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Hybridized bands

and stacking-dependent band
edges in ferromagnetic Fe;GeTe,/
CrGeTe; moiré heterobilayer

Eunjung Ko

Owing to unique fundamental physics and device applications, twisted moiré physics in two-
dimensional (2D) van der Waals (vdW) layered magnetic materials has recently received particular
attention. We investigate magnetic vdW Fe;GeTe, (FGT)/CrGeTe; (CGT) moiré heterobilayers

with twist angles of 11° and 30° from first-principles. We show that the moiré heterobilayer is a
ferromagnetic metal with an n-type CGT layer due to the dominant spin-majority electron transfer
from the FGT layer to the CGT layer, regardless of various stacked structures. The spin-majority
hybridized bands between Cr and Fe bands crossing the Fermi level are found regardless of stacking.
The band alignment of the CGT layer depends on the effective potential difference at the interface.
We show that an external electric field perpendicular to the in-plane direction modulates the interface
dipole and band edges. Our study reveals a deeper understanding of the effects of stacking, spin
alignment, spin transfer, and electrostatic gating on the 2D vdW magnetic metal/semiconductor
heterostructure interface.

2D vdW layered metal-semiconductor nonmagnetic heterostructures have been studied for developing high-
performance devices with the contact of metal electrodes and semiconductors'~. Recently, heterostructures
consisting of 2D ferromagnetic (FM) vdW layered materials have attracted considerable interest®'°. In particu-
lar, research on the 2D vdW heterobilayer composed of magnetic metals and magnetic semiconductors is still
early, as it was only recently revealed that vdW monolayer (ML) or few-layer materials retain magnetism''~"3.
Furthermore, the recent discovery of novel properties of twisted vdW nonmagnetic homo and heterobilayers'*-'¢
further prompts the investigation of twisted vdW magnetic homo and heterobilayers.

Recent experiments have demonstrated the long-range 2D FM order along the out-of-plane direction in the
metallic ML FGT"-? and the semiconducting CGT bilayer samples*"*2. Thus, metallic Fe;GeTe, (FGT) and
semiconducting CrGeTe; (CGT) materials are promising candidates for forming low-dimensional heterobilayers.
Several experimental works have reported that bulk FGT is an itinerant FM metal with a high Curie temperature,
T, of approximately 230 K; T, can be increased to room temperature by electrostatic gating and decreased by
decreasing the layer thickness'”~%’. Theoretical studies have reported changes in the magnetic anisotropy energy
(MAE), magnetic order from the bulk to ML, the anomalous Hall effect, and spin-dependent transport in tunnel
junctions'®*-%¢. On the other hand, some experimental studies have revealed that bulk CGT is an intrinsic FM
semiconductor with a T, of 61 K*” and an experimental bandgap, E,, in the range 0.2-0.7 eV>*"*". Several theoreti-
cal works have examined variations in T, magnetic order, MAE, and E, from the bulk to ML*%**"*, Although
each FGT and CGT has been thoroughly investigated, the basic properties of the FGT/CGT heterobilayer have
not been fully explored. Moreover, there has not been much research on the twisted moiré heterobilayer of vdW
magnetic metal/semiconductor materials''. Hence, it is worth examining the promising FGT/CGT twisted moiré
heterobilayer.

The Schottky barrier heights at the interface between a metal and a semiconductor are crucial properties
for device applications. They classify the heterostructure interface into a Schottky contact (- or p-type) or an
Ohmic contact. In general, the additional interface states caused by extra bonds at the interface facilitate the
formation of Schottky contact*®*!, whereas they complicate that of Ohmic contact. Thus, the Schottky barrier
heights at the metal-semiconductor interface with Schottky contact have been extensively studied. Experimental
studies have reported converting a Schottky contact to an Ohmic contact by large gating voltages in 3D metal/2D
vdW semiconductor heterostructures*>**. Meanwhile, the formation of extra bonds at the interface between 2D
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vdW materials can be prevented due to the vdW interlayer distance, and thus the heterostructure has an abrupt
interface. Because of this advantage, the band edges of heterostructures combined with 2D vdW metals and
semiconductors have been investigated with and without electrostatic gating for device applications. Several
theoretical studies have shown the electrostatic gating effect on the band edges of nonmagnetic 2D vdW metal/
semiconductor heterobilayers'”. However, first-principles studies on the band edges of 2D vdW magnetic twisted
moiré metal/semiconductor heterobilayers have rarely been performed!'.

In this work, we conducted a first-principles study on the structural, electronic, and magnetic properties of
the FGT/CGT moiré heterobilayer with twist angles of 11° and 30°. First, we examined the atomic distortion and
unfolded band structures in a large moiré supercell with a twist angle of 11°, and then investigated the band edges
depending on stacking in a small moiré supercell with a twist angle of 30° with and without electrostatic gating.
Each small moiré heterobilayer having one of six possible stacked structures was an FM metal with an n-type
CGT layer, induced by the effective spin-majority electron transfer from FGT to CGT. We also compared the
band structures of the FM and AFM heterobilayers, having FM and antiferromagnetic (AFM) spin alignments
between FGT and CGT. We found that only the FM heterobilayer had the hybridized bands between the Cr and
Fe atoms. Further, we explained the stacking-dependent band edges of the CGT layer in terms of the effective
potential difference. Finally, we addressed the external electric field effect on the band edges of the CGT layer
in the FM heterobilayer.

