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Magnetism and interlayer bonding in pores of
Bernal-stacked hexagonal boron nitride†

Mehmet Dogan ab and Marvin L. Cohen *ab

When single-layer h-BN is subjected to a high-energy electron beam, triangular pores with nitrogen

edges are formed. Because of the broken sp2 bonds, these pores are known to possess magnetic states.

We report on the magnetism and electronic structure of triangular pores as a function of their size.

Moreover, in the Bernal-stacked h-BN (AB-h-BN), multilayer pores with parallel edges can be created,

which is not possible in the commonly fabricated multilayer AA0-h-BN. Given that these pores can be

manufactured in a well-controlled fashion using an electron beam, it is important to understand the

interactions of pores in neighboring layers. We find that in certain configurations, the edges of the

neighboring pores remain open and retain their magnetism, and in others, they form interlayer bonds.

We present a comprehensive report on these configurations for small nanopores. We find that at low

temperatures, these pores have near degenerate magnetic configurations, and may be utilized in

magnetoresistance and spintronics applications. In the process of forming larger multilayer nanopores,

interlayer bonds can form, reducing the magnetization. Yet, unbonded parallel multilayer edges remain

available at all sizes. Understanding these pores is also helpful in a multitude of applications such as

DNA sequencing and quantum emission.

I. Introduction

Low-dimensional materials enable a wide range of uses not
possible with bulk (three-dimensional) materials. Creating
holes in two-dimensional (2D) materials, in particular, allows
for applications like molecular sieving, metamaterials, and
quantum emission.1–6 Researchers can tailor a system for a
specific application by controlling the size, shape, and/or
distribution of holes in a 2D material. DNA sequencing using
nanopores (holes as small as a few nm) is one example of such
an application, which would allow for quick and precise
sequencing of single unbroken DNA strands.7–11 Nanopores
also spontaneously form in 2D materials, so, understanding
their properties is important in itself. In this study, we inves-
tigate the properties of triangular pores in single-layer hexago-
nal boron nitride (h-BN) and their interactions with pores in
neighboring layers, which is largely determined by the stacking
sequence and pore alignment. We focus primarily on Bernal-
stacked h-BN which can house parallel-edged triangular pores

in neighboring layers because of the lack of rotation between
the layers.12

Layers of h-BN can be stacked in different ways, resulting in
different material properties.13–16 The AA stacking [Fig. 1(a)] is a
trivial stacking sequence with no in-plane shift or rotation
between successive layers, and it has an interlayer distance of
3.64 Å. We include this unobserved high-energy stacking
sequence in our study as a reference. The most commonly
synthesized stacking sequence of h-BN is the AA0 stacking
[Fig. 1(b)], in which each layer is a 601 rotated copy of the
preceding layer, resulting in columns of alternating B and N
atoms in the bulk.17 A less common stacking sequence of h-BN
is the AB (Bernal) stacking, which includes no relative rotation
but only a relative shift between the layers [Fig. 1(c and d)]. AB-
h-BN is energetically very close to AA0-h-BN,16 but until recently,
it was only observed in rare cases.18–20 The procedure to reliably
manufacture this stacking was recently reported,16 followed by
several new studies on this material.21–24 For a comprehensive
comparison of the stacking sequences in h-BN, we refer the
reader to ref. 16.

An infinite sheet of single-layer h-BN is a wide-gap insulator,
yet, computational investigations have revealed that its edges
and pores have a diverse set of electronic and magnetic
properties.12,21,25–29 The unpaired electrons that occupy dan-
gling sp2 hybrid orbitals at edges and pores result in magnet-
ism which is absent in the pristine sheet. The most commonly
formed vacancies in h-BN are boron monovacancies (i.e. a
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single boron atom removed from the sheet), shown in Fig. 2.
These vacancies can be created by a high-energy electron beam
in a transmission electron microscopy (TEM) chamber. As the
beam is applied for longer periods of time, the vacancies grow
into larger pores in predictable ways.16,21,30–32 Although, in
principle, many different pore geometries are possible, the pores
that grow via electron beam have three nitrogen-terminated

