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ABSTRACT: We prepared a new binary lanthanum germanide, LaGes, under high-
pressure and high-temperature conditions (3—12 GPa, S00—1200 °C). It crystallizes
in the BaPb; structure (the space group R3m) with lattice constants of a = 6.376(1) A,
¢=22.272(3) A, and V=784.1(2) A>. We refined the structure using Rietveld analysis
from X-ray powder data. The structure is composed of two types of close-packed
atom layers. In one layer, every La atom is surrounded solely by Ge atoms with the
same distance of 3.188 A. The other layer contains Ge; regular, triangular cluster units
with a Ge—Ge distance of 2.634 A. The electron localization function and crystal
orbital Hamilton population calculations suggest that the triangular cluster is
composed of three Ge—Ge covalent bonds and that each Ge atom has a lone pair.
The temperature dependence of the magnetic susceptibility and electrical conduc-
tivity measurements revealed that LaGej; is metallic and shows superconductivity at
7.4 K. This critical temperature is highest for the La—Ge system.

B INTRODUCTION

Reactions of electropositive metals (alkaline, alkaline earth, and
rare earth metals) and some p-block elements often yield com-
pounds containing subunits of the p-block atoms. The p-block
atoms are negatively charged due to the electrons donated by the
metals. Some of the electrons are used by the p-block atoms to
form covalent bonds, and the resultant subunits demonstrate
abundant structural variations, including one-dimensional (1D)
cluster anions, two-dimensional (2D) layer sheets, and three-
dimensional (3D) networks.' * The metal atoms become cations
and reside in the spaces of the subunits. Zintl phases are typical
examples of such compounds,' and the cluster anions are called
Zintl anions.” These types of compounds are formed by both
covalent and ionic interactions.

Host atoms (relatively electronegative atoms) that construct
subunits in Zintl phases often fulfill the eight-electron rule and
have closed-shell structures. These compounds, therefore, pos-
sess semiconducting properties. On the other hand, several
metallic compounds with similar combinations of elements have
been reported.>® They contain similar or in some cases identical
subunits, but the host atoms do not fulfill the 8-electron rule and,
therefore, possess metallic or semimetallic properties.

These metallic compounds are not categorized into typical or
classical Zintl phases. We are interested in such compounds
because metallic Zintl phases sometimes demonstrate interesting
physical properties such as superconductivity. We investigated
reactions of group 14 and 15 elements and alkali, alkaline earth,
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and lanthanide metals. High-pressure synthesis is a powerful
method to obtain new compounds, especially silicides and germa-
nides, having interesting structures and physical properties.

Typical examples of such metallic compounds are silicon clath-
rates. Bag_,Sise, prepared by reactions at 3 GPa and 800 °C, has
the type-I clathrate structure® ' composed of pentagonal dode-
cahedral Siyo cages with Ba atoms at the center. This 3D host
structure is composed of a covalent network of sp> Si atoms only.

Bag_,Siye is isotypic with KgSigy. However, in the potassium
silicide, there are 2 Si vacancies per 46 Sisites." According to the
Zintl—Klemm concept,l’u’13 all Si atoms in KgSi,4 have closed-
shell structures, and in fact, the compound is a semiconductor. A
lot of type-I silicon and germanium clathrate compounds follow
the Zintl—Klemm rule and show semiconductin§ or poor
metallic properties (BagGeys_,, BagAl;Sis, etc).'*

Binary silicon clathrate, Bag_,Siys however, has no vacancy in the
host network. The electrons donated from Ba become conduction
electrons. In fact, Bag_,Siyg is metallic and shows a superconducting
transition at 5—9 K depending on the amount of Ba vacancy x.”'
This compound has attracted much attention because it is the first
superconductor with a network composed of four-bonded sp’
silicon atoms only.zz_25 Another type of silicon clathrate, Ba,4Si;oo,
is prepared by high-pressure synthesis (1.5 GPa, 800 °C) and
becomes a superconductor at 1.4 K%
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Figure 1. X-ray powder diffraction patterns of La—Ge samples: (a) 5
GPa, 500 °C; (b) 12 GPa, 1100 °C; (c) 10 GPa, 850 °C. Cross marks
show diffractions from LaGe,. Filled and open circles show XRD
patterns of LaGes and LaGe;, respectively.

