divalent Eu exhibit a
large negative magnetoresistance, whereas those with triva-
lent R exhibit only a small positive magnetoresistance. The
magnitude of negative magnetoresistance of Ba;_ Eu,TasOs
increases to p(0)/p(H) ~ 8 near the metal-insulator phase
boundary, which is smaller than that of the Nb series. This

difference between the Ta and Nb series can be explained by

TABLE II. Effective moment of R, p, and the Weiss temper-
ature 6 obtained by the fitting of the magnetic susceptibility of
BazRNb5015 tox = C/(T + 0)

R P 6 (K) Theoretical p
Cce*t 2.32 76.6 2.54
Pr3t 3.45 59.5 3.58
Nd** 3.52 79.8 3.62
Sm** 3.14 1300 0.84
Eu** 8.27 0.2 7.94
Gd** 7.30 0.2 7.94
Tb*+ 9.18 322 9.72
Dy** 10.28 —22 10.63
Ho** 10.1 8.2 10.60
Er’t 9.92 25.7 9.59
Tm** 7.25 8.3 7.54

the fact that the Ta 5d orbitals are located higher in energy
than the Nb 44 orbitals. This results in (1) a larger energy
difference between the cation d orbitals and the oxygen 2p
orbitals, resulting in a smaller hybridization and a smaller
bandwidth of the conduction band, and (2) a larger energy
difference between the cation d orbitals and the Eu’t 4f
level, resulting in a smaller magnetic coupling between the Ta
conduction electrons and the Eu localized spins. The absence
of negative magnetoresistance in the compounds with trivalent
R can be explained by the fact that the R3* 4 f level is located
in a much deeper position in energy than the Eu>* 4f level,
resulting in a negligible interaction between the Ta conduction
electrons and the R3* localized spins.
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APPENDIX

Inverse magnetic susceptibility as a function of 7 for
Ba;RNbsO;5 with various R both along the ¢ and a axes is
shown in Fig. 14. The reflectivity and optical conductivity
spectra of Ba,RNbsO;s with R = La, Ce, Pr, Nd, Sm, Gd,
and Tb are shown in Fig. 15. The effective moment of R (p)
obtained from the magnetic susceptibility of Ba;RNbsO5 is
shown in Table II.
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