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Continuous metal-insulator transition in the pyrochlore Cd2Os2O7
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Cd2Os2O7 crystallizes in the pyrochlore structure and undergoes a metal-insulator transition~MIT ! near 226
K. We have characterized the MIT in Cd2Os2O7 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 heat. Cd2Os2O7 orders 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 on Cd2Os2O7. These calculations
indicate that Cd2Os2O7 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
TMIT .

DOI: 10.1103/PhysRevB.63.195104 PACS number~s!: 71.30.1h, 72.80.Ga, 75.40.2s
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I. INTRODUCTION

Oxides containing second- and third-row (4d/5d) transi-
tion metals such as Mo, Ru, Re, Os, and Ir display an
pressive variety of phenomena and are a good place to se
for interesting new materials. Electrically, these 4d/5d ma-
terials range from excellent metals such as ReO3 with a
room-temperature conductivity about the same as Cu~Ref. 1!
to Mott-Hubbard insulators such as Ca2RuO4 ~Ref. 2! and
Y2Ru2O7 ~Ref. 3!. Magnetically, we find an equally wide
range of behavior, from local-moment antiferromagneti
@Sr2YRuO6 ~Ref. 3!# to weak ferromagnetism@Sr2IrO4 ~Ref.
4!# to spin-glass behavior@Co2RuO4 ~Ref. 5!# to itinerant
ferromagnetism@SrRuO3 ~Ref. 6!#. Some novel collective
phenomena have also been discovered in 4d/5d materials,
such as the definitely unusual~and perhapsp-wave! super-
conductivity in Sr2RuO4 ~Ref. 7!, and the coexistence of an
tiferromagnetism and superconductivity in RuSr2GdCu2O8

~Refs. 8 and 9!.
The unique properties of 4d/5d materials stem from the

properties of the 4d/5d electrons themselves, which a
much less localized than 3d electrons and play a greater ro
in chemical bonding. Because of the increased hybridiza
with the coordinating O22 anions, 4d/5d ions are typically
found in low-spin~large-crystal-field! configurations rather
than the high-spin configurations typical of 3d ions. The
larger spatial extent of 4d/5d wave functions also means th
the intra-atomic Coulomb repulsion is smaller, and theref
4d/5d materials are generally less strongly correlated th
3d materials. In theoretical treatments of electron corre
tion, a measure of the degree of correlation is given by
0163-1829/2001/63~19!/195104~12!/$20.00 63 1951
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ratio U/W, whereU is the intra-atomic Coulomb repulsio
~‘‘Hubbard U’’ ! and W is the bandwidth. Typically, for 3d
oxidesU/W@1, and these materials are thought to be in
‘‘strong-coupling limit.’’ For simple metals, on the othe
hand, U/W!1 and the ‘‘weak-coupling limit’’ applies.
4d/5d oxides represent an intermediate case, however, w
U/W'1. This ‘‘intermediate-coupling regime’’ has bee
much less studied, both experimentally and theoretically,
the exploration of this parameter space along with the exp
tation of uncovering new phenomena is the primary moti
tion for studying this class of materials.

The synthesis and initial characterization of Cd2Os2O7

were reported in 1974 by Sleightet al.,10 but no subsequen
publications have appeared on this compound. The phys
properties reported in Ref. 10 are quite intriguing: Cd2Os2O7

was found to crystallize in the pyrochlore structure and
undergo a continuous, purely electronic metal-insulator tr
sition ~MIT ! near 225 K. It was also found that the MIT wa
coincident with a magnetic transition that the authors ch
acterized as antiferromagnetic.

In this work, we present a comprehensive reinvestigat
of the basic physical properties of Cd2Os2O7, and have
added considerable detail to the basic picture presente
Ref. 10. We find that the transition is, indeed, continuo
and that the lattice appears to be playing no discernable
in the transition. The magnetism is clearly more comp
than a simple Ne´el state and almost certainly involves th
formation of a ‘‘strong’’ spin-density wave~SDW!. The idea
that antiferromagnetic ordering can double the unit cell a
for a half-filled band produce a metal-insulator transiti
goes back to Slater, who in 1951 proposed a split-ba
©2001 The American Physical Society04-1
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model of antiferromagnetism.11 In this model, the exchang
field favors up spins on one sublattice and down spins
another sublattice and for largeU/W reduces to the atomic
model of an antiferromagnetic insulator with a local mome
on each site. The thermodynamics of the metal-insula
transition predicted by Slater’s model were worked out in
mean-field approximation by Matsubara and Yokota12 and
by Des Cloizeaux.13 In both treatments a continuous meta
insulator transition was predicted, with a semiconducting g
opening much the way a BCS gap opens in a supercondu

These results have, of course, been largely supplante
modern SDW theory,14 but it must be remembered that SDW
theory is unambiguously effective only in the weak-coupli
limit. For example, at half-filling it should be possible
proceed smoothly from a weak-coupling SDW state to
Mott insulating state asU/W is increased. Although strong
coupling SDW theory gets some of the aspects of the M
insulating state right, it is wrong in other respects and m
be regarded as an incomplete description.14

One of the major failings of strong-coupling SDW theo
is that the gap is predicted to disappear above the Ne´el tem-
perature, whereas in true Mott insulators such as CoO
gap persists despite the loss of long-range magnetic orde
such materials a Mott-Hubbard description is clearly corre
but when the metal-insulator transition temperature and
Néel temperature coincide one should give careful though
to whether a Mott-Hubbard or a Slater description is m
appropriate. In such cases the thermodynamics of the M
can provide valuable information about the underlyi
mechanism, because a Mott transition is expected to be
continuous whereas a Slater transition should
continuous.15 Experimentally, all of the temperature-drive
MIT’s that have been studied in detail~e.g., VO2, V2O3,
Fe3O4, NiS, NiS22xSex , PrNiO3! have been found to be
discontinuous,16 and this explains—at least in part—why th
effects of magnetic ordering on the MIT have been larg
discounted in these materials compared to the effects of
Coulomb interaction. In Cd2Os2O7, on the other hand, the
MIT is continuous and coincides with the Ne´el temperature.
The Slater mechanism, then, is almost certainly at work
Cd2Os2O7.