In our studies of germanides, we obtained many metallic
germanides of alkaline and rare earth elements. Ba,4Ge o9 and
LaGes become superconductors at 0.27 and 6.8 K, respec-
tively.””*® Ba,4Ge, o, isotypic with Bay,Sijg0, was prepared by
simple arc melting.”* >" Recently, a new clathrate compound
BaGe;s was reported by another group. This is not a metallic but a
semiconducting Zintl phase.”> We prepared a lanthanum penta-
germanide, LaGes, under high-pressure (5 GPa) conditions.”® An
isotypic series of LnGes (Ln = Ce, Pr, Nd, and Sm) was also
prepared under similar conditions.*® They contain six-membered
Ge rings in a boat conformation that share their edges to form
puckered layers. The layers are connected by 8-fold Ge atoms to
form tunnels where Ln atoms are situated. The coordination
number of eight is extremely large for Ge atoms, which is possibly
an effect of the high pressure. All LnGes compounds are metallic,
but only LaGes shows superconductivity.

We noticed a new phase on investigating the LaGes synthesis.
We attempted to characterize this new compound. In this study,
we performed a detailed investigation of the reactions between
La and Ge under high-pressure conditions and found a new
binary lanthanum germanide, LaGes, having a Ge; triangular
cluster unit. This is the first triangular Zintl anion of Ge to our
knowledge. We examined the structure and electrical and ther-
mal properties of LaGe; and discussed the electronic structure of
the unit using first-principle calculations.

B EXPERIMENTAL SECTION

LaGe; was prepared using a two-step reaction as follows: a mixture of
La (Furu-uchi Chemical 99.9%) and Ge (Mitsuwa Pure Chemical
99.999%) in a 1:3 atomic ratio was reacted in an Ar-filled arc furnace
to obtain a mixture of LaGe, and Ge. The mixture was well ground in an
agate mortar and then placed in an h-BN cell. It was reacted using a
Kawai-type high-pressure system.** We performed reactions varying
both temperature (500—1600 °C) and pressure (3—13 GPa). The
products were characterized using X-ray powder diffraction (XRD)
measurements with a Bruker AXS D8 Advance diffractometer with Ni-
filtered Cu Kot radiation. The data for structural analysis were collected
using the step-scan mode (0.00741°) from 24° to 100°. A nonreflecting
Si plate was used as a sample holder in order to reduce the background.
The structure refinement was performed using RIETAN2000, a multi-
purpose pattern-fitting system.>®

Table 1. Crystallographic Data of LaGe; and R Indices of
Rietveld Analysis”

formula LaGe;
space group R3m(166)
lattice parameter a/A 6.376(1)
lattice parameter c/A 22.272(3)
unit cell volume V/A® 784.1(2)
20 range/deg 24—100
Ryp/% 447
Rp/% 3.54
Rg/% 3.09

Ri/% 0.65
Re/% 032
goodness of fit S 145

apr =3 Wi{)’i - Ii}z/ziwiyiz]l/z' R, = z I)’i - Ii|/2iJ’i~Re =[N -P)/
Zw 9717 R = 5 [L('0) — L(0)|/Z k(0). R = % | [I('0)]"* —
[Ix(c)]" 2| /2 [(0)]V2 S = R,p/R.. y;: observed intensity. I: calculated
intensity. w;: weight. N: number of data points. P: number of parameters.
Ii(‘0"): estimated observed intensity of the kth reflection. I;(c): calculated
intensity of the kth reflection.

Table 2. Atomic Parameters of LaGe; Refined by the Rietveld
Method

atom site x y z Beq

Lal 3a 0 0 0 0.2(3)
La2 6¢ 0 0 0.2172(2) 1.2(3)
Gel 9e 1/2 0 0 0.3(3)

Ge2 18h 0.1956(3) 0.8044 0.1078(2) 0.6(2)

Chemical compositions of the products were examined using an
electron probe microanalyzer (EPMA) (JEOL JCMA-733). Magnetic
susceptibility measurements were performed with a SQUID magnet-
ometer (Quantum Design MPMS-5) in a 20-Oe field.

Electrical resistivity was measured on a rectangular-shaped specimen
with dimensions of 2.40 X 1.00 X 0.50 mm prepared by polishing the
obtained bulk product with sandpaper. We measured the resistivity of
the specimen with the four-probe method using DC from room
temperature to 2 K. The specific heat was measured from 4 to 200 K
on a Quantum Design physical property measurement system using its
standard thermal-relaxation method.

