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We report de Haas–van Alphen effect �dHvA� measurements and band-structure calculations for CsOs2O6.

Sixteen dHvA frequency branches are observed in the �1̄10� plane. The Fermi surface consists of hole and
electron surfaces. The topology of the measured Fermi surface can be described by the band-structure calcu-
lations if slight rigid band shifts are incorporated. The electron surface has through holes in the �111� direc-
tions, indicating that the van Hove singularity is above the Fermi level unlike previously thought. Using
band-structure results, we have estimated that the Stoner enhancement factor S�3.1 and that the Wilson ratio
R�0.86. The dHvA effective masses are mostly between three and four times the corresponding band masses,
which is consistent with the specific-heat mass enhancement of 3.6. We have also estimated the orbital-specific
Stoner enhancement factor for one orbit from dHvA data: the most probable value of the product Sg, where g
is the g factor, for that orbit is found to be 9.374. The small Wilson ratio and Stoner enhancement indicate
rather limited importance of electron-electron interactions in CsOs2O6.
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I. INTRODUCTION

The search for and the study of superconducting
transition-metal oxides are certainly one of the most active
areas in solid state physics. The �-pyrochlore osmium oxides
AOs2O6 �A=K, Rb, and Cs� joined the superconducting ox-
ides club recently:1–4 the superconducting transition tempera-
ture Tc=9.6, 6.3, and 3.3 K for A=K, Rb, and Cs, respec-
tively. They crystallize in cubic structures with the space

group Fd3̄m �No. 227�,5,6 and the primitive cell contains
2 f.u. The OsO6 octahedra, sharing vertices, form a three-
dimensional network, while the alkali ions are located in
cages surrounded by the octahedra.

The Sommerfeld coefficient � of the specific heat is
70 mJ /K2 mol for A=K �Ref. 7� and 40 mJ /K2 mol for A
=Rb and Cs.8,9 These values are approximately seven and
four times larger than predicted by band-structure
calculations,10–13 indicating moderately strong mass renor-
malization due to many-body interactions. Whether the inter-
actions are of electronic origin or of phononic origin is an
important question and is, of course, intimately related to the
mechanism of the superconductivity.

Originally, possible importance of electron correlations
and of geometrical frustration inherent in the pyrochlore lat-
tice was suggested.1,14 The T2 dependence of electrical resis-
tivity, which is usually ascribed to electron-electron colli-
sions, has been reported for the Rb and Cs compounds,2,3 and
also lately for the K compound.15 A high pressure study16 has
shown that, for the Rb and Cs compounds, the coefficient of
the T2 term, which is a measure of the strength of electron-
electron interactions, peaks when Tc reaches a maximum as a
function of pressure. This might, indeed, indicate that the
electron correlations play a role in the superconducting pair-
ing mechanism. A muon spin rotation experiment17 has sug-

gested the possibility of an anisotropic order parameter, in
favor of electronic scenarios of the superconductivity.

On the other hand, it has been pointed out that the poten-
tial energy associated with the displacement of an alkali ion
in the cage is anharmonic, more or less flat near the equilib-
rium position,11 which will allow the “rattling” motion18 of
the alkali ions. This is clearly manifested in the unusually
large atomic displacement factors of the alkali ions found in
x-ray5,19 as well as neutron6 structural analyses. Further,
analyses of specific heat data require the inclusion of low-
energy Einstein modes, which are most likely attributed to
the rattling vibrations.7,8,20 Since the anharmonicity grows
rapidly in the sequence A=Cs, Rb, and K, the large variation
of Tc among these otherwise similar compounds might be
rooted in varying strength of electron–rattling-phonon inter-
actions among them.11 A rattling-phonon mediated strong-
coupling scenario for the superconductivity has been pro-
posed from detailed analyses of thermodynamic and
transport data.7

In this paper, we report results of de Haas–van Alphen
�dHvA� measurements and band-structure calculations for
CsOs2O6. We determine the detailed shape of the Fermi sur-
face by comparing the measured angular dependence of
dHvA frequencies with band-structure predictions. We also
estimate orbital-specific as well as bulk �Fermi-surface aver-
aged� mass enhancements and Stoner enhancements, and
consider the strength of electron correlations in CsOs2O6.

