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Cd,0s,0; crystallizes in the pyrochlore structure and undergoes a metal-insulator trarsitibpnear 226
K. We have characterized the MIT in gds,0; using x-ray diffraction, resistivity at ambient and high
pressure, specific heat, magnetization, thermopower, Hall coefficient, and thermal conductivity. Both single
crystals and polycrystalline material were examined. The MIT is accompanied by no change in crystal sym-
metry and a change in unit-cell volume of less than 0.05%. The resistivity shows little temperature dependence
above 226 K, but increases by 3 orders of magnitude as the sample is cooled to 4 K. The specific heat anomaly
resembles a mean-field transition and shows no hysteresis or latent hgas,@dorders magnetically at the
MIT. The magnetization data are consistent with antiferromagnetic order, with a small parasitic ferromagnetic
component. The Hall and Seebeck coefficients are consistent with a semiconducting gap opening at the Fermi
energy at the MIT. We have also performed electronic structure calculations &rs{0d. These calculations
indicate that CgDs,0; is metallic, with a sharp peak in the density of states at the Fermi energy. We interpret
the data in terms of a Slater transition. In this scenario, the MIT is produced by a doubling of the unit cell due
to the establishment of antiferromagnetic order. A Slater transition—unlike a Mott transition—is predicted to
be continuous, with a semiconducting energy gap opening much like a BCS gap as the material is cooled below
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. INTRODUCTION ratio U/W, whereU is the intra-atomic Coulomb repulsion

(“Hubbard U”) andW is the bandwidth. Typically, for &

~ Oxides containing second- and third-rowd(&d) transi-  oxjdesU/Ws>1, and these materials are thought to be in the
tion metals such as Mo, Ru, Re, Os, and Ir display an im+strong-coupling limit.” For simple metals, on the other

pregsive vqriety of phenomena and are a good place to searﬁand, U/W<1 and the “weak-coupling limit" applies.
for interesting new materials. Electrically, thesé/8d ma-  44/59 oxides represent an intermediate case, however, with
terials range from excellent metals such as Re@h a  y/w~1. This “intermediate-coupling regime” has been
room-temperature conductivity about the same asiaf. ) mych less studied, both experimentally and theoretically, and
to Mott-Hubbard insulators such as Bai0, (Ref. 2 and  the exploration of this parameter space along with the expec-
Y2Ru0; (Ref. 3. Magnetically, we find an equally wide tation of uncovering new phenomena is the primary motiva-
range of behavior, from local-moment antiferromagnetismyjon for studying this class of materials.
[SpYRUOs (Ref. 3] to weak ferromagnetisiiSrirO, (Ref. The synthesis and initial characterization of ,08,0;
4)] to spin-glass behaviofCo,RuO, (Ref. 5] to itinerant  \yere reported in 1974 by Sleigbt al,* but no subsequent
ferromagnetism{SrRuQ; (Ref. 6)]. Some novel collective pyplications have appeared on this compound. The physical
phenomena have also been discovered dsd materials,  properties reported in Ref. 10 are quite intriguing 080,
such as the definitely unusugnd perhap-wave super-  \as found to crystallize in the pyrochlore structure and to
conductivity in SgRuO; (Ref. 7), and the coexistence of an- yndergo a continuous, purely electronic metal-insulator tran-
tiferromagnetism and superconductivity in RGICWLOs  sjtion (MIT) near 225 K. It was also found that the MIT was
(Refs. 8 and R coincident with a magnetic transition that the authors char-
The unique properties ofd#5d materials stem from the acterized as antiferromagnetic.
properties of the d/5d electrons themselves, which are  |n this work, we present a comprehensive reinvestigation
much less localized thand3electrons and play a greater role of the basic physical properties of €ds0,, and have
in chemical bonding. Because of the increased hybridizatiomdded considerable detail to the basic picture presented in
with the coordinating & anions, 41/5d ions are typically Ref. 10. We find that the transition is, indeed, continuous,
found in low-spin(large-crystal-field configurations rather and that the lattice appears to be playing no discernable role
than the high-spin configurations typical ofi3ons. The in the transition. The magnetism is clearly more complex
larger spatial extent of@¥5d wave functions also means that than a simple Nel state and almost certainly involves the
the intra-atomic Coulomb repulsion is smaller, and therefordormation of a “strong” spin-density wavéSDW). The idea
4d/5d materials are generally less strongly correlated tharthat antiferromagnetic ordering can double the unit cell and
3d materials. In theoretical treatments of electron correlafor a half-filled band produce a metal-insulator transition
tion, a measure of the degree of correlation is given by thgoes back to Slater, who in 1951 proposed a split-band

0163-1829/2001/639)/19510412)/$20.00 63 195104-1 ©2001 The American Physical Society



D. MANDRUS et al. PHYSICAL REVIEW B 63 195104

model of antiferromagnetisitt. In this model, the exchange known. whereM5* =Nb. Ta. Re. Ru. and O<-9 Insulat-
field favors up spins on one sublattice and down spins o, behavior is found for Nb* (‘ido) 'and T4* (5d9%), as
another sublattice and for largé/W reduces to the atomic \,ouid be expected for a compound with delectrons in its

model of an antiferromagnetic insulator with a local momentt2 manifold. Metallic behavior is observed. however. when
on each site. The thermodynamics of the metal-insulato,'vlgs+ is R&* (5d2) and RE* (4d%). The pr;ysical pro’per—

transition predicted by Slater's model were worked out in aties of nearly all of these materials are interesting,NiHO
mean-field approximation by Matsubara and Yokbtand y ; % v
is a complex ferroelectric compound that undergoes a series

