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Abstract

High pressure chemistry is known to inspire the creation of unexpected new classes of compounds with
exceptional properties. Here we employ laser-heated diamond anvil cell technique for synthesis of a
Dirac material, BeNy. A triclinic phase of beryllium tetranitride t7-BeN4 was synthesized from elements
at ~85 GPa. Upon decompression to ambient conditions, it transforms into a compound with atomic-
thick BeNy layers interconnected via weak van der Waals bonds consisting of polyacetylene-like
nitrogen chains with conjugated n-systems and Be atoms in square-planar coordination. Theoretical
calculations for a single BeNy layer show that its electronic lattice is described by a slightly distorted
honeycomb structure reminiscent of the graphene lattice and the presence of Dirac points in the
electronic band structure at the Fermi level. The BeNy layer, i.e. beryllonitrene, represents a qualitatively
new class of 2D materials that can be built of a metal atom and polymeric nitrogen chains and host

anisotropic Dirac fermions.

The use of non-conventional methods of materials synthesis or established synthesis techniques
in a non-trivial way may lead to breakthrough discoveries that revolutionize many research fields. One
of the most striking examples is graphene. It was considered as an interesting two-dimensional (2D)
model, though predominantly theoretical, before high quality graphitic films were derived by Novoselov
et al. by mechanical exfoliation of small mesas of highly oriented pyrolytic graphite using adhesive
tape [1]. Graphene is a material with gapless Dirac cones near the Fermi level with a linear energy-
momentum dispersion near the Dirac points, and exhibiting ultrahigh carrier mobility. While the Dirac
cones in graphene and many other 2D compounds are isotropic, their anisotropy could result in
anisotropic carrier mobility, making it possible to realize direction-dependent quantum devices and
motivating intense search for materials systems hosting the anisotropic Dirac cones. Experimental
evidences of anisotropic Dirac fermions have been reported in bulk stoichiometric PtTe, single
crystal [2] and in 2D material borophene [3]. However, the Dirac point in these materials is far from the
Fermi energy. A cone with its apex located near the Fermi level has been observed in BaFe;As, [4],
though the anisotropy was weak. There were theoretical predictions for the organic conductor a-(BEDT-
TTF),I5 at high pressure [5] and a B,S honeycomb monolayer [6]. There are proposals to achieve
desired anisotropy using mechanical stress, external periodic potentials, heterostructures, or by a strong

laser field [5—11]. However, experimental realization of a material hosting strongly anisotropic Dirac



fermions at the Fermi energy is limited to a few examples[12,13] and calls for novel synthetic

approaches.

The simplest design route of novel 2D materials is based on the substitution of elements in a
known 2D material with its neighboring elements in the periodic table, for example the replacement of
the carbon atom in graphene by boron and nitrogen leads to #-BN. Even more structural diversity and
possible anisotropy may be achieved by considering the second-order neighbors, e.g. the hypothetical
compound BeN, would have the same number of valence electrons as graphene but is intrinsically
anisotropic in nature. The search of new 2D materials commonly starts with selecting of a known 3D
precursor phase, most often thermodynamically stable or very long-lived metastable at ambient
conditions, typically with a layered crystal structure with hexagonal motives. Such precursors are not
currently available for the Be-N system, although, several compounds in the Be-N system were explored

theoretically as potential 2D materials [14-16].

Nitrides possess the largest thermodynamic scale of metastability in terms of the energy
differences between stable and metastable structures (~190 meV/atom), which may allow the kinetic
stabilization of potentially useful compounds [17]. The synthesis of nitrogen-rich compounds is
complicated by the great stability of the dinitrogen molecule N,: the nitrides tend to decompose at
relatively low temperatures, that may be below the temperatures that are required for the synthesis. One
way to overcome this problem is to use the high-pressure conditions [18-22]. Furthermore, high-
pressure is a useful tool to affect the bonding types, coordination environments and physical properties
of compounds, which may lead to completely unexpected results. For example, beryllium, known to be
tetrahedrally coordinated in inorganic compounds, was recently reported to incrementally change its
coordination number from four to six in the crystal structure of CaBe,P,Og under compression [23].
Thus, potentially, the high-pressure synthesis of a beryllium nitride with octahedrally coordinated Be
may provide room for unexpected structural changes on decompression. In this Letter we report the
exploration of this pathway through the investigation of beryllium polynitrides.

