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Abstract: Beryllium, an s-block element, forms an aromatic network 
of delocalized Be-Be π bonds in alloys ZrBe2 and HfBe2. This gives 
rise to a structure that fits description as stacked [Be2]4- layers with 
tetravalent cations in between. The [Be2]4- sublattice is isoelectronic 
and isostructural to graphite, as well as the [B]-2 sublattice in MgB2, 
and it bears identical manifestations of π bonding in its electronic band 
structure. These come in the form of degeneracies at K and H in the 
Brillouin zone, separated in energy as the result of interlayer orbital 
interactions. Zr and Hf use their valence d orbitals to form bonds with 
the layers, leading to nearly identical band structures. Like MgB2, 
ZrBe2 and HfBe2 are computed to be phonon-mediated 
superconductors at ambient pressures, with respective critical 
temperatures of 11.4 K and 8.8 K. The coupling strength between 
phonons and free electrons is very similar, so that the difference in 
critical temperatures is controlled by the mass of constituent interlayer 
ions.  

The blocks of Mendeleev’s Periodic Table predict an element’s 
ability to engage in different types of bonding. The s-block 
elements can only form σ bonds, the p-block also π bonds, and 
the d-block adds δ bonds. Real exceptions to this simple rule are 
very uncommon. In only a handful of cases have π bonds been 
predicted or realized with s-block elements, and we are not aware 
of any compound with δ bonds between p- or s-block elements.  
Beryllium, Be, appears to be the s-block element most likely 
involved in π bonding. Sunil first described a Be-Be π bond 
between two sp2 hybridized Be atoms in (CO)2Be-Be(CO)2, in 
1992,[1] an analysis that was initially contested.[2] However, 
several studies have since shown or suggested that Be actually 
can form π bonds, either to other Be’s, or to different elements. 
Beryllium-carbon π bonding was found for Be complexes with 
cyclic carbene donors,[3] as well as a beryllated 
carbodiphosphonane,[4] two examples of molecules that were 
synthesized and characterized. Beryllium-nitrogen π bonds were 
found in trimethylazide-based complexes,[5–7] and a recent study 
identified beryllium-iron π bonding in BeFe(CO)4, a molecule 
generated in the gas phase.[8] Other signposts of Be-Be π 
bonding were found in computational studies, on Be2 moieties 
ligated by N-heterocyclic carbenes (NHCs),[9] X4Be2 (X=Li, Cu, 
BeF),[10] Li6Be2[11] and X4Y2Be2 (X=Li, Na and Y=Li, Na, K).[12] The 
last three examples use donor atoms to create negatively charged 
Be24- or Be26- species, which are isoelectronic to C2 and N2, and 
respectively engage in double and triple bonding. 
Besides the detection of fleeting (CO)2Be-Be(CO)2,[13] these 
molecules featuring Be-Be π bonding have not been made. But 
the solid state can offer surprising bonding motifs, and does so 
here too with ZrBe2 and HfBe2, two materials that were  

Figure 1. Two perspectives of the MgB2-type structure of ZrBe2 and HfBe2, 
along the crystallographic c and a axes. The Be atoms are in blue and the Zr/Hf 
ones in brown. The intralayer bond length is given by l, and the distance 
between hexagonal layers by d. 
 
synthesized and refined in the 1950s and 1960s.[14,15] Both were 
found to be structures of interest, for they are valence 
isoelectronic with MgB2, a well-known superconductor, and they 
carry the same P6/mmm structure, depicted in Figure 1. MgB2 can 
be described as an aromatic [B2]2- sublattice with B-B π bonds, 
isoelectronic and isostructural to graphite, with charge-balancing 
Mg2+ ions between the layers. Do ZrBe2 and HfBe2 then fit 
description as a graphite-like [Be]4- lattice, and Zr4+/Hf4+ ions? This 
paper explores this hypothesis through detailed calculations, to 
show that Be-Be π bonding is both real and functional, rendering 
both materials superconductors with high critical temperatures. 
Table 1 shows the intralayer bond lengths l and interlayer 
spacings d of ZrBe2 and HfBe2, optimized at the DFT-PBE level, 
and compared to the values of MgB2 and graphite (the 
Computational Methods section details all calculations). The 
crystal geometries agree well with those known from experiment. 
ZrBe2 and HfBe2, from here onward referred to as MBe2, show 
larger values for l and smaller values for d when compared to 
MgB2 and graphite. This is interesting, because d is known to be 
larger in MgB2 than in graphite due to presence of Mg ions 
between the layers. It points to strong interlayer interactions in 
MBe2.  
 