zigzag edges that form an equilateral triangle. In the large pore
limit, these edges approximate the edges of an infinite sheet (N-
edge), which is the most common edge type in h-BN,17,33–39 and
has magnetic properties that we elucidated in a previous compu-
tational study.12 In the current study, we first investigate the spin
configurations of nanopores of various sizes in single-layer h-BN
and relate them to the infinite edges. We then discuss the
interactions of nested/aligned pores in multilayer h-BN. In the
common AA0-h-BN, consecutive layers are rotated by 601 with
respect to each other, and triangular pores do not neatly align. In
contrast, multilayer nested pores are observed in AB-h-BN with
perfectly parallel edges.16,21 We report the geometries and elec-
tronic structures of all basic bilayer triangular pore combinations
in which the larger of the two pores is 4 u.c. in size, and
generalize the bonding patterns (or lack thereof) when available.

We conclude this section by noting that in AB-h-BN, the two
consecutive layers are inequivalent. With the same bottom
layer, the top layer may be shifted in two distinct ways to
construct the AB stacking, shown in Fig. 1(c and d) by the red
arrows, which we call AB1 and AB2. This property of AB-h-BN
clearly distinguishes it from AA0-h-BN and was recently utilized
to generate ferroelectricity in bilayer h-BN.22–24 In order to keep
track of all nanopore combinations, we distinguish between
AB1 and AB2 stackings for the rest of the study. Treating these
two stackings separately allows us to study pore combinations
only where the top pore is larger than or equal in size to
the bottom pore, without missing or double-counting any
nested pores. Assuming that the electron beam is applied from
the top, this also corresponds to the experimental conditions
and observations.16,21,32 Therefore, we present a view of these
nanopore systems that would correspond to the view of the
experimentalist who is performing a TEM (or similar)

Fig. 1 Four high-symmetry stacking sequences of h-BN considered in
this study. (a) The AA stacking sequence which has not been observed
experimentally. (b) The commonly observed AA0 stacking sequence,
obtained from the AA stacking by a 601 rotation of the top layer around
a hollow site center, marked in red. (c) The first way of constructing the AB
stacking sequence (AB1) of h-BN. (d) The second way of constructing the
AB stacking sequence (AB2) of h-BN. The two stacking sequences in (c and
d) are physically equivalent but geometrically distinct once a top layer and
a bottom layer are defined. They are distinguished so that the top and the
bottom layers can be treated separately in this work. The atoms in the
bottom layer are enlarged to ease inspection.

Fig. 2 Atomic structures of the collinear (a) and noncollinear (b–d) spin configurations in the nitrogen-terminated pore with 1 nitrogen per edge (NT1);
atomic structure of the nitrogen-terminated pore with 2 nitrogens per edge (NT2); spin-resolved projected densities-of-states (PDOS) plots for the
noncollinear NT1 pores (f–h); PDOS plot for the NT2 pore (i). The isosurface plots for absolute magnetization with the isovalue |nm � nk| = 0.02|e|/a0

3 are
included in the atomic structure pictures. The direction of magnetization on each magnetized atom is denoted by a red arrow, and the structures are
labeled by these directions at the bottom right corner of panels (b–d). The magnetization directions are measured in degrees from the zigzag direction.
The atoms on whose orbitals the densities-of-states are projected are labeled in (a). The Fermi energy is set to the mid-gap in cases where there is a band
gap.

Paper PCCP

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

/2
0/

20
22

 8
:5

4:
31

 P
M

. 
View Article Online

https://doi.org/10.1039/d2cp02624d


20884 |  Phys. Chem. Chem. Phys., 2022, 24, 20882–20890 This journal is © the Owner Societies 2022

measurement ‘‘from the top’’. For a more detailed discussion of
this point, we refer the reader to ref. 12.

