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Robust paramagnetism in B,_,M,Ru,0,; (M=Mn,Fe,Co,Ni,Cu) pyrochlore
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We report magnetic susceptibility, resistivity, and Seebeck coefficients for,Bi,Ru,O; pyrochlore. The
solid solution exists up t&=0.5 for M =Cu,Ni,Co and up tx=0.1 for M = Fe,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 localizéd @nd 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.
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[. INTRODUCTION pies hexagonal channels alof@11) and equivalent direc-
tions, and three dimensionally the cations formAg®© sub-
Ruthenium-oxide-based perovskites are presently of greaattice of corner-sharing tetrahedra.
interest due to the range of magnetic and strongly correlated Previous experimental work has probed differences be-
electronic behavior they exhibit, often breaching the limits oftween B,Ru,O,, Y,Ru,0;, and LpRuW,0O;, the latter two
current condensed matter theory. LayeregR8I0,, for ex-  being electronically insulating although isoelectronic to
ample, is a superconductor atl K and is postulated to Bi,Ru,0; .2 One proposed reason for the difference is the
have p-wave and spin-triplet pairing in the supercondutingchange in Ru-O-Ru angle witA-cation size>™° It is also
state™? Of particular interest is the delicate balance manypostulated that in the compoundsRi,O, and LiRw,0;,
ruthenate perovskites display between ferromagnetism arithie cation valence orbitals are energetically prohibited from
exotic electronic states, and the sensitivity of the magneticontributing to Fermi level bonding, resulting in narrower
state to perturbation such as impurity concentration, applietbcalized band$! Reports are conflicting as to whether bis-
field, or pressure. When superconductingR&rO, is doped muth s andp orbitals hybridize to some extent at the Fermi
by small amounts of nonmagnetic*Ti on the ruthenium level, participating in conductiotf:**Experimental work has
site, there is a crossover from superconductivity to shortfollowed the metal-insulator transition in several of these
range ferromagnetic orderirid.In the same structural sys- solid solutions:**®> Here we report the properties of
tem, SgERw,O; shifts from a paramagnetic, strongly corre- Bi,_,M,Ru,0O;, M=(Mn,Fe,Co,Ni,Cu), observing that
lated Fermi liquid to a ferromagnet under applied pressure first-row transition metatl orbitals are proximate in energy
Also, at fields above 7 T the compound undergoes a metao the Fermi level of BiRu,O; . Thus it is likely that the
magnetic quantum transition to a high-moment stafé:  overall properties of these doped pyrochlores will be mark-
nally, Ti*" doping on the ruthenium site of CaRy@duces edly different from those previously described in the
ferromagnetism in what was originally a paramagneticliterature.
material’
The examples listed above are compounds based on the

perovskite structure, and in fact much of the work in the
ruthenate field centers on this structure type. Thus the ques- Suitable stoichiometric amounts of Ru(Bi,O3, C0;0,,

tion follows as to whether such ferromagnetic instabilitiescuo, MnQ,, Fe,O;, and N,O; were thoroughly mixed and
are found for other ruthenate classes. We investigate another

common oxide structure, the pyrochlore. The pyrochlore ox-
ide Bi,Ru,O;, which exhibits temperature-independent Pauli

paramagnetism and is weakly metallic, affords an excellent
opportunity to test this generality.

Like the perovskite, the pyrochlore structufeM,O,
contains a three-dimensional network of corner-sharingsMO
octahedraFig. 1). In the perovskite these are regular MO
octahedra with 160—180rM-O-M bonds, forming a three-
dimensional square net of metal atoms. However, in the py-
rochlore the corner-sharing results in tetrahedrally related
metal atoms, and coordination is such thattheéO-M bond FIG. 1. View of RuQ network in (a) perovskite along 100
angle must be-130°. TheA cation in the pyrochlore occu- and(b) pyrochlore along011).

