PHYSICAL REVIEW B, VOLUME 65, 155109

Electronic structure of the pyrochlore metals Cd,0s,0, and Cd,Re, O,
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First-principles density-functional calculations within the local spin-density approximation and the general-
ized gradient approximation are reported for pyrochlore@gO; and CgRe,0;. The transition-metal,q
manifolds are found to be well separated in energy from thep®@ands and from the higher-lying, and Cd
derived bands. The active electronic structure in tthemanifold near the Fermi enerdyg is found to be
significantly modified by spin-orbit interactions, which we include. Both materials show semimetallic band
structures, in which th& lies in an pseudogap. The band structure of@&O; nearEg is dominated by
very heavy-hole and electron bands, thougEgatthe electron sections are lighter. 88,0, has heavy-hole
bands but moderate mass electron states. The results are discussed in terms of measured transport and ther-
modynamic properties of these compounds as well as the very different ground states of these two materials.
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. INTRODUCTION plicating the analysis y~1 mJ/mol ¥ in the range 2—4 K
and the lowT susceptibility is high for an ordered antiferro-

Investigations of transition-metal oxides with metal- magnetic insulating phase. The thermopower above the tran-
insulator transitions in their phase diagrams have revealed gition is holelike and small. Just below the transition, the
remarkable range of interesting, complex, and often unanticithermopower increases t©40 wV /K, but then decreases
pated phenomena, including high-temperature supercondugnd crosses zero. A very large electron-like thermopower, up
tivity, various charge, spin, and orbital ordered states, triplefo S= —300 uV /K, is seen well below the transitiol?
superconductivity, giant magnetoelastic effects, and heavypis is not expected from the simplest picture of a fully
Fermion behavior. A good example is provided by the Pergapped Fermi surface due to a spin-density wave. On the

sistive effect, which is basically a metal-.msulator tranSItIontion of the pyrochlore lattice and the fact that the interactions
occurring at or near the magnetic ordering temperature for . ) )
e most likely antiferromagnetic. The related compound,

some compositions. What has been revealed is a comple . .
phase diagram including charge, spin, and orbital ordere %R0, which differs from CdOs,0; by one electron

phases resulting from an interplay of strong correlationsP®" '.transmon metgl, was recen_tly rgported t_o b_e supercon-
strong lattice coupling, and band-structure effects. ducting at~1 K with a substantial diamagnetic signatdre.