II. SAMPLE, EXPERIMENTS, AND BAND-STRUCTURE
CALCULATIONS

The single-crystal sample of CsOs2O6 used for the dHvA
measurements �Fig. 1� was taken from a batch of crystals
prepared in a way similar to that described in Ref. 7. Very
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high quality crystals can be grown in this way as evidenced
by a large residual resistivity ratio of 750 observed in another
crystal from the present growth batch.21 The crystal axes of
the sample were determined by x-ray diffraction.

dHvA oscillations were measured with the field-
modulation technique.22 The modulation frequency and am-
plitude were f =67 Hz and b=0.01 T, respectively. The de-
tection was made at the second harmonic of the modulation
frequency. The sample was placed in a pickup coil with the
�111� axis parallel to the coil axis. The magnetic field B was

rotated in the �1̄10� plane, and the field angle � is measured
from the �001� axis �Fig. 1�. The same setup was used to
measure ac magnetic susceptibility.

The dHvA magnetization oscillation Mosc due to an ex-
tremal cyclotron orbit normal to B enclosing the k-space area
A is given by22

Mosc = − �
r=1

�

ar sin	2�r
F

B
−

1

2
� �

�

4
� , �1�

where

ar = u
FB1/2

�*
A�
1/2r−3/2RT,rRD,rRs,r, �2�

RT,r =
rK�*T/B

sinh�rK�*T/B�
, �3�

RD,r = exp�− rK�*x
D
*/B� , �4�

Rs,r = cos
r
�

2
Sg

mband

me
� . �5�

The frequency F is given by F= �	 /2�e�A. Not only the
fundamental frequency F but also its harmonics �r
1� ap-
pear in Mosc. The � sign in Eq. �1� depends on whether the
orbit is minimal ��� or maximal ���. The constant u is posi-
tive. The effective mass m* is enhanced over the band mass
mband by electron-electron and electron-phonon interactions,
and �* is defined to be m* /me, where me is the free electron
mass. Similarly, other asterisked symbols indicate renormal-
ized quantities. 
A�
 is the curvature factor: A�=�2A /��2,
where � is the wave number along B. RT,r is the thermal

damping factor, where K is a constant �14.69 T /K�. The
Dingle factor RD,r describes the influence of disorder or im-
purity scattering, x

D
* being the Dingle temperature. We can

determine m* and x
D
* by fitting RT,r and RD,r to T and B

dependences of experimental oscillation amplitudes at con-
stant B and T, respectively. We may also calculate the mean
free path l=
*vF

* of electrons from F, m*, and x
D
* by using

the formula, A=�kF
2 , 	kF=m*vF

*, and 
*=	 /2�kBx
D
*, where

kB is the Boltzmann constant and 
* the relaxation time of
electrons. The spin-splitting factor Rs,r is due to the interfer-
ence between oscillations from up- and down-spin electrons.
S is the Stoner enhancement factor, and g the electron g
factor.

As a modulation field b cos��t�, where �=2�f , is applied
parallel to B, the voltage v is induced in a pickup coil. Since
Eq. �1� is nonlinear in B, it contains harmonics of �. If the
axis of the pickup coil is at an angle � to B,22

v = 
cos � −
1

F

dF

d�
sin ���

k=1

�

vk sin�k�t� . �6�

The voltage vk is given by

vk = − �
r=1

�

vk,r sin	2�r
F

B
−

1

2
� �

�

4
−

k�

2
� , �7�

with

vk,r = − 2c�kJk�r��ar. �8�

c is a coupling constant of the pickup coil, Jk the Bessel
function of the first kind of order k, and �=2�Fb /B2. With
the present setup, k=2 �second-harmonic detection� and �
=�−54.7°. Note that � increases with decreasing B for a
given b and that J2��� varies as ��2 for ��1. Accordingly,
dHvA oscillations with small frequencies �F� are often easier
to observe at moderately low fields.
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FIG. 2. �Color online� Upper critical field Bc2 as a function of T.
The inset shows ac magnetic susceptibility �ac against B and ex-
plains the determination of Bc2.

