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Controlling the half-metallicity of 2D magnets is of great significance for both fundamental research and
potential applications in quantum information storage, transmission and processing. Among the possible
2D magnetic heterostructures, those with intrinsic magneto-electric coupling have a great potential
in this field. Herein we theoretically investigate the experimentally feasible Crlz—CrGeTes hetero-
bilayers (Cr—H) and show electric-field-dependent half-metallicity. Besides the stacking-dependent
magnetization in Cr—H, robust half-metallicity can be induced in ferromagnetic and ferrimagnetic
heterobilayers by an electric field over 0.6 V A%, This is due to the electric-controlled band alignment in
such asymmetric band structure. Furthermore, a spin-polarized band crossing is introduced in its type-Il
spin channel for a continuously increased electric field. Thus, the magnetic heterobilayer (e.g. Cr—H)
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Introduction

Half metallicity endows magnets with the ability to generate fully
spin-polarized current, leading to a great potential of spintronics
in highly efficient information storage and processing.' This
intriguing property has attracted considerable attention since
being first realized in Mn-based Heusler alloys in 1983,* and
it has been theoretically and/or experimentally discovered in
several bulk materials, including ferromagnetic manganese
perovskite,” silicon-based heterostructure,’ metal-doped dilute
magnetic semiconductor’ and transition metal oxide and
fluoride.>® In addition, half metallicity has also been theoreti-
cally demonstrated in a few two-dimensional (2D) structures,
such as inorganic nanosheets containing transition metals,'*™
metal-organic frameworks'®'” and graphitic carbon nitride."® In
general, the successful discovery of 2D half-metals opens great
opportunities for nanoscale spintronics. Unfortunately, in
currently-known intrinsic half-metals, it is difficult to control
the transition between the half-metallic and the semiconducting
state, so that the fully spin-polarized current cannot be switched
on and off at will. This is a major limitation undermining the
design of controllable spintronic applications, including quan-
tum computing and spin field effect transistor (FET).

“Centre for Materials Science, Queensland University of Technology,
Gardens Point Campus, Brisbane, QLD 4000, Australia. E-mail: aijun.du@qut.edu.au
b School of Chemistry and Physics, Queensland University of Technology,
Gardens Point Campus, Brisbane, QLD 4000, Australia
¢ School of Physics and CRANN Institute, Trinity College, Dublin 2, Ireland
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dotco1541e

7034 | J Mater. Chem. C, 2020, 8, 7034-7040

trollable magnetoelectronic and spintronic devices.

The realization of magnetic anisotropy promoted the discovery
of 2D ferromagnetic materials. In 2017, Crl; and CrGeTe;"*?°
monolayers were successfully exfoliated from their bulk counter-
parts. Their stable structures and out-of-plane magnetization
make them an interesting materials palette for magnetoelectro-
nics, magneto-optics and ultrahigh-density memory devices.>' >
Their 2D nature enables the formation of complex heterostruc-
tures with attractive magnetoelectronic properties®®° vig van
der Waals (vdW) interaction. Among them, magnetic bilayers
are particularly interesting, since their interlayer magnetic
coupling can be tuned to be either ferromagnetic (FM) or
antiferromagnetic (AFM) by charge doping, element modifica-
tion, external electric field and mechanical motion.'**73%734 In
particular, electrically induced half-metallicity has been
recently predicted in a few 2D systems with zero net magnetic
moment, such as gapless graphene nanoribbons and small
bandgap antiferromagnets.’*>*® In these the electric field
becomes a powerful tool for adjusting the spin-polarized elec-
tronic properties of 2D materials. To the best of our knowledge,
notwithstanding massive efforts,””*’° controllable half-
metallicity has not been yet reported in 2D ferromagnetic layers
both in experiments or theory. Thus the question is: can half-
metallicity be introduced and controlled in ferromagnetic
bilayers?