Des Cloizeaux® | h i l- i
by Des Cloizeaux. In both treatments a continuous meta closely spaced transitiot4.Cd,Ta,O; undergoes a struc-

insulator transition was predicted, with a semiconducting gay?c:u s
: : ral phase transition at 204 K that has yet to be fully
opening much the way a BCS gap opens in a superconductor, . . o i o 4o Cd,Rw,0; is a high-pressure phase that dis-

These results have, of course, been largely supplanted I i lained lies in it stivit dth
modern SDW theory? but it must be remembered that SDW ays as yet unexpiained anomalies In its resistivity and ther-

theory is unambiguously effective only in the weak-couplingmal expansion coefficiertf

limit. For example, at half-filling it should be possible to From the discussion above it is clear that themanifold

proceed smoothly from a weak-coupling SDW state to of d electrons is intimately involved in the electronic con-

Mott insulating state all/W is increased. Although strong- duction processes in GMl,O, compounds as would be ex-

coupling SDW theory gets some of the aspects of the Mot ected from an elementary ionic picture of these materials.
. - 3 . B .

insulating state right, it is wrong in other respects and musEecause d§ is in the 54° configuration and thé,q mani-

be regarded as an incomplete descripifon. old hoIt_ds SixX elec_trons, it is _reasonable to assume that the
One of the major failings of strong-coupling SDW theory condgpﬂon band in C?Z“DSQOT'S close 10 half-f|l[|ng. This

is that the gap is predicted to disappear above thel Men- condition, of course, is required for a Slater picture of the

perature, whereas in true Mott insulators such as CoO thMIT to be valid.

gap persists despite the loss of long-range magnetic order. In

such materials a Mott-Hubbard description is clearly correct,

but when the metal-insulator transition temperature and the

Neel temperature coincide one should give careful thought as Both single crystals and polycrystalline material were pre-
to whether a Mott-Hubbard or a Slater description is mosiared. All preparations were performed under a fume hood
appropriate. In such cases the thermodynamics of the MI'hecause of the extreme toxicity of OgOrhis oxide of os-
can provide valuable information about the underlyingmium is extremely volatile and melts at about 40 °C. Expo-
mechanism, because a Mott transition is expected to be digyre of the eyes to OsGhould be strictly avoided as per-
continuous whereas a Slater transition should benanent blindness can result. Even brief exposure to the
continuous:® Experimentally, all of the temperature-driven vapor is dangerous. According to the MSDS: “If eyes are
MIT's that have been studied in detdit.g., VO, V03  exposed to the vapor over a short period of time, night vision
F&04 NiS, NiS;_,Sg,, PrNiO;) have been found to be || pe affected for about one evening. One will notice col-
discontinuous? and this explains—at least in part—why the ored halos around lights.”
effects of magnetic ordering on the MIT have been largely Single crystals of C#s,0; were grown following a
discounteq in the_se materials compared to the effects of thethod similar to Ref. 10 by sealing appropriate quantities
Coulomb interaction. In CDs,0;, on the other hand, the of cdO, Os, and KCIQin a silica tube and heating at 800 °C
MIT is continuous and coincides with the dleemperature. for 1 week. Shiny black octahedral crystals, up to 0.7 mm on
The Slater mechanism, then, is almost certainly at work iy edge, grew on the walls of the tube. These crystals pre-
Cd,050;. sumably grew from the vapor with Og@s a transport agent.
Crystals from several growths were used in the experiments
Il. CRYSTAL CHEMISTRY reported here.
) . . Polycrystalline material was synthesized from CdO and
Cd,0s,0; belongs to a family of cubic materials known os0, powders. These materials were ground together thor-
as pyrochlore$! Pyrochlores contain two nonequivalent an- oughly, pressed into pellets, and sealed in a silica tubes to
ion positions, and so oxide pyrochlores have the general forgnich an appropriate amount of KCj@vas added to provide
mula A,B,0¢0". Pyrochlores contain eight formula units the required oxygen. The tubes were then heated at 800 °C
(88 atoms per unit cell, and belong to the space groupfor several days. Dense polycrystalline material was pro-
Fd3m. There are two types of coordination polyhedra in theduced using this method.
pyrochlore structure, and these are loosely referred to as As explained in subsequent sections, some differences
“octahedral” and “cubic” although this is not exactly cor- were noted in the behavior of the single-crystal versus the
rect because the conditions for the existence of perfect octgolycrystalline material. Because the crystals were grown
hedral and perfect cubic coordination cannot be simultafrom the vapor, it is likely that the stoichiometry of the crys-
neously satisfied. In G@s,0;, our crystallographic results tals is slightly different from that of the polycrystalline ma-
(Sec. IV indicate that the 3§ ions have nearly perfect terial. To verify this, electron microprobe measurements
octahedral coordination, whereas the’Cibns are located were performed on both types of material, and the ratio of
within scalenohedrédistorted cubes the areas under the Adline and the OM line were com-
Several compounds with the formula £4,0;, are pared. The measurements indicated that the ratio of Cd to Os

IIl. SAMPLE PREPARATION
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TABLE I. Crystal data and refineméhtesults.

