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High-pressure synthesis and superconductivity of LaGgcontaining a tunnel germanium network
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Superconducting LaGevas synthesized by the reaction of La and Ge mixtures under a pressure of 5 GPa
at 1200°C. It crystallized in the orthorhombic space grdupmm (No. 71) with a=4.029(6), b
=6.3071), andc=9.978(2) A,V=253.54(6) &, andZ=2. Single-crystal studies revealed that La®ad
a germanium network with tunnels running along thexis, where La atoms are located. There are two
crystallographically different Ge sites in the structur¢ (&el),(Ge2),]. The tunnel network is composed of
folded sp>-Gel layers coupled by eight coordinated Ge2 atoms. Electrical resistivity and magnetic-
susceptibility measurements showed that the compound was a type-Il superconductor with a transition tem-
perature of 7.0 K.
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[. INTRODUCTION and rare-earth metals contain a variety of Si networks and
clusters. Those include isolated Zintl anion$ Sin BaSi,

A rush of discoveries of copper oxide high-critical tem- two-dimensional layers in trigonal CaSt*'® and different
perature T.) superconductors started after the work oftypes of three-dimensional networks in Sr$? LaSi,, 5%
Bednorz and MUer in 1986 and it has been established that and clathrate structuré&® The type-l silicon clathrates
the existence of the charge-controlled two-dimensiona(M,Si,) consist of the metal-containing s3idodecahedra
[CuG;] conducting layers is essentially important for the (M@ Si,o) and Sj, tetrakaidecahedra @ Sk,), which are
high-T,. superconductivity. We are now in the second rush ofconnected by shared faces. This structure is also character-
discoveries of an increasing number of noncuprate supeized as a compound having a cagelike covalent skeleton. We
conductors. Although theif;’s are not so high, they include have recently succeeded in preparing the Ba-containing sili-
a variety of structures, and interestingly most of them concon clathrate compound (Na, B&),s, and found that the
sist of layer-structured conducting skeletons suchGO,]  compound exhibited superconductivity df,=~4 K.2%2
layers in copper oxide superconductors. Some examples afhe binary silicon clathrate B8i,s was prepared using high-
SKLRUO, (T,=~1K) with [RuO,] layers? Y,C,Br, pressure and high-temperatuigPHT) conditions(3 GPa,
(Tc=~10K) with [Y,C,] layers? Li,KCaNbsOy (T,  800°C, which showed superconductivity af,= 8.0 K.2223
=~6K) with [NbO,] layers} Li,ZrNCI (T,=14 K) with  Theoretical studies on the band structures were reported by
[ZrN] layers? Lig 4 THF),HfNCI (T.=25.5 K) with[HfN] ~ Saito and Oshiyanf4 and Moriguchi, Munetoh, and
layers (THF: tetrahydrofuran® and MgB, (T,=39.7K)  Shintani?® It is interesting to note that the silicide networks
with [B] layers! and so on. Metal-doped fullerenes such asare responsive to a pressure treatment, and superconductors
K3Cso and RbCsCq, with T.'s=19 and 33 K, respec- with porous networks have been derived using a HPHT treat-
tively,®° are also superconductors with cage or porous strucment. The superconducting BaSiT.= 6.8 K) isotypic with
tures, where the delocalization of the conducting electrons ithe trigonal layer-structured C33s a high-pressure phase.
restricted on the surface of polyhedra of fullerenes. A conThe layer-structured Casitransforms into another layer
cept of superconductivity in porously delocalized chemicalstructure of the AIB type under a pressure higher than 14
bonding topology was proposed by Kifig* on the basis of GPa, which shows superconductivity &f=14.0 K under
graph theory-derived methods; superconductivity is favoredhe pressuré’?® A clathrate compound BaSi;oq composed
when the electron mobility is restricted to fewer than threeof Ba@ Sj, polyhedra was prepared using a moderate range
dimensions such that in as layers and cagelike geometriesf pressure of~1.5 GPa at 800 °€’

