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Abstract
Electronic structure calculations were conducted for the CrI3/CrGeTe3 junction with different separations
(z) between the two slabs CrI3 and CrGeTe3, which provide a means to resolve the magneto-volume spin
coupling. The calculations demonstrate that high electron mobility, high frequency and strongly electronic
structure modi�cation are obtained at speci�c value for slab separation (z). z=0.36238, which is
equivalent to the insulating separation of 13.85 ˚A, is preferable for free to move carriers, while the spin
wave maximum is at z=18 ˚A. The moment observed in the DOS of the CrI3 layer supports an increase in
the surface �eld, which in turn explains the effectiveness of the CrI3 layer in tunneling applications. The
CrI3 Fermi surface contains small electronic pockets derived from the Cr-3d doubly degenerate state at M.
The doubly degenerate effective mass m∗ is approximately constant near the bottom of the nearly free
elec-tron band, but the triply m∗ increases somewhat at the in�ection point by the Cr-3d magnetic �eld.
Depending on the number of d-electrons, the junctions CoMnI3/CrGeTe3, MoI3/CrGeTe3 and
WI3/CrGeTe3 are examined. The comparison between CoMnI3, MoI3 and WI3 and CrI3 ensures that the
performance of the CrI3 layer is due to the activity of Cr-3d, which provides a unique opportunity to
control the junction prop- erties. The DOS shape of the MoI3 layer demonstrates fairly
interesting magnetic properties that are nearly similar to those of the CrI3 layer.

1. Introduction
Recently the most modern electronic devices have performed appropriately by a combinations of more
than one material layer to improve the devices perfor- mance [1, 2, 3, 4]. That micro-electronics devices
show high speed and lower power operation. These advantages is due to the weak bonding between
planes similar to the van der Waals interaction [5]. Where, the distance between near- est neighbor atoms
for the in-planes is of order 1.4 ˚A. Whereas the distance between successive planes in the van der Waals
hetero structures is of order 3.35 ˚A [6, 7, 8, 9]. Additionally, these yz-layered compounds have nearly free
to move electrons in the electronic states of Px. That idea of conducting in one direction (x-direction)
allows to constructing a two-dimensional (2D) layered materials which show fascinating possibilities [10,
11, 12].

The CrI3 have been extensively studied, where it is provide a new window into magnetic insulators which
are a resource for next-generation topological devices [13, 14, 15, 16, 12, 17, 18, 19, 20, 21]. Two-
dimensional monolayer crys- tal of CrI3 in its equilibrium con�guration is a ferromagnetic semiconductor.
But a two coupled layers may be ferromagnetic or anti-ferromagnetic accord- ing to the stacking. A. Leon
et. al. study the dependence of magnetic phase diagram on the strain of the antiferromagnetically
coupled bilayer [22, 23]. T.

Egami et. al. have studied the dependence of magnetic moment on layer sepa- ration, biaxial strain
effects on magnetic and electric properties, �rst-principle calculations and the stacking order modi�cation
through rotaion and transition between the layers [24, 25, 26, 27]. Magnons observation for 2D
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dimensional, interlayer magnetic coupling tune and recent progress of 2D intrinsic ferromag- netic
semiconductors in theoretical side all have been studied for CrI3 [28, 29, 2].

Spin-polarized quantum transport properties, for sandwich-type Van der Waals magnetic tunnel junctions
CrI3/h-BN/nCrI3, exhibit an interesting odd-even effect within a limited thickness [30]

However, to our best knowledge, CoMnI3/CrGeTe3, MoI3/CrGeTe3 and WI3/CrGeTe3 junctions, which are
strong related to CrI3/CrGeTe3, are still rare to date.