180 K 250 K 295 K
a(h) 10.15984) 10.16144) 10.16514)
V(A3 1048.7 1049.2 1050.1
Measured reflections 666 1271 3589
Independent reflections 139 139 139
Reflections withl >4 (1) 113 114 113
Rint 0.048 0.049 0.050
R(F) 0.046 0.044 0.036
WR(F?) 0.224 0.305 0.305
Goodness of fiS 1.83 2.60 2.75
Reflections in refinement 139 139 139
Parameters refined 11 11 11
Extinction coefficient 0.0009) 0.00094) 0.00114)
x(0O(1)) 0.3191) 0.3192) 0.3192)
O(1) Uy, (A?) 0.0106) 0.0098) 0.0077)
0(1) Upy=U33(A?) 0.0083) 0.0115) 0.0125)
0(1) U (A?) 0.0005) 0.0028) 0.0028)
O(1) Ugg(A?) 0.0092) 0.0103) 0.0113)
CdUp1=U»p=U33=Ugq(A2?) 0.0085) 0.0091) 0.0101)
CdU,=U;3=Ux(A?) —0.0064) —0.00077) —0.00095)
OsUp3=Up=Ugz=Ug,(A?) 0.00558) 0.0051) 0.0051)
OsU;,=U;3=U,3(A?) —0.00022) —0.00013) —0.00022)
0(2) Up1=U5=Uz3=U4(A?) 0.0086) 0.0078) 0.0129)
Cd-01) (A)x6 2.571) 2.571) 2.571)
Cd-02) (A)x2 2.19974) 2.200G4) 2.20064)
Os-A1) (A)x6 1.9285) 1.9268) 1.9287)
0s-Q1)-Os (deg 137.57) 137.57) 137.57)
Refinement on F?, weighting w=1[0*(F3)+(0.0558)%+0.484] where P=0.1. U

=exg —27%a* (U ;h?+ U, k2 + Uzl 2+ 2U ohk+2U 1 h 1+ 2U k1) ]. Atom  positions: Cd 16 3,3.3,
Os 16 0,0,0, G1) 48f x,5,5, O(2) 8b 33,5 Symmetry constraints ob);;: Cd, OsU;;=Uz=Ugs,
—Up=—Upz=—Uy; O(1) Uy, Upp=Uss, Upp=Uj3=0Uz3; O@2) Up=Up=Usgs, Up=Uss
:U23:0.

was slightly higher in the crystals. Because a detailed singlesences were consistent with &rcentered cell. A combina-
crystal refinement found no deviation from stoichiometry, ittion of Patterson and difference Fourier mapping confirmed
is likely that the polycrystalline material is slightly Cd defi- the ideal pyrochlore structure type at all temperatures.
cient, especially given that pyrochlores tolerate significant The refinement results appear in Table I. The refined
A-site vacancie&” Small differences in oxygen content be- F00M-temperature lattice parameter, 10.1@54, is in good

tween the single-crystal and polycrystalline material alsg?dreement with the 10.17 A reported in Ref. 10. The cell
cannot be ruled out. edge exhibits a smooth contraction with temperature and

there is little or no change in the structural parameters upon
cooling. The refined oxygen position, 0.329 is close to
the value of 0.3125 that gives the maximum nearest-neighbor
anion separation and regular BOctahedra for the ideal py-
X-ray diffraction measurements on €0, were per- rochlore structuré® The difference between the volume of
formed using a Nonius four-circle diffractometer equippedthe unit cell at 250 and 180 K iAV/V(250K)=0.047%.
with Mo K« radiation and a nitrogen-gas-stream cryocooler.This volume change implies an average linear thermal ex-
An equant octahedral crystal, diameter 0.084 mm, wagpansion coefficient(180-250 K of a=2.24x10 8K™?
mounted on the diffractometer, and nearly a full sphere othrough the transition. This is a small but not unreasonable
reflections was collected at 295 K assuming no systematigalue, and is consistent with the relatively high value of the
absences. Two smaller data sets were collected at 250 afzkbye temperature §p~400K) estimated below from
180 K. Because the crystal is highly absorbing, the diffrac-specific-heat measurements. The lattice parameter was mea-
tion data were corrected for absorption analytically using thesured at a few other temperatures in the vicinity of the tran-
Gaussian face-indexed method. The observed systematic afition, and no anomalies were noted. The picture that

IV. CRYSTALLOGRAPHY
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perature (K) FIG. 2. Resistivity of a polycrystalline sample of £35,0,.

FIG. 1. Resistivity of two crystals of G&s,0-. Inset: the quantity(In p)/d(1/T) vs temperature for a single-crystal
and a polycrystalline sample. See text for discussion.

emerges from the crystallographic data is that of a stiff lattice
coupled only weakly to the electronic degrees of freedom. lattice. Reinforcing this notion is the fact that other metallic
4d/5d pyrochlores, such as BRu,0O,, also display resistivi-
ties that are practically independent of temperaftire.

