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Electronic properties of the metallic pyrochlore ruthenates Pb,Ru,0¢ 5 and Bi,Ru,0,
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We report the temperature dependence of the resistivity, magnetic susceptibility, and heat capacity of single
crystalline Pb,Ru,0Og 5 and Bi,Ru,07, the metallic members of the pyrochlore ruthenates. The analysis of the

77 coefficient of the resistivity, Pauli paramagnetic susceptibility, and linear heat-capacity coefficient indicates
that Pb,Ru,Og 5 is a well-defined Fermi liquid with strong electron correlation. For Bi,Ru,07, thermodynamic
data suggest moderately correlated behavior, while the resistivity shows unusual behavior that can be attributed
to the structural disorder in this compound. A comparison with the insulating pyrochlore ruthenates underlines
the critical role of easily polarizable Pb/Bi ions in inducing the metallic properties and structural modifications

observed in these compounds.

DOI: 10.1103/PhysRevB.73.193107

The discovery of superconductivity in Sr,RuQ, (Ref. 1)
has resulted in a resurgence of significant interest in metallic
ruthenates with various crystal structures. While Sr,RuO,
with a highly anisotropic electronic structure was shown to
exhibit p-wave spin-triplet superconductivity,? investigations
into other ruthenates revealed an extremely rich variety of
interesting phenomena; these include metallic ferromag-
netism in SrRuO;,> metamagnetism and quantum criticality
in Sr;Ru,05,* non-Fermi-liquid behavior in La,Ru0,° and
quasi-one-dimensional behavior in BaRugO,,.% The sensitiv-
ity of the strongly correlated electronic state to the crystal
structure underlines the important aspect of ruthenates, and it
is of significant interest to understand how ruthenates with
various lattice geometries acquire a diversity of ground
states. In a recent study,” we have shown that pyrochlore
Y,_,Bi,Ru,0O5 with strong electron correlation and antiferro-
magnetic geometrical frustration exhibits significant spin
fluctuations and electron mass enhancement when the system
approaches a metal-insulator transition. This phenomenon
bears strong resemblance to the heavy-fermion behavior in
LiV,0,,% and suggests that detailed understanding of the me-
tallic pyrochlore ruthenates may shed additional light on the
remarkable properties of ruthenates in general.

Pyrochlore ruthenates are cubic compounds with the gen-
eral formula A,Ru,0,_5 [A=Pb, Bi, Tl, Y, or lanthanides
(Pr-Lu)], which show various electronic properties depend-
ing on the A-site ion. The important structural framework for
the electronic properties is the three-dimensional network of
corner-sharing RuOg octahedra, which are linked into zigzag
chains along the (110) direction. The RuOg4 network has the
composition (Ru,Og)., leaving the seventh set of oxygen
atoms and the A ions to occupy the open spaces. For
Pb,Ru,Og 5, exactly a half of the seventh oxygen is missing,
and the remaining oxygen shows an ordered configuration.’
Pb,Ru,04 5 and Bi,Ru,0; show metallic behavior down to
the lowest temperature, while T1,Ru,0; shows a metal-
insulator transition at ~125 K.!° For A=Y, or lanthanide, the
system is an antiferromagnetic insulator, and the insulating
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behavior originates from the Mott-Hubbard gap in the Ru 1,,
bands.''2 On the other hand, the metallic behavior in
Pb,Ru,04 5 and Bi,Ru,05 is less well understood. While the
larger ionic radius of Pb** and Bi** results in better electron
transfer through larger Ru-O-Ru bond angles and shorter
Ru-O distances,'*!* there is some evidence that Pb/Bi 6p
states hybridize with the Ru #,, bands to further increase the
bandwidth.'3-17 Perhaps related to this, the optical properties
of Pb,Ru,04 5 and Bi,Ru,O; show a number of anomalous
and unexplained features in the low-energy regions.!”!3 In
this study, we present the resistivity, magnetic susceptibility,
and heat-capacity measurements on Pb,Ru,O4s5 and
Bi,Ru,0; single crystals to characterize their metallic behav-
ior. The results show that while Pb,Ru,0Og 5 is a well-defined
Fermi liquid with strong electron correlation, Bi,Ru,0O; ex-
hibits unusual features in the lattice heat capacity and resis-
tivity. The results of structural analysis suggest that the in-
herent lattice disorder in Bi,Ru,0; is responsible for these
unusual behavior.