II. Methods

We conduct density functional theory (DFT) calculations within
the Perdew–Burke–Ernzerhof generalized gradient approxi-
mation (PBE GGA),40 using the QUANTUM ESPRESSO software
package with norm-conserving pseudopotentials.41,42 The
plane-wave energy cutoff for the pseudo Kohn–Sham wavefunc-
tions used is 80 Ry. For a 1 � 1 unit cell of h-BN, we use a 12 �
12 � 1 Monkhorst–Pack k-point mesh to sample the Brillouin
zone,43 and choose k-point meshes accordingly for larger unit
cells. AB14 Å of vacuum is placed between the copies of the 2D
system along the out-of-plane direction to isolate the sheets. In
order to include the interlayer van der Waals interactions, we
include a Grimme-type dispersion correction.44 All atomic
coordinates are relaxed until the forces on all the atoms are
less than 10�3 Ry a0

�1 in all three Cartesian directions, where a0
is the Bohr radius.

III. Results
A. Nanopores in monolayer h-BN

We start with a survey of the possible spin configurations in the
boron monovacancy in the single layer h-BN. Throughout this
article, we label pores as ‘‘NTn’’, where ‘‘NT’’ stands for
‘‘nitrogen-terminated’’, and n is the number of nitrogen atoms
on each edge of the triangle. Thus, a boron monovacancy is
denoted as NT1. In Fig. 2(a–d), we present the atomic structure
of NT1 in its various magnetic configurations. Fig. 2(a) is
obtained by running a collinear calculation, resulting in a
structure with 3-fold symmetry. The structures in Fig. 2(b–d)
are obtained by relaxing the atoms further with noncollinear
(NC) spin channels and different starting configurations. All
three of these configurations have lower energies compared to
the collinear structure, as listed in Table 1, and are local
minima in the configuration space. We find that the 3-fold
symmetric NC(30,150,270) structure has the lowest energy, but
only by B2 meV, compared to NC(90,90,270). Interestingly, the
latter configuration is a triplet of atomic structures,
where there are two shorter N–N distances (2.70 Å) and a
longer N–N distance (2.78 Å). At regular temperatures

(20 K o T o 500 K), we expect both the NC(30,150,270) and
NC(90,90,270) pores to be present in single layer h-BN with pores
with only trace amounts of NC(90,90,90). To the best of
our knowledge, previous studies have only identified
NC(90,90,90).21,45–47 Although no probing of the local magnetism
of edges or pores in h-BN has been reported, ferromagnetism has
been shown to occur in h-BN at room temperature,48 which can be
attributed to the existence of edges and pores in regular h-BN
samples.

The next smallest triangular pore is NT2, which is obtained by
removing three borons and one nitrogen from the system
(Fig. 2(e)). In this pore, the corner nitrogens approach each other
and form dimers, resulting in a collinear electronic structure
(|nm � nk| = 0 everywhere), as reported previously.21,46

Looking at the electronic structures of the NT1 pores
(Fig. 2(f–h)), we observe that the NC(90,90,90) pore is a half-
metal, i.e. the majority spin channel is insulating and the
minority spin channel is a metal, the NC(90,90,270) pore is a
magnetic semiconductor and the NC(30,150,270) pore is a
nonmagnetic semiconductor, although the electronic struc-
tures of the latter two configurations are very similar. The
antiferromagnetic state is a semiconductor with a gap of
0.51 eV. Because the spin configuration and the electronic
structure are closely linked, these pores may be useful in
various spintronics applications.49–56 As seen in Fig. 2(i), the
electronic structure of the NT2 pore is a nonmagnetic semi-
conductor with a larger gap (Table 1). We present the atomic
and electronic structures of larger pores in single layer h-BN
(NT3–NT8) in Fig. S1–S6 (ESI†). The key information for these
larger pores is summarized in Table 2. In each case, we fully
relax the pore in a collinear calculation, and then run a self-
consistent field calculation with two initial spin configurations:
where all the edge spins are set as parallel (P), and where
consecutive edge spins are set as antiparallel (AP). We note that
we have confirmed in a few test cases that in these larger pores,
further relaxations with noncollinearity cause negligible
changes in atomic positions. In Fig. S1–S6, the magnetization
in the real space is only plotted for the P configurations (the AP
configurations have equivalent plots with alternating sign). In
Table 2, we also include the case of the N-edge taken from
ref. 12, which may be interpreted as the limiting case NTN.

