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Abstract: The nature of the chemical bonds in CaSi, a textbook
example of a Zintl phase, was investigated for the first time by
means of a combined experimental and theoretical charge
density analysis to test the validity of the Zintl–Klemm concept.
The presence of covalent Si�Si interactions, which were shown
by QTAIM analysis, supports this fundamental bonding
concept. However, the use of an experimental charge density
study and theoretical band structure analyses give clear
evidence that the cation–anion interaction cannot be described
as purely ionic, but also has partially covalent character.
Integrated QTAIM atomic charges of the atoms contradict the
original Zintl–Klemm concept and deliver a possible explan-
ation for the unexpected metallic behavior of CaSi.

The Zintl–Klemm concept is based on Eduard Zintl�s
thoughts on the formation of salt-like intermetallic com-
pounds in 1931[1] and culminated in 1939 in the description of
NaTl[2] by a formal transfer of electrons from the more
electropositive Na to Tl.[3] The description of the polyanionic
Tl substructure in terms of a diamond structure type,
representing a structural motif typically adopted by elements
possessing four valence electrons and covalently bonded
atoms, is a milestone in the understanding of certain
intermetallic solids, namely the Zintl phases.[4] The structural
description was originally based on the size of the anionic
atoms and the idea that covalent bonds exist between the
atoms of the anionic substructure gradually emerged. The
original concept by Zintl was later extended by Klemm[5] and
Laves[6] and has developed into a versatile and general
concept.[7] In general, Zintl phases are regarded as com-
pounds composed of electropositive metals A and electro-
negative metals or semimetals M (for example, p-block metals
of Groups 13, 14, and 15), the structures of which can be
understood by the formal electron transfer from A to M and

the anionic substructure of M atoms obeying the 8�N octet
rule.

Zintl phases should have filled conduction bands and
display semiconducting behavior, although the prototype
NaTl as well as many others show metallic properties.[8, 9] This
clearly indicates that the original Zintl–Klemm concept might
still be too simplistic.[10] A major reason might be that the
formal charge distribution does not reflect the real charge
transfer.

Herein we will focus on the nature of chemical bonding in
CaSi, a textbook example of a Zintl phase with respect to the
8�N rule, which displays peculiar chemical bonding.[11] Owing
to the overuse of the term “Zintl phase”, the primary goal of
this contribution is to present for the first time experimental
charge density analyses to validate the fundamental bonding
concept of these phases. CaSi melts congruently at 1320 8C,[12]

and the growth of single crystals of sufficient quality is
possible. In accordance with the Zintl–Klemm concept, the
anions form chains of two-bonded Si2� atoms. These polyan-
ionic 1

1 Si2�� �
chains parallel to the crystallographic c axis are

stacked along the a axis and are separated by isolated Ca2+

atoms (Figure 1a). However, they are not helical but planar,
in contrast to the structure of the corresponding neutral
iso(valence)electronic elemental structure of gray sele-
nium.[13]

Electrical resistivity measurements and electronic struc-
ture calculations reveal metallic properties,[14] which can be
attributed to the p character of the Si�Si bond. To elucidate

Figure 1. a) View of the CaSi structure with salient experimental
distances and angles, Ca and Si atoms are drawn as light gray and
black spheres, respectively. b) Experimental bond paths of the refer-
ence structural moiety as defined and highlighted in (a) by green bond
sticks. Bond and ring critical points are marked by red and yellow
spheres, respectively, and the corresponding density values are speci-
fied in e��3. Three different types of BCPs are formed between Ca and
the symmetry-related Si atoms (Si_a-Si_c).
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the highly anisotropic character, which is substantial for the
covalent bonds between the Si atoms on one hand and the
importance of Ca�Si bonds on the other, we apply here an
analysis of the topology of the experimental electron density
by the atoms in molecules (AIM) approach.[15] The exper-
imental density distributions were obtained from high-reso-
lution single-crystal X-ray diffraction experiments and sub-
sequent multipolar refinements employing the Hansen–
Coppens (HC) multipolar model.[16] Comparison with theo-
retically determined charge density distributions obtained
from periodic full-potential LAPW DFT calculations pro-
vided substantial evidence from theory and experiment to
classify CaSi as a true Zintl phase despite its well-established
metallic character.

