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Superconductivity in the geometrically frustrated pyrochlore RbOs,0O¢
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We report the basic thermodynamic properties of the geometrically frustBapaochlore bulk supercon-
ductor RbOgOg with a critical temperaturd.=6.4 K. Specific heat measurements are performed in magnetic
fields up to 12 T. The electronic density of states at the Fermi level in the normal state resylts in
=(33.7+£0.2mJ/mo}, /K?. In the superconducting state, the specific heat follows conventional BCS-type
behavior down to 1 K, i.e., over three orders of magnitude in specific heat data. The upper critical field slope
atT.is 1.2T/K, corresponding to a Maki-parameter0.64+0.1. From the upper critical fiejhH.,~6 T at
0 K, we estimate a Ginzburg-Landau coherence lergg#v4 A. RbOsOg is the second reported metallic
AB,Og type pyrochlore compound after K&igs, and one of only three pyrochlore superconductors in addition
to C,Re,0; and KOsOg.
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Nonconducting magnetic compounds wilelectrons on  dimensional geometrical frustration of the magnetic interac-
a three-dimensional triangular lattice have been intenseltions, possibly leading to an unconventional ground state.
studied. One of the magnetic ground states evolving out of he inset of Fig. 1 shows an Os atom and its relationship to
the geometrically frustrated magnet is “spin iceNaturally,  its surrounding. Every Os atom forms the shared corner of
the question arises if and how itinerant electrons are affecteivo Os tetrahedra in a network. The exchange pathways to
by such a frustrated lattice and what ground state is realizeghe nearest neighbors, leading by one of the coordinating
in such systems. The pyrochlores constitute ideal systems f@jxygen atoms, are shown by dashed lines. The pathways
such a study, since the network of the relevant metal atomgrm an Os-O-Os angle of 139,4the direct distance be-
consists of corner-sharing tetrahedra. Their electrical propekween the two Os being 3.58 A. The Rb cations are omited in
ties vary from highly insulating to semiconducting to metal- thjs illustration for clarity. To our knowledge, thB-O-B
lic, the pyrochlores Containingcﬁransition metal ions being ang|e in Rbog)6 is Surpassed 0n|y by one other pyroch]ore,
bad metals in generdlSurprisingly, superconductivity has the bulk superconductor GEe,0-.2 Together with the high
been reported for the first time in a pyrochlore for density of states at the Fermi level in this compound, we
Cd,Re,0,,%° and recently also in KQ8g,° and RbOg0g.”
Aside from the critical temperature, no physical properties of
RbOsOg have yet been reported. Here we report thermody- 50 ————
namic measurements on this compound.

The pyrochlore structure in general is of typeB,050’,

sometimes written a8,B,0-, with space-groufd3m.? The
four crystallographically inequivalent atoms in the face-
centered cubic unit celp, B, O, and O, occupy the 16d,
16c, 48f, and 8b sites, respectively. The compounds where
is a trivalent andB a tetravalent catioitA3*,B**), and also
the (A%*,B%") combination, have been widely studied by
various workers. In theB3-pyrochlore RbOgOg, A is the
monovalent cation Rb, ar8lis the transition metal cation Os
octahedrally coordinated by O. It is derived from the parent
compound by replacing the’@Gtoms by Rb atoms and leav-
ing the 16d site emptyAB,Og=[,B,06A’, whereld repre- 10 15 B0 25 &0 G5 40 45 50 55 EQ B5 70 75 8O
sents a vacangy The Os atoms are coordinated by 6 O 2 (d

atoms and these OgOoctahedra share corners. They 0 (deg)

have edge-lengths O_f 2'67_ and 2.72 A, respectl\_/ely. Toget_her FIG. 1. (Color onling The powder x-ray diffraction pattern of
with an Os-O b_ondlng distance of 1.91 A, this results iny,e purified sample, where all reflections can be indexed on the
0-Os-O angles in the octahedra of 88.88d 91.15 The  pasis of a pyrochlore face-centered unit cell with lattice parameter

electron donating Rb atoms are also octahedrally coordinategk-10.11371) A. The inset shows an Os atom and its relationship
by O with a Rb-O distance of 3.13 A. to its surrounding. Every Os atom forms the shared corner of two

The B site may accommodate an ion carrying a localizedos tetrahedra in a network. The exchange pathways to the nearest
magnetic moment, which interacts antiferromagneticallyneighbors, leading by one of the coordinating oxygen atoms, are
with its nearest neighbors. Since tBesublattice consists of shown by dashed lines. The Rb cations are omited in this illustra-
interconnected tetrahedra, we have to account for the threden for clarity.
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expect the largeB-O-B angle to play a crucial role in the 140
tendency to superconduct. It would therefore be interesting

to know how it compares to the corresponding angle in 120
KOs,0%g.

