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Pressure Effects on the Transition Temperature and the Magnetic Field Penetration Depth
in the Pyrochlore Superconductor RbOs,0g¢
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Magnetization measurements under hydrostatic pressure up to 8 kbar in the pyrochlore supercon-
ductor RbOs,0¢ (T, =6.3 K at p =0) were carried out. A positive pressure effect on 7, with
dT./dp = 0.090(3) K/kbar was observed, whereas no pressure effect on the magnetic penetration
depth A was detected. The pressure independent ratio 2A,/kzT. = 3.72(2) (A, is the superconducting
gap at zero temperature) was found to be close to the BCS value 3.52. Magnetization and muon-spin
rotation measurements of A(7) indicate that RbOs,Og is an adiabatic s-wave BCS-type superconductor.
The value of A extrapolated to zero temperature and ambient pressure was estimated to be 230(30) nm.
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There is increasing interest in the physics of geometri-
cally frustrated systems, especially after the observation
of bulk superconductivity in the pyrochlore oxides
CdRe,O; (T, =1K) [1,2], KOs,O4 (T, =9.6 K) [3],
RbOs,0q4 (T, = 6.3 K) [4-7], and CsOs,0¢ (T, = 3.3 K)
[8]. The nature of the pairing mechanism in these pyro-
chlore compounds is still an open question. CdRe,O; is
suggested to be a weak-coupling BCS superconductor [9]
without nodes in the superconducting gap [9,10]. Specific
heat measurements performed on RbOs,0O¢ [5] are con-
sistent with BCS-type behavior. On the other hand, Hiroi
et al. [4] and Koda et al. [11] pointed to an unconventional
mechanism of superconductivity in KOs,Og4 and sug-
gested that the superconducting order parameter is aniso-
tropic [11].

Studies of the magnetic field penetration depth and
experiments under pressure traditionally play an impor-
tant role in superconductivity. The temperature depen-
dence of the magnetic penetration depth A provides
information on the nature of superconductivity, whereas
the low-temperature behavior of A(T) reflects the super-
conducting gap structure. Additional information can be
obtained from pressure studies on 7. and other physical
quantities.

In this letter we report magnetization studies of the
hydrostatic pressure effect on the superconducting tem-
perature T.(p) and the magnetic field penetration depth
A(T, p) in the pyrochlore superconductor RbOs,Og4. The
temperature dependence of A at ambient pressure was also
studied by means of muon-spin rotation («SR) down to
T = 30 mK.

Details of the sample preparation for RbOs,Og4 can be
found elsewhere [5,6]. Following the classical work of
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Shoenberg [12], for fine powders with known grain sizes
the magnetic penetration depth can be calculated from the
magnetic susceptibility y. The RbOs,0O4 powder sample
was ground and the grain-size distribution was deter-
mined by analyzing scanning electron microscope photo-
graphs. The distribution of the volume fraction ~N(R)R?
[N(R) is the measured particle radius distribution] is
shown in the inset of Fig. 1. The hydrostatic pressure

FIG. 1. Temperature dependence of A~2 for RbOs,04 calcu-
lated from the measured f(T) by using Eq. (1). Lines represent
fit with the weak-coupling BCS model (solid line), strong-
coupling BCS model (dotted line), and with a power law
(dashed line). See text for an explanation. The inset shows
the volume fraction distribution N(R)R? of the RbOs,04 pow-
der determined from scanning electron microscope photo-
graphs. The errors are statistical.

© 2004 The American Physical Society 157004-1



VOLUME 93, NUMBER 15

PHYSICAL REVIEW

week ending

LETTERS 8 OCTOBER 2004

was generated in a copper-beryllium piston cylinder
clamp especially designed for magnetization measure-
ments under pressure [13]. The sample was mixed with
Fluorient FC77 (pressure transmitting medium) with a
sample to liquid volume ratio of approximately 1/6. The
pressure was taken from a separate calibration set of
magnetization experiments where a small piece of indium
[T.(0) = 3.4 K] with known T,(p) dependence was added
to the sample and both 7.’s of indium and RbOs,O4 were
recorded.

The field-cooled (FC) and zero-field-cooled (ZFC)
magnetization measurements were performed with a
SQUID magnetometer in a field of 0.5 mT at temperatures
between 1.75 K and 10 K. The absence of weak links
between grains was confirmed by the linear magnetic
field dependence of the FC magnetization, measured at
0.25, 0.5, and 1.0 mT for each pressure at 7 = 1.75 K. The
temperature dependence of A was calculated from the
measured ZFC magnetization by using the Shoenberg
formula [12], modified for the known grain-size distri-
bution N(R) [14]:

_ 3o 3MD) R
x(T) = 3 j:) (1 R COthA(T)
3A%(T)

+R2

)g(R)dR/ fo “eRAR, (1)

where R is the grain radius, g(R) = N(R)R> (see inset in
Fig. 1). The resulting temperature dependence A~ 2(T, 0) at
ambient pressure is shown in Fig. 1.