Recently, magnetic heterostructures with intrinsic interlayer
magnetic and electronic coupling have been widely studied as
media for spin-Hall effect, multiferroicity, skyrmion generation
and spin valves.**** The band structures of these vdW hetero-
structures can be tuned more efficiently than those of repeated
multilayers, thus that magnetic heterobilayers appears as the
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ideal system for achieving electric-field-controlled magneto-
electronic properties.*”*® The 2D magnetic heterobilayers inves-
tigated to date are made by a combination of magnetic and
nonmagnetic layers,*®*” a strategy that limits the possibility of
manipulating magnetism and spin transport. With the goal
of achieving controllable half-metallicity, here we propose a
new-type of heterobilayer, composed of two different FM layers
(FM-FM heterobilayer), possessing strong and asymmetric inter-
layer magnetoelectronic coupling.

In this work, we theoretically reveal that a half-metallic
electronic structure can be induced and controlled in a new
artificial FM semiconductor, Crl;-GeGeTe; heterobilayers
(Cr-H), by the application of a moderate electric field. Cr-H
can be experimentally fabricated, since both CrI; and CrGeTe;
exist in their monolayer form and display well-matched lattice
constants. By sliding the layers along the two high-symmetry
directions, [100] and [110], we have discovered several energe-
tically favourable stacking orders at global and local minima,
and found that the interlayer magnetism can be either FM or
ferrimagnetic (FiM) depending on the precise geometry of the
bilayer. Most importantly, robust half-metallicity can be intro-
duced by applying an electric field of 0.6 VA~ (in the direction
from CrGeTe; to Crlz). Moreover, the spin-polarized band
crossing is also discovered in FM Cr-H under the continuously
increased field. Herein, the mechanical analysis reveals that the
external applied field offsets the electrostatic potential, leading
to the electrically induced band alignment in heterobilayers.
Our findings suggest that Cr-H can be used for implementing
efficient spin FETs in 2D, a device of great significance for both
fundamental research and magnetoelectronic applications.

Computational details

Our calculations have been performed with density functional
theory (DFT)*®*® as implemented in the Vienna ab initio Simulation
Package (VASP),’*>' constructed over the projector-augmented
wave (PAW) method.”® In order to determine the magnetic ground
state, we have calculated the total energies of Cr-H for different
magnetic structures with the Perdew-Burke-Ernzerhof (PBE) para-
meterization of the generalized gradient approximation (GGA)*® to
the exchange-correlation energy. Here, to describe the strong
correlations between electrons in the d shell, a Hubbard Coulomb
on-site potential, U, of 3.0 eV is set for Cr, which is in consistent
with previous calculations in 2D Crl;***! Our results have also
been extended to considering spin-orbit coupling (SOC) within
GGA+U.>* In order to obtain more accurate results and to eliminate
the uncertainty associated with the empirical U parameter, the
state-of-the-art Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®®
has also been used. In all calculations, a vacuum gap larger than
20 A was introduced to prevent the interactions between the out-
of-plane periodic replica of the unit cell. The plane-wave cut-off
energy was set to 400 eV, while a Gamma-centred k-point meshes
of 7 x 7 x 1 was used to sample the first Brillouin zone.
Dispersive vdW interactions were considered in our calculations
through the empirical DFT-D3 corrections. The geometric
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structures were optimized without any constraint (unless noted
otherwise) until the energy of each atoms converged to 10 °® eV
and the forces were less than 0.001 eV A"

The surface binding energies, E;,, of Cr-H for different
stacking orders can be calculated as

Ep = Ecr-un — Ecn — Ecrgere

where, the Eg; g, Ecin and Ecgere are the total energies of 2D
Cr-H, CrI; and CrGeTe; nanosheets, respectively. From the
DFT total energies of various magnetic configurations one
can extract the spin-exchange coupling parameters, J, defined
by the Heisenberg Hamiltonian,

H = Jcu Z §t§; + JcrGeTe Z §k*§ + Jinter Z gﬁk

. w0 (i@
+ Z Kix(SixAir)?
ik

where, Jc;1 and Jergere are the magnetic coupling constants of
the nearest-neighboring Cr atoms within Crl; and CrGeTe;
monolayers, respectively, and Jinr represents the Cr-Cr magnetic
coupling across the interlayers (S is the Cr magnetic moment).
Here K is the coefficient of magnetic anisotropy, and A represents
the magnetocrystalline easy axis.