II. CRYSTAL CHEMISTRY

Cd2Os2O7 belongs to a family of cubic materials know
as pyrochlores.17 Pyrochlores contain two nonequivalent a
ion positions, and so oxide pyrochlores have the general
mula A2B2O6O8. Pyrochlores contain eight formula uni
~88 atoms! per unit cell, and belong to the space gro
Fd3̄m. There are two types of coordination polyhedra in t
pyrochlore structure, and these are loosely referred to
‘‘octahedral’’ and ‘‘cubic’’ although this is not exactly cor
rect because the conditions for the existence of perfect o
hedral and perfect cubic coordination cannot be simu
neously satisfied. In Cd2Os2O7, our crystallographic results
~Sec. IV! indicate that the Os51 ions have nearly perfec
octahedral coordination, whereas the Cd21 ions are located
within scalenohedra~distorted cubes!.

Several compounds with the formula Cd2M2O7 are
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known, whereM515Nb, Ta, Re, Ru, and Os.17–19 Insulat-
ing behavior is found for Nb51 (4d0) and Ta51 (5d0), as
would be expected for a compound with nod electrons in its
t2g manifold. Metallic behavior is observed, however, wh
M51 is Re51 (5d2) and Ru51 (4d3). The physical proper-
ties of nearly all of these materials are interesting. Cd2Nb2O7
is a complex ferroelectric compound that undergoes a se
of closely spaced transitions.17 Cd2Ta2O7 undergoes a struc
tural phase transition at 204 K that has yet to be fu
characterized.20 Cd2Ru2O7 is a high-pressure phase that di
plays as yet unexplained anomalies in its resistivity and th
mal expansion coefficient.19

From the discussion above it is clear that thet2g manifold
of d electrons is intimately involved in the electronic co
duction processes in Cd2M2O7 compounds as would be ex
pected from an elementary ionic picture of these materi
Because Os51 is in the 5d3 configuration and thet2g mani-
fold holds six electrons, it is reasonable to assume that
conduction band in Cd2Os2O7 is close to half-filling. This
condition, of course, is required for a Slater picture of t
MIT to be valid.

III. SAMPLE PREPARATION

Both single crystals and polycrystalline material were p
pared. All preparations were performed under a fume ho
because of the extreme toxicity of OsO4. This oxide of os-
mium is extremely volatile and melts at about 40 °C. Exp
sure of the eyes to OsO4 should be strictly avoided as pe
manent blindness can result. Even brief exposure to
vapor is dangerous. According to the MSDS: ‘‘If eyes a
exposed to the vapor over a short period of time, night vis
will be affected for about one evening. One will notice co
ored halos around lights.’’

Single crystals of Cd2Os2O7 were grown following a
method similar to Ref. 10 by sealing appropriate quantit
of CdO, Os, and KClO3 in a silica tube and heating at 800 °
for 1 week. Shiny black octahedral crystals, up to 0.7 mm
an edge, grew on the walls of the tube. These crystals
sumably grew from the vapor with OsO4 as a transport agent
Crystals from several growths were used in the experime
reported here.

Polycrystalline material was synthesized from CdO a
OsO2 powders. These materials were ground together th
oughly, pressed into pellets, and sealed in a silica tube
which an appropriate amount of KClO3 was added to provide
the required oxygen. The tubes were then heated at 80
for several days. Dense polycrystalline material was p
duced using this method.

As explained in subsequent sections, some differen
were noted in the behavior of the single-crystal versus
polycrystalline material. Because the crystals were gro
from the vapor, it is likely that the stoichiometry of the cry
tals is slightly different from that of the polycrystalline ma
terial. To verify this, electron microprobe measureme
were performed on both types of material, and the ratio
the areas under the CdL line and the OsM line were com-
pared. The measurements indicated that the ratio of Cd to
4-2
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TABLE I. Crystal data and refinementa results.

180 K 250 K 295 K

a ~Å! 10.1598~4! 10.1614~4! 10.1651~4!

V (Å 3) 1048.7 1049.2 1050.1
Measured reflections 666 1271 3589
Independent reflections 139 139 139
Reflections withI .4s(I ) 113 114 113
Rint 0.048 0.049 0.050
R(F) 0.046 0.044 0.036
wR(F2) 0.224 0.305 0.305
Goodness of fitS 1.83 2.60 2.75
Reflections in refinement 139 139 139
Parameters refined 11 11 11
Extinction coefficient 0.0009~3! 0.0009~4! 0.0011~4!

x„O(1)… 0.319~1! 0.319~2! 0.319~2!

O~1! U11 (Å 2) 0.010~6! 0.009~8! 0.007~7!

O~1! U225U33 (Å 2) 0.008~3! 0.011~5! 0.012~5!

O~1! U23 (Å 2) 0.000~5! 0.002~8! 0.002~8!

O~1! Ueq(Å 2) 0.009~2! 0.010~3! 0.011~3!

Cd U115U225U335Ueq(Å 2) 0.008~5! 0.009~1! 0.010~1!

Cd U125U135U23 (Å 2) 20.006~4! 20.0007~7! 20.0009~5!

Os U115U225U335Ueq(Å 2) 0.0055~8! 0.005~1! 0.005~1!

Os U125U135U23 (Å 2) 20.0002~2! 20.0001~3! 20.0002~2!