High-pressure high-temperature chemical reactions in the Be-N system were studied in laser-
heated diamond anvil cells (LHDACSs) using synchrotron powder and single-crystal X-ray diffraction
(Methods, Table S1 [23]). The experiments led to a synthesis of several Be polynitrides (Fig. 1, S1, S2,
Table S2 [23]). In particular, at 84 GPa and ~2000 K, laser-heating of Be and N, resulted in the

synthesis of a compound with the chemical composition BeN, and a triclinic structure, further referred



to as #r-BeNy. The full crystallographic information for this compound is given in the Table S3 [24]. The
Be atom is coordinated by six nitrogen atoms forming an elongated octahedron. The covalently bonded
nitrogen atoms form infinite zigzag chains running along the [001] direction (Fig. 1a). If viewed along
the [001] direction (Fig. 1e), the structure can be understood as consisting of slightly corrugated BeNy
layers, interconnected with each other by long Be-N bonds (~1.83 A). The #-BeNy is isostructural with
the FeN4 compound, which was previously synthesized at ~106 GPa from Fe and N; [25,26]. The metal-
nitrogen bonds in BeNs have a slightly more ionic character than in FeN4, which leads to a more

uniform electron distribution within the polymeric chains (Fig. S3 [24]).
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Fig. 1. Crystal structure of #r-BeN,4 at 84 GPa. (a) The view along the [100] direction; (b) coordination
of a Be atom by one of the polymeric nitrogen chains. (c) BeNg octahedron with Be-N distances given in
A. (d) Coordination geometry of the nitrogen chain. (e) Scheme showing the transformation of #-BeNy
upon decompression. (f) Single layer of BeN4 at ambient pressure. (g) Stacking sequence of polymeric
nitrogen chains belonging to neighboring layers of /-BeN4 at ambient pressure; viewing direction is
perpendicular to the layer. Beryllium and nitrogen atoms are represented as grey and blue spheres,
respectively.

Theoretical calculations of the structural properties of #-BeNy4 in a framework of density functional
theory showed an excellent agreement between the theory and experiment for the lattice parameters,
both at the synthesis pressure and on decompression (Fig. S4 [24]). Moreover, the structure is
dynamically stable as indicated by the absence of the imaginary frequencies in the phonon dispersion

calculations (Fig. S5 [24]). According to our calculated convex-hull diagram (Fig. S6 [24]) tr-BeN4



remains thermodynamically stable down to at least 40 GPa and enters the metastability region upon

further decompression.

On decompression the #-BeNs produced excellent single-crystal diffraction patterns down to
~60 GPa, but at lower pressures the crystal quality started to deteriorate. Since the theoretical model
perfectly matches the experimental structure at high pressures and the evolution of the strongest and
well-separated (010) reflection well agrees with that suggested theoretically (Fig. S4d [24]), the
evolution of the structure below 60 GPa was tracked by powder XRD and compared with the results of
calculations. The weakening of the diffraction signal and the significant overlapping of the strongest
reflections of #-BeNy4 with those of &-N, upon pressure decrease prevented us from unambiguous
refinement of all six unit cell parameters at 20 and 34 GPa. However, the refinement was successfully
made at ambient pressure (Figs. S4, S7 [24]) after the DAC was fully decompressed and nitrogen
released. The decompressed sample of #-BeNy is a highly textured powder and it contains a-Bes;Ny,
which was not observed at higher pressures. Therefore, we conclude that at ambient conditions #7-BeNy
slowly decomposes into a-BesN, but could potentially be completely kinetically stabilized at slightly
lower temperature or by keeping the sample in a nitrogen atmosphere. No evidence of amorphous
products (e.g. liquid nitrogen) in the diffraction pattern show that nitrogen was completely released from

the DAC and the sample was already in contact with atmosphere.

The structural evolution of #7-BeNs on decompression involves breaking of two longer Be-N
bonds in the BeNg octahedra which leads to a change of the coordination of the Be atom from octahedral
to square planar. Consequently, all nitrogen atoms become sp*-hybridised and form infinite planar
polyacetylene-like chains (Fig. 2 and Movie S1 [24]). The process of rearrangement becomes apparent
below 50 GPa, as it can be judged from the interplanar distance (Fig. S4 [24]). The evolution of the
structure to the layered motif, which is dynamically stable at ambient pressure (Fig. S5b [24]), is
accompanied by a significant depletion of the electron density between the layers (Fig. 2 and Movie
S1[24]). The topological data analysis (see Methods [24]) confirms that the charge density value
corresponding to the layers’ separation decreases with decreasing pressure. Thus, the BeNy layers are
more weakly connected at ambient pressure than at high pressure, indicating the formation of a van der
Waals-bonded solid, as confirmed by our theoretical analysis of the interlayer bonding in #7-BeN4 and

the exfoliation energy at ambient pressure (see Methods [24]).