From the results in Fig. S1–S6 and Table 2, we make a few
observations: (i) the corner N atoms remain dimerized in these
larger pores and thus have no magnetic moment. This causes

Table 1 Total energies (DE), electronic structure (ES) types and band gaps of the NT1 and NT2 nanopores. Refer to the text for the explanation of the
labels in the second row. The total energies are with reference to the collinear configuration and presented per edge N atom, for instance, DE of and NT1
configuration is computed by subtracting the energy of the collinear configuration from it and dividing by 3 (the number of edge N atoms). ‘‘SC’’ stands
for ‘‘semiconductor’’

NT1 (3) NT2 (0)

Collinear NC(90,90,90) NC(90,90,270) NC(30,150,270) Collinear

DE (eV) �0 �0.138 �0.185 �0.187 �0
ES type Metal Half-metal Magnetic SC Nonmagnetic SC Nonmagnetic SC
Egapm (eV) 0 4.64 0.67 0.68 1.94
Egapk (eV) 0 0 0.55 0.68 1.94
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the sequence of the absolute value of the magnetic moments to
be approximately 3mB, 0, 3mB, 6mB,. . . for the NT1, NT2, NT3,
NT4,. . . pores. (ii) For the NTn pores with n Z 2, the energy
differences between P and AP spin configurations is smaller
compared to NT1 and the N-edge. The comparison with NT1
can be explained by the isolation provided by the dimerized
corner N atoms. The comparison with the N-edge may be due to
the fact that these pores are still small, and many of the edge N
atoms lack nearest and next-nearest neighbors to interact with,
as opposed to the infinite edges (we know that both nearest and
next-nearest neighbor interactions are important for the spin
dynamics in this system, cf. ref. 12). This near degeneracy of
different spin configurations would be advantageous in appli-
cations that rely on magnetic switching. (iii) The P configura-
tions are consistently half-metals, and the AP configurations
are either magnetic semiconductors (MSC) or nonmagnetic
semiconductors (NMSC), depending on the number of available
magnetic sites (written in parentheses in the first row of Table 1
and the first column of Table 2). The band gap of the NMSC
configurations gradually increases with the pore size,

approaching the value of the N-edge (0.51 eV). (iv) The positions
of the in-gap states for the AP configurations depend on the
pore size. Because the pore size can be controlled by the
duration of the applied electron beam,31,32 it should be possi-
ble to engineer the desired in-gap states at a desired location on
the h-BN layer.

B. Nanopores in bilayer h-BN

When nanopores are created on multilayer h-BN, they tend to
begin on the top layer and then propagate into the layers
underneath.21,32 As a first step in understanding nanopores
in multilayer systems, we present results on nanopores on the
top layer of bilayer h-BN, where the bottom layer remains as a
full sheet. In Fig. S7–S22 (ESI†), we present the atomic and
electronic structures of pores NT1–NT4 in a single sheet
stacked on a full sheet using AA, AA0, AB1 and AB2 stacking
sequences. For NT1, NT3 and NT4 pores, parallel (P) and
antiparallel (AP) spin configurations are run without further
relaxation of the atomic positions (NT2 remains fully spin-
unpolarized), and the magnetization in the real space is only
plotted for the P configurations (the AP configurations have
equivalent plots with alternating sign). Our findings are also
summarized in Table 3. In general, the behavior of the pores in
the bilayer remains very similar to their behavior in single h-BN
sheets, although the small shifts in the energy levels. However,
the magnetized regions around the edge N atoms do not lie
entirely parallel to the sheet for the larger pores (NT3 and up),
instead, these spin-polarized dangling orbitals point away from
the bottom sheet by an angle y, which is listed for each case in
the table.

