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Supplementary figures

Fig. S1 Calculated phonon dispersions for additional h-MgO structure crystals.



3

Fig. S2 Band structures of monolayer, bulk hexagonal planar, and wurtzite forms of BN, AlN, and MgO. Red, 
blue and black curves represent the LDA band dispersions of different structures. Yellow circles indicate 
quasiparticle energies at high-symmetry points for the highest valence and lowest conduction bands obtained 
from GW calculations. The LDA valence band maximum at 0 eV is indicated by a horizontal dotted line for 
clarity.
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Fig. S3 Angular momentum-resolved fat band and PDOS of 1L and bulk h-BN, h-AlN.
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Fig. S4 Schematic illustrations of h-AlN antibonding states. The  bonds are depicted as thick blacklines and 
the pz orbitals as balloons with colors (red, blue) signifying orbital wavefunction signs, solid filling indicating 
filled orbitals, and each dot visualizing an electron.

Fig. S5 Schematic illustration of evolution in bonding from monolayer, bilayer, to multilayer h-AlN on a noble 
metal surface.
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Computational details

We perform structural, phonon, and electronic calculations using density functional theory (DFT) as 
implemented in the ABINIT 8.2.2 package.1,2 A cutoff energy of 1089 eV (40 hartrees) is used for the plane-
wave basis set. The Brillouin zone integration is calculated with a Monkhorst-Pack3 k point sampling of 12 × 12 
× 8 (12 × 12 × 1) for bulk (monolayer) h-MgO structures and 12 × 12 × 8 for wurtzite structures. For monolayer 
structures, a 20 Å vacuum spacing ensures that the interaction between adjacent layers is negligible. For 
structural relaxations and phonon calculations, we employ the Perdew-Burke-Ernzerhof generalized gradient 
approximation (PBE-GGA)4 and optimized norm-conserving Vanderbilt pseudopotentials.5 The DFT-D3 
dispersion correction6 with Becke-Jonson (BJ) damping7 is used to improve the description of long-range 
interaction. The dispersion contribution, typically essential for weakly bound layered materials (e.g., h-BN)8 
and molecular crystals, is included here not only for layered h-BN, but also for dense nonlayered h-MgO 
structures. In the latter case, the combination of GGA and the dispersion correction increases the accuracy of 
determining structural properties9,10 and relative stability.11 The same dispersion correction is also applied to 
monolayer structures for consistency. 

For 1L and bulk h-BN and h-AlN, we obtain and present in fat band plots densities of states projected on the 
cation- and anion-centered s, p, and d orbitals identified by angular momentum and magnetic quantum 
numbers l and m. The atomic radii chosen for h-BN are 1.86 bohr for B and 1.83 bohr for N, and for h-AlN are 
2.50 bohr for Al and 1.96 bohr for N. The sum projected density of states (PDOS) of a band state | onto both 
|l, m = |1, 1 is presented as the PDOS onto px,y orbitals, because |1,1||2 + |1,1||2 = |px||2 + 
|py||2.

Phonon dispersions are calculated using density-functional perturbation theory (DFPT)12 with q point grids of 
8 × 8 × 6 and 8 × 8 × 1 for bulk and isolated monolayer h-MgO type of structures, respectively. The relaxed 
GGA crystal structures are used in phonon calculations.

For more reliable band-gap prediction, the standard one-shot G0W0 approach13,14 is applied on top of DFT 
calculations using local density approximation (LDA) and Fritz-Haber-Institute (FHI) pseudopotentials (the 
Troullier-Martins scheme).15 Band structures are calculated based on the relaxed LDA crystal structures. 
Plasmon-pole approximation14 is employed to evaluate the screened Coulomb interaction. The cutoff energy 
used to represent the dielectric matrix is set to 435 eV (16 hartrees). The number of bands is set to 200 for the 
screening and the self-energy calculations.

Electron energy-loss near-edge fine structures (ELNES) or x-ray absorption near-edge fine structures (XANES) 
which can reveal unoccupied electronic states are calculated by an extensively tested core-level spectra 
module within the CASTEP code.16,17 The matrix elements are explicitly evaluated by the projector augmented 
wave (PAW) reconstruction method. The core-hole effect is treated by the specially constructed “excited” 
pseudopotential combined with the supercell approximation. A 3  3  2 (72-atom) supercell is employed for 
h-BN and h-MgO type bulk crystals to isolate the excited centers in neighboring cells. A 3  3 planar layer and 
a 20 Å vacuum space isolating adjacent layers are used to construct the supercell for monolayer crystals. A 
Lorentzian broadening function with a full width at half maximum (FWHM) of 0.2 eV is used in Brillouin zone 
spectral integration and the spectra are further convolved by a Gaussian with an FWHM of 0.3 eV to mimic 
the effect of instrumental energy resolution.
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Maximally localized Wannier functions are constructed using the Wannier90 code (version 2.1.0)18 interfaced 
with PWSCF within Quantum ESPRESSO (version 6.3).19 Only valence bands are selected in the construction of 
sp2 and pz Wannier orbitals. Antisymmetry about the atomic layer is imposed for pz Wannier orbitals using the 
symmetry adapted mode.20