The resistivity of a PC sample of g@ds,0; appears in

Resistance-versus-temperature measurements were péiig. 2. Qualitatively, the overall temperature dependence of
formed on both single-crystdBC) and polycrystallingPC)  the resistivity of the PC material is quite similar to that of the
samples, and all specimens showed a well-defined MIT atrystals, although the magnitude of the resistivity is of
approximately 226 K. There was no indication of thermalcourse higher in the PC materigb(295 K)=1.3 m(2 cm].
hysteresis in the resistivity of either the PC or the SC mateThe change in resistivity upon cooling @ K is smaller in
rial, consistent with the continuous nature of the MIT in thisthe PC material as well, indicating a higher concentration of
material. The measurements were performed using a lineampurities in this material. In the inset to Fig. 2 we plot the
four-probe method, 2pm Pt wire, and Epotek H20-E silver quantity d(In p)/d(1/T) for both SC and PC samples. This
epoxy. The resistivity of two crystals appears in Fig. 1. Thequantity has often been used to emphasize the anomalous
room-temperature resistivity was about 7p0 cm in both  features in the resistivity of organic conductors and one-
crystals. When cooled from 226 to 5 K, the resistivity in- dimensional1D) SDW material$® The first point to notice
creases by three orders of magnitude. This large increads that although the change in the resistivity itself is smooth,
makes it likely that the entire Fermi surface has been elimithe change in the logarithmic derivative of the resistivity is
nated. From 226 to 750 K, the resistivity shows little tem-abrupt and resembles the specific-heat anor(sde Fig. 5.
perature dependence. This behavior is in striking contrast tohis seems consistent with the continudisecond order
the nonsaturating, strongly-temperature-dependent behavioature of the phase transition. In ferromagnetic metals, for
of the resistivity observed in oxides such as the cuprates angikample, the derivative of the resistivithp/d T exhibits the
in SrRuQ,.?% Given the extremely weak temperature depen-same critical behavior as the specific h&aand something
dence observed in GOs,0,, the mean free path of the car- similar seems to be going on here. The next point to notice is
riers has evidently saturated on the order of an interatomithat the SC curve is different from the PC curve in that it
spacing. The source of the strong scattering is evidently Coudisplays an additional feature with an onset near 217 K. This
lombic and likely involves exchange interactions within the feature is robust and has been observed at the same tempera-
t,g manifolds. Hund'’s rules favor parallel spins within eachture in the six crystals we have measured. Furthermore, a
manifold; however, for a half-fullt,; manifold, the next feature at the same temperature has been observed in
electron should enter with antiparallel alignment. Thereforespecific-heat and magnetization measurements on crystals as
in analogy with double exchange, the system will tend to-described below. Although chemical inhomogeneity is a pos-
ward antiferromagnetism so as to allow the electrons to hogible explanation of the 217-K feature, a number of reasons
more easily and gain kinetic energy. However, at least fosuggest that the feature may well be intrinsic. First, the fea-
localized moments, the pyrochlore lattice is geometricallyture is reproducible in all the crystals measured. Second,
frustrated®®?* Therefore, one possible source of the strongthinning the crystal toe<50 um did not affect the magnitude
scattering lies in the frustration inherent in the pyrochloreor shape of the resistivity. Third, EDX spectra obtained at a

V. RESISTIVITY
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o ) FIG. 4. Specific heat for single-crystal and polycrystalline
FIG. 3. Activation energy vs temperature calculated for a singlecd,0s,0;.

crystal and a polycrystalline sample of £5,0,. The activation
energy was calculated by assumiag=T In(p/py) as described in
the text. A BCS gap functiofA(0)=750K] is also plotted for
comparison.

~6.6kgTc. This is considerably higher than theA2
=3.5%gT predicted from weak-coupling SDW theory, but,
interestingly, quite similar to the &/kgT values found in
number of different places on a crystal showed no differ-cuprate superconductors.

ences in the Cd/Os ratio. Fourth, the x-ray refinement
showed no evidence for chemical inhomogeneity. Fifth, in
the case of chemical inhomogeneity, one would expect the
second transition to appear as a pronounced increase in the The specific heat of SC and PC 5,0, from 2 to 300
resistivity itself(at least on a logarithmic scaleand not just K is plotted in Fig. 4. These data were obtained using a
as a feature in the derivative. Sixth, as discussed below, theommercial heat-pulse calorimeter manufactured by Quan-
magnetization data are more consistent with a homogeneotgm Design. The calorimeter is periodically tested against a
sample. Seventh, the method used to grow the crystals-sapphire standard to ensure reliable results.

vapor transport—is slow, gentle, and well-suited to produc- A plot of Cp/T vs T? indicates that the lattice contribu-
ing homogeneous samples, although the exact stoichiomettibn above about 3.5 K is not well-described by a simple
is often difficult to control. Lastly, it should be pointed out Debye model. This is not surprising because pyrochlores
that the observation of a second transition in a higher-qualityypically have several low-frequency optical phontrts
sample is not unprecedented. In the case of f=UBr ex-  that are expected to strongly influence the low-temperature
ample, more than 30 years passed before the discovery of theat capacity. If we fit the data between 1.9 and 3.5 K to the
spin-reorientation transition occurring a few degrees belowow-T approximation Cp=yT+ BT3, we find that for a
Tc.2 1t is possible that some sort of spin reorientation tran-sample consisting of about 10 single crystafs<{18 mg) we
sition is occurring in Cg0s,07 as well. have y=1.08 mJ/mol K and ©,=463K, and for a poly-