Note that most of the more recent superconductors are char- Studies have been made of synthesis of binary germanide
acterized by this concept. analogs. We prepared the germanium clathrate compound
Among the more recent superconductors, there are a nunBay,Ge oy isotypic with Ba,Sijoop under an ambient

ber of intermetallic compounds containing porous covalenpressuré®—3? Recently, Groscheet al®® reported that
networks composed of the elements near the so-called ZinBa,,Ge; oo showed superconductivity df,=0.24 K. The su-
border, the vertical line on the Periodic Table betweenperconductivity was sensitive against pressure, andTthe
Groups 13 and 14. The above-mentioned Mogfith two-  was raised up to 3.8 K by applying a pressure of 2.7 &Pa.
dimensional [sp?-B] layers is the most fascinating In this study, an attempt has been made to prepare a Ge-rich
example’ it established a record of B, of 39.7 K for alloys  compound in the binary system La-Ge in an effort to explore
since NBGe with T,=23.2 K was studied 28 years alfo. a Ge-based porous skeleton. The presence ofGea
Zintl phases exhibit a rich diversity of crystal structures, andLasGe;, La,Ge;, LasGe,, LaGe, and LaGgis known in
could be interesting materials to investigate structure anthis binary systemi*=® Those were prepared by a simple
property relationships. Binary silicides with alkaline-earth melting of the constituent mixtures in ambient pressure. We
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TABLE |. Crystallographic data and atomic parameters of LaGEhe space group ifmmm (No. 71, the lattice constants are
=4.02906), b=6.3071), c=9.978(2) A; v=253.54(6) B; z=2, andRIRW I>3c1] 0.028/0.036 for 872 reflection& 85 unique
peaks.

Atom X y z Bq Uy Uy Uss U Uis Uzs

La 0 0 0 1.0%3) 0.01318) 0.01198) 0.01499) 0 0 0

Gel 0.5 0.299@) 0.828@2) 1.3003) 0.017@8) 0.01437) 0.01839) 0 0 0.00086)
Ge2 0 0.5 0 1.7@0) 0.0292) 0.0151) 0.0202) 0 0 0

have tried to prepare a Ge-rich phase using HPHT conditector with graphite monochromated Ma radiation. The
tions, and found a phase Lagwith a different framework,  structure was solved by direct methods using ¢ReSTAL-
which shows superconductivity with & of 7.0 K. This  strucTURECrystallographic software packagieThe crystal-
compound has no counterpart in the La-Si binary system. |ographic data and atomic parameters of La@ee listed in
Tables | and Il, respectively. The chemical composition of
LaGe was determined to be La:G€l:4.97 on six single
crystals by an electron probe microanalyZePMA) (JEOL
Powder samples of LaGevere synthesized by the fol- JCMA-733ll). The composition is in good agreement with
lowing two-step reactions: flakes of lanthanum méEiru-  the result of the x-ray refinement.
uchi Chemical 99.9% and germanium(Mitsuwa Pure
Che_r_nical 99.999%were mixed With a stoichiometric com- Il RESULTS AND DISCUSSION
position of La:Ge=1:5, and the mixture was subjected to
reaction in an arc furnace in an Ar atmosphere. The resulting The crystal structure determined for LaGie shown in
silver metallic product was a mixture of Lageof the  Fig. 1. This is a Ge-rich compound in the La-Ge system. It
a-ThSh, structure and unreacted Ge. It was ground in arcrystallized in the orthorhombic space grolgmmm with
Ar-filled glove box, and then put into amBN cell (5 mm in  lattice constants ofa=4.029¢6), b=6.3011), and c
inner diameter and 5 mm in deptfThe cell was placed ina =9.978(2) A, andV=253.54(6) 8. The structure of
carbon tube heater, and was put in a pyrophyllite cube as BaGe, is characterized as a unique germanium network with
pressure medium (2020x 20 mn?). The cube was pressed channels running along the axis, where lanthanum atoms
at 5 GPa in a multianvil assembly and heated at 1200 °C foare situated. The framework is composed of two types of
30 min, followed by quenching to room temperature. Thegermanium atoms, Gel and Ge2. The Gel atoms are tetra-
pressure was gradually released at room temperature. X-rdyedrally coordinated by three different Gel atoms with bond
powder-diffraction (XRD) patterns were measured using distances of 2.538) and 2.621(2) A<2, forming buckled
graphite monochromated ®u radiation. The obtained layers. The buckled layers are composed of six-membered
sample was analyzed for magnetic properties by a supercomings of Gel atoms in a boat-type conformation. Note that
ducting quantum interference device magnetomé@ran- the buckled layer is very similar to that of black phosphorus,
tum Design MPMS-b and for electrical resistivity by a dc although the latter layers are composed of six-membered
four-probe methodvan der Pauw method rings in a chair-type conformation. The bond angles of
Single crystals of LaGgwere obtained from the product 104.0° and 100.3° in LaGeare smaller than the normal tet-
with a mixed molar ratio of La:Ge1:8. The mixture was rahedral angle of 109.47°. In Fig. 2 the structure of the buck-
pressed at 5 GPa and heated to 1200 °C, then the temperatlee layers of black phosphorus in the chair conformation is
decreased to 900 °C at a cooling rate of 100 °C/h. In thishown. Most layer-structured compounds with six-membered
reaction excess germanium acted as a mother liquid forings such as P, As, Bi, Sb, CaSiand EuGe (Ref. 40 adapt
LaGe single crystals. After quenching the product from the chair conformation. The boat conformation found in
900 °C to room temperature, many single crystals of LaGelLaGe, is very rare.
were obtained in the Ge matrix. A single crystal suitable for The Ge2 atoms connect the Gel buckled layers to form a
the x-ray single-crystal structure analysis with dimensions othree-dimensional framework leaving tunnels. The Ge2 at-
0.15x0.05x 0.02 mn? was selected and its intensity data oms have a quite unique coordination number of 8. The rela-
were collected on a Rigaku R-AXIS imaging plate area dedively long distance of 2.93 A between Ge2 and Gel atoms is