Formally, the oxidation state of the osmium ion is either 100
5.5+ as in RhOs°'0OZ” or 50% 5+ and 50% 6+ as in
Rb*OS*O<* 02" Since the ground state configuration of os-
mium is[Xe]4f1%5d%6s?, one would expect the Osto be in
a spinS=3/2 state, while O%' is in a spinS=1 state. Band
structure calculations for GtDs,Re,0,,° show that the
crystal field well separates thel &; andt,, bands from each X
other. The 8 manifold is also well separated from the @ 2
band. Although the Os 16c¢ site has trigonal symmetry, this
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part of the crystal field is weak and there is no further split- 0 . 1 . L L
ting of thet,y manifold. However, the electronic situation in 0 10 20 30 40 50
RbOsOg is expected to be quite different from T (K)

Cd,(0Os,Re,0;: The 16d site is unoccupied and the ‘Rb
cation is at the 8b site. Therefore, more detailed comparisons FIG. 2. Specific hea€,/T vs T? for magnetic fields from 0 to
require band-structure calculations specific for RERs 4 Tin 05T steps and 12 T. From the normal-state curve at 12 T,
Polycrystalline samples of Rb@8s have been synthe- We extract the electronic specific heat coefficieny
sized by a procedure described in Ref. 6. A stoichiometric=limr-o k Cp/ T=(33.740.2 mJ/mo},,/K?. The Debye tempera-
amount of OsQ (Alfa Aesar, 99.99% and RhO (Aldrich, ture Op(T) below 4 K is slightly temperature depe_ndent, with a
99%) was thoroughly mixed in an argon dry box and pressed@/u€ 9f®p(1 K)~230 K and®p(4 K)~240 K. The inset shows
into a pellet. The pellet was put into a quartz tube which wadh€ O T and normal state specific heat on a linéascale. Also

evacuated and sealed. This tube was heated up 66 shown is 23.4% of the normal sta@, expected to be presentin the
) superconductin€,,, and used for our analysis. The normalized spe-

kept at this temperature for 24 h. According to the powder”. . 0 _ .
x-ray diffraction analysis, the resulting sample contained ¥ fiic heat jump allc, AC,/(76.6%yTc)=1.38, Is close to the weak-

phases: pyrochlore Rb@B8; and RbOs@. RbOsQ can be coupling BCS value of 1.43.

removed by a 2 h treatment in a 10% solution of HCI and0.5 T steps and also a normal state curve measured at 12 T.
subsequent washing in water and drying at XD0The x-ray From the normal-state curve at 12 T, we extract the
diffraction pattern of the purified sample is shown in Fig. 1,electronic specific heat coefficieny=lim;_, «x C,/T by
where all reflections can be indexed on the basis of a pyrdfitting the data below 4 K t&€,/T=y+aT". From this fit we
chlore unit cell. The Rietveld refinement of the structure wasget y=(33.7+0.2mJ/mo}, /K?, B=(1.42+0.2mJ/mo},, /
performed using 78 reflections in th@2ange from 10to  K2*" andn=1.92+0.05. To our knowledge, this value pfs

