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ABSTRACT: Two-dimensional electron gas (2DEG) created at compound interfaces can exhibit a broad range of exotic physical
phenomena, including quantum Hall phase, emergent ferromagnetism, and superconductivity. Although electron spin plays key roles
in these phenomena, the fundamental understanding and application prospects of such emergent interfacial states have been largely
impeded by the lack of purely spin-polarized 2DEG. In this work, by first-principles calculations of the multiferroic superlattice
GeTe/MnTe, we find the ferroelectric polarization of GeTe is concurrent with the half-metallic 2DEG at interfaces. Remarkably, the
pure spin polarization of the 2DEG can be created and annihilated by polarizing and depolarizing the ferroelectrics and can be
switched (between pure spin-up and pure spin-down) by flipping the ferroelectric polarization. Given the electric-field amplification
effect of ferroelectric electronics, we envision multiferroic superlattices could open up new opportunities for low-power, high-
efficiency spintronic devices such as spin field-effect transistors.

KEYWORDS: Two-dimensional electron gas, multiferroics, half-metal, ferroelectric control, spin field-effect transistor

Controlling the spin degree of freedom by pure electrical
means holds great significance in energy-efficient

spintronic devices. However, the external electrical field is
typically several orders of magnitude weaker than the materials’
crystal field and electrostatic doping usually can only modulate
the carrier concentration at the level of 1012−1013 /cm2

(equivalent of 0.001−0.01 electrons per atom); thus, both
schemes are unable to deliver efficient electrical control of
magnetism. In contrast, leveraging the inherent magneto-
electric coupling in multiferroic materials1−6 provides an
outstanding possibility, due to the intrinsic coupling between
electrical order and magnetic order. Among many multi-
ferroics,7−26 artificial multiferroic heterostructures possess
much more freedom in material choices and combinations,
and meanwhile, owing to the mechanical deformation related
to the ferroelectric polarization, the magnetism can be
prominently controlled.16−25 However, due to the large band
gaps of the insulating multiferroics, most of them are
impractical for spintronic transport, and multiferroic hetero-
structures consisting of semiconductors are highly desirable.
As a prototype of ferroelectric Rashba semiconductors,27−29

GeTe crystallizes in a trigonal ferroelectric phase (space group

R3m) below 720 K.28−30 Bulk MnTe, a semiconducting A-type
antiferromagnet with the Neél temperature TN ∼ 310 K,31−34

crystallizes in the hexagonal NiAs structure, and thus is likely
to be able to be integrated with GeTe to form multiferroics.
Indeed, Ge1−xMnxTe compound has been widely investigated
both experimentally and theoretically.35−40 It was found that
the doping of GeTe with Mn atoms maintains the
rhombohedral lattice distortion and ferroelectricity in
Ge1−xMnxTe (x < 0.3),38 in which Mn spins ferromagnetically
couple to each other via free-carrier-mediated RKKY (Ruder-
man−Kittel−Kasuya−Yosida) exchange interactions with the
Curie temperature up to ∼200 K.41,42 However, as evident, the
deleterious effects associated with the doping scheme (e.g.,
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enhanced impurity scattering and reduced Curie temperature)
remain in Ge1−xMnxTe.
The GeTe/MnTe heterostructures, as high-quality crystals,

potentially circumvent the deleterious effects in doping
compounds and may possess properties that are unexpected
in constituent bulk materials and doping compound
Ge1−xMnxTe. In this article, a GeTe/MnTe multiferroic
superlattice is constructed, and the resultant multiferroicity is
studied. Surprisingly, we find that the ferroelectric polarization
of GeTe can produce half-metallic two-dimensional electron
and hole gases (2DEG and 2DHG) at the alternating interfaces
of the superlattice. Interestingly, these 2DEG and 2DHG have
the same spin orientation. When the ferroelectric polarization
of GeTe is reversed, the spin direction is reversed. In short, the
pure spin polarization can be created and annihilated by
polarizing and depolarizing the ferroelectric and can be
switched (between pure spin-up and pure spin-down) by
flipping the ferroelectric polarization.
We design a superlattice consisting of a ferroelectric

semiconductor and an A-type antiferromagnetic semiconduc-
tor (i.e., intralayer ferromagnetism and interlayer antiferromag-
netism), which is illustrated in Figure 1a. The ferroelectric

layer is sandwiched between the neighboring A-type
antiferromagnetic layers, forming the two interfaces I and II.
When the ferroelectric polarization is zero (as illustrated in
Figure 1a), the two adjacent antiferromagnets have the same
electrostatic potential and the energy levels of the two adjacent
interfaces are identical (Figure 1d). However, when the
ferroelectric is polarized (Figure 1b,c), the electrostatic
potential gradient will be induced in the two adjacent
antiferromagnets (Figure 1e,f) with asymmetry between the
interface I and II. That is, there are equal amounts of electrons
and holes of the same spin orientation on the two interfaces,

respectively. The spin polarization of these 2DEG and 2DHG
can be reversed by flipping the ferroelectric polarization.
A practical material platform for the above concept is the

