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Abstract

Reported are the flux synthesis, the crystal structure determination, the properties and the band structure calculations of a new
polymorph of CaGe,, which crystallizes with the hexagonal space group P6smc (no. 186) with cell parameters of a = 3.9966(9) and
c= 10.211(4)1& (Z = 2; Pearson’s code hP6). The structure can be viewed as puckered layers of three-bonded germanium atoms,
ic[Gez]Q_, which are stacked along the direction of the c-axis in an 4BAB-fashion. The germanium polyanionic layers are separated by
the Ca cations. As such, this structure is closely related to the structure of the other CaGe, polymorph, which crystallizes with the
rhombohedral CaSis type in the R3m space group (No. 166), where the go[Gez]z’ layers are arranged in an 44’ BB’ CC -fashion, and are
also interspaced by Ca®" cations. LMTO calculations suggest that in spite of the formal closed-shell configuration for all atoms and the
apparent adherence to the Zintl rules for electron counting, i.e., Ca®*[35-Ge'],), the phase will be a poor metal due to a small
Ca-3d-Ge-4p band overlap. Magnetic susceptibility measurements as a function of the temperature indicate that the new CaGe,

polymorph exhibits weak, temperature independent, Pauli-paramagnetism.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The silicides and germanides of the alkaline-earth metals
(AE hereafter) have received increased attention in recent
years due to their unique crystal chemistry and physical
properties [1]. The structures of these compounds can
range from simple close packing of atoms, through small
metal clusters and layered arrangements to three-dimen-
sional networks. Polytypism and polymorphism are also a
reoccurring theme here—take for example the three
polymorphic forms of BaSi»: trigonal (P3ml) [2a], orthor-
hombic (Pnma) [2b], and cubic (P4332) [2a], respectively,
all featuring completely different bonding arrangements.
Of course, there are many other examples where interesting
and unusual properties abound, such as the superconduc-
tivity in CaSi, [la] and BagGe,s [1f], the unexpected
metallicity in the salt-like CasGe; phase [1b], etc. The
appeal of these intermetallic compounds was further fueled
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by the invention of processes that use them as precursors in
the syntheses of a variety of nano-structured materials [3].

Our interest in these systems came from a different
perspective, and mainly originated from the successful use
of Mg and Ca in particular to replace lanthanide elements
in the structures of RE;_ Mg, Ges and RE;_,Ca,Gey
(RE = rare-earth metals) [4]. Such substitutions of mag-
netic with non-magnetic metal atoms create opportunities
for fine-tuning the magnetic properties. Motivated by that
and by the success in applying the flux-growth methods
towards the synthesis of new binary and ternary phases,
which are inaccessible by other synthetic routes [5], we
undertook systematic studies of the phase equilibria in the
AE-In-Ge and RE-In—Ge systems. These were initiated
after the discovery of the RE,InGe, family (RE = Sm,
Gd-Ho, Yb) [6], for which magnetic susceptibility mea-
surements confirm localized-moment magnetism typical for
the free RE*" ions [7]. The only exception of that series is
Yb,InGe,, which exhibits a temperature independent
paramagnetism, consistent with a closed-shell f '* config-
uration, i.e., Yb>". This, and the very similar crystal
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chemistry of Yb and Ca, inspired us to seek after the
isoelectronic Ca,InGe,. Instead, the conducted In-flux
reactions afforded the formation of a new binary phase
CaGe,, which is denoted hereafter as «-CaGe,. This
compound is a polymorph of the well-known CaGe,
(f-CaGe, hereafter), crystallizing with the rhombohedral
CaSi, type [8].

The discovery of polymorphism in the Ca—Ge system is
rather surprising since it is not indicated neither in the
original binary phase diagram [9] nor in its recent revision
[10]. These two studies suggest only one thermodynami-
cally stable CaGe, compound, p-CaGe, (sometimes
denoted as “tr6 phase”). A survey of the literature showed
that the existence of a second modification of CaGe,
(referred to as ““h2 phase”) has been mentioned in a
previous work on epitaxially grown thin films [11]. Never-
theless, to date, the crystal structure and the bulk synthesis
and properties of this phase are not established. Herein, we
report the synthesis of a-CaGe, as large, well-defined single
crystals, and its structure determination from single-crystal
and powder X-ray diffraction. Since the structure of the
p-CaGe, polymorph has been known for more than 6
decades, but never refined, we also report the refined from
single-crystal X-ray diffraction data atomic positions and
thermal parameters for f-CaGe,. The similarities and the
differences between the two polymorphs are discussed in
the context of the structural studies; band structure
calculations and susceptibility measurements for the newly
discovered a-CaGe, are presented as well.