100. The pyrochlore structure with space-grobg3m has the largest reported for a pyrochlore compound, and we ex-
only one adjustable positional parameter, all other atomi@ect it to play a crucial role in the tendency for RBOg to
coordinates being fixed by symmetry. This so-called oxygersuperconduct. Since the fit to the low-temperature data yields
x parameter, which is the-coordinate of the 48f site, deter- N<2, the Debye temperatuf@p(T) in this range is slightly
mines the detailed geometry of the structure and has bedemperature dependent, with a value ®h(1 K)~230 K
refined to 0.3161). The lattice parameter=10.11371) Ais  and Op(4 K)=~240 K. The temperature dependence of
slightly larger than in KOgOg [a=10.0991) A (Ref. §].  ©p(T) on a larger scale is typical for cubic metatshowing
The preliminary x-ray diffraction study reveals that the Rba broad minimum at about 11.5 K with a value of
cations occupy the 8b site in the pyrochlore lattice, as is thép(11.5 K)= 190 K. Towards higher temperatur@s, rises
case for potassium in K@8,.6 The experimental details of again to reach about 225 K at 25 K. Compared to other me-
the synthesis and purification of Rb{% are described tallic pyrochlores, which have a Debye temperature of typi-
elsewheré? KOs,Og and RbOgOg are the only reported os- cally 300—400 K@®p in RbOsOg is rather low, indicative of
mium compounds in the formB,0g,° and both show bulk lower frequency phonon modes.
superconductivity. In the superconducting state, a noticeable electronic den-
The magnetic susceptibility at low temperatures, depictedity of states at the Fermi level remainsTas: 0 K (Fig. 2).
in the inset of Fig. 4, shows the diamagnetic transition into arhis might be interpreted as a sign of an unconventional
bulk superconducting state. The measurements have besnperconducting state with part of the Fermi surface un-
performed aH=3.3 Oe in zero-field-cooled and field-cooled gapped. Alternatively, if part of the sample does not undergo
states. a superconducting transition, then the measured curve is the
Specific heat was measured in a physical properties meadum of the superconducting and normal contributions. In-
surement apparatus using an adiabatic relaxation techniqukeed, such an analysis appears to yield consistent results,
(Quantum Design, PPMSThe sample was pressed into a suggesting a conventional BCS-like superconducting state.
cylindrical pellet of about 20 mg. The applied magnetic fieldFollowing the second interpretation, we proceed to further
was perpendicular to the cylinder axis. Figure 2 shows tha@nalyzeC, below T.. Starting with the 12 T data as the nor-
specific heaC,/T vs T2 for magnetic fields from 0to 4 T in mal state reference, we subtract 23.4% ofstiown in the

020503-2



RAPID COMMUNICATIONS

SUPERCONDUCTIVITY IN THE GEOMETRICALLY... PHYSICAL REVIEW B 70, 020503R) (2004
< ! ! ! ! ! ! 12 T T T T T T
: N S S
-— 102 N i - I FC oc;o -
E 10 2 o@°ﬁ°
< ol § ° .
o 10"k 4 .-g 6 o
* B - i ° ZFC .
3 8 = 8
© N H o
o 7 N 10 c .
—~ 10°}F 4 o~ N ¢
= - . .
2 S et N UTE e T 8 e
- ) N
i N 0-0-0-0-] T 5 N T (K)
Qw 10-1 . 1 . 1 . 1 . ) R 1 R i . A N
1 2 3 4 5 6 7 8 4] “m N -
TIT .
c 3 L .\R .
FIG. 3. Superconducting specific heat calculated by subtracting 2L S h! - i
23.4% of the normal state specific heat at 12 T, plotted on a e
semilogarithmic scale v§./T. The corresponding superconducting 1k \.! |
volume fraction is thus about 77%, similar to the estimated fraction u
in KOs,Og (Ref. 6. The line indicates the expected behavior oL 1 L ! ! ) L
from BCS assuming an isotropic gap: For 2.5,/T<6, the o 1 2 3 4 5 6 7
specific heat approximately follows an exponential behavior T (K)

8.5yT, exp(—1.44T./T). Down to 1 K, the superconducting specific
heat ldecreasesdm .CIOSE ﬂua_nntatwe agreement with this conven- FIG. 4. Upper critical fieldH, extracted from specific heat
tional superconducting behavior. measurements. A power law fit(T) =H(0)(1—(T/Ty)") (dashed

inset of Fig. 3 from the 0 T set. Correspondingly, the super- line) gives an exponer_lt_c_xhzl.OJ_rO.l and a critical temperqture
conducting volume fraction is about 77%, similar to the es-Tc=(6.37+0.03 K. The initial slope of the critical boundary & is
timated fraction in KOgOg.® The resulting specific heat for ~d(#oHc2)/dTlr=r =1.2 T/K. The dotted line is a fit to the WHH
the superconducting part is shown in Fig. 3 on a semilogalo'mula in the orbital limit(Aso==) using the calculated Maki
rithmic scale vsT,/T. The line indicates the expected behay- Parametew=0.64. Also shown are the Pauli limiting fieldy, (+)
ior from BCS assuming an isotropic g&b: For and the orbital limiting fieldH_, (¢ ). The magnetic susceptibility
25<T./T<6, the specific heat approximately foliows an at low temperatures, depicted in the inset, shows the diamagnetic
5<T, ,

. . N transition into a bulk superconducting state. The magnetization
exponential behavior 8y exp(~1.44Tc/T). Down to 1K, measurements have been performedHat3.3 Oe in zero-field-

the specific.hegt in the superco_nducting state decreases Boled(ZFC) and field-cooled FC) states.