The pyrochlore oxide G®s,0; is metallic at room tem- It displays .metaIIic propertie§. up to 200 K where an
perature, but undergoes a metal-insulator transition at 228Pparently isostructural transition of unknown character
K.12 Upon cooling through the transition, the resistivity 0ccurs®®~’ Like Cd,0s,05, this transition shows signatures
p(T) crosses over from a metallic temperature dependence 16 €lectrical transport and susceptibility, though the details
an insulating p strongly increasing a¥ is reduced shape, differ. Very recently, it was reportédhat there is a structural
though it does not fit a standard activated form. Insteadsignature at this transition in GRe,O,. As mentioned, such
Sleight and co-worketdit p(T) to a form consistent with a  a structural signature is not seen in,0g,0;. Interestingly,
second-order transition where the gap goes smoothly to zethe low-temperature linear specific-heat coefficient for
at the critical temperature. Consistent with this, Mandrus an€€Cd,Re,0;, y=30 mJ/mol K (Ref. 3 is similar to the value
co-workerg report that the specific-heat anomaly resemblesy~20 mJ/mol K estimated for the high-temperature phase
a mean-field transition and shows neither latent heat nor hysf Cd,0s5,0; (Ref. 2 in spite of the difference in
teresis. They also reported extensive crystallographic datalectron count and the very different low-temperature
showing very little coupling of the transition to lattice de- properties.
grees of freedom and confirming the purely electronic char- Here we report the electronic structures of these two com-
acter of the transition. The specific heat shows a very smajpounds as calculated within the local density approximation
but possibly still finite Sommerfeld coefficiefote that the (LDA) and the generalized gradient approximati@GA),
reported lattice part does not fit a simple Debye model comusing the general potential linearized augmented plane-wave
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(LAPW) method including spin orbit, which we find Furthermore, since the actual transition metal site symmetry
important®*® The calculations were done with well con- is weakly rhombohedrgdue to the second neighbor coordi-
verged zone samplings and basis getsluding local orbit-  nation, a further crystal-field splitting of thg,; manifold is
als to relax linearization errors and treat semicore statespossible.
The experimental crystal structure at 180 K of Mandrus and The calculated LDA band structure of g0is,0; is shown
co-workers,[i.e., a=10.1598 A andx(01)=0.319] was in Fig. 1, while that of CgRe,0; is in Fig. 2. The corre-
used throughout for G®s,0,.2 The calculated Hellman- sponding non-spin-polarized densities of stal@®S) near
Feynman force on the symmetry unconstrained structural pa&g are shown in Figs. 3 and 4. The GGA band structines
rameter was found to be small with this choice supportingshown are very similar. As shown by the band structure the
the experimental crystallography. Total-energy minimizationt,, ande, manifolds are cleanly separated from each other,
within the LDA, yields a valuex(O1)=0.3198. Donohue and from the O » bands by clean gaps, as in the ionic
and co-workersrefined the crystal structure of gRe,0;  model. However, despite this there is quite strong hybridiza-
obtaininga=10.219 A andx(01)=0.309. However, this tion between Osl and Op states, reflecting the covalent
yields rather short Re-O bond lengths, and we note that theendency of 8l transition metals relative tod3oxides. Al-
refinement is difficult because the compound contains heavthough the actual Os site symmetry is rhombohedral, this
elements and the presence of Cd mandated the use of x ragart of the crystal field is weak and the band structure shows
rather than neutrons. We performed a relaxation of the intemo apparent further splitting of thg, derived manifold. It is
nal coordinate within the LDA keeping the lattice parameterexactly half filled and contains 12 banf@ite that there are
fixed at its no doubt reliable experimental value. We obtainedour Os ions per unit cell The t,; bandwidth is 2.85 eV.
x(01)=0.316 in this way. The energy of this relaxed struc- Considering that the effective Hubbakdlis likely 2 eV or
ture was 0.35 eV/celifour Re atomglower in energy than less, based on the trends for transition-metal oxides, and not-
with the reported value of(O1)=0.309, which is well out- ing the multichannel character of the,; manifold,
side the normal LDA errors. The Raman-actag phonon  Cd,0s,0, should not be classified as a strongly correlated
frequency corresponding to this coordinate is calculated amaterial in the sense of having on-site Coulomb correlations
463 cm . The corresponding frequency for &2ks,0,, also  play a dominant role in the formation of the electronic struc-
calculated in the LDA, is almost the same=459 cm®,  ture. This is consistent with the observation of a high-
indicating that the Re compound is not softer than the Osemperature metallic phase.
regardless of the unusual Re valence, at least as measured byAs mentioned, thet,, manifold, which consists of 12
this particular phonon mode. bands, is exactly half filled. Unlike the scalar relativisitic
In many aspects, the calculations we present are like thogeand structure, the band structure including spin orbit shows
presented by Mandrus and co-workers for,06,0,. How-  a semi metallic structure in the sense that there is a gap
ever, there is one important difference. We find that spinbetween the sixth and seventh bands throughout the Brillouin
orbit interactions are significant because of the presence @one, but because of the dispersions it is not an insulating
heavy elements in the structure, and so include them by thgap. Instead, there are two electronlike Fermi surfaces. One,
usual second variational approach. The inclusion of spin orfrom the lowest conduction band, is a shell around khe
bit substantially changes the electronic structure near thpoint, while the other consists of ellipsoids along heX
Fermi energy. In addition, we allow for magnetism in lines. Corresponding to these electron surfaces there are hole
Cd,05,0;, which we investigated using self-consistent un-surfaces at the zone boundary around WNepoints. This
constrained and fixed spin moment calculations. These wergand structure can, at least conceptually, be made insulating
done by the method described in Ref. 14. Not surprisinglyin two ways:(i) by increasing the gap between the sixth and
our calculated non-spin-polarized band structure forseventh bands, ofii) by depressing the sixth band at the
Cd,0s,0; without including spin orbits practically identi-  zone boundary and or raising the, degeneratE,ateventh
cal to that given by Mandrus and co-workers and so is noaind eighth bands near the zone center. The heavy masses of
displayed here. Significantly, it is very metallic and has fourthese narrow bands is consistent with high thermopowers if a
Osd derived bands crossing the Fermi eneEpyand other  gap is opened. From the band structure, it may be seen that
bands. It is difficult to envisage what kind of instability the electron sheets of Fermi surface are ligtitegher ve-
might make it insulating. In the remainder of this report welocity) than the hole sections. For the paramagnetic metallic
discuss the band structuirecluding spin orbit which while  state, the calculated average Fermi velocity is low, reflecting