Table 1. Intralayer bond lengths l and interlayer spacings d for ZrBe2, HfBe2 
(here computed and from experiment, refs 14 and 15), MgB2 and graphite. 

Material l d 

ZrBe2 

Experiment 
2.20 Å 
2.21 Å 

3.25 Å 
3.24 Å 

HfBe2 

Experiment 
2.18 Å 
2.19 Å 

3.18 Å 
3.16 Å 

MgB2[16] 1.78 Å 3.52 Å 

Graphite[17] 1.42 Å 3.34 Å 
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Figure 2. Top: the first Brillouin Zone and the computed electronic band structure of a [Be]24- sublattice, arbitrarily referenced to the vacuum energy. Bottom: [Be]24- 
crystal orbitals at the high-symmetry points of the Brillouin Zone. Every state is represented by two stacked hexagons. The colors of the orbitals indicate the nature 
of interlayer interactions, and the color of the lines, that of the intralayer interactions. Red corresponds to antibonding, green to bonding, and black to nonbonding 
interactions. 
 
The value for l is smaller than the bond length of the Be dimer 
(2.45 Å, only bound by 2.5-3 kcal/mol),[18] but larger than that 
computed for the cation-stabilized Be24- and Be26- species (2.0 Å). 
This can be rationalized by the difference of having three Be-Be 
bonds per Be in MBe2 versus one in those hypothetical species – 
this would be in line with the Bond Order conservation principle.[19]  
The analysis of Be-Be π bonding in ZrBe2 and HfBe2 starts from 
the band structure of a [Be2]4- sublattice, subtracted from the 
optimized crystal geometry of ZrBe2. In this calculation, the 
negative charge of the sublattice is compensated for by a jellium 
background. Figure 2 displays just two computed bands; those 
that possess a marked resemblance to the well-known π and π* 
bands of graphite (the full sublattice band structure can be found 
in the Supporting Information, SI section A).[20] These two bands 

are made up by Be pz orbitals and can be described and 
understood in terms of crystal orbitals (COs) through the 
application of phase factors at different high-symmetry points of 
the (first) Brillouin Zone (BZ).[21] Each point enforces a local point 
group symmetry. The bottom part of Fig. 2 represents the CO’s 
through two stacked hexagons: they are the same as those 
derived pedagogically for graphite by Burdett.[22] The color of the 
orbitals denotes the interlayer σ interactions between Be pz 
orbitals (in adjacent hexagons), and the color of the lines the 
intralayer π-interactions. 
At Γ, the energy separation between the two bands is at its 
maximum, with across the layer, only bonding interactions for the 
π band, and antibonding interactions for the π* one. Along Γ-M, 
an intralayer nodal plane is introduced into the π band, and 

! M K

"*

L HA

"

! A

! M K

"*

L HA

"

A
1u

B
2g

E”

E”B
2g

B
1u

A
1u

B
2g

E”

