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ABSTRACT: The investigation of two-dimensional (2D) intrinsic ferromagnetic (FM)
semiconductors (SCs) is a significant focal point in the field of spintronics. The Fel,
monolayer (ML) with intrinsic ferromagnetism was fabricated by density functional theory
and confirmed by a global minimum search. The Fel; ML is a half-semiconductor (HSC)
with a band gap of 1.692 eV where Fel; shows FM order with a Curie temperature (T.) of
148 K. It shows perpendicular magnetic anisotropy (PMA) and large magnetic anisotropy
energy. Moreover, Fel; shows good dynamic and thermal stability. Fel; has a Young’s
modulus of 35.6 GPa, and biaxial strain could be applied to tune electronic and magnetic
properties of Fel;. The band gap, magnetic moment, magnetic exchange parameter (J), L ‘
and T, could be effectively controlled by the biaxial strains. It originates from the states 0 200 400 600
near the Fermi-level coming from the contribution of the in-plane atomic orbitals. As the

compressive strains increase, Fel; ML changes from the FM order with PMA into the antiferromagnetic (AFM) state with an in-
plane magnetic anisotropy under larger compressive strains (—4.7%). The corresponding critical temperatures, including T, and
Néel temperature (Ty), are changed from 148 K (T) to 586 K (Ty, —10%). Additionally, Fel; ML changes from HSC to a normal
spin-unpolarized SC under larger compressive strains (& < —4.7%). As tensile strain increases, the energy difference between FM and
AFM orders and | monotonously increase as the direct exchange interaction between Fe atoms weakens. The T values are also
increased to 460 K (10%) and 842 K (16%). Also, Fel; ML remains HSC with the FM order. The magnetoelectric phase transitions
in the strained Fel; appear, helping researchers to study the controllable magnetoelectric properties of Fel; in electronic and
spintronic equipment.
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1. INTRODUCTION Therefore, these two obstacles prevent wide 2D materials’
application in the spintronics.lz’28 Enormous magnetic
2229 . . 30 3T
orders, various electronic properties,” high T,” and
tunable magnetoelectric properties of SCs*> are the research
hotspots in the field of 2D materials with intrinsic
ferrimagnetism.”>***" In order to enlarge T. and improve
magnetic stability, researchers have modulated,”**** synthe-

sized,'”"” and designed magnetic SCs.**'

Crl; vdW structures have been successfully synthesized in

. 16,33 : .
previous works, and their magnetic orders are dependent
on the layers and stacking orders.”* Moreover, the correspond-
ing T, is much lower than room temperature.'® Therefore,
many researchers have tried to increase T. and control the
. . . 14,15,17,35—38 :

magnetic and electronic properties of Crl;. Strain
can also be applied to tune Crl; from antiferromagnetic

Graphene has been synthesized via many methods' and has
demonstrated many attractive physical properties.”’ Other
two-dimensional (2D) materials,"® such as hexagonal boron
nitrogen,” transition-metal dichalcogenides (TMDs),*”"" and
black phosphorus,'’ show interesting and attractive proper-
ties.'” Most 2D materials are nonmagnetic materials as long-
range magnetic orders at a finite temperature in 2D materials is
prohibited."> As a result, 2D magnetic materials have only
appeared in recent years,"*~'” which show wide applications in
the spintronics. In recent years, 2D van der Waals (vdW)
materials,"*™"” such as 2H-VSe,,"’ CrZGeZTeé,ZO’21 CrI3,15’16’22
Fe,GeTe,,'” with intrinsic magnetism have been synthesized
and attracted much attention.'®*® Ferromagnetic (FM)
Fe,GeTe, has a T, of 223 K,** while Fe,GeTe, is a metal,*
which restricts its application in the electronics. The T, of 2H-
VSe, is larger than 300 K,'* but the corresponding magnetic Received:  April 18, 2021
and electronic properties are modulated by the substrate." Accepted: June 21, 2021
The Cr,Ge,Tes monolayer (ML) has a T, of 220 K,*® while it Published: July 6, 2021
also displays metallicity.”’ In summary, magnetic semi-