The band structure calculation was performed using the WIEN2k
package with a general potential LAPW code.*® Some parameters used
were as follows: RMT, 2.5 for La and 2.47 for Ge; Gy, 12; RMT X
kmax 7; number of k points, 10000. Electron localization functional
(ELF) and chemical bond analysis using COHP techniques were
calculated and analyzed using a tight-binding linear muffin-tin orbital-
atomic sphere approximation with TB-LMTO-ASA software.*”

B RESULTS AND DISCUSSION

The XRD pattern of the product obtained by reaction at S GPa
and 500 °C for 1 h is shown in Figure 1a. Although some small
peaks were caused by LaGes and LaGe,, the main peaks could
not be identified as any known phases. The peaks were success-
fully indexed using a hexagonal cell with a = 6.381(1) A and ¢ =
22.290(3) A. The increase of pressure and temperature to 12
GPa and 1100 °C improved the crystallinity of the unknown
phase, but the content of LaGes also increased as shown in
Figure 1b. We obtained the best sample of the unknown phase by
a reaction at 10 GPa and 850 °C for 1 h (see Figure 1c). We
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Figure 2. Fitting result of Rietveld analysis of LaGe;. The observed data are shown as small red crosses and the calculated fits and difference curves as
solid lines. Tick marks indicate calculated peak positions. They are for LaGes, LaGes, and LaGe, sequentially from the top.

performed chemical analysis of the unknown phase using EPMA
and obtained a composition of La:Ge = 1:2.91(3), suggesting
that a new lanthanum germanide, LaGe;, had been prepared by
the high-pressure and high-temperature reactions. The com-
pound is very stable against air and moisture under ambient
pressure.

Several structures having the AB; composition have been
reported including the CuzAu, BaSn;, BaPbs, and SrSn;
structures.** *° From the detailed study of the XRD pattern,
the unknown phase seemed to be isotypic with BaPb;, which
has a trigonal unit cell with the space group of R3m.** In order
to confirm the structure, we performed Rietveld analysis on the
sample shown in Figure lc using the atomic parameters of
BaPb; as the initial values. As both LaGes and LaGe, having
very poor crystallinities were detected as minor products in the
sample, we performed the refinement including these phases.
Opverall isotropic displacement parameters were adopted in-
dividually for the minor products LaGes and LaGe,. The final
refinement was well converged and gave good R indices.
Therefore, we concluded that the unknown phase was LaGe;
with the BaPbs-type structure. The crystallographic data and
results of the pattern fitting of the Rietveld analysis are
presented in Tables 1 and 2 and Figure 2.

The crystal structure of LaGe; projected along the ¢ axis is
presented in Figure 3a. If the distinction of La and Ge atoms is
disregarded, this structure can be seen as a closest packing
structure. Figure 3b depicts how each layer is stacked. The unit
cell along the c axis contains nine layers. There are two kinds of
layers composed of Lal/Gel and La2/Ge2 sites, respectively. In
the former layers (labeled o) in Figure 3b, Lal and Gel sites are
the special positions of (0, 0, 0) and (1/2, 0, 0), respectively.
Since the arrangement is perfectly identical to the closest packing
one, the distances of Lal—Gel and Gel—Gel are identical
(3.188(1) A). The distance between Gel atoms is much greater
than that between diamond Ge atoms (2.447 A). Each Gel atom
has eight Ge neighbors: four Gel atoms in the same layer and
four Ge2 atoms in adjacent layers. The Gel—Ge2 distance of
2.944(3) A is slightly shorter than that between Gel atoms. The
Lal site has 12 neighbors: 6 Gel and 6 Ge2 atoms with a
separation of 3.188(1) and 3.229(6) A, respectively.
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Figure 3. Crystal structure of LaGes. Projection view (a) along the c axis
and (b) perpendicular to the ¢ axis. (c) Gej; triangular units and their
connection to the Gel atoms are shown in ball and stick representation.
Lal and La2 atoms are situated in the same layers of Gel and Ge2,
respectively.