similar in many basic aspects differs significantly nBar. ~ these  heavy  bands, (vZ)Y?=(v2)*?=(v2)¥?=5.9
X 10° cmis.
Il. BAND STRUCTURE The calculated electronic DOSI(E) for Cd,0s,0;, has

a large peak just above: with N(Eg)=9.24 eV ! on a per
The crystal structure of G@s,0; features Os ions formula unit(2 Os atom basis. The GGA yields a somewhat

(nominally Os®, 5d°) at the center of O octahedra. higher value N(Eg)=11.4 eV !. However, while these
ChhRe,0; is similar but with one less & electron per numbers are smaller than the scalar relativistic value of
transition-metal atom. Within an ionic model, assuming12.7 eV ! reported by Mandrus and co-workeérsur LDA
nominal charges, one expects a manifold of occupiedpO 2 specific-heat coefficieny=22 mJ/mol K is still consistent
bands, followed by a partially filled transition-meté);  within the range of electronic specific heats above the tran-
manifold and a higher-lying unnoccupied set &f bands. sition as estimated from experimérithis leaves little room
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FIG. 1. LDA paramagnetic band structure of
@ 1° X w T Cd,0s5,0,. Spin-orbit interactions were included
via a second variational step. The horizontal ref-
erence denotelSg . The bottom panel is a blowup
aroundEg showing the Og,4, manifold.
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for enhancement by electron phonon interactions or beyondhich placesEg near the band edges, the velocity is still
density-functional many-body correlations. rather low,(v2)*?=7.5x10f cm/s. Jin and co-worketse-
The band structure and corresponding DOS fosReglO,  port that the Hall number is quitd dependent, but is
are shown in Figs. 2 and 4, respectively. As may be seerlectron-like at low temperatures. This is consistent with our
from the upper panel of Fig. 2, the large energy scale elechand structure, which has both electron and hole sheets, but
tronic structure is like that of GDs,0,, and in particular the with much lighter electron sheets, which will dominate the
nominal ionic model is valid, wittEg falling in an isolated conductivity due to their higher velocities.
manifold of transition-metal,, states. However, a closer The calculatedN(Eg) for Cd,Re,0; is 5.3 eV ! per for-
examination(lower panel of Fig. 2 shows that the differ- mula unit, and is derived mainly from the heavy-hole bands.
ences from the Os compound are not at all well described byhis corresponds to a bare band specific heat
a rigid-band model. The band structure, like that of the Os=12.4 mJ/mol K. Comparing with the measured value of
compound, is semimetallic. In particular, there is a clear29.6 mJ/molK¥ (Ref. 4 one obtains an enhancement (1
pseudogap between the fourth and fifth bands, and since Aigia)) =2.4 Or\iota1= 1.4, a reasonable value for a known
there are eighd electrons per cell the nominal Fermi energy superconductor.
lies between them. The Fermi surfaces consist of nearly The plasma frequency for GRe, O, from the calculated
spherical, moderate mass centered electron pockets from N(Eg) and (v2) is fiw,=1.3 eV. Within Boltzmann tran-
the fifth and sixth bands in thigy, manifold (m*~1.2), and  port theory for conventional metals, the slope of the intrinsic
very heavy-hole sections from near the zone boundary. Thesesistivity, in the moderate temperature linear regime, is
enclose a total of 0.15 e/cell and an equal number of holegjiven by dp/dT=(8m*fikghy)/(fiwy)?, where ), is the
As may be seen, this is less symmetric than the situation itransport electron phonon coupling, often a reasonable ap-
Cd,0s,0;,. However, because of the semi-metallic characterproximation to the superconducting coupling Jin and
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co-workeré report approximately lineap vs T from ap- oxide, but would indicate weak electron correlations in the

