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Robust paramagnetism in Bi2ÀxM xRu2O7 „MÄMn,Fe,Co,Ni,Cu… pyrochlore
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We report magnetic susceptibility, resistivity, and Seebeck coefficients for Bi22xMxRu2O7 pyrochlore. The
solid solution exists up tox50.5 for M5Cu,Ni,Co and up tox50.1 for M5Fe,Mn. The doped materials do
not exhibit ferromagnetism or any localized ruthenium moment behavior. Instead we find the Ru-O and Bi-O
sublattices to be essentially independent, with any magnetism resulting from the unpaired first-row transition
metal dopant spins. Cobalt substitution for bismuth results in localized Co21 and low-temperature spin-glass
transitions in several cases. Nickel moments on the pyrochlore lattice display properties intermediate to local-
ized and itinerant. Finally, copper doping results in an enhancement of the Pauli metallic density of states.

DOI: 10.1103/PhysRevB.66.094429 PACS number~s!: 75.30.Cr, 61.72.Ww, 74.70.Pq
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I. INTRODUCTION

Ruthenium-oxide-based perovskites are presently of g
interest due to the range of magnetic and strongly correla
electronic behavior they exhibit, often breaching the limits
current condensed matter theory. Layered Sr2RuO4, for ex-
ample, is a superconductor at,1 K and is postulated to
have p-wave and spin-triplet pairing in the superconduti
state.1,2 Of particular interest is the delicate balance ma
ruthenate perovskites display between ferromagnetism
exotic electronic states, and the sensitivity of the magn
state to perturbation such as impurity concentration, app
field, or pressure. When superconducting Sr2RuO4 is doped
by small amounts of nonmagnetic Ti41 on the ruthenium
site, there is a crossover from superconductivity to sh
range ferromagnetic ordering.3,4 In the same structural sys
tem, Sr3Ru2O7 shifts from a paramagnetic, strongly corr
lated Fermi liquid to a ferromagnet under applied pressu5

Also, at fields above 7 T the compound undergoes a m
magnetic quantum transition to a high-moment state.6 Fi-
nally, Ti41 doping on the ruthenium site of CaRuO3 induces
ferromagnetism in what was originally a paramagne
material.7

The examples listed above are compounds based on
perovskite structure, and in fact much of the work in t
ruthenate field centers on this structure type. Thus the q
tion follows as to whether such ferromagnetic instabilit
are found for other ruthenate classes. We investigate ano
common oxide structure, the pyrochlore. The pyrochlore
ide Bi2Ru2O7, which exhibits temperature-independent Pa
paramagnetism and is weakly metallic, affords an excel
opportunity to test this generality.

Like the perovskite, the pyrochlore structureA2M2O7
contains a three-dimensional network of corner-sharing M6
octahedra~Fig. 1!. In the perovskite these are regular MO6
octahedra with 160–180°M -O-M bonds, forming a three
dimensional square net of metal atoms. However, in the
rochlore the corner-sharing results in tetrahedrally rela
metal atoms, and coordination is such that theM -O-M bond
angle must be;130°. TheA cation in the pyrochlore occu
0163-1829/2002/66~9!/094429~7!/$20.00 66 0944
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pies hexagonal channels along^011& and equivalent direc-
tions, and three dimensionally the cations form anA4O sub-
lattice of corner-sharing tetrahedra.

Previous experimental work has probed differences
tween Bi2Ru2O7, Y2Ru2O7, and Ln2Ru2O7, the latter two
being electronically insulating although isoelectronic
Bi2Ru2O7 .8 One proposed reason for the difference is t
change in Ru-O-Ru angle withA-cation size.9,10 It is also
postulated that in the compounds Y2Ru2O7 and Ln2Ru2O7
the cation valence orbitals are energetically prohibited fr
contributing to Fermi level bonding, resulting in narrow
localized bands.11 Reports are conflicting as to whether bi
muth s andp orbitals hybridize to some extent at the Ferm
level, participating in conduction.12,13Experimental work has
followed the metal-insulator transition in several of the
solid solutions.14,15 Here we report the properties o
Bi22xMxRu2O7, M5(Mn,Fe,Co,Ni,Cu), observing tha
first-row transition metald orbitals are proximate in energ
to the Fermi level of Bi2Ru2O7 . Thus it is likely that the
overall properties of these doped pyrochlores will be ma
edly different from those previously described in th
literature.

