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ABSTRACT: We report intrinsic surface magnetism in pristine o rhombohedral boron (a-boron)
using first-principles calculations. Semiconducting a-boron has been cleaved along (001), (10-2), and
(101) planes to produce icosahedral-based non-van der Waals face-boron, t-face-boron and edge-
boron structures, respectively. Face-boron is found to be metallic, while t-face-boron and edge-boron
show semiconducting features. In particular, edge-boron exhibits layer-dependent magnetism with a
transition from an overall antiferromagnetic (AFM) state with AFM surfaces to either an AFM or
ferromagnetic (FM) state with FM surfaces as the number of layers increases. The magnetism in edge-
boron arises from the spin polarization of boron atoms with unsaturated bonds at the edge sites in the
upper and lower surfaces, and magnetic exchange coupling can be mediated via adjacent boron
icosahedra by up to a maximum of 8.4 A. These findings deepen our understanding of icosahedral-

based boron and boron-rich materials, which may be useful in potential spintronics applications.



Ever since graphene was mechanically exfoliated from graphite,' various two-dimensional (2D)
materials such as silicene,? GeH,?> MoS2,* and borophene,>” each with their own distinctive attractive
physical properties, have been synthesized. Boron is a unique element due to its ability to adopt a
wide variety of multicenter bonding schemes leading to structural diversity in the clusters, sheets, and
extended structures it may assume.®!! A series of 2D boron materials including monolayer, buckled
double layer, and multilayer borophenes have been reported, exhibiting metallic, semiconducting,
Dirac-related, and magnetic properties.!>?° Another way to construct quasi-2D boron lattices is based
on boron icosahedra,’*-*! because they are a common structural motif presents in three-dimensional
(3D) boron lattices of o rhombohedral boron (a-boron),*? B rhombohedral boron (B-boron),** and y-
boron.>* Theoretical investigations have shown a layer of boron icosahedra is not stable on Cu and
Ni, but stable on Au and Ag substrates.'> The surface energy of a-boron and B-boron have been
investigated,® and the surface reconstructions of the a-boron (111) plane have also been studied.*¢-*’

Traditional magnetic materials are generally composed of metallic elements with d- or f-electrons
and their magnetic properties are governed by magnetic exchange interactions. Many exchange
coupling mechanisms, e.g., direct exchange, double exchange, super exchange, and Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions,*® have been established to explain the classical magnetism
arising from d- or f-electrons. After the discovery of 2D magnetism in the van der Waals solid Crls,*
a Bethe-Slater-curve (BSC)-like behavior in 2D transition metal dichalcogenide bilayers was reported
and explained by the extended superexchange mechanism.*’ The BSC was originally used to describe
magnetic ordering in 3d metallic elements.*! Recently, the origin of magnetism in light-element

materials containing s- and p-electrons only has attracted great interest. For example, magnetism has
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been reported in boron and carbon allotropes with low-dimensional structures. A recently
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claimed 3D carbon allotrope (dubbed U-carbon) is an exciting example of a bulk light-element
magnetic material.’> However, currently it remains unclear if the traditional mechanisms are
applicable in light-element systems.

In this work, first-principles calculations investigating icosahedral-based 2D boron allotropes
unveil their potential for surface magnetism, and an exchange coupling mechanism explaining this
behavior is proposed. We show that the semiconducting bulk a-boron can have metallic,
semiconducting, and magnetic surfaces. The layer-dependent surface magnetism in pristine a-boron
is explained by an exchange coupling mechanism of boron icosahedra. The magnetism arises from
the spin polarization of boron atoms with unsaturated bonds at the outermost parts in the upper and
lower surfaces of specific arrangements of boron icosahedra, and magnetic exchange coupling
between them ultimately determine the surface magnetism of a-boron. The mechanism, based on s-
and p-electrons, differs from the traditional exchange coupling mechanisms based on d- or f-electrons,
and it is generally to be applied to light-element magnetic materials, especially icosahedral-based
boron and boron-rich materials.