Methods

We conducted first-principles electronic structure computations using the noncollinear density functional theory
(DFT) with the Hubbard repulsion, U, and exchange interaction, J, as well as the spin-orbit coupling (SOC).
We used the norm-conserving pseudopotentials* with the SIESTA code®. We adopted the generalized-gradient
approximation, parameterized by the Perdew—Burke-Ernzerhof (PBE) formula. Further, we used the rotation-
ally invariant U approach® to describe the electron correlation for Cr 3d orbitals. The atomic structures were
optimized using the spin-polarized optB88 vdW method until all atomic forces were less than 0.001 eV A~!
except for a huge moiré supercell with a twist angle of 11°, where the force criteria were 0.036 eV A, In addi-
tion, we generated a semicore pseudopotential for Cr using the (352, 3pS, 3d°, 4s°) valence configuration; the
valence configurations for Fe, Ge, and Te pseudopotentials were (3d’, 4s', 4p°), (3d"0, 45, 4p?), and (4d"?, 557,
5p*), respectively. We generated real-space grids with a cutoff energy of 400 Ry and expanded the electronic wave
functions using pseudoatomic orbitals (PAOs) of the double-zeta polarization basis set. We utilized al6 x 16 x 1
k-grid for all structure relaxation and electronic structure calculations except for a large moiré supercell with a
twist angle of 11°, for which we applied a2 x 2 x 1k-grid. For ML CGT, we obtained U=5.97 eV and J=1.00 eV
for Cr 3d orbitals with a cutoff radius of 1.58 A by using a PAO-based constrained DFT (cDFT) method*>.
However, our previous study confirmed that the suitable theoretical bandgap close to the experimental one was
obtained by the PBE + U + SOC method using a U in the range of 3-4 eV and J=1 eV*. Therefore, we selected
U=3.5eV and J=1 eV for our calculations. To remove the interactions between FGT and CGT, we applied a
vacuum space of 16 A.

Results and discussion
Twisted FGT/CGT moiré heterobilayer. Bulk FGT has a layered hexagonal structure with space group
P65/mmc and experimental hexagonal cell parameters a=b=4.030 and 3.991 A and c¢=16.343 and 16.336 A
from refs. 47 and 48, respectively. In ML FGT, each unit cell contains three Fe atoms occupying two nonequiv-
alent Fe positions; Fel and Fe2 denote the relevant atoms. ML FGT consists of five sublayers: the first and
fifth are occupied by Te atoms, the second and fourth by Fel atoms, and the third by Fe2 and Ge atoms. Our
relaxed lattice constants for pristine ML FGT that are obtained using the spin-polarized optB88 vdW method
are a=b=4.091 A. Bulk CGT has a rhombohedral symmetry with space group R3 and experimental hexagonal
cell parameters a=b=6.8196 A and c=20.3710 A at 5 K¥. ML CGT has two Cr atoms in a unit cell. ML CGT
consists of five sublayers: the first and fifth are occupied by Te atoms, the second and fourth by Ge atoms, and the
third by Cr atoms. ML CGT has a honeycomb lattice of edge-sharing CrTe, octahedrons, and Ge dimers located
at the center of the hexagon. Our relaxed lattice constants for pristine ML CGT that are obtained using the spin-
polarized optB88 vdW method are a=b=6.940 A. The point group for ML FGT and ML CGT is D, and C,,
respectively. Thus the heterobilayer built by ML FGT and ML CGT has the C; symmetry.

The heterobilayer of ML FGT and ML CGT has a moiré pattern due to the lattice mismatch. In principle, the
twist angle ¢ between the supercell lattice vectors of the FGT and CGT layers for a moiré supercell (i.e., ¢ between

— —

L cgriand L ggr, in Fig. 1a) is the same as that between the unit vectors of ML FGT and ML CGT. Hence, the
— - - -

moiré reciprocal lattice vector, k ;¢ and the moiré wavelength, A, can be easily obtained as kmoiré = kggT — kT

==, respectively, using reciprocal lattice vectors corresponding to the unit cell vectors. Concretely,

when the unit vectors of ML CGT are @1 = a (%, —%) andd,=a < ‘2[, 2) and the unit vectors of ML FGT
are rotated by ¢ relative to those of ML CGT, the reciprocal lattice vectors become k cor = = (1 0) for ML
CGT and k FGT = u(l 5 (cos, sm¢)for ML FGT where§ = 1 — apgr/acgr as shown in the left panel in Fig. la.

= (1—8)a/\/2(1 — 8)(1 — cosp) + 52>, The right panel

in Fig. 1a shows A (red lines) with respect to the twist angle ¢ between ML CGT and ML FGT optimized using
the spin-polarized optB88 vdW method. The moiré superlattice vectors can be expressed as

— —
fCGT,l = m_a)l + I’l_a)z and YCGT,Z = —n_a>1 + (m+ I’l)_a)z for ML CGT and YFGT,l =p b+ q b, and
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Figure 1. (a) _k) wave vectors of monolayer (ML) Fe;GeTe, (FGT) and ML CrGeTe; (CGT) in reciprocal space,
moiré lattice vectors in real space (left panel), and moiré wavelength as a function of twist angles (red lines, right
panel). (b) Top and side views of twisted moiré lattice with a moiré lattice constant of 25.02 A, alattice mismatch
A of 0.55%, a twist angle ¢ of 11.39°, and (m, n, p, q)=(1, 3, 3, 4). Only Fel, Tepgp, Tecgp Gecgp and Cr atoms
near the interface are depicted in the top view. (c) In-plane displacement vectors (red arrows) of Cr, Tecgp