[112]

[112]

0.2 mm

FIG. 1. �Color online� Sample and definition of the field angle.
The approximate size of the sample is 0.8�0.5�0.6 mm3, and the
top surface is the �111� plane. The magnetic field B was rotated in

the �1̄10� plane, and the field angle � is measured from the �001�
axis. The axis of the pickup coil is parallel to �111�.
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The electronic band-structure of CsOs2O6 was calculated
by using a full potential linearized augmented plane wave
�LAPW� method with the local density approximation for
the exchange-correlation potential. We used the program
codes TSPACE �Ref. 23� and KANSAI-03. The scalar relativistic
effects were taken into account for all electrons, and the
spin-orbit interactions were included self-consistently for all
valence electrons in a second variational procedure.

The lattice parameters used for the calculations were a
=10.1525 Å and x=0.3146 for the 48f sites of oxygen.13 The
muffin-tin �MT� radii were set as 0.117a for Cs and Os, and
0.060a for O. Core electrons �Kr core for Cs, Xe core minus
5p6 for Os, and He core for O� were calculated inside the
MT spheres in each self-consistent step. The 4d10 electrons
on Cs and the 5p64f14 electrons on Os were treated as va-
lence electrons by using a second energy window.

The LAPW basis functions were truncated at 
k+Gi

�13.08�2� /a�, corresponding to 2397 LAPW functions at
the � point. The sampling points were uniformly distributed
in the irreducible �1 /48�th of the Brillouin zone; 231 k
points �divided by 12, 12, 12� were used both for the poten-
tial convergence and for the final band structure.
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FIG. 3. �Color online� Fourier spectra of dHvA oscillations in
CsOs2O6 at T=0.05 K for the high symmetry directions. The field
ranges used are 7�B�13.9 T �solid lines� and 14�B�17.5 T
�dotted lines�. Fundamental frequencies are labeled with Greek let-
ters, and “2�,” “3�,” etc., indicate the second and third harmonics
of �, and so on. The insets show the spectra of long field sweeps
especially performed to resolve finely spaced low frequencies: 3
�B�17.5 T for �001� and 4�B�17.5 T for �110�.
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FIG. 4. �Color online� �a� Angular dependence of dHvA fre-
quencies. The circles and diamonds denote experimental frequen-
cies determined from the high-field and low-field sweeps, respec-
tively. Fundamental frequencies are shown by filled symbols, while
harmonics by open symbols. The sizes of the symbols are based on
the amplitudes of dHvA oscillations. The squares indicate frequen-
cies determined from the special long field sweeps. The Greek let-
ters indicate the names of the frequency branches. The small � and
� marks show frequencies predicted by the band-structure calcula-
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surface resulting from the original �unadjusted� band-structure cal-
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“dimples” appear in the �111� directions.
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III. RESULTS AND DISCUSSION

A. Upper critical field

The upper critical field Bc2 was determined from ac mag-
netic susceptibility as shown in Fig. 2. Bc2�0� is estimated at

1.4 T. Assuming that this is the orbital limiting field, we may
estimate the coherence length � to be 15 nm.

B. de Haas–van Alphen measurements

We performed two field sweeps at each field direction:
one from B=7 to 13.9 T, and the other from 14 to 17.5 T.
We show Fourier transforms of dHvA oscillations in high
symmetry directions, �001�, �111�, and �110�, in Fig. 3. The
spectra of the low-field sweeps �solid lines in Fig. 3� have a
higher frequency resolution because of the wider 1 /B range
used, and also low-frequency oscillations are generally easier
to see in the low-field spectra as explained above. On the
other, the high-field spectra �dotted lines in Fig. 3� show
high-frequency oscillations more clearly. We note that these
spectra are rich in harmonic content, which is an indication
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of a good sample quality. For the high symmetry directions,
special long field sweeps were also performed to resolve
finely split low frequencies as shown in the insets. The an-
gular dependence of dHvA frequencies is shown in Figs. 4
and 5.