Density functional theory calculations were performed using the Vienna Ab-initio Simulation
Package (VASP)>? with the projector-augmented wave method (PAW) method*, and the Perdew-
Burke-Ernzerhof (PBE)*® functional within the generalized gradient approximation (GGA)%*. An
energy cut-off of 600 eV was selected and Monkhorst-Pack meshes®” with a reciprocal space
resolution of 27 x 0.02 A-! were used. A vacuum slab of 15 A was employed for all non-van der Waals
few-layer structures. The structural relaxation parameters were set to 10° eV and 0.01 eV/A. Non-
spherical contributions from the gradient corrections inside the PAW spheres were used. The phonon

spectra were calculated using phonopy with the finite-displacement approach.’® Solid-state adaptive



natural density partitioning (SSAANDP)>*-%! with 6-31G* basis set was used to analyze the chemical
bonding of cleaved layer structures.

In this work a-boron in a hexagonal representation is used to construct quasi-2D structures
composed entirely of boron icosahedra. The boron icosahedron is taken as a crystal motif in the unit
cell of a-boron,*? which possesses ABCABC... stacking sequences along the [001] direction, as
shown in Figure 1a. Here we propose two rules to produce icosahedral-based single-layer structures.
First, each icosahedron must be protected from being broken during the cleaving process. Second,
neighboring icosahedra should be directly connected to each other to avoid structural fragmentation.
Only three possible cleavage planes of (001), (10-2), and (101), as shown in Figure 1a, satisfy the
above rules, and the obtained single-layers are named as face-boron, t-face-boron, and edge-boron
(Figure 1b-d), respectively. From this point of view, a-boron can be considered as ABCABC...
stacking along the (101) plane or ABAB... stacking along the (10-2) plane, in addition to the already
known ABCABC... stacking along the (001) plane.

Both the unit cells of face-boron and t-face-boron, as well as the primitive cell of edge-boron,
consist of one boron icosahedron. The locations of the outermost atoms at the upper and lower
surfaces of these three structures as depicted in red, blue, and pink in Figure 1b-d, are named as face
sites, t-face sites, and edge sites, respectively. Other locations besides the aforementioned outermost
sites are inner sites. The face and inner sites in face-boron correspond to the polar and equatorial sites
of bulk a-boron, respectively.®? As for the edge-boron structure, the atoms at the edge sites form edge-
shaped B-B bonds, which are parallel to the basal plane and in a mirror-distributed manner (Figure
1d). In comparison with twelve surrounding boron icosahedra with six 3c-2e bonds and six 2c-2e

bonds in a-boron, the icosahedra in face-boron are surrounded by six icosahedra with six 3c-2e bonds.
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The icosahedra in t-face-boron and edge-boron are surrounded by four and six icosahedra with six
and eight 2c-2e bonds, respectively. In all these structures, geometrical relaxation shrinks the
intericosahedral B-B bonds corresponding to the 3¢c-2e bonds in a-boron, while those originating from
the 2c-2e bonds exhibit an increase. The total energies of these three single-layer structures are found
to be FEedgeboron < Etfaceboron < FEface-boron (Table S1), and this trend is the same as that of the
corresponding surface energies.*’

The electronic band structure in a fat-band representation and local density of states (LDOS) of
face-boron indicates metallic features as shown in Figure 2a. The contributions to the two energy
bands crossing the Fermi level are primarily from the face sites, suggesting that the unsaturated bonds
on the surface are the main reason for the metallicity. An indirect band gap of 0.11 eV is found in t-
face-boron (Figure 2b), with the valence band maximum (VBM) located at the I" point and the
conduction band minimum (CBM) at the C point. The VBM contains almost equal contributions from
the t-face and inner sites, while the two conduction bands closest to the Fermi level are primarily due
to contributions from the t-face sites. Edge-boron is also found to be a semiconductor but with a direct
band gap of 0.19 eV located at the I" point (Figure 2¢), and the energy bands closest to the Fermi level
are mainly composed of contributions from the edge sites.