proximately 50—200 K. However, the two reported sampled’résence of a moderate electron-phonon coupling.
differ by a factor of more than 3 ifp/dT, providing a broad

range of\,, from 0.75 to 2.5. This is problematic, as accord- IIl. MAGNETISM IN Cd ,0s,0;

ing to the experimental daigp/JT displays unusual though ) ) )
fine structure in this temperature range, and then changes !t Should be noted that the high value d{{) obtained in

discontinuously to a value near zero at the transition. It i<c%0%07 would lead to a strong magnetic instability in a
extremely hard to imagine such a drastic change,jrorigi- 3d based material, but is marginal here. This can be under-

nating from the conventional mechanism, as it would sugge tood in terms of the expected lower Stoner pararieier

a high-temperature phase with almost no electron phono d com_pound_. The peak neéik: d_ern{es from the flat prac-
scattering, which crosses over into a moderate to stron jcally dispersionless _band t_hat lies just abdye over most
coupled Ic;w-temperature phase f the zone. The relatively higN(Eg) suggests the possibil-
- ) . ity of a Stoner instability against ferromagnetism. We

The ba[eA suscepiibility from fche valull(Er) is s checked for this both within the local spin-density approxi-
=1.69x 19 emu/mol. The e>.<per|mental dgta show a l,a,‘rgemation (LSDA) and GGA using fixed spin moment calcula-
spread. Jin and co-workérsstimate the spin susceptibility tions, but found that CDs,0, is predicted to be stable
x(0)=5.4x10"* emu/mol, while Hanawa and co-workérs against ferromagnetism, so there is not such an instability.
obtain 3.0<10"* emu/mol for the total susceptibility at low The calculated susceptibility ig=9.0x10"7 emu/g in the
temperaturé? rising to ~5x10 * emu/mol above the |SDA. This was determined from a fourth-order fit of the
200-K phase transition. This corresponds to Wilson ratiosenergy vs moment for the small moment part of Fig. 5. The
Ry from 0.74 to 1.3, which are low for a transition-metal bare Pauli susceptibility from N(Eg) is xg=4.2
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X107 emul/g, which yields a Stoner enhancement of (1linstability. However, noting that there are four Os atoms in
—NI)"1~2.2. The GGA, which sometimes overestimatesthe unit cell, we checked for & point antiferromagnetic
the tendency towards magnetism id dnd 5 oxides, places instability, in which two of the four Os atoms are spin up and
Cd,0s,0, closer to a magnetic instability, withy=2.4  two are spin down. In principle, a state like this could pro-
X 10" ® emu/g andy/xg=(1—NI)"*~6. Taking into ac- duce an insulating band structure. This is because the site
count the difference in the LDA and GGA valuesN(E), dependent on-site exchange splittings reduce hopping be-
the GGA value of the effective Stonéris 50% higher than tween opposite spin Os atoms, thus potentially narrowing the
the corresponding LDA value. This is reminiscent of the situ-bands enough to open the pseudogap between the sixth and
ation for SpRuQ,, where LSDA calculations correctly pro- seventh bands producing a full band gap. While we find that
duce a paramagnetic state, while the GGA produces an incd,0s,0; is unstable against such an antiferromagnetic or-
correct ferromagnetic ground state® due to an dering in the GGA without spin orbit, we find that spin orbit
overestimated. In any case, Stoner ferromagnetism wouldfavors the paramagnetic state. In the LSDA an antiferromag-
rigidly exchange split the band structure, at least for smalhetic ordering of this type does not occur.
moments; as can be seen from the band structure, this would Within the GGA, including spin orbit, we find that the
not result in an insulating electronic structure. material is on the borderline of an instability against this
The band structure is quite isotrogicote, e.g., the simi- antiferromagnetic order. The resulting antiferromagnetic
lar dispersions arounBg alongI'-X andI'-L in Fig. 1) and  state, with spin moments o£0.3ug/Os, has the same en-
does not display strong nesting. Thus there is no obviousrgy as the paramagnetic state to within the precision of our
preferred wave vector to check in searching for a magneticalculations. Furthermore, with this size of moments, the
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FIG. 4. LDA paramagnetic electronic density
of states of CgRe,0; for the t,; manifold on a
per unit cell(four Re atoms basis. Spin orbit is
included.
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FIG. 5. Energy(Ry/cell) as a function of mag-
u netization (ug/cell) for Cd,0s,0, from fixed
0.01 b i spin moment calculations including spin orbit.
) The solid(dotted lines are for the LSDAGGA).