O~2! U115U225U335Ueq(Å 2) 0.008~6! 0.007~8! 0.012~9!

Cd-O~1! (Å) 36 2.57~1! 2.57~1! 2.57~1!

Cd-O~2! (Å) 32 2.1997~4! 2.2000~4! 2.2006~4!

Os-O~1! (Å) 36 1.926~5! 1.926~8! 1.928~7!

Os-O~1!-Os ~deg! 137.5~7! 137.5~7! 137.5~7!

aRefinement on F2, weighting w51/@s2(F0
2)1(0.0558P)210.4843P# where P50.1. Ui j

5exp@22p2a*2(U11h
21U22k

21U33l
212U12hk12U13hl12U23kl)#. Atom positions: Cd 16d 1

2,
1
2,

1
2,

Os 16c 0,0,0, O~1! 48f x, 1
8 , 1

8 , O~2! 8b 3
8,

3
8,

3
8. Symmetry constraints onUi j : Cd, Os U115U225U33,

2U1252U1352U23; O~1! U11,U225U33, U125U1350,U23; O~2! U115U225U33, U125U13

5U2350.
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was slightly higher in the crystals. Because a detailed sin
crystal refinement found no deviation from stoichiometry
is likely that the polycrystalline material is slightly Cd defi
cient, especially given that pyrochlores tolerate signific
A-site vacancies.17 Small differences in oxygen content b
tween the single-crystal and polycrystalline material a
cannot be ruled out.

IV. CRYSTALLOGRAPHY

X-ray diffraction measurements on Cd2Os2O7 were per-
formed using a Nonius four-circle diffractometer equipp
with Mo Ka radiation and a nitrogen-gas-stream cryocoo
An equant octahedral crystal, diameter 0.084 mm, w
mounted on the diffractometer, and nearly a full sphere
reflections was collected at 295 K assuming no system
absences. Two smaller data sets were collected at 250
180 K. Because the crystal is highly absorbing, the diffr
tion data were corrected for absorption analytically using
Gaussian face-indexed method. The observed systemati
19510
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sences were consistent with anF-centered cell. A combina-
tion of Patterson and difference Fourier mapping confirm
the ideal pyrochlore structure type at all temperatures.

The refinement results appear in Table I. The refin
room-temperature lattice parameter, 10.1651~4! Å, is in good
agreement with the 10.17 Å reported in Ref. 10. The c
edge exhibits a smooth contraction with temperature
there is little or no change in the structural parameters u
cooling. The refined oxygen position, 0.319~2!, is close to
the value of 0.3125 that gives the maximum nearest-neigh
anion separation and regular BO6 octahedra for the ideal py
rochlore structure.21 The difference between the volume o
the unit cell at 250 and 180 K isDV/V(250 K)50.047%.
This volume change implies an average linear thermal
pansion coefficient~180–250 K! of a52.2431026 K21

through the transition. This is a small but not unreasona
value, and is consistent with the relatively high value of t
Debye temperature (UD'400 K) estimated below from
specific-heat measurements. The lattice parameter was
sured at a few other temperatures in the vicinity of the tr
sition, and no anomalies were noted. The picture t
4-3
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D. MANDRUS et al. PHYSICAL REVIEW B 63 195104
emerges from the crystallographic data is that of a stiff latt
coupled only weakly to the electronic degrees of freedom

V. RESISTIVITY

Resistance-versus-temperature measurements were
formed on both single-crystal~SC! and polycrystalline~PC!
samples, and all specimens showed a well-defined MIT
approximately 226 K. There was no indication of therm
hysteresis in the resistivity of either the PC or the SC ma
rial, consistent with the continuous nature of the MIT in th
material. The measurements were performed using a lin
four-probe method, 25-mm Pt wire, and Epotek H20-E silve
epoxy. The resistivity of two crystals appears in Fig. 1. T
room-temperature resistivity was about 750mV cm in both
crystals. When cooled from 226 to 5 K, the resistivity i
creases by three orders of magnitude. This large incre
makes it likely that the entire Fermi surface has been eli
nated. From 226 to 750 K, the resistivity shows little te
perature dependence. This behavior is in striking contras
the nonsaturating, strongly-temperature-dependent beha
of the resistivity observed in oxides such as the cuprates
in SrRuO3.

22 Given the extremely weak temperature depe
dence observed in Cd2Os2O7, the mean free path of the ca
riers has evidently saturated on the order of an interato
spacing. The source of the strong scattering is evidently C
lombic and likely involves exchange interactions within t
t2g manifolds. Hund’s rules favor parallel spins within ea
manifold; however, for a half-fullt2g manifold, the next
electron should enter with antiparallel alignment. Therefo
in analogy with double exchange, the system will tend
ward antiferromagnetism so as to allow the electrons to
more easily and gain kinetic energy. However, at least
localized moments, the pyrochlore lattice is geometrica
frustrated.23,24 Therefore, one possible source of the stro
scattering lies in the frustration inherent in the pyrochlo

FIG. 1. Resistivity of two crystals of Cd2Os2O7.
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lattice. Reinforcing this notion is the fact that other metal
4d/5d pyrochlores, such as Bi2Ru2O7, also display resistivi-
ties that are practically independent of temperature.25