With respect to the three single-layer structures shown in Figure 1b-d, spin-polarized relaxations
reveal that only edge-boron is magnetic. As listed in Table S2, two AFM configurations, AFM-4
(tITLiTl1) and AFM-5 ({11011]1), have been found after relaxation. The spin-polarized band
structure and density of states (DOS) of AFM-4 and AFM-5 edge-boron are shown in Figure 3a and
Figure S1, respectively. Both of them possess an indirect band gap with the CBM and VBM located
between the I" and Y points, in contrast to the direct band gap observed in the NM (non-magnetic)
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state (Figure 2¢). The calculated band gap is 0.64 eV for AFM-4 and 0.38 eV for AFM-5, respectively.
The spin-polarized band structure in a fat-band representation of AFM-4 edge-boron further indicates
that the edge sites contribute more to the energy band around the VBM than the inner sites, and these
two sites almost equally contribute to the energy band around the CBM (Figure S2). The spin-
polarized LDOS of the edge sites in AFM-4 and AFM-5 (Figure S3) illustrate that the spin-up state is
different from the spin-down state, confirming their AFM characteristics. All of the boron atoms at
edge sites in AFM-4 and AFM-5 possess a uniform absolute value of the local magnetic moment of
0.18 uB, while the local magnetic moment of the atoms in the inner sites are zero. The calculated
spin-polarized total energies of edge-boron show the following order of stability: Earm-4 < Earm-5 <
Env, as summarized in Table S1. The phonon band structure of spin-polarized AFM-4 edge-boron
indicates that it is dynamically stable (Figure S4). The local magnetic moments of antiparallel
arrangement are evident in the spin-polarized charge density of AFM-4 edge-boron shown in Figure
3b. Therefore, the ground state of single-layer edge-boron should be in an AFM state with AFM
surfaces.

As far as 2-layer edge-boron is concerned, our electronic structure calculations show that an AFM-
1 configuration is the ground state among five possible configurations (Table S2). The spin-polarized
band structure, DOS, and charge density of 2-layer AFM-1 edge-boron are displayed in Figure 3c-d,
and those of the other magnetic configurations are shown in Figure S5. Figure 3¢ illustrates that 2-
layer AFM-1 edge-boron possesses an indirect band gap of 0.52 eV with both the VBM and CBM
located between the I and Y points. The LDOS of the boron atoms at the edge sites (Figure S6)
confirms its AFM state, and Figure 3d shows the localization of spin density in the upper and lower

surfaces with opposite spin directions. Therefore, the ground state of 2-layer edge-boron is predicted
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to be AFM with FM surfaces. The boron atoms at the edge sites in this structure have one of two
magnetic moments with absolute values of 0.15 and 0.24 puB, while the boron atoms at the inner sites
possess non-zero local magnetic moments that are 1~2 orders of magnitude smaller than those of the
edge sites.

Figure 4a shows how the calculated GGA-PBE band gap of the non-van der Waals few-layer
structure depends on the number of layers (7). As n increases, face-boron (t-face-boron) retains its
metallic (semiconducting) features (Figure S7-8). Although the single-layer NM edge-boron
possesses an indirect band gap of 0.19 eV, the corresponding 2~6 layer structures show similar
features to face-boron (Figure S9). However, the spin-polarized calculations reveal unexpected
semiconducting features of the multilayer ground-state of edge-boron (Figure 4a), and the obtained
band gaps exhibit a three-stage variation with respect to » (Figure S10-17). The first stage, with an
indirect band gap of 0.64 eV, corresponds to an AFM ground state with AFM upper/lower surfaces
for 1-layer. The second stage, for 2~4-layer structures, corresponds to an AFM ground state with FM
surfaces with an indirect band gap of 0.52~0.53 eV. In the third stage, observed in 5~6-layer structures,
the indirect band gap further decreases to 0.48~0.42 eV corresponding to AFM or FM ground states
with FM surfaces. The decreased band gap is mainly a result of a change of the energy level of the
VBM, which is accompanied with a change in the location from the I'-Y high symmetry line to the I’
point. The VBM of the FM-1 and AFM-1 configurations mainly contain contributions from the inner
sites, similar to what was observed in the 4~6-layer t-face-boron (Figure S8). Figure 4b shows the
relationship of the energy difference (£4) of various edge-boron configurations with respect to the
corresponding NM states as a function of 7, indicating the total energy of spin-polarized states are
remarkably lower for all of the structures considered. As n increases, the determined Eq4 gradually
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increases and then converges to about -0.75 eV per unit cell.

