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Developing approaches to effectively control the charge and magnetic states is critical to the use of
magnetic nanostructures in quantum information devices but is still challenging. Here we suggest that the
magnetic and charge states of transition-metal (TM) doped single-layer boron-nitride (SLBN) systems can
be easily controlled by the (internal) defect engineering and (external) electric fields (E,,;). The relative
positions and symmetries of the in-gap levels induced by defect engineering and the TM d-orbital energy
levels effectively determine the charge states and magnetic properties of the TM/SLBN system.
Remarkably, the application of an E can easily control the size of the crystal field splitting of the
TM d orbitals and thus, leading to the spin crossover in TM/SLBN, which could be used as E.-driven
nonvolatile memory devices. Our conclusion obtained from TM/SLBN is valid generally in other TM

adsorbed layered semiconductors.
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Graphene has many interesting electronic and magnetic
properties. Its low-dimensional nature makes it ideally
suitable for nanoscale device applications[1]. In particular,
graphene has been considered as a promising host material
for spintronic related applications because it can posses
magnetic moments through defect control such as forming
nano ribbons[2,3] or forming vacancies[4], and more im-
portantly, it has low intrinsic spin-orbit interaction and low
hyperfine interaction between the electron spins and the
carbon nuclei. However, the coupling between the 2 p-like
magnetic moments through electron or hole carriers, a
central requirement of spintronics, is relatively weak. As
a result, introducing transition metals (TM) in graphene
system has become a popular choice to enhance the mag-
netic interactions.

Extensive experimental[5—7] and theoretically studies
[8—11] have been carried out to test this idea. Indeed,
magnetic properties of TM doped graphene can be signifi-
cantly modified. However, because of the lack of band gap
in graphene, the TM d orbitals strongly couples with the
conduction or valence bands of graphene [10,11] and
further control of the charge and magnetic states of TM/
graphene system is quite difficult [7], but the reliable
control of the charge and magnetic states of a magnetic
material is a key step for spintronics and quantum infor-
mation devices [12,13]. Naturally, one may expect to solve
this difficulty by replacing metallic graphene layer with
some semiconducting layers. Single-layer boron-nitride
(SLBN) or other III-V (e.g., AIN and GaN) and II-VI
(e.g., ZnO and ZnS) graphiticlike structures have been
synthesized in experiments[14,15] or predicted in theories
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[16,17]. Owing to the large chemical difference between
cation and anion atoms, these ionic-layer structures display
large heteropolar band gaps [14,17]. Because the energies
of TM 3d orbitals can exist inside the band gap [18], i.e.,
not in the conduction or valence band as in the case of TM/
graphene, we expect that these in-gap TM 3d orbitals may
be easier to be controlled by various approaches and the
TM/II-V or TM/II-VI layer systems might be considered
as preferential magnetic materials for low-dimensional
spintronics.

In order to examine the controllability of the magnetic
and charge states in these TM/III-V or TM/II-VI layer
structures, taking TM/SLBN as a typical example, we
have systematically studied 3d TM atoms (from Sc to
Zn) doped SLBN based on density-functional theory
(DFT) calculations [19]. In general, we find that the mag-
netic and charge states of TM/SLBN systems can be ef-
fectively controlled by the (internal) defect engineering
and/or (external) electric fields (E.y,). The relative position
and symmetry of the in-gap levels induced by structural
defects or impurities play a crucial role in determining the
charge states and magnetic properties of adsorbed TM
atoms. Interestingly, we show that an E.,; can effectively
control the size of the crystal field splitting of the TM 3d
orbitals, thus leading to a spin-crossover effect in TM/SLBN
systems, which could be used for applications such as non-
volatile memory. Our further calculations show that the
conclusions obtained from TM/SLBN systems are valid in
other TM/III-V or TM/II-VI layer systems.