Tergp and Fel layers. The atomic structures are obtained using the spin-polarized optB88 vdW method. The

red arrows are enlarged to 30 or 100 times their original size. The purple (red) triangles comprise the interface
Tecqr (Tepgr) atoms. (d) Z-coordinates of interface Te atoms along a diagonal in the x-axis (left and middle
panels) and interlayer distance between Tepgy and Teqgr atoms (right panel). (e) Unfolded band structures of
moiré heterobilayer calculated by the noncollinear PBE + U + SOC method when U=3.5 eV and J=1.0 eV. They
are drawn along the unit-cell bandlines of FGT (HB_FGT) and CGT (HB_CGT). The moiré heterobilayer has a
ferromagnetic (FM) spin alignment between the FGT and CGT layers. For comparison, the band structures of
ML FGT and ML CGT are shown. The red and blue arrows indicate differences between the moiré heterobilayer
and the monolayer.

- -
YFGT,Z =—q b1+ (p+q) b,for ML FGT, where m, n, p, and q are integers. We can obtain the commensurate
moiré lattice vectors by applying a small biaxial strain A between ML CGT and ML FGT layers. A is estimated

by A = |av/m? + n2 + mn — b\/p* + > + pql(b\/p* + ¢* —|—pq)71. The moiré wavelengths within the con-
strained condition of A being less than 1.0% are shown as blue squares in the right panel in Fig. 1a. Here the

. . . - 2 = 2 52 - - -1
twist angle ¢ is determined as cos¢ = ‘ L CGT,l’ + ‘ L FGT’l‘ — ‘AB} (2‘ L cera H L rer1 D , where

|AB| = ‘YCGTJ - z)FGT,1‘ =|md,+nd, _P_b)l - q_b)2|51~

Figure 1b displays the top and side views of the moiré superlattice with A =25.02 A, A=0.55%, ¢=11.39° (m,
n, p, q)=(1, 3, 3, 4), and the total number of atoms being 352. Only Fel, Teggp, Tecgn Gecgp and Cr atoms near
the interface are depicted in the top view of Fig. 1b. The moiré supercell has CrTe, hexagonal networks on top of
FGT and various stacked structures. The in-plane and out-of-plane distortions obtained by the spin-polarized
optB88 vdW method are displayed in Fig. 1c,d, respectively. The in-plane displacement vectors indicated by red
arrows show more in-plane distortion in CGT than in FGT and are largest at the Tecgr layer. In particular, the
in-plane displacement vectors of all Tecsy atoms have consistent patterns regardless of stacking, as depicted by
black circles, but those of other atoms vary depending on stacking. The z-coordinates of Tecgr and Tepgy atoms
inside the green shaded region in (b) vary depending on stacking, as shown in Fig. 1d. The out-of-plane distor-
tion of the Teqgr layer is much larger than that of the Teygy layer. The variation of interlayer distance between
two interface Te layers is largest in the area where Tegy atoms are closely located above Tepgr atoms.

The unfolded band structures of the moiré heterobilayer with a twist angle of 11.39° reveal some distinct
features compared with the unit-cell band structures of a single layer, as shown in Fig. 1e. All the band structures
were obtained using the noncollinear PBE + U + SOC method when U=3.5¢eV and J=1.0 eV for Cr 3d orbitals,
and an FM spin alignment between FGT and CGT was considered. The average magnetic moment is 3.64 g/
atom for Cr, 2.61 pp/atom for Fel, and 1.65 pg/atom for Fe2. The unfolded band structures of FGT (HB FGT)
near the Fermi level are similar to the unit-cell band structures of ML FGT except for bands shifted higher in
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Figure 2. (a) Top view of FGT/CGT moiré supercell with a twist angle of 30° (green diamond) in the left
panel, and total energy comparison of 15 stacked structures with the ferromagnetic (FM)/antiferromagnetic
(AFM) spin alignment between the FGT and CGT layers in the right panel. The calculations are done using

the spin-polarized optB88 vdW method. The supercell size is the same as the in-plane ML CGT unit cell size.

A black diamond indicates the in-plane ML FGT unit cell. The numbered sites along two diagonals and one
in-plane lattice indicate 15 stacked structures. The 15 stacked structures were made by sliding CGT over the
numbered sites while FGT was fixed. The FM total energy is classified into three energies: E;, E;, and Ey. (b) Six
representative stacked structures of E (site 12), E; (site 13), Ey (site 14), E},, Ej3, and Ey,. The background lattice
shows the FGT top view. The red (purple) triangles comprise the interface Tepgr (Tecgr) atoms. Two purple
triangles are situated above Felpgr atoms for E;, Gepgr atoms for E;, and Teggr atoms for Ey. Epy, Ep;, and Eyy,

are obtained by rotating the CGT layer 180° and relaxing it. (c) FM/AFM total energy variation from E; (Ey,)
through E; (E;;) to Ey (Ey,) representative structures with FM/AFM spin alignment and the interlayer distance,
dinter depending on FM stacked structures. The total energy and structures are obtained using the spin-polarized
optB88 vdW method. The red, blue, and brown colors indicate FM, AFM, and dj,,, respectively. (d) Binding
energy, Ey, per Cr atom of Ey, E;, and E; along the z-axis regarding small displacements. (e) Total energy
difference between FM and AFM spin alignments obtained by using the noncollinear PBE + U + SOC method,
when U is in the range 3-4 eV and the exchange interaction is J=1.0 eV.