conductors (SCs) are rare. Moreover, the T. of the FM

material is usually quite low and difficult to increase.
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(AFM) to FM orders.*”*” Various vdW structures could be
constructed from 2D materials and Crly,'*7!72%393638
demonstrating interesting electronic,’® magnetic,””*" valley-
tronic,”” and topological properties.”” When the benzene
molecule adsorbs on the Crl; ML, the corresponding T, is
increased to 65 K.** When hydrogen and oxygen adsorb on
Crly, the corresponding T are 78 and 55 K, respectively.*’
Another strategy is replacing I atoms in Crl; with CI or Br
atoms, triggering a new phenomenon,4 *7 where the
corresponding T. could be regulated (TfrBr3 = 413 K,TSrC13
=29.7 K).*® However, this strategy is difficult to replicate. This
leads us to consider how the properties of MI; (M = metal)
change, when the Cr atom in Crl; is replaced with another
transitional-metal (Fe) atom.

In this article, we performed a systematic study on the
properties of Fel; by using density functional theory (DFT).
The tunable intrinsic ferromagnetism in Fel; has a T, of 148 K.
Fel; is a half-semiconductor (HSC) with a gap of 1.692 eV
under the intrinsic FM order, which originates from the
superexchange interaction of the Fe and I atoms. The magnetic
easy axis (EA) prefers to be perpendicular magnetic anisotropy
(PMA), originating from indirect spin—orbital coupling
(SOC). Fel; shows good dynamical and thermal stability.
The Young’s modulus of Fel; is 35.6 GPa, and the
corresponding critical strain is 25%. The biaxial strain could
effectively control the magnetic and electronic properties as the
states near the Fermi-level are mainly contributed by the in-
plane atomic orbitals. Our results indicate that iron (Fe) atoms
ferromagnetically couple with each other under tensile and
smaller compressive strains (¢ < —4.7%). The AE initially
decreases, which originates from the enhancement of direct
exchange interaction between Fe and Fe atoms when the
compressive strain increases. The magnetic exchange param-
eter (J) and T. are described by Monte Carlo (MC)
simulations. Also, they present a similar trend. Additionally,
Fel; could be transferred from HSC to spin-unpolarized SC as
the compressive strain increased owing to the enhancement of
the direct exchange interaction. However, Fel; is still a HSC
with FM order under tensile strains. The magnetic moment
changes under strains for the different charge transfer. The
magnetic moment initially increases before decreasing as the
compressive strain increases. When the larger compressive
strains (¢ < —4.7%) are applied, the EA could be switched
from the [001] direction to the [100] direction. EA remains
out of plane under tensile strains. Our results provide
controllable magnetoelectric properties of Fels, which is useful
for the new magnetoelectric devices.

2. COMPUTATIONAL DETAILS

The calculation of Fel; was achieved with the plane-wave basis
Vienna Ab initio Simulation Package (VASP) code* based on
DFT. The generalized gradient agproxirnation (GGA) with
Perdew—Burke—Ernzerhof (PBE)* was adopted. There are Fe
3d electrons in Fel;. Therefore, the strong-correlated
correction need to be considered, and the hybrid Heyd—
Scuseria—Ernzerhof (HSE06)°>*" functional and the GGA +
U method®” were used to deal with this issue. The effective
onsite Coulomb interaction parameter (U) and exchange
interaction parameter (J,) are set to 6.00 and 0.50 eV,
respectively. The effective U, (U — J,) was set to 5.50 eV to
calculate magnetocrystalline anisotropy (MCA) energy and
phonon spectra in addition to performing the molecular
dynamics simulation. Moreover, the GGA + U method has an
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effect on the lattice parameter, magnetic order, and MCA
energy. More details can be found in Figure S1 in the
Supporting Information. The vacuum space in the z-direction
was set to 16 A to avoid the virtual interactions between the
images. The kinetic energy cutoffs for geometry optimization
and energy calculations were set as 400 and 268 eV,
respectively. The kinetic energy cutoff was set to be large
enough to ensure the accuracy of calculation, and more
discussions are provided in Figures S2 and S3 in the
Supporting Information. All geometries are fully relaxed until
the energy was converged to 107 eV, and the force was 1
meV/A. 16 X 16 X 1 Monkhorst—Pack k-grids were used for
geometry optimization and 26 X 26 X 1 for energy
computation. There were weak vdW interactions. Therefore,
the vdWs correction, DFT-D2 developed by Grime,”” was
adopted. DFT-D2 was adopted.” The SOC was considered in
the band structure and MCA. Noncollinear non-self-consistent
calculations were performed to evaluate total energies after
self-consistent ground states are achieved. An energy cutoft of
420 eV is adopted to calculate the MCA energy. Also, a
convergence of 1 X 107® eV is used for the calculation of the
total energy. The corresponding k-grid was adopted 9 X 9 X 1,
without any symmetry constriction. The phonon spectra and
the density of the states were calculated using the finite
displacement method as implemented in Phonopy software.”*
A 4 X 4 X1 cell was adopted to calculate phonon spectra and
the density of the state. The crisis of total energy and the
Hellmann—Feynman force were 107 eV and 1 meV A7},
respectively. A total of 18 000 uniform k-points along high-
symmetry lines were adopted to calculate phonon spectra. Ab
initio molecular dynamics (AIMD) simulation was also
performed to investigate geometrical stability. The constant
moles—volume—temperature (NVT) ensemble with the
Nosé—Hoover thermostat® was adopted. Also, the corre-
sponding temperature is the room temperature of 300 K. The
time step and total step are 1 fs and 10*, respectively. In AIMD
simulation, a 2 X 2 X 1 supercell was adopted. It was expected
to dispel the effect of the periodic boundary conditions with a
relatively smaller system size.