In a Slater picture of a MIT, we expect the resistivity to crystalline disk (h=49 mg) we havey=1.4 mJ/mol ¥ and
follow an expression of the form=p.e*’'? as has been ©,=354K, wherey is the Sommerfeld coefficient arfdly
found for quasi-1D SDW materiaf§.We also expect that the is Debye temperature in the linilt—0. Thesey values are
temperature dependence of a Slater insulating gap will bemuch smaller than those of relatéthetallic) pyrochlores
have in much the same way as a BCS {apIn Fig. 3we such as CsRe,0; [y=25md/molK (Ref. 30] and
plot the temperature dependence of the activation enérgy, Cd,Ru,0; [y=12 mJ/mol K (Ref. 30] and suggest that the
calculated from the experimental data usifsgr T In(p/pg). Fermi surface is fully gapped below the MIT. This is consis-
Here pq is the resistivity just above the transition. Also in tent with the activation energy analysis of the resistivity dis-
Fig. 3 we plot a BCS gap functiom\(= 750 K) for compari- cussed in the previous section.
son. As is clear from the figure, the resistivity of 0,0, is The estimated electronic contribution to the specific heat
consistent with this picture at least for temperatures close tés plotted in Fig. 5. This estimate was obtained by first
the transition. At lower temperatures the influence of extrin-assuminga Sommerfeld coefficient abovig,t and subtract-
sic conduction mechanisms becomes increasingly importaring off the assumed electronic contribution. Then a smooth
and masks the intrinsic behavior. This occurs at a highepolynomial was fitted to the data outside the region of the
temperature in the PC material as compared to the SC matanomaly as an estimate of the lattice contribution. Then the
rial, consistent with the greater impurity concentration in thelattice contribution was subtracted from the raw data. Som-
PC material. Assuming thaA~750K, we find that 2 merfeld coefficients between 0 and 30 mJ/molwere ex-

VI. SPECIFIC HEAT
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described in the text. polycrystalline CgOs,0, under zero-field-cooled conditions with
an applied field of 20 kOe. Data from Ref. 10 obtained under un-

plored, but the entropy analysis described below is relativelgpecified conditions are also plotted.
insensitive to the precise value of the assunyed y of 20
mJ/mol K was used to produce Fig. 5. This value is in thejzed 5d moments. Even if we assume that spin-orbit cou-
range of the Sommerfeld coefficients reported on the metaljing breaks the degeneracy of thg manifold making the
lic pyrochlores mentioned above and is meant to provide gons effectively spini, we still expect an entropy of
reasonable estimate of the entropy of the itinerant electronsr |n 2=11.5 J/mol K, which is again significantly higher
at temperatures above the MIT. than the observed value. It seems more reasonable to identify
~ The shape of the specific-heat anomaly resembles a meagy, . with the entropy of an itinerant electron system above
field, BCS-type transition. In single crystals there are twothe MIT. If we make this association,S(230K)
features in the specific heat analogous to the features in the 4 6 JymolK  for y=20mJ/mol® and S(230K)
d(In p)/d(1/T) plots discussed earlier. No hysteresis was ob-—g.9 J/molK for y=30mJ/mol . These numbers are
served in the specific-heat measurements; the data takgfuch closer to the observed values and support the notion
upon cooling or warming, were, within the scatter, indistin-hat the entropy associated with the MIT in £&,0; is
guishable. Given that there is no hysteresis, no latent heagimply that of the itinerant electron system abdygy . This

and a volume change of less than 0.05%, we conclude th@icture is consistent with what we expect from a Slater
the MIT in Cd,0s,0; is continuous. transition.

Let us now consider how electronic entropy is eliminated
asT—0. A system of localizedl electrons has a large elec-
tronic entropy of ordekg In N per magnetic ion, wherd is
the degeneracy of the ground state of the atatnétectrons Magnetization measurements were performed on
subject to Hund'’s rule and crystal-field interactions. In thisCd,0s,0; using a superconducting quantum-interference de-
case, entropy is typically eliminated &s-0 by a transition  vice (SQUID) magnetometer from Quantum Design. The
to a magnetically ordered state. In a system of itinerant eleaneasurements were performed by cooling the sample in zero
trons, on the other hand, the specific heat is givenQy field, turning on the magnet, and then measuring the moment
=T, and the Pauli principle ensures that the entropy vanas the sample was warméaFC) and then recoole¢FC). In
ishes asT—0. In Cd0s,0;, we can estimate the entropy Fig. 6 we plotM/H vs T (ZFC, H=20k0Og for SC and PC
associated with the MIT by integratin@, /T from 170 to  samples and for comparison we plot the magnetic suscepti-
230 K. Depending on the assumed valueyohbove Ty, bility data obtained on single crystals from Ref. 10. The SC
the answer ranges(in single crystals from Sy results are in good quantitative agreement. The magnetic re-
=5.4J/molK (y=0mJ/molK) to Syr=6.6J/molK (y  sponse of the PC material is somewhat weaker, but qualita-
=30mJ/mol¥¥) and (in polycrystals from Syt tively the agreement is good. According to Ref. 10, the data
=5.6J/molK (y=0mJ/molK) to Sy,;=6.8J/molK (y  from 226 to 750 K do not obey a Curie-Weiss law. If, as we
=30mJ/mol K¥). For an assumed of 20 mJ/mol€ we  concluded from the specific-heat analysis, the system above
haveSy;1=6.2 J/mol K(SC) and Sy,7=6.5J/mol K(PC). TwiT IS @ moderately correlated metal, we do not expect the

Localized O8*(5d®) ions are expected to have sgimand ~ magnetic response to obey a Curie-Weiss law. What we ex-
to eliminate RIn4=23.0J/mol K via a magnetic transition. pect is an exchange-enhanced Pauli paramagnetic response,
This is clearly much higher than the observed value and sugand the data are fully consistent with that.
gests that the transition does not involve ordering of local- In Figs. 7 and 8 we present ZFC and FC results obtained

VII. MAGNETIZATION
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FIG. 7. M/H vs temperature for single crystals of 0,0, §
obtained under zero-field-cooled conditions with applied fields as 4 e o

indicated. Note the additional structureTat 217 K, corresponding 200 210 220 230 240 . 200 210 220 230 240
to features in the resistivity and heat capacity.