GeTe/MnTe superlattice. Bulk GeTe acquires a spontaneous
polarization as large as ∼60 μC/cm2 along the 3-fold axis of
the rhombohedral cell.28,29 Its primitive unit cell is shown in
Figure 2a, in which Ge and Te ions are displaced from the

ideal rocksalt sites along the [111] direction (i.e., the c-axis in
Figure 2a). Figure 2b displays the hexagonal unit cell of GeTe,
in which three Ge−Te pairs (i.e., Ge1Te1, Ge2Te2, and
Ge3Te3) are stacked in the order ABCABC along the
ferroelectric polarization direction (i.e., the c-axis direction).
GeTe is a ferroeletric semiconductor with a calculated band
gap of about 0.65 eV, as seen in Figure 2d. The A-type
antiferromagnet MnTe has a NiAs-type hexagonal phase,43,44

as shown in Figure 2c. The two Mn−Te pairs (i.e., Mn1Te1
and Mn2Te2) are stacked in the order ABAB along the vertical
direction. All of the quantitative data are calculated by the
generalized gradient approximation (GGA)+U scheme45 with
Ueff = 0, unless mentioned otherwise. Although different Ueff
values give rise to different calculated band gaps for MnTe, it
does not change the conclusion of our investigation, which has
been tested and summarized in the Supporting Information.
We construct supercells with the hexagonal MnTe and GeTe

layers stacked along the c-axis. Four layers of GeTe and eight
layers of MnTe are used. There is no need to further increase
the thickness of the four-layer GeTe, as six and seven layers of
GeTe have been tested and have shown similar results as four-
layer GeTe. Considering the ABC-stacking of GeTe and the
AB-stacking of MnTe, there are six different contacting

Figure 1. (a−c) The schematic structures of the ferroelectric/A-type
antiferromagnet superlattices and the change of the interfacial states
induced by the ferroelectric polarization reversal. The schematic
electronic structures in parts d−f correspond to the structures in parts
a−c, respectively. The ferroelectric polarization p⃗ is zero in parts a
and d. I and II indicate the two interfaces. The ferroelectric
polarizations indicated by the arrows are pointing to the right in part b
and to the left in part c, respectively. “+” and “−” in parts b and c
indicate holes and electrons accumulated at the interfaces. Red and
blue colors in parts b−f indicate the spin-α and -β bands/carriers,
respectively.

Figure 2. Atomic structures of GeTe and MnTe and their band
structures. (a) The primitive unit cell of ferroelectric GeTe, in which
the purple arrow indicates the relative offsets between Ge and Te
atoms along the c-axis. (b) The hexagonal supercell of GeTe, which
consists of three Ge−Te pairs (i.e., Ge1Te1, Ge2Te2, and Ge3Te3)
along the c-axis. (c) The hexagonal A-type antiferromagnet MnTe, in
which spins of Mn ions (represented by arrows) align ferromagneti-
cally in the hexagonal plane, with antiferromagnetic coupling along
the c-axis. (d, e) The calculated band structures of GeTe and MnTe.
The vertical dotted lines label the high-symmetry points, and the
Fermi level is set at zero.
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interfaces, as shown in Figure 3. The lateral lattice constants of
the hexagonal GeTe and MnTe are 4.233 and 4.099 Å,
respectively. The fully relaxed crystal structures are shown in
Figure 3, in which the ferroelectric polarization of GeTe layers
is indicated by the gradient from dark blue to light gray. The
polarization pointing from light gray to dark blue is defined as
the positive polarization.
The in-plane lattice constant a, the total energy per supercell