II. EXPERIMENTAL METHODS

a) perovskite b) pyrochlore
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FIG. 2. Cubic lattice parameter of Bi,M,Ru,0; as deter-

mined by powder x-ray difiraction vs doping level. FIG. 3. Temperature-dependent magnetic susceptibility of

Bi, _,CuRW0; .

heated for several days between 750 and 1020 °C with intefs nonmagnetic and the amount present is negligible, its pres-
mediate grindings. Sample purity was monitored usingence does not affect physical property characterization. For
room-temperature powder x-ray diffraction employing Cuiron- and manganese-doped series the substitution limit is
Kea radiation. =0.1, resulting in unit cells oA=10.282(1) and 10.279),

Magnetic properties and electrical resistivity were evalu-respectively.
ated using a Quantum Design physical property measure-
ment system(PPMS. For all samples, susceptibility was
measured from 3000t5 K in anapplied field of 1 T. Data
were also collected from 2 to 30 K in a field of 1 T after ~ The magnetic susceptibility ) of Bi,Ru,0; between
zero-field cooling, to assess any low-temperature magnetid00 and 5 K(Fig. 3) is essentially temperature independent.
transitions. Magnetic hysteresis loops were performed at 5 Khe relatively small  susceptibility ~magnitude (2
in the range— 9 to 9 T, and the data were fit to the paramag-X 10~ * emu/Oe molf.u.) is consistent with Pauli paramag-
netic Brillouin functon M=NgJugB(x) where x  netism. Also plotted in Fig. 3 are susceptibilities of
=muoH/kgT.1® Resistivity measurements were performedBi1.¢Clo.ARU,0; and Bi ¢Cuy ,Ru,0;. Twenty percent X
on sintered powder pellets, which were cut into bars=0.4) copper-doping increases the magnitudg dfy a fac-
of approximately 1.%1.5x3.5mn?, and measured torof 2;likely due to an enhancement of the metallic density
with the standard four-point ac method. Seebeck coefficier®f states. There is no significant moment localization for ei-
measurements employed a commercial apparékisiR  ther copper or ruthenium in these samples. Curie tails at low
technologies temperature are attributable to microscopic amounts of im-

purity spins.
Seebeck coefficient®) for Bi,_,CuRu,O; are plotted in

A. Bi,_,Cu,Ru,0,

Ill. RESULTS

Substitution of first-row transition metals on the
ruthenium site of BiRu,O; was not possible within the
synthetic conditions explored. The metals Mn, Fe, Co, Ni,
and Cu instead substitute on the bismuth site of the
pyrochlore. We report complete structural characterization
of Bi;ChRWLO7, BiyCqxhRKLO;, and BLRWO,
elsewheré! by refinement of neutron powder diffraction
data. This type of substitution is not unprecedented, as syn-
thesis of Bj_,Culr,_yRu,O; was reported, although the
compound was not fully characteriz&d.

Figure 2 plots lattice parameters obtained from powder
x-ray diffraction as a function ok for Bi,_,M,Ru,O; (M
=Cu,Ni,Co. The lattice parameters decrease linearly to a
first approximation. This is consistent with the smaller radii
of the first-row transition metals in comparison to that of
bismuth. For copper, nickel, and cobalt dopants, the solid
solution exists up ta=0.5: at larger nominal concentrations

Fig. 4. (Small peaks around 300 K are instrumentshlues
of S for undoped BjRwu,O; are between—11 and