Figure 4c shows the layer dependent energy difference between the most stable AFM and FM
configurations of edge-boron. As n increases, the energy difference gradually decreases and
converges to nearly zero for n > 3, which differs from the interlayer distance-dependent AFM to FM
transition with BSC-like behavior as observed in 2D CrSez bilayers,** as well as the oscillating
interlayer AFM/FM behavior in RKKY interactions.*® This indicates that the extended superexchange
and RKKY mechanisms cannot describe the surface magnetism in edge-boron systems that do not
contain d- and f-electrons. The surface magnetism of edge-boron is rather produced from s- and p-
electrons only, whose wave functions and associated electron densities differ from those of d- and f-
electrons. Moreover, note that the traditional mechanisms have been developed mainly for elements
and compounds with 2¢-2e bonds, while edge-boron also contains multicenter bonds. Therefore, we
propose an exchange coupling interaction mechanism to explain the calculated results based on boron
icosahedra. The magnetism in edge-boron arises from the spin-polarization of the boron atoms with
unsaturated bonds at the surface edge sites. It can be divided into three parts: the intrasurface
magnetism from the exchange coupling between the boron atoms at the edge sites inside each
icosahedron (XCinta-i, €.g. atoms B5 and B6 in Figure 1d) and those between the intrasurface
icosahedra (XCintra-b, €.g. atoms B6 and B7 in Figure 1d), and the intersurface magnetism from the
exchange coupling (XCinter) between the upper and lower surfaces. As n increases, the XCintra-i and
XCintra-b remain essentially constant due to the small changes in the @ and b lattice constants (less than
0.13 A), while XCineer is strongly dependent on the layer spacing. XCinra-i has the strongest coupling
because of the smallest distance (1.60~1.63 A) between the edge sites at the surface. The distance

between the intersurface B2-B5 (3.15 A) and B2-B6 (2.70 A) atoms in 1-layer AFM-4 configuration



is smaller than that of intrasurface B2-B3 (3.72 A) (Figure 1d), and thus XCinter is larger than the
corresponding XCintra-b. The strong XCinter is responsible for the AFM surfaces with uniform local
magnetic moments of 0.18 uB at the edge sites and zero local magnetic moments at the inner sites.
For an extended spacing of 6.75 A in 2-layer AFM-1 configuration, the distance between the nearest
neighboring edge sites, 3.76 A, is less than the minimum distance between the edge sites at the upper
and lower surfaces (6.90 A). As a result, the strength of XCintra-b is larger than that of XCinter, and the
two different local magnetic moments of 0.15 and 0.24 pB at the edge sites mainly result from XCintra-
i and XCintra-b. The small but non-zero local magnetic moments at the inner sites indicate that the
exchange coupling range of XCintr is at least 6.90 A. For larger spacings, the strength of the XCinter
in 3-layer AFM-1 edge-boron is close to zero, and those of 4~6 layered configurations are found to
be zero at the level of accuracy of our DFT calculations. The maximum distance of XCinter of 8.4 A
can be inferred from the non-zero local magnetic moments in 3-layer AFM-1 edge-boron, indicating
that the local magnetic moments at the edge sites are mainly affected by the six intrasurface
neighboring boron icosahedra because the calculated magnetic anisotropy is almost zero within the
accuracy of the calculation method. Configurations of 4~6-layer edge-boron show either FM or AFM
features with FM surfaces because only XCintra-i and XCintra-b are responsible for the upper or lower
surfaces, which indeed produce two local magnetic moments with absolute values of 0.14 and 0.27
uB for the boron atoms at the edge sites.