E”B
2g

B
1u

D
6h

D
2h

D
3h

a* b*

c*

M K

#

AL

H

E
 
/
 
e
V

D
6h

D
2h

D
3h

0

-2

-4

-6

2

4

6

8

10.1002/anie.202114303

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

3 
 

removed from the π* band, which pushes both bands closer in 
energy. At K, the phase factor leaves the bands degenerate, and 
orthogonal. The same pattern unfolds along A-L-H, with the 
difference with Γ-M-K being the σ interactions between the layers 
– along the Γ-A segment these change from antibonding into 
bonding for both bands. For graphite, these interlayer σ 
interactions are weak, and the degeneracies at K and H lie close 
or at EF, as in graphene’s famous crossing at K. With [Be2]4-, the 
interactions are stronger, as hinted at by the decreased layer 
spacing. Consequently, the degeneracy at K lies considerably 
higher in energy than the one at H, indicated by the direction of 
the arrows in the figure. The same effect was computed to occur 
for a [B2]2- lattice in (optimized) MgB2 (SI, section A), but with a 
smaller energy disparity between the degeneracies at K and H (in 
line with a larger value for d). The analysis confirms the presence 
of Be-Be π bonding in ZrBe2 and HfBe2, and the presence of an 
aromatic, graphite-like [Be2]4- sublattice. 
A charge analysis based on Hirshfeld and Voronoi deformation 
densities, corroborates the presence of negatively charged Be 
layers in MBe2, with a slightly larger degree of charge polarization 
for the case of M=Hf. This charge polarization between the layers 
and interlayer ions is however not as large as in MgB2 (Supporting 
Information, SI, section B). This suggests the system is not as 
ionic as MgB2, which has been described as “metallic boron held 
together by covalent B-B and ionic B-Mg bonding”.[23] In MgB2, the 
high degree of ionicity leads to clearly discernible σ, π and π* 
bands of essentially full B character, that all cross the Fermi level 
EF. There, the antibonding π* bands run below the bonding σ and 
π bands, in energy, creating a Fermi surface consisting of σ hole, 
π hole and π* electron sheets.[24–27]   
The situation is somewhat different for MBe2. The computed 
electronic band structures and densities-of-states (DOS) of ZrBe2 
and HfBe2 are shown in Figure 3; they agree well with what is 
reported in literature.[28] Rather than plane waves, the calculations 
here have been performed with Slater-type Orbital (STO) basis 
sets, the closest available match to ‘true’ atomic orbitals.[29] The 
differences in band structure and DOS between ZrBe2 and HfBe2 
are small, reflective of the similar chemistry between the two 
elements. Both materials feature a clearly identifiable Be s band, 
which is known to be there for MgB2 too, and the states at EF are  
 

predominantly 2 p, as if Be were a p-block element. Even if much 
of the [Be2]4- sublattice can be traced back immediately, like the 
degeneracies at K and H associated with the Be π system (Fig. 
2) that are marked in yellow, we are not dealing with an ideally or 
even highly ionic system. For that, the band structures of MBe2 
would have been (near-) perfect superpositions of the [Be2]4- and 
M4+ sublattice band structures, and that is not the case. For a 
more quantitative analysis, we can look at the Mulliken 
populations to observe significant populations for Zr and Hf’s d 
orbitals. STOs distinguish naturally between dz2 and dx2-y2 orbitals, 
and a Mulliken populational analysis (SI, section C) reveals that 
the most dominant charge transfer, if defined from [Be2]4- to M4+, 
is directed into the latter species’ valence dz2 orbital.  
Fig. 3 displays the (fat band) contribution of the Zr 4 dz2 and Hf 5 
dz2 orbitals to the bands, in respectively pink and turquoise. The 
occupied states (the bands below EF) see the contribution of the 
Zr/Hf valence dz2 mainly taking place at and around Γ and A. The 
bands that produce the yellow-marked crossing at K by virtue of 
their Be π character, start out as almost entirely dz2 at Γ. At A, 
there is strong hybridization between the dz2 and Be pz orbitals, i.e. 
covalent bonding. This can be understood from Fig. 2, the A1u 
combination of Be pz orbitals at A clearly possesses the 
appropriate symmetry for overlap with interlayer dz2 orbitals.  
MgB2 holds the record critical temperature (Tc= 39 K) among 
conventional superconductors at ambient pressures. 
Conventional superconductivity is mediated by phonons, and 
plays out at EF. Electron-phonon coupling calculations were 
performed to investigate whether the MBe2 materials here are 
also superconductors. Figure 4 shows the computed phonon 
dispersions, with atom-resolved contributions to the phonon DOS, 
and the Eliashberg electron-phonon spectral function a2F. The 
a2F can be considered a phonon DOS in which the phonons are 
weighted by their strength of coupling to electrons.[30,31]   
The phonon band structure of MBe2 shows a decoupling of the 
acoustic and optical modes into Zr/Hf and Be vibrational motions, 
respectively (the acoustic modes form the three bands that go to 
zero frequency upon approaching Γ). This effect is caused by a 
large difference in mass between the atoms, and was also 
observed for MgB2.[32] Note how the heavier Hf takes part in lower 
average acoustic modes in comparison to Zr, whilst the Be modes 
are of similar frequency for both materials.