20 ——
¥ x=Ni0.4 .
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the lattice parameters remain relatively constant. In several FIG. 4. Temperature-dependent Seebeck coefficients of
samples, Ru@is found as a very minor impurity. As RyO  Bi,_,M,Ru,0,; (M= Cu,Ni).
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FIG. 5. Temperature-dependent resistivity of, BiM,Ru,0; 5 15001 » vl
(M = Cu,Ni). =
—4 wV/K, indicating that the dominant carriers are elec- 8 1000
trons. Copper doping increases the magnitud&: dfy 20% @
(x=0.4) substitutionS becomes positive and the dominant O -
carriers cross over to hole-like. ;5 500 Biy.Ni,Ru0; -
Resistivity data are presented in Fig. 5. The resistivity of | . §:8;§
undoped BjRu,O; is on the order of 1 ) cm, consistent §5 o x=04
with the description of a narrow band metaiThe resistivity - oZ ! ' ' !
is largely temperature independent, unlike a typical good 0 50 100 150 200 250 300
conductor where resistivity is expected to decrease more T [K]

strongly with decreasing temperature. Copper doping slightly . ]
decreases the magnitude of the resistivity but maintains a FIG: 6. Top panel: measured temperature-dependent magnetic

similar temperature dependence compared to the undop&ySceptibility of By_,NixRu,0; . Bottom panel: inverse magnetic
sample susceptibility (pointg and Curie-Weiss fits(solid lineg for

Bi,_,Ni,Ru,O; . Fitted temperature-independent termg)( are
subtracted from measuredin this panel.
B. Bi,_4NiyRu,0 L . . L .
) - ) , havior is such that Curie-Weiss fitting is not applicable. Thus
Magnetic ~ susceptibility data for nickel-substituted {ne magnetism can be classified as intermediate to localized

samples are shown in Fig. 6. The top panel plots measuregh itinerant behavior.

susceptibility as a function of temperature. In contrast 0 ggeheck coefficients) for Bi,_,Ni,Ru,O, are presented

copper doping, these samples display local moment behavigh Fig. 4. At 200 K, the magnitude of the coefficient ranges

as nickel is substituted. By 20% € 0.4) nickel doping, the petween— 10 wVIK for undoped BiRW,O, and+ 14 xV/K
magnetic susceptibility scales with the Curie-Weiss equatio,, y—q 4. Nickel-doped samples have higher valuesSof

for localized paramagnetic moments. Data from nickel-han go copper-doped samples, indicating that there exists a
doped samples fox=0.3 andx= 0.4 were fit between 150

and 300 K to the function = xo+ C/(T— cw), wherey, is TABLE |. Calculated magnetic constants from Curie-Weiss
the sum of all temperature-independent terms. Values for thﬁ‘tting.

effective moment and Curie-Weiss temperatufig,() were

extracted, with the results su_mmarizepl in Table I. Momentsgyppantx Yo Ocw wl g
are between 2.1 and 23z /Ni, only slightly less than the [emu/Oe mol f.u, (K] [perx]
theoretical spin-only value of 2.82 for Ni. Therefore the
observed moment is accounted for by the nickel dopant, antyi 0.3 2.3x10°* —4.009) 2.391)
it is unlikely that any local moment has been induced atNi 0.4 4.4¢10°* 3.7(6) 2.1613)
ruthenium centers. Further, values @, are very small, Co0.1 2.X10°4 1.33) 4.3814)
indicating weak coupling in all cases. Co 0.2 3.81074 2.1(3) 4.2654)
The bottom panel of Fig. 6 plots inverse magnetic suscepco 0.3 3.&10* 1.95) 4.1294)
tibility for the nickel-doped samples, with experimental Co 0.4 2.5¢1074 2.1(2) 4.4652)
points overlayed by Curie-Weiss fitsolid lineg for x=0.3  Co0 0.5 3.0<10°* —0.7(4) 4.2692)
and x=0.4. The overlays highlight evident deviation from Fe 0.1 3.%x10°4 0.13) 4.9375)
ideal behavior below 100 K for the two samples. In fact, atmn 0.1 1.6x10°% 1.5(4) 5.1126)

doping levels ofx=0.2 and lower, deviation from linear be-
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8 200 o© ) e .
= ' =l (4.1-5.2uz/Co0.%° Values of ¢ are close to zero for all
= 100 BI2-xC°xF“"2o7_ cobalt-doped samples, signifying that spin-coupling is very
>|< S ;:3;2 weak. Below 5 K, small peaks in magnetic susc_:eptibility are
= + x=05 observed forx=0.4 andx=0.5 samples, possibly due to