3. RESULTS AND DISCUSSION

3.1. Structure of Fel; ML. The structure of Fel; ML was
fabricated and searched by particle swarm optimization
(PSO).*° The optimized lattice parameter is a = b = 7.174
A, as shown in Figure lab, which is little larger than that of
Crl; (7.008 A). The lattice parameter was obtained from fitting
energies with different orders and strains, as shown in Figure
Lc. The corresponding Fe—I bond was 2.798 A, which is larger
than that of Crl; of 2.717 A. From the Bader analysis, about
1.15 e electrons were transferred from the Fe atom to the I
atom with each I atom receiving 0.38 e electrons.”’

3.2. Magnetic Properties. The magnetic moment is
mainly contributed by the Fe atom, and each Fe atom
contributes 4.0 yy to the magnetic moment. The spin densities
of FM and AFM orders are shown in Figure 2a—e, respectively.
For both cases, spin orientations are initially in the off-plane
direction. There are eight Fe atoms in the 2 X 2 X 1 cell.
Therefore, there is a 32.0 yp magnetic moment for the FM
state in the supercell. There are four different AFM orders,
including AFM-Néel (AFM-N), AFM-stripy (AFM-ST), AFM-
zigzag (AFM-ZZ), and AFM-Néel-stripy (AFM-N-ST) orders.
For the considered AFM orders, four ferromagnetically
coupled Fe atoms contribute 16.0 pp, while the other four
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Figure 1. Optimized geometry of (a) top and (b) side views of Fel;
ML. The blue and brown balls present Fe and I atoms, respectively.
(c) Energies with FM and AFM-ZZ orders changing with the lattice
parameters.

Figure 2. Top view of the optimized geometry of Fel; ML. The blue
and brown balls represent Fe e, (1, gray; |, blue) and Fe tre (1, red; |,
green), respectively. (a—e) Spin charge densities of (a) AFM-N, (b)
AFM-ST, (c) FM, (d) AFM-ZZ, and (e) AFM-S-ST orders of Fel,.
The isovalue is 0.06 e/A% The red and green colors represent spin-a
and spin-f} electrons, respectively. (f) Spin-polarized band structure
and (g) PDOS of Fel; ML; the solid and dashed lines represent
projected band structures for Fe’s spin-a and spin-f electrons,
respectively. Charge densities of (h) VBM and (i) CBM. The isovalue
is set to 0.75 e/A°.

ferromagnetically coupled Fe atoms contribute —16.0 i to the
magnetic moment. Therefore, the total magnetic moment
equals 0 pp. The corresponding spin densities are shown in
Figure 2a—e. The corresponding energy differences between
FM and AFM orders are defined as AE = Eupy — Egy The
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AE,pyp.z7 was defined as the energy difference between AFM-
Z7Z and FM orders (AEpy.zz = Expvzz — Eem), resulting in a
value of 0.028 eV. The energy differences between FM and
other AFM orders such as AExpyn (AEapvn = Earmn —
Epn), AEapmst (AEapmst = Eapvest — Epu), and AEupyns
(AEspvins = Eapmns — Epy) were 0.174, 0.091, and 0.096
eV, respectively. The AFM-N order possessed the highest
energy (—189.991 eV) when considering AFM orders, while
the AFM-ZZ order (—190.137 €V) has the lowest energy in
the AFM orders. AFM-N-ST and AFM-ST orders have
energies of —190.069 and —190.074 eV, respectively. In fact,
other orders such as noncollinear AFM orders have also been
considered, but their energies are higher than that of FM
orders. Therefore, Fel; ML is an intrinsic FM material.