The resistivity of a PC sample of Cd2Os2O7 appears in
Fig. 2. Qualitatively, the overall temperature dependence
the resistivity of the PC material is quite similar to that of t
crystals, although the magnitude of the resistivity is
course higher in the PC material@r(295 K)51.3 mV cm#.
The change in resistivity upon cooling to 4 K is smaller in
the PC material as well, indicating a higher concentration
impurities in this material. In the inset to Fig. 2 we plot th
quantity d(ln r)/d(1/T) for both SC and PC samples. Th
quantity has often been used to emphasize the anoma
features in the resistivity of organic conductors and o
dimensional~1D! SDW materials.26 The first point to notice
is that although the change in the resistivity itself is smoo
the change in the logarithmic derivative of the resistivity
abrupt and resembles the specific-heat anomaly~see Fig. 5!.
This seems consistent with the continuous~second order!
nature of the phase transition. In ferromagnetic metals,
example, the derivative of the resistivitydr/dT exhibits the
same critical behavior as the specific heat,27 and something
similar seems to be going on here. The next point to notic
that the SC curve is different from the PC curve in that
displays an additional feature with an onset near 217 K. T
feature is robust and has been observed at the same tem
ture in the six crystals we have measured. Furthermor
feature at the same temperature has been observe
specific-heat and magnetization measurements on crysta
described below. Although chemical inhomogeneity is a p
sible explanation of the 217-K feature, a number of reas
suggest that the feature may well be intrinsic. First, the f
ture is reproducible in all the crystals measured. Seco
thinning the crystal to,50 mm did not affect the magnitude
or shape of the resistivity. Third, EDX spectra obtained a

FIG. 2. Resistivity of a polycrystalline sample of Cd2Os2O7.
Inset: the quantityd(ln r)/d(1/T) vs temperature for a single-crysta
and a polycrystalline sample. See text for discussion.
4-4
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CONTINUOUS METAL-INSULATOR TRANSITION IN . . . PHYSICAL REVIEW B63 195104
number of different places on a crystal showed no diff
ences in the Cd/Os ratio. Fourth, the x-ray refinem
showed no evidence for chemical inhomogeneity. Fifth,
the case of chemical inhomogeneity, one would expect
second transition to appear as a pronounced increase in
resistivity itself~at least on a logarithmic scale!, and not just
as a feature in the derivative. Sixth, as discussed below,
magnetization data are more consistent with a homogen
sample. Seventh, the method used to grow the crysta
vapor transport—is slow, gentle, and well-suited to prod
ing homogeneous samples, although the exact stoichiom
is often difficult to control. Lastly, it should be pointed o
that the observation of a second transition in a higher-qua
sample is not unprecedented. In the case of EuB6, for ex-
ample, more than 30 years passed before the discovery o
spin-reorientation transition occurring a few degrees be
TC .28 It is possible that some sort of spin reorientation tra
sition is occurring in Cd2Os2O7 as well.

In a Slater picture of a MIT, we expect the resistivity
follow an expression of the formr5r0e(D/T) as has been
found for quasi-1D SDW materials.26 We also expect that the
temperature dependence of a Slater insulating gap will
have in much the same way as a BCS gap.12,13 In Fig. 3 we
plot the temperature dependence of the activation energyD,
calculated from the experimental data usingD5T ln(r/r0).
Here r0 is the resistivity just above the transition. Also
Fig. 3 we plot a BCS gap function (D5750 K) for compari-
son. As is clear from the figure, the resistivity of Cd2Os2O7 is
consistent with this picture at least for temperatures clos
the transition. At lower temperatures the influence of extr
sic conduction mechanisms becomes increasingly impor
and masks the intrinsic behavior. This occurs at a hig
temperature in the PC material as compared to the SC m
rial, consistent with the greater impurity concentration in t
PC material. Assuming thatD'750 K, we find that 2D

FIG. 3. Activation energy vs temperature calculated for a sing
crystal and a polycrystalline sample of Cd2Os2O7. The activation
energy was calculated by assumingD5T ln(r/r0) as described in
the text. A BCS gap function@D(0)5750 K# is also plotted for
comparison.
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'6.6kBTC . This is considerably higher than the 2D
53.5kBTC predicted from weak-coupling SDW theory, bu
interestingly, quite similar to the 2D/kBTC values found in
cuprate superconductors.

VI. SPECIFIC HEAT

The specific heat of SC and PC Cd2Os2O7 from 2 to 300
K is plotted in Fig. 4. These data were obtained using
commercial heat-pulse calorimeter manufactured by Qu
tum Design. The calorimeter is periodically tested agains
sapphire standard to ensure reliable results.

A plot of CP /T vs T2 indicates that the lattice contribu
tion above about 3.5 K is not well-described by a simp
Debye model. This is not surprising because pyrochlo
typically have several low-frequency optical phonons17,29

that are expected to strongly influence the low-tempera
heat capacity. If we fit the data between 1.9 and 3.5 K to
low-T approximation CP5gT1bT3, we find that for a
sample consisting of about 10 single crystals (m518 mg) we
have g51.08 mJ/mol K2 and UD5463 K, and for a poly-
crystalline disk (m549 mg) we haveg51.4 mJ/mol K2 and
UD5354 K, whereg is the Sommerfeld coefficient andUD
is Debye temperature in the limitT→0. Theseg values are
much smaller than those of related~metallic! pyrochlores
such as Cd2Re2O7 @g525 mJ/mol K2 ~Ref. 30!# and
Cd2Ru2O7 @g512 mJ/mol K2 ~Ref. 30!# and suggest that the
Fermi surface is fully gapped below the MIT. This is cons
tent with the activation energy analysis of the resistivity d
cussed in the previous section.

The estimated electronic contribution to the specific h
is plotted in Fig. 5. This estimate was obtained by fi
assuminga Sommerfeld coefficient aboveTMIT and subtract-
ing off the assumed electronic contribution. Then a smo
polynomial was fitted to the data outside the region of
anomaly as an estimate of the lattice contribution. Then
lattice contribution was subtracted from the raw data. So
merfeld coefficients between 0 and 30 mJ/mol K2 were ex-

-
FIG. 4. Specific heat for single-crystal and polycrystalli

Cd2Os2O7.
4-5
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D. MANDRUS et al. PHYSICAL REVIEW B 63 195104
plored, but the entropy analysis described below is relativ
insensitive to the precise value of the assumedg. A g of 20
mJ/mol K2 was used to produce Fig. 5. This value is in t
range of the Sommerfeld coefficients reported on the me
lic pyrochlores mentioned above and is meant to provid
reasonable estimate of the entropy of the itinerant electr
at temperatures above the MIT.

