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Cd2Os2O7 5d pyrochlore oxide with long history of study since 1974
Metal-insulator transition at 227 K
Néel-type ordering of Os spins at low T

Corner-sharing tetrahedral 
“pyrochlore” network of Os 

emerges from the crystallographic data is that of a stiff lattice
coupled only weakly to the electronic degrees of freedom.

V. RESISTIVITY

Resistance-versus-temperature measurements were per-
formed on both single-crystal !SC" and polycrystalline !PC"
samples, and all specimens showed a well-defined MIT at
approximately 226 K. There was no indication of thermal
hysteresis in the resistivity of either the PC or the SC mate-
rial, consistent with the continuous nature of the MIT in this
material. The measurements were performed using a linear
four-probe method, 25-#m Pt wire, and Epotek H20-E silver
epoxy. The resistivity of two crystals appears in Fig. 1. The
room-temperature resistivity was about 750 #$ cm in both
crystals. When cooled from 226 to 5 K, the resistivity in-
creases by three orders of magnitude. This large increase
makes it likely that the entire Fermi surface has been elimi-
nated. From 226 to 750 K, the resistivity shows little tem-
perature dependence. This behavior is in striking contrast to
the nonsaturating, strongly-temperature-dependent behavior
of the resistivity observed in oxides such as the cuprates and
in SrRuO3.22 Given the extremely weak temperature depen-
dence observed in Cd2Os2O7, the mean free path of the car-
riers has evidently saturated on the order of an interatomic
spacing. The source of the strong scattering is evidently Cou-
lombic and likely involves exchange interactions within the
t2g manifolds. Hund’s rules favor parallel spins within each
manifold; however, for a half-full t2g manifold, the next
electron should enter with antiparallel alignment. Therefore,
in analogy with double exchange, the system will tend to-
ward antiferromagnetism so as to allow the electrons to hop
more easily and gain kinetic energy. However, at least for
localized moments, the pyrochlore lattice is geometrically
frustrated.23,24 Therefore, one possible source of the strong
scattering lies in the frustration inherent in the pyrochlore

lattice. Reinforcing this notion is the fact that other metallic
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 of
the resistivity of the PC material is quite similar to that of the
crystals, although the magnitude of the resistivity is of
course higher in the PC material %&(295K)!1.3m$ cm' .
The change in resistivity upon cooling to 4 K is smaller in
the PC material as well, indicating a higher concentration of
impurities in this material. In the inset to Fig. 2 we plot the
quantity d(ln &)/d(1/T) for both SC and PC samples. This
quantity has often been used to emphasize the anomalous
features in the resistivity of organic conductors and one-
dimensional !1D" SDW materials.26 The first point to notice
is that although the change in the resistivity itself is smooth,
the change in the logarithmic derivative of the resistivity is
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, for
example, the derivative of the resistivity d&/dT exhibits the
same critical behavior as the specific heat,27 and something
similar seems to be going on here. The next point to notice is
that the SC curve is different from the PC curve in that it
displays an additional feature with an onset near 217 K. This
feature is robust and has been observed at the same tempera-
ture in the six crystals we have measured. Furthermore, a
feature at the same temperature has been observed in
specific-heat and magnetization measurements on crystals as
described below. Although chemical inhomogeneity is a pos-
sible explanation of the 217-K feature, a number of reasons
suggest that the feature may well be intrinsic. First, the fea-
ture is reproducible in all the crystals measured. Second,
thinning the crystal to "50 #m did not affect the magnitude
or shape of the resistivity. Third, EDX spectra obtained at a

FIG. 1. Resistivity of two crystals of Cd2Os2O7.
FIG. 2. Resistivity of a polycrystalline sample of Cd2Os2O7.