Il. EXPERIMENTAL SECTION

TABLE Il. Selected interatomic distancé8) and bond angle€) in LaGe,.

Gel-Gel 2.621(2) 2, 2.5313) Ge2-Gel 2.933(1} 8
Gel-Ge2 2.933(1) 2 Ge2-la 3.154(1X 2
Gel-la 3.251(1% 8

<Gel-Gel-Gel 103.79), 100.4811)

<Gel-Ge2-Gel 51.16), 86.745)
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FIG. 3. Temperature dependence of resistivity of LaGea
range of 5—300 K. The inset shows the low-temperature data near
the critical temperature.

c
3.2511) A and two Ge2 atoms at a distance of 3.(54A,
which are comparable with the Ge-La distances of 3.11-3.82
A found in La;Ge; and LaGe.*®

a b The XRD pattern of the powder sample was in good

agreement with the pattern obtained from the single crystal,
FIG. 1. Schematic illustration of the crystal structure of LaGe @nd all the diffraction peaks could be indexed on the basis of
with buckled Ge layers. La atonfarge circles occupy the center the single-crystal data. The physical properties were mea-
of the tunnels running along the axis. Small bright and dark sured using the powder samples. The temperature depen-
circles represent two types of Ge sites, Gel in the buckled layerdence of the resistivity of LaGavas measured and the result
and Ge2 between the layers, respectively. is shown in Fig. 3. The compound attained the zero resistiv-
ity at 6.9 K. Figure 4 shows the temperature dependence of

due to the large coordination number of Ge2 atoms. Al-the magnetic susceptibility of Lageneasured under a field
though such a high coordination number for Ge was noPf 20 Oe. The magnetic susceptibility starts to decrease at 7.0
found in other germanides, a similar arrangement is found if< and becomes diamagnetic due to the superconducting tran-
the body-centered tetragonal structure of the high-pressuf@tion, consistent with the result of the resistivity measure-

phase of SA! Each La ion is coordinated by ten Ge atoms:Ment. The magnetic shielding fraction in the zero-field-

the theoretical value for perfect diamagnetism; this together
with the sizable Meissnéfield-cooled effect(30%) indicate
that LaGe is a bulk superconductor. In the La-Ge system,
LaGe, with the GdSj structure(the distortedw-ThSi, struc-
ture) has only been known as a superconductor with, af
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FIG. 4. Temperature dependence of the susceptibility of kaGe
FIG. 2. Schematic illustration of the buckled layers of black measured in a magnetic field of 20 Oe for zero-field-cool@BgC)
phosphorus with six-membered rings in the chair conformation. and field-cooling(FC) modes.

094501-3



HIROSHI FUKUOKA AND SHOJI YAMANAKA PHYSICAL REVIEW B 67, 094501 (2003

2.65 K% LaGe is the second superconductor in this
system.

The Gel atom in the buckled layer should have
configuration, forming three Gel-Gel bonds and a lone elec-
tron pair. According to the Zintl-Klemm rule, each Gel has a
formal charge of Ge? isoelectronic with arsenic, and should
fulfill the octet. La atoms should be ionized to provide elec-
trons to the buckled Gel layers. However, the electrons are
not sufficient to complete the octet. The electronic state of
Ge2 is not clear.