Why does Fel; represent the FM order? In Fel;, each Fe is
coordinated to six ligands-I, as shown in Figures 1 and 2a. The
Fe d orbitals split into two parts: the threefold t,, manifolds
and twofold e, manifolds for an octahedral crystal field.
Moreover, the I-Fe—I bonding angle (90.259, 95.597, and
84.429°) was close to 90°, which explains the appearance of
FM couplin(% according to the Goodenough—Kanamori—
Anderson®®*~® rules of the superexchange theorem. There is
competition between FM and AFM coupling (origins from
Fe—Fe direct exchange), similar to Crl; ML.°" The super-
exchange interaction was stronger than Fe—Fe direct exchange.
Therefore, Fel; ML represents the FM ground state.

3.3. Electronic Structure. In the above section, the
geometry and magnetic properties of Fel; were investigated,
while the electronic properties were needed to be further
investigated. The electronic properties were researched in this
section; in addition, the band structure and the density of the
state are shown in Figure 2f,g, respectively. The valence band
maximum (VBM) occupied by the spin-f electron is located at
the F-point of the first Brillouin zone (BZ). However, the
conduction band minimum (CBM) composed of the spin-f
electrons was located at the F-point of the first BZ. As a result,
Fel; ML is HSC, with an indirect band gap of 1.692 eV
calculated by the HSEO6 functional. The gaps of spin-a (Eg_,)
and spin-f} (E, ) channels are usually different in HSCs. The
VBM of spin-a channel electrons is located at the point along
high symmetric lines from the I'-point to the K-point, while the
CBM is located at the F-point. The VBM is mainly composed
of I's p, and p, atomic orbitals, while the CBM is mainly
contributed by Fe’s d,, atomic orbital, as shown in Figures 2
and S4, respectively. The states above the Fermi level are
composed of d d,, d., d,, and d;_; atomic orbitals, as
shown in Figure SS. The corresponding E_, equals 4.776 eV.
The VBM of spin-f} electrons is located at the I'-point, while
the CBM is located at the F-point. The corresponding E, 5 was
1.692 eV. The band gap of the spin-a electron was 3.084 eV
larger than that of the spin-f electron. As a result, spin-f
electrons are more easily excited from the VB to the
conduction band (CB), in comparison to spin-& electrons.

The band structures of Fel; with AFM orders were also
calculated and were all classified as spin-unpolarized SCs, as
shown in Figure S6. Fel; with AFM-N and AFM-ZZ orders
was a normal spin-unpolarized SC with a direct gap of 1.892
eV, with the corresponding band structures shown in Figure
S6a,d. For the AFM-N-ST and AFM-ST orders, the VBM was
located at the K-point, while the CBM was located at the I'-
point. Therefore, Fel; with AFM-N-ST and AFM-ST orders
were SCs with indirect gaps of 1.916 and 1.908 eV,
respectively. The corresponding band structures are shown in

https://doi.org/10.1021/acsaelm.1c00363
ACS Appl. Electron. Mater. 2021, 3, 3147—-3157


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00363/suppl_file/el1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00363/suppl_file/el1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00363/suppl_file/el1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00363/suppl_file/el1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00363/suppl_file/el1c00363_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

120
100
80
60 o
40

20

200 400 600

Figure 3. (a,b) Ising model showing the nearest exchange interactions. The spin densities of Fel; with (a) FM and (b) AFM-ZZ orders are shown.
The red and green colors represent spin-a and spin-f electron densities, respectively. The red and blue arrows indicate Fe atoms and the nearest Fe
atoms and are the FM and AFM interactions, respectively. The black diamond represents the supercell adopted in the simulation. (c) Magnetic
moment per unit cell (red) and specific heat (C,) (blue) varying with the temperature from classic Ising model MC simulation.