2. Experimental
2.1. Synthesis

All manipulations were performed inside an argon-filled
glove box with controlled oxygen and moisture levels
below 1 ppm or under vacuum. The starting materials were
stored in a glove box and used as received: Ca (with purity
>99.9%, Aldrich), Ge (lump, 99.999%, Acros) and In
(shot, 99.99%, Alfa-Aesar). The reactions were carried out
by loading a mixture of the elements in a ratio of
Ca:Ge:In = 1:1:10 in alumina crucibles, and subsequently
enclosing them in evacuated fused silica ampoules. The
following temperature profile was employed: (1) heating to
1233 K at a rate of 200°/h; (2) homogenization at 1233 K
for 25h; and (3) slow cooling to 8§73 K at a rate of 10°/h. At
this point, the ampoules were quickly removed and the In
was separated from the reaction product through centrifu-
gation. Further details on In-flux growth techniques can be
found elsewhere [6]. The typical outcomes of such reactions
were large but irregular-shaped crystals, with dark to black
color and metallic luster. They showed signs of oxidation
after a few hours in air.

Attempts to synthesize the hexagonal «-CaGe, poly-
morph by stoichiometric reactions in sealed Nb tubes
failed. For these experiments, mixtures of Ca and Ge in a
ratio of 1:2 were heated quickly above the melting point of

Ge (1211K), reacted overnight and allowed to cool to
room temperature. Instead of «-CaGe,, the product of such
reactions was the rhombohedral $-CaGe, form [8], and
small amounts of CaGe [8] and elemental Ge as side
products. The crystals of f-CaGe, had similar appearance
to those of a-CaGe,, i.e., they were black, brittle and
sensitive to air and moisture.

The possibility to synthesize new polymorphs of Sr and
Ba digermanides, isostructural with «-CaGe, was also
explored but proved unsuccessful. The In-flux reactions of
the heaviest AE elements and germanium yielded the
orthorhombic SrGe, (Pnma) [8] and tetragonal Balny
(14/mmm), respectively [8]. Attempts to prepare analogous
compounds of Eu and Yb were also made but led to the
growth of very large crystals of EuGe, [12] and Yb;Ges
[13], respectively.

2.2. Powder X-ray diffraction

X-ray powder diffraction patterns were taken at room
temperature on a Rigaku Miniflex powder diffractometer
using monochromatized CuKao radiation. To allow for
handling the air-sensitive ¢-CaGe, and -CaGe.,, the table-
top diffractometer was enclosed in a glove-box. Typical
runs included 6-60 scans (20,.x = 80°) with scan-steps of
0.05° and 5s counting time per step. Data analysis was
carried out using the JADE 6.5 software package. Samples
were prepared by grinding the shiny and irregular
morphologies to a fine powder. For both polymorphs the
intensities and the positions of the experimentally observed
peaks matched very well with those calculated from the
refined crystal structures. Graphical representation of the
experimental and the simulated powder patterns, along
with tabulated intensities and /4 k/ indices are provided as
supplementary material (see Appendix A).

2.3. Single-crystal X-ray diffraction

Crystals from both z-CaGe, and f-CaGe, were chosen
in the glove-box, mounted on glass fibers (using Paratone
N oil) and quickly placed on the gonoimeter of a Bruker
SMART CCD-based diffractometer. The measurements
were carried out at 120(2) K (by cooling with a cold
nitrogen stream), which also helped protecting the crystals
from decomposition. For both compounds, full spheres of
diffraction data were collected in four batch runs at
different w and ¢ angles. Frame width was 0.4° in @ and
because the crystals diffracted very strongly, the data
acquisition rate was 8s/frame. The data collection, data
integration, and cell refinement were carried out using
the SMART and SAINT programs, respectively [14].
SADABS was used for semi-empirical absorption correc-
tion based on equivalents [15]. The structures were solved
by direct methods and refined by full matrix least-squares
methods on F* using the SHELX-package [16]. All sites
were refined with anisotropic displacement parameters and
full occupancies. The refinements showed no indications