E, the total magnetic moment per supercellM, and the induced
magnetic moments of the interfacial Mn atoms are summarized
in Table 1. The type-f structure with the ferroelectric phase has

the lowest total energy, which is set as the reference energy (E
= 0). For the superlattices illustrated in Figure 3a−c, they do
not have net electric polarization, and the values of the
magnetic moments of the interfacial Mn1 and Mn2 ions are
nearly equal in amplitude and opposite in sign. However, for
the superlattices illustrated in Figure 3d−f, GeTe layers have
net electric polarization, and the differences between the
absolute values of the magnetic moments of Mn1 and Mn2 ions
are clear, resulting in net magnetic moments.
Figure 4 plots the density of states (DOS) of the six types of

superlattices, in which red and blue curves represent the spin-
up (α) and -down (β) channels, respectively. It is interesting
that the superlattices in Figure 4a−c are nearly semiconductive,
while those in Figure 4d−f are metallic and show more
pronounced spin splitting around the Fermi level. Especially

for structure f, which has the lowest total energy, a nearly half-
metallic character around the Fermi level is observed: the spin-
α channel in red is dominant, while the spin-β in blue is
suppressed. In Figure S2 of the Supporting Information, the
DOS of the six superlattices for Ueff = 3 eV are shown, and
similar to the case of Ueff = 0 eV, we obtain semiconductivity in
the paraelectric superlattices and half-metallicity in the
ferroelectric ones.
To investigate the effect of the ferroelectric polarization on

the interfacial states of GeTe/MnTe, especially on the half-
metallicity in structure f, we reverse the ferroelectric polar-
ization in structure f. Parts a, c, and e of Figure 5 show the
band structures for the paraelectric phase and negative and
positive ferroelectric polarizations, respectively, in which the

Figure 3. Atomic structures of the six GeTe/MnTe superlattices. Each superlattice consists of eight layers of MnTe and four layers of GeTe. (a−c)
GeTe has no net polarization, and the relaxed lattice constant is about 4.15 Å. (d−f) GeTe is ferroelectric with the ferroelectric polarization
pointing from dark blue to light gray, and the relaxed lattice constant is about 4.17 Å.

Table 1. In-Plane Lattice Constant a, Total Energy per
Supercell E, Total Net Magnetic Moment per Supercell M,
and Magnetic Moments of the Interfacial Mn1,2 Ions mMn1,2
of the Six Superlattices (a−f)

paraelectric phase ferroelectric phase

a b c d e f

a (Å) 4.14 4.15 4.15 4.17 4.17 4.17
E (meV) 10 160 30 430 829 0
mMn1 (μB) 4.041 4.059 4.044 3.913 3.919 3.988
mMn2 (μB) −4.048 −4.102 −4.056 −3.763 −3.990 −3.808
M (μB) −0.008 −0.020 −0.008 0.095 −0.145 0.109

Figure 4. Spin-resolved total density of states (DOS) of the six
superlattices. Parts a−c show the negligible spin polarization in the
three superlattices consisting of paraelectric GeTe, as illustrated in
Figure 3a−c. Parts d−f show the clearly lifted spin degeneracy in the
three superlattices that consist of ferroelectric GeTe, as illustrated in
Figure 3d−f. The red and blue lines represent spin-α and spin-β
channels, respectively. The Fermi level is set at 0 eV.
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red and blue curves indicate the spin-α and -β channels,
respectively. These three band structures show that the
superlattice remains semiconductive when GeTe is paraelectric
but becomes metallic when GeTe is ferroelectric. Furthermore,
the negative (positive) ferroelectric polarization results in the
spin-α (spin-β) channels around the Fermi level (i.e., the
reversal of the ferroelectric polarization can result in the
reversal of the spin polarization). More specifically, in Figure
5d, when GeTe is negatively polarized, the states at the Fermi
level completely arise from spin-α carriers (red curves); in
Figure 5f, when GeTe is positively polarized, the states at the
Fermi level completely arise from spin-β carriers (blue curves).

To understand the half-metallic interfacial states controlled
by the ferroelectric polarization, we zoom in the details of the
spin- and layer-resolved DOS in Figure 5d and f, in which the
spin-α and -β channels are shown in red and blue, respectively.
In Figure 5d, the ferroelectric polarization is pointing from up
to down, leading to spin-α channels around the Fermi level, at
both interfaces. The energy levels of the interface I are pushed
to higher energy, so that the valence band of the MnTe layer at
interface I crosses the Fermi level; concurrently, the energy
levels of the interface II are pushed to lower energy, so that the
conduction band of the MnTe layer at interface II crosses the
Fermi level. These energy shifts result in spin-α holes at
interface I and spin-α electrons at interface II, leading to spin-α
half-metallicity in the superlattice. When the ferroelectric
polarization is reversed (Figure 5f), the energy shifting
behaviors are opposite, resulting in spin-β electrons at interface
I and spin-β holes at interface II (i.e., spin-β half-metallicity in
the superlattice). In Figure S3 of the Supporting Information,
again we find similar results by using Ueff = 3 eV for Mn atoms.
Such a ferroelectric control of half-metallic states can be