energy denoted by red arrows. On the other hand, the unfolded band structures of CGT (HB CGT) exhibit a
reduced bandgap compared with that of ML CGT, and the conduction bands of HB CGT cross the Fermi level,
generating an n-type CGT layer. Also, unexpected bands of HB CGT are observed as indicated by a blue arrow
compared to ML CGT. These intriguing electronic features of moiré heterobilayer motivate us to examine the
critical elements that influence band structures.

To investigate the electronic structures in terms of stacked structures, we constructed small moiré supercells
of the FGT/CGT heterobilayer forming only one stacked structure with a twist angle of 30° and A =1.36%, as
shown in Fig. 2a. The in-plane supercell indicated by a solid green diamond is equal to the1 x 1in-plane unit
cell of ML CGT and also corresponds to the 30° rotated /3 x +/3 in-plane supercell of ML FGT, drawn by an
open black diamond. Inside the supercell, there are two CrTe, octahedrons.

ML FGT is an Ising-type FM metal, whereas ML CGT is an Ising-type FM semiconductor. To predict the
magnetic structures of the heterobilayer, we compared the total energy of the heterobilayer with the FM and
antiferromagnetic (AFM) spin alignments between ML FGT and ML CGT along the direction perpendicular to
the interface. As shown in the left panel in Fig. 2a, we considered 15 different stacked structures while fixing ML
FGT and sliding ML CGT. Concretely, we considered six different stacked structures in two diagonal directions
of the in-plane supercell and three different stacked structures in the direction of the in-plane lattice. All the
atoms were optimized during the relaxation in the x-, y-, and z-directions. The FM spin alignment between ML
FGT and ML CGT always has lower energy than the AFM spin alignment at each stacked structure, as shown
in the right panel in Fig. 2a.

We categorized the FM energy into three classes: the lowest, E;, intermediate, E;, and the highest energy, Ey;.
The corresponding stacked structures are depicted in the top panel in Fig. 2b. The background lattice shows
the FGT top view. The red and purple triangles represent the interface Te triangles in the FGT and CGT layers,
respectively. We drew two purple triangles on the bottom Te atoms in CGT related to two CrTe, octahedrons
inside a supercell. In the E; structure, the interface Tecgr atom is above the Felygr atom; in the E; structure, it is
above the Gepgr atom; and, in the Ey structure, it is located above the interface Tepqr atom. Three more possible
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CGT |ML |E E, Ey E, Ep Eu,
a(d) [694 |706 [707 |[706 |706 |7.06 |7.06
(%) 1.75 1.82 1.76 1.79 1.79 1.78
FGT |ML |E E, Ey E, Ep Fus
a(R) [409 | 408 | 408 | 408 | 408 | 408 | 4.08
(%) -033 |-027 [-033 |-028 |-028 |-029

Table 1. Lattice constant variation in the FM heterobilayer with a twist angle of 30°. During the relaxation
of the heterobilayer, the lattice constants of CGT and FGT become tensile strained and compressive strained,
respectively.

stacked structures illustrated in the bottom panel were examined; the purple triangle consisting of interface Tecgr
atoms was rotated 180° relative to those in the top panel. Two more intermediate energy structures, E, and Ej;,
and another highest energy structure, Eyy,, were found. In Ej,, Ej3, and Ey, structures, the interface Tecgr atom
is above the Felygr, Gepgp and Teggr atoms, respectively.

Figure 2c presents the total energy difference with the FM (red) and AFM (blue) spin alignments, as well as
the interlayer distance (brown) between the interface Te atoms of the FM structures. All the atoms and axes were
optimized during the relaxation in the x-, y-, and z-directions using the spin-polarized optB88 vdW method. The
total energy difference changes gradually from E; through E; to Ey (left panel) and from E;, through Ej; to Ey,
(right panel). The total energy difference and the interlayer distance are the smallest for E; and the largest for Ey
and Ey,. E;, By, Ey, Ep, s, and Eyy, structures have interlayer distances of 3.39 A,3.22 A,3.78 A,3.33 A,3.31 A,
and 3.71 A, respectively. At each FM heterobilayer, the lattice constants of the CGT and FGT layers become
tensile strained and compressive strained, respectively, as summarized in Table 1. The total energy of FM spin
alignment is lower than that of AFM for E|, E;, Ey, Eyy, Ej3, and Ey, by 0.02 eV, 0.04 €V, 0.02 €V, 0.02 eV, 0.05 eV,
and 0.03 eV, respectively. At the FM spin alignment, the total energy of the E; structure is lower than that of E|,
Ey, Ep, Eps, and Ey, structures by 0.08 eV, 0.30 eV, 0.06 eV, 0.03 eV, and 0.29 eV, respectively. Figure 2d shows
the binding energy, E,, per Cr atom along the z-direction regarding the small displacement. At the equilibrium
position, the binding energy per Cr atom obtained using the spin-polarized optB88 vdW method has a negative
value of —0.44 eV,—0.58 eV, and — 0.54 eV for Ey, E;, and Ej, respectively. The lower the total energy is, the lower
the binding energy is. In the PBE + U + SOC method, the FM spin alignment also has lower energy than the AFM
spin alignment when U is 3-4 eV and J=1 eV for all the stacked structures, as shown in Fig. 2e.