Electronic structure calculations (Fig. S8 [24]) show that both the high pressure and the ambient
pressure modifications of #-BeN,s are metallic. The calculated electron density maps and electron
localization functions at a pressure of P ~ 85 GPa (Fig. S9 [24]) indicate a non-uniform distribution of
electron density between the nitrogen atoms of the chains, in agreement with the crystal-chemical
analysis (Fig. S3 [24]). During decompression, the electron density and interatomic distances become
almost the same between all the atoms of the nitrogen chains, and the chains become planar (Fig.
S9 [24]). Similar planar polyacetylene-like nitrogen chains with conjugated m-systems were recently
observed in a series of metal-inorganic frameworks Hf4Ny,, WNjo, ReNj, OssNsz4 [27,28] and MgNy
[29].

The high-pressure synthesis is a well-established path for the discovery of novel materials. A
normal high-pressure synthesis route includes pressurizing and heating in the stability field of a new
compound followed by its recovery to ambient pressure, hoping to preserve the material’s interesting
properties [30,31]. In this respect #7-BeN4 is an exciting exception, as its layered ambient-pressure
modification obtained upon decompression appears to possess even more intriguing properties than one
could expect from the high pressure one. Its bulk electronic structure is modified in a remarkable fashion
upon the decompression: one can clearly see the development of a pronounced pseudogap at the Fermi
energy in tr-BeNy at low pressure. A closer examination of the bulk band structure and the Fermi surface
(Fig. S8, Movie S2 [24]) allows us to conclude that there are two nodal points in the Brillouin zone (BZ)
of t-BeNy located at the Fermi energy. Given that both time-reversal and inversion symmetry are
preserved, the two points are four-fold degenerate, indicating that they correspond to the Dirac points.
The breaking of the inversion symmetry would split each of these points into Weyl points [32]. Though
the electronic DOS in bulk #7-BeNy is finite, it originates from the well-defined Fermi surface pockets
(electron and hole). Going from 3D to 2D, those pockets vanish, leaving only the Dirac points in the
whole BZ. This makes the layered modification of ##-BeN,4 obtained upon decompression a precursor for
a new anisotropic 2D Dirac material, the beryllonitrene. Our estimation of the exfoliation energy of the

single monolayer for t7-BeN4 (see Methods [24]) indicates that it is indeed possible.
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Fig. 2. Evolution of the crystal structure and the charge density of #r-BeN4 upon decompression
from the synthesis pressure to ambient. At the synthesis pressure, Be and N atoms form corrugated
nets and the Be atoms (green) are octahedrally coordinated by six N atoms (blue) (left figure). Upon
decompression, below about 50 GPa, the structure relaxes in such a way that the corrugated nets of Be
and N atoms flatten, their increasing mutual separation reduces the coordination number of Be atoms to
4, thus turning the structure motif to layered (right figure). The grey planes between the layers indicate
the position of the charge density slice and visualize the depletion of the charge density between two
layers of tr-BeNy at zero pressure relative to that at synthesis pressure. Topological data analysis of the
charge density (see Methods, Figs. S10-S11 [24]) confirms a stronger interaction within layers and
weaker interaction between layers as the pressure is decreased. Experimental lattice parameters for #7-
BeN, at 1 bar: a = 3.275(2), b = 4.212(2), ¢ = 3.704(2) A, 0. = 103.43(3), B = 105.61(4), y = 111.86(4)°,
V=42.4 A® Optimized atomic positions: Be (0.5 0 0), N1 (0.1592 0.66170 0.5144), N2 (0.15840 0.6630
0.14780).

The main interest in fundamental studies and potential applications of 2D materials is related to
their peculiar electronic properties. Therefore, we now turn to the electronic structure of the
beryllonitrene. The optimized crystal structure of single-layer BeNy is shown in Fig. 3(a). It belongs to
the oblique crystal system (the two-dimensional space group p2). The corresponding electronic band
structure and density of states (DOS) are shown in Fig. 3(b). One can see that unlike bulk #7-BeNy, the
beryllonitrene is a Dirac semimetal with linear dispersion in the vicinity of the Fermi energy and two
Dirac points coinciding with the Fermi energy, similar to graphene. Around the Fermi energy, electron
and hole states are essentially symmetric over an energy range of roughly 2 eV. It is this property rather
than the conical point itself which opens a way to deep relations to high energy physics within its
symmetry between particles and antiparticles [33]. Unlike graphene, the Dirac points are not located at

the corners of the BZ, but rather along the I'-A direction (Z point) as shown in the inset of Fig. 3(b). This



