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The recent discovery of massless Dirac fermions in single
layers of graphite (graphene)! and superconductivity in
graphite intercalation compounds (GICs) such as CaCq at
unexpectedly high temperatures? stimulated intensive
research to explore the nature and interactions of charge
carriers in these low-dimensional systems. The early predic-
tion of free-electron-like interlayer electronic states in graph-
ite and the importance of the interlayer states for the
formation of GICs,”! verified experimentally," are regaining
considerable interest. Based on calculations on the structure
of YbC, Csanyi et al.”! also characterized a similar quasi-free
electron band in GIC and argued about its relevance for
superconductivity. However, the proposed quasi-free-elec-
tron picture and the implied pairing mechanism are at odds
with experiments,”! particularly the large Ca isotope effect.!’]
Mazin correctly predicted the interlayer band in CaCq as
originating from calcium,®™ but the chemical bonding
remains unresolved. Recent theoretical work® based on
the correct structure of CaCy does not address the nature of
chemical bonding. Here we report our studies on CaCg using
the full-potential linear muffin-tin orbital (FP-LMTO)
method,” semi-empirical extended Hiickel (EH) method,™”
and the tight-binding (TB) model.

Figure 1 shows the R3m rhombohedral structure of CaCs.
The structure exhibits AaAbAcAa... stacking of graphene
sheets (A) and metal-atom layers (a, b, ¢) in such a way that
the metal atoms center the hexagons of the graphene sheets.
In contrast, the structure of YbCg, which contains analogous
graphene and metal-atom layers, has the stacking sequence
AaAbAa...

Figure 1. Crystal structure of CaCg, where a, b, c indicate the different
packing patterns of the Ca layers relative to the graphene sheets (A).
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Our first-principles FP-LMTO calculations for CaC,!!!
resulted in C 2s and 2p, bands far below the Fermi energy,
as expected. The Ca valence bands lie close to the Fermi level.
The calculated band structure along four symmetry lines
together with the total density of states (DOS) and four
partial DOSs are shown in Figure 2.
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Figure 2. Band structure together with the first Brillouin zone and
DOS curves for CaCg, calculated with the FP-LMTO method. The
broken curve is the tight-binding band from our TB model. The blue
dotted line is the energy dispersion of quasi-free electrons along two
different directions. The three bands crossing the Fermi level are
named pp, sd, and pd, respectively, with relevant states (green dots)
around the Fermi level numbered from left to right.

Three bands, pp, sd, and pd in the order of their energies,
cross the Fermi level. The assignments follow the calculated
orbital compositions!™? for some representative states ¥ at
and around the Fermi level, indicated by dots in Figure 2.
According to the compositions of ¥at points 1, 3, and 8 the pd
band is dominated by C p, with a small admixture of Cad of e,
symmetry. The pp band represented by point 9 is dominated
by C p, with a small contribution from Ca p,. In fact, among
the investigated states, ¥(9) is the only one that contains Ca p
to which the high energy is attributed, as indicated by the
calculated potential parameters of C,=23.360, 28.664, and
30.962 eV for the Ca 4s, 3d, and 4p canonical band centers, !
respectively. The sd band represented by points 2, 4, 5, 6, and
7 is the most interesting, because it has nearly pure Ca
character derived from its 4s3d hybrid without any significant
contribution from the graphene layer. In the earlier study
quasi-free-electron behavior was assigned to this band.
However, as a plane-wave basis set, which does not depend
on atoms present, was used with the pseudopotential method,
any assignment of the band character must be done with care.

Our FP-LMTO calculations characterize the selected
states around the Fermi level in more detail than the previous
LAPW calculations.® To further clarify the nature of the sd
band an analytic tight-binding dispersion relation E(k) along
different symmetry directions was derived.'" The result is
drawn in Figure 2 as a broken line. The agreement with the
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FP-LMTO band is reasonably good, which indicates that the
sd band is based on a tight-binding orbital centered at Ca
rather than quasi-free electrons. For comparison, the quasi-
free electron band calculated according to E(k) =k*+ V(0) is
shown as a blue dotted line by setting the potential V(0) to the
appropriate energy at I.I"”]

The tight-binding character of the sd band is evident from
the above analysis, and our FP-LMTO calculations indicated
the significance of the Ca d states in producing it. The
surprising action of calcium as a d metal needs further
elucidation. To do so, we chose the extended Hiickel (EH)
method"”! because of its transparency and success in chemical
bonding analysis. Whereas the default EH parameters of C
could be used, changes to the default parameters and, in
particular inclusion of the Ca 3d state, were necessary to
produce the interlayer band. These parameters were opti-
mized with the help of a combination of the golden selection
rule! and the orthogonal array.l'”

The band structure of CaC, calculated with the optimized
parameters!'®! is shown in Figure 3. The sd band (red in
Figure 3a) completely disappears when participation of the
Ca d state is omitted (Figure 3b), in contrast to the pd and pp
bands, which remain with only minor changes.
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Figure 3. Extended Hiickel band structures of CaCg4 calculated from our

optimized parameters. a) With inclusion of Ca 3d states and b) with-
out inclusion of Ca 3d states.