The band alignment of FM and AFM heterobilayers was investigated. Figure 3 shows the magnetic moment
(left panels), spin-majority (up) and spin-minority (down) band structures (middle panels), and atom projected
density of states (PDOS, right panels) of (a) the FM CGT-only system, (b) FM FGT-only system, (c) FM FGT/
CGT heterobilayer for Ey, and (d) AFM FGT/CGT heterobilayer for Ey; in the supercell band lines. The band
structures were calculated by using the noncollinear PBE + U + SOC method on Cr 34 orbitals with U=3.5 eV
and J=1.0 eV. It should be noted that the CGT (FGT)-only system refers to only the CGT (FGT) layer and no
FGT (CGT) layer while maintaining the relaxed heterobilayer structures. The band projections onto the spin-
up and spin-down bands of Cr or Fe atoms are distinguished by red and blue colors, respectively, with various
color intensities proportional to the projection magnitude to examine the band alignment. The semiconducting
bandgap of 0.43 eV is shown for a Cr atom in the FM CGT-only system (Fig. 3a), while the metallic band struc-
ture is shown for a Fe2 atom in the FM FGT-only system (Fig. 3b). The magnetic moment is 3.69 pwp/atom for
Cr, 2.62 pug/atom for Fel, and 1.67 pup/atom for Fe2. The atom PDOS of a Fe2 atom in (b) indicates an equivalent
magnitude of spin-up and spin-down PDOS near the Fermi level. The CGT-only system features a conduction
band minimum (CBM) at a k point between the I and K points dominated by spin-up empty Cr 3d e, bands.
Its valence band maximum (VBM) at the I point is dominated by Te 5p orbital characteristics, similar to the
pristine ML CGT.

On the other hand, the heterobilayer formed by CGT- and FGT-only systems is an FM metal, as shown in
Fig. 3c. The bands projected on a Cr atom show the initial Cr bands observed in the CGT-only system as well as
unique spin-up hybridized bands with Fe2 bands crossing the Fermi level, as indicated by green and blue arrows,
respectively. The hybridization is not related to Fel bands, as seen by the band projected on a Fel atom. Fur-
thermore, when the hybridized spin-up bands are ignored, the CBM of Cr bands appears to be at the spin-down
bands, located at an energy close to the Fermi level, generating an n-type CGT layer. The n-type CGT means
that electrons are transferred from the FGT to CGT layers. In the right panel of Fig. 3¢, the downward-band
shifts of a Cr atom in the heterobilayer can be observed in the atom PDOS. The spin-up Fe2 bands shift higher
in energy near the I' point when the system switches from an FGT-only system to a heterobilayer, as indicated by
the black arrows in (b) and (c). These upward shifted spin-up Fe2 bands might also originate from the electron
transfer from the FGT to CGT layers. Unlike the FM heterobilayer, the AFM-heterobilayer-band structures do
not exhibit hybridized bands between FGT and CGT bands but do expose an n-type CGT layer via the spin-up
and spin-down CBM of the original Cr bands crossing the Fermi level. AFM heterobilayer, like FM heterobilayer,
features shifted spin-down Fe2 bands near the I' point that are higher in energy than those of the FGT-only system
(black arrow in (d)), indicating electron transfer from the FGT to CGT layers.

Figure 4 shows the spin-up (red) and spin-down (blue) band structures projected on a Cr atom of all the
stacked structures with the FM spin alignment. All the band structures exhibit spin-up hybridized bands crossing
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Figure 3. Magnetic moment (left panels), projected band structures (middle panels), and atom projected
density of states (PDOS, right panels) of (a) the CGT-only system, (b) FGT-only system, (c) FM FGT/CGT
heterobilayer of Ey;, and (d) AFM FGT/CGT heterobilayer of Ey. The band structures are obtained by the
noncollinear PBE + U+ SOC method (U=3.5 eV and J=1.0 eV applied to Cr 3d orbitals). The band structures
are projected onto a Cr or Fe atom; the color intensity corresponds to the projection magnitude. In (c), green
and blue arrows indicate the hybridized bands between Cr and Fe2 atoms. In (b)-(d), the band change of Fe2
atoms near the I point is indicated by black arrows.

the Fermi level. However, depending on stacking, the position of the spin-down CBM of Cr bands close to the
Fermi level varies. The origin of the band alignment based on stacked structures is shown in Fig. 5. The relative
band alignment between the FGT and CGT layers before and after stacking is shown in Fig. 5a. Before stacking,
the calculated work function of pristine ML CGT, 4.33 eV, is slightly larger than that of pristine ML FGT, 4.08 eV.
After stacking, atomic and electronic rearrangements occur, especially near the interface. The electron transfer
from the FGT to CGT layers causes an n-type CGT layer to be formed. When the work function of the metal is
less than that of the n-type semiconductor, band bending at the interface generates an Ohmic contact between
the metal and the n-type semiconductor. Our vdW heterobilayer, on the other hand, has the vdW interlayer space
without any extra bonds between the two constituent layers, resulting in an abrupt interface. There is only the
interface dipole at the interface, which is dictated by electron distributions. The interface dipole is defined by the
associated effective potential difference at the interface, 3 V.. The electrostatic potential difference between the
vacuum levels of the FGT and CGT layers in the heterobilayer can be used to determine 3 Vg, which is reported
in Table 2. In addition, 3 Vg is compared with that calculated using the electron density difference, and the
relationship between 8 Vg and electron transfer is explored in Fig. 6.