The shape of the specific-heat anomaly resembles a m
field, BCS-type transition. In single crystals there are t
features in the specific heat analogous to the features in
d(ln r)/d(1/T) plots discussed earlier. No hysteresis was
served in the specific-heat measurements; the data t
upon cooling or warming, were, within the scatter, indist
guishable. Given that there is no hysteresis, no latent h
and a volume change of less than 0.05%, we conclude
the MIT in Cd2Os2O7 is continuous.

Let us now consider how electronic entropy is eliminat
asT→0. A system of localizedd electrons has a large elec
tronic entropy of orderkB ln N per magnetic ion, whereN is
the degeneracy of the ground state of the atomicd electrons
subject to Hund’s rule and crystal-field interactions. In th
case, entropy is typically eliminated asT→0 by a transition
to a magnetically ordered state. In a system of itinerant e
trons, on the other hand, the specific heat is given byC
5gT, and the Pauli principle ensures that the entropy v
ishes asT→0. In Cd2Os2O7, we can estimate the entrop
associated with the MIT by integratingCel /T from 170 to
230 K. Depending on the assumed value ofg aboveTMIT ,
the answer ranges~in single crystals! from SMIT
55.4 J/mol K (g50 mJ/mol K2) to SMIT56.6 J/mol K (g
530 mJ/mol K2) and ~in polycrystals! from SMIT
55.6 J/mol K (g50 mJ/mol K2) to SMIT56.8 J/mol K (g
530 mJ/mol K2). For an assumedg of 20 mJ/mol K2 we
haveSMIT56.2 J/mol K~SC! andSMIT56.5 J/mol K~PC!.

Localized Os51(5d3) ions are expected to have spin3
2 and

to eliminate 2R ln 4523.0 J/mol K via a magnetic transition
This is clearly much higher than the observed value and s
gests that the transition does not involve ordering of loc

FIG. 5. The electronic portion of the specific heat obtained
described in the text.
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ized 5d moments. Even if we assume that spin-orbit co
pling breaks the degeneracy of thet2g manifold making the
ions effectively spin 1

2, we still expect an entropy o
2R ln 2511.5 J/mol K, which is again significantly highe
than the observed value. It seems more reasonable to ide
SMIT with the entropy of an itinerant electron system abo
the MIT. If we make this association,S(230 K)
54.6 J/mol K for g520 mJ/mol K2 and S(230 K)
56.9 J/mol K for g530 mJ/mol K2. These numbers are
much closer to the observed values and support the no
that the entropy associated with the MIT in Cd2Os2O7 is
simply that of the itinerant electron system aboveTMIT . This
picture is consistent with what we expect from a Sla
transition.

VII. MAGNETIZATION

Magnetization measurements were performed
Cd2Os2O7 using a superconducting quantum-interference
vice ~SQUID! magnetometer from Quantum Design. Th
measurements were performed by cooling the sample in
field, turning on the magnet, and then measuring the mom
as the sample was warmed~ZFC! and then recooled~FC!. In
Fig. 6 we plotM /H vs T ~ZFC, H520 kOe! for SC and PC
samples and for comparison we plot the magnetic susce
bility data obtained on single crystals from Ref. 10. The S
results are in good quantitative agreement. The magnetic
sponse of the PC material is somewhat weaker, but qua
tively the agreement is good. According to Ref. 10, the d
from 226 to 750 K do not obey a Curie-Weiss law. If, as w
concluded from the specific-heat analysis, the system ab
TMIT is a moderately correlated metal, we do not expect
magnetic response to obey a Curie-Weiss law. What we
pect is an exchange-enhanced Pauli paramagnetic resp
and the data are fully consistent with that.

In Figs. 7 and 8 we present ZFC and FC results obtai

s FIG. 6. Effective susceptibility (M /H) obtained on single and
polycrystalline Cd2Os2O7 under zero-field-cooled conditions wit
an applied field of 20 kOe. Data from Ref. 10 obtained under
specified conditions are also plotted.
4-6
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CONTINUOUS METAL-INSULATOR TRANSITION IN . . . PHYSICAL REVIEW B63 195104
on SC samples for a number of applied fields. In Fig. 9
present similar data for the PC material, with the SC Z
results included for comparison. The magnetic interacti
appear to be predominantly antiferromagnetic, althoug
parasitic ferromagnetic component is clearly present. P
sitic ferromagnetism is observed in many antiferromagn
materials~including SDW materials such asa-Mn! and is
characterized by small moments and by hysteresis with h
coercive forces. Parasitic ferromagnetism is produced by
fects in an antiferromagnetic background becoming ‘‘froze
in.’’ A good phenomenological account of parasitic ferr

FIG. 7. M /H vs temperature for single crystals of Cd2Os2O7

obtained under zero-field-cooled conditions with applied fields
indicated. Note the additional structure atT5217 K, corresponding
to features in the resistivity and heat capacity.

FIG. 8. Magnetization vs temperature for single crystals
Cd2Os2O7 obtained under field-cooled conditions with applie
fields as indicated.
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magnetism is given by Arrott.31 Isothermal magnetization
curvesM (H) were reversible at all temperatures, except
a narrow interval just below the MIT.