Temperature (K) Temperature (K)
on SC samples for a number of applied fields. In Fig. 9 we FIG. 9. M/H vs temperature for polycrystalline gds,0; with
present similar data for the PC material, with the SC zZFCapplied fields as indicated. Both ZFGolid line) and FC(dashed

results included for Comparison_ The magnetic interactiongne) are Shan. The dotted line is ZFC single-crystal data included
appear to be predominantly antiferromagnetic, although 4" comparison.

parasitic ferromagnetic component is clearly present. Pararhagnetism is given by Arroftt Isothermal magnetization

sitic ferromagnetism is observed in many antiferromagnetic,,yesm (H) were reversible at all temperatures, except for
materials(including SDW materials such ag-Mn) and is a narrow interval just below the MIT.

characterized by small moments and by hysteresis with high ¢ 5 k and 1000 Oe. the ZFC net moment is

coercive forces. Parasitic ferromagnetism is produced by def 5 oru/mok 1.8x 104 g per formula unit; the corre-

fects in an antiferromagnetic background becoming “frozen'sponding FC moment is 12 times larger. The field depen-

in.” A good phenomenological account of parasitic ferro- yance of the ZFC magnetization is unusual as shown in Figs.
7 and 9. Note that the SC data obtained in magnetic fields
between 500 Oe and 10 kOe show clear evidence of a well-
60 kOe defined transition at 227 K and a broader transition near 217
K. These features correlate with similar features observed in
20 kOe the resistivity and specific heat as discussed earlier. It is in-
teresting that at higher applied fields the 217-K feature be-
M comes weaker and is not visible in the 20-kOe data shown in
- 5 kOe Fig. 6. The magnetization data provide further evidence that
3 the additional feature at 217 K in the single crystals is likely
to be intrinsic. If the SC samples were chemically inhomo-
geneous, with some portions ordering at 226 K and other
portions ordering at 217 K, then one would expect to see an
additional feature near 217 K in the FC data in Fig. 8. The
lack of a feature near 217 K in the FC data is good evidence

that the entire sample has ordered antiferromagnetically at
226 K.

100

10

1.5 kOe

M (emu/mol)

1k
b Cd,Os,0, Crystals
Field Cooled

0.1k

b ) , ) , ) . . It is difficult to imagine that C¢0s,0; is simply a local-
200 210 220 230 240 moment antiferromagnet. In the first place, magnetically or-
Temperature (K) Qered Os compounds are extreme_ly rare adtbd materials
in general tend to have low ordering temperatures. Second,
FIG. 8. Magnetization vs temperature for single crystals ofthe pyrochlore lattice is known to be geometrically
Cd,0s,0; obtained under field-cooled conditions with applied frustrated*?*and for antiferromagnetic nearest-neighbor in-
fields as indicated. teractions, no long-range order is predicted in the absence of
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FIG. 10. Seebeck coefficient vs temperature for a polycrystalline

FIG. 11. Hall coefficient vs temperature for a polycrystalline
sample of CgOs,0;. P polycry

sample of Cg0s,0; at applied fields of 30 and 80 kOe as indicated.

) . i ~_ The inset shows the behavior of the data near the transition on an
further-neighbor interaction®.In fact, antiferromagnetism is expanded scale.

quite rare in pyrochlore¥. Given all this, a Nel temperature
of 226 K is remarkably high and demands explanation. analysis of the data. Even with contributions from two types
of carrier, however, the Hall number can still give a useful
order-of-magnitude estimate of the carrier concentration. In
this spirit, we find that the room-temperature Hall number is
Thermopower, Hall, and thermal conductivity measure-ny=8x10*cm™2 and the room-temperature Hall mobility
ments were performed only on PC samples due to the diffiis uy=0.6cnfV~*s % These values are similar to other
culty of performing these measurements on extremely smalmnetallic oxides such as @, and are not wildly different
crystals. For the thermopower and thermal conductivity exfrom cuprate superconductots.
periments the sample was a dense rod, 20 mm long and 8 Interestingly, no dramatic change in the Hall coefficient
mm in diameter. The apparatus used for the thermopowesccurs until the sample is cooled to 200 K—well below
and thermal conductivity measurements has been describey,;. This is understandable if one imagines that a gap is
previously>® This apparatus has been used extensively irpening as illustrated in Fig. 3. When<kgT then thermal
thermoelectrics research and has been tested repeatedyergy ensures that both bands are equally populated and the
against silica and stainless-steel standards. The Seebeck datarier concentration hardly changes; it is only whan
were corrected for the absolute thermopower of the Cu leads» kT that the carrier concentration begins to fall and the
Hall measurements were performed in a four-probe geometrihagnitude of the Hall coefficient begins to increase. The
at 30 and 80 kOe. At each temperature, the sample was r@ehavior of the thermopower is also understandable at a phe-
tated 180° and the current reversed in order to eliminatgomenological level. As explained pedagogically by
misalignment and thermal voltages, respectively. Checkg&haikin® the thermopower is a measure of the heat carried
were made at several temperatures to ensure that the Ha the electrons and/or holes. As soon as a gap opens in the
voltage was linear in current. excitation spectrum, the thermopower of both the electrons
In Fig. 10 we plot the Seebeck coefficient of O,0;  and holes increases because the carriers are now transporting
versus temperature. Aboviyr, the thermopower is small the additional energy required to create an electron-hole pair.
and positive. As the sample is cooled, the thermopower inThe measured thermopower is a weighted average of the
creases from about 2V/K at 295 K to 6 uV/K at 230 K. electron and hole thermopowers, but if both electron and
Such small Seebeck coefficients are characteristic of metaltiole thermopowers increase in magnitude, it stands to reason
As the sample is cooled beloWy,;, the behavior of the that the weighted average is also likely to increase as the
thermopower changes drastically, first increasing+#40  cancellation between the electron and hole contributions is
nVIK near 200 K, and then changing sign and decreasing tanlikely to be exact.
—225 pVIK near 90 K. Although this behavior is compli-  The thermal conductivity of a polycrystalline sample of
cated, it is clearly consistent with a gap opening at the Fermtd,0s,0, appears in Fig. 12. Below 150 K, the thermal con-
energy and a change from metallic behavior ab®dyg- to  ductivity resembles that of an ordinary crystalline solid—
semiconducting behavior beloWy . rising from zero at low temperature, peaking near 50 K, and
The Hall coefficient of Cg0s,0; appears in Fig. 11. falling off as 17T at higher temperatures. However, near 150
Above Ty, the magnitude oRy is small as expected for a K the thermal conductivity begins rising again in an unusual
metal. The differing signs of the Hall and Seebeck coeffi-way. Although radiation losses can produce these high-
cients indicate that both electrons and holes are participatinggmperature “tails” in the thermal conductivity of low
in the electrical transport and preclude a simple one-ban¢haterials, is it unlikely that radiation losses are causing the