‘ 50 160 1g0 2(')0 550 300 s_pin-glass transition&Fig. 7, inset. The fact th_at the tr_ansi-
tions are at such low temperatures is consistent with weak
T[K] coupling of the spins. Additionally, the peak maximum in-
creases slightly fromx= 0.4 tox=0.5. And although there is
fiot a distinct susceptibility peak far=0.3, there are signifi-
ted temperature-independent termg) are subtracted from mea- cant deviations from Curie-Weiss behavior below 5 K, sig-

suredy. Insets plot low-temperature magnetic susceptibility downnif_ying that some degree of spin interaction is also present at
to 2 K. this doping level. The doped pyrochlores have the two char-

acteristics common to spin-glass systems: atomic disorder

. . L ... ...and frustrated geometry.

S Eememen i et o o o e e MaGnetzaton W) Verss ) cats colected 5

doped samples. Fig. 5 illustrates that while the former(F'g' § for .B'Z*XCOKRUZO7 display no magnetic hyste_reS|s

samples are less resistive thanBiL0O-, the latter samples at any @pmg level. The curves are not I|.near, but mstead
1scale with the paramagnetic Brillouin function, @ggH is

are more resistive. As nickel is substituted on the lattice o th d #.T at this t ¢ d field Al
Bi,Ru,0, the resistivity becomes more akin to that of a On the order kg1 at this temperature and field range. Al-

degenerate semiconductor, wherencreases only slightly

FIG. 7. Temperature-dependent inverse magnetic susceptibilit
(points and Curie-Weiss fit¢solid lineg for Bi, ,Co,Ru,0; . Fit-

with decreasing temperature. 2000 ' ! ' '
- Bi; ;Co, ,Ru,0,
C. BipCoRU,0; 3T Ik
. . . “— -- 55K
Cobalt doping has a dramatic effect on the magnetic prop- S 12001
erties of BpRu,0;. Samples of Bi_,CoRwu,0O; display £
Curie-Weiss behavior forx=0.1-0.5 in the temperature E
range 5—-300 K. Plots of Lj{— x,) Vversus temperatur@ig. GE_, 800
7) demonstrate the goodness of fit, where calculated values E
(solid lineg overlay experimental points. The effective mo- 400}
ment normalized to cobalt contefifable |) remains essen- |
tially constant across the doping series, indicating that the , , , ,
Curie moments are due solely to unpaired coladtectrons. 00 500 1000 1500 2000
Again no local moment is induced on ruthenium centers with H/T [Oe/K]

doping. Calculated moments are between 4.1 and

4.4 ug/Co, which are slightly greater than the spin-only the-  FIG. 9. Magnetizaton as a function ofH/T for
oretical value of 3.87 for Cd but consistent with previ- Bi, {Ca, ,RU,O5, with data sets collected at three different tempera-
ously reported values for high spin €o of tures.
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FIG. 10. Temperature-dependent Seebeck coefficients of FIG. 12. Temperature-dependent inverse susceptilipignts
Bi,_,CoRW,O0; . and Curie-Weiss fits(solid lineg for Bi; MnyRUL,O; and

Bi; JF&) ;RWL,O;. Fitted temperature-independent termgy)( are

thoughM vs H for undoped BiRu,O, does appear to be flat subtracted from measurgd Insets plot measured magnetic suscep-
and linear at this scale, the figure inset shows the true shagillity down to 2 K. Units for the inset arey [emu/Oe mol f.ul
of the curve. Fitting the high-field data for undoped TIK]

Bi,R he Brillouin f i ithg=2, th fo. .
12RO 1o the Brillouin function withg=2, the number o éy]troduced, the magnitude of the resistivity increases, and the

localized spin 1 moments is approximated to be 0.002 spin ; .
P bp b temperature dependence becomes more semiconductor like.