At 5 K and 1000 Oe, the ZFC net moment
1.0 emu/mol51.831024 mB per formula unit; the corre-
sponding FC moment is 12 times larger. The field dep
dence of the ZFC magnetization is unusual as shown in F
7 and 9. Note that the SC data obtained in magnetic fie
between 500 Oe and 10 kOe show clear evidence of a w
defined transition at 227 K and a broader transition near
K. These features correlate with similar features observe
the resistivity and specific heat as discussed earlier. It is
teresting that at higher applied fields the 217-K feature
comes weaker and is not visible in the 20-kOe data show
Fig. 6. The magnetization data provide further evidence t
the additional feature at 217 K in the single crystals is like
to be intrinsic. If the SC samples were chemically inhom
geneous, with some portions ordering at 226 K and ot
portions ordering at 217 K, then one would expect to see
additional feature near 217 K in the FC data in Fig. 8. T
lack of a feature near 217 K in the FC data is good evide
that the entire sample has ordered antiferromagneticall
226 K.

It is difficult to imagine that Cd2Os2O7 is simply a local-
moment antiferromagnet. In the first place, magnetically
dered Os compounds are extremely rare and 4d/5d materials
in general tend to have low ordering temperatures. Seco
the pyrochlore lattice is known to be geometrica
frustrated24,23 and for antiferromagnetic nearest-neighbor
teractions, no long-range order is predicted in the absenc

s

f

FIG. 9. M /H vs temperature for polycrystalline Cd2Os2O7 with
applied fields as indicated. Both ZFC~solid line! and FC~dashed
line! are shown. The dotted line is ZFC single-crystal data includ
for comparison.
4-7
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further-neighbor interactions.32 In fact, antiferromagnetism is
quite rare in pyrochlores.17 Given all this, a Ne´el temperature
of 226 K is remarkably high and demands explanation.

VIII. ELECTRICAL AND THERMAL TRANSPORT

Thermopower, Hall, and thermal conductivity measu
ments were performed only on PC samples due to the d
culty of performing these measurements on extremely sm
crystals. For the thermopower and thermal conductivity
periments the sample was a dense rod, 20 mm long an
mm in diameter. The apparatus used for the thermopo
and thermal conductivity measurements has been desc
previously.33 This apparatus has been used extensively
thermoelectrics research and has been tested repea
against silica and stainless-steel standards. The Seebeck
were corrected for the absolute thermopower of the Cu le
Hall measurements were performed in a four-probe geom
at 30 and 80 kOe. At each temperature, the sample was
tated 180° and the current reversed in order to elimin
misalignment and thermal voltages, respectively. Che
were made at several temperatures to ensure that the
voltage was linear in current.

In Fig. 10 we plot the Seebeck coefficient of Cd2Os2O7
versus temperature. AboveTMIT , the thermopower is smal
and positive. As the sample is cooled, the thermopower
creases from about 2mV/K at 295 K to 6 mV/K at 230 K.
Such small Seebeck coefficients are characteristic of me
As the sample is cooled belowTMIT , the behavior of the
thermopower changes drastically, first increasing to140
mV/K near 200 K, and then changing sign and decreasin
2225 mV/K near 90 K. Although this behavior is compli
cated, it is clearly consistent with a gap opening at the Fe
energy and a change from metallic behavior aboveTMIT to
semiconducting behavior belowTMIT .

The Hall coefficient of Cd2Os2O7 appears in Fig. 11
Above TMIT the magnitude ofRH is small as expected for
metal. The differing signs of the Hall and Seebeck coe
cients indicate that both electrons and holes are participa
in the electrical transport and preclude a simple one-b

FIG. 10. Seebeck coefficient vs temperature for a polycrystal
sample of Cd2Os2O7.
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analysis of the data. Even with contributions from two typ
of carrier, however, the Hall number can still give a use
order-of-magnitude estimate of the carrier concentration
this spirit, we find that the room-temperature Hall number
nH5831021cm23 and the room-temperature Hall mobilit
is mH50.6 cm2 V21 s21. These values are similar to othe
metallic oxides such as Fe3O4 and are not wildly different
from cuprate superconductors.34

Interestingly, no dramatic change in the Hall coefficie
occurs until the sample is cooled to 200 K—well belo
TMIT . This is understandable if one imagines that a gap
opening as illustrated in Fig. 3. WhenD<kBTC then thermal
energy ensures that both bands are equally populated an
carrier concentration hardly changes; it is only whenD
.kBTC that the carrier concentration begins to fall and t
magnitude of the Hall coefficient begins to increase. T
behavior of the thermopower is also understandable at a
nomenological level. As explained pedagogically
Chaikin,35 the thermopower is a measure of the heat carr
by the electrons and/or holes. As soon as a gap opens in
excitation spectrum, the thermopower of both the electr
and holes increases because the carriers are now transpo
the additional energy required to create an electron-hole p
The measured thermopower is a weighted average of
electron and hole thermopowers, but if both electron a
hole thermopowers increase in magnitude, it stands to rea
that the weighted average is also likely to increase as
cancellation between the electron and hole contribution
unlikely to be exact.

The thermal conductivity of a polycrystalline sample
Cd2Os2O7 appears in Fig. 12. Below 150 K, the thermal co
ductivity resembles that of an ordinary crystalline solid
rising from zero at low temperature, peaking near 50 K, a
falling off as 1/T at higher temperatures. However, near 1
K the thermal conductivity begins rising again in an unus
way. Although radiation losses can produce these hi
temperature ‘‘tails’’ in the thermal conductivity of lowk
materials, is it unlikely that radiation losses are causing

e FIG. 11. Hall coefficient vs temperature for a polycrystallin
sample of Cd2Os2O7 at applied fields of 30 and 80 kOe as indicate
The inset shows the behavior of the data near the transition o
expanded scale.
4-8
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CONTINUOUS METAL-INSULATOR TRANSITION IN . . . PHYSICAL REVIEW B63 195104
rise here because our apparatus has been optimized fo
on low thermal conductivity samples. For example, sil
samples roughly the same size as the sample of Cd2Os2O7
required no radiation correction in our apparatus even tho
the thermal conductivity of silica is roughly half that o
Cd2Os2O7. A more likely explanation of the data can b
understood from the simplest expression of the lattice th
mal conductivity of a solid, which is given bykL
5 1

3 Cvvsd, whereCv is the heat capacity per unit volume,vs
is an average sound velocity, andd is the mean free path
What is likely to be happening in Cd2Os2O7 is that the mean
free path of the phonons no longer decreases above 15
due to strong scattering, and that the rise in thermal cond
tivity simply reflects the heat capacity, which is still increa
ing due to the relatively high Debye temperature of this m
terial.