Inset: the quantity d(ln &)/d(1/T) vs temperature for a single-crystal
and a polycrystalline sample. See text for discussion.
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FIG .2.Electrical resistivity (linear scale) vs temperature
for t~’ocrystals of Cd2Os207 in the metallic region.

scaled by a geometric factor to superpose above T~.We
Pt pressure contact. Figure 2 shows the high tempera- interpret the low-temperature behaviour as a second
ture data on a linear scale. The discrepancy in the mag. order semiconductor—metal transition inwhich the
nitude of p above T~is within the error associated with semiconducting gap drops continuously to zero. We
uncertain geometry. We attribute it mainly to this cause show this in Fig. 3 by plotting the effective activation
rather than impurities because the two curves can be energy vs temperature, assumingp(T) = p(T~)eEa(T)~7’.
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FIG.4. Magnetic susceptibility vs temperature for Cd
2Os2 07.
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Os5+ (5d3)   cf. Ir4+ (5d5, Jeff=1/2)

Recently, the all-in/all-out magnetic ordering was suggested by 
X-ray experiments (Yamaura et al.) and NMR experiments 
(Yamauchi et al.).

All-in/all-out magnetic order 



Peculiar properties of Cd2Os2O7

So far, no first-principles study is available concerning 
electronic properties of the magnetic ground state.

number of different places on a crystal showed no differ-
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
resistivity itself !at least on a logarithmic scale", and not just
as a feature in the derivative. Sixth, as discussed below, the
magnetization data are more consistent with a homogeneous
sample. Seventh, the method used to grow the crystals—
vapor transport—is slow, gentle, and well-suited to produc-
ing homogeneous samples, although the exact stoichiometry
is often difficult to control. Lastly, it should be pointed out
that the observation of a second transition in a higher-quality
sample is not unprecedented. In the case of EuB6, for ex-
ample, more than 30 years passed before the discovery of the
spin-reorientation transition occurring a few degrees below
TC .28 It is possible that some sort of spin reorientation tran-
sition is occurring in Cd2Os2O7 as well.
In a Slater picture of a MIT, we expect the resistivity to

follow an expression of the form #!#0e ($/T) as has been
found for quasi-1D SDW materials.26 We also expect that the
temperature dependence of a Slater insulating gap will be-
have in much the same way as a BCS gap.12,13 In Fig. 3 we
plot the temperature dependence of the activation energy, $,
calculated from the experimental data using $!T ln(#/#0).
Here #0 is the resistivity just above the transition. Also in
Fig. 3 we plot a BCS gap function ($!750K) for compari-
son. As is clear from the figure, the resistivity of Cd2Os2O7 is
consistent with this picture at least for temperatures close to
the transition. At lower temperatures the influence of extrin-
sic conduction mechanisms becomes increasingly important
and masks the intrinsic behavior. This occurs at a higher
temperature in the PC material as compared to the SC mate-
rial, consistent with the greater impurity concentration in the
PC material. Assuming that $%750K, we find that 2$

%6.6kBTC . This is considerably higher than the 2$
!3.5kBTC predicted from weak-coupling SDW theory, but,
interestingly, quite similar to the 2$/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 a
commercial heat-pulse calorimeter manufactured by Quan-
tum Design. The calorimeter is periodically tested against a
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 simple
Debye model. This is not surprising because pyrochlores
typically have several low-frequency optical phonons17,29
that are expected to strongly influence the low-temperature
heat capacity. If we fit the data between 1.9 and 3.5 K to the
low-T approximation CP!&T"'T3, we find that for a
sample consisting of about 10 single crystals (m!18mg) we
have &!1.08mJ/mol K2 and (D!463K, and for a poly-
crystalline disk (m!49mg) we have &!1.4mJ/mol K2 and
(D!354K, where & is the Sommerfeld coefficient and (D
is Debye temperature in the limit T→0. These & values are
much smaller than those of related !metallic" pyrochlores
such as Cd2Re2O7 )&!25mJ/mol K2 !Ref. 30"* and
Cd2Ru2O7 )&!12mJ/mol K2 !Ref. 30"* and suggest that the
Fermi surface is fully gapped below the MIT. This is consis-
tent with the activation energy analysis of the resistivity dis-
cussed in the previous section.
The estimated electronic contribution to the specific heat

is plotted in Fig. 5. This estimate was obtained by first
assuming a Sommerfeld coefficient above TMIT and subtract-
ing off the assumed electronic contribution. Then a smooth
polynomial was fitted to the data outside the region of the
anomaly as an estimate of the lattice contribution. Then the
lattice contribution was subtracted from the raw data. Som-
merfeld coefficients between 0 and 30 mJ/mol K2 were ex-