Table 1

P.H. Tobash, S. Bobev | Journal of Solid State Chemistry 180 (2007) 1575-1581

Selected single crystal data and structure refinement parameters for both

CaGe, polymorphs

Empirical formula CaGe,
Formula weight 185.26 g/mol
Collection temperature 1202) K

Radiation, wavelength (1)
Crystal system

MoK, 0.71073 A

Hexagonal (o-form)

Rhombohedral (f-

form)
Space group P63ymce R3m
Unit cell dimensions a = 3.9966(9) A a=3.9872(9) A
c=10211(4)A ¢ =30.583(8) A
Unit cell volume, Z 141.24(7) A%, 2 421.06(17) A%, 6
Density (pearc) 4.36g/cm® 438 g/em®
Absorption coefficient () 22.73mm"™" 22.87mm™!
Crystal size 0.04 x 0.04 x 0.03mm®  0.08 x 0.06 x 0.05 mm’*
Reflections collected, Ry 1322, 0.0327 1553, 0.0263
Unique reflections 141 156
Data/restrains/parameters 131/1/11 137/0/10
GOF on F* 1.124 1.076
Absolute structure 0.11(3) N/a
parameter
Final R indices" (I>20(;) R, =0.0113 R, =0.0143
wWR, = 0.0275 wR, = 0.0327
Final R indices® (all data) R; =0.0143 R, =0.0170
wR, = 0.0283 wR, = 0.0338

Ry = X||Fo|—|Fo||[ZFol; wRy = [Z[w(Fa—F Y ZIw(Fe) ">, and w =
1/[6*F2+ (AP)*+ BP], P = (F2+2F2)/3: A and B, weight coefficients.

Table 2

Atomic coordinates and equivalent isotropic displacement parameters
(Ueq ®) for a- and f-CaGe,

Atom Wyckoff  x y z Uy (Az)
position

o—CaGe,
Ca 2b 1/3 2/3 0.2927(2) 0.0087(4)
Gel 2a 1/3 2/3 0.60431(3) 0.0086(2)
Ge2 2b 0 0 0.0000(1) 0.0070(2)

p—CaGe,
Ca 6¢ 0 0 0.08099(3) 0.0093(3)
Gel 6¢ 0 0 0.18465(2) 0.0074(2)
Ge2 6¢ 0 0 0.35007(2) 0.0089(2)

U, is defined as one third of the trace of the orthogonalized UY tensor.

that any site could be partially occupied or mixed with
another element—when freed to vary the site occupancies
did not deviate more than 3¢ from full. Further details of
the data collection and structure refinement parameters are
given in Table 1. The final positional and equivalent
displacement parameters and important bond distances for
both «- and p-CaGe, are provided in Tables 2 and 3,
respectively [17]. Additional discussion on the structure
refinements is provided as supplementary information (see
Appendix A).

2.4. Electronic structure calculations

The band structure calculations were performed using
the LMTO-47 package [18], which is based on the tight-
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Table 3
Selected interatomic distances in o- and -CaGe,
a-CaGe, p-CaGe,
Atom pair Distance (A) Atom pair Distance (A)
Gel- Ge2 x 3 2.5414(7) Gel- Gel x3 2.5513(7)
Cax3 3.0041(14) Cax3 3.0960(09)
Ca 3.182(2) Ca
Ge2- Gel x 3 2.5414(7) Ge2- Ge2 x 3 2.5194(7)
Cax3 3.131(2) Cax3 3.0263(9)
Ca— Gel x3 3.0041(14) Ca— Ge2 x 3 3.0268(9)
Ca— Ge2 x3 3.131(2) Ca— Gel x3 3.096009)
Ca— Gel 3.182(2) Ca— Gel 3.1701(13)

binding linear-muffin-tin orbital (LMTO) method in the
local density (LDA) and atomic sphere (ASA) approxima-
tions [19]. Reciprocal space integrations are calculated by
the tetrahedron method [20]. The crystal orbital Hamilton
population (COHP) method is used for the analysis of
bonding interactions [21], analogous to the crystal orbital
overlap population (COOP) method used in the semiempi-
rical Hiickel calculations [22]. The Fermi level is set to zero;
the COHP diagram is drawn by reversing it with respect to
the energy scale (i.e., -COHP vs. E). This is done so that
the calculated peak values are negative for antibonding and
positive for bonding interactions. The chosen basis set
contained the 4s, 4p, and 3d orbitals for both the Ca and
Ge atoms. A total of 72 irreducible k-points were used in
the Brillouin zone.