The real surfaces are classi�ed to reasonably �at regions called terraces and losses of few atomic layers
which changes the hight is called steps. Additionally different orientation terraces relative to the principle
surface are named as facets and small surface prominence is referred to as islands. A different degrees
of roughness at contact surface can be caused by the fabrication techniques and can also be caused by
the layers having a different crystal structure. These in- terface roughness causes potential bumps in the
path of the electrons producing scattering to the current carriers. The shape of that interface roughness
scat- tering potential has been described by different models [31]. Starting from the atomistic level until
reach to the macroscopic scale, the dynamic evolution of crystal surface is important to understand and
control the growth phenomena or surface reconstructions of important materials.

The free to move electrons, at the interface of layered materials, are induced by positive voltage (E(x))
towered insulating material which in turn producing tunneling in the interface channel between the
metallic and insulating layer. These insulating material is working as a potential barrier which forcing
elec- trons to tunnel at the interface, such as in MOSFET and Josephson junctions. Since theoretical tools
always used to gain deeper understanding of the dynam-ical phenomena on surface. Here we will
theoretically study the effect of the distance between the two layers on the electronic properties, starting
from in- sulating distance (potential barrier) until the van der Waals hetero structures range. These will
provides a microscopic explanation for the tunneling e�ciency of CrI3/CrGeTe3 junction compared to the
other studied layers. Additionally, establish a better understood features of the band structures of speci�c
junctions CrI3/CrGeTe3, CoMnI3/CrGeTe3, MoI3/CrGeTe3 and WI3/CrGeTe3 through studies the decisive
role of channel thickness or layer separation on the interface scattering potential and tunneling
processes.

2. Computational Details
A coupled magnetic semiconductor layer CrI3-CrGeTe3 was derived from the bulk Chromium triiodide.
CrI3 was considered with the experimental lattice constants a=b=6.867 ˚A and c= 19.807 ˚A [15].
Additionally, a space group num- ber 148 (R-) with 3a and 9d site symmetry for atoms Cr and I,
respectively, was used in the calculations [15].

The following procedure was used to build up tunnelling junctions: we �rst constructed a 1×2×3 layered
supercell structure with CrI3 monolayers separated by the van der Waals gap, as shown in �gure 1a. The
supercell construction produced 7-ayers, as shown in �gure 1a. Three layers were removed, and the
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remaining 4-layers were used to produce the desired construction. Two of the 4-layers were changed from
CrI3 to CrGeTe3, as shown in �gure 1b. This new procedure was su�cient to yield a geometry consisting
of slab 1 of CrGeTe3 and slab 2 of CrI3, resulting in a 2×2 primitive unit cell of CrI3-CrGeTe4, as shown in
�gure 1b.

The calculation was performed on the system with different values for the distance z between the two
slabs CrI3 and CrGeTe3, as shown in �gure 1b. The three times cell repetition along the z-axis or in the c-
direction during supercell formation generated su�cient separation (z) between the two slabs to be
suitable for the calculations. Where, the maximum allowed z-structure parameter value on the c-direction
was found to be 0.61238, which is equivalent to the divergence 27.15 ˚A between slabs on the c-axis. The
calculations were performed with a gradual decrease of a 0.1 step in the z-structure parameter, i.e.,
0.61238, 0.51238, 0.41238, 0.31238, 0.21238, 0.11238 and 0.06238, which is equivalent to values 27.15
˚A to 5 ˚A with step 4.4333 ˚A for the z-parameter, as shown in �gure 1b.

Density functional theory (DFT) calculations for CrI3-CrGeTe3 with def- erent junction separations ware
performed using the full-potential linearized augmented plane wave (FLAPW). The FLAPW had a suitable
�at character in the interstitial region in accordance with the junction region. Additionally, the FLAPW had
a rapid oscillatory in the core region that was suitable for the slabs internal region. The exchange-
correlation was evaluated using the generalized

gradient approximation (GGA) with slowly varying densities in PBEsol-GGA, which improves the
equilibrium properties of the solids surfaces [32]. The mu�n tin radii (RM T ) were chosen to minimize
the interstitial region. The RM T ×kmax was set to 7 for the number of plane waves, with l=12 as an
expansion of the wave functions inside the mu�n tin spheres. The scf-calculations employed a Γ-
centered grid of 204 k−points in the irreducible Brillouin zone taken from a 23x11x3 mesh. The energy
and charge convergence criterion was set to 0.001 Ry and 0.01 e, respectively, for all values of z.

