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1 | INTRODUCTION

An important breakthrough in materials science in recent years is primarily associated with the synthesis of novel two-dimensional materials.!* 3!
The pioneer in such materials is graphene through a graphite low-dimensional structural analog. The absence of intrinsic spin polarization in
graphene limits its applications as a spacer in various layered heterostructures.**! The heterostructures draw great attention due to unique prop-
erties that can find an application in new branches of fundamental science (eg, spintronics). Spintronics required special properties in materials
that separate different spin ordering. One of these properties is a half-metallic conductivity. The half-metallic compounds have more benefits in
use due to the nonzero density of states at the Fermi level for one spin channel and semiconducting band gap for another one.

)é71_a family of layered compounds with adjacent layers bonded by weak van der Waals forces—are

Transition metal dichalcogenides (TMDs
considered promising materials for spin-related applications due to the wide variety of conducting properties (from metallic to semiconducting)
with direct or indirect band gaps. However, their applications are limited due to the absence of net magnetic moments for most of TMDs, except
of VS, and VSe,.B1 From this point of view, transition metal dihalides!*?*® (TMH2), being structurally analogous to TMD, are remarkable candi-
dates for spin-related applications. Unlike TMDs, most of the TMH2 have nonzero magnetic moments on TM ions that create a great opportunity
to vary properties using magnetic fields and other magnetic phenomena.

Bulk Col, and Nil, are A-type antiferromagnets with spins aligned along with the metal-iodine bonds, which is confirmed by Mossbauer spectros-
copy measurements.[*¥! Cobalt iodide possesses CdI2-type 1T structure (P-3m1 space group), while Nil, obeys the CdCl,-type structure (R-3m:H
space group) with ABC stacking of nickel and iodine ions. There are two possible configurations of TMH, monolayers, namely, H (trigonal prismatic)

and T (octahedral), which differ from each other by the orientation of second-layer ligand atoms with respect to the first-layer Iigands.[sl

TDeceased December 31, 2016

Int J Quantum Chem. 2020;120:€26092. http://q-chem.org © 2019 Wiley Periodicals, Inc. 1of 7
https://doi.org/10.1002/qua.26092


https://orcid.org/0000-0003-4694-2995
mailto:iuliia.melchakova@gmail.com
http://q-chem.org
https://doi.org/10.1002/qua.26092
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqua.26092&domain=pdf&date_stamp=2019-11-05

20f7 UANTUM MELCHAKOVA ET AL.
—I_WI LEY— HEMISTRY

Numerous studies demonstrated that magnetic and spin properties of low-dimensional nanomaterials fundamentally differ from those of the
bulk due to an atom magnetic moment's strong dependence on its coordination number. For example, the study of electronic and magnetic prop-

[15]

erties of CrN monolayer performed by Zhang'*>' showed that, unlike the bulk antiferromagnetic phase, its 2D counterpart is ferromagnetic half-

metal, thermally and mechanically stable. Hexagonal configuration of the CrN monolayer, which may be obtained by using substrates such as
MoS, and MoSe, with suitable structural parameters, was predicted to possess half-metallic properties as well.[16]
The previously mentioned trend is also fair to Col, and Nil, structures. It was estimated that atomic coordination in Col, and Nil, monolayers

17 |t was found that the single-layer TMH, retains the semiconducting type of the band gaps,

are similar to correspondent octahedral 3D analogs.
but in contrast to bulk, spin alignment could be characterized as ferromagnetic (parallel to z-direction).!*? It was also found that lattice parameters
of Col, and Nil monolayers in T-configurations have good coincidence (lattice difference ~0.25%), which implies the absence of moire pattern and
distortion of the initial structure.

The point of this article is to design a new semiconducting heterostructure with interesting spin-related properties at PBE/GGA level of theory

with a tunable band gap via the external impact.

2 | METHODS

All electronic structure calculations of individual TMHal, fragments and Col,/Nil, spinterfaces were performed within the framework of density
functional theory (DFT) using PBE exchange-correlation functional®®'? and pseudoatomic orbitals with norm-conserving Vanderbilt
pseudopotentials,?® as implemented in the open-source package OpenMX.2Y In order to account for the correlation effects, which are usually

22231 as implemented.

significant in transition metal compounds, the simplified form of the Hubbard U correction proposed by Dudarev et a
The effective U parameters (Uess = U — J; U stands for the Coulomb repulsion, and J is the exchange parameter) for TM atoms were 3.3 and 4.6 eV
for cobalt and nickel atoms, respectively.