II. EXPERIMENTAL METHODS

Suitable stoichiometric amounts of RuO2, Bi2O3 , Co3O4,
CuO, MnO2, Fe2O3, and Ni2O3 were thoroughly mixed and

FIG. 1. View of RuO6 network in ~a! perovskite alonĝ 100&
and ~b! pyrochlore alonĝ 011&.
©2002 The American Physical Society29-1
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heated for several days between 750 and 1020 °C with in
mediate grindings. Sample purity was monitored us
room-temperature powder x-ray diffraction employing C
Ka radiation.

Magnetic properties and electrical resistivity were eva
ated using a Quantum Design physical property meas
ment system~PPMS!. For all samples, susceptibility wa
measured from 300 to 5 K in an applied field of 1 T. Data
were also collected from 2 to 30 K in a field of 1 T aft
zero-field cooling, to assess any low-temperature magn
transitions. Magnetic hysteresis loops were performed at
in the range29 to 9 T, and the data were fit to the parama
netic Brillouin function M5NgJmBB(x) where x
5mm0H/kBT.16 Resistivity measurements were perform
on sintered powder pellets, which were cut into ba
of approximately 1.531.533.5 mm3, and measured
with the standard four-point ac method. Seebeck coeffic
measurements employed a commercial apparatus~MMR
technologies!.

III. RESULTS

Substitution of first-row transition metals on th
ruthenium site of Bi2Ru2O7 was not possible within the
synthetic conditions explored. The metals Mn, Fe, Co,
and Cu instead substitute on the bismuth site of
pyrochlore. We report complete structural characterizat
of Bi1.6Cu0.4Ru2O7, Bi1.6Co0.4Ru2O7, and Bi2Ru2O7
elsewhere,17 by refinement of neutron powder diffractio
data. This type of substitution is not unprecedented, as
thesis of Bi22xCuxIr22yRuyO7 was reported, although th
compound was not fully characterized.18

Figure 2 plots lattice parameters obtained from pow
x-ray diffraction as a function ofx for Bi22xMxRu2O7 (M
5Cu,Ni,Co!. The lattice parameters decrease linearly to
first approximation. This is consistent with the smaller ra
of the first-row transition metals in comparison to that
bismuth. For copper, nickel, and cobalt dopants, the s
solution exists up tox50.5: at larger nominal concentration
the lattice parameters remain relatively constant. In sev
samples, RuO2 is found as a very minor impurity. As RuO2

FIG. 2. Cubic lattice parameter of Bi22xMxRu2O7 as deter-
mined by powder x-ray diffraction vs doping level.
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is nonmagnetic and the amount present is negligible, its p
ence does not affect physical property characterization.
iron- and manganese-doped series the substitution limitx
50.1, resulting in unit cells ofa510.282(1) and 10.279~2!,
respectively.

A. Bi2ÀxCuxRu2O7

The magnetic susceptibility (x) of Bi2Ru2O7 between
300 and 5 K~Fig. 3! is essentially temperature independe
The relatively small susceptibility magnitude (
31024 emu/Oe mol f.u.) is consistent with Pauli parama
netism. Also plotted in Fig. 3 are susceptibilities
Bi1.6Cu0.4Ru2O7 and Bi1.8Cu0.2Ru2O7. Twenty percent (x
50.4) copper-doping increases the magnitude ofx by a fac-
tor of 2; likely due to an enhancement of the metallic dens
of states. There is no significant moment localization for
ther copper or ruthenium in these samples. Curie tails at
temperature are attributable to microscopic amounts of
purity spins.