The band edges of the n-type CGT layer in the heterobilayer were computed to quantify the band alignment.
The spin-up (red) and -down (blue) bands of E; projected on a Cr atom are shown in the left panel of Fig. 5b,
with color intensity according to the projection magnitude. Colored arrows indicate the CBM (E(C:’(%’Ti) and VBM
(ESﬁ,Ti) of the original Cr bands relative to the Fermi level. The CGT layer’s schematic band edges are shown in
the right panel of Fig. 5b. In metal/n-type semiconductor heterostructures, the n-type spin-up and spin-down
band edges are specified as A,y | = E(CzGTTl — Eg. In metal/p-type semiconductor heterostructures, the p-type

spin-up and spin-down band edges are expressed as A, 1 | = Ep — E\C,GﬁT¢ Because E\C,GTT = SCiT in our case,
Ayt = Ap,y. The effective bandgap in the CGT layer can be described as EgGT = Ay, + Apy,y even if it is

not a genuine bandgap owing to the metal wave function tail of the FGT layer up to the Fermi level. The band
edges of the CGT layer and 8 V¢ with respect to the various stacked structures are shown in Fig. 5¢c, and the
estimated values for the band edges and ESST are summarized in Table 2. According to Fig. 5c, the variations
in band edges and 8 Vg across different stacked structures are similar, suggesting a significant correlation. For
example, the magnitude order in A, 4, is E;> E; > Ey, which is the same as in 3 Veg. In all the stacked structures,
Ap4,y is larger than A, |, confirming the n-type CGT, and the biggest variation in band edges across different
structures is roughly 0.1 eV.

To study the spin/electron transfer and 8 Vg derived from the electron density difference, the spin-resolved
valence electron density difference 804, (2) = pust,y (2) — PrGTH,| (2) — PcGTY,y (2) Was computed. Here,
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Figure 4. Band structures projected on a Cr atom for various stacked structures. The band structures are

obtained by the noncollinear PBE + U + SOC method (U=3.5 eV and J=1.0 eV applied to Cr 3d orbitals). The
red (blue) color is for spin-up (spin-down) bands; the color intensity corresponds to the projection magnitude.

PHB1,| (2)PEGTY,) (2), and pcgry, | (2) are the spin-dependent in-plane-averaged electron densities of the heterobi-
layer, FGT-only, and CGT-only systems. In the case of FM heterobilayer, 84, (top panel in Fig. 6b) illustrates that
the spin-up density transfers from the FGT to CGT layers, and the spin-down density transfers from the CGT to
FGT layers, resulting in the effective electron density difference (black dotted lines,0peg (2) = dp4(2) + 3p | (2)).
A considerable electron transfer from Fe2 atoms to Cr atoms is observed in the atomic-structure figure via the
bonding between Fe2 atoms and interface Teg; atoms, via the vdW spacing between interface Tegr atoms and
interface Tecgr atoms, and via the bonding between interface Teqgr atoms and Cr atoms. Whereas the electron
transfer from Fel atoms to Cr atoms is absent due to no direct bonding between Fel atoms and interface Teggr
atoms. This electron-transfer pathway explains the hybridized band between Cr atoms and Fe2 atoms. In the
interface region, the interface dipole appears as electron depletion and accumulation, represented by +and
— signs, respectively, resulting in an effective electric field and a potential difference at the interface.

Specifically, the one-dimensional Gauss law can be used to compute the effective electric field, E.g(z),
and effective potential difference, Vg (z), at the interface, as illustrated in the middle panel of Fig. 6b.
Qn=/[ joépeg (z)dz gives the electron density inside the gray dashed box in the top panel, where z, is an arbi-
trary point z at the left side vacuum outside the FGT layer. Because the electric field at the left side vacuum is
zero, Ee (2) = Qin(2)(8,6,) ™! gives the electric field at location z, where &, is the vacuum permittivity, and &, is
the position-dependent relative permittivity. Since &, is around 1.0, 13.50, and oo in the vacuum, CGT, and FGT
layers, respectively, the effective electric field exists only at the interface between the two layers. Finally, 8 Vg (2)
for electrons at the interface may be calculated using 3 Veg (2) = — [ gEeff (2)dz; further, it is verified that 8 Vg (2)
equals the sum of 8 Veg 4 (z) and 3 Vg, | (2). The Gauss law yields 8 Ve values (V, in Fig. 6b) of 0.28 eV, 0.32 eV,
and 0.37 eV for Ey, E;, and Ej, respectively, which are extremely similar to the electrostatic potential differences
0f 0.28 eV, 0.31 eV, and 0.35 eV, respectively. Notably, the general signs for E.g and § Vg defined for a positive
charge are the inverse of those defined for the electron in this work.
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Figure 5. (a) Relative band alignment of the FGT and CGT layers before (left panel) and after stacking (right
panel). Right after stacking, atomic and electronic rearrangements occur. E,,. and E; denote the vacuum and
Fermi levels, respectively. The effective potential difference, 8 V4, is noted at the interface. (b) Band structures
for E; (left panel) and schematic band edges of the CGT layer in the heterobilayer (right panel). The spin-up
(red) and spin-down (blue) bands are projected onto a Cr atom; the color intensity corresponds to the projection
magnitude. The n-type (A,), and p-type (A,) band edges are indicated by colored arrows. (c) Band edges of the
CGT layer and effective potential difference, 8 Vg, depending on the stacked structures.