We also performed the band calculation for Lg@eaing
the wieN97 package with a general potential linear aug-
mented plane-wave cod&The density-of-state€DOS) dia-
gram around the Fermi leveEg) is given in Fig. 5. It is
clear from the DOS diagram that Lagés metallic. The
sharp band at about 2.5-eV abokg is attributed to empty
4f orbitals of lanthanum atoms. The band lying across the
Fermi level is mainly contributed by thes4and 4p orbitals
of Gel atoms. The contribution of Ge2 atoms to the conduc-
tion band is small. The La state is weakly hybridized with the
conduction band, therefore, in this electronic system, lantha-
num plays a role of carrier donor to the germanium network.

Energy (eV)

0 2 4 6 8 10 12

We have described superconductor, LaGevith T, DOS (unit cell)
=7.0 K. The compound was synthesized by a reaction under
a pressure of 5 GPa at 1200 °C. The compound was found to FIG. 5. The DOS for LaGg The thick line corresponds to the
contain a germanium network composed of buckledotal DOS for LaGg. The dotted and thin solid lines correspond
sp’>-Gel layers coupled with eight coordinated Ge2 atomsto the 4 and 4p states of Gel atoms, respectively. The contri-
The band calculation of this compound shows that the bandgutions of La and Ge2 atoms are not shown in the figure for
lying across the Fermi level are mixed states of germargum Simplification.
andp states, and the La atoms contribute mainly as electron
donors for the germanium network. It should be noted that ACKNOWLEDGMENTS
LaGe consists of a layered or porous conducting skeleton.
The buckled covalent bonded layers resemble those of black We are grateful to Mr. Yasuhiro Shibata of Hiroshima
phosphorus, but the six-membered rings have the boat cotniversity for his help in EPMA measurements. This re-
formation rather than the chair one of the normal buckledsearch was partly supported by CREST, the Japan Science
layers. This is the layer-structured germanium superconducend Technology CorporatiofdST), COE ResearchGrant
ing skeleton. The chemical bonding of the eight coordinatedNo. 13CE2002 of the Ministry of Education, Culture,
Ge atoms and the contribution to the superconductivity ar&ports, Science, and Technology of Japan, and the Electric
interesting mysteries that remain to be solved. Technology Research Foundation of Chugoku.

IV. CONCLUSION

13.G. Bednorz and K.A. Mier, Z. Phys. B: Condens. Matté, Sp.w. Stephens, L. Mihaly, P.L. Lee, R.L. Whetten, S.-M. Huang,
189(1986. R.F. Kaner, F. Diederich, and K. Holczer, Natit®ndon 351,

2Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizai, T. Fujita, J.G.  632(1992).
Bednorz, and F. Lichtenberg, Natuileondon 372 532(1994). %K. Tanigaki, T.W. Ebbesen, S. Saito, J. Mizuki, J.S. Tsai, Y. Hi-

3A. Simon, Angew. Chem. Int. Ed. Engd6, 1788(1997). makawa, Y. Kubo, and S. Kurushima, Natt®ndon 352 222

4H. Fukuoka, T. Isami, and S. Yamanaka, Chem. L8itt.703 (1991).
(1997. 10R B. King, J. Solid State Chen71, 224 (1987).

5S. Yamanaka, H. Kawaji, K. Hotehama, and M. Ohashi, Adv.'R.B. King, in Concepts in Chemistryedited by D.H. Rouvray
Mater. 8, 771(1996. (Wiley, New York, 1997, p. 255.

6S. Yamanaka, K. Hotehama, and H. Kawaji, Nat@kendon  *?L.R. Testardi, J.H. Wernick, and W.A. Royer, Solid State Com-
392 580(1998. mun. 15, 1 (1974.

7J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J**K.H. Janzon, H. ScHar, and A. Weiss, Z. Anorg. Allg. Chem.
Akimitsu, Nature(London 410, 63 (2001). 372 87(1979.

094501-4



HIGH-PRESSURE SYNTHESIS AND . .. PHYSICAL REVIEW B7, 094501 (2003

144, Nakano and S. Yamanaka, J. Solid State Ch&68 260  3°H. Fukuoka, K. Iwai, S. Yamanaka, H. Abe, K. Yoza, and L.