close quantitative agreement with conventional supercon-

ducting behavior. Below that, the subtraction of the two com-studies are necessary to elucidate the microscopic origin of
ponents provides unreliable results, since the difference béhe ungapped fraction.

comes exceedingly small. Furthermore, impurities play an Figure 4 shows the upper critical fiel, extracted from
essential role at such low temperatures, and it is thus difficulspecific heat measuremerits.has been chosen such that the
to draw conclusions from the observed deviation. It will be€ntropy is balanced above and beldy from C,/T vs T
worthwhile to elucidate the microscopic origin of the data. The upper critical field of Rbgl3s lies below the
roughly 20% ungapped fraction, which is observed both inPauli-limiting field Ho=1.84 T/KXT,=11.7 T#* This is in

RbOsOg and KOsOg. sharp contrast to KQ&g, where the critical field seems to
Additional support for the assumed two-component analy€xceed the Pauli limi.A power law fit Hey(T) =H»(0)(1
sis comes from the specific heat anomalyTatAC,/T.is ~ ~(T/T¢)") (dashed linggives an exponent of=1.0+0.1 and

estimated to 35.6 mJ/mgl/K?2 (inset of Fig. 3, resulting in & critical temperatureT,=(6.37+0.03 K. Such a linear

a normalized ratid C,/(76.6%yT,)=1.38. The 76.6% in the behavior of H, is also observed in GRe,0,.4° The
denominator is the correction thC, due to the deviation of initial slope of the critical boundary af; is ~d(uoHco)/

the superconducting volume fraction from 100%. This nor-dT\TzTC:LZ T/K.

malized specific heat jump &t is indeed close to the weak- The upper critical field of a superconductor is determined
coupling BCS value of 1.43. Therefore, an analysis in term$y the combined effect of an external magnetic field on the
of an about 77% superconducting fraction appears reasomspin and orbital degrees of freedom of the conduction elec-
able, even as it implies a very similgifor the superconduct- trons. Werthameet al. have worked out a theory fdd.,

ing and nonsuperconducting parts of the sample. Since thehich includes both spin and orbital paramagnetic effects as
x-ray diffractogram(Fig. 1) shows the presence of only one well as nonmagnetic and spin-orbit scattertfign RbOsOg,
phase, the structure of the nonsuperconducting part has to loiee upper critical field does not, however, behave as pre-
the same as that of the superconducting one. Again, furthaticted by the Werthamer-Helfand-Hohenberg/ VHH)
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formula in the dirty limit, as can be seen in Fig. 4. pyrochlore. Together with the higly, we expect the large

The initial slope of the critical boundary &, results in a Os-O-Os angle of 13940 play a crucial role in the ten-

Maki-parameter ~ a=-0.52758 K/TX d(uoH)/dTlr=r,  dency towards superconductivity. The inherent geometrical
=0.64+0.1'*1>Spin contributions to the energy balance of afrustration of the three-dimensional tetrahedral Os sublattice
superconductor become important wheg 1. Applying the  atiriputes further importance to this new superconductor. We
WHH model, we would therefore have to conclude thatging that a careful analysis of the specific heat data, taking
RbQ%Oﬁ IS In the orbltal [|m|t away from the Pauh—hm@mg into account the normal-state volume fraction, implies con-
regime with an orbital critical field oFlc,(T=0)=aHpo/ \2 ventional BCS-type behavior. Although the compound could

=5.3 T. This field might be a good extrapolation of the criti- . .
cal field to 0 K judging from Fig. 4. However, calculations be expected to be only marginally different from the related

based on a realistic Fermi surface are needed to furth&PmpPound KOgOs, a significant difference in the magnitude
clarify the detailed behavior dfl.,. Using a reasonably ex- of the upper critical fieldH., is observed. Considering the
trapolatedH,, of 6 T, we calculate the Ginzburg-Landau co- potential for competing electronic ground states in these
herence length at 0 K af=\®,/(27H,) =74 A, whered®,  compounds, the pyrochlore-type superconductors may be of
is the magnetic flux guantum. fundamental importance to address unsolved issues.

We have studied the basic thermodynamic properties of After submission of this article, Yonezaweaal. have also
the pyrochlore superconductor RiyOg with a critical tem-  published thermodynamic measurements on RO
perature of 6.4 K. The electronic density of states at the ) . .
Fermi level in the normal state results iny Thls study was partly supported by the Swiss National
=(33.7+0.2 mJ/mo},, /K2, the highest reported value for a Science Foundation.
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