Once a nanopore begins to form in the top layer of multi-
layer h-BN, the second layer becomes exposed the electron
beam, giving rise to progressively larger and deeper (in terms
of the number of layers) pores.21,32 In the next part of our work,
we investigate the coexistence of small pores in both layers of
bilayer h-BN in order to elucidate the early stages of this
process. In Fig. S23 and S24 (ESI†), we present the NT1 pores
on both layers of bilayer h-BN (in this case, AB2 stacking is
identical to AB1 so it is not presented separately). The NT1 &
NT1 configurations are uncoupled in the sense that the pores in
the neighboring layers do not interact beyond the already
present van der Waals forces. We note here that for the

Table 2 Total energies (DE), electronic structure (ES) types and band gaps
of the NT3–NT8 nanopores. Refer to the text for the explanation of P and
AP labels. The total energies are with reference to the collinear configu-
ration and presented per edge N atom, for instance, DE of an NT3
configuration is computed by subtracting the energy of the collinear
configuration from it and dividing by 9 (the number of edge N atoms).
The numbers in parentheses in the first column denote the number of
magnetic N atoms for each pore. ‘‘(N)MSC’’ stands for ‘‘(non)magnetic
semiconductor’’

DE (eV) ES type Egap(m,k) (eV)

NT3 (3) P �0.230 Half-metal 0.41, 0
AP �0.229 MSC 0.15, 0.09

NT4 (6) P �0.235 Half-metal 0.46, 0
AP �0.242 NMSC 0.31, 0.31

NT5 (9) P �0.220 Half-metal 0.58, 0
AP �0.225 MSC 0.18, 0.29

NT6 (12) P �0.225 Half-metal 0.70, 0
AP �0.236 NMSC 0.33, 0.33

NT7 (15) P �0.226 Half-metal 0.72, 0
AP �0.227 MSC 0.25, 0.41

NT8 (18) P �0.226 Half-metal 0.95, 0
AP �0.229 NMSC 0.36, 0.36

N-Edge12 P �0.218 Half-metal 4.56, 0
AP �0.184 NMSC 0.51, 0.51

Table 3 Total energies (DE), band gaps and tilt angles of the magnetized regions of the NT1–NT4 nanopores on the top sheet of h-BN bilayers. Refer to
the text for the explanation of P and AP labels. The total energies are with reference to the collinear configuration and presented per edge N atom, for
instance, DE of an NT3 configuration is computed by subtracting the energy of the collinear configuration from it and dividing by 9 (the number of edge
N atoms). The numbers in parentheses in the first column denote the number of magnetic N atoms for each pore

AA AA0 AB1 AB2

DE (eV) Egap(m,k) (eV) y DE Egap(m,k) y DE Egap(m,k) y DE Egap(m,k) y

NT1 (3) P �0.157 4.08, 0 01 �0.164 4.36, 0 01 �0.166 4.48, 0 01 �0.161 4.39, 0 01
AP �0.181 0.29, 0.18 01 �0.203 0.45, 0.34 01 �0.204 0.40, 0.29 01 �0.212 0.49, 0.38 01

NT2 (0) Collinear �0 1.75 n/a �0 1.82 n/a �0 1.71 n/a �0 1.86 n/a
NT3 (3) P �0.224 0.52, 0.23 381 �0.228 0.51, 0 341 �0.231 0.46, 0.20 371 �0.230 0.59, 0.08 351

AP �0.215 0.19, 0.17 441 �0.219 0.06, 0 161 �0.227 0.21, 0.20 381 �0.221 0.07, 0 361
NT4 (6) P �0.232 0.66, 0 391 �0.234 0.66, 0 391 �0.238 0.61, 0.09 391 �0.235 0.58, 0.08 371

AP �0.215 0.31, 0.31 421 �0.221 0.22, 0.22 61 �0.226 0.26, 0.26 391 �0.225 0.29, 0.29 51
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NT1 & NT1 configurations, we have checked for potential
interlayer coupling of spins by running a comprehensive collec-
tion of spin polarization combinations. We have not found a
noteworthy difference in energies beyond a simple summation
of the energies of spin configurations in each layer.