Literature on structural transitions upon ionicity increase induced by compression 

It has been long known that the fourfold coordinated phases of ANB8N transition upon compression into higher 
coordination, higher ionicity ones following a general trend of decreasing equilibrium volume, 21-30 although 
loading triaxiality may be required.21,23,27 If negative pressures can be introduced to achieve volume expansion, 
compounds that are thermodynamically stable in a high coordination polymorph (e.g., the NaCl structure, 
coordination number Nc = 6) at ambient pressure can transform into a low Nc form (e.g., wurtzite or zincblende, 
Nc = 4).21,24 For some ANB8N, an Nc = 5 intermediate phase is found along the transition path between the Nc = 
4 and Nc = 6 ones.

This Nc = 5 structure has the same symmetry (P63/mmc) as h-BN. It has been referred to in the literature as 
the 5-5 structure since cation A and anion B are mutually fivefold coordinated,24,29-32 or simply as HX standing 
for hexagonal.23 Here we adopt the term h-MgO structure (just as NaCl for the rocksalt structure, the 
compound not necessarily MgO), after the first prediction of this structure.21 

As the present work focuses on the bonding between its honeycomb atomic planes, we emphasize that the h-
MgO structure is distinct from the layered, threefold coordinated h-BN structure characterized by weak van 
der Waals (vdW) interlayer interaction. Interestingly, h-BN transition into the wurtzite phase w-BN (while 
rhombohedral r-BN, another layered polymorph, morphs into zincblende z-BN, each transition preserving 
stacking sequence) upon compression,28 consistent with the above trend.21 An overall trend thus emerges: an 
octet ANB8N may transition along the path h-BN structure (Nc = 3)  wurtzite (Nc = 4)  h-MgO structure (Nc 
= 5)  rocksalt (Nc = 6)  CsCl structure (Nc = 8), with increasing ionicity upon successive compression,21,24,28 
if controlled with proper loading triaxiality.21,23,27 The h-MgO phases, energetically stable only at negative 
pressures or experimentally challenging high pressures or loading triaxiality along this path, however, are 
metastable in ambient conditions for some compounds,21,33 which are the focus of the present work; the trend 
described above serves to delineate the order of coordination and ionicity of the polymorphs.

Angle-resolved core-level spectroscopy

Under the dipole approximation,34,35 the differential cross-section for momentum transfer q upon inelastic 
electron scattering is |i|exp(iqr)|f|2  |qi|r|f|2, where r is the position vector, and |i and |f are 
respectively the initial atomic core state (1s for K-edge) and the final state (e.g., * or * with the core hole), 
orthogonal to each other. The dependence of the spectra on the direction of q in angle-resolved ELNES 
therefore reveals the anisotropy and symmetry of orbital |f: The differential cross-sections for q // c and q  
c originate from transitions to unoccupied states |fo and |fe with odd and even reflection symmetries with 
regard to the basal plane, respectively, since 1s|r|fo // c and 1s|r|fe  c. Thus, K-edge transitions to pz- and 
px,y-like states (|fo and |fe) dominate the angle-resolved spectra for q // c and q  c, respectively,36,37 while 
transitions to s-like states are prohibited. These spectra can also be interpreted as X-ray absorption near-edge 



8

structures (XANES) for electric field polarizations E // c and E  c, due to the formally similar dipole matrix 
elements for electromagnetic radiation absorption.35,38,39 

Therefore, angle-resolved near-edge spectra qualitatively (considering core-hole effects) represent densities 
of states projected onto pz- and px,y-like symmetries, thus transition peaks are identified as originating from * 
(pz) and * (px,y) states.

For graphite and h-BN, the interlayer state contribution to core-level transition spectra is negligible due to 
small spatial overlap of these planar states, concentrated around the midplane between adjacent layers, with 
core states (e.g., 1s for K edge),40 not interfering in the detection of * and * peaks in core-level transition 
spectroscopies. For bulk h-AlN, the tighter space between (0001) honeycomb planes forces the free-electron-
like “channel states” close to the atoms and sharing the space with the antibonding states. As the free-
electron-like and antibonding states have comparable overlaps with core states, the free-electron-like states 
become detectable by core-level transition spectroscopies (if transition allowed). Moreover, the channel 
states in the band hosting the s-characterized parabolic CBM, squeezed into the same spatial region with the 
antibonding states, mix with these states and gain plenty of px,y characters away from  (Fig. 6 of the main 
article), allowing px,y transitions at lower energies than the lowest pz transition peak.