Results and discussion

The optimized in-plane lattice constants of Crl; and CrGeTe;
monolayers are 6.92 and 6.90 A, respectively. Therefore the
mismatch in Cr-H (6.91 A) is less than 1% within the primitive
(1 x 1) bilayer cell. In Fig. 1a and c, the top and side views of
optimized Cr-H for two different stacking orders (AB and AB”)
are displayed. Compared to the AB stack, the AB” stack shows
an interlayer twist between the top (Crlz) and bottom (CrGeTe;)
layer with an angle of 60°. In order to investigate other possible
stacking orders, we have displaced the two layers with respect
to each other along the two high-symmetry directions, [100] and
[110]. The position-dependent energies of the magnetic ground
state is calculated as in previous work.?® The AB stack, present-
ing the lowest total energy and deepest surface binding energy
(see Table 1), is at the global minimum among all the stacking
orders investigated. However, several other structures with
comparable energy are found at the local minima. These are
labelled as AA, AB’, AC,’, AC,’, AD,’ and AD,’ [see Fig. 1b
and d], and they must be considered as metastable phases,
kinetically available to be observed especially at a low tempera-
ture (note that the barriers for sliding are relatively high). It is
worth mentioning that the AC,’ stack, obtained with a frac-
tional lateral shift of the Crl; unit cell of [2/3, 0] with respect to
the starting AB” stack, is the most stable for an interlayer
twisting angle of 60°.

We then calculate the energy difference between the FM
and FiM spin alignment between the two monolayers (the
difference in magnitude of the magnetic moments of Cr atoms
in CrI; and CrGeTe; monolayers leads to net magnetic moment
of 0.20 ug when setting the opposite interlayer spin configura-
tions in Cr-H). We find that the interlayer magnetism of Cr-H
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Fig. 1 Geometric structures of Cr—H for the AB [panel (a)] and AB” stacks
[panel (c)]. Stacking energies as a function of the lateral shift, with respect
to the (b) AB and (d) AB” stacks, respectively. Displacements along
two high-symmetry directions, [100] (red lines) and [110] (blue lines), are
explored. The stable and metastable stacking orders are marked in the
figures. The top view of the AB’ and AC,’ stacks are inserted as insets in
panels (b) and (d), with the red arrows representing the lateral shift
between the layers.

Table 1 Magnetic ground states, total energies (Ei, in €V), surface binding
energies (Ep, in eV), spin-exchange coupling parameters (J, in meV/ug?) and
magnetic anisotropic energies (MAE = Ej_giane — Eout-of-plane. POSItive values
indicate out-of-plane magnetization, in meV/Cr) for different stacking orders
in their magnetic ground states. The unit cell contains 4 Cr atoms in total

Ground state Etot Ep ]CrI .]CrGeTe ]inter MAE
AB FM -76.76 —0.71 —-4.77 -7.65 —0.78 0.57
AA FM -76.71 —-0.65 —4.34 -7.59 —0.31 0.47
AB’ FiM —-76.74 —0.69 —3.83 —6.40 0.24 0.52
AC,/ FM -76.74 —-0.68 —4.44 -6.85 —0.12 0.59
AC,’ FiM -76.75 —0.70 —-3.76 —6.45 0.35 0.48
AD, FiM —-76.70 —0.64 —4.08 -—6.63 0.29 0.50
AD,’ FiM -76.71 —-0.65 —3.76 —6.35 0.21 0.49