The distance between the Si atoms in the 1
1 Si2�� �

chain is
2.4515(1) � and thus slightly longer than in elemental silicon
(2.352 �).[17] The coordination polyhedron of Si is composed
of seven Ca atoms that form a distorted monocapped trigonal
prism (highlighted in blue in Figure 1 a) with Si being located
inside the trigonal prism. The first coordination sphere of Ca
(highlighted in red in Figure 1a) is built again of a distorted
monocapped trigonal prism of Si atoms with Ca situated in
the rectangular pyramid of the capped face. The three Si
atoms of each of the two trigonal faces of the distorted
trigonal prism are parts of two coplanar zigzag chains with
Ca�Si distances of 3.08408(2) � (4 �) and 3.19286(6) � (2 �).
The seventh Si atom that completes the rectangular pyramid
(and caps the distorted trigonal prism) completes the Ca
coordination sphere with a Ca�Si distance of 3.11066(9) �.[18]

Figure 2a,b depict the experimental and theoretical
deformation electron density distributions in the plane
spanned by a 1

1 Si2�� �
zigzag chain. Charge accumulations in

the Si�Si and the Ca�Si bonding domains reflect the covalent
character of the Si�Si bond but surprisingly also signal the
presence of noticeable covalent Ca�Si interactions. This
result is supported by a topological analysis of the electron
density distribution, which reveals the presence of Si�Si and
Ca�Si bond paths within this plane (Figure 1b and 2c). It can
already be seen at this stage that the valence shell of the
calcium atom is significantly polarized. This phenomenon is,
however, less pronounced in case of the experimental model
owing to the limitation of the resolution of our diffraction
study (d> 0.36 �). We will outline at a later stage that the
characteristic polarization of the calcium atom is inherently
linked with the involvement of metal d states in the Ca�Si
bonding interaction.

In the following, topological parameters obtained from
theoretical LAPW densities will be specified in square
brackets. Inspection of the topology of the total electron
density at the Si�Si bond critical points (BCPs) classifies this
bond as predominantly covalent owing to its pronounced
density accumulation of 1(rc) = 0.47 [0.44] e��3. This con-
clusion is further supported by the negative sign of the
Laplacian of the electron density (Figure 2 c) at the Si�Si
BCPs (!21(rc) =�1.31 [�1.28] e��5) and of the local energy
density (H(rc) =�0.23 [�0.26] Hartree ��3);[19] values given
for theory and experiment, respectively. In comparison to a-Si
[1(rc) = 0.56 e��3],[20] the Si�Si bond strength in the 1

1 Si2�� �

zigzag chain of CaSi appears to be significantly decreased, in

line with the elongated Si�Si bond distances. This observation
hints already to the more delocalized nature of the valence
density distribution inside the zigzag chains, which might be
the physical origin of the remarkable metallic properties in
CaSi. Also the unusual planar structure of the 1

1 Si2�� �
chains

supports their delocalized nature and hints towards a formal
sp2 hybridization of the silicon. The assumed p-character of
these zigzag chains is indeed supported by the pronounced
bond ellipticity e of 0.14 [0.29] at the Si�Si bond critical points
(BCPs; Figure 3a and Supporting Information, Table S9).
According to the mathematical definition (see Caption of
Figure 3), these e values greater than zero clearly indicate
electronic distortions away from s-symmetry, such as a partial
p-character along the Si�Si bond path.