We estimated effective masses and Dingle temperatures
associated with orbits for the symmetry directions as exem-
plified in Fig. 6, and the obtained values are summarized in
Table I. We have also calculated electron mean free paths.
The obtained values are close to 1 �m for most of the orbits
�Table I�. This confirms the very high quality of the sample,
and the comparison of the mean free paths to the coherence
length shows that the superconductivity in single-crystal
CsOs2O6 is in the clean limit. The reason for the relatively
short mean free path of � �B � �111�� is not clear. We also
examined the field dependence of the effective masses, but
no significant dependence was found �Fig. 7�.

C. Band-structure calculations and the Fermi surface

In Fig. 8, we show the calculated energy band structure
near the Fermi level, which is similar to previously reported
ones.10–12 As can be seen from the total and partial densities
of the states shown in Fig. 9, these 12 bands are mostly of
Os 5d and O 2p characters. CsOs2O6 is a compensated metal,
and two bands, 111 and 112, cross the Fermi level. As pre-
viously noted,10 band-112 only slightly dips below the Fermi
level along the �L line, giving rise to a van Hove singularity
very close to the Fermi level. The two bands form the Fermi
surface shown in Fig. 4�b�. The existence of the van Hove
singularity is manifested in the band-112 electron surface as
“dimples” in the �111� directions. The density of states at the
Fermi level is estimated at 63.4 states /Ry f.u. Theoretical
dHvA frequencies calculated from this Fermi surface model
are compared with the measured ones in Fig. 4�a�, and also
listed in Table I for the high symmetry directions together

TABLE I. Experimental and calculated Fermi surface parameters.