is strongly stacking-dependent (see Fig. S1 and S2 in the ESIY),
in line with what previously found for the CrI;**** and CrS,*"
bilayers. The magnetic ground state of the AB, AA and AC,’
stacks is FM, whereas, that of AB’, AC,’, AD,’ and AD,’ is FiM
(see Table 1 and Table S1, ESIt). Fig. S3 (ESIt) shows that the
spin density, as expected, is mainly concentrated around the Cr
atoms for both monolayers. An accurate analysis of the mag-
netic interaction based on the Heisenberg energy introduced
before (see details in the ESI}) reveals that the intralayer
exchange-coupling parameters are about an order of magnitude
larger than the interlayer ones (see Table 1), and close to those
of Crl; and CrGeTe; monolayers. This suggests that Cr-H may
present a Curie (Néel) temperature similar to that of 2D Crl;
and CrGeTe;. Notably, all of the stacking orders possess the
out-of-plane magnetization (Table 1) with the values being
closed to those of Crl; and CrGeTe; layers.>®*’
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After having investigated the ground-state magnetic order
and strength of Cr-H, we now calculate their electronic proper-
ties with the HSE functional. Herein, the AB and AC,’ stacks are
considered as two representative structures, not only because of
their different magnetic ground state, but also because they are
at the energy minimum for the interlayer twisting angles of 0°
and 60°, respectively. The Crl; and CrGeTe; monolayers are
both FM semiconductors with bandgaps of 1.88 and 0.78 eV
(see Fig. S5, ESIT), respectively. However, the bandgap of Cr-H
reduces to around 0.55 eV regardless of the precise stacking
order (Fig. S6, ESIt), due to the intrinsic band alignment.
Interestingly, the valence band maximum (VBM) and conduc-
tion band minimum (CBM) of FM Cr-H are in the same spin
channel, whereas those of the FiM states straddle different spin
channels. In order to demonstrate this point the orbital-
resolved density of states near the Fermi level of Cr-H is plotted
in Fig. S7 (ESIT). We can see that the CBM is composed of Cr 3d
and I 5p orbitals from the Crl; layer, while the VBM is mainly
contributed by Te 5p orbitals originating from CrGeTe;.

Next we investigate the effects of the external electric field on
the magnetic and electronic properties of Cr-H. As shown in
Fig. 2, the energy difference (blue lines) between the FM and
FiM configurations is significantly reduced with increasing the
intensity of the applied field for both the AB and AC,’ stacks.
The exchange parameters are remarkably decreased with the
increased external field (Fig. S8, ESIt), indicating a stronger
interlayer FM coupling. For the AB stack the magnetic coupling
between the layers remains FM for all fields, while for the
AC,’ one there is a FIM-FM transition at an applied field of
—0.8 V A", Interestingly, the magnetic moment of the Cr ions
in CrGeTe; depends little on the electric field (Fig. S9, ESIf),
while that of Crl; increases significantly for positive fields (the
direction of the field is from CrGeTe; to Crl;, see Fig. 2a), owing
to an electrically induced charge distribution. At 1.0 V A~ the
net magnetization of the Crl; layer increases from 3.47 ug at zero
field to 3.54 up, indicating an increment of 1.69 x 10" cm ™2
carriers in this layer.*®

Most importantly, robust half-metallicity is introduced at a
positive electric field. As we can see in Fig. 2, for the AB and
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Fig. 2 Electric field dependent band gaps of spin up (red) and down
(black) states and total energy difference (blue) between the FM and FiM
configurations for (a) the AB and (b) AC;’ stacks. Gyp and Ggown indicate
the band gaps in the spin up and spin down channel, respectively. As a
matter of convention the electric field is positive when pointing from
CrGeTes to Crls.
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AC,’ stacks, the spin up channel becomes metallic with the
band gap dropping to zero at a field of 0.6 V A™*, while the spin
down channel remains semiconducting with a band gap of 1.40
and 0.34 eV, respectively for AB and AC,’. For comparison, a
similar electric-field-induced transition between the semicon-
ducting and half-metallic states cannot be achieved in CrI; and
CrGeTe; homo-bilayers, where the two spin channels simulta-
neously turn metallic after reaching a critical field (1.2 V A™*
for Crl; and 1.0 V A~ for CrGeTe;, see details in the ESIT).
Therefore, the magnetic heterobilayer with proper band align-
ment is an effective heterojunction to achieve the electrically
controllable half-metallicity, ascribing by the asymmetry of the
band structure.