Comparing the ¢ values of the third-row transition metal
3d orbitals!"® reveals that the Ca 3d orbital is the least tightly
binding. Interestingly, it is closest to the Yb 5d orbital, the sd
hybrid of which in YbCy was determined by angle-resolved
photoemission spectroscopy.®™ As is also clear from Figure 3,
the Ca 3d states of E, symmetry modify the pd band but are
not necessary to create it. The presence of the Ca 3d state was
also confirmed by recent theoretical work on JIG (jellium
intercalated graphite).['”)

With the above facts established the question arises to
what extent the Ca 3d state changes the total energy. Within
the density functional framework,™ the total energy func-
tional of charge density p is a sum of kinetic, Coulomb and
exchange-correlation terms E[p] = T[p] + U[p] + E,[p]. The
changes of T[p] and E,[p] pose no problem in the FP-LMTO
algorithm. However, much effort is needed to single out the
contribution of a specific term®"! in U[p] due to the use of, for
example, multipole potentials in solving the Poisson equa-

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion,” because E.., Exe, Exx (e: electron, N: nuclear) are all
mixed. We found values of 10.54, —1.60, —16.25, and
—732eVcell! for AT, AE,., AU, and AE, respectively, by
calculations with and without d orbitals. Hence, the Ca 3d
state decreases the Coulomb energy and the exchange-
correlation energies but increases the kinetic energy. How-
ever, for the Coulomb energy the values of AE,. and AE, are
22.90 and —39.16 eV cell !, respectively. Considering the fact
that the nuclear field of Ca only favors the s state within its
muffin-tin sphere, we can conclude that the Ca 3d state is
stabilized by the nuclear field of the C atoms and the many-
body exchange-correlation effect with a total energy gain of
7.32eVeell™.

The topologies of several states around the Fermi level
and their bonding properties are shown in Figure 4. The sd
hybrid shown in Figure 4a has a lower energy than that in
Figure 4b, because the former has a dominant s component,
while the latter has a dominant d component. The chemical
bonding properties of these states are given by the (k-COHP)
kj-dependent bonding indicator® in the spirit of COHP.!
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Figure 4. Orbital topologies of Fermi states in one unit cell (at slightly
different angles of projection) together with k-COHP values (x 10° eV)
a) at I for ¥(6), b) at Z for ¥ (4), c) real (left) and imaginary (right)
part of ¥(1), and d) ¥(F), where the lobes of Ca 4p, are magnified.
The atoms in the rhombohedral unit cell are denoted.

As shown in Figure 4a and b, the intralayer antibonding
interactions between the sd hybrids are one order of
magnitude stronger than those of bonding interlayer inter-
actions. As is clear from Figure 4, the indicated bonding and
antibonding properties can not be directly assigned by simple
inspection of the signs of the lobes of the involved hybrids.
First of all, the bonding/antibonding interactions between
different components of the hybrids may be different, as is
obvious from Figure 4. Therefore the net bonding/antibond-
ing property is decided by the major ones. The other reasons
have already been given and discussed by Dronskowski and
Blochl. ! The assignment of bonding/antibonding nature by
inspection of the phases of the orbitals simply fails in the case
of low-symmetry k points, because the real and imaginary
parts may have very different phase structures, as can be seen
in Figure 4c. The major interaction for ¥(1) and ¥(F) is the
antibonding Ca—C interaction, though the former is one order
of magnitude larger than the latter. However for ¥(F), the
intralayer Ca—Ca interaction is just a little smaller than the
Ca—Cinteraction. As can be seen from the k-COHP values in
Figure 4, all of the studied states are of antibonding type. The
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dominant intralayer Ca—Ca and Ca—C interactions imply the
importance of Ca vibrations, which gives a chemical-bonding
explanation for the isotope effect.

In Figure 5, bonding between the Ca atoms within one
layer in CaCq for the energy range of £0.9 eV around the
Fermi level is visualized by the electron localization function
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Figure 5. |sosurface of ELF around the Ca and C atoms in CaC,

calculated in the energy range of +1.17 eV around the Fermi level and
plotted with an isosurface value of 0.7.

(ELF)¥ calculated by the ab initio TB-LMTO method.™!
The bonding attractor lies within the triangle of the Ca atoms
and the analogy to a three-center, two-electron bond is
obvious. This situation is also similar to what has been found
for transition metal dichalcogenides, which are known as
charge-density wave materials,” and reflects the tendency of
the Ca atoms in CaC, to behave more as an sd metal rather
than an s or sp metal. It will be of interest to further study its
consequence in some other GIC systems and Ca-containing
compounds.*’!

In summary, our model and first-principle studies have
demonstrated that in CaC,4 the Ca 3d state is a necessary and
sufficient condition to produce the interlayer band. Signifi-
cant occupation of d states is also essential for understanding
the chemical bonding in elemental Ca.® The interlayer band
in CaCy was found to be important to superconductivity in
GIC, but incorrectly considered as a free-electron band.” The
deep involvement of the Ca 3d states in the chemical bonding
of the sd and pd band and particularly its tight-binding
character explain the unusual Ca isotope effect. The C ligand
field and the exchange-correlation effect have been shown to
stabilize the Ca 3d states. The band structure of CaC, also
shows a flat/steep band feature!® characteristic of a super-
conductor. The analysis along this line and studies into the
dynamic properties of CaCgy are in progress.
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