Field
direction Branch Orbita

Experiment

Calculation

Unadjusted Adjusted

F �kT� m* /me x
D
* �K� l ��m� F �kT� mband /me F �kT� mband /me m* /mband

�001� �1
b �gp112

e � 0.41 �0.38� �1.6�
�2

b �gp112
e � 0.43 �0.39� �1.7�

�c W111
h 0.45 2.2�2� 0.080�9� 0.93�5� 0.48 0.56 0.41 0.52 4.2

� �112
h 2.81 7.0�5� 0.088�6� 0.71�3� 2.53 1.96 2.65 2.05 3.4

� �112
e 5.85 6.5�2� 0.085�6� 1.05�5� 5.73 1.95 5.61 1.99 3.3

� �111
e 10.25 10.2�3� 0.080�6� 0.95�6� 10.20 3.11 10.61 3.18 3.2

�111� � gp112
e 0.67 6.0�5� 0.12�2� 0.28�2� 0.60 2.00 3.0

�1
c X111

h 1.35 4.8�3� 1.28 1.57 1.08 1.46 3.3

�2
c X111

h 1.38 4.7�2� 1.28 1.57 1.08 1.46 3.2

�3
c X111

h 1.40 4.6�2� 1.28 1.57 1.08 1.46 3.2

�112
h 2.03 2.85

�112
h 2.34 1.96 2.46 2.19

� L111
e 4.20 9.2�3� 0.072�7� 0.75�6� 4.03 2.40 4.38 3.03 3.0

o 4.42

� �112
e 5.02 9.6�4� 0.079�7� 0.72�5� 4.65 2.26 4.51 2.44 3.9

� L111
h 10.15 12.2�5� 0.074�9� 0.85�8� 10.00 3.54 9.53 3.98 3.1

�110� � �112
e 0.29 0.27 1.14

� �112
e 0.65 0.60 1.85

�1 gp111
h 0.68 3.4�2� 0.69 0.91 0.58 0.81 4.3

�2 gp111
h 0.72 3.8�3� 0.69 0.91 0.58 0.81 4.8

� X111
h 1.02 3.6�2� 0.083�7� 0.81�5� 0.87 0.96 0.75 0.86 4.2

� gp112
e 1.09 1.03 3.4

 S111
h 1.56 6.6�2� 1.59 1.68 1.38 1.55 4.3

�� �112
e 4.99 11.4�3� 0.072�7� 0.66�5� 4.71 2.77 4.55 2.88 4.0

aOrbit assignments are based on the adjusted Fermi surface �Fig. 5�b�� and are denoted by orbit center, band number, and orbit character, i.e.,
electron or hole. “gp” is an abbreviation for a general point.
bAccording to the band-structure calculations, the � frequency does not exist for exactly B� �001�. Calculated values are those for the field
direction 1° off the �001� axis.
cExperimental values are estimated from the second dHvA harmonic.
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with calculated band masses. It can be seen that most of the
experimental frequency branches are explained by this origi-
nal �unadjusted� Fermi surface. Cyclotron orbits responsible
for some of the branches are depicted in Fig. 4�b�.

We, however, note the following discrepancies: �1� The �
frequency branch, which is assigned to a �-centered orbit on
the band-112 surface �Fig. 4�b�, right�, is not observed ex-
perimentally around �=35°. �2� The � branch observed for a
wide range of field angle cannot be explained. The former
seems to relate with the fact that for �=35°, the cyclotron
orbit responsible for � would pass the dimples and suggests
the existence of through holes in the �111� directions rather
than the dimples.

Accordingly, we tried some adjustments by shifting each
band in energy while keeping the carrier compensation. In
Fig. 5�b�, we show the Fermi surface obtained by lowering
band 111 by 1.1 mRy and raising band 112 by 0.5 mRy. This
reduces the carrier concentration from 0.326 to 0.281
electron/primitive cell, while the density of states becomes
64.3 states /Ry f.u. The van Hove singularity is now above
the Fermi level, and through holes but not dimples occur in
the �111� directions of the band-112 surface.

dHvA frequencies calculated from this adjusted Fermi
surface are compared with the measured ones in Fig. 5�a�.

The absence of the � frequency near �=35° is explained
well. The � branch can be explained by an orbit traversing
two holes on the band-112 surface �Fig. 5�b�, right�. Further,
the �, �, and � frequencies are also attributed to orbits in-
volving the holes of the band-112 surface. The � orbit is one

connecting holes in the �111� and �111̄� directions. Accord-
ing to the calculations, the � frequency, which arises from an

orbit connecting holes in the �111� and �11̄1� directions, does
not occur for exactly B � �001�, but appears as a doublet as
soon as B is tilted. The experimental observation of two
close frequencies �1 and �2 for B � �001� can be ascribed to a
slight misorientation of the sample. These successful assign-
ments of the experimental frequencies indicate that the ad-
justed Fermi surface describes the correct topology of the
Fermi surface.

It, however, gives poorer agreement of the dHvA frequen-
cies with experiment than the original one. Taking large or-
bits, for example, the frequencies � and � calculated from the
original Fermi surface are in virtually perfect agreement with
the measured ones �Fig. 4�a��, while in the case of the ad-
justed Fermi surface model, the calculated � and � frequen-
cies are larger and smaller, respectively, than the measured
ones �Fig. 5�a��. Another example is �: The measured � fre-
quency is 1.02 kT for B � �110�. The original Fermi surface
gives the value of 0.87 kT, while the adjusted one 0.75 kT, a
still smaller value. As can be understood from Fig. 5�b�,
when tubes of the band-111 surface thin, orbits for � and �
shrink, but that for � expands. Hence, these discrepancies
indicate that the carrier concentration was reduced too much
in the adjusted Fermi-surface model. Turning to the band-112
surface, the calculated � and � frequencies are both smaller
than the measured ones �Fig. 5�a��. This again suggests that
the carrier concentration is reduced too much. In order to
improve agreement between theory and experiment, both the
inner and outer sheets of the band-112 surface have to be
expanded. Such adjustment can, however, not be achieved by
a rigid band shift, which generally shifts the inner and outer
sheets in opposite directions: See the band structure in Fig. 8.
Band 112 dips the Fermi level near the middle of the �K
line, for example. If the band is lowered, the outer sheet will
expand, while the inner will shrink.