mol f.u. For B,_,CoRW,O; the magnetization increases . - . : .
with the amount of cobalt dopant as is expected. Figure go examine the possibility of spin scattering as a mechanism

plots magnetization as a function dfi/T for sample or the increased resistivity, data were also collected for

: . : : Bi1 ¢C0y sRWL,O; in an applied field of 9 T, which had no
Bi; (Cq, JRU,O;. For noninteracting localized moments, data ~, +-6~-0. . k .
collected at different temperatures should superimpose, as péaservable affect. Therefore spin scattering as a dominant

the case for plots at 25 and 55 K. However, data collected echani;m Is unli'kely i.n t.h.ese compounds, and the origin
5 K deviate significantly, reflecting the interaction present or the difference in re3|st|V|_ty trends between copper- and
between cobalt spins at this temperature. This is supporte%obaﬂt'doped samples remains unresolved.
by our susceptibility data, where possible spin-glass ordering _ _
is present bely 5 K for the more heavily doped samples. It D. Bi oF€p.1RU,07 and Biy gMn o 1RU,0;
is surprising that such a large number of magneti¢'Co  For dopants Fe and Mn, the substitution limit is 5% (
atoms are accommodated on the pyrochlore lattice without-0.1). The susceptibilities for both BjFe,;Ru,O, and
inducing magnetism on the ruthenium sublattice, and that thgj, ;Mn, ;Ru,O, (Fig. 12 obey the Curie-Weiss law within
Co’* spins are not more strongly interacting. the temperature range 5-300 K. Magnetic constants are
Seebeck coefficientéFig. 10 increase with cobalt dop- |isted in Table I. Fitted magnetic moments are 4.9/Fe
ing, once again hole-doping the pyrochlore. The slope of thend 5.1.5/Mn, in good agreement with the spin-only theo-
temperature dependence $falso becomes flatter with in- yetical value of 4.8 whenS=2. The localized manga-
creasing cobalt. The resistivity behavior of,B{CoRW,0;  nese spins are truly independent even down to low tempera-
(Fig. 12) is similar to that of Bj_xNiyRu,O; . As dopantis  tyre, illustrated in Fig. 13 where magnetization is plotted as a
function of field for Bi gMng;RW,O; . The high-field data
' ' ' ' ' ] are fit to the paramagnetic Brillouin function with set values
g=2 andJ=2, and with onlyN (number of spins per mole
allowed to vary. Assuming that all localized spins originate
from manganese, the fit value &ffor Bi; MngRU,0; is
0.10, in agreement with the nominal concentration. Resistiv-
ity and Seebeck coefficients data for Mn- and Fe-doped
samples follow similar trends as those seen for Ni and Co,
with the dopants once again increasing the magnitude of the
resistivity and hole doping the pyrochlore. At 300 K, the
] magnitude ofSis 2 uV/K for Mn (x=0.1) and—4 uV/K

o S
~
——

Bi;..Co,Ru,0; ] for Fe (x=0.1).
00 | 1 | | |
0 50 100 150 200 250 300 IV. DISCUSSION
TIK]

The pyrochlore structure can be described as two inter-
FIG. 11. Temperature-dependent resistivity of BICo,Ru,0; . penetrating networks: one of corner-sharing By®lyhedra
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FIG. 13. Experimental magnetization vs field data for 5 S0 7
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and one of corner-sharing ) tetrahedra. Our magnetic >3 0 , 5 ,
data on transition metal doped Biu,O; indicates that the 00 01 02 03 04

two networks are, surprisingly, magnetically independent. X
We successfully substituted the first-row transition metal FIG. 14. Magnetic susceptibility at 300 fop pane) and 5 K
; + + + i2+ + ; Bl
sgnes Mﬁ_ . FE7, C&", Ni*", and Cd" on the b|smuth (bottom panel as a function of dopant for copper- nickel-, and
site of BLRW,O;. Each of these dopants has unpairedgopait-doped samples.
valence-shell electrons. However, the ruthenium moments