VIII. ELECTRICAL AND THERMAL TRANSPORT
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FIG. 13. Thermal conductivity of a polycrystalline sample of
FIG. 12. Thermal conductivity vs temperature for a polycrystal- Cd,0s,0,. The dashed line is the expected change in thermal con-
line sample of Cg0s,0;. The inset shows the behavior of the data ductivity based upon the assumption that the Wiedemann-Franz law
near the transition on an expanded scale. The lines through the datavalid and that the Lorentz number takes its nominal valuk of
are simply guides to the eye. =2.44x10"8 W Q/K2.

rise here because our apparatus has been optimized for use

on low thermal conductivity samples. For example, silicaéxcitations abové yr, but below the transition these exci-

samples roughly the same size as the sample gD§@®, tations disappear and the mean free path of the phonons in-

required no radiation correction in our apparatus even thoughreases. Elastic modulus measurements can shed some light

the thermal conductivity of silica is roughly half that of on the viability of this picture, and these measurements are

Cd,0s,0,. A more likely explanation of the data can be planned for the near future. The second possibility is that

understood from the simplest expression of the lattice therhagnetic excitations are contributing to the thermal conduc-

mal conductivity of a solid, which is given byk, tivity below Tyt . Measurements of the magnetic structure

=1C,vd, whereC, is the heat capacity per unit volume, ~ and dynamics would be useful here. Lastly, the third possi-

is an average sound velocity, addis the mean free path. bility is that the WF law is simply not obeyed in gas,0O;.

What is likely to be happening in G8s,0; is that the mean The WF law is empirical and is not perfectly obeyed in real

free path of the phonons no longer decreases above 150 Katerials, although deviations as large as observed here are

due to strong scattering, and that the rise in thermal condudiot common. Calculations by Schultz and Afféshow that

tivity simply reflects the heat capacity, which is still increas- as the scattering mechanism changes the Lorentz number can

ing due to the relatively high Debye temperature of this mavary between O(pure Coulomb scatteringand L, (pure

terial. electron-phonon scatteringThe Lorentz number we infer
The MIT is reflected in the thermal conductivity as shownfrom the analysis above is~0.2L,. Further study is re-

in the inset to Fig. 12. The effect is remarkably small con-quired to resolve these matters.

sidering the large changes in the electronic structure that are

occurring at the transition. To quantify things, we plot in Fig. IX. PRESSURE DEPENDENCE
13 the change in thermal conductivity we would expect if the '
electronic portion of the thermal conductiviky, were given In the case of the Mott-Hubbard transition, the pressure

by the Wiedemann-FranaVF) law. The WF law states that dependence has helped to understand the underlying physics.
the ratio betweemn, and o is given bykq/oc=TLy, where  To study further the nature of the phase transition in
Lo=2.44x10 8 W /K2 To produce Fig. 13 we used the Cd,0s,0,, we have measured the temperature dependence of
WF law to estimate the electronic contribution to the thermalthe resistivity of a single crystal under hydrostatic pressures
conductivity aboveTy,r and then used the WF law and the up to 20 kbar. The pressure cell was a self-clamping piston-
measured resistivity to predict the change in thermal conduceylinder cell using kerosene as pressure medium. An InSb
tivity we would expect if the WF law were obeyed in pressure sensor was mounted next to the sample, and pres-
Cd,0s,0;. As is clear from the figure, the predicted changesure was monitored during cooling. The typical pressure
is much greater than the measured change. There are thrdeop was 1 to 2 kbar during cool-down.

possible reasons for this discrepancy, and all are interesting. In Fig. 14 we show the temperature dependence of the
The first is that the lattice contribution to the thermal con-resistivity at ambient pressure and at 20 kbar. The two curves
ductivity «, increases as the sample is cooled belgyy .  Vvirtually lie on top of one other, except between about 150 K
This possibility is consistent with the overall behavior of theand the MIT transition region. The two transitions shift to
thermal conductivity discussed above. In this scenario théower temperatures at the same rate of abe(t4 K/kbar.
phonons are strongly scattered by some sort of electroni¢his is 20 times smaller than the pressure-induced shift of
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FIG. 14. R-vs-T curves of a CgOs,0; single crystal at ambient
pressure and at 20 kbar. The inset shows the two phase-transitior

temperatures as a function of pressure. -1.0
the Mott transition in pure ¥0;.3” We have also measured /r’
the pressure dependence of the room-temperature resistivity ™
which is small,—0.18%/kbar(not shown.
These features suggest a rigid lattice to which electrons w L A I' A XZWK

FIG. 16. Enlargement of the band structure of Fig. 15 near the
Fermi energy.