Seebeck coefficients~S! for Bi22xCuxRu2O7 are plotted in
Fig. 4. ~Small peaks around 300 K are instrumental.! Values
of S for undoped Bi2Ru2O7 are between 211 and

FIG. 3. Temperature-dependent magnetic susceptibility
Bi22xCuxRu2O7 .

FIG. 4. Temperature-dependent Seebeck coefficients
Bi22xMxRu2O7 (M5Cu,Ni!.
9-2
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ROBUST PARAMAGNETISM IN Bi22xMxRu2O7 . . . PHYSICAL REVIEW B 66, 094429 ~2002!
24 mV/K, indicating that the dominant carriers are ele
trons. Copper doping increases the magnitude ofS: by 20%
(x50.4) substitution,S becomes positive and the domina
carriers cross over to hole-like.

Resistivity data are presented in Fig. 5. The resistivity
undoped Bi2Ru2O7 is on the order of 1 mV cm, consistent
with the description of a narrow band metal.19 The resistivity
is largely temperature independent, unlike a typical go
conductor where resistivity is expected to decrease m
strongly with decreasing temperature. Copper doping slig
decreases the magnitude of the resistivity but maintain
similar temperature dependence compared to the undo
sample.

B. Bi2ÀxNixRu2O7

Magnetic susceptibility data for nickel-substitute
samples are shown in Fig. 6. The top panel plots meas
susceptibility as a function of temperature. In contrast
copper doping, these samples display local moment beha
as nickel is substituted. By 20% (x50.4) nickel doping, the
magnetic susceptibility scales with the Curie-Weiss equa
for localized paramagnetic moments. Data from nick
doped samples forx50.3 andx50.4 were fit between 150
and 300 K to the functionx5x01C/(T2uCW), wherex0 is
the sum of all temperature-independent terms. Values for
effective moment and Curie-Weiss temperature (uCW) were
extracted, with the results summarized in Table I. Mome
are between 2.1 and 2.3mB /Ni, only slightly less than the
theoretical spin-only value of 2.82 for Ni21. Therefore the
observed moment is accounted for by the nickel dopant,
it is unlikely that any local moment has been induced
ruthenium centers. Further, values ofuCW are very small,
indicating weak coupling in all cases.

The bottom panel of Fig. 6 plots inverse magnetic susc
tibility for the nickel-doped samples, with experiment
points overlayed by Curie-Weiss fits~solid lines! for x50.3
and x50.4. The overlays highlight evident deviation fro
ideal behavior below 100 K for the two samples. In fact,
doping levels ofx50.2 and lower, deviation from linear be

FIG. 5. Temperature-dependent resistivity of Bi22xMxRu2O7

(M5Cu,Ni!.
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havior is such that Curie-Weiss fitting is not applicable. Th
the magnetism can be classified as intermediate to local
and itinerant behavior.

Seebeck coefficients~S! for Bi22xNixRu2O7 are presented
in Fig. 4. At 200 K, the magnitude of the coefficient rang
between210 mV/K for undoped Bi2Ru2O7 and114 mV/K
for x50.4. Nickel-doped samples have higher values oS
than do copper-doped samples, indicating that there exis

FIG. 6. Top panel: measured temperature-dependent mag
susceptibility of Bi22xNixRu2O7 . Bottom panel: inverse magneti
susceptibility ~points! and Curie-Weiss fits~solid lines! for
Bi22xNixRu2O7 . Fitted temperature-independent terms (x0) are
subtracted from measuredx in this panel.

TABLE I. Calculated magnetic constants from Curie-Wei
fitting.

Dopantx x0 uCW m/mB

@emu/Oe mol f.u.# @K# @per x]

Ni 0.3 2.331024 24.0~9! 2.39~1!

Ni 0.4 4.431024 3.7~6! 2.161~3!

Co 0.1 2.231024 1.3~3! 4.381~4!

Co 0.2 3.831024 2.1~3! 4.265~4!

Co 0.3 3.831024 1.9~5! 4.129~4!

Co 0.4 2.531024 2.1~2! 4.465~2!

Co 0.5 3.031024 20.7~4! 4.269~2!