2.5. Magnetic susceptibility measurements

Field-cooled and zero-field cooled dc magnetization (M)
measurements were performed for the title compound
using a Quantum Design MPMS SQUID magnetometer.
The measurements were completed in the temperature
range from 10 to 300K and in an applied magnetic field
(H) of 5000e. For these measurements, the sample was
secured in a custom-designed sample holder for air-
sensitive materials [23]. The raw magnetization data were
corrected for the holder contribution and converted to
molar susceptibility (y,). The susceptibility in the tem-
perature range from room temperature to 10K varied
between ca. 3-10 x 10~* emu/mol, and the small increase in
the y., value with decreasing the temperature is most
certainly due to a small paramagnetic impurity. No
indication of superconductivity was observed in the
measured temperature interval. A plot of the temperature
dependence of the magnetic susceptibility is provided as
supplementary material (see Appendix A).

3. Results and discussion
3.1. Structure and bonding

a-CaGe, crystallizes with the hexagonal space group
P63mc (No. 186) and its structure contains one calcium and
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two germanium atoms in the asymmetric unit, all three in
special positions (Table 2). The structure can be readily
described as being made up of six-membered rings of Ge
atoms that are fused together to form infinite layers and Ca
atoms enclosed between them, as shown in Fig. 1. The
topology of the Ge-layers can be derived from that of the
graphite-like hexagonal nets by slight puckering. These
layers are stacked along the direction of the hexagonal
c-axis in a way that they are not eclipsed, but rather
staggered. Such bonding patterns are a common motif in
the crystal chemistry of many intermetallic phases, not only
for silicides or germanides [8].

The structure of the hexagonal a-CaGe, polymorph is
closely related to the structure of the long-known
rhombohedral p-CaGe, form, and it is worthwhile
comparing them side-by-side (Fig. 1). At a first glance,
both structures look very much alike since the puckered
layers of 3-bonded Ge atoms are a common thread.
However, one notices a subtle difference in the way these
layers are stacked along the crystallographic c-axis in both
structures. In the case of a-CaGe,, the stacking scheme can
be envisioned as an ABAB-like array, commonly found in
many hexagonally closed-packed structures [8]. In the
structure of ﬁ-CaC:rez on the other hand, due to the very
long c-axis (>30A, Table 1), a more complex stacking

o-CaGe,

p-CaGe,

Fig. 1. Projections of the crystal structures of a-CaGe, and fS-CaGe,
viewed approximately down the a-axis. Thermal ellipsoids in both cases
are drawn at the 95% probability level and the unit cells are outlined.
Online color code: Ca atoms are drawn as blue crossed ellipsoids and Ge
atoms as red full ellipsoids.

sequence is observed. The ordering of the layers here can be
described as an AA’BB'CC'-like array, i.e., a stacking
pattern, which repeats every six layers, an(l)where the layers
of the same kind are shifted by 2@ and ! b with respect to
each other.

Ge—Ge contacts for both forms of CaGe, are very
similar and range from ca. 2.52 to ca. 2.55A (Table 3).
These are slightly longer than the Ge-Ge distances in
elemental Ge [24] due to the partially reduced formal
oxidation state of Ge, and compare well with the Ge-Ge
distances in other AE germanides [1b,25]. One important
difference however should be explicitly noted: despite
having two crystallographic sites for the Ge atoms,
a-CaGe; has only one kind of Ge-Ge bond with a distance
that measures 2.5414(7) A. In contrast, the f-phase has two
types of Ge—Ge distances measuring 2.5513(7)/0\ for the
Gel-Gel within the A’B'C’ layers, and 2.5194(7)A for the
Ge2-Ge2 pairs within ABC layers, respectively (Table 3).
In that regard, the layers in the hexagonal a-CaGe, can be
considered as an intermediate between the two different
layers in the rhombohedral -CaGe,.