Epitaxial h-MgO structured ANB8N ultrathin films on substrates

As discussed in the main text, pz- bonding in freestanding 1L h-MgO structured ANB8N is similar to that in h-
BN, whereby anion (e.g. N in h-AlN) pz orbitals donate electrons to the cation orbitals (Al-pz). When a second 
monolayer is stacked onto the first to form a bilayer, the opposing N- and Al-pz lobes overlap to form the 
vertical pz bonds and forego in-plane  bonding. As a result, the Al-N bond length, and equivalently the basal 
plane lattice parameter, increase. Nevertheless, the outward pointing pz lobes still interact with each other in 
a manner reminiscent of  bonding. Therefore, the basal-plane Al-N bond length and lattice parameter a2L do 
not reach the bulk value ah. As more and more MLs are stacked on, the lattice parameter anL increases with 
increasing layer count n to approach the bulk value ah as the influence of the two terminating surfaces 
diminishes. Thus, the change from a1L to a2L is the steepest, followed by increasingly gradual changes, as shown 
by previous calculations41 as well as our own (tables below). 

As such, an energy barrier is expected in the pathway from 1L to 2L, due to the changes in bonding and 
concomitantly in lattice parameters. On the other hand, disturbance in the environment that nudges the 
anions and cations in opposite directions along the normal of the 1L will lead to mixing-in of sp3 hybridization. 
Due to the close proximity of a1L to aw, the basal-plane lattice parameter of the wurtzite counterpart, the 
growth can more easily proceed towards wurtzite than through lateral expansion (ah > a1L) to retain the planar 
h-MgO structure, despite energetic preference for the latter. 

The metal substrates in previous experiments provide the nudge. Investigations into h-BN on Ni(111) have 
shown that the pz-electron-poor B is attracted to the metal surface while the pz-electron-rich N repelled.42-44 
Similarly, we expect the electron-poor cation (Al, Mg, Zn) pz orbitals to be more attracted to the metal surfaces 
than the electron-rich anion (N, O) pz orbitals, as shown in Fig. S5, although buckling is not visible in all 
experiments discussed here on the Ag or Au surfaces, which are inert compared with Ni(111). The interaction 
with the substrate alters the bonding character of the 1L h-MgO structured ANB8N from the freestanding case. 
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On the one hand, the cation pz lobes facing the metal surface, mixing with electrons in the metal, do not fully 
form  bonds with the anions. In this sense, this first monolayer is reminiscent of the top monolayer in a 
multilayer film. On the other hand, this interaction with the relatively inert noble metal surface is not sufficient 
to result in significant buckling (in first-principles calculations41,45) by countering the strong energetic 
preference towards planarity. Thus, the in-plane lattice parameter of the 1L h-MgO structured ANB8N on the 
Ag or Au(111) surface is close to the value for the freestanding monolayer. This situation is to be compared 
with the h-BN/Ni(111) system, where the 1L film buckling is observable and the growth of sp3 coordinated 
zincblende BN can be induced.43

The preference that the cation is more attracted to the substrate surface, however, already exists in the first 
monolayer deposited on the metal surface. Then, the anion pz in the second layer deposited (Fig. S5) does not 
see the cation pz in the first layer as electron-poor as in the freestanding case and is thus not as attracted to 
it. A similar (yet opposite) argument can be made that the cation in the second monolayer is more attracted 
towards the anion in the first monolayer. As the growth proceeds layer by layer (Fig. S5), this tendency 
accumulates. To maintain planarity, the basal plane lattice would have to expand to approach the bulk value 
ah determined by the length of the sp2- bond without pz- bonding, with the influence of the -like bonding 
of the outward pointing pz lobes of the top monolayer diminishing. A lower-energy cost pathway, however, is 
buckling, which is an extension of the already-existing tendency for the cations and anions to reside in different 
planes, shifted towards and away from the substrate, respectively. Eventually, the system ends up with 
predominant sp3 coordination, keeping the initial basal plane lattice parameter virtually unchanged (a1L ≈ aw 
with difference  0.7%). The initial planar 1L film thus smoothly and gradually transition into the wurtzite 
phase. 