3. Results And Discussion
The density functional theory (DFT) was used for the interface electronic struc- ture calculations of the
heterostructure in �gure 1b. Of particular interest are interfaces between the magnetic half-metallic layer
(CrI3) and the semiconduc- tor layer (CrGeTe3). The CrI3-CrGeTe3 junction highly important in spintronic
applications. Studying the surfaces contaction manner of two active layer with thickness of dielectric
inserted between these layers is likely similar to the growth in the z-axis. The tunneling probability
monotonically increases as the barrier thickness shrinks. The atoms Te, Ge, and I with s and p valence
electrons were used for slab formation, in addition to the highly spin-polarized magnetic atom Cr of 6
valence electrons in s and d. The two ideal slabs in �gure 1b were grad- ually brought into close contact
until the inter-atomic range (z= 27.15, 22.7167,18.2834, 13.8501, 9.4168, 4.9835 and 2.765 ˚A).

Figure 2a indicates the relation between the slab separation (z) and the spin magnetic moment. The
moment gradually decreases as the two slabs CrI3 and CrGeTe3 approach each other, attaining the
minimum value for the moment at distance z=18.3 ˚A; the moment then increases as z decrease further.
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Hence, the magnetic properties of the system drastically affected by the layer’s separations, with
magnetic inversion at critical slab separation z=18.3 ˚A, where the system attained the ability to acquire
and maintain an internal dipole moment before and after that critical separation. These is nearly the
same as the dipole moment associated with the displacement of atoms away from the center of the
point group in the crystal structure.

Figure 2b displays the system energy as a function of z. The energy of the system is nearly constant in
the studied separation range. However, the inter- action energy between the slabs begins to decrease at
approximately 23 ˚A.

3.1 Electronic Structure
Electronic structure calculations were conducted for each slab, CrI3 and CrGeTe3, separately under the
same conditions considered for the CrI3/CrGeTe3 junction. A semiconductor gap was observed for both
channel directions of the CrGeTe3 layer, as shown in �gure 6(c, d). Additionally, CrI3 indicates a half
metallicity with semiconductor behavior for the majority of the channel, as shown in �gure 6(a, b). Cr-3d
bands indicated by the symbol d in �gure 6a, which extended from -0.3 to -0.6 eV down the Fermi surface
at the Γ point and nearly at the surface of Brillouin zone, are indicated by the high symmetry points M, K
and A.

The electronic structure calculations of the CrI3/CrGeTe3 system show a

conductive behavior for different separation values between the slabs. The major shortcomings for the
conductive behavior of the junction Cr3/CrGeTe3 are as follows:

1. The heterostructure led to the creation of a conductive Kohn-Sham state with energies within the
insulator and semiconductor gap for Cr3 and CrGeTe3, respectively. Where the surfaces charges
interaction rearrangement the charges in the semiconductor layer (CrGeTe3) producing new energy
states in the band structure, as shown in �gure 3. This corresponds with the theory of quantum
tunneling, which is a partial propagation of the particle wave function into a forbidden region (energy
gap), i.e., the wave function in the barrier region dose not equal zero.

2. The heterostructure layers yield bonds inside the slab that partially sat- isfy the bonding
requirements described for the solids with s and p valence electrons. The elements Ge, Te and I with
a 4, 6 and 7 valence electrons, respectively, may form a hybridization or covalent-like quasi bonding
between the s and p orbitals or pure directed p bonding that participates in the band structure.

3. The difference in Fermi energy between the CrI3 layer and the CrGeTe3 layer generates overlapping
between the slab states such that the band structure for the successive z values may appear as
conductive.