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band narrowing is insufficient to destroy the metallic state with respect to ferromagnetism, may suggest that it is at least
The Os sublattice consists of corner sharing tetrahedra, withossible. In an itinerant magnetic state, like the one dis-
the Os atoms at the corners. As a result it is not possible toussed above, the magnetic interactions in real space are in-
find a structure in which all nearest-neighbor Os bonds aréerently long range, so depression of the ordering tempera-
antiferromagnetic, and additionally, the lattice is stronglyture Ty due to geometric frustration is not to be expected.
geometrically frustrated for nearest-neighbor spin Hamilto-Still we emphasize that this scenario is not well supported by
nians. However, based on our band-structure results, thiae current results for three reasofis: It is unclear that a
proximity of Cd,0s,0; to magnetism is itinerant in nature, purely magnetic instability exists in the LSDA, which may
and therefore cannot be described in terms of simple nearedte a better approximation than the GGA fat Bompounds.
neighbor spin Hamiltonians. In fact, the experimental lowAn alternate scenario is a transition involving both charge
thermodynamic data do not show any evidence of a largand spin ordering, though there is not presently evidence for
near ground-state degeneracy. However, it is still the case charge-density wave in the experimental détaNoncol-
that the simple collinear antiferromagnetic state we considlinear states, as mentioned, are generally not found or ex-
ered is favored relative to a ferromagnetic state, and so ongected in itinerant low moment magnets. Finally,) even if
may speculate that more complicated arrangements th#te system has magnetic instabilities it is unclear that they
would better fulfill a tendency for antiferromagnetic neigh- could be strong enough to produce a transition temperature
bors may be lower in energy. In particular, even though smalabove 200 K.
moment itinerant magnets are generally collinear, as may be
understood from arguments based on band kinetic energy |v. SUMMARY, DISCUSSION, AND CONCLUSIONS
considerations, here for want of a better alternative, one
might postulate that a noncollinear ground state may occur. Band-structure calculations for g8s,0; and CgRe, O,
One example of such a state would be an arrangement $how a considerable sensitivity of the electronic structure
which the Os moments are directed either towards or awaf€arEg to spin-orbit interactions. Both materials show semi-
from the center of the tetrahedra. Such a state could be at thgetallic band structures with heavy bands ne&g.
I' point or could have the character of a spin-density waveCR&0; has heavy-hole bands near the zone boundary and
(SDW), with modulation at a nonzero wave vector. Even so,relatively light electron pockets arourid, while the elec-
because of the multiple Fermi surfaces, including some thafonic structure of CgDs,0; is dominated by heavy bands
are more or less isotropic, it is unclear that a simple SDWor both the holes and electrons. Interestingly, because of the
would produce a fully gapped state. higherN(Eg) in Cd,0s,0;, the transport functioiNv? dif-
Each Os atom has two like spin and four opposite spirfers by only 7%. However, the specific-heat enhancement in
neighbors in the simple antiferromagnetic configuration weCd,0s,0; is apparently quite small, while that in ¢iRle,O,
calculated. On the pyrochlore lattice, this leaves a fully conds 2.4, leaving little room for electron-phonon interactions or
nected 3D network of like spin nearest-neighbor atoms. On&imple many electron effects in the former. Furthermore,
may speculate that a more complex arrangement that disruptghile Cd,0s,0; is at least near antiferromagnetism in the
this fully connected networkas the noncollinear arrange- GGA, neither compound shows a clear proximity to magne-
ment mentioned above would dovould narrow the bands tism in the LSDA, which may be a more reasonable approxi-
enough to produce an insulating state. It is unclear whethenation for 5d compounds. There are no clear nesting fea-
such a state would be energetically favored here. Howevetyres in the band structures that would suggest spin- or
the fact that we find the simple collinear antiferromagneticcharge-density wave Fermi-surface instabilities.
state to be at least marginally stable in the GGA and favored It is tempting to speculate that the metal-insulator transi-
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tion in Cd,0s,0; and the 200-K transition in GRRe,O, are  €nergy and the degree to which the size and shape of the
related to some common feature in their electronic structureglectron and hole Fermi surfaces matctkias compared to