As the next step in the process for the AB stacking, we
remove the 3 N atoms of the bottom layer that are exposed in
addition to the 1N atom on the top layer. This results in the
configuration in Fig. S25 (ESI†), which is an unusual defect
structure where three B atoms in the bottom layer move inward
within the plane and form a trimer. This magnetic semicon-
ductor has the band gaps (0.59, 0.43) eV in the two spin
channels. We note that this structure is not an artifact of
symmetry and seems to be robust with respect to atomic
position perturbations.

For larger pores in bilayer h-BN, we focus on the AB stack-
ing. As discussed above, due to the relative 601 rotation between
consecutive layers in the AA0 stacking, multilayer pores become
irregularly shaped, whereas the AB stacking allows for nested
and aligned pores.21 As the next step in AB1-h-BN, we assume
that the NT2 pore has formed in the top layer, and then we
remove the boron in the center of the exposed area in the

bottom layer (cf. Fig. S13, ESI†). This results in the NT2 & NT1
structure presented in Fig. S26 (ESI†), which is also a
uncoupled structure (half-metal, Egapm = 1.95 eV). Removing
the 6 exposed nitrogens from this configuration results in our
first coupled structure, presented in Fig. 3(a). This 3-fold
symmetric structure is a magnetic semiconductor which has 6
interlayer B–N bonds. Forming the NT2 & NT1 structure in AB2-
h-BN is possible in two different ways by removing a boron
from either the center or the corner of the exposed area in the
bottom layer (cf. Fig. S14, ESI†). In both cases, we get uncoupled
structures that are presented in Fig. S27 and S28 (ESI†) (both
magnetic semiconductors with the band gaps (0.46, 0.44) eV
and (0.49, 0.26) eV, respectively). Finally, we present the NT2 &
NT2 structures in the AA and AB1 stacking sequences in
Fig. S29 and S30 (ESI†), both of which are uncoupled and
nonmagnetic semiconductors with the band gaps 1.53 eV and
1.74 eV, respectively (AB2 is equivalent to AB1).

We then move to the NT3 pore in the top layer of AB1-h-BN.
Removing one of the three exposed borons in the bottom layer
(cf. Fig. S17, ESI†) results in the NT3 & NT1 uncoupled structure
(Fig. S31, ESI†), which is a half-metal with Egapm = 0.64 eV.
Similarly, the NT3 & NT2 structure in AB1-h-BN is also

Fig. 3 Atomic and electronic structures of bilayer pores in AB1-h-BN that result in coupled structures where the top layer is an NT2 or NT3 pore. (a) The
NT2 & (1B6N) configuration. (b) The NT3 & (3B9N) configuration. (c) The NT3 & NT3* configuration. The isosurface plots for magnetization with the
isovalue nm � nk = �0.02|e|/a0