Figure S6b,c. In summary, the electronic properties of Fel; are
related to the magnetic orders.”" Fel, with FM order is HSC,
while Fel; is normal spin-unpolarized SC with AFM orders.

3.4. Curie Temperature. FM materials with high T. are
highly yearned. It was hoped that T would be large enough for
use in desired applications. We adopt the classic Ising model to
estimate J. The adopted magnetic configurations are shown in
Figure 3, considering only the first-nearest neighbor inter-
actions. The Hamiltonian can be written as

H=-]) §XS§,
(irj) (1)
E.,=E —(l><8><3)/|3|2
FM 0 2 (2)
Ey; = E —8><(—l><1+l><1><2)/|3|2
‘AFM 0 2 2 3)
] — EAFM—ZZ - EFM
8ISl 4)

Epy and Eupyp 77 represent the energies of FM and AFM-ZZ
orders, respectively. ] and H represent the magnetic exchange
parameter and Hamiltonian, respectively, and S; represents the
spin operator. Each Fe atom has 4.00 yg. The energies of the
(2 x 2 X 1) supercell with FM and AFM-ZZ orders were
represented by eqs 2 and 2, respectively. The corresponding
magnetic exchange parameter was ] = 3.55 meV, obtained with
eq 4. In view of the disadvantage of the mean field theory,” we
used the classic Ising model MC simulations®” to estimate the
magnetic moment as a function of temperature to calculate T.
This MC code was developed by Xiang’s group.”” Using this
code, the estimated T, of Crl; is about 51 K, which is
consistent with the experimental value of 45 K.'° 6.0 x 10°
loops with a 100 X 100 supercell was used in calculating T..
The corresponding T, is 148 K (shown in Figure 3), which is
significantly larger than that of Crl; of 45 K.

3.5. Magnetocrystalline Anisotropy. For magnetic
materials, when a magnetic moment is switched from EA to
the hard axis, it costs energy.4 This energy is called magnetic
anisotropy energy (MAE), which is used to overcome this
“energy barrier”.”' The MCA is defined as MAE per unit area.
In our work, we aimed to achieve materials with high MCA
and MAE.

For triangular systems, the energy at a certain direction (6,
@) follows the following equations:é3
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AE, = K, cos” 0 + K, cos* 0 + K; cos 3¢ (5)

(6)

E represents the energy in a certain direction (6, ¢) with the
polar angle 6 and azimuthal angle ¢, and E, is the global
minimum energy. K, and K, represent the quadratic and
quartic contributions to the energy. The energy difference AE,
is independent of in-plane azimuthal angle ¢, which implies K;
= 0, as shown in Figure 4a. This conclusion could also be
drawn from the symmetry (Fel; has the D,; space group).
Therefore, eq S is simplified into following equation:

AE, = E - E,

AE, = K, cos® 0 + K, cos* 0 (7)

AE, equals 0 eV, when 0 equals 77/2, as shown in Figure 4b.
E, reaches the maximum when the @ equals 0, indicating that
EA is along the [001] direction. The energy difference (AE,)
changes as a function of the polar angle 6. The AEj is related
to Ug as MCA originates from the SOC, whose evaluated
value is affected by U.¢ Additional tests can be found in Figure
S9. MCAs with different U,ys were calculated. The
corresponding results are shown in Figure 4b. The MAE and
MCA are affected by U, When Ug equals 5.5 eV, the
corresponding AE, follows the quadratic equation AE, =
0.00268 cos® 6 + 0.00052 cos* 6. When U, equals 6.0 eV, AE,
obeys the quadratic equation AE, = 0.00433 cos® 6 + 0.00044
cos* 6, as presented in Figure 4b. Therefore, the MAE and
MCA could be evaluated with the following formulas:

MAE = Ejj50; — Ejoor (8)
MCA = Ejjgq) — Ejpo1) = MAE/S 9)
T
S = a’sin =
3 (10)