An isolated TM atom usually has a s'T st g7l gn
configuration, except for Cr and Cu atoms, where only
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one electron occupies the 4s orbital. After adsorption on
pristine SLBN, the large Coulomb repulsion between the
TM 4s orbital and the SLBN layer pushes up the 4s orbital
energy, therefore causing a charge transfer from the TM 4s
orbital to the 3d orbital, resulting usually either in 4”1 s'1
d™ s% (m < 5) or d™ s11g@"* 1 sO% (m = 5) spin configura-
tions. Because of the large band gap of BN, there is no
charge transfer between TM and pristine SLBN, so all the
TM atoms exhibit neutral charge states TMC. This indicates
that the magnetic properties of SLBN can be modified by
adsorption of TM on its surface, as one would expect.
Unfortunately, the calculations show that all TM atoms
on SLBN have binding energies less than 1 eV, agreeing
with previous calculations [20], which indicates that the
TM atoms on the BN surface are quite mobile at room-
temperature, like the diffusion of TM atoms on pristine
graphene surfaces [21,22].

As learned from the TM/graphene system [10,11,21,23],
an effective way to enhance the stability of TM/SLBN
systems is to introduce defects in SLBN. These defects
lead to a locally increased reactivity and thus enable the
formation of stable chemical bonds with adsorbed atoms
[21,23,24]. In experiments, vacancies and impurities
(e.g., carbon and oxygen) are typically created during the
synthesization of SLBN [14,25,26]. Taking boron-vacancy
(Vg), nitrogen-vacancy (Vy), boron-nitrogen-vacancy
(Van), and C impurity as examples, we demonstrate here
that charge and magnetic states of TM/SLBN can be more
easily controlled by defect engineering.

The (local) optimized structures of Vg, Vy, and Vpy are
shown in Fig. 1(a). In the case of Vg, the Jahn-Teller
distortion lowers its symmetry from Ds, to C,, after
relaxation [27,28]. The magnetic moments of N atoms at
Vg are 1,1, and —1 up, respectively. The N-N distance
between the two N atoms at Vi with opposite spin direction
is 2.70 A while the distance between the two N atoms with
same spin direction is increased to 2.79 A due to Coulomb
repulsion. Vi has a symmetry of D5, and the three first-
neighbor B-B distances at Vy are 2.29 A. The three B
atoms at Vyy have same spin directions and they contribute
to a total magnetic moment of 1 wug. Vpy (C,,, Symmetry)
is spin-unpolarized. The first-neighbor B-B and N-N dis-
tances at Vpy are 1.93 and 1.81 A, respectively.

The defect levels of Vg (Vy) at the vacancy site can be
classified to have a”, a”, e™, and e” representations. In Vg,
the a™, a?, and e™ states are resonant inside the valence
band while e” states are above the valence band maximum
(VBM) in the gap. Because of the crystal field splitting
caused by the Jahn-Teller distortion, the twofold degener-
ate e” states further split into bY and b§, as shown in
Fig. 1(b). Finally, due to the spin exchange splitting, the
occupied b§ state in spin-up channel moves down into the
valence band. The three hole levels above valence band
make Vg acting as a triple acceptor. Different from Vg, the
a™ and e” levels derived from the B atoms at Vy site are
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FIG. 1 (color online). (a) The (local) optimized geometries of
Vg, Vn, and Vgy in SLBN. (b) The schematic drawings of the in-
gap defect levels induced by Vg, Vy, and Vgy. The symmetry of
these defect levels are explained in the text.

present in the gap and e is close to the conduction band
minimum (CBM) and the a” level in spin-up channel is
occupied, as shown in Fig. 1(b). The defect levels of Vgy
could be regarded as the combination of Vg and Vy. Two
unoccupied levels derived from B vacancy (bg,) and N
vacancy (ayy) at Vgy are present in the gap. The aj;, level
is high in energy, making Vgy as a double acceptor.

Depending on the position and symmetry of in-gap
levels induced by vacancies, it is expected that they can
interact with the adsorbed TM 3d to achieve the control-
lable charge and magnetic states of TM/SLBN. For in-
stance, since the energies of TM 3d orbitals are roughly
located at the middle of the gap of SLBN, they could
behave as TM?®" ion after coupling to triple-acceptor Vg
or TM?* ion after interact with double-acceptor V. Since
the in-gap levels induced by Vi are comparable to that of
3d orbitals of TM in energy, instead of charge transfer,
hybridization effect can play an critical role in determining
the magnetic states of TM-Vy.