Figure 3. Electronic band structures and DOS of ZrBe2 and HfBe2. The Zr 4 dz and Hf 5 dz contributions to the respective band structures are shown in pink and 
turquoise, and the degeneracies invoked by the Be π network are shown in yellow. The DOS shows the contributions of the Be s and p orbitals. The Fermi energy 
is set at energy-zero. 
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Figure 4. Phonon band structure with irreducible representations at Γ, atom-resolved phonon density-of-states and Eliashberg spectral function a2F. 
 
The irreducible representations of the phonon modes at Γ are 
indicated in Fig 4. Regarding the optical modes, A2u & B1g 
correspond to out-of-plane vibrations of the graphitic Be sublattice, 
and E1u & E2g to in-plane ones.[33] The most conspicuous 
difference with MgB2 comes from the B1g band, which runs to 
significantly lower frequencies in MBe2 (it is at about 700 cm-1 in 
MgB2).[34] It also shows a much stronger dispersion along the Γ-A 
segment, and engages in an avoided crossing with an acoustic 
mode along A-L. The B1g modes correspond to bond-shearing 
displacements,[35] and these differences with MgB2 are likely 
related to the stronger (orbital) interactions between the layers 
and the interlayer ions.  
The most prominent peak in the phonon DOS is associated with 
the E2g modes, which give rise to fairly flat bands at around 570-
580 cm-1. Like in MgB2, these in-plane vibrations couple strongly 
to the free electrons. In comparing the a2F to the DOS, it can be 
seen that the A2u modes show proportionally strong coupling in a 
region just below 300 cm-1. This region also features some degree 
of hybridization between Be and M modes, suggestive of a role 
for M-Be bonding in the electron-phonon coupling. Generally, the 
a2F reveals relatively strong coupling for the acoustic Zr/Hf modes, 
stronger than that for the acoustic Mg modes in MgB2.  
 

Table 2. Computed superconducting parameters for ZrBe2 and HfBe2. 
 
Table 2 shows computed values for the electron-phonon coupling 
constant λ, the logarithmic average coupling frequency ωlog, and 
the critical temperature Tc. The values for λ are very high for the 
MBe2 materials, even eclipsing those obtained by the same 
method for MgB2. The inclusion of spin-orbit coupling (SOC) 
lowers the λ to some extent, but curiously, it increases the 
average frequency of the coupling phonons a bit as well; this 
balances out and leaves the Tc virtually unaffected. The difference 
in Tc between MgB2, ZrBe2 and HfBe2 is controlled by ωlog. Like 
an isotope effect, heavier Hf produces a lower Tc with respect to 
its Zr analogue. The large values for λ in MBe2 encourage the 
exploration of different, and lighter, interlayer ions.  
 

 
This is not necessarily straightforward; a valence isoelectronic 
TiBe2 analogue was optimized in P6/mmm symmetry, but found to 
be dynamically unstable – the soft branch in the A-L segment of 
the BZ, discussed above, becomes imaginary for this structure (SI, 
section F).  
 