The evolution of the band structure as a function of the
electric field (for fields of —0.6, 0, 0.6, 0.8 and 1.0 V A™") is
shown in Fig. S11 (ESIT) and schematically in Fig. 3 for both the
AB and AC,’ stacks. In the absence of an external field, the
VBMs of two spin channels of the AB (AC,’) stack are both made
of Te p, and p, orbitals, while the CBMs are respectively
contributed by Cr t,, orbitals from the Crl; (CrGeTe;) and
CrGeTe; (Crl;) layers. The difference in orbital composition of
the CBM owes to the different magnetic order of the two stacks,
obtained by reversing the local moment of the Crl; layer. As one
can observe in Fig. 3, when the electric field gets larger than the
critical field of 0.6 V A™" only the spin up channel crosses the
Fermi level, while the spin down band structure remains that of
a semiconductor with a band gap of 1.40 eV (0.20 eV) for the AB
(AC,') stack. The Fermi surface is thus characterized by spin up
Te p, and p, orbitals, suggesting a half-metallic conductivity.
Patently, at the field of 0.8 VA™", Te p and Cr t,, (from Crl;)
orbitals are crossing in the spin up channel of the AB stack,
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which can be confirmed by the decomposed charge density of
bands near Fermi level. For the band of the AB stack, the charge
density in spin up channel at 0.8 V A™* distributes in two layers
(Fig. 3c), whereas that at 0 V A™" are contributed by only one
layer (Fig. S12a, ESIf). However, the AC,’ stack possesses
similar charge density distribution at 0 and 0.8 V A~

Fig. 4 schematically illustrates the band alignment of the FM
and FiM state of the heterojunction. The work function of
monolayer Crl; is 5.95 eV, much larger than that of CrGeTe;
(4.89 eV). Based on such difference in workfunction and in the
band gap of the constituent monolayers, the intrinsic band
alignment of the FM (FiM) state of Cr-H is type II for spin up
(down), and type I for the other spin channel. This also makes
the minimum band gap, Gup-down, of FiM Cr-H straddling two
spin channels. The external electric field offsets the electro-
static potential and shifts the band positons of heterobilayers.
As shown in Fig. 4b and c, both of the CBM of Crl; and VBM of
CrGeTe; are approaching to the Fermi level under the positive
electric field, while moving inversely under the negative field.
In addition, the electrically induced charge density, defined as
Ap=p (E)
bution in two outermost atomic layers (Fig. S14, ESIt).

The ability to engineer its band structure opens up the
possibility to use CrI;-CrGeTe; heterobilayers to generate
spin-polarized current pulses. Fig. S15a (ESIT) gives an example
of a spin FET. The voltage applied through the top and back
gates®® provides the input. As discussed above, one of the
spin channels of Cr-H can be tuned from semiconducting to
metallic, while the other spin channel remains semiconducting
at the critical perpendicular electric field. Therefore, in such
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Fig. 3 Orbital-resolved band structures of the (a) AB and (c) AC,’ stacks under an external electric field of 0.8 V AL Decomposed charge densities
corresponding to the marked position of the bands for the (b) AB and (d) AC,’ stacking orders.
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spin FET, when the amplitude of the alternating current (AC)
voltage exceeds the critical voltage (Fig. S15b, ESIf), a spin-
polarized pulse current will be obtained between the source
and drain. In addition, the period of these generated current
can be easily modified by controlling the input AC voltage.

Conclusions

In summary, we have explored theoretically the magneto-
electronic properties of experimentally feasible CrI;-CrGeTe;
heterobilayers with electric-controlled half-metallicity. Seven
energetically favourable stacking orders of Cr-H are discovered
at the global and local minima. Their intralayer magnetic
coupling is FM, while the interlayer one can be manipulated
between FM and FiM by altering the stacking geometry (FM for
AB, AA and AC,’ stacks, FiM for AB’, AC,’, AD,’ and AD,’
stacks). Notably, in electric field pointing from CrGeTes
to Crl; of 0.6 V A™', one spin channel makes the transition
from semiconducting to metallic, while the other remains
semiconducting. This leads to the transport of 100% spin-
polarized current. Furthermore, the spin-polarized interlayer
band crossing near Fermi level is introduced in the type II spin
channel of FM Cr-H by the continuously increased field.
Herein, the important role of the applied field is to offset the
electrostatic potential in heterobilayer, resulting in the electric-
controlled band alignment. Based on our findings, we propose
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a spin FET device able to generate 100% spin-polarized pulses.
The mechanism for electric-field-induced half-metallicity
in Cr-H can be extended to other magnetic heterobilayers,
suggesting the great potential of this materials class for
controllable magnetoelectronic and spintronic applications.
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