The MIT is reflected in the thermal conductivity as show
in the inset to Fig. 12. The effect is remarkably small co
sidering the large changes in the electronic structure that
occurring at the transition. To quantify things, we plot in F
13 the change in thermal conductivity we would expect if t
electronic portion of the thermal conductivitykel were given
by the Wiedemann-Franz~WF! law. The WF law states tha
the ratio betweenkel ands is given bykel /s5TL0 , where
L052.4431028 W V/K2. To produce Fig. 13 we used th
WF law to estimate the electronic contribution to the therm
conductivity aboveTMIT and then used the WF law and th
measured resistivity to predict the change in thermal cond
tivity we would expect if the WF law were obeyed i
Cd2Os2O7. As is clear from the figure, the predicted chan
is much greater than the measured change. There are
possible reasons for this discrepancy, and all are interes
The first is that the lattice contribution to the thermal co
ductivity kL increases as the sample is cooled belowTMIT .
This possibility is consistent with the overall behavior of t
thermal conductivity discussed above. In this scenario
phonons are strongly scattered by some sort of electr

FIG. 12. Thermal conductivity vs temperature for a polycryst
line sample of Cd2Os2O7. The inset shows the behavior of the da
near the transition on an expanded scale. The lines through the
are simply guides to the eye.
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excitations aboveTMIT , but below the transition these exc
tations disappear and the mean free path of the phonon
creases. Elastic modulus measurements can shed some
on the viability of this picture, and these measurements
planned for the near future. The second possibility is t
magnetic excitations are contributing to the thermal cond
tivity below TMIT . Measurements of the magnetic structu
and dynamics would be useful here. Lastly, the third pos
bility is that the WF law is simply not obeyed in Cd2Os2O7.
The WF law is empirical and is not perfectly obeyed in re
materials, although deviations as large as observed here
not common. Calculations by Schultz and Allen36 show that
as the scattering mechanism changes the Lorentz numbe
vary between 0~pure Coulomb scattering! and L0 ~pure
electron-phonon scattering!. The Lorentz number we infe
from the analysis above isL'0.2L0 . Further study is re-
quired to resolve these matters.

IX. PRESSURE DEPENDENCE

In the case of the Mott-Hubbard transition, the press
dependence has helped to understand the underlying phy
To study further the nature of the phase transition
Cd2Os2O7, we have measured the temperature dependenc
the resistivity of a single crystal under hydrostatic pressu
up to 20 kbar. The pressure cell was a self-clamping pist
cylinder cell using kerosene as pressure medium. An In
pressure sensor was mounted next to the sample, and
sure was monitored during cooling. The typical press
drop was 1 to 2 kbar during cool-down.

In Fig. 14 we show the temperature dependence of
resistivity at ambient pressure and at 20 kbar. The two cur
virtually lie on top of one other, except between about 150
and the MIT transition region. The two transitions shift
lower temperatures at the same rate of about20.4 K/kbar.
This is 20 times smaller than the pressure-induced shif

-

ata

FIG. 13. Thermal conductivity of a polycrystalline sample
Cd2Os2O7. The dashed line is the expected change in thermal c
ductivity based upon the assumption that the Wiedemann-Franz
is valid and that the Lorentz number takes its nominal value ofL0

52.4431028 W V/K2.
4-9
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D. MANDRUS et al. PHYSICAL REVIEW B 63 195104
the Mott transition in pure V2O3.
37 We have also measure

the pressure dependence of the room-temperature resist
which is small,20.18%/kbar~not shown!.

These features suggest a rigid lattice to which electr

FIG. 14. R-vs-T curves of a Cd2Os2O7 single crystal at ambien
pressure and at 20 kbar. The inset shows the two phase-trans
temperatures as a function of pressure.

FIG. 15. Band structure of the pyrochlore Cd2Os2O7.
19510
ity,

s

couple only weakly. In the case of V2O3, the strong pressure
dependence of the MIT is due to about 1% volume chang
the transition. In our material no change beyond thermal
pansion in the unit-cell volume was detected at the transi
temperature; thus the much weaker pressure dependen
natural. Since the Slater transition is not critically sensit
to bandwidth as opposed to the Mott transition, this resul
not surprising. In V2O3, pressure also changes the activati
energy in the insulating state, since for a narrow band
bandwidth increases exponentially with pressure, and
Mott-Hubbard gap decreases linearly with the bandwid
D5U2W. Performing the same analysis as described in
previous section, we did not find any change in the gap.