The coordination of the Ca atoms in both structures is
very similar too. Fig. 2 illustrates that the seven-coordinate
Ca atom in both structures is located near the center of a
distorted trigonal prism with one of its triangular faces
capped. However, because of the above-mentioned
systematic differences between the germanium layers in
o- and f-CaGe,, it can be expected that the coordination
polyhedra of the Ca cations in both structures will differ in
a subtle way. Each Ca atom in a-CaGe; is surrounded by 3
next-nearest Gel neighbors (at 3.004 A), and three Ge2
neighbors a bit further away, 3.131 A. The seventh
neighbor, Gel is at a distance 3.182A (Table 3). The
average Ca—Ge distance in this structure is 3.084 A and it is
in good agreement with those found in other Ca-Ge
binaries, CasGe; [1b], and CaGe [§8], to name a few. The
distances in -CaGe, are very similar, although the range is
somewhat narrower—from 3.027 to 3.170 A (Table 3), and

Fig. 2. Coordination polyhedra of the Ca cations for a-CaGe, (a) and
p-CaGe, (b). Relevant bond distances are listed in Table 3. Online color:
same as in Fig. 1.
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the average Ca—Ge distance is slightly smaller, 3.077 A.
This indicates that the Ca cations are positioned closer to
the geometric center of the coordination polyhedron and
are more tightly coordinated in f-CaGe, than they are in
a-CaGe,.

Lastly, it is instructive to mention the ease of synthesis of
a second polymorph of CaGe, within the context of the
state-of-the-art knowledge on the Ca—Ge phase diagram
[9]. After all, it was revisited recently and a new compound
near the equiatomic composition was discovered [10].
Neither version of the phase diagram provides any
indication that another form of the congruently melting
CaGe, can exist. The same holds true for the Ca-Si
diagram, even though structural studies have identified two
more CaSi, polymorphs, a rhombohedral one (with ABC-
stacked layers) and a body-centered tetragonal one (with
framework of the a-ThSi, type) [26].

Our own studies of the Ge-rich part of the Ca—Ge phase
diagram and attempts to make «-CaGe, from stoichio-
metric reactions in sealed tubes suggest that there is only
one stable compound, p-CaGe,. However, the same
reactions carried out in In flux, almost invariably with
the temperature, produce pure phase «-CaGe,. This could
suggest that the latter is not a true binary phase but rather
a ternary CaGe,_,In, compound; however, there are
several experimental results that rule out such a hypothesis.
First, a-CaGe, can be made from pure Ca and Ge as
epitaxially grown thin films [11] with unit cell parameters
that match well with those we report for the In-flux grown
crystals; second—the structure refinements from single-
crystal data unequivocally show that all Ge occupancies
are full, and «-CaGe, is a line compound. Therefore, the
above mentioned differences in the synthesis of the both
polymorphs are an indication that the faster diffusion and
more facile conditions for crystal growth in molten In
favor the formation of the faster growing but metastable
nuclei (i.e., a-CaGe,), whereas all classic high-temperature
syntheses (e.g. direct fusion of pure elements) result in the
formation of the thermodynamically more stable phase

(i.e., p-CaGe,). Similar polymorphism and dependence on
the synthetic conditions were recently discovered within the
RE;Ges family (RE = Sm, Gd, Dy) [27] and the RENiGe,
family (RE = Dy, Ho, Er, Tm, Yb, Lu) [28], where the
“kinetic” products can be synthesized by the flux method
only; on the other hand, the thermodynamically stable
products are accessible by different solid-state routes.

3.2. Electron count and band structure

The nature of cation—anion interactions in AE and rare-
earth germanides and silicides has been the subject of many
experimental and theoretical studies [1a—b,12,29]. It is well
established that if the covalency in such interactions is
completely abandoned, rationalization of the structure and
the bonding can be derived from the simplified, yet useful
Zintl-Klemm formalism [30]. An effortless account of the
CaGe, structure can be made using this approach—by
assuming an electron transfer from the more electropositive
Ca to the more electronegative Ge and assigning a formal
charge of “1-” to the latter (three-bonded germanium
needs an additional electron to achieve a filled valence
shell), the formula can be broken down to Ca>"[3b-Ge! 5.
This means that formally, the compound should be
completely charge-balanced, as the typical ionic salts or
semiconductors. However, the temperature independent
Pauli-like paramagnetism (above) suggests that CaGe,
exhibits metallic behavior, corroborated by the electronic
structure calculations. This ‘“‘shortcoming” of the Zintl
concept is well-known and a recent and very detailed case
study on Cas;Ges and related compounds demonstrates
that the overestimated electron transfer and mixing of
cation—anion states accounts for the “violations” of the
Zintl rules [1b].

