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Comparison to KOs2O6Crystal structure of RbOs2O6

Superconducting b-pyrochlore oxide RbOs2O6 single crystals has been synthesized 
by encapsulation techniques (evacuated and sealed quartz ampoule). The ampoule 
was placed in the preheated furnace at 600 °C, kept for 1 h, cooled down to 400 °C at a 
rate of 5 °C/h, and finally cooled down to room temperature at a rate of 150 °C/h. As a 
result, RbOs2O6 octahedra shaped single crystals with a size up to 0.3 mm have been grown.

Bulk superconductivity with Tc= 6.4 K was observed in magnetisation and specific 
heat measurements. For members of b-pyrochlore AOs2O6 family (A = K, Rb, Cs) the 
transition temperature was found to decrease with increasing the ionic radius of A cation 
(9.6 K for KOs2O6 and 3.3 K for CsOs2O6) [1]. 

Band structure calculations for KOs2O6 show significant instability and anharmonicity 
of the K ions (“rattling”) [2], which seems to be consistent with a rather high anisotropic 
displacement parameter derived for the K ions from our crystal structure studies [3].

The structure of b-pyrochlore RbOs2O6 has been solved from single crystal X-ray         
data measured at room temperature (SMART CCD, MoKa1):

Above: Structural details of b-pyrochlore RbOs2O6 at room temperature with F43m space group symmetry showing: 
(left) the O-O interatomic distances in the octahedral network: the length O1–O1 = 2.79 Å is longer and the length              
O2-O2 = 2.71 Å is shorter than the distance O-O = 2.74 Å calculated for the ideal b-pyrochlore structure (Fd3m); 
(right) the anisotropic nature of the Rb channels. Interatomic distances O2-Rb1 = 3.14 Å and O1-Rb2 = 3.09 Å 
are longer and shorter, respectively, compared to the ideal b-pyrochlore structure calculated with Fd3m symmetry                    
(O-Rb = 3.13 Å). Shown is the structure projected along the [-110] direction.

Detailed single crystal X-ray diffraction studies at room temperature show Bragg peaks that 
violate Fd3m symmetry, like for KOs2O6 [3]. With a comparative structure refinement the 
structure is identified as non-centrosymmetric (F43m). Compared to the ideal b-pyrochlore 
lattice (Fd3m), both Os tetrahedral and O octahedral network exhibit breathing mode like 
volume changes accompanied by anisotropic character of the Rb channels.

P A U L S C H E R R E R I N S T I T U T

12

10.08 10.12 10.16 10.20 10.24
0

2

4

6

8

10

CsOs2O6

RbOs2O6

KOs2O6

Cd2Re2O7

T c
(K

)

a (Å)

Figure 5.

RbOs2O6 KOs2O6 [3]
Site x y z Uiso Uiso

Os 16e 0.8758(1) x x 0.0039(1) 0.0005(1)
Rb1 4c 1/4 1/4 1/4 0.0304(1) 0.063(5)
Rb2 4b 1/2 1/2 1/2 0.0375(1) 0.062(4)
O1 24f 0.1895(1) 0 0 0.0027(2) 0.005(1)
O2 24g 0.5551(2) 1/4 1/4 0.0190(3) 0.005(1)

RbOs2O6

Site U11 U22 U33 U12 U13 U23

Os 16e 0.0039(1) 0.0039(1) 0.0039(1) 0.0006(1) -0.0006(1) 0.0006(1)
Rb1 4c 0.0304(1) 0.0304(1) 0.0304(1) 0 0 0
Rb2 4b 0.0375(1) 0.0375(1) 0.0375(1) 0 0 0
O1 24f 0.0000(4) 0.0041(2) 0.0041(2) 0.0006(4) 0 0
O2 24g 0.0266(6) 0.0152(3) 0.0152(3) 0.0131(4) 0 0

RbOs2O6 D KOs2O6 D

Os-O1 1.932 0.035 1.920 0.014
Os-O2 1.897 1.906
Os-Os 3.561 0.037 3.548 0.044
Os-Os 3.598 3.592
A1-O2 3.144 0.055 3.141 0.082
A2-O1 3.089 3.059
A-A 4.384 - 4.372 -
O1-O2 2.665 - 2.653 -
O1-O1 2.790 0.078 2.819 0.124
O2-O2 2.713 2.695

Above: Critical temperature Tc as a function of lattice parameter a for superconducting pyrochlores 

noninteracting susceptibility and S gives the electron-
electron enhancement in terms of the Stoner constant I. We
have calculated I using both the Janak-Vosko-Perdew
theory14 and fixed spin moment calculations, obtaining a
value of S=2.15±0.05, which does not indicate any ferro-
magnetic instability of the paramagnetic ground state. The
spin-orbit coupling was neglected in this calculation.