In summary, it is shown that MBe2, with M=Zr/Hf, features a 
honeycomb, graphitic sublattice with π-bonding between Be’s. In  
analogy to graphite, or the boron sublattice in MgB2, this structure 
could be described as aromatic. Like MgB2, and the family of 
graphite intercalation compounds, ZrBe2 and HfBe2 are predicted 
to be phonon-mediated superconductors with unusually high 
critical temperatures for intermetallics. The number of known 
intermetallic superconductors with the same space group 
symmetry is substantial, and includes ß-ThSi2 (Tc = 2.4 K),[37] 
CaAlSi (Tc = 7.8 K), SrAlSi (Tc = 5.1 K),[38] BaAlSn (Tc = 2.9 K), 
BaGaSi (Tc = 4.2 K), BaGaSn (Tc = 4.2 K), BaAlGe (Tc = 6.3 
K), CaGaSi (Tc = 4.4 K), SrGaSi (Tc = 4.9 K),[39] SrPtAs (Tc = 2.4 
K),[40] BaPtSb (Tc = 1.6 K),[41] and YGa2 (Tc = 1.2 K).[42] Yet, 
superconductivity in AlB2 was predicted theoretically, but has not 
been confirmed by experiment. Also, the surprisingly high critical 
temperature of MgB2 was shown to depend on a combination of 
complex phenomena, including anharmonic nuclear dynamics, 
and the presence of an anisotropic superconducting energy 
gap.[26] The experimental analysis of MBe2’s superconducting 
properties is therefore now the next step. Meanwhile, this work 
shows that exotic, aromatic 2D materials constructed by p-block 
elements, like graphene, borophene or silicene, may have 
analogues formed by s-block Be. It is likely that Be-Be π-bonding 
is a factor of interest in other (and potentially new) materials.   
 
 
Computational Methods 
GGA-PBE Kohn−Sham density functional theory was used 
throughout. The pw.x module of Quantum Espresso 6.0 (QE) was 
used for variable-cell nuclear relaxation on a 16 × 16 × 16 
electron-momentum mesh, with tight convergence thresholds for 
the forces (1 × 10−4 Ry/ bohr).[43,44] All calculations with QE 
employed Rappe−Rabe−Kaxiras−Joannopoulos ultrasoft scalar-
relativistic pseudopotentials with a plane-wave cutoff energy of 
100 Ry.[45] For HfBe2, the full-relativistic analogues were used as 
well, to take into account the spin-orbit coupling effects. 
In ADF BAND,[46] triple-zeta Slater-type orbital basis sets with two 
polarization functions (TZ2P) were used. The quadratic 
tetrahedron method was used for the k-mesh,[47] with 17 k-points 
along each lattice vector. Relativistic effects were accounted for 

Material λ  ωlog / K Tc / K 

ZrBe2  0.86 212 11.4 

HfBe2  0.82 180 8.8 

HfBe2 (SOC)  0.75 204 8.5 

MgB2[36]  0.73  707 39 (experiment) 
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by the scalar zeroth-order regular approximation to the Dirac 
equation (ZORA).[48] 
The calculation of irreducible representations at different points of 
the Brillouin Zone was done with the thermo_pw driver of QE. 
Electron-phonon interaction calculations were performed with the 
ph.x module of QE. The dynamical matrices were computed on 
an 8 × 8 × 8 phonon momentum mesh within density functional 
perturbation theory (DFPT). A 24 × 24 × 24 electron-momentum 
mesh was used for the DFPT phonon calculations. The 
electron−phonon interactions were computed on a 48 × 48 × 48 
electron-momentum mesh, and were confirmed to have 
converged by comparing the coefficients using 10 different values 
of Gaussian broadening, as well as extensive convergence tests 
detailed in the SI, section G. The computation of the Tc was done 
with the Allen−Dynes formula,[49] with the lambda.x module of QE. 
Here, the dimensionless Coulomb pseudopotential µ* was set to 
the commonly accepted value of 0.10.[50] The integration mesh 
was increased in the code (via variable “nex”) to converge the 
value for ωlog.  
The raw data of this manuscript have been uploaded to the online 
repository zenodo.org, https://doi.org/10.5281/zenodo.5590600. 
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Beryllium startles in ZrBe2 and HfBe2, in which it forms a honeycomb network of π bonds. Both materials are valence isoelectronic and 
isostructural to MgB2, and like that compound, are predicted to be superconductors. Beryllium, an s-block element, shows here that it may 
construct networks of low dimensionality by virtue of its ability to engage in π bonding. Until now, this property was exclusively associated with 
elements from the p-block.   
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