The challenge of controlling conductivity by electric �elds was achieved by the band topology changes as
a function of z in �gure 3. These z-changes strongly modify the electronic structure near EF as
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follows: The three dashed states red, black and orange mostly derived from Cr-3d, as z=0.16238 to
z=0.36238 have no crossing to the Fermi level at the Γ-point. The location at which the d-band crosses
the Fermi level indicates that the bands constitute a low-energy dispersion relation of fermions with d-
components. In addition, a free electron

state appeared for z=0.36238, 0.46238 and 0.56238, as indicated by the dashed orange d-state in the
valance band near EF . This means that z=0.36238, which

equivalent slabs separation by 13.85˚A, is preferable for free to move carriers.

In the upward motion of z values until z=0.21238, a group of Cr-3d bands are separated by a clean slab
�eld and extend to -0.8 eV at the Γ point. This group shows a large dispersion for low and high z values.

The signi�cant role of Cr-3d in the magnetic properties and performance of the studied junction led to the
analysis of the Cr-3d changes with z inside the junction. Figure 4 indicates the projected DOS changes for
Cr-3d with different values of z. The Cr-3d states have a sharp peak at approximately 0.5 eV below the
Fermi level. The �gure indicates a ferrimagnetical spin arrangement between the valence states and
conduction states. This arrangement decreases the bonding energy because of the difference in the
strength of the hybridization between the majority and minority channels. As a result, the Cr-3d states are
polarized like f -states. These totally spin polarized valence and conduction bands led Cr-3d to produce
an allowable spin current, which coincides with the

experimental observations [33]. This spin wave current is maximum at z=18 ˚A, as shown in �gure 4.
Additionally, �gure 4 indicates a DOS spike of �xed potential for Cr-3d under the Fermi level; its width is
about 0.3 eV. The majority narrow d-bands of the spike are indicated by the symbol d on the energy axis
of �gure 6a at the Γ point.

The remaining set of states split from the d-band around point M in valance band, is for s-band which is
indicated by the ellipses in �gure 6a. These ellipses are closer to the Fermi level for CrGeTe3 in �gure 6c
than CrI3 in �gure 6a. When the junction is formed, the surface �eld acts like a breakdown voltage,
destroying these electronic pockets and producing new electronic states. These states have energy in the
semiconductor gap energy range. Where, all the s- and

d-levels that have the same K values are close together, and that would explain the pesky ability of CrI3 in
tunneling applications.

3.2 DOS of CoMnI3, CrI3, MoI3 and WI3
The distinct magnetic properties of the CrI3 layer led to an examination of other similar layers to explain
the magnetic superiority of CrI3.
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The following results are presented in �gure 5, which shows the main DOS differences between the
CoMnI3, CrI3, MoI3 and WI3. When the orbital d, which is responsible for the magnetic properties, changes
from Cr to W, the sharp peak density decreases, and its energy changes. This trend is due to the band
�lling of d-electron sub-bands, which increase the d-states, splitting with respect to the Fermi level. The
�gure also presents the increase in DOS near the

Fermi level, which is the reason for the fascinating magnetic properties of CrI3 in contrast to the other
layers. That remarkable moment in DOS of CrI3 layer support an increase in the surface �eld, which in
turn explains the effectiveness of the CrI3 layer in tunneling applications. Additionally, the increase in DOS
is the result of the bonding and antibonding character of d-electron pairs around the Cr-atom. The DOS
shape of the MoI3 layer demonstrates fairly interesting magnetic properties that are nearly similar to
those of the CrI3 layer. The peak intensity and the interval between the valance and conduction peaks of
the MoI3 layer are close to those of the CrI3-layer, as shown in �gure 5. The highest peak of Mo shifted
somewhat towered the low energy in the conduction and valance bands.

3.2.1 Surface Moment and Fermi Level
When the junction was formed, the partial DOS (not shown here) explained the imbalance of the directed
p-orbital electronic charge of Ge, Te and I in the immediate neighborhood of the interface, creating a
dipole moment associated with the presence of the CrI3/CrGeTe3 junction. That surface p-dipole moment
becomes stronger with the formation of the CrI3/CrGeTe3 junction due to the addition of the moment
produced by the Cr-3d, as shown earlier in �gure 4. These dipole moments equate to a Fermi level on
either side of the junction

because the Fermi level is adjusted by the electrical neutrality of the two layers.