implemented to develop high-efficiency spin field-effect
transistors (FETs), as illustrated in Figure S5 of the Supporting
Information. The pure spin polarization can be created and
annihilated by polarizing and depolarizing the ferroelectric and
can be switched (between pure spin-up and pure spin-down)
by flipping the ferroelectric polarization. Different from the
conventional Datta−Das spin FET,46 in which a precise
control of spin precession based on Rashba spin orbit
coupling38,47 is demanded, the multiferroic spin FET proposed
here is based on the spin polarization switching between spin-α
and -β,48,49 which is a lot easier to be realized in experiments.
More remarkably, the spin polarization realized in our
multiferroic FET is potentially approaching 100%, which
would be otherwise an unlikely figure of merit in Datta−Das
spin FET, fundamentally prohibited by spin-precession.
It is worthwhile to remark on the experimental feasibility of

our proposed scheme. As is evident, the discussed mechanism
and effect rely on the even-layer number of A-type
antiferromagnet MnTe (i.e., a fully compensated antiferro-
magnet). A practical difference would be always unintention-
ally induced on the two neighboring interfaces of the
superlattice in real experiments: one interface is formed by
depositing MnTe onto GeTe, whereas the other, by depositing
GeTe on MnTe. The difference of the two interfaces (e.g., the
different local magnetic phase transition temperatures of the
MnTe layers on the two interfaces) will cause one interface to
enter into the magnetic phase first in field-cooling experiments,
following the external magnetic field (see Figure S6 of the
Supporting Information). The magnetization orientations of all
of the remaining layers will be determined accordingly, which
guarantees the MnTe layers at interface I and interface II
always have opposite magnetizations (as depicted by Figure 1),
which lays the foundation of the expected mechanism and
outcomes.
In summary, half-metallicity, an intriguing state of 100% spin

polarization arising from metallic electrons of one spin and
insulating gap of the other spin, holds great potential for high-
efficiency spintronic devices. By using first-principles calcu-
lations, we investigate the multiferroic semiconductor super-
lattice GeTe/MnTe, in which we obtain the half-metallicity
and its ferroelectric control. We find that the half-metallicity
can be created and annihilated by polarizing and depolarizing
the ferroelectric and can be switched (between spin-up and

Figure 5. (a,c,e) The spin-resolved band structures and (b,d,f) the
spin- and layer-resolved DOS of the superlattice of Figure 3f. In parts
a and b, GeTe is paraelectric, in parts c and d, GeTe is negatively
polarized, and in parts e and f, GeTe is positively polarized. The red
and blue curves represent the spin-α and -β channels, respectively.
The yellow shadows in parts b, d, and f indicate the interfacial MnTe
layers.
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spin-down) by flipping the ferroelectric polarization. Based on
this emergent mechanism, a new class of multiferroic spin field-
effect transistors with electrically switchable spin current can
be developed.

■ COMPUTATIONAL METHOD
First-principles calculations based on the density-functional
theory (DFT) are performed to explore the electronic
structures of the GeTe/MnTe superlattices, by using the
projector augmented wave (PAW) method50,51 implemented
in the Vienna Ab initio Simulation Package (VASP).52 In order
to reduce the computational burden, we adopt the exchange
correlation potential in the Perdew−Burke−Ernzerhof gener-
alized gradient approximation (PBE-GGA) functional,53 which
can produce reasonable results for bulk GeTe and MnTe.54

For the 3d orbital of the Mn atom, we use GGA+U with Ueff =
0 and 3 eV in the calculations. All of the results in the paper are
based on Ueff = 0 eV, and the results corresponding to Ueff = 3
eV are presented in the Supporting Information. An energy
cutoff of 500 eV for the plane wave expansion and an 11 × 11
× 2 k-point grid are used for the self-consistent calculations.
The convergence of the total energy is checked by changing
the number of sampling k-points and energy cutoff. The
structures are fully relaxed until the Hellmann−Feynman
forces on each atom are less than 1 meV/Å.
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https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02584.

Additional data including the band structure of bulk
MnTe (Ueff = 3 eV), the lattice constants, the magnetic
moments, the DOS, and the band structures of the
GeTe/MnTe superlattices (Ueff = 3 eV), the DOS of
each ferromagnetic MnTe plane with Ueff = 0 and 3 eV,
the schematic spin FET based on the GeTe/MnTe
superlattice, and the remarks on the experimental
feasibility of the proposed scheme (PDF)
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