For this study, single crystals of Pb,Ru,O¢s and
Bi,Ru,0; were grown from the PbO and Bi,0;-V,05 flux,
respectively. A previous study'® has shown that V does not
incorporate into the BiRu,0; crystals in a detectable
amount, and our refinements in the growth conditions?" re-
sulted in crystals with ~3 mm on the edge. For a detailed
structural investigation, Rietveld refinements using RIETAN-
2000 (Ref. 21) were carried out on the powder x-ray diffrac-
tion patterns obtained at 300 K with synchrotron radiation of
wavelength 0.451 66 A, at the BLO02B2 beamline of
SPring-8. No extra peaks associated with the impurity phase
were observed in both samples down to the ~0.1% level,
and the refinement was carried out for 3°<260<40° in
space group F43m (Pb,Ru,0y 5) and Fd3m (Bi,Ru,0,). The
results are shown in Table I. For Pb,Ru,0g 5, no significant
deviation from the nominal composition was observed, and
the atomic displacement factors B converged to values that
are close to those obtained with neutron diffraction on a
polycrystalline sample.’ For Bi,Ru,0-, the previous neutron-
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TABLE 1. Refined structural parameters. Top: Pb,Ru,Og 5 in
F43m, with a=10.25310(11) A, Ry,p,=4.23, Rj=4.18, and §=1.98.
Atomic positions are Pb 16e, Ru 16e, O1 24f, O2 24g, and O’ 4d.
Middle: Model 1 for Bi,Ru,O; in Fd3m, with a=10.29290(14) A,
Ry,,=3.88, R;=4.80, and $§=2.02. Atomic positions are Bi 16d, Ru
16¢, O 48f, and O’ 8b. Refined occupancy for Bi, g(Bi), is

0.9722(27). Bottom: Model 3 for Bi,Ru,0; in Fd3m, with a
=10.29280(11) A, Ry,,=3.74, Rj=4.51, and §=1.95. Atomic posi-
tions are Bi 964, Ru 16¢, O 48f, and O’ 32e. Refined g(Bi) is
0.1629(4).

Atom X y z B(A?)
Pb,Ruy04 5
Pb 0.87654(17) =x =x 0.699(9)
Ru 0.37637(33) =x =x  0.381(14)
o1 0.3090(18) 0 0 0.45(14)
02 0.4547(15) : : 0.45(14)
’ 3 3 3
o 3 2 2 0.45(14)
Bi,Ru,0; (Model 1)
. 1 1 1
Bi 2 2 2 1.823(20)
Ru 0 0 0 0.349(25)
0 0.32443(50) 5 5 1.87(16)
' 3 3 3
0 2 3 2 1.87(16)
BizRU207 (Model 3)
Bi 0 0.23693(32)  =l-y  0.889(50)
Ru 0 0 0 0.214(26)
0 0.32535(46) i 5 0.85(14)
o’ 0.3931(14) =x =x 0.85(14)

diffraction study®? found anomalously large B for Bi when
the refinement was carried out with Bi and O’ (the seventh
oxygen) at the usual 16d and 8b site (model 1 in Ref. 22),
respectively, and it was proposed that both Bi and O’ are
disordered into the displaced 964 and 32e sites (model 3 in
Ref. 22). Accordingly, we have performed refinements on
both models, and model 3 indeed shows a more reasonable B
value for Bi. Moreover, a small deficiency is found on the Bi
site, consistent with the previous study.??> Although the weak
scattering factor of oxygen for x-rays precluded the refine-
ment of oxygen occupancy as a free parameter, a small de-
ficiency can be expected on the O’ site.”>?* Overall, the con-
sistencies found between the neutron-diffraction study on a
polycrystalline sample?”> and the present synchrotron x-ray
diffraction study on crushed single crytals suggest that the
disorder and defects are intrinsic to Bi,Ru,0; and are asso-
ciated with the easily polarizable Bi ions.'# Electrical resis-
tivity was measured with a four-probe ac method at 16 Hz.
Heat capacity was measured by the relaxation method using
a Quantum Design PPMS. Magnetic susceptibility measure-
ments were performed at 10 kOe on collections of single
crystals with a superconducting quantum interference device
magnetometer. The contribution from the sample holder,
which was less than 3% of the total, has been subtracted
from the data.