The Col,/Nil, spinterface was designed by stacking of Nil, and Col, T-monolayers one above the other at a distance of 3.72 A (Figure 1) that were
cut out along (001) the direction of the bulk crystals (Figure S1). The unit cell optimizations were performed until the maximum force acting on atoms
was less than 0.001 eV/A. The Mankhorst-Pack!?* scheme was implemented for k-point Brillouin zone sampling with k-point grid-contained 9 x 9 x 1
points. A vacuum interval of 20 A was set to normal in the monolayer plane in order to prevent artificial interactions in periodic boundary conditions.

To study the halide bulk crystal spin properties, several different types of spin ordering were considered. The energy difference between the
ferromagnetic and antiferromagnetic states per formula unit in Nil,/Nil, and Col,/Col, bilayer structures with two TM ions (Figure S2, Table 1)

was calculated as:
AE = Efer - Exter, (1)

where E¢., and E,¢, are total energies of ferromagnetic and antiferromagnetic states of TMHal,-based heterostructures. For the spinterface, the

energy differences were determined as:

AE = Efer — Eferris (2)

FIGURE 1 Coly/Nil, heterostructure (A and B are side views; C is top view).

Co and Ni ions are denoted as dark blue and gray balls, respectively. Depending on the
position of the iodine ions, they are denoted as light blue (l;, Nil, outer | ions), purple
(I5, Nil, inner I ions), yellow (I3, Col, inner | ions), and green (l4, Col, outer | ions)
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;I;]I.(\:I:ftfe:t m:gr‘:gﬁi:ezt::;M l2 structures Hetero structure Inter layer dist AE (eV) State Estack (€V) # (1g)
Col,/Col, 3.47 -0.05 Ferromagnetic — 6.00
Antiferromagnetic - 0.00
Nilo/Nily 3.57 0.01 Ferromagnetic = 4.00
Antiferromagnetic — 0.00
Coly/Nil, 3.46 0.04 Ferromagnetic -0.12 5.00
Ferrimagnetic -0.07 1.00

where Ez, and E¢.i Stand for the total energies of the spinterface in ferromagnetic and ferrimagnetic states, respectively.

Stacking energies E;..« between Col, and Nil, monolayers per formula unit were calculated as:

Estack = Espint = Ecol2 = Enit2, (3)

where Eg,int is the total energy of the spinterface, and Ecoi, and En2 are the total energies of Col, and Nil, free-standing fragments, respectively
(Table 1).

According to the results of stacking energy calculations, the ferromagnetic state is favorable for a Col, bilayer (contrary to bulk Col,), whereas
antiferromagnetic spin ordering is favorable in the case of Nil, bilayer and Col,/Nil, spinterface. It was previously shown!® that a 2D structure
may actually have ferromagnetic ordering due to the confinement effect even though 3D analog possesses antiferromagnetic alignment. Close
stacking energy values of ferro- and ferrimagnetic heterostructure make the creation of heterostructures with different magnetic ordering possi-
ble. Taking into account the stacking energy values (—0.12 and —0.07 eV for ferro- and ferrimagnetic states, respectively, Table 1), the ionic char-
acter of the system, and the distance between fragments, it could be assumed that the bonding of the fragments in heterostructure is primarily
caused by van der Waals (vdW interactions have the energy more than 0.01 eV/atom) and exchange interactions.

In order to verify the bending structural stability of the heterostructures,'2>2¢!

an additional calculation was performed for Nil,/Col, cluster. A
supercell consisting of 3 x 3 x 1 unit cells was chosen to design the cluster with neighboring images distinguished from each other by 10 A of
vacuum interval in each direction in order to prevent artificial interactions in periodic boundary conditions. The structural optimization was per-
formed until the maximum force acting on atoms was less than 0.001 eV/A. As a result, the final cluster structure was not distorted, so it proves

the bending stability of the spinterface.

3 | RESULTS AND DISCUSSIONS

3.1 | Atomic structure and electronic properties of Col,/Nil, spinterface

Because of the same symmetry and type of the conformers, the Col,/Nil, spinterface was designed by stacking the Col, and Nil, layers one
above the other (Figure 1), with both TM and iodine ions placed pairwise directly above each other (I3 above |4, |4 above I,). In order to exclude
the extra repulsion of iodine ions from different fragments, the Col, monolayer was placed atop the Nil,, keeping the metal ions in the same posi-
tion (Co above the Ni).

The total (TDOS) and partial (PDOS) densities of states of ferromagnetic and ferrimagnetic states of Col,/Nil, spinterface are presented in
Figure 2. In Figure 2, the TDOSs of the spinterface are indicated in black lines, and the red and blue lines represent the PDOSs of the Nil, and
Col, fragments, respectively. The TDOSs of free-standing Col, and Nil, 2D monolayers, together with PDOSs of the Nil, and Col, fragments in
the spinterface (Figure S3a-b and c-d, respectively), are shown to analyze the nature of interlayer interactions between Col, and Nil, fragments.