(1994. Haming, J. Solid State Chertil5 117 (2000.
15G. Brauer and H. Haag, Z. Anorg. Allg. Che®67, 198(1952.  3W. Carrillo-Cabrera, J. Curda, S. Paschen, and H.G. Von Schner-
163.A. Perri, E. Banks, and B. Post, J. Phys. Ché&2073(1959. ing, Z. Kristallogr.215 207 (2000.
17p, Lejay, B. Chevalier, J. Etourneau, J.M. Tarascon, and P. Hageﬁ?S.-J. Kim, S. Hu, C. Uher, T. Hogan, B. Huang, J.D. Corbett, and
muller, Mater. Res. Bull1l8, 67 (1983. M.G. Kanatzidis, J. Solid State Chert63 321 (2000.
183.S. Kasper, P. Hagenmuller, M. Pouchard, and C. Cros, Scienc8F.M. Grosche, H.Q. Yuan, W. Carrillo-Gabrera, S. Paschen, C.
150, 1713(1965. Langhammer, F. Kromer, G. Sparn, M. Baenitz, Yu. Grin, and F.
19C. Cros, M. Pouchard, and P. Hagenmuller, J. Solid State Chem. Steglich, Phys. Rev. Let87, 247003(2001).
2, 570(1970. 341.0. Nasibov, M.M. Alieva, and P.G. Rustamov, Azerb. Khim. Zh.
20H. Kawaji, H. Horie, S. Yamanaka, and M. Ishikawa, Phys. Rev. 5-6, 143(1973.
Lett. 74, 1427(1995. 35A.M. Guloy and J.D. Corbett, Inorg. Cher0, 4789(1991).
21H. Kawaiji, K. Iwai, S. Yamanaka, and M. Ishikawa, Solid State *V.N. Eremenko, Q.C. Zuong, Y.I. Buyanov, and A.M. Kharkova,
Commun.100, 393(1996. Dopov. Akad. Nauk Ukr. RSR, Ser. B: Geol., Geofiz., Khim.
223, Yamanaka, E. Enishi, H. Fukuoka, and M. Yasukawa, Inorg. Biol. 34, 819(1972.
Chem.39, 56 (2000. 37V.N. Eremenko, Q.C. Zuong, Y.l. Buyanov, and V.G. Batalin, Po-

23T, Yokoya, A. Fukushima, T. Kiss, K. Kobayashi, S. Shin, K.  roshk. Metall.(Kiev) 11, 82 (1971).
Moriguchi, A. Shintani, H. Fukuoka, and S. Yamanaka, Phys.38A.M. Guloy, and J.D. Corbett, Inorg. Cher82, 3532(1993.

Rev. B64, 172504(200). 39Computer codeRYSTALSTRUCTURE 2.00 Crystal Structure Analy-
243, saito and A. Oshiyama, Phys. Rev5B 2628(1995. sis Package, Rigaku and MSC, 2001.
25, Moriguchi, S. Munetoh, and A. Shintani, Phys. Rev.6B, 40E |. Gladishevskii, Dopov. Akad. Nauk Ukr. RSR 209 (1964).
7138(2000. 413.D. Barnett, V.E. Bean, and H.T. Hall, J. Appl. Phyg, 875
26M. Imai, K. Hirata, and T. Hirano, Physica 45 12 (1995. (1966.

27s. sanfilippo, H. Elsinger, M.N. Regueiro, O. Laborde, S. Le-*?A.K. Ghosh and D.H. Douglass, Solid State Commg8, 223
Floch, M. Affronte, G.L. Olcese, and A. Palenzona, Phys. Rev. B (1977).
61, 3800(2000. 43T, Satoh and Y. Asada, J. Phys. Soc. Jpn.1463(1969.

28p, Bordet, M. Affronte, S. Sanfilippo, M.N. Regueiro, O. Laborde, 44p. Blaha, K. Schwarz, and J. Luitz, computer codengz, a full
G.L. Olcese, A. Palenzone, S. LeFloch, D. Levy, and M. Han-  potential linearized augmented plane-wave package for calculat-

fland, Phys. Rev. B2, 11 392(2000. ing crystal properties, Technical Universitat Wien, Austria, 1999.
2%H. Fukuoka, K. Ueno, and S. Yamanaka, J. Organomet. Chem. For all calculations we usedy X Kmau=8.0, | nax=10, Gmax
611, 543(2000. =10, ryt La, and Ge 2.0.

094501-5