Fe 0.1 3.331024 0.1~3! 4.937~5!

Mn 0.1 1.631024 1.5~4! 5.112~6!
9-3
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higher concentration of hole carriers in the latter. Resistiv
(r) behavior is also different for the copper- and nick
doped samples. Fig. 5 illustrates that while the form
samples are less resistive than Bi2Ru2O7, the latter samples
are more resistive. As nickel is substituted on the lattice
Bi2Ru2O7, the resistivity becomes more akin to that of
degenerate semiconductor, wherer increases only slightly
with decreasing temperature.

C. Bi2ÀxCoxRu2O7

Cobalt doping has a dramatic effect on the magnetic pr
erties of Bi2Ru2O7. Samples of Bi22xCoxRu2O7 display
Curie-Weiss behavior forx50.1–0.5 in the temperatur
range 5–300 K. Plots of 1/(x2x0) versus temperature~Fig.
7! demonstrate the goodness of fit, where calculated va
~solid lines! overlay experimental points. The effective m
ment normalized to cobalt content~Table I! remains essen
tially constant across the doping series, indicating that
Curie moments are due solely to unpaired cobaltd electrons.
Again no local moment is induced on ruthenium centers w
doping. Calculated moments are between 4.1
4.4 mB /Co, which are slightly greater than the spin-only th
oretical value of 3.87 for Co21 but consistent with previ-
ously reported values for high spin Co21 of

FIG. 7. Temperature-dependent inverse magnetic susceptib
~points! and Curie-Weiss fits~solid lines! for Bi22xCoxRu2O7 . Fit-
ted temperature-independent terms (x0) are subtracted from mea
suredx. Insets plot low-temperature magnetic susceptibility do
to 2 K.
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(4.1–5.2)mB /Co.20 Values of u are close to zero for al
cobalt-doped samples, signifying that spin-coupling is ve
weak. Below 5 K, small peaks in magnetic susceptibility a
observed forx50.4 andx50.5 samples, possibly due t
spin-glass transitions~Fig. 7, inset!. The fact that the transi-
tions are at such low temperatures is consistent with w
coupling of the spins. Additionally, the peak maximum i
creases slightly fromx50.4 tox50.5. And although there is
not a distinct susceptibility peak forx50.3, there are signifi-
cant deviations from Curie-Weiss behavior below 5 K, s
nifying that some degree of spin interaction is also presen
this doping level. The doped pyrochlores have the two ch
acteristics common to spin-glass systems: atomic diso
and frustrated geometry.

Magnetization~M! versus field~H! data collected at 5 K
~Fig. 8! for Bi22xCoxRu2O7 display no magnetic hysteres
at any doping level. The curves are not linear, but inste
scale with the paramagnetic Brillouin function, asmmBH is
on the order ofkBT at this temperature and field range. A

FIG. 9. Magnetization as a function ofH/T for
Bi1.6Co0.4Ru2O7, with data sets collected at three different tempe
tures.

ity

FIG. 8. Field-dependent magnetization of Bi22xCoxRu2O7 . In-
set: expansion of measured magnetization vs field data for undo
Bi2Ru2O7 in the low-temperature region. Units in the inset arex
@emu/Oe mol f.u.#, T @K#.
9-4
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ROBUST PARAMAGNETISM IN Bi22xMxRu2O7 . . . PHYSICAL REVIEW B 66, 094429 ~2002!
thoughM vs H for undoped Bi2Ru2O7 does appear to be fla
and linear at this scale, the figure inset shows the true sh
of the curve. Fitting the high-field data for undope
Bi2Ru2O7 to the Brillouin function withg52, the number of
localized spin 1 moments is approximated to be 0.002 sp
mol f.u. For Bi22xCoxRu2O7 the magnetization increase
with the amount of cobalt dopant as is expected. Figur
plots magnetization as a function ofH/T for sample
Bi1.6Co0.4Ru2O7. For noninteracting localized moments, da
collected at different temperatures should superimpose,
the case for plots at 25 and 55 K. However, data collecte
5 K deviate significantly, reflecting the interaction prese
between cobalt spins at this temperature. This is suppo
by our susceptibility data, where possible spin-glass orde
is present below 5 K for the more heavily doped samples.
is surprising that such a large number of magnetic Co21

atoms are accommodated on the pyrochlore lattice with
inducing magnetism on the ruthenium sublattice, and that
Co21 spins are not more strongly interacting.