To verify that this is the case here and to further examine
the bonding in 2-CaGe,, its band structure was calculated
using the LMTO-ASA method. Fig. 3 shows a plot of the
band structure, the projected density of states (DOS) and
the COHP, all drawn on the same scale. As can be seen
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Fig. 3. The band structure (left), total density of states (center), and integrated—COHP (right) for a-CaGe,. The total DOS is drawn with a bold black
line, the partial DOS for Ge is drawn with a light gray line, and Ca DOS is shown as the shaded area. The corresponding COHP for the Ge—Ge and Ca—Ge

interactions are shown with solid and dashed lines, respectively.
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from the figure, a sizeable gap exists at the Fermi level,
where the d states of Ca and p states of Ge are clearly
dominating the region near it. The COHP diagram
indicates that the Ge-Ge interactions are very much
“optimized”, while there is a slight electron deficiency of
the Ca—Ge interactions. Undoubtedly, the Ge—Ge bonding
“controls” the structure and the very small antibonding
portion from the Ge-Ge COHP curves may be attributed
to m*-interactions between the two adjacent layers along
the c-axis, similar to the bonding picture in the related
EuGe, [12]. A hypothetical hexagonal structure of CaSi,
(isostructural with EuGe,) has also been found to have
relatively close band-structure characteristics [29a].

However, one must note that there are a few bands (most
notably around the G-point) that cut through the band
gap. These dispersed bands, mainly originating from
d-orbitals on Ca are the principal reason for the poorly
metallic behavior of «a-CaGe,. Such result is in accordance
with the recent analyses of the bonding and the electronic
structure of EuGe, [12] and CasGe; [1b], both being
examples of metallic Zintl phases. These findings are also
supported by the band calculations on the rhombohedral
CaSi, phase, which as discussed already is isostructural
with f-CaGe,. Similar to the band structure of CaGe,, the
CaSi, one also has dispersed Si-p and Ca-d states, which
are again mixed near the Fermi level and explain its
metallic character [29a—b]. The different stacking arrange-
ments and their effects on the electronic structure of CaSi,
(R3m) have also been studied and suggest that the partial
DOS for the two crystallographically unique Sil and Si2
sites exhibit noticeable dissimilarity [29a]. In contrast, the
Gel and Ge2 partial DOS curves for a-CaGe, (Fig. 3) show
very little difference. This is not unexpected if one recalls
that Gel and Ge2 in the rhombohedral $-CaGe, structure
form two different layers, the extent of puckering of which
is very different (as exemplified by the bond distances and
angles—Table 3). Nonetheless, despite these distinctive
features in the anionic DOS, the theoretical considerations
in both cases show some, albeit very small, covalency in the
cation—anion interactions. Such partial overlap of empty
states of the cations and filled states of the anions appears
very little dependent on the arrangement of the polyanionic
layers, making both polymorphs metallic.

4. Conclusions

A new polymorph of CaGe, has been synthesized and
structurally characterized. It crystallizes in the hexagonal
space group P6symc and is closely related to the well-known
rhombohedral CaGe, (isostructural with CaSi,). The
structure is best described as made of corrugated Ge layers
interspaced by Ca cations, and the major difference between
the two polymorphs is in the way these layers are arranged
with respect to each other. Although the compound is
nominally a Zintl phase, ie., Ca’>"(Ge,)*”, magnetic
susceptibility measurements suggest that it exhibits Pauli-
like temperature independent paramagnetism, typical for

materials with conducting electrons. These experimental
results are reconciled with the electronic structure calcula-
tions, which confirm the existence of a conduction band
arising from weak cation—anion interactions.

The studies reported herein provide another testament to
the known fact that metal fluxes stabilize some interme-
tallic phases by carrying out reactions at lower tempera-
tures, making it possible to isolate thermodynamically
unstable phases.
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