The magnetic susceptibility x of Pb,Ru,O45 and
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FIG. 1. Magnetic susceptibility of Pb,Ru,O 5 (solid circles) and
Bi,Ru,0; (dashed line) taken under H=10 kQOe. A core contribution
of —=1.7X 107 emu mol~' has been subtracted from the data. For
Bi,Ru,0, the data accurately follow C/T+ y,+x,T> and the x,
+x,T> contribution is shown as open circles. Inset: Low-
temperature heat capacity of Pb,Ru,Og 5 and Bi,Ru,0;. The lines
are the best fits by Cp=yT+BT3+ﬁ5T5. For Bi,Ru,07, the fit has
been restricted to 7>3 K as described in the text.

Bi,Ru,0; is shown in the main panel of Fig. 1. The data
have been corrected for the core diamagnetism of —1.7
X 10~ emu mol~!. For Pb,Ru,0q s, x is almost temperature
independent (=y,) and shows a relatively large value of 7.4
X 10~ emu mol™! (3.7 X 10~* emu Ru mol~"), which is char-
acteristic of enhanced Pauli paramagnetism. The Curie con-
tribution observed in previous studies>* is absent in the
present crystals. On the other hand, y for Bi,Ru,0; (dashed
line) decreases gradually with decreasing temperature to a
minimum around 100 K, which is followed by a Curie-like
increase at lower temperature. For the entire temperature re-
gion, the data can be fitted accurately with x=C/T+ x,
+x,T?, where the first term is a Curie contribution corre-
sponding to 2.5% of S=1 Ru** ions made free by crystal
imperfections. The xo+x,7° contribution is plotted with
empty circles in Fig. 1, with xy=4.6 X 10™* emu mol™! (2.3
%10 emu Rumol™) and x,=1.0X107* emu K2 mol~".
The x,7? contribution originates from the higher-order
temperature-dependent term in the Pauli paramagnetic sus-
ceptibility, and reflects the shape of the electron density of
states at the Fermi energy.”> The Curie term is slightly larger
than that of the polycrystalline sample in the previous study.’

For Pb,Ru,O¢ 5 and Bi,Ru,0,, different contributions to
the temperature-independent component x, must be consid-
ered. Since the effective electron mass is enhanced over the
free-electron mass, the contribution from the Landau dia-
magnetism is expected to be small. Although the contribution
from the Van Vleck orbital susceptibility is more difficult to
assess, NMR studies?® suggest that it is negligible in these
systems. Therefore, the values represented by filled and
empty circles in Fig. 1 can be considered to reflect the Pauli
paramagnetism in these compounds.

The heat capacity of Pb,Ru,0O¢ 5 and Bi,Ru,05 is plotted
as C,/T vs T in the inset of Fig. 1. For Bi,Ru,05, C,/T
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displays a small upturn below 3 K, corresponding to the
Curie term in ). Accordingly, the data were fitted to
C,=yT+BT°+BsT° for T>3 K. Here, yT is the electronic
contribution, and BT+ BsT° is due to phonons. The same
expression was used for Pb,Ru,O4s5 down to the lowest
temperature, and the results are shown as solid lines in the
inset of Fig. 1. For Pb,Ru,O¢s, y=33.0 mJ K2 mol™!
(16.5 mJ K~ Rumol™!). Together with x,, we obtain the
Wilson ratio Ry =(7kz*/3uz")(xo/y) of 1.7 for
Pb,Ru,0Og45. This is well within the expected value for
strongly correlated systems,?’ implying that both x, and 7y
are enhanced by the renormalized electron effective mass, or
equivalently, a large density of states at the Fermi level. For
Bi,Ru,0;, y=10.4 mJ K2 mol™! (5.2 mJ K~2Rumol™!),
which is in good agreement with the value obtained with
polycrystalline samples.”?® It should be noted that this value
is only slightly enhanced over the calculated band value of
8.0 mJ K2 mol™!,'> suggesting only moderate electron cor-
relation and mass enhancement in Bi,Ru,0;. On the other
hand, while the photoelectron spectroscopic measurements'!
also showed a smaller electronic density of states at the
Fermi level for Bi,Ru,0; compared to Pb,Ru,Og 5, the data
were analyzed to imply larger electron effective mass in
Bi,Ru,0,. The discrepancy is likely to have arisen in part
from the omission of the Bi/Pb 6p contributions in the spec-
troscopic analysis, which were not recognized at the time.
Subsequent band-structure calculations'® showed that the 6p
level is much closer to the Ru 7,, level in Bi,Ru,05, resulting
in significant hybridization and a broader band. For
Bi,Ru,0,, we obtain Rw=3.2, which is slightly larger than
Pb,Ru,0g 5 but still away from ferromagnetic instability.