As can be seen in Figure 2, the Col,/Nil, spinterface is a spin-polarized narrow band gap semiconductor with a band gap of 0.84 eV at the
Fermi level for ferrimagnetic ordering. The Nil, electronic subsystem makes the main contribution to the conductivity band (CB) in the energy
interval from 0.4 to 0.6 eV in ferromagnetic state (Figure 2 left), while Col, contribution dominates at 0.6 to 0.8 eV region.

It is clearly seen that the TDOS for ferrimagnetic state in the valence band (VB) region is determined by superposition of almost equal contri-
butions of both Nil, and Col, electronic subsystems. The DOSs in both CBs and VBs demonstrate distinctive nonequivalent and asymmetrical
shapes with different populations of spin-up and spin-down states. The asymmetrical population of a- and p-spins should lead to spin polarization
of the spinterface.

The comparison of the DOSs (Figure S3) clearly demonstrates significant DOS redistribution caused by the interactions between the elec-
tronic subsystems of Col, and Nil, fragments. The fragments demonstrate semiconducting properties with zero DOSs at the Fermi level. Interac-
tions between the fragments lead to redistribution of electronic density at both lower and higher energy peaks. The disappearance of the peak

associated with d,. orbitals of Co in PDOS of Col, fragment can be caused by the change of the symmetry and A parameter of the ligand field of
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‘ eV FIGURE 2 Total and partial density of states of the Col,/Nil, spinterface
i~ 4 with ferromagnetic (left) and ferrimagnetic (right) spin ordering. Black lines
PDOSNIL correspond to total densities of states (TDOSs), and red and blue lines
S508 Co]' correspond to partial densities of states (PDOSs) of Nil, and Col, monolayers.
2 The positive and negative intensities reflect the electronic densities of the
§» _ﬁz spin-up and spin-down states
0
-2
-4
Arb.Units
o 0 1 2 3 4 FIGURE 3 lonic charge dependence on the field strength for
- __Field strength, ev/A spinterface with ferromagnetic ordering. Light blue line corresponds to I,
B ionic charge, purple line corresponds to I, charge, yellow line corresponds
-0.51 _— to I3 charge, and green line corresponds to I4 charge
e —1I(1)
oo —
5 056 1@
(=] ~_ 1(3)
—1(4)
-0.61
-0.66

the Co ion in the spinterface. Exchange interactions between the fragments may also influence the PDOS shapes and occupancy numbers as the
length of the vdW bonds between the Col, and Nil, fragments (3.4 A) is significantly shorter than the effective distances (up to 10 A) of exchange

interactions.?”!

3.2 | The influence of external electric field on the electronic structure of the interfaces

A set of single-point electronic structure calculations of the spinterface with external electric field strength varied from O to 3.5 eV/A was per-
formed. The ferrimagnetic spin ordering is the ground state of spinterface at low values of the electric field (lower 1.15 eV/A). As the field
strength becomes higher than 1.15 eV/A, the ferromagnetic spin ordering becomes energetically stable.

The calculated ionic charges and magnetic moment dependences on the values of electric field strength are presented in Table S1 and Figure 3.
Indexes of iodine atoms correspond to their position according to metal atoms: |, (light blue balls in Figure 1) and I, (purple balls in Figure 1) ions
are located under and above Ni ions, respectively. The same notations are used for I3 (yellow balls in Figure 1) and I, (green balls in Figure 1) ions
for the Col, fragment.

Increasing the external electric field strength (Figure 3) leads to the charge transfer to the I, ion of the Nil, fragment from the |, ion of the
Col, fragment. The tendency of charge transfer dependence is rather smooth for I, and I5. The same tendency is fair to the spinterface with ferro-
magnetic ordering as well. The absolute values of TMHal, fragment total net charges in both ferromagnetic and ferrimagnetic states gradually
increased (See Table S1) with the increase of the electric field. To sum up, the increase of the electric field strength makes the charge localized at
Nil, fragment more negative and the Col, charge more positive.

The dependence of magnetic moments located at Col, fragment on the electric field strength is presented in Figure 4. It remains flat until
1.5 eV/A at its constant maximum value of —2.98 pg and then gradually decreases to —2.92 pg at 3.5 eV/A. The same dependence is fair for the
Nil, fragment (Table S1).