When aTM atom is attached on these vacancies [Fig. 2(a)],
the binding energy of a TM atom on Vg (—4 to 12 eV) is
significantly larger than that of on Vg and Vy, which could
be understood by the larger charge transfer effect in TM- V.
Among these TM atoms, Sc atom adsorption on Vpy has the
largest binding energy compared to other TM atoms on Vg,
as shown in Fig. 2(b), consisting with the fact that the 3d
orbitals of Sc are highest in energy than other 3d TM atoms
and the largest energy gain could occur for Sc/SLBN during
the charge transfer.

For TM atoms adsorption on Vpgy, two electrons of TM
atom transfer to b§, level of Vpy, giving rise to TM?*
charge state. The alignment of the remaining 3d electrons
exactly follows the Hund’s rule, as shown in Fig. 2(d). For
TM atoms adsorption on Vg, TM atoms exactly exhibit
TM3™ state after three electrons transfer to the three h”
levels of V. Similar results are found for TM adsorption
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FIG. 2 (color online). (a) The schematic structure of TM atoms
adsorb on Vp, Vy, and Vgy in SLBN. (b) The binding energies of
TM atoms adsorption on Vg, Vy, and Vpy in SLBN. (¢) The
height of the TM atoms above the SLBN surface when TM
atoms adsorb on Vg, Vy, and Vgy. (d) The magnetic moments of
SLBN with TM atoms adsorption on Vg, Vy, and Vpy.

on cation-vacancy in other TM/III-V layers. All the TM
atoms on Vy show high-spin configurations based on
Hund’s rule except for Fe, Co, and Ni atoms, as shown in
Fig. 2(d).

In order to understand the physical mechanism of the
high-spin and low-spin configurations, we have analyzed
the alignment and charge transfer between TM and SLBN.
Taking Cr-Vy as a typical example of high-spin case, the
3d orbitals of Cr atoms are split into a single a? (d) state
and two twofold degenerate EY (d,, + d,_) and E§
(dy, +d,,) states under Csy symmetry. E; and E, are
mixed and split into two peaks, defined as e¢ and e4, as
shown in Figs. 3(a). After three electrons transfer to the Vj
b levels, the remaining d° orbitals of Cr** occupy the a“
and e{ in spin-up channel and exhibit a @*'d@® high-spin
configuration. The fully occupied Vg b“ levels are then
downshifted into valence band and convert to doubly

degenerate e state. In Cr-Vp, the size of exchange split-
ting of e orbitals A., is larger than that of crystal field
splitting A between e and e4. The same physical mecha-
nism results in the high-spin configurations in V-Vy and
Mn-Vyg. The case is opposite for the low-spin configurations
in Fe-Vg, Co-Vg, and Ni-Vg, where A s > A, (Fig. 3(c)).
Taking Fe-Vy as an example, because A > A, the
electrons transfer from ¢4 in spin-up channel to e¢ in spin-
down channel, resulting in a @*'d? low-spin configuration.
The same physical mechanism results in the low-spin con-
figurations of Co-Vy and Ni-Vg. Moreover, because e is
not occupied for Ti** while e in spin-down channel is fully
occupied for Cu?* and Zn3*, the high-spin states of Ti-Vp,
Cu-Vg, and Zn-Vy are not dependent on the relative sizes
of Ay and A.,. Generally, our results can be understood
by the crystal field theory based on Griffith’s theory of
TM ions [29].

As we learned from the Cr-Vy and Fe-Vy cases above,
the high or low-spin configuration is mostly determined by
the relative size of A, and A . Thus, the transition be-
tween high-spin and low-spin configurations of TM-Vjy
could be achieved by controlling the size of A., and/or
A. To confirm our physical intuition, taking Fe-Vy as an
example, our calculations show that if the height of Fe
atom on Vjy is increased from 1.42 to 1.61 A (the total
energy is increased by 0.23 eV), then A < A, and the
spin of Fe transfers to the high-spin d°'d” configuration. In
experiments, this spin transition might be achieved by
either using a STM tip to modulate the height of TM atoms
or applying a certain strain on SLBN.

The situation of TM atoms adsorption on Vy is more
complicated and quite different from that of on Vg and
Vgn- Since the position of Vy in-gap levels is comparable
to that of TM 4s, 3d orbitals in energy, the covalent
hybridization between Vy a”, e’ and TM 4s,3d states
plays the dominant role in determining the magnetic state
of TM-Vy. TM s, d > orbitals belong to the a representation
under C3y symmetry while TM d, 2 2, . belong to the
e representation. As shown in Fig. 1(b), the in-gap levels of
Vn also can be classified to a and e symmetry. According
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FIG. 3 (color online).