X. ELECTRONIC STRUCTURE

The full-potential linearized augmented plane-wa
~LAPW! method in theWIEN97 code38 was used for the elec
tronic structure calculations. In this method the unit cell
partitioned into spheres~with a muffin-tin radiusRMT! cen-
tered on the atomic positions. This method is an applicat
of density-functional theory in which the Kohn-Sham equ
tions are solved in a basis of linearized augmented pl
waves with local orbital extensions. For the exchange a
correlation potential the generalized-gradient approximat
~GGA! of Perdew-Burke-Ernzerhof was used.39 The core
electrons are treated relativistically, whereas the vale

ion

FIG. 16. Enlargement of the band structure of Fig. 15 near
Fermi energy.
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CONTINUOUS METAL-INSULATOR TRANSITION IN . . . PHYSICAL REVIEW B63 195104
electrons are treated with a scalar nonrelativistic proced
The space group for this cubic pyrochlore compou
Fd3̄m, is face-centered and it requires four inequivale
atoms—Cd, Os, O~1!, and O~2!. The calculation we repor
here is non-spin-polarized~not magnetically ordered! and
the structural parameters from Table I are used. For
Cd the states up to 4s are taken as core states, for Os t
core states are up to 5p, and for the O 1s is taken to be the
core state. The plane-wave cutoff isRMTKmax57.0 and we
used 56k points in the irreducible wedge of the Brilloui
zone.

The band structure of Cd2Os2O7 is presented in Figs. 15
and 16. A flat band around theG point crossesEF ; therefore,
the non-spin-polarized calculation predicts that this mate
is a metal. This is, of course, precisely what we expect ab
TMIT in a Slater scenario. The states near the Fermi ene
have mainly OSt2g character, but there is significant O 2p
character as well. The unoccupied OSeg band is located
roughly 0.8 eV above thet2g band. We also performed
a similar calculation with the addition of spin-orb
coupling. We find that the band structure in this case is
same as in Fig. 15, but the bands shift upwards slightly
0.08 eV.

Now we examine the corresponding density of sta
~DOS!. The total electronic DOS is presented in Figs. 17~a!
and 18. A sharp peak at the Fermi energy reachesN(EF)
525.4 states/eV and implies a Sommerfeld coefficientg
529.9 mJ/mol K2. Interestingly, this value is in good agre
ment with the estimates made in Sec. VI. Figure 17~b! pre-
sents the partial DOS of the Os and O~1!. The Os-O~1! dis-
tance of 1.93 Å is small enough to allow significant mixin
of the Ost2g and O 2p states. From Fig. 17~b! the hybrid-

FIG. 17. Electronic DOS and projections onto LAPW sphe
for Cd2Os2O7. The projections are on a per-atom basis, while
total DOS is per unit cell. The primitive cell used in the calculatio
contains two formula units.~a! Total DOS of Cd2Os2O7 ; ~b! pro-
jection of Os~solid line! and O~1! ~dotted line!; ~c! projection of Cd
~solid line! and O~2! ~dotted line!.
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ization between the two is evident. Finally, Fig. 16~c! dis-
plays the partial DOS of the Cd and O~2!. Hybridization here
is also present, and these states have a presence atEF . A
similar effect was noticed in another pyrochlore materi
Tl2Mn2O7, where the hybridization not only between Mn an
one of the O was found, but also between Tl and the ot
O.40 In Tl2Mn2O7, the hybridized Tl-O states needed to b
taken into account in order to reproduce the correct magn
moment of Tl2Mn2O7. Similarly, these results suggest th
hybridization between Os-O~1! and Cd-O~2! may be impor-
tant in understanding the magnetism in this compound.

XI. CONCLUSION

In this work we have characterized the metal-insula
transition in Cd2Os2O7 using a variety of experimental tech
niques and have argued that a coherent picture of the tra
tion emerges if the data are interpreted in terms of a Sl
transition. Although the possibility of a Slater transition h
occasionally been mentioned in the study of metal-insula
transitions ~e.g., V2O3 under pressure41,37!, Cd2Os2O7 ap-
pears to be the first well-documented example of a p
Slater transition and therefore merits further study. Parti
larly needed are theoretical studies in the intermedia
coupling regime (U/W'1). This is the regime that charac
terizes many 4d/5d materials and promises to yield man
intriguing discoveries in the years ahead.
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26G. Grüner, Rev. Mod. Phys.66, 1 ~1994!.
27L. Klein, J. S. Dodge, C. H. Ahn, G. J. Snyder, T. H. Geballe,

R. Beasley, and A. Kapitulnik, Phys. Rev. Lett.77, 2774~1996!.
28S. Sullow, I. Prasad, M. C. Aronson, J. L. Sarrao, Z. Fisk,

Hristova, A. Lacerda, M. F. Hundley, A. Vigliante, and D
Gibbs, Phys. Rev. B57, 5860~1998!.

29R. A. McCauley, J. Opt. Soc. Am.63, 721 ~1973!.
30K. Blacklock and H. W. White, J. Chem. Phys.71, 5287~1979!.
31A. Arrott, in Magnetism, edited by G. T. Rado and H. Suhl~Aca-

demic, New York, 1966!, Vol. II B.
32J. N. Reimers, A. J. Berlinsky, and A.-C. Shi, Phys. Rev. B43,

865 ~1991!.
33B. C. Sales, D. Mandrus, B. C. Chakoumakos, V. Keppens, an

R. Thompson, Phys. Rev. B56, 15 081~1997!.
34N. Tsuda, K. Nasu, A. Yanase, and K. Siratori,Electronic Con-

duction in Oxides~Springer, Berlin, 1991!.
35P. M. Chaikin, in Organic Superconductivity, edited by V. Z.

Krezin and W. A. Little~Plenum, New York, 1990!.
36W. W. Schultz and P. B. Allen, Phys. Rev. B52, 7994~1995!.
37S. A. Carter, T. F. Rosenbaum, M. Lu, H. M. Jaeger, P. Metc

J. M. Honig, and J. Spalek, Phys. Rev. B49, 7898~1994!.
38P. Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey, Comp

Phys. Commun.49, 399 ~1990!.
39J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 ~1996!.
40D. J. Singh, Phys. Rev. B77, 3865~1997!.
41S. A. Carter, J. Yang, T. F. Rosenbaum, J. Spalek, and J.

Honig, Phys. Rev. B43, 607 ~1991!.
4-12