The analysis of spatial distribution of frontier energetic levels of the spinterface was performed to identify the contributions of the fragments
in VB top and CB bottom (Figure 5). For the spinterface with ferromagnetic ordering the spatial electronic density of VB top is localized at the
Nil2 fragment, while the CB bottom is localized at the Col2 Co d,. orbitals, so it can be suggested that electrons are going to be transferred to the
Nil2 fragment at first. The external field shifts the original VB top state down in energy, so the modified VB top is presented by the bonding Ip,
orbitals of the Col, fragment. In general, it means that electronic transfer will be more efficient in field condition than in its absence because of

transmission within a Col, fragment.
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FIGURE 4 Magnetic moments of Nil, film dependence on the electric field -2.88
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FIGURE 5 Valence top and conductivity bottom bands of the o Ferrimagnetic ordering o
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For the spinterface with ferrimagnetic ordering, the spatial electronic density of VB top is localized at the Col, fragment, while CB bottom is
localized at both the Col, and Nil, fragments. The impact of the external electric field is determined through the vanishing of the CB bottom localiza-
tion at Col, fragment.It particularly defines complication at electronic transfer due to VB top and CB bottom distribution at different fragments.

To analyze the conducting properties of the interface under external electric field, a set of band structure calculations was performed
(Figure 6). For both types of spin ordering, the interface demonstrates semiconducting properties and retains them up to an electric field strength
of 2 eV/A. As can be seen in Figure 4, the tendency of the band gap width decrease is characterized by linear dependence with a slight deviation
at 1.5 eV/A for ferrimagnetic ordering, while ferromagnetic ordering downtrend looks quite smooth.

The band gap data are presented in Table 2. The ferromagnetic interface is a narrow band gap semiconductor with an indirect overall band
gap of 0.76 eV with maximum CB at I point and minimum VB at /M point of Brillouin zone.

The spin-resolved band gaps are equal to 1.15 and 2.89 eV for o and f spin states, respectively. The ferrimagnetic interface is a narrow band
gap semiconductor with an indirect overall band gap of 0.84 eV with maximum CB at I point and minimum VB at I'/M point of Brillouin zone with
spin-resolved band gaps equal to 0.83 and 1.08 eV for a and p spin states, respectively.

Figure 7 illustrates a drastic decrease of the band gap width as the external electric field is applied, leading to the change of interface's elec-
tronic state nature for both ferromagnetic and ferrimagnetic states. At high external electric field, both « CB and VB cross the Fermi level at T,
K/T points of Brillouin zone, and the ferromagnetic spinterface becomes a half-metallic composite in a channel at a strength of electric field of
2.0 eV/A. At the same conditions, both B CB and o VB cross the Fermi level at I, K/I" points, and ferrimagnetic spinterface becomes a zero-gap

spin-polarized semiconductor. Full data of the band gap analysis for field conditions are presented in Table 2 and in Figure S4 to S12.
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TABLE 2 Overall and spin-resolved band gaps of the spinterface without field/1.15 eV/A field

Ferromagnetic state Ferrimagnetic state

Overall band gap Band gap (spin a) Band gap (spin f) Overall band gap Band gap (spin a) Band gap (spin )

Band gap width (eV) 0.76/0.18 1.15/2.39 2.89/0.57 0.84/0.23 0.83/0.23 1.08/1.48
Type Indirect/Indirect Indirect/Indirect Indirect/Indirect Indirect/Indirect Indirect/Indirect Direct/Direct
Field strength 0.50 eV/A FIGURE 7 Band structures of Col,/Nil, interface under applied
Ferrimagnetic ordering Ferromagnetic ordering external electric field in the range of 0.5 to 2.0 eV/A. Green lines refer to
“[ T T Bl T T ] & spin a, and purple lines refer to spin p
. ! 1 ;» L
& | | | £ &
1R i . i EN 28
r M K rr M K r
Field strength 2.00 eV/A
, Ferrimagnetic ordering _ Ferromagnetic ordering ,
i | |
3 |} 3
g 0 - < L, — -0 g
1 - : f 1
2 1t P
I M K ri M K I

4 | CONCLUSIONS

Using PBE + U electronic structure calculations, it was found that the Col,/Nil, heterostructure is a spin-polarized narrow band gap semiconduc-
tor. Two possible magnetic states of the interface were considered, namely, ferro- and ferrimagnetic ordering between the layers. The nature of
external electric field impact was investigated using electronic structure calculations. It was found that an increase of the external electric field
strength leads to the narrowing of the band gap, retaining its indirect nature. The application of the external electric field leads to the change of

the electronic properties from semiconducting to half-metallic, making the Col,/Nil, interface a good candidate for spintronics applications.
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