The reconstructed data were fitted with different mod-
els. The dotted line represents the fit with the two-fluid
model A2(T)/A72(0)=1—-(T/T,)* [T, =6.132) K
and A(0) = 241(5) nm] which corresponds to a strong-
coupled BCS superconductor [15]. Here the errors are
transferred from the “noise’” of the magnetization mea-
surements and do not include systematic errors which are
discussed later. The solid line represents the best fit with
the weak-coupling BCS model [15]:

,2 -
AT A ET’AO) =1+2f o E )
A72(0) am IE \[ET —A(T)?
where, F =[1 + exp(E/kzT)]"! is the Fermi function,
A(T) = AOA(T/ T.) represents the temperature depen-
dence of the energy gap, A is the zero temperature value
of the superconducting gap, and A(T/T,) is the normal-
ized gap taken from Ref. [16]. A best fit to the data using
Eq. (2) yields T, = 6.35(2) K, A(0) = 234(1) nm, and
Ay = 1.02(2) meV. At ambient pressure the ratio
2A¢/kgT, = 3.73(6) is found to be close to the standard
weak-coupling BCS value 3.52 [15]. For comparison with
literature, we also analyzed the data with the empirical
power law A~2(T)/A2(0) =1 — (T/T.)" [17] (dashed
line in Fig. 1), yielding T. = 6.35(1), A(0) = 223(1) nm,
and n = 2.20(1). A value of n =2 was reported for
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KOs,06 which was interpreted as an indication for
d-wave type of pairing [11].

To distinguish between s-wave and d-wave models one
has to know A%(T) at low temperatures where they
exhibit a completely different behavior (see Fig. 1). For
this purpose we performed magnetic field penetration
depth measurements down to 30 mK using transverse-
field wSR (see e.g. [17]). The SR experiments
were performed at the Paul Scherrer Institute (PSI,
Switzerland) on the 7M3 beam line. In a powder sample
the magnetic penetration depth A can be extracted from
the muon-spin depolarization rate o(T) « 1/A*(T) (see,
e.g., [17]). For the measurements of o(7) the sample was
field cooled from far above T, in a magnetic field of 1 T.
Figure 2 shows the normalized superfluid density
A~2(T)/A72(0) = o(T)/o(0) versus reduced temperature
T/T, for 0.5 mT (low-field magnetization data) and 1 T
(uSR data). In spite of the different nature (surface,
Meissner state vs. bulk, mixed state) of the magnetization
and uSR measurements, the normalized A~2(T) and o(T)
data almost coincide over the whole temperature range
where both types of measurements are available. The
inset shows the low-temperature part of o(7T) between
0 K and 1.3 K. In this temperature range the depolariza-
tion rate o « 1/A? is constant within the errors, suggest-
ing that RbOs,Oq is a weak-coupled BCS s-wave
superconductor. The solid line in Fig. 2 represents the fit
of the uSR data by Eq. (2) with fixed 7, = 5.59 K
obtained from the corresponding (1 T) field-cooled mag-
netization measurements. The fit yields o(0) =
1.057(4) us™', and A, =0.81(2) meV. The ratio
2A0/kT. = 3.36(8) is close to the value 3.73(6) extracted
from the magnetization measurements at ambient pres-
sure. From ¢(0) measured by SR and H,, measured by
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FIG. 2.  Normalized superfluid density A2(T)/A~2(0) =
o(T)/o(0) versus reduced temperature 7/T, for 0.5 mT (low-
field magnetization) and 1 T (uSR). The solid line represents
the fit to the uSR data with Eq. (2). The inset shows the low-
temperature region between 0 K and 1.3 K; the dashed line
represents the average value.
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magnetization, the value of A(0) at ambient pressure is
estimated to be 240(30) nm. Details of this procedure
will be published elsewhere [18].

A rough estimate of the uncertainty in the absolute
value of A(0) reconstructed from magnetization measure-
ments and introduced by the statistical nature of the
grain-size distribution was done by calculating A(T) for
N(R) + +/N(R) and N(R) — 4/N(R) distributions. The fit
of the resulting A(T) curves with the weak-coupling BCS
model gives A(0) in the range from 200 to 355 nm. An
additional source of uncertainty comes from the deviation
of the grains’ shape from a spherical one. In the assump-
tion of the small deviation of the demagnetization factor
of the real grain from the demagnetization factor of the
spherical grain (1/3 = 10%), the relative error of A(0) is
of the order of 3%. Finally, the interval for the A(0) can be
estimated ranging from 195 to 260 nm, in accordance
with A(0) = 240(30) nm extracted from more direct wSR
measurements.