The larger slope for Bi,Ru,0; compared to Pb,Ru,0g 5 in
the inset of Fig. 1 corresponds to an enhanced phonon con-
tribution in the former compound. Indeed, the ST term leads
to an unusually small Debye temperature of 210 K for
Bi,Ru,0,, compared to the usual value of ~550 K for
Pb,Ru,04 5. As discussed previously,’ this can be attributed
to the lattice softening and localized lattice vibrations arising
from the static disorder of Bi-6s> lone-pair electrons, which
correlates with the displacement of Bi ions revealed in the
structural analysis. While Pb** ions in Pb,Ru,Og 5 also pos-
sess 6s” lone-pair electrons, the displacement in this case is
coupled with the oxygen vacancy ordering,” and the rigid
lattice framework is maintained.

The resistivity p of Pb,Ru,0¢ 5 and Bi,Ru,0; is shown in
Fig. 2. Although both compounds show metallic behavior,
there are important differences. For Pb,Ru,Og¢ 5, p shows a
typical behavior of strongly correlated metals, with a small
sign of saturation at high temperatures. The lower inset of
Fig. 2 shows that p=p,+AT? for T<115 K, indicating the
predominant role of electron-electron scattering. The least-
squares fit to the data yields A=4.8 X 10~ u{) cm K~2. For
Bi,Ru,0;, p shows little temperature dependence above
~170 K, where it is saturated at 540 m{) cm. Moreover, the
previous study'® on single crystalline Bi,Ru,0; showed a
gradual increase in p at higher temperatures, with a possible
plateau feature around the room temperature. Other unusual
features in p are also apparent: The residual resistivity is
large, with p(300 K)/p(6 K) of only 1.2, and the low-
temperature p follows a T3 dependence (solid line in the
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FIG. 2. Electrical resistivity p of Pb,Ru,Oq 5 (solid circles) and
Bi,Ru,0; (open circles). Insets show the low-temperature data in p
vs T2. The solid line in the upper inset is a fit to py+A;7°.

upper inset of Fig. 2) rather than a T? dependence. While
these behaviors are difficult to interpret even qualitatively, a
strong scattering of electrons from the disordered lattice and
anomalous lattice vibrations is expected to play an important
role here.

In Fig. 3, we show the Kadowaki-Woods plot™ of A vs y
for Pb,Ru,0Oq 5, along with a variety of strongly correlated
systems.?’3! The solid line corresponds to the universal
value of A/y?*=ay=10 u cm mol®> K? J=2, where a number
of f-electron heavy-fermion systems and transition metal ox-
ides (TMOs) appears to follow closely. Pb,Ru,Og s also fol-
lows this trend, demonstrating that same renormalized elec-
trons govern both the enhancement of y and the electrical
transport.?’ Recently, a number of strongly correlated TMOs
were shown to possess Kadowaki-Woods ratios that are sig-
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FIG. 3. Kadowaki-Woods plot of the coefficient A of the T? term
in the resistivity vs 7, the electronic heat capacity coefficient, for a
number of strongly correlated metals (adapted from Refs. 29-31). y
is measured per mole of magnetic ion. The solid line represents the
Kadowaki-Woods ratio A/y*=ay=10 u) cmmol>K?J=2, and
dashed and dotted lines represent 5a, and 50a,, respectively.