In the f3 layers formed by La2 and Ge2 sites, the Ge atoms
form a cluster having a regular triangle shape as shown in
Figure 3c. Therefore, the structure of this layer is not very similar
to that of the closest packing one. The Ge2—Ge2 distance of
2.634(7) A is comparable to those in typical germanides. Each
Ge2 atom has two Ge2 atoms as its nearest neighbors and two
Gel and two Ge2 atoms as its second and third nearest neighbors
with distances of 2.944(3) and 3.030(6) A, respectively. Each La2
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Figure 4. COHP and ICOHP diagram of LaGe; for the Ge2—Ge2
bond with a distance of 2.634 A.

atom is surrounded by 12 Ge atoms with distances of 3.175—
3.257 A. The La2 site is situated in the relatively large space
due to formation of the triangle unit of Ge2 atoms. This would be
the reason why the La2 site has a large thermal displacement
parameter.

To examine whether there was a covalent interaction between
the Ge2 atoms in the triangular units, we performed COHP
calculations using the TB-LMTO-ASA program. Figure 4 shows
the COHP and ICOHP diagrams for the Ge2—Ge2 pair with a
distance of 2.634(7) A. The bonding and antibonding natures of
COHP changed close to the Fermi level (Eg), indicating that the
electrons on the Ge; unit are accommodated in bonding and
nonbonding orbitals. The —ICOHP value of 1.5 eV/bond at Ef
clearly shows that there is a significant interaction between the
Ge2 atoms. In other words, the Ge2 atoms in the Ge; unit are
held together by Ge2—Ge2 covalent bonds. On the other hand,
the dominant interactions for Gel —Gel and Gel—Ge2 pairs in
the vicinity of E are antibonding. The —ICOHP values for these
pairs, 0.41 and 0.67 eV/bond for Gel—Gel and Gel—Ge2 with
distances of 3.188(1) and 2.944(3) A, respectively, are much
smaller than that of the Ge2—Ge2 pair, suggesting there are no
significant covalent interactions between the Gel—Gel and
Gel—Ge2 pairs.

We performed electron localization function (ELF) analysis of
LaGe; to further investigate the electrical structure of the Ge;
triangular unit. Figure S shows an ELF image for the plane
containing Ges triangular units. The blue areas with high ELF
values (77 = 0.6) at each corner of the Gej; triangle confirm the
existence of a lone pair at each Ge atom. Another area with high
ELF values around 7 = 0.55 is also seen at the middle point of
each Ge—Ge bond, corresponding to the bonding (covalent)
electrons. The ELF analysis of the plane on which the Gel and
Lal atoms are located shows no significant structures, indicating
that the Gel atoms are almost in an isolated condition, and there
is no covalent interaction between Gel atoms. Furthermore, no
evidence for bonding between Gel and Ge2 was obtained by
ELF calculations. These results were in good agreement with the
COHP analysis described above.

Subunits like the Ge; triangle are often observed in AB;-type
intermetallic compounds. The SrSn; and BaSnj structures con-
tain Snj triangular units.***° The structures of SrSny and BaSn;
are similar to that of LaGe;. They are built from the closest-
packed like layers, but the stacking sequences of the three
compounds are different. SrSnj crystallizes in a trigonal unit cell

Figure 5. Electron localization function (ELF) diagram of LaGej for the
plane parallel to the ab plane at z = 0.1076 on which Ge2 and La2 atoms are
situated. Red and blue colors show the low and high ELF areas, respectively.

with space group R3m. BaSn; crystallizes in a hexagonal unit cell
with P63;/mmc. LaGes, SrSns, and BaSnj contain 9, 12, and 2
closest packed layers in their respective unit cells. ELF analysis of
SrSnj and BaSn; by Fassler et al. revealed that the Snj triangular
units have attractors corresponding to lone pairs and covalent
bonding electrons.*®* The ELF image of the Ge3 unit in LaGe,
is similar to those of the other structures.

The temperature dependence of the resistivity is shown in
Figure 6. The resistivity of LaGe; decreases with decreasing
temperature down to about 8 K and then slightly increases
followed by zero resistivity below 7.4 K. This trend indicates that
LaGej; is metallic and shows superconductivity with transition
temperature T. = 7.4 K. The magnetic susceptibility measure-
ments also confirmed the superconducting transition as shown in
Figure 7. The temperature dependence curve of the magnetic
susceptibility of LaGe; passes through zero magnetization at 7.4
K and then shows a rapid decrease to negative values in
agreement with the results of the conductivity measurements.
The superconducting volume fraction calculated from the plot in
Figure 7 is more than 100% at 2 K, clearly showing that the
transition is due to LaGe;. BaSnz and SrSn; also show super-
conductivity at T, = 4.3 and 5.4 K, respectively. The structures
based on the closest packing layers of electropositive metals and
group 14 elements might be advantageous for the appearance of
superconductivity.