In the case of a large gap, the dipole moment is not su�cient to produce elec- tronic equilibrium. Figure 6
shows a small gap for CrGeTe3 and half metallicity for CrI3, which could be suitable for the Fermi surface
to be balanced on both sides of the studied junction. That would neatly point toward, the properties of the
studied heterostructure depend on the changes in energy gap along the reciprocal directions, as indicated
in �gure 7b. Thus, considering �gure 6 for the semiconductor layer CrGeTe3, the equilibrium condition
may occur at high symmetry points with a small gap, such as at M or K, but not at Γ or A. This in turn
explains the tunnelling behavior of the studied junction.

3.2.2 Free Electron Bands
Consider the ellipses of the valence band electronic pockets at the high symmetry point M in �gure 6.
These pockets consist of a very small pieces of surfaces that surround the occupied levels and represent
a narrow cross section of the Fermi surface. Interestingly, a weak potential would be enough to destroy
those pockets because the energy bands at the high symmetry point M of those pockets take the form of
the free electron parabola, as shown in �gure 6.
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By arguing against conventional band structure, �gure 8, which displays a free electronic state, is
separated from the band structure in �gure 6a for CrI3. Figure 8 presents a particular way to show the
original free electron parabola of the s-level disconnected from the two parabolic sectors that split and
form fairly large direct energy gaps in the interior of the Brillouin zone at about k=0.5ΓM and k=0.7ΓK. In
the same way, most energy states in �gure 6 can

be given a parabola representing the levels of the free electron. Hence, the free electron parabola states
prevail in the band structure. Therefore, the application of external weak potential will beat on, not
necessary all, the parabolas of free electrons. These results match the experimental observations [33]. On
the other hand, according to the Schottky model, the barrier voltage is proportional to

the metal work function. The CrI3 barrier may be small due to the appearance of nearly free electronic
states in the band structure, which is key for the most promising area of the practical use of the CrI3-layer.
Additionally, the band structure of the magnetic metal layer CrI3 in �gure 6(a,b) indicates a difference for
the majority electrons work function than minority.

The CrI3-layer shows a characteristic band structure for the majority channel at the Cr-3d orbital, whose
width of about 0.3 eV has less conductive activity and nearly has the same behavior at all K values.
Where, Cr-3d localized states work as a �xed potential under the Fermi level. However, the set of low lying
s-electrons bands under the d-orbital has higher activity from -1.5 eV to -0.4 eV and behaves as a free
electron for nearly all zone faces K values, as indicated in

�gure 6. The distinction between the d- and s-bands on one side and the dipole moment �eld, produced
by occupied and empty states, on the other could be the cause of the special properties of the CrI3-layer
[34, 15, 35, 36, 37, 38, 39,40, 41, 42, 43].

When a junction forms, the excitation of electrons from the valence band to the conduction band of the
semiconductor layer CrGeTe3 occurs through new, quasi-bound energy states, as in �gure 3. These states
are mostly referred to the half-metallic layer CrI3 for most values of k. Further, since the conductivity
mainly depends on the states around the Fermi level, conductivity depends on the electronic pockets that
produce semi-free electrons moving under the in�uence of the �eld of the dipole moment, which is
associated with the occupied and empty states of Cr-3d (�gure 4). The band structure diagram shows
that those nearly free electrons are allowed in the ΓM and ΓK directions in reciprocal space or the [100]
and [110] directions in real space, as shown in �gure 7b.

In summary, Fermi level equilibrium and the small gap and small work func- tion in the KM direction both
diminish the conductivity, except in the ΓM and ΓK directions, which in turn produce the tunneling effect,
as indicated on the Brillouin zone of �gure 7b. Additionally, the picture outlined above may present a
disturbance in the oversimpli�ed Schottky model view of barrier width.