e (A) Ang(eV) Any(eV) App(eV) EST (eV) Ve (eV)
E; 3.39 0.20 0.12 0.32 0.44 0.35
E; 3.22 0.16 0.09 0.38 0.47 0.31
Ey 3.78 0.09 0.03 0.41 0.44 0.28
E, 3.33 0.15 0.09 0.36 0.45 0.33
E; 3.31 0.19 0.12 0.34 0.46 0.35
Ey, 3.71 0.07 -0.07 0.42 0.39 0.30

Table 2. Spin-dependent band edges A, 4, and Ap 4 |, the effective bandgap of the CGT layer, E,°“7, and
effective potential difference, § V.4, obtained by the electrostatic potential difference between the vacuum levels
of the FGT and CGT layers in the FM heterobilayer.

The spin variation (Ap, | = pHB,1,| — P1L,1,4) and the charge variation (Ap = Ap, + Ap ) per single layer
were quantitatively investigated using the spin-dependent Mulliken electron differences at the atomic sites, as
shown in the bottom panel of Fig. 6b. The spin-up electron in the FGT layer moves to the spin-up electron in
the CGT layer by 0.10 e. In contrast, the spin-down electron in the CGT layer moves to the spin-down electron
in the FGT layer by 0.05 e, resulting in a 0.05 e effective spin-up electron transfer from FGT to CGT. Also, the
magnetic moment variation per single layer, i.e., Apy — Ap | is Ampgr = —0.15 up and Amcgr = 0.15 pp. In
addition, the magnetic moment variation by the atomic site (3, solid black square) demonstrates that magnetic
moments are slightly larger at Cr sites and slightly smaller at Fe2 sites than those of a single layer. The spin-down
variation (blue open circle) contributes more to the magnetic moment changes at the Cr and Fe2 sites than the
spin-up variation (red open circle).
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Figure 6. In-plane averaged spin-dependent electron density difference (8p4,) (z) = puBt,, (2) — PrGTY,) (2)
—PcGT1,) (2), top panels), effective electric field, E.g, effective potential difference, § V¢ (middle panels),
magnetic moment variation (8m(z) = mup(z) — mggr(2) — mcar(2)), and spin-dependent Mulliken
electron difference (bottom panels) of (a) the AFM FGT/CGT heterobilayer, (b) FM heterobilayer, (c) FM
heterobilayer in a—0.5 VA negative electric field, and (d) FM heterobilayer in a 0.5 VA™ positive electric
field. The x-tics represent the z-components of atomic positions. The effective electron density difference
(Ope(2) = Op;(2) + 6p,(2)) is indicated by black dotted lines in the top panel. On the atomic structures in (a)
and (b), the effective electron density difference with electron accumulation (magenta) and depletion (green)
is depicted. The +and — symbols represent the electron depletion and accumulation at the interface in the top
panel, respectively. The general signs of E.g and 8 Vg for the positive charge are opposite to them calculated
for the electron in this study. Apy | denotes the spin-dependent total electron density difference per single
layer in the heterobilayer, and Am represents the total magnetic moment variation per single layer. The red
and blue open circles at Fe2 and Cr atoms indicate the spin-up and spin-down Mulliken electron differences,
respectively.

On the other hand, the FGT layer’s 3p4, in the AFM heterobilayer, as illustrated in the top panel of Fig. 6a, is
reversed compared to that in the FM heterobilayer due to the FGT layer’s reversed spin-up and spin-down bands
in the AFM heterobilayer. However, the electron distribution at the interface in the AFM heterobilayer is identi-
cal to that in the FM heterobilayer, resulting in similar E.f and 8 Veg. As demonstrated in the atomic-structure
figure in Fig. 6a, the practical electron-transfer pathway in the AFM heterobilayer is comparable to that in the FM
heterobilayer. According to the quantitative spin variation per single layer, complex spin transfer between FGT
and CGT results in a 0.05 e effective electron transfer from FGT to CGT. Also, the magnetic moment variation
per single layer is Ampgy =0.11 up and Amcgr = 0.07 up. The magnetic moments of both the Cr and Fe2 sites
are slightly larger than those of a single layer.