FIG. 3. Activation energy vs temperature calculated for a single-
crystal and a polycrystalline sample of Cd2Os2O7. The activation
energy was calculated by assuming $!T ln(#/#0) as described in
the text. A BCS gap function )$(0)!750 K* is also plotted for
comparison.

FIG. 4. Specific heat for single-crystal and polycrystalline
Cd2Os2O7.
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Absence of charge gap

347 cm!1, 371 cm!1, 440 cm!1, and 615 cm!1 in the 25
K spectrum.17 Both the frequency position and the oscillator
strength of all phonons !with the exception of the 347 cm!1

resonance" are independent of temperature !bottom panel of
Fig. 5". The 347 cm!1 mode assigned to the OII-Os-OII
bend15 shows weak hardening at T"TMIT . The key outcome

of the examination of the phonon spectra in Figs. 1 and 2 is
that no new phonon modes appear at T#TMIT and the low-T
data for Cd2Os2O7 displays only the seven modes expected
for the ideal pyrochlore structure.
The experimental evidence presented above suggests that

the development of the insulating state in Cd2Os2O7 occurs
without visible signs of charge ordering. Examination of the
IR-active phonons has proven to be one of the most sensitive
tests for the charge-ordered state. Quite commonly additional
lattice modes appear in the phonon spectra, or a dramatic
redistribution of the spectral weight between several reso-
nances takes place provided the system reduces its symmetry
in the charge-ordered regime.18 We failed to detect any of
these effects. Furthermore, a detailed analysis of the x-ray
diffraction data did not produce any indications for structural
changes at T"TMIT .8 These observations allow us to con-
clude that the metal-insulator transition in Cd2Os2O7 is
driven solely by electronic processes without noticeable in-
dications for involvement of the lattice. Another important
fact pertaining to the nature of the insulating state is the
continuous development of the energy gap in the electronic
conductivity displayed in Fig. 2, which is consistent with the

FIG. 3. Infrared region of the real conductivity at T"TMIT . The
expected theoretical frequency dependence of the gap edge
#$1(%)&%1/2' is shown for each temperature as a dashed line. A
linear fit for the region below the gap edge is also shown. The
intersection of the two fits can be taken as a measure of the energy
gap 2( . The inset shows the optical energy gap as determined by
the method described above !open circles", and the expected theo-
retical dependence !solid curve".

FIG. 4. Effective spectral weight vs cutoff frequency for tem-
peratures as indicated. The top axis is in energy units normalized by
the gap energy. The spectral weight can be seen to have significant
dependence until about 40(!104kBTMIT .

FIG. 5. The top panel shows a detail of the 347 cm!1 phonon
as observed in the real conductivity, which is seen to harden with
decreasing temperature. The middle panel displays the temperature
dependence of the 347 cm!1 phonon and the BCS gap function is
also plotted !solid curve". The bottom panel gives the temperature
dependence of all seven phonons.
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Large optical gap

Optical conductivityActivation energy

Absence of a clear charge gap vs. the opening of an optical gap
Semiconducting behavior up to high T
The highest transition temperature among magnetic pyrochlore oxides



All-in/all-out order

Results

Phase diagram

Nonmagnetic 
metal AF metal

AF insulator

LSDA+SO+U
PAW computational code: Quantum MAterials Simulator (QMAS)

Density of states

All-in/all-out order is stabilized by strong easy-axis anisotropy (~50 meV)
Semi-metallic band structure / pseudo gap near MIT
→Calculated results well explain the peculiar low-T characteristics