in the pyrochlore are unaffected by Bi-site doping. This is inevaluated. Figure 15 display&as a function of dopant con-
strong contrast to results for the doped perovskitegentration for Co-, Ni-, and Cu-doped samples.xAt 0.4,
CaRy _,Ti,O3 and SpRu; _,Ti,O,. Although we find no ru-  values ofSare all positive. Thus in each series the dominant
thenium local moments, the unpaired dopant electrons diearriers cross over from electrons to holes upon doping. The
verge from localized to itinerant magnetic behavior acrossbsolute value of the Seebeck coefficié8}, is proportional

the first-row transition metal series. First, i, Bing ;RW,O0;  to In(N)-In(n) wheren is the concentration of carriers and

the substituted manganese moments are localized and esséime available density of states. ¥ is essentially constant,
tially noninteracting, even down to low temperature. Inthen copper doping results in an increased concentration of
Bi,_,CoRu,0; the cobalt moments are also localized, with carriers(n) relative to undoped BRu,O; . This interpreta-
susceptibility data fitting the Curie-Weiss law between 5 andion agrees with resistivity data, where the magnitude of
300 K. However, at low temperature the spins are no longetecreases as copper is substituted on the pyrochlore lattice.
completely isolated. In fact, spin-glass transitions are preserifonversely, Seebeck coefficients for cobalt and nickel
belov 5 K for Bi; (CayRWLO; and Bi sCoysRWL,O,. In samples increase more steeply witithan those for copper.
nickel-doped samples the unpaired nickel spins display beAt x=0.4 for these two dopants, the concentration of carriers
havior intermediate to localized and itinerant. Finally, in (n) is decreased relative to undopedBi,LO; .

copper-doped samples, there is no evidence for moment lo-

calization, and only the metallic temperature-independent ook T I
paramagnetism is enhanced with doping. These magnetic Bi, ,M,Ru,0,
trends are illustrated in Fig. 14, where the measured suscep- 15
tibility at 5 K and 300 K is plotted as a function of dopant.
For localized moments, the magnetic susceptibility at low

. . < 10
temperature increases observably as a functioq sfich as 4
in the case of cobalt. However, for itinerant moments as in >1 5
copper, xsx remains relatively flat with increasing. For 5

nickel, with atomic number intermediate to Co and Cu, the

behavior is a combination of localized and itinerant. Up to

x=0.1, ys¢ remains flat, while abovex=0.1 it increases

with x, although not as steeply as in the case of cobalt.

Across the series, thd-orbitals of the first-row transition

metal become more proximate in energy to the valance or- 0.0 01 0.)2( 0.3 0.4

bitals of oxygen. Thus copper hybridizes more strongly with

oxygen than cobalt or nickel, resulting in itinerant behavior.  FIG. 15. Seebeck coefficients as a function of dopant concen-
The transport properties of Bi,M,Ru,O; are also tration for copper-, nickel-, and cobalt-doped,Bi,O; .
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V. CONCLUSION ferromagnetic state. In CaRyOconverselyA-site substitu-
Qon does induce ferromagnetism even though it is not a di-
rect perturbation of the Ru-O latti¢t Therefore ruthenium

ferromagnetism or other localized ruthenium moment beha oxides in the pyrochlore geometry appear to be far from the

ior occur upon doping. However, in such previously reporteofe"OmagneFi_C instability observed in the perovs_kit_es, and
cases as CaRu,Ti,O; and SsRu, ,Ti,O,, the dopant was such mstab_lllty is not a broadly general characteristic of ru-
substituted on the ruthenium site. Thus those substitutiong1en|um oxide compounds.

could be expected to strong_ly perturb the Ru-O network._ In ACKNOWLEDGMENTS
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