f-electron systems are represented by empty circles, whereas

d-electron systems are represented by triangles.
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nificantly above the universal ratio. Spinel LiV,0,, which
has the pyrochlore network of V ions, is a geometrically
frustrated heavy-fermion system® with A/~ 5a,. Interest-
ingly, similar values are observed in V,03; and
La; ;Sry;CuO,4, which are neither geometrically frustrated
nor heavy-fermion. Najy,CoO, with the triangular geometry
of Co ions shows the largest reported value of A/~ 50a,,>
and it was suggested that geometrical frustration may be re-
sponsible for the large enhancement of electron-electron
scattering.30 On the other hand, the absence of such an en-
hancement in Pb,Ru,O¢ 5 suggests that a geometrically frus-
trated lattice itself is not sufficient to produce the anomalous
behavior; in this regard, it is of interest to study A/ yz when
Pb is partially substituted with the rare earth to drive the
system closer to an insulator.

To understand the structure and metallic characters of
Pb,Ru,0q4 5 and Bi,Ru,0;, comparison with the insulating
members of A,Ru,0,, where A=rare earth, is worthwhile.
The crystal structures of insulating A,Ru,0- have been stud-
ied in detail by both x-ray and neutron-diffraction
measurements,'* and none of the studies so far has shown
evidence of disorder at the A site or significant oxygen defi-
ciency. Accordingly, the structure can be understood as rigid
interpenetrating networks of Ru,0¢ and A,0O’, and the Mott
gap opens at the Fermi level due to the relatively small Ru-
O-Ru bond angles (~130°) in the pyrochlore. In Pb,Ru,O¢ 5
and Bi,Ru,0-, the 65 lone pair electrons on the Pb/Bi ions
result in highly asymmetric bonding with the neighboring O’
ions, which lead to different consequences for each com-
pound. For Pb,Ru,0 5, the lone-pair electrons are accommo-
dated by the formation of ordered oxygen vacancy,’ and the
displacement of the Pb ions toward the vacancy can be in-
terpreted as the ordering of the lone pairs in such a
direction.” On the other hand, oxygen vacancy is much
smaller and disordered in Bi,Ru,0,,2> where the small va-
cancy of Bi also takes place for the charge balance. Accord-
ingly, the highly symmetric 16d site (see Table I) is not com-
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patible with the asymmetric Bi ions, and they are randomly
disordered into the displaced 32e site.

The difference in the structure exhibited by Pb,Ru,Og 5
and Bi,Ru,0; can be understood to arise from the different
stable valence for the Pb and Bi ions. While Bi* is the stable
valence in Bi,Ru,0,, Pb** is unstable due to the energeti-
cally unfavorable configuration of 6s!. Accordingly, in an
ionic picture, either the Pb ions are incorporated into the
structure as a 3:1 mixture of Pb%* and Pb** with Ru**, or Ru
jons as a 1:1 mixture of Ru** and Ru®* with Pb%*, which are
charge balanced with exactly a half of the seventh oxygen
missing.*? Since significant covalent character is expected
for Pb-O bonds,* the presence of a Pb** state is inconse-
quential in understanding the average crystallographic struc-
ture, which is dictated by the displacement of 6s° lone-pair
electrons. Finally, while the 6s> lone-pair electrons in
Pb,Ru,0q4 5 and Bi,Ru,0, influence the structure, they are
highly localized and do not participate in the electronic
conduction.’>1® Instead, as discussed above, the metallic be-
havior is most likely to originate from the extended Pb/Bi 6p
band, which can overlap with the Ru 4d band.'>'® In this
regard, Pb,Ru,0O¢ 5 and Bi,Ru,05 are distinct from other me-
tallic ruthenates, where the metallic states arise solely from
the Ru-O framework.

In conclusion, we have found that there are significant
differences between Pb,Ru,0Oqs and Bi,Ru,0,. While
Pb,Ru,0O¢ 5 shows the behavior of a well-defined Fermi lig-
uid with strong electron correlation, Bi,Ru,0; exhibits more
unusual behavior that can be explained with the inherent
lattice disorder. Since these compounds can be readily tuned
to Mott insulators with the A-site substitution, further inves-
tigations should provide an important understanding on the
relationship among electron correlation, crystal structure,
and exotic behavior in metallic ruthenates.
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