In the following the pressure effect measurements on
T. and A are discussed. In these experiments, we studied
relative effects measured on the same sample in the same
pressure cell. The main systematic error of these mea-
surements comes from misalignments of the experimen-
tal setup after the cell was removed from the SQUID
magnetometer and put back again. This procedure was
checked with a set of measurements at constant pressure.
The systematic scattering of the magnetization data is
about 0.5%, giving a relative error in A~2(T) of about 2%.
The pressure data of A(T) reveal that the transition tem-

—~~

% 1.05f (@) i

S, -
’\5__ 1.oo-ﬁ T % % il
8 2 2 _ % i
o~ 095 A (0,p)/A"(0,0)=1.01(1) i
=2 R AR |

7.2 , . , . : , : . :

70 (D) ]
< 68l ]
= 66| b

64| ]

o2l 7; (p)=6|.34(2)+|0.090((|3)p_—

0 2 4 6 8
p (kbar)
FIG. 3. Pressure dependence of (a) A~2(0)(p)/A~2(0)(p = 0)

and (b) T,.. The solid lines are fits with parameters shown in the
figure.
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perature increases almost by 1 K at 8 kbar, whereas the
reconstructed A(T, p) curves are indistinguishable within
the error bars after T/T, scaling. This implies that A(0) is
pressure independent, suggesting that RbOs,0Oq is an
adiabatic superconductor, in contrast to cuprate super-
conductors [19]. The values of A(0), T., and A, were
extracted from the fit of the reconstructed A(T) data
with the weak-coupling BCS model [Eq. (2)]. The
A72(0, p)/A72(0,0) data are scattered and touching by
error bars [see Fig. 3(a)]. Note that recently no substantial
pressure effect on A(0) was also observed in MgB, [20]
which is accepted to be a phonon mediated super-
conductor.

The pressure dependence of the critical temperature 7,
is shown in Fig. 3(b). The linear fit yields dT./dp =
0.090(3) K/kbar. The results on the zero temperature
superconducting gap A, are summarized in Fig. 4, for
A, is plotted as a function of the critical temperature 7.
The solid line represents the best fit by the relation A o
T, to the magnetization data. The proportional relation
between A, and T, can be understood in the frame of the
BCS theory which predicts the wuniversal ratio
2A0/kgT. = 3.52. In the present studies this ratio was
found to be pressure independent within experimental
errors with the mean value 3.72(2).

For the majority of BCS-type superconductors (includ-
ing MgB,) T, decreases with increasing pressure. This is
in contrast to the observed positive pressure effect on 7.
in the RbOs,0¢ [Fig. 3(b)]. The pressure shift on 7. is
derived to be [21]:

dInT,

dln{w) +A dlnn
dp

dp dp’

=—QA-1)

[ e 7581 kbar
o 7.40 kbar
1.1+ 4 5.02kbar
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| v 1.78 kbar
v 0 kbar
X 0 kbar mSR data at 1T

Ap(meV)

0.8} % ]

55 6.0 6.5 7.0
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FIG. 4. A vs. T, in RbOs,0¢. Both magnetization data under
pressure (circles and triangles) and ©SR data (cross) are shown.
Note that 7, for the uSR point is lower due to the high
magnetic field 1 T. The solid line represents the best fit with
the relation Ay o T,.
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where A is a function of the electron-phonon coupling
constant A,_,, and the Coulomb pseudopotential w”
[21], {w) is an average phonon frequency, n = N(E) X
(I?) is the Hopfeld parameter [22], N(E ) is the density of
states at the Fermi level, and (I?) is the average squared
electronic matrix element. There are two contributions to
the pressure shift on 7,.: (1) a phononic contribution
(dIn{w)/dp) and (2) an electronic contribution
(dlnN(Ef)(12>/dp). The effect of pressure on the phonon
spectrum usually results in an increase of the average
phonon frequency. In rare cases close to a structural
transition phonon softening* can occur, but usually
only for some particular modes [23]. For conventional
superconductors (including MgB,) typical values of A are
in the range 0.5-8.0 [21,24], so the first term of Eq. (3) is
generally negative. Since we observed a positive pressure
effect on T, the second term of Eq. (3) should be positive,
which is generally observed [22,25]. This suggests that
the observed pressure effect on 7, arises from the elec-
tronic term. A similar effect was also observed in
Cd,Re,0; [26] with dT,/dp = 0.062 K/kbar, compa-
rable with the value reported here. A probable scenario
of this effect may be a sort of charge ordering, resulting in
the disproportionation of the Os tetrahedra as discussed
for CdRe,O; in [27]. However, for a more quantitative
description of T,.(p) additional experimental and theoreti-
cal work is needed.

In conclusion, we performed magnetization measure-
ments in RbOs,0¢ under hydrostatic pressure. A positive
pressure effect on T, with dT./dp = 0.090(3) K/kbar is
observed, in contrast to the negative pressure shift gen-
erally detected in conventional superconductors. The ab-
sence (within the experimental uncertainties) of a
pressure effect on A suggests that RbOs,Og is an adiabatic
BCS-type superconductor. The ratio 2A,/kpT,. = 3.72(2)
is found to be pressure independent and close to the BCS
value 3.52. The magnetization and wSR measurements
both indicate that the temperature dependence of A is
consistent with that expected for a weak-coupled
s-wave BCS superconductor. The value of A extrapolated
to zero temperature and ambient pressure was estimated
to be 230(30) nm.
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system, and C. Grimaldi for helpful discussions. This
work was supported by the Swiss National Science
Foundation and by the NCCR program Materials with
Novel Electronic Properties (MaNEP) sponsored by the
Swiss National Science Foundation.
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