3.2.3 Effective Mass (m∗)
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In addition, the effective mass (m∗) is an important parameter for the tunnel- ing current and plays an
important role in the dynamics of both electrons and holes, [44, 45, 46]. Additionally, m∗ has a
complicated dependence on the crys- tallographic directions depending on parabola and non-parabola
states on band structure, as in �gure 6. Moreover, m∗ relies on moment (�gure 4) and state’s energy as
indicated for the Cr-d states in �gure 6a. It can also have a different magnitude and even different signs,
as indicated by �gure 7a. Figure 7a depicts the effective mass of electron (me∗) considered by its value
at the maximum or at minimum for small electronic or small holes pockets. For the conduction electronic
state interval from 0.5k until the high symmetry point M and the valance path M −→ K in �gure 8, each
has the same behavior as in �gure 7a.

Consider �gure 6 and �gure 7a; the band structure of the two layers shows behavior that is the opposite
of the effective mass as follows: the (me∗)  of the CrGeTe3-layer, for most conduction states near the
Fermi level (Ef ), is negative (m∗ < 0), and the opposite is true for valance states where m∗ > 0. However,
the case is different for CrI3, where (me∗)  is positive in the valance band. This contrast in the (me∗)
signal facilitates electrical conductions and is one of the unique characteristics of a CrI3/CrGeTe3
junction.

Near the bottom of the nearly free electron band, the effective mass is ap- proximately constant and can
be calculated by the Schr¨odinger equation:

After that, m∗ increases somewhat at the in�ection point by the Cr-3d magnetic �eld, which is indicated
in �gure 4, and even becomes negative at the high symmetry points M and K.

4. Conclusion
Electronic structure calculations were performed to elucidate the changes in the physical properties of the
CrI3-CrGeTe3 junction with respect to the separation between the two layers. The magnetic properties of
the system were drasti- cally affected by the layer’s separations, with magnetic inversion at critical slab
separation z=18.3 ˚A. Where the system could acquire and maintain an internal dipole moment before
and after that critical separation. The z-changes strongly modify the electronic structure near EF . The
total spin polarization between the valence and conduction bands led Cr-3d to produce an allowable spin
cur- rent, which coincides with experimental observations. This spin wave current achieves its maximum
at z=18 ˚A. The remarkable moment in DOS of CrI3 layer support an increase in the surface �eld, which in
turn explains the effectiveness of the CrI3 layer in tunneling applications over the other studied layers.
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The contrast in the me∗ signal facilitates electrical conductions and is a unique char- acteristic of a
CrI3/CrGeTe3 junction. Additionally, this work shows that the layer’s separation is a feasible way to adjust
the junction properties, which are presumed to be bene�cial for technology.
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Figure 1

(Color online) The 1×2×3 supercell, consisting of 24 I and 6 Cr atoms in the �rst layer and 24 Te, 4 Ge and
2 Cr atoms in the second layer.
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Figure 2

Magnetic moment versus (a) Junction energy (b) Slabs separation z

Figure 3

The topology changes in majority chanel band structure of the system CrI3 /CrGeTe3  in [100] direction
with z=0.61238, 0.51238, 0.41238, 0.31238, 0.21238, 0.11238 and 0.06238 which equivalent to z= 27.15,
22.7167, 18.2834, 13.8501, 9.4168, 4.9835

and 2.765 ˚A.
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Figure 4

Density of states in valence band suffering total �ip- ping in a conduction band.
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Figure 5

Total DOS for CoMnI3 , CrI3 , MoI3  and WI3 layers

Figure 6

(a), (b), (c) and (d) shows the band structure for the studied layers in the two spin direction.
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Figure 7

(a) Schematic drawing of the dispersions near EF for massless Dirac fermions and massive quasi
particles, (b) Brillouin zone for Hexagonal structure with high symmetry points and directions in reciprocal
space
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Figure 8

Zoomed-in view of the free electron parabola state, which indicated by dished line in �gure 6a.