Seebeck coefficients~Fig. 10! increase with cobalt dop
ing, once again hole-doping the pyrochlore. The slope of
temperature dependence ofS also becomes flatter with in
creasing cobalt. The resistivity behavior of Bi22xCoxRu2O7
~Fig. 11! is similar to that of Bi22xNixRu2O7 . As dopant is

FIG. 10. Temperature-dependent Seebeck coefficients
Bi22xCoxRu2O7 .

FIG. 11. Temperature-dependent resistivity of Bi22xCoxRu2O7 .
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introduced, the magnitude of the resistivity increases, and
temperature dependence becomes more semiconductor
To examine the possibility of spin scattering as a mechan
for the increased resistivity, data were also collected
Bi1.6Co0.4Ru2O7 in an applied field of 9 T, which had no
observable affect. Therefore spin scattering as a domin
mechanism is unlikely in these compounds, and the ori
for the difference in resistivity trends between copper- a
cobalt-doped samples remains unresolved.

D. Bi1.9Fe0.1Ru2O7 and Bi1.9Mn0.1Ru2O7

For dopants Fe and Mn, the substitution limit is 5%x
50.1). The susceptibilities for both Bi1.9Fe0.1Ru2O7 and
Bi1.9Mn0.1Ru2O7 ~Fig. 12! obey the Curie-Weiss law within
the temperature range 5–300 K. Magnetic constants
listed in Table I. Fitted magnetic moments are 4.9mB /Fe
and 5.1mB /Mn, in good agreement with the spin-only the
retical value of 4.89mB when S52. The localized manga
nese spins are truly independent even down to low temp
ture, illustrated in Fig. 13 where magnetization is plotted a
function of field for Bi1.9Mn0.1Ru2O7 . The high-field data
are fit to the paramagnetic Brillouin function with set valu
g52 andJ52, and with onlyN ~number of spins per mole!
allowed to vary. Assuming that all localized spins origina
from manganese, the fit value ofx for Bi1.9Mn0.1Ru2O7 is
0.10, in agreement with the nominal concentration. Resis
ity and Seebeck coefficients data for Mn- and Fe-dop
samples follow similar trends as those seen for Ni and
with the dopants once again increasing the magnitude of
resistivity and hole doping the pyrochlore. At 300 K, th
magnitude ofS is 2 mV/K for Mn ( x50.1) and24 mV/K
for Fe (x50.1).

IV. DISCUSSION

The pyrochlore structure can be described as two in
penetrating networks: one of corner-sharing RuO6 polyhedra

of FIG. 12. Temperature-dependent inverse susceptibility~points!
and Curie-Weiss fits ~solid lines! for Bi1.9Mn0.1Ru2O7 and
Bi1.9Fe0.1Ru2O7. Fitted temperature-independent terms (x0) are
subtracted from measuredx. Insets plot measured magnetic susce
tibility down to 2 K. Units for the inset arex @emu/Oe mol f.u.#,
T @K#.
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and one of corner-sharing Bi4O tetrahedra. Our magneti
data on transition metal doped Bi2Ru2O7 indicates that the
two networks are, surprisingly, magnetically independent