In summary, we theoretically predict the surface magnetism in pristine a-boron by inspecting
specific icosahedral-based layer structures, and propose an exchange coupling mechanism to explain
the magnetic behavior. Among three types of structures considered, only the so-called “edge-boron”

structure with edge-shaped B-B bonds at the outermost surfaces exhibits magnetism, which arises
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from the spin-polarization of the boron atoms at the edge sites with unsaturated bonds in the upper
and lower surfaces. The ground state of 1-layer edge-boron possesses an AFM state with AFM
upper/lower surfaces, and the 2-layer edge-boron has an AFM state with FM surfaces. For multilayer
structures (5 layers and more), their ground states could be AFM or FM with FM surfaces, suggesting
that bulk a-boron has FM surfaces. The layer-dependent surface magnetism, with a transition from
AFM to AFM/FM, is explained by the exchange coupling mechanism between the spin-polarized
boron atoms within or crossing the icosahedral motifs. The maximum distance of magnetic exchange
coupling is 8.4 A in edge-boron. This work presents an insight into the unique surface magnetism
induced by specific icosahedral-based configurations in pure boron, providing new opportunities for

the design and engineering of future spintronic devices.
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Figure captions:

Figure 1. Side view of a-boron in hexagonal representation (a). The solid lines with red, blue, and
pink colors indicate the corresponding (001), (10-2), and (101) planes of a-boron. Side view and top
view of face-boron, t-face-boron, and edge-boron (b-d), which are cleaved from a-boron along the
(001), (10-2), and (101) planes, respectively. The boron atoms in the outermost surface of face-boron,
t-face-boron, and edge-boron with unsaturated bonds are depicted in red, blue, and pink colors,
respectively. The other boron atoms that also have unsaturated bonds in t-face-boron and edge-boron
are depicted in cyan color. Within each of these structures the bonds within the boron icosahedra can
be classified as 3c-2e bonds. The icosahedra surrounded by six icosahedra with six 3c-2e bonds in
face-boron are represented by green triangles. The icosahedra in t-face-boron and edge-boron are
connected by 2¢-2e bonds. The three exchange coupling paths inside each icosahedron (XCintra-i) and
between the icosahedra (XCintra-b) in the surface, and those between the upper and lower surfaces
(XCinter) are indicated by black solid two-way arrows.

Figure 2. Band structures in a fat-band representation and LDOS of face-boron, t-face-boron, and NM
edge-boron (a-c). The Fermi level is presented by the horizontal dashed line.

Figure 3. Spin-polarized band structure, DOS, and charge density using an isosurface level of 0.005
eV/A3 of AFM-4 edge-boron (a-b) and 2-layer AFM-1 edge-boron (c-d). The yellow color represents
electron spin up and the cyan color represents spin down.

Figure 4. Relationship between the band gaps calculated using GGA-PBE and number of layers (7)
in the unit cell of face-boron, t-face-boron, and edge-boron in their ground states (a). The cyan solid
line indicates the band gap of bulk a-boron. It is noted that the energy bands of the upper and lower
surfaces of edge-boron are not completely degenerate at 3~4 layers. The relationship between the

20



energy difference (£d) and n of edge-boron (b). The total energy of NM edge-boron is used as the
reference. The energy differences between the most stable AFM and FM configurations as a function
of n of edge-boron (c¢). The spacing of edge-boron corresponding to # are shown in the top axis. The
total energy of 1-layer NM edge-boron is used as a reference at n = 1 because geometrical relaxation

of the FM configurations converged to a NM configuration.
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FIG. 1.
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FIG. 2.
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FIG. 4.
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