Electrostatic gating effect.  This study considers positive and negative electric fields within 0.5 VA, per-
pendicular to the in-plane direction. When utilizing the PBE + U + SOC method with U=3.5 eV and J=1.0 eV
to compare the total energies of the FM and AFM Ey, E;, and E; structures concerning the external electric
field, FM structures are always more stable than AFM structures, as shown in Fig. 7a. Figure 6c,d show the
spin/electron transfer for the FM Ey structure. We show only Ey; results because the main effect of electrostatic
gating on all stacked structures is almost comparable. Our results show that the external electric field mainly
modulates the spin-majority spin transfer between FGT and CGT. As shown in Fig. 6c, the variation of 84 |
increases when a negative electric field of—0.5 VA™! is introduced. Quantitatively, the spin-up electron moves
from FGT to CGT by 0.21 e, whereas the spin-down electron moves from CGT to FGT by 0.03 e, resulting in
a 0.17 e effective spin-up electron transfer from FGT to CGT. As a result, the magnetic moment variation per
single layer increases, with Ampgr = — 0.25 up and Amcgr = 0.23 up, respectively. More enhanced 8m at Cr
sites and more reduced dm at Fe2 sites are also induced by the negative electric field. In the interface region, the
negative electric field promotes electron depletion (++) and accumulation (——), resulting in larger E.f and 8 Vg
(V,+V,, where V,=0.76 eV in Fig. 6¢).

In contrast, the variation of 304, decreases under a positive electric field of 0.5 VAL, as shown in Fig. 6d
Consequently, the spin-up electron transfer is relatively tiny, whereas the spin-down electron transfer from CGT
to FGT is 0.06 e, resulting in a 0.06 e effective spin-down electron transfer from the CGT to FGT layers. This spin
transfer results in less increased and decreased 8m at Cr and Fe2 sites, respectively, and reduces the magnetic
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Figure 7. (a) Total energy difference between FM and AFM spin alignments between the FGT and CGT layers
of Ey, Ey, and E; heterobilayers with respect to the external electric field. (b) Band structures under the external
electric field of —0.5 VA™ (left), 0 VA™ (middle), and 0.5 VA (right) for E; structure. The spin-up (red)

and spin-down (blue) bands are projected onto a Cr atom; the color intensity corresponds to the projection
magnitude. The band-edge magnitudes relative to the Fermi level are indicated by colored arrows. (c) Spin-
dependent n-type (A4 ) and p-type (Apy ) band-edge changes as a function of external electric field for Ey
(left panel), E; (middle panel), and E; (right panel) heterobilayers.

moment variation per single layer. The positive electric field, especially in the interface region, generates even
the opposite electron distribution, revealing the opposite action of the negative electric field. In particular, E.g
and d Vg (V,— V,, where V,=0.70 eV in Fig. 6d) at the interface have the opposite sign.

The FGT/CGT heterobilayer is analogous to a Schottky diode in device performance, except for the opposite
electron distribution in the interface. In a Schottky diode depletion zone, electron accumulation occurs near the
metal, and electron depletion occurs near the n-type semiconductor. However, the electron distribution in our
heterobilayer is reversed. A negative electric field to the heterobilayer, i.e., reverse bias, is achieved by connecting
the battery’s positive terminal to CGT and the negative terminal to FGT. The positive terminal to CGT allows
FGT’s electrons to migrate more to CGT, resulting in a stronger interface dipole (middle panel in Fig. 6¢) and
CGT’s lower energy-band shift relative to the Fermi level. Furthermore, as illustrated in the left panel of Fig. 7b,
the CGT’s lower energy-band shift defines narrower n-type band edges but wider p-type band edges.

In contrast, a positive electric field, i.e., forward bias, is achieved by connecting the battery positive terminal
to FGT and the negative terminal to CGT. The positive terminal to FGT causes CGT’s electrons to move to FGT,
resulting in a smaller or inverted interface dipole (middle panel in Fig. 6d). On the other hand, the negative
terminal to CGT leads to the CGT’s higher energy-band shift relative to the Fermi level. Furthermore, as shown
in the right panel of Fig. 7b, the CGT’s higher energy-band shift sets wider n-type band edges but narrower
p-type band edges.

Figure 7c illustrates how the band edges change with the external electric field. As the external electric field
increases, n-type band edges widen, and p-type band edges narrow, regardless of the stacked structures of Ey,
E;, and E;. However, slightly different band-edge values depending on the stacked structures cause differences
in the contact type as the external electric field changes. In the E; heterobilayer, the n-type contact is maintained
in the range of — 0.5 VA~ to 0.5 VA~!. In the Ey; heterobilayer, the n-type contact changes to a particular contact
(A, < 0) below—0.3 VA, In the E; heterobilayer, the n-type contact changes to p-type contact above 0.36
VA-!. These differences, depending on the different stacked structures, originate from the different initial poten-
tial differences (3 Vs when there is no external electric field) due to different asymmetric interface structures
(Supplementary Information).
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Conclusions

We presented the structural, electronic, and magnetic properties of layered FGT/CGT twisted moiré heterobi-
layers and the electrostatic gating effect. Our results show that the moiré heterobilayer with a twist angle of 30°
is an FM metal with an n-type CGT layer regardless of various stacked structures. In the spin transfer of the
FM heterobilayer, an effective spin-up electron transfer occurs from FGT to CGT. Furthermore, the spin-up
hybridized bands between Cr and Fe2 atoms crossing the Fermi level are found only in the FM heterobilayer,
not in the AFM heterobilayer, independent of stacking. It also turns out that the band alignment of the CGT
layer is explained by the effective potential difference at the interface. Our findings further reveal that, in the FM
heterobilayer, the external electric field regulates the spin-up electron transfer between the FGT and CGT layers
and affects the band edges of the CGT layer. Our study could provide helpful information for understanding
the effects of stacking, spin alignment, spin transfer, and electrostatic gating in the magnetic 2D vdW metal/
semiconductor heterobilayer.
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