Ejj00) and Ejyg;) represent the energies with the magnetic
axis along the [100] and [001] directions, respectively. S is the
area of the unit cell. When MAE and MCA are negative, it
implies that EA is along the in-plane direction ([100]). The
positive MAE and MCA indicate an out-of-plane preference for
magnetization, as shown in Figure 4c. The MCA in 2D
materials is larger than that of three-dimensional (3D)
materials due to reduced dimensionality.”! Fel; is a 2D
material, which is expected to be a sizable MCA. The MCA
value can be estimated with SOC. The MAE and MCA values
of Fel; ML were 3.19 meV and 1.15 erg/cm2, respectively,
when U equals 5.5 eV. When U is 6.0 eV, the MAE and
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Figure 4. (a) MAE changes with 0 and ¢ for Fel; ML. (b) Energy
varies as a function of the polar angle 6 of magnetization for Fel; ML.
The MCA is calculated with the GGA + U method, and different
colors present different AE. (c) Schematic of PMA. The figures
represent the MAE and MCA, respectively. (d—f) I p orbital
construction to the orbital angular momentum. (d) p,, (e) p;, and (f)
p. of I atomic orbitals projected the band structure. The red and blue
lines represent spin-a and spin-f electrons, respectively.

MCA are 3.89 meV and 1.56 erg/ cm?, respectively, as shown
in Figure S9. Our PBE + U calculations show that MAE
(MCA) increases when the Hubbard U parameter is increased
as the evaluated strength of SOC is affected by U. These values
are larger than those of most known 2D magnets.64

The MAE in Fel; ML is related to the spin and orbital
structures near the Fermi level. In order to obtain a qualitative
contribution of MAE, SOC is divided into two types: (i) a
direct SOC term coupled with the orbital angular momentum
states of Fe atoms and (ii) an indirect SOC term involved with
the orbital angular momentum states of I atoms. Also, it is
mediated by hopping between Fe and I atoms. The total SOC
effect could be defined as Hgoc = &,S7LF + £,57-LY, where &,
is the SOC constant in Fe atoms and &, represents effective
(indirect) SOC between spins in Fe atoms and orbitals in I
atoms. S* and L* are spin and orbital angular momentum
operators for electronic states in X atoms, respectively. The
indirect SOC makes the main contribution to the MAE, while

contribution of direct SOC is negligible by DFT.*> When the
indirect SOC contribution is taken into consideration, the
perturbation theory®® can be written as eq 11

2
MAE = £ ) o0’
1,0,0,0"

Ko, 6lLlu, 6)I* — (o, 6IL Iy, )P N

Eu,a - Eo,o"

oo’ l{o, oL, 6)* — {0, oL, o)

&)

1,0,0,0" Eu,rr - Eo,o" (11)

Here, the first term and the second term represent the direct
(Fe) and indirect (I) SOC contributions to the MAE and
MCA, respectively. u and o represent the unoccupied and
occupied states, respectively. E,, and E,, are the band
energies of the states. The spin indices ¢ and ¢’ run over +1.
The orbital angular momentum mainly comes from I atoms’
contribution, as shown in Figure 4. Therefore, the first term in
eq 11 was deemed to be negligible. Therefore, eq 11 was be
simplified into following equation:

oo l{o, olLllu, 6)* — {0, oL}, o)

Eu,o‘ - Eo,o"

_ 2
MAE = &" 3,
1,0,6,0"

(12)

The orbital angular momentum, as shown in Figures 2g and
4d, mainly comes from the contribution of I atoms. The L,
operator can mix the two highest valence bands (VBs) and
lowest conducting bands, substantially, leading to a sizable
value of the matrix element (o,61L,lu,6). This results in 1{0,0l
L u,6")* = 1{0,6IL,lu,6")* < 0 as the numerator. Our argument
was confirmed by the DFT calculations: (L,), (L,) > (L,), as
shown in Figure 4d—f. In order to clarify this contribution of
orbital angular momentum, the relative spin polarization (o, &)
of the states near the Fermi level is analyzed. The dominant
contribution originates from the two VBs, which have opposite
spin directions (o0’ = —1) (Figure 4). Therefore, MAE is
positive, favoring PMA.