can be attributed to a lower symmetry of the BeN, lattice compared to graphene. Indeed, one can see
that the dispersion is different along the Z-I" and X-A directions, demonstrating a pronounced anisotropy

of the band structure even in the long-wavelength limit.
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Fig. 3. Electronic structure of the beryllonitrene(a) Effective electronic lattice (green) superimposed
onto the real-space crystal structure of single-layer BeNy4 (a). Green balls centered on the N-N bond
correspond to the wave functions shown on the right side. Fourfold-coordinated gray balls depict Be
atoms, dirty-blue three-fold coordinated balls correspond to N atoms. Arrows denote two main
interaction parameters defined in terms of a tight-binding Hamiltonian. (b) Electronic band structure and
the density of states calculated using DFT (red) and the electronic lattice model (blue) shown in (a). The
inset shows the Brillouin zone with the high-symmetry points, as well as the Fermi surface
corresponding to the Fermi energy of -0.5 eV.

From the calculated band structure one can immediately estimate the carrier velocities in single-

19E(k)

layer BeNy as v(k) = P

. Along the 2-I" direction, we find the Fermi velocity to be vy = 0.8x10°
m/s, which is 1.3 times smaller than the Fermi velocity in graphene [34,35]. Along the X-A direction, the
Fermi velocity is essentially smaller (v, = 0.3x10° m/s). At small charge doping the Fermi surface is
elliptical with the dispersion given by E(k) = h(vZk2 + vfka,)l/z. The anisotropy of the Fermi
velocities is also reflected in the Fermi surface shown in the inset of Fig. 3(b). At sufficiently high

doping, the Fermi surface is not elliptical, but is represented by two oppositely oriented semi-circles. It

is worth noting that in this case the Fermi surface is perfectly nested by the wave vectors connecting two



parallel parts of the two Fermi surface pockets. Therefore, the intervalley scattering in doped single-
layer BeNy is expected to be strongly anisotropic.

To gain more insights into the physics of beryllonitrene, we construct a minimal lattice electronic
model which describes its band structure (see Methods [24]). The corresponding “effective lattice”
(electronic structure model) is shown in Fig. 3(a) superimposed onto the real-space crystal structure. It is
described by a slightly distorted honeycomb net reminiscent to that of graphene. Each node of the
honeycomb net is located at the center of the N-N bond. The model allows us to assess the relevance of
screening effects in single-layer BeNy. Calculations show (see Methods [24]) that at small wave vectors
static dielectric function € = 8 is notably larger compared to graphene (3.5), suggesting that the
screening effects are more pronounced in berillonitrene. Another essential difference with graphene is
the existence of van Hove singularities close enough to the Fermi energy (the separation is about 0.5 eV,
contrary to approximately 2 eV in graphene). One can assume that this van Hove singularity is available
by a reasonable doping; the Fermi energy shift by 0.5 eV is relatively easily reachable in graphene by
chemical doping [36]. Recently, even much higher shift, about 2 eV, was reached in graphene by Gd
intercalation [37]. In 2D systems with a Fermi energy close enough to the van Hove singularity one can
expect the formation of flat bands and strong Fermi surface nesting. Due to many-body effects, this may
result in all kind of correlation-induced instabilities (see Ref. [38] and refs. therein), including, e.g., the
emergence of superconducting or magnetic phases [39] as well as charge- or spin-density waves [40].

To conclude, applying high-pressure synthesis followed by decompression to ambient
conditions, we have synthesized new layered material, BeN4. Van der Waals bonds between its layers
and presence of anisotropic Dirac cones in its electronic structure show that 2D BeNy, “beryllonitrene”,
has unique properties. Indeed, the high degree of electron-hole symmetry makes the 2D BeNy system
similar, in some respect, to the world of high-energy particles with its symmetry between particles and
antiparticles. However, contrary to the “true” Universe, which is isotropic, the massless Dirac fermions
in the beryllonitrene are essentially anisotropic (see Methods [24]). This opens a door into the whole
new world and the question arises on modification of “conventional” quantum relativistic effects such as
Zitterbewegung, chiral tunneling, relativistic collapse at supercritical charges etc.[33] for the
anisotropic massless fermions. We demonstrate the experimental realization of #7-BeN4 in a diamond
anvil cell and believe that further experiments aiming to control the quantity of the material or the

crystallite size will allow the experimental realization of 2D beryllonitrene. Due to the relatively low



nitrogen content in BeNy it potentially could be synthesized from beryllium azide Be(N3),, which would

not require a direct reaction between beryllium and nitrogen.
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