5.0

F

50 1]

couple only weakly. In the case of,@;, the strong pressure
dependence of the MIT is due to about 1% volume change at

pansion in the unit-cell volume was detected at the transition

] \ the transition. In our material no change beyond thermal ex-
20 temperature; thus the much weaker pressure dependence is
’ natural. Since the Slater transition is not critically sensitive
14 E to bandwidth as opposed to the Mott transition, this result is
é\ e not surprising. In YO, pressure also changes the activation
0 >EF energy in the insulating state, since for a narrow band the
S T ~] bandwidth increases exponentially with pressure, and the
) -1.0 \ Mott-Hubbard gap decreases linearly with the bandwidth,
) T A=U—-W. Performing the same analysis as described in the
= 2.0 - revious section, we did not find any change in the gap.
% ] :\\ p y g gap

X. ELECTRONIC STRUCTURE

The full-potential linearized augmented plane-wave
(LAPW) method in thewiEN97 code€® was used for the elec-
tronic structure calculations. In this method the unit cell is
partitioned into sphere@vith a muffin-tin radiusky,t) cen-
tered on the atomic positions. This method is an application
of density-functional theory in which the Kohn-Sham equa-
tions are solved in a basis of linearized augmented plane
waves with local orbital extensions. For the exchange and
correlation potential the generalized-gradient approximation
(GGA) of Perdew-Burke-Ernzerhof was us€dThe core
O;. electrons are treated relativistically, whereas the valence

FIG. 15. Band structure of the pyrochlore

2
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for Cd,0s,0,. The projections are on a per-atom basis, while the
total DOS is per unit cell. The primitive cell used in the calculations FIG. 18. Total DOS of CgDs,0O; nearEg.

contains two formula unitsi@) Total DOS of CdOs,0;; (b) pro-
jection of Os(solid line) and Q1) (dotted ling; (c) projection of Cd
(solid line) and Q2) (dotted ling. ization between the two is evident. Finally, Fig.(&6dis-

plays the partial DOS of the Cd and@). Hybridization here
is also present, and these states have a preseriee.af\

electrons are treated with a scalar nonrelativistic proceduréimilar effect was noticed in another pyrochlore material,
The space group for this cubic pyrochlore compound,T2Mn;O;, where the hybridization not only between Mn and
Fd3m, is face-centered and it requires four inequivalent®"S of the O was found, but also between Tl and the other
atoms—Cd, Os, @), and G2). The calculation we report 0. In_ TI,Mn,0-, the hybridized TI-O states needed to be.
here is non-spin-polarizetnot magnetically ordergdand taken into account in order to reproduce the correct magnetic
the structural parameters from Table | are used. For thgoment of TiMn,O,. Similarly, these results suggest that
Cd the states up tostare taken as core states, for Os theybridization between Os<{®) and Cd-Q2) may be impor-
core states are up top5 and for the O § is taken to be the tant in understanding the magnetism in this compound.

core state. The plane-wave cutoff i;1K,.,=7.0 and we

used 56k points in the irreducible wedge of the Brillouin Xl. CONCLUSION

Zone. ) N In this work we have characterized the metal-insulator
The band structure of GO0, is presented in Figs. 15 yansition in CgOs,0; using a variety of experimental tech-
and 16. A flat band around ttiépoint crosse& ; therefore, g5 and have argued that a coherent picture of the transi-
the non-spin-polarized calculation predicts that this materiafio, emerges if the data are interpreted in terms of a Slater
is a metal. This is, of course, precisely what we expect abovgansition. Although the possibility of a Slater transition has
Twir in a Slater scenario. The states near the Fermi energyccasionally been mentioned in the study of metal-insulator

have mainly OS,4 character, but. there is 5|gn|f|cant ®2 transitions (e.g., \,Os under pressufé®), Cd,0s0; ap-
character as well. The unoccupied @p band is located pears to be the first well-documented example of a pure
roughly 0.8 eV above the,, band. We also performed  gjater transition and therefore merits further study. Particu-
a similar calculation with the addition of spin-orbit |51y needed are theoretical studies in the intermediate-
coupling. We find that the band structure in this case is thecoupling regime U/W=~1). This is the regime that charac-
same as in Fig. 15, but the bands shift upwards slightly byerizes many d/5d materials and promises to yield many

0.08 eV. ) . . intriguing discoveries in the years ahead.
Now we examine the corresponding density of states

(DOS). The total electronic DOS is presented in Figs(al7
and 18. A sharp peak at the Fermi energy readiésg)
=25.4 states/eV and implies a Sommerfeld coefficignt We thank J. He for assistance with the Hall measurements
=29.9mJ/mol K. Interestingly, this value is in good agree- and S. E. Nagler, J. O. Sofo, S. A. Trugman, G. Murthy, and
ment with the estimates made in Sec. VI. Figuréblpre- J. Zaanen for helpful conversations. Oak Ridge National
sents the partial DOS of the Os and1® The Os-@1) dis-  Laboratory is managed by UT-Battelle, LLC, for the U.S.
tance of 1.93 A is small enough to allow significant mixing Department of Energy under Contract No. DE-ACO05-
of the Ost,4 and O 2 states. From Fig. XB) the hybrid- 000R22725.
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