From specific heat measurement of LaGes, the superconducting
specific heat jump AC, = 82 m]J K mol " was observed at 7.0 K. If
we assume this compound to be a BCS-type superconductor, the
electronic specific heat coefficient, y, of 7.7 mJ K > mol " is
obtained.

To obtain a theoretical view for the electrical properties of
LaGe;, we performed the density of state (DOS) and band
calculations using the Wien2k package. The DOS diagram of
LaGej in Figure 8 clearly shows the metallic properties of this
compound. The low-lying bands below —5 eV are mostly
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Figure 6. Temperature dependence of the electrical resistivity for LaGe; for a (a) wide temperature range and (b) lower temperature range.
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Figure 8. Density of states (DOS) for LaGe; obtained from LAPW
calculations (the Wien2k code). The Fermi level is set as zero.

contributed by Ge 4s orbitals, and the bands above —5 eV up to
EF. contain the contributions of Ge 4p, La 5d, and the interstitial
components. A portion of the doped electrons from the La>*
ions are accommodated in the empty Ge 4p orbitals to be as
localized electrons, and the remainder becomes itinerant elec-
trons, the orbitals of which contain both Ge and La contributions.
A small contribution from the La 4f orbitals at around Eg was
admitted in the calculations, but it is uncertain whether this
contribution is essential or just artificial.

The band structure (k dispersion) of LaGe; is presented in
Figure 9. Several bands cross Eg not only along the Z — I' pass
(corresponding to the direction of the z axis) but also along the
L — I' and I — F passes, indicating that LaGe; is not a 1D

3905
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Figure 9. Band structure diagram of LaGe;.
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Figure 10. Schematic molecular orbitals of Sny>” triangular unit pro-
posed by Fassler et al. If the ionic valence of the Ge; triangle in LaGes is —3,
an electron displayed by a dotted arrow will be added to the 77* orbital.

conductor. The Fermi surfaces sprawl in many directions of the
Brillion zone, and their shapes are complicated.

Finally, we discuss the scheme of the electronic structure of
LaGe;. Fassler et al. proposed an electronic structure model for
the Sn;>~ unit in SrSn; and BaSn; based on the molecular orbital
(MO) scheme. They deduced the model from the MO of
aromatic 277-electron cyclopropanyl cations (C3R3") because
this cation is isoelectronic with Sn;> . Figure 10 depicts this MO
scheme. According to this model, the Sn;> anion has three lone
pairs (orbitals S, 6, and 7) and one 7-bonding pair (orbital 4).
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In the case of LaGejs, the Ge2 atoms form Gejy triangular units.
In the ELF and COHP analyses, the triangular unit has three lone
pairs as well as three covalent bonds. If the units were completely
isolated from the environment, the 77 and 77* orbitals (4, 8, and 9)
would be localized on the unit. In fact, the ;t and 7t* orbitals of the
Ge2; unit are reconstructed into the conduction bands by
combination with the orbitals of other Ge2; units and Gel atoms
in the adjacent layers, and the electrons presupposed to be
accommodated in the s7* orbitals are delocalized to become
conduction electrons. These conduction bands contain the
contribution of the orbitals of the Lal and La2 atoms, resulting
in 3D bands.

Bl CONCLUSIONS

Reactions of LaGe, and Ge under high-pressure and high-
temperature conditions yielded a new superconducting lantha-
num germanide, LaGe;, with T = 7.4 K. This temperature is the
highest T value among the compounds of the La—Ge binary
system at present. The structure is based on stacking of the
closest packed layers of La and Ge atoms. There are two types of
layers: one is composed of Lal and Gel equidistant from each
other, and the other is composed of La2 and Ge2; triangular
cluster units. ELF and COHP analyses revealed that the triangle
unit is constructed by Ge2—Ge2 covalent bonds and that each
Ge2 atom has a lone pair of electrons. This is the first triangular
Zint] anion of Ge to our knowledge. The results of the band
structure calculation supported the fact that this compound
possesses metallic properties.
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