In this regard, we note that although they have different electhe inverse size of an exciton. We cannot assess these as we
tron counts, both compounds have semimetallic band strudo have the effective dielectric screening. However, we note
tures each with nominally equal numbers of holes and electhat the very heavy bands should help to produce small ex-
trons dominated by very heavy bands. This is suggestive of &itoNS and favor this possibility. The situation in &b,0;
excitonic instability of the Fermi surface of the type pro- Is similar. However, in this material the 200-K transition is

posed by Mott® and reviewed by Halperin and Rié&The ::)hetweetr1 ”t.WO m(;ta”t'.c stgttlas. Vggglr:(the detﬁutomc scenéarlo
theory in its simplest form involves pairing between elec- € metalic conduction below and the superconauc-

jvity depend on the existence of nonpaired carriers below

trons on one sheet of Fermi surface and holes on another. g ; X
Conditions that favor such a state dreheavy band masses :Le. ”‘.1”5'“0”- Th‘?se could be provided by e.g., slight off
stoichiometry, which may perhaps be anticipated from the

(i) low carrier densities, angii ) similar sizes and shapes of IR | This dopi Id b e d dent
Fermi surfaces, although the latter condition can sometimeYlusual R€ valence. This doping could be sample dependen

be relaxed as discussed in Ref. 20. Such an instability iBFOV'd'”g an explanation of the very differes/dT ar_1d the
purely electronic, and in contrast to, e.g., a charge-densitg'fferent Tc of the two reported samples discussed
wave need not be coupled significantly to lattice degrees o bove . . . Lo
freedom. The excitonic state may be either singlet, or triplet. We lempha5|ze that the aboye dlscuss_lon of excitonic
Furthermore, it can coexist with superconductiftt?® or states in Ce05,0, and.CQRe.ZO7 IS speculgtlve. However,
band ferromagnetisif, 25provided that there are excess car-f It IS S0, these materials will be interesting novel tests of
riers. While such a transition is due to electron correlationsany-body theories of excitonic phases, including supercon-
it is not associated with an on-site Hubbard-like Coulombdu_Ct'V'ty'_ possmle_ triplet pairing, and the presence of strong
repulsion, but rathek-dependent correlations nelig. Im-  SPin-orbit interactions.
portantly, the formation of an excitonic state involves weak
thermodynamic signature# involves electrons only within
a distance determined by the exciton binding energy from
Er) and is continuous. Hase and Nishihara have suggested We are grateful for helpful discussions with D. Mandrus,
that such a state may exist in thd éxide CaPg0,.?’ W. E. Pickett and S. G. Ovchinnikov as well as a critical
The general phenomenology of an excitonic metal-reading by J. R. Thompson. Computations were performed
insulator transition would seem to fit experimental knowl- using facilities of the DoD HPCMO ASC center. Work at the
edge and the above band-structure results faG8gD,, es-  Naval Research Laboratory was supported by the Office of
pecially for triplet pairing® The key parameters determining the Naval Research. J.0.S. was supported by CONICET
whether such a state can be formed are the exciton bindingrgentina.
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