The analysis of the band structure of CaSi further supports
this assumption. The site- and state-projected band structure
plots (“fat bands”) of the Si py and pz states are shown in

Figure 3. The definition of the bond ellipticity is illustrated by the
experimental 1(r) contour maps, showing the charge density in the
plane perpendicular to the bond path at the Si�Si BCP of the 1

1 Si½ �
zigzag chains (left) and at the Ca�Si_a BCP (right). e values larger
than zero are a measure of the deviation from a cylindrical charge
distribution 1(r) along a bond path: e = l1/l2�1 (with l1<l2<0). li

are the eigenvalues of the corresponding eigenvectors v1 and v2 of the
Hessian matrix of 1(r); see Ref. [21] for further details.

Figure 2. a) Experimental and b) theoretical deformation electron den-
sity plotted in the plane of the 1

1 Si½ � zigzag chains that denotes our
local xz coordinate system. The density contours (positive and negative
values shown as solid red and dashed blue lines, respectively) are
equally spaced by increments of 0.01 e ��3. c) Theoretical
L(r) =�!21(r) map, showing the Ca�Si and Si�Si bond paths. Positive
(solid red) and negative (dashed blue) contour lines were drawn at
�2.0 � 10n, �4.0 � 10n, �8.0 � 10n e ��5 with n= �2, �1, 0. Extra
contour lines are drawn at 1.55 e��5 and 88 e ��5 (80 e��5 omitted);
Charge concentrations and saddle points in L(r) are shown as red and
green points, while BCPs are denoted by black spheres. Units are e ��3

for 1(r) and e ��5 for L(r) and !21(r). Note that theoretical density and
L(r) contour maps have been obtained by modeling of the theoretical
Wien2K structure factors by a highly flexible multipolar model (for
details, see the Supporting Information, Figures S1 and S8).
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Figure 4 and the Supporting Information, Figure S12, and
these reveal that all of the bands of predominant Si py

character are characterized by large dispersions and are
crossing EF (�5 to 2 eV relative to EF) along the directions
G!Z and T!Y of the k path as depicted in Figure 4d. Based
on the chosen local coordinate system (Figure 2a) with the
y axis (parallel to the crystallographic a-axis) pointing out of
the plane defined by the 1

1 Si½ � zigzag chain (Figure 1a), the px

and pz orbitals of the Si atoms are orientated within the plane
and mix with the s states by forming sp2 hybrids (Supporting
Information, Figure S12). Thus, the Si py orbitals are available
to form delocalized p-bonds, which are a prerequisite for the
metallic behavior of CaSi.

Furthermore, the Ca atoms also appear to be part of the
delocalized p system of the 1

1 Si½ �moieties as evidenced by the
pronounced bond ellipticity of 0.13 [0.29] at the Ca-Si_a
BCP[22] and the orientation of the major axis of curvature (v2)
along the y axis of our reference coordinate system (Figure 3).
The presence of this type of interaction is also revealed by
band structure analyses, which identify the mixing of the Ca
dyz and Si py states in the valence bands in the vicinity of
the G point (Figure 4c,d). Inspection of the corresponding
crystal orbital (Figure 5d) reveals that the Si py states not only
accomplish the Si–Si p-interactions but also contribute to the
(weakly pronounced) Si!Ca p donation within the 1

1 Si½ �
zigzag chains. As a consequence, the Ca atoms are embedded
in the p systems of
the 1

1 Si½ � zigzag chains
and do not only act as
the source of the delocal-
ized electrons but also
enhance the delocalized
character of this band.
This observation is also
in line with the signifi-
cant d-orbital population
of approximately 0.3 elec-
trons at the calcium

atom,[23] as obtained from the LAPW calcu-
lations.

The physical properties and bonding pecu-
liarities of CaSi therefore contradict its clas-
sification as salt-like intermetallic compound
as part of the Zintl–Klemm concept. Accord-
ingly, the Ca�Si interactions are not of
primarily ionic character but should be more
precisely described by a combination of
a highly polar Si!Ca s donation and a some-
what weaker Si!Ca p donation component
(Figure 5). The polar nature of the s (Si!Ca)
component is supported by the rather long
Ca�Si bond and the positive value of the
Laplacian (!21(rc) = 0.48 [0.87] e��5) at the
Ca�Si BCP (Supporting Information,
Table S9). However, the density accumulation
at the Ca�Si_a BCP of 1(rc) = 0.15 [0.13] e��3

is remarkably large and the integrated atomic
charges of the Ca cations and Si anions (�
1.28 e [� 1.25 e]) deviate clearly from the ideal

value of � 2 e requested by the Zintl–Klemm concept. Also,
the G(r)/1(r) ratio is significantly smaller than unity (0.38
[0.52] Hartreee�1) at the Ca�Si BCP and supports the weak
but noticeable covalent character of the Ca�Si bond.[24]