To summarize this section, the adjusted Fermi-surface
model gives the correct topology of the Fermi surface. For
CsOs2O6, the van Hove singularity is above the Fermi level
unlike previously thought.10–12 For quantitative improvement
of the model, non-rigid-band effects would have to be con-
sidered.

D. Mass enhancement and Stoner enhancement

In this section, we consider the relative importance of
electron-electron and electron-phonon mechanisms in many-
body interactions in CsOs2O6.

Table II compares the enhancement of the electronic spe-
cific heat and magnetic susceptibility in CsOs2O6 with those
in various compounds. The compounds listed are the strong-
coupling superconductors Pb and Nb, the strongly enhanced
paramagnet Pd, the nearly ferromagnetic metal Ni3Ga, and
the intermediate-valent compound CeSn3. The ratio

12

10

8

6

4

2
� // [001]β

γ
δ

ε

14

12

10

8

6

4

2

η

ι

δ

κ

� // [111]

12

10

8

6

4

2
161412108

� (T)

θ

ν

δ

� // [110]

E
ffe

ct
iv

e
m

as
s

(�
e)

FIG. 7. �Color online� Effective masses as functions of magnetic
field.

TERASHIMA et al. PHYSICAL REVIEW B 77, 064509 �2008�

064509-6



�exp /�band is the specific-heat mass enhancement, to which
both the electron-electron and electron-phonon interactions
contribute. On the other hand, �exp

c /�band gives an estimate of
the Stoner enhancement factor S, which stems only from the
electron-electron interactions.55 The ratio of the two ratios,
namely, R in the last column, approximately gives the Wilson
ratio: R�S / ��1+�ee��1+�ep��, where �ee and �ep are the
electron-electron and electron-phonon mass enhancement
factors, respectively. In general, S / �1+�ep�
1 for the
electron-electron interactions.39 Hence, significant electron-
phonon interactions are necessary to have R smaller than 1.
Indeed, R is larger than 1 for all the compounds except
CsOs2O6 and Pb. R
2 even in Nb, in which the supercon-
ductivity is dominated by the electron-phonon interactions.
In the case of CeSn3, prevailing magnetic interactions are not
necessarily ferromagnetic, unlike in Ni3Ga; nevertheless, R
�3. The comparison shown in Table II, thus, clearly sug-
gests the rather limited importance of the electron-electron
interactions in CsOs2O6.

Since the Stoner enhancement factor S appears in the
spin-splitting factor Rs,r �Eq. �5��, orbit-specific values of S,
or exactly the product Sg, can in favorable circumstances be
determined for some orbits from dHvA data. According to
Eq. �2�, the amplitude ar of the rth dHvA harmonic basically
decreases exponentially with r. However, if many harmonics
are observed, the oscillation as a function of r of the ampli-
tude due to Rs,r may be detected. Figure 10�a� shows the
amplitudes of the � frequency and its harmonics for B � �001�
against the harmonic number r. The amplitude is not mono-

tonic, but clearly oscillates. The two solid curves are fits
based on Eq. �2�. We have used the values of �*=m* /me
=2.2 and xD=0.080 K determined above from the tempera-
ture and field dependences, respectively, and mband /me
=0.52 from the adjusted calculation �Table I�. Hence, there is
only one free parameter, Sg, for these fits except for an over-
all proportionality factor. The curves correspond to Sg
=1.682 and 2.164, respectively. Because of the nature of the
cosine function, the following series of values gives fits of
the same quality: Sg=1.682+3.846n and 2.164+3.846n,
where n=0,1 ,2 , . . ..