D. Dynamical instability

In light of interesting but perhaps limited role of correla-
tion effects (nothing similar to heavy fermion behavior), we
have begun to pursue the character of electron-phonon cou-
pling as a pairing mechanism. Since K+ is a bare charge in a
substantial hole in the �-pyrochlore lattice, we have calcu-
lated the energy surface and deformation potential for a
KuK “bond stretching” motion of the K ions, which lie on
a diamond sublattice (of course, there is no KuK bond, the
ions being ionized and also separated by dKuK= ��3/4�a
=4.33 Å). The result we find is a dynamical instability of the
K ion. Although the force vanishes by symmetry for the ideal
structure, for increasing separation of K ions lying along the
�111� direction the energy decreases. The energy is mini-
mized only after a displacement of the K ion by 0.65 Å. This
motion is directed along �111� channels in the Os2O6 system,
and this crystal structure may not be stable for the smaller
alkali cations Na and Li simply because they do not stay put
near the ideal site. In Fig. 8 we show the energy as a function
of the alkali ion displacement in this mode for K, Rb, and Ce
as well as fictitious Na compounds (the lattice constant of
KOs2O6 was used for the Na compound). Note that the
curves are upper bounds, since allowing the Os and O atoms
to relax at any displacement would only lower the energy.

The high symmetry position is found to be unstable for
Na, while a very flat energy surface is found for K over a
large range of displacements. The Rb system exhibits signifi-

cant anharmonicity, which is reduced when going to Cs.
Large differences in the energy surface between systems
which have very similar lattice constants and band structures
can be understood as follows. If only the effect of the elec-
trostatic potential on the nucleus at the alkali metal site was
considered (i.e., if the electron charge was frozen) the site
would be unstable although the force vanishes. This is re-
flected in the fact that the first nonspherical term in the site
expansion of the electrostatic potential is a cubic polynomial,
indicating an inflection point. The site is thus stabilized due
to electronic relaxation which is accomplished by mixing of
the outer alkali ions orbitals with the orbitals on its neigh-
bors. This explains the pronounced difference between Na,
for which the 2p orbitals are substantially more localized
than the 5p orbitals of Cs. Note that the shape of the insta-
bility or anharmonicity corresponds with the effect of the
electrostatic repulsion of the four neighboring alkali ions
(which form a tetrahedron), which tends to move the atom in
the center away from the vertices.

In addition to the alkali ion displacement we have inves-
tigated the symmetric O mode, which corresponds to varying
the internal parameter around its equilibrium value of 0.317.
This Raman-active mode correspond to a simultaneous
rhombohedral distortion of the OsO6 octahedra along a cubic
body diagonal (different diagonal for each of the four Os
atoms in the unit cell). Locally the O atom is moving per-
pendicular to the line connecting its nearest-neighbor Os
pair. The calculated frequency is 65 meV=525 cm−1. Similar
frequencies of 65 and 64 meV were obtained for RbOs2O6
and CsOs2O6, respectively. The deformation potential for the
band crossing the Fermi level calculated at L point (very near
the Fermi level) amounts to ��k /�R=1.8 eV Å−1, where �R
is the displacement of each O ion. The presence of two bands
in the vicinity of the Fermi level (at the L point and close to
the center of �-L line) makes the Fermi surface rather sen-
sitive to this oxygen mode. These two bands move in mutu-
ally opposite directions as the oxygen is moved away from
equilibrium. As a consequence displacement of the O atom
by less then 0.05 Å results in appearance of an additional
electron pocket centered at the L point followed by sticking
together and opening of holes along �-L direction in the
sheets centered at � point.

IV. DISCUSSION AND SUMMARY

In this paper we have analyzed the electronic structure of
the �-pyrochlore KOs2O6, which is nearly identical to those
of the Rb and Cs compounds. The Os t2g states are well
separated from the more tightly bound O 2p states, and also
separated from the unoccupied eg states, leaving the focus on
the complex of twelve t2g-derived bands. Spin-orbit coupling
has a large effect on N�EF�, increasing it by 60% over its
value if SuO coupling is neglected [other regions will have
decreased values of N�E�]. This system has often been com-
pared to the other pyrochlore structure superconductor
Cd2Re2O7, which has Tc=1 K. The t2g bands of the two
compounds have very much the same shape, with those of
KOs2O6 being 20% wider.15 The different band filling of
these compounds precludes serious comparison of their su-

FIG. 8. (Color online.) Energy surface for a displacement � of
alkali ions along �111� direction. The curves were obtained by
spline interpolation of energies and forces evaluated at approxi-
mately ten points. Note the very large ��0.5 eV� instability of the
Na ion.
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a = 10.124(1) Å
F43m (No. 216)
249 unique reflections
16 parameters 
R1 = 0.021
wR = 0.039 
Rint = 0.030 
S  = 1.437

Below: Atomic coordinates and isotropic displacement parameters (Uiso)

Below: Anisotropic displacement parameters (ADP) 

Below: Selected interatomic distances (Å) (KOs2O6 [3]);
D: length difference (Å): maximal - minimal length                   
(example: [length: K1-O2] - [length: K2-O1] = 0.082 Å).

Above: Energy surface for a displacement D of alkali ions 
along [111] direction (band structure calculations) [2]. 

	 Only the O octahedral network            
length changes (DOs-O) are stronger for       
RbOs2O6 then for KOs2O6.

	 Os tetrahedral network length changes 
(DOs-Os) and the anisotropic character  
(DRb-O) of the alkali ion channels are               
weaker for RbOs2O6.

	 Uiso, Rb / Uiso, K  0.5 

 Less alkali ion “rattling” in RbOs2O6