(a) The schematic representation of the 3d levels of Cr atom after adsorption on V. The definition of the

crystal field splitting A and exchange splitting A, are explained in the text. (b) The schematic drawing of the symmetry-dependent
coupling mechanism between Vy in-gap levels and Cr orbitals. (c) The calculated A and A, of TM atoms in TM-Vg.
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both spin-channels. The e{™7, a{™*"7, e5"7 states are

occupied in spin-up channel while only e{*“ is occupied

in spin-down channel, giving rise to a magnetic moment of 3
tp. From Mn to Zn, the a{***™ and e§*“ hybrid states
become gradually occupied in spin-down channel as well,
giving rise to low-spin configurations, as shown in Fig. 2(d).

The general rule we provide here to control the charge
and magnetic states of TM atoms by defect engineering is
not limited to the vacancy defects but can be extended to
other kinds of defects like C impurity. When C substitute N
(Cy) in SLBN [25], because C is less electronegative than
N, a defect level with C p, component is pushed up above
the valence band and it is occupied (unoccupied) in the
spin-up (spin-down) channel [27,30]. TM atom on Cy
transfers one electron to the unoccupied p-type defect level
and exhibits TM'" charge state. The remaining3d orbitals
of TM atoms are aligned as Hund’s rule. For example, Mn
on Cy exhibits an orbital alignment of &°'d'! after one 4s
electron transfers to d.

The understanding above suggests that the magnetic
properties of TM/SLBN can be tuned if we can effectively
adjust the relative energy positions of TM and/or defective
SLBN. For example, applying an external electric field E,,,
can shift the relative energy level positions because TM
and SLBN are not in the same plane and because TM and
SLBN can have opposite charge states when SLBN is
defective. Taking Mn-Vy as an example (Fig. 4), Mn-Vjp
exhibits a d*'d® high-spin configuration without an E,,,
[Fig. 2(d)]. A positive E,; exsert a force on the system,
pushing the Mn closer to the SLBN because Mn is positive
charged and SLBN is negatively charged. This increases
the crystal field splitting. Remarkably, when E, is in-
creased to 1.0 V/nm, the height of Mn atom on Vjy is
decreased suddenly from ~1.6/A to ~1.5/A. The large
increase of the crystal field splitting causes a spin cross-
over, i.e., charges are transferred from the spin-up channel
to the spin-down channel [Fig. 4(c)] and the spin configu-
ration converts from d*'d% to @*'d"!, as shown in Fig. 4(b).
This low-spin state is found to be a metastable one with a
total energy of ~ 360 meV higher than that of the high-spin
state in the absence of E,,;. Therefore, a negative critical
E., 1s required to convert the low-spin state to high-spin
one to realize the controllable spin-crossover effect.

The similar physical mechanism results in the spin
configuration of Co-Vpgy transfer from @*'d” to d*d"
when E.,, is about 3.0 V/nm [Fig. 4(b)]. The fact that larger
E., is required for the Co-Vpy system than the Mn-Vp
system is consistent with the fact that the Co-Vpy is less
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FIG. 4 (color online). (a) The model of a TM-SLBN system
under an E,,. An E,,, is oriented normally to SLBN surface and
is assumed to be positive when it is directed downward. (b) The
magnetic moments of Co-Vpy and Mn-Vy as a function of Ey,.
(c) The energy shift of d orbitals for Mn-Vj as a function of Ej;.
The Fermi level is set to zero.

ionized, i.e., less charge transfer between TM and SLBN,
than Mn-Vg. It is worth to notice that the small critical E,,,
in these systems indicates that it is possible to achieve this
spin-crossover effect in experiments [31]. Our calculations
show that this spin-crossover effect exists generally in TM/
III-V and TM/II-VI layer structures, which strongly sug-
gests that these TM/ionic-layer systems could be used for
electromagnetic applications such as E.,-driven nonvola-
tile memory devices.

In conclusion, by using DFT calculations we have dem-
onstrated that the charge and magnetic states of TM atoms
on SLBN can be effectively controlled by internal defect
engineering and external electric fields. Our conclusions
got from TM/SLBN systems are valid in other TM/III-V or
TM/II-VI layer structures.
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