When the spin-orbit coupling is operative, g can be dif-
ferent from the free-electron value g=2. However, appre-
ciable deviations can occur only for very small orbits located
at Brillouin zone boundaries, e.g., the Zn needle orbit with
F=1.5 T.22 Since the � orbit is not so small, g is not very
much different from 2. As mentioned above, the Fermi-
surface average of S is about 3.1. Accordingly, in the follow-
ing, we consider only Sg values corresponding to n!2 in the
above series.

We note that at �=14.5°, the fundamental of � is not
observed, while the second and higher harmonics are ob-
served �see Fig. 4�a� or 5�a��. This is a phenomenon called a
spin-splitting zero, namely, Rs,r=0 for a particular frequency
and a particular field direction.22 Figure 10�b� shows the am-
plitude of � as a function of the field angle. We can calculate
the spin-splitting factor Rs,1 for the values of Sg under con-
sideration, using the band mass. The results are shown to-
gether. It is clear that Sg=5.528 or 9.374 for a spin-splitting

(a) (b)

FIG. 8. �a� Calculated band structure of CsOs2O6 near the Fermi level EF. �b� An enlarged view around EF. EF is at 0.441 069 Ry.
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zero to occur near �=15°. The latter, 9.374, seems more
compatible with the observed angular dependence of the am-
plitude. Then Fig. 10�c� shows the amplitude of the second
harmonic together with Rs,2 for the two values of Sg. The
value of 9.374 again appears more suitable to explain a sud-
den drop of the amplitude between �=14.5 and 22°.

If we assume g=2, Sg=9.374 means S=4.7. This estimate
as well as the Fermi-surface average of S�3.1 is slightly
larger than previous band-structure predictions, 2.57 �Ref.
10� and 2.15 �Ref. 11� for KOs2O6. However, they are still
comparable to the value in the phonon-mediated supercon-
ductor Nb, and are far from suggesting strong electron cor-
relations in CsOs2O6.

Our negative conclusion about the dominance of the
electron-electron interactions in CsOs2O6 is in line with pre-
vious band-theoretical analyses on AOs2O6.10–12 It is also in
agreement with a conclusion from specific-heat measure-
ments on RbOs2O6: it has been concluded in Ref. 9 that
RbOs2O6 is a phonon-mediated superconductor. On the other
hand, there are some reports15,20 suggesting stronger electron
correlations in KOs2O6. In this connection, we note that
band-structure calculations indicate that the position of the
van Hove singularity moves downward in energy as one
moves from A=Cs through Rb to K.12,13 Therefore, the po-
sition of the singularity may be very close to the Fermi level
in KOs2O6. This might lead to stronger electron-electron in-
teractions in the K compound. It will be interesting to experi-
mentally investigate the position of the singularity, namely,
whether it is above or below the Fermi level, in the Rb and K
compounds.

Last, we return to Table I. The values of the dHvA mass
enhancement m* /mband are mostly between 3 and 4, which is
consistent with the specific-heat mass enhancement of 3.6
�Table II�. It is tempting to argue that the observed nearly
homogeneous mass enhancement over the Fermi surface, i.e.,
momentum-independent enhancement, is a signature of en-
hancement due to electron–rattling-phonon interactions be-
cause the rattling vibration is a local vibration in essence.
However, this argument is simplistic.

Figure 11 shows a plot of dHvA mass enhancement vs
frequency for various compounds. The compounds shown
are the same as in Table II except for Nb, plus the recently
discovered heavy-fermion PrOs4O12, the mechanism of
whose mass enhancement is not clear, and the representative
heavy-fermion compounds CeRu2Si2 and UPt3. The form of
enhancement vs frequency is based on the following expec-

TABLE II. Enhancement of the electronic specific heat and magnetic susceptibility in CsOs2O6 �experimental values are from Refs. 8 and
21� compared with those in Pb �Refs. 24–26�, Nb �Refs. 27–29�, Pd �Refs. 30–32�, Ni3Ga �Refs. 33–35�, and CeSn3 �Refs. 36 and 37�.
�exp

c =�exp+ 
�core
, where �exp is the experimental low-temperature susceptibility, and �core the diamagnetic susceptibility of ion cores. Values
of �core were estimated from literature values �Ref. 38�. R= ��exp

c /�band� / ��exp /�band�.