3 are included in the atomic structure pictures. Top view and side view of each nanopore are stacked vertically in each
panel. For the spin-resolved density of states plots in the bottom row, the Fermi energy is set to the mid-gap in cases where there is a band gap.
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uncoupled (Fig. S32, ESI†) but metallic. Next, we remove the
remaining exposed nitrogens so that all the atoms in the
bottom layer that are exposed when the top layer has an NT3
pore are removed. This results in the structure in Fig. 3(b)
which has reflection symmetry and 9 interlayer B–N bonds, and
is a magnetic semiconductor. An interesting effect occurs when
the NT3 & NT3 structure in AB1-h-BN is set up and relaxed, in
which two edge nitrogens in the bottom layer detach from their
neighbors and form an N2 molecule. When the molecule is
taken out of the system, the resulting coupled structure, which
is metallic, is presented in Fig. 3(c). Because the bottom layer
has lost two nitrogens, we call this configuration NT3 & NT3*,
and it has 4 interlayer B–N bonds as well as 1 interlayer N–N
bond. This structure demonstrates that not all nested NTn1 &
NTn2 pores are possible in their expected stoichiometry in
bilayer and therefore multilayer AB-h-BN.

There are three inequivalent NT3 & NT1 structures in AB2-h-
BN depending on which boron in the bottom layer is removed
(cf. Fig. S18, ESI†). These three result in uncoupled half-metallic
structures that are presented in Fig. S33–S35 (ESI†) with Egapm =
0.63, 0.64, 0.66 eV, respectively. The two inequivalent
NT3 & NT2 structures in AB2-h-BN are also uncoupled and

half-metallic, and presented in Fig. S36 and S37 (ESI†) (Egapm =
0.63,0.61 eV, respectively). The NT3 & NT3 structure in AB2-h-
BN is equivalent to that in AB1-h-BN (Fig. 3(c)). Finally, we
present the NT3 & NT3 structure in the AA stacking sequence in
Fig. S38 (ESI†), which is a magnetic metal with interlayer
bonding of the mid-edge nitrogens.

The largest size we have considered for bilayer h-BN in this
study is the NT4 pore. We start with the NT4 & NT1 configu-
ration in AB1-h-BN of which there are two (Fig. S39 and S40,
ESI†). Both of these are uncoupled and half-metallic with
Egapm = 0.66, 0.69 eV, respectively. When the bottom layer has
an NT2 pore, interlayer bonds form, but not all the top edge
nitrogens are bonded. This coupled configuration (NT4 & NT2)
is presented in Fig. S41 (ESI†) and is a half-metal with Egapm =
0.24 eV. Enlarging the bottom layer pore one more step to set
up the NT4 & NT3 structure results in the detachment of three
N2 molecules and 12 interlayer B–N bonds (Fig. 4(a)). By losing
most of its dangling orbitals, this system, which we call NT4 &
NT3*, becomes a fairly large-gap magnetic semiconductor.
Next, we remove the remaining exposed nitrogens from this
configuration so that all the atoms in the bottom layer that are
exposed when the top layer has an NT4 pore are removed. This

Fig. 4 Atomic and electronic structures of bilayer pores in AB1-h-BN that result in coupled structures where the top layer is an NT4 pore. (a) The NT4 &
NT3* configuration. (b) The NT4 & (6B15N) configuration. (c) The NT4 & NT4 configuration. The isosurface plots for magnetization with the isovalue
nm � nk = �0.02|e|/a0

3 are included in the atomic structure pictures. Top view and side view of each nanopore are stacked vertically in each panel.
For the spin-resolved density of states plots in the bottom row, the Fermi energy is set to the mid-gap in cases where there is a band gap.
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results in the structure in Fig. 4(b) which has 12 interlayer B–N
bonds and is a magnetic semiconductor. The NT4 & NT4 bilayer
pore in AB1-h-BN also results in some interlayer bonding(Fig. 4(c)).
In this configuration, the alignment of the two edges (diagonal in
Fig. 4(b)) is different from the alignment of the remaining edge
(horizontal in Fig. 4(c)). The interlayer bonds form only at the latter
edge. These two edge types correspond to the infinite edges in Fig. 5
and 6 of ref. 12, respectively. This particular pattern of interlayer
bonding should hold for all NTn & NTn pores (n Z 4) of AB-h-BN,
where n � 2 interlayer N–N bonds occur only at one of the edges.