3.6. Mechanical Properties. The mechanical properties of
Fel; were also investigated. For lower stress, the relationship
between stress and strain (¢ — ) is represented by Hook’s law.
For a 2D hexagonal crystal, Hook’s law can be expressed as

oy Cii Gy 0 ey
0n|=|C, Cy 0 &n
033 0 0 Cg 2602 (13)

where C;;, Cy, Cpp Gy, and Cg are the elastic stiffness
constants, defined as

Ch=Cyu= Laiszr
A, dgyy
c,=c,= L 9B
A, O¢,,0e,,
_ 1 0
66— A, 68122 (14)

Here, A, is the equilibrium area and E; is the stained energy.
Young’s modulus E(8) is evaluated with following equation:®’
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E 0 _ YZZ
( )_ 4 2 .2 4
cos” @+ d, cos” 0 sin” 0 + d; sin” 6 (15)
oGy GGGl
Cy C2:Ces (16)
d _ ZC— _ CiCy — Clz2
, =
C C2Ces (17)
oG
Cy (18)
v = CuCyp — Gy’
= Cyp (19)

As Fel; has a D, point group, 6 = 0. Therefore, the E could
be expressed as

_ CiiCy —

C 2
E(e) = Yzz - C =
22

(20)

The corresponding Young’s modulus of Fel; is 35.6 GPa,
which is similar to that of Crl; (36 GPa) % Compared to
graphene (1 TPa) and MoS, (270 GPa),*” Fel, ML is quite
“soft”. Therefore, the biaxial strain should be more easily
applied to Fel;, compared with graphene and MoS,. For
“harder” TMD, thin films can even sustain strain up to about
11%.% Therefore, the much “softer” Fel; is expected to be
much easier to applied larger strain (up to 16%).

The breaking and ideal strength are also evaluated with the
relationship between strain energy (E, = E’ — E{) and strain.
The relationship between E; and ¢ is shown in Figure Sa. The
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Figure 5. (a) Strained energies vary with biaxial strains. (b) Strain—
stress relationship for Fel;. The vertical dashed line presents critical
strain and ideal strength, respectively.

stress—strain relationship for Fel; is shown in Figure 5b, and
tensile strain ranges from 0 to 31%. For tensile strain, the
relationship between applied strain and the corresponding
tensile stress follows this equation

1 de
V(e) de

O, g =
tensile ( 21)

The critical strain (&,,,,) is 25%, and the corresponding ideal
strength is 7.71 GPa. There is no plunge in the curve.
Therefore, the applied biaxial strain (16%) is less than the
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critical strength. In summary, Fel; ML can bear at least of 30%
biaxial tensile strain. The phonon instability may occur before
mechanical failure. The phonon band structure with applied
biaxial strains was also calculated to check the dynamic
stability. When the biaxial strain reaches 25%, an imaginary
frequency appears.

The out-of-plane deformation induced by gravity could be
estimated by the elastic theory in the following equation:”’

h

L

where L is the length of the flake, set to 100 ym, and p is the
areal density. It was found that h/L = 5.2 X 10™* This value
has the same order of magnitude as graphene flakes of the
same size.”” It implies that Fel; ML could withstand the weight
and maintain a sandwich-like structure without obvious
distortion.

3.7. Dynamical and Thermal Stability. The dynamical
stability of Fel; was confirmed via phonon dispersion curves
and the phonon density of the states. Also, they displayed no
obvious imaginary phonon modes. The highest vibration
frequency was evaluated to be 5.81 THz, as shown in Figure
6a, which is higher than that of ML Crl; (7.32 THz) but lower

3 &

Y (22)
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6 60 5
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w
w
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Figure 6. (a) Phonon spectrum and (b) density of the state of Fel;
ML. The red and blue lines represent Fe and I atom projected
phonon DOS, respectively. (c) Evaluation of energy with AIMD is
calculated with the PBE + U method for 10 ps at 300 K. The red line
represents total energies. The inset shows the atomic structure
snapshots at certain times (N = 2000, 4000, 8000, 10,000) from
AIMD.

than that of CrCl; (10.94 THz), as shown in Figure S10. Also,
these values are related with the mechanical robustness of
covalent bonds. It was found that I atoms make the main
contribution for the low frequency (0 < & < 3.5 THz), as
shown in Figure 6b. On the contrary, Fe atoms make the main
contribution for the high frequency (3.5 < € < 5.8 THz). As a
result, this affects the heat-transfer properties. Compared with
the I atom (atomic weight: 126.9), the Fe atom (55.85) is
lighter. As a result, the Fe atom makes the main contribution
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to phonons with high energy. However, I atoms make
contribution to phonons with low energy, as shown in