DOS

� states

Ry f.u.�
�exp

� mJ

K2 mol�
�band

� mJ

K2 mol� �exp /�band

�exp
c

�10−4 emu

mol �
�band

�10−4 emu

mol � �exp
c /�band R

CsOs2O6 64.3 40 11.1 3.6 4.7 1.53 3.1 0.86

Pb 7.4 3.0 1.3 2.3 0.06 0.18 0.3 0.14

Nb 28.2 7.8 4.88 1.6 2.52 0.670 3.76 2.3

Pd 32.7 9.42 5.67 1.66 7.6 0.777 9.8 5.9

Ni3Ga 84.8 40 or 24a 14.7 2.7 or 1.6a 165 2.01 82 30 or 51a

CeSn3 89 65 15 4.3 25 2.1 12 2.8

aBecause of an anomalous contribution to the specific heat at low temperatures, the determination of �exp in Ni3Ga is not straightforward.
Thus, two estimations based on temperature ranges 1!T!5 K and 10!T!15 K are shown �Refs. 33 and 34�.
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FIG. 9. �Color online� �a� Calculated total and partial densities
of states for CsOs2O6 near the Fermi level EF. �b� An enlarged view
around EF.
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tation: Although mass enhancements determined for small
orbits may deviate largely because they represent only a
small part of the Fermi surface, those for large orbits will
converge on the specific-heat mass enhancement. This ex-
pectation is more or less correct except for PrOs4Sb12 and

CeRu2Si2. The scatter of enhancements for different orbits is
of similar magnitude, a factor of 2 or less, for all the other
compounds despite different mechanisms of mass enhance-
ment. Thus, the homogeneous enhancement observed for
CsOs2O6 is, unfortunately, not necessarily a signature of the
electron-rattling interactions.

IV. SUMMARY

We have performed detailed dHvA measurements and
band-structure calculations for CsOs2O6. By comparing the
experimental angular dependence of dHvA frequencies with
the calculated one, we have found that the topology of the
Fermi surface can be described by the band-structure calcu-
lations if slight rigid band shifts are incorporated. Band-112
electron surface has through holes in the �111� directions
instead of the dimples previously suggested. This means that
the van Hove singularity is above the Fermi level in
CsOs2O6, contrary to the previous thoughts.10–12
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FIG. 10. �Color online� �a� Amplitudes of the � frequency and
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The solid curves are fits based on Eq. �2�, which gives the values of
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that of the second harmonic as functions of the field angle. The
solid curves are the spin-splitting factor calculated from the values
of Sg shown in the figure and the band mass.
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We have estimated that the Stoner enhancement factor S
�3.1 and that the Wilson ratio R�0.86, by comparing ex-
perimental susceptibility and Sommerfeld coefficient with
band-structure results. The dHvA mass enhancement ranges
approximately from 3 to 4, which is consistent with the
specific-heat mass enhancement of 3.6. We have also esti-
mated the orbit-specific Stoner enhancement factor for the �
orbit: the analyses indicate most likely Sg=9.374. The small
Wilson ratio and Stoner enhancement factor indicate rather
limited importance of electron-electron interactions. It is un-
likely that the electron-electron interactions prevail over the
electron-phonon ones in CsOs2O6. This conclusion is in line
with previous studies such as Refs. 9–12. Since possible signs
of stronger electron correlations have been reported for

KOs2O6,15,20 experimental determination of electronic band
structures in the Rb and K compounds deserves further ef-
forts.

Finally, we have considered implications of the observa-
tion that the mass is enhanced homogeneously over the
Fermi surface, but it has turned out that the homogeneous
mass enhancement itself cannot be regarded as an indication
of the electron-rattling interactions.
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