We successfully substituted the first-row transition me
series Mn31, Fe21, Co21, Ni21, and Cu21 on the bismuth
site of Bi2Ru2O7. Each of these dopants has unpair
valence-shelld electrons. However, the ruthenium momen
in the pyrochlore are unaffected by Bi-site doping. This is
strong contrast to results for the doped perovsk
CaRu12xTixO3 and Sr2Ru12xTixO4. Although we find no ru-
thenium local moments, the unpaired dopant electrons
verge from localized to itinerant magnetic behavior acr
the first-row transition metal series. First, in Bi1.9Mn0.1Ru2O7
the substituted manganese moments are localized and e
tially noninteracting, even down to low temperature.
Bi22xCoxRu2O7 the cobalt moments are also localized, w
susceptibility data fitting the Curie-Weiss law between 5 a
300 K. However, at low temperature the spins are no lon
completely isolated. In fact, spin-glass transitions are pre
below 5 K for Bi1.6Co0.4Ru2O7 and Bi1.5Co0.5Ru2O7. In
nickel-doped samples the unpaired nickel spins display
havior intermediate to localized and itinerant. Finally,
copper-doped samples, there is no evidence for momen
calization, and only the metallic temperature-independ
paramagnetism is enhanced with doping. These magn
trends are illustrated in Fig. 14, where the measured sus
tibility at 5 K and 300 K is plotted as a function of dopan
For localized moments, the magnetic susceptibility at l
temperature increases observably as a function ofx, such as
in the case of cobalt. However, for itinerant moments as
copper,x5K remains relatively flat with increasingx. For
nickel, with atomic number intermediate to Co and Cu,
behavior is a combination of localized and itinerant. Up
x50.1, x5K remains flat, while abovex50.1 it increases
with x, although not as steeply as in the case of cob
Across the series, thed-orbitals of the first-row transition
metal become more proximate in energy to the valance
bitals of oxygen. Thus copper hybridizes more strongly w
oxygen than cobalt or nickel, resulting in itinerant behavi

The transport properties of Bi22xMxRu2O7 are also

FIG. 13. Experimental magnetization vs field data f
Bi1.9Mn0.1Ru2O7 and paramagnetic Brillouin function~dotted line!.
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evaluated. Figure 15 displaysS as a function of dopant con
centration for Co-, Ni-, and Cu-doped samples. Atx50.4,
values ofSare all positive. Thus in each series the domina
carriers cross over from electrons to holes upon doping.
absolute value of the Seebeck coefficient,uSu, is proportional
to ln(N)-ln(n) wheren is the concentration of carriers andN
the available density of states. IfN is essentially constant
then copper doping results in an increased concentratio
carriers~n! relative to undoped Bi2Ru2O7 . This interpreta-
tion agrees with resistivity data, where the magnitude or
decreases as copper is substituted on the pyrochlore la
Conversely, Seebeck coefficients for cobalt and nic
samples increase more steeply withx than those for copper
At x50.4 for these two dopants, the concentration of carri
~n! is decreased relative to undoped Bi2Ru2O7 .

FIG. 14. Magnetic susceptibility at 300 K~top panel! and 5 K
~bottom panel! as a function of dopant for copper- nickel-, an
cobalt-doped samples.

FIG. 15. Seebeck coefficients as a function of dopant conc
tration for copper-, nickel-, and cobalt-doped Bi2Ru2O7 .
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V. CONCLUSION

In summary, we report magnetic and transport proper
of Bi22xMxRu2O7 (M5Mn,Fe,Co,Ni,Cu!. In no case did
ferromagnetism or other localized ruthenium moment beh
ior occur upon doping. However, in such previously repor
cases as CaRu12xTixO3 and Sr2Ru12xTixO4, the dopant was
substituted on the ruthenium site. Thus those substitut
could be expected to strongly perturb the Ru-O network
the present study, the transition metal dopants preferent
replace bismuth in Bi2Ru2O7 . Our magnetic data indicat
that the ruthenium and bismuth sublattices in Bi2Ru2O7 are
magnetically independent, and therefore the metal subs
tions represent a second-order perturbation of the Ru-O
tice, which was not effective in causing a crossover to
G

.
A

nd

an
P.

,

m
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ferromagnetic state. In CaRuO3, conversely,A-site substitu-
tion does induce ferromagnetism even though it is not a
rect perturbation of the Ru-O lattice.21 Therefore ruthenium
oxides in the pyrochlore geometry appear to be far from
ferromagnetic instability observed in the perovskites, a
such instability is not a broadly general characteristic of
thenium oxide compounds.
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