In AB2-h-BN, there are four inequivalent NT4 & NT1 struc-
tures depending on which boron in the bottom layer is removed
(cf. Fig. S22, ESI†). These structures are presented in Fig. S42–
S45 (ESI†). The NT4 & NT1 (1) structure has a single interlayer
N–N bond and is a magnetic metal. The NT4 & NT1 (2) structure
has two interlayer N–N bonds and is a magnetic half-metal with
Egapm = 0.57 eV. The remaining two NT4 & NT1 structures are
uncoupled half-metals with Egapm = 0.48,0.60 eV, respectively.
The three inequivalent NT4 & NT2 structures are presented in
Fig. S46–S48 (ESI†). These structures are uncoupled half-metals
with Egapm = 0.57, 0.62, 0.63 eV, respectively. Among the two
inequivalent NT4 & NT3 configurations, the first one (Fig. S49,
ESI†) has 2 interlayer N–N bonds and is a magnetic metal. This
bonding pattern should hold for all NTn & NT(n � 1) pores
(n Z 4) of AB-h-BN, where n � 3 interlayer N–N bonds each occur
at two of the edges. The second NT4 & NT3 configuration in AB2-h-
BN (Fig. S50, ESI†) is an uncoupled structure that is a half-metal
with Egapm = 0.58 eV. The NT4 & NT4 structure in AB2-h-BN is
equivalent to that in AB1-h-BN (Fig. 4(c)). Finally, the NT4 & NT4
structure in the AA stacking sequence is presented in Fig. S51
(ESI†), which is a magnetic half-metal (Egapm = 2.78 eV) with
interlayer bonding of the two mid-edge nitrogens on each edge.

We close this section by commenting on pores in thicker
(multilayer) AB-h-BN. Although, strictly speaking, deeper
nested triangular pores need to be studied separately, the
information derived from bilayer pores allows us to guess the
configuration of a particular multilayer nested pore. In parti-
cular, for a given layer that has two neighbors, its interaction
with each of its neighbors would be predicted based on our
calculations. If both of its neighbors are expected to be
uncoupled based on bilayer calculations, it would be expected
to remain uncoupled. If only one of its neighbors is expected to
form interlayer bonds, these bonds would be expected to form
and not be affected by the uncoupled layer on the opposite side.
If both of its neighbors are expected to form interlayer bonds
with this layer, the resulting structure would be harder to
predict; however, since nested pores are expected to form from
top to bottom, the interlayer bonds with the layer above would
have a better chance to form. This method allows us to generate
plausible guesses for any given multilayer nested pore.

IV. Conclusion

We conducted a first-principles study of the nitrogen-
terminated triangular nanopores in h-BN with a special focus

on Bernal-stacked h-BN (AB-h-BN). We found that the ground
state of the smallest pore (B monovacancy) is a 3-fold sym-
metric configuration with zero total magnetization. However,
the existence of magnetic configurations that are almost degen-
erate with the ground state heightens the potential of magnetic
switchability. For larger pores in single-layer h-BN, configura-
tions with parallel and antiparallel neighboring magnetizations
are also close in energy, indicating the likelihood of easier
magnetization of these pores compared to longer edges where
energy differences are larger. For bilayer configurations with
pores in both layers, we find that in most cases, the layers
remain uncoupled, i.e., no significant out-of-plane move-
ment or bonding occurs. However, several structures that
are expected to occur during electron irradiation do form
interlayer bonds, reducing the magnetic character of the
pores. We expect these types of coupled structures to occur
during electron irradiation alongside the simpler decoupled
structures. We also find that some nested pores are not
possible in their expected stoichiometry in bilayer and there-
fore multilayer AB-h-BN as a result of to the detachment of
nitrogens by forming N2 molecules. We expect these findings
to inform future investigations into the pores of thicker
multilayer AB-h-BN as well. We hope that our results will
motivate experimental studies that closely investigate the
magnetic and electronic properties of these pores in h-BN,
given their enormous potential in applications such as DNA
sequencing.
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