For ultrathin MgO on Ag(111),41 we list below the experimental basal-plane lattice parameter values, along 
with calculated values by Goniakowski et al.41 and in the present work, both for freestanding films:

Table S1. Experimental and calculated basal-plane lattice parameters for ultrathin MgO films.

a1L (Å) a5L (Å) ah (Å) aw (Å)

Experimental 3.25  0.03 3.28  0.03

Goniakowski et al.41 3.26 3.43 3.49

This work 3.294 3.431 3.486 3.296

Here, Table S1 (as do Tables S2 and S3 below) lists in-plane lattice parameter values of few-layer ultrathin films 
to facilitate direct comparison with experimental and prior computational results, in addition to those in Table 
1 for free-standing 1L and bulk h-MgO type structures. 

At the thickness of 5 ML, the measured a5L does not match the value calculated by Goniakowski et al., which 
is already close to the bulk values ah calculated both by Goniakowski et al. and in this work. The measured a5L, 
however, is close to the measured and calculated values of a1L, and also to our calculated value aw for the 
wurtzite phase, in line with the general picture discussed above. Notice that the relative difference between 
a1L and aw, |(a1L – aw) / a1L| = 0.0009, is particularly small for MgO. We therefore believe the ultrathin MgO 
film on Ag(111) assumes a wurtzite-like structure at thicknesses around 5 ML and above, even though bulk w-
MgO is not thermodynamically stable under ambient (or zero pressure) conditions. Goniakowski et al. 
attributed the absence of the theoretically predicted evolutionary trend in lattice parameter to possible 
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stacking faults, which in calculations brought a5L values closer to yet still larger than the observed, at a very 
high energy cost that renders h-MgO no longer “by far the most stable” phase with their presence.

In the following table, we list the experimental basal-plane lattice parameter values of ultrathin AlN on 
Ag(111),46 along with calculated values by Bacaksiz et al.33 and in this work:

Table S2. Experimental and calculated basal-plane lattice parameters for ultrathin AlN films.

a1L (Å) a2L (Å) a4L (Å) ah (Å) aw (Å)

Experimental46 3.14  0.06 3.13

Bacaksiz et al.33 3.13 3.20 3.30 3.11

This work 3.123 3.194 3.236 3.294 3.108

Just as the above case of ultrathin MgO on Ag(111), the ultrathin AlN on Ag(111) fails to show the predicted 
structural evolution despite excellent agreement with theory in a1L. At the thickness of 4 ML, the basal-plane 
lattice parameter virtually remains unchanged from a1L, which is close to the wurtzite value aw. For AlN, the 
calculated relative difference (a1L – aw) / a1L = 0.005. 

In the following, we compare the experimental results of ultrathin ZnO on Ag(111)47 and Au(111)45 with 
calculations with the Au substrate considered and of freestanding h-ZnO in this work.

Table S3. Experimental and calculated basal-plane lattice parameters for ultrathin ZnO films.

a1L (Å) a2L (Å) a3L (Å) a4L (Å) ah (Å) aw (Å)

ZnO/Ag(111)47 3.303 3.249[a]

ZnO/Au(111)45 3.290.02 3.35 3.325 3.24 3.25[a] 

ZnO/Au(111) calculated45 3.30 3.36 3.38 3.36

Freestanding, this work 3.275 3.316 3.352 3.366 3.427 3.251

[a] Experimental value cited by but not measured in the referenced works.

Tusche et al.47 measured a thickness independent basal-plane lattice parameter of 3.303 Å for ultrathin ZnO 
on Ag(111) with average thicknesses of 2.7 and 3.5 ML, both films grown in a three-dimensional mode with 
regions 2 to 4 ML thick. More important, they found the fourth monolayer to be wurtzite-like. Lee et al.45 
observed an increase from a1L to a2L for ZnO on Au(111) but then the basal-plane lattice parameter started to 
decrease with increasing thickness, reaching the wurtzite value aw at a thickness of 4 ML. Interestingly, their 
first-principles calculation considering the Au substrate partially accounted for this trend, although much 
slower than the observed. The discrepancy is likely caused by the model setup where a small ZnO island is 
placed on Au(111) to handle incommensurate ZnO and Au lattices. Moreover, even though not fully accounting 
for the evolution from a1L to a4L, their calculation revealed “very small corrugation” in ZnO on Au(111) “with a 
preference for O-termination”,45 consistent with the tendency for the cation to shift to towards the metal 
substrate as we inferred from experimental observations of h-BN on Ni(111). 

All these cases suggest that ultrathin ANB8N films on noble metal surfaces with planar bottom monolayers 
evolve into the wurtzite structure as more layers are deposited. This salient common behavior in previous 
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experiments is facilely explained within the unusual bonding picture of the h-MgO structure phase of these 
binary octet compounds.
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