The interplay of both Ca�Si bonding components is
unequivocally revealed by the deformation density, D1(r),
and the negative Laplacian of the total electron density,
L(r) =�!21(r), in the local xz and yz reference plane at the
Ca atom (Figure 2 and 5). Figure 2a–c and 5a show the
typical density signatures in the valence shell of the Ca atom,
which are inherently linked with the presence of the Si(pz)!
Ca(dz2) s donation. Indeed, the nodal structure and shape of
the Ca 3dz2 type orbital is mimicked by the four local D1(r)
and L(r) maxima in the valence shell of the calcium atom in
the xz plane (Figure 2).[21b,25] Inspection of the corresponding
L(r) distribution in the yz reference plane reveals, however,
that only the valence charge concentration opposite to the
Ca�Si bond (denoted CCCa(1) in Figure 2c and 5b) represents
a true maximum in the three-dimensional L(r) maps, while
the other three charge concentrations at the Ca atom in the xz
plotting plane of Figure 2c represent merely (3, + 1) critical
points (saddle points).

The relationship between the L(r) pattern in the valence
shell of the Ca atom and the molecular (crystal) orbital
picture is depicted in Figure 5b–d, which outline how the Si!
Ca p donation component is reflected by the L(r) maps by the

Figure 4. Fat band plots of a) Ca dz2, b) Si pz, c) Cadyz, d) Si py states. The site- and state-
projected band structure is shown in the energy range from �5 to 2 eV; lower energies
are omitted for clarity. The mixing of the Cad and Sip orbitals as discussed in the text
has been highlighted by gray shaded ellipses.

Figure 5. a), c) Orbital mixing diagrams illustrating the Si!Ca s-donation and the Si!Ca p-donation component
in the yz reference plane. b) Fine structure of the theoretical L(r) =�!21(r) map at the Ca atom in the yz reference
plane; contour lines as given in Figure 2c. d) Contour map of the respective crystal orbital at the G-point in steps
of 0.005 e Bohr�3.
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presence of two charge concentrations in the valence shell of
the Ca atom (CCCa(2) and CCCa(2)’) and of the Si atom (see
also the Supporting Information, Figures S10, S11).

To conclude, our combined experimental and theoretical
charge density analysis of CaSi primarily supports the basic
Zintl–Klemm concept by identifying the presence of pre-
dominant covalent Si�Si interactions in the complex poly-
meric anion. However, the Ca�Si bonds in the 1

1 Si½ � zigzag
chain plane cannot be solely described by ionic interactions.
Indeed, the present study provides for the first time clear
experimental evidence that the cations in Zintl phases might
be part of the covalently connected anionic substructures.[26]

The chemical bonding scenario displayed by CaSi is therefore
appropriately described by taking into account highly polar
Si!Ca s donation and somewhat weaker Si!Ca p donation
components. Thus, the Ca atoms are embedded in the p

system formed by the 1
1 Si½ � zigzag chains and the partial

covalency of the Ca�Si bonds contributes to the delocalized
character of the conduction band. This is in line with the
results of band structure analyses showing the mixing of the
Ca(dyz) with the Si py states that contributes to the Si!Ca p

donation within the 1
1 Si½ � zigzag chains. Accordingly, the

integrated atomic charges of the Ca cations and Si anions (�
1.28 e [� 1.25 e]) clearly deviate from the ideal value of � 2.
Hence, the partial covalent character of the Ca�Si bonds
appears be the physical origin of the remarkable metallic
properties of CaSi.
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