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Superconductivity in germanium clathrate BagGa;¢Gesg
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We report type-1l superconductivity in the germanium clathrate compoury&8#5e;, with critical tem-
perature,T,=7.5+0.2 K as determined by magnetic susceptibility measurements. Barium atoms occupy cage
voids provided by a covalemstp® hybridized network of gallium and germanium. Magnetic susceptibility and
transport measurements were used to characterize the trang&63-182009)06829-0

Following the pioneering work of Pauling and Marsh on be superconducting at low temperatures, thus providing us
the [CL,]s(H,0)46 clathrate structuréa number of isostruc-  with a rare opportunity to address correlations between com-
tural clathrate compounds have been discovered. Common fwsition and the transition temperature in a series of isostruc-
all of them is a simple cubicsc lattice whose crystallo- tural compounds. The first in the series to be described is
graphic cell is made out of 46 tetrahedral linked atomic orBagGa;sGe;, Clathrate which exhibits type-ll superconduc-
molecular units. These framework speciegorm cagelike tivity with the T,=7.5£0.2K.
voids of high symmetry in which another type of atomic or The clathrate sample was prepared using a procedure
molecular species are encapsulated. Unlike fullerenes, clatlzdapted from Ref. 10. All manipulations of raw materials
rate cages are face sharing thus giving rise to an expandeadere performed in a high-purity argon-filled drybox. Sto-
framework similar to zeolites. The particullst, T 46 clathrate  ichiometric amounts of the elemental starting materials
features two types of cages, shown in Fig. 1. The smaller, 20Cerac, 99.99%were placed in a corundum crucibl€oors
atom cage, is a dodecahedidfig. 1(a)] whereas the larger, Inc.). The crucible was set inside a stainless-steel bomb
24 atom cage, is a tetrakaidecahedfBiy. 1(b)]. There are sealed with a copper gasket. The mixture was heated at
two smaller and six larger cages in the unit cell, which do not
all need to be occupied; i.e.<8. Cros and co-worke?s®
synthesized covalent clathrate frameworks out ot hybrid-
ized group IV elements, which featured encapsulated alkali-
metal atoms. NgBisg and K;Siy clathrates were dubbed
metallic¢ despite relatively small and temperature-
independent dc conductivity. Structural defects and poor
Ohmic contacts at the grain boundaries were held respon-
sible for high resistivity and the anomalous temperature de-
pendence in these compourldSisenmann and co-workérs
extended the clathrate class in the 1980’'s to encompass
alkaline-earth elements with formuldl)g(lll, IV )4 More
recently, Ba atoms were successfully encapsulated inside the
clathrate cages composed of silicon, giving rise to mixed
(1, 1) «(1V) 46 clathrates™! The clathrate (Na, BaPiss was
found superconducting below 4 ¥.Like its alkaline-only
relatives, (Na,Ba)Si,s clathrate shows temperature-
independent conductivity above . Its metallic nature, how-
ever, was confirmed by the recent NMR stud¢din which
temperature-independent, Knight-shiftéd’Ba resonance
was found to satisfy the Korringa relation. It has been pro-
posed that Ba states are hybridized with those forming the
conduction band of the & framework, yielding an in-
creased density of states at the Fermi level. The latter is held
responsible for the occurrence of superconductivity in the
barium-containing compound, in accordance with the BCS
formalism.

In a response to the quest for better thermoelectric G, 1. (a) Smaller pentagonal dodecahedron with barium atom
materials>'® we recently engaged in a synthesis of variousinclusion. (b) Larger tetrakaidecahedron with barium inclu-
(1, 11,) (N1, 1V) 46 1136Clathrates. Some of them were found to sion. (c) Extended single unit cell showing connectivity of cages.
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FIG. 2. Powder-diffraction pattern with Rietveld analysis and corresponding difference plot.

4.4 °C/min to 1080 °C, held fol h then cooled at 0.8 °C/min  Here, the convention 1 G ciw1emu resulting in a unitless
to 875 °C. The reaction was further cooled at 2.3 °C/min tonumber®® with a limiting value of—1 for a perfect diamag-
room temperature. Inductively coupled plasma emissiotet, was employed. ThE,= 7.5 K was approximated by the
spectroscopy was used to determine composition of 23.49%nset of a diamagnetic response. A critical figdd, , of 100
Ba, 27.10% Ga, and 46.81% Ge by weight giving a stoichi-G was determined by measuring the magnetic moment in
ometry of B ¢;Gay7 356870 The x-ray powder-diffraction  varying applied fieldgnot shown. The difference of the FC
pattern, shown in Fig. 2, fully indexes in tfem-3n (O})  run from the ZFC run is often associated with the volume
space group with no extra reflections of any kind left unacsuperconducting fraction or the percentage of Meissner
counted for. The absence of any supercell peaks implies thgthhase?® Approximately 40% of the shielding expected for a
the Ga distribution throughout the Ge framework is randomperfect diamagnet was observed. It is important to note that
Rietveld analysis on an idealized §&8,Ge;, stoichiometry  this value is only the lower bound on the superconducting
using GSAs softwaré’ was straightforward yieldingvR,  fraction as a consequence of a field penetration depth com-
=0.0986 anca,=10.7844(Q9). parable to the particle size, determined by scanning electron
As one would expect, the heteroatom Ge-Ga frameworknicroscope(SEM) to be on the order of 1-mm. Particle
shows a slightly larger average bond length than Ge-Ggizes near the order of the penetration depth often show an
bonds of the diamond structure, 2(81L and 2.45, respec- erroneous decreased superconducting fraction.
tively. While both structures arep® hybridized the group IV As shown in Fig. 3, a second cusp or transition in the
clathrate class of compounds show a large distribution ogusceptibility occurs in the temperature run near 6 K. Al-
bond lengths and angles giving the structure a degree of flexhough one cannot exclude a possibility for the coexistence
ibility toward substitutions® Unfortunately, the powder- of two superconducting clathrate stoichiometries, we offer an
diffraction data did not allow refinement of the framework
Ga/Ge ratio which was therefore held fixed, consistent with
the results of elemental analysis. The Ba occupancy, how-
ever, was refined to the factors shown in Table | with other
selected crystallographic parameters. At

TABLE I. Selected crystallographic parameters.

Wykoff site and

. - om X,Y,Z Fraction  multiplicity

Magnetic measurements on finely ground bulk sample
were made in the 1.8—300 K region by using a superconducBa 0,0,0, 0.958@) 2a
ing quantum interference device magnetometer QuanturBa 0.25,05,0 0.9769) 6d
Design, Model 1802. Figure 3 shows the susceptibility ver-Ga, Ge 0.25,0,0.5 1.0000 c6
sus temperature for zero-field coolingFC) and field- Ga, Ge X,X,X 1.0000 16
cooling (FC) runs for BaGa,sGe;y samples under a field of x=0.1855(1)
10 G. The signal has been corrected for the diamagnetic corga,Ge o,z 1.0000 2k
response from the constituent atom& he normalized sus- y=0.308Qq1); z=0.1185(1)

ceptibility 4y is used wherey has units of(emu{G cn?).
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FIG. 3. 4my vs temperature from 2@t2 K for BgGa,sGeso, T, ol v
; fiald- ; i 0 4 8 12 16 20
estimated to be 7.5 K@) denotes zero-field-cooling experiment, Temperature (K)

(A) denotes the field-cooled experiméintse) 47y vs temperature
plot for varying fields in a ZFC experiment. A slight shift iR,
observed for 100 G experiment is due to the nonlinearity of the

moment response experienced nia FIG. 4. Resistivity versus temperature from 20 to 2 K.

tions in T, have been shown to be compositionally depen-

alternative explanation. The secondary transition may be astent uponx. It is then plausible to suggest that tfig esti-
sociated with the decoupling of superconducting grains, as imated through magnetic-susceptibility measurements is a
similarly observed in the high, cuprate$®? The weakly —measure of bulk intragrain superconductivity in our materi-
superconducting grain boundaries sustain a lower criticagls, while the resistivity measurements are more dependent
current density than the corresponding bulk. Larger appliedn intergrain superconductivity. This suggestion is supported
fields induced larger screening currents that eventually suby the magnetic-susceptibility data, where complete flux ex-
pass the upper limit of the critical current density for thesepulsion from the sample is not seen until below 5 K, which
weakly superconducting regions, driving the grain decou-agrees well with the resistivity data. A second cusp is also
pling to lower temperatures. Thompson and co-worers seen in the resistivity measurements, which agrees with the
showed that the critical temperature for decoupling of theinitial grain-boundary suggestions made from the magnetic
superconducting grains is inversely proportional to the magelata.
netic field in a ZFC experiment. As shown in the inset of Fig. We note that the band-structure calculation of the hypo-
3, this is consistent with our experiment. We also rbten  thetical Sjg clathrate structurepredict a semiconductor with
these experiments remains unchanged as long as the appliadundamental gap of 1.26 eV. It is further believed that the
field is far below the critical field. We, therefore, conclude valence electrons of encapsulated alkali metal are donated to
that the secondary transition is a direct result of decouplinghe conduction band of such a clathrate, yielding metallic
of superconducting grains. behavior in NgSi,s and KgSis” It is also proposetthat in

In the absence of single crystals, resistivity measurementhe case of (Na, Bapiss Sandd states of the alkaline-earth
were performed on samples pelletized under 1400 MPa. Thatom are mixed with those of silicon, thus giving rise to an
pellet density was measured to be 87% of the theoreticadnhanced density of states at the Fermi leddE¢). The
density estimated from x-ray refinements. Figure 4 showsatter was used to explain the occurrence of superconductiv-
resistivity versus temperature for a & ¢Geso with a criti- ity in (Na, Ba)Siye which is nonexistent in the pure alkali-
cal temperature of approximately 4.8 K. A slight resistancemetal clathrates. In the case of f&msGey,, however; the
enhancement was observed just prior to the transition. Stampartial Ga/Ge substitution creates an electron-deficient
dard ac techniques were used to measure the small signfshmework. In such a clathrate the encapsulated metal atoms
resistivity in the temperature range from room temperature tenust donate their electrons into the valence, rather than the
1.4 K with frequency of 100 Hz. Electrical contact was madeconduction band of the hypothetical |IV 3, framework.
with four spring-loaded contacts to form a van der PauwSince BagGa;Gey, clathrates show nearly metallic conductiv-
geometry. A broad 10—-90% transition width of 2.4 K is ity it must be that not all of the barium electrons are donated,
observed. This broad transition is attributed to nonuniformitythus leaving the clathrate “valence” band only partially
in the pellet, an artifact of cold pressing. We reconcile thefilled. It would now be interesting to see whether the density-
discrepancy in the resistivityj, compared to th&. observed of-states calculations, coupled with premises of BCS theory,
by susceptibility measurements by surface oxidation andvould help us rationalize superconductivity of such clath-
nonstoichiometric surface sites in the polycrystalline grainsrates.
These sites serve as either nonsuperconducting or weakly In summary, the low-temperature transport and magnetic
superconducting regions, which have the effect of loweringsusceptibility of the germanium-based clathratg@aGe;o
the T..%® This nonstoichiometry effect is documentéin  were investigated. We observe superconductivity in this ma-
the highT. copper oxide La_,Sr,CuO,_52° where fluctua- terial with aT, of 7.5+ 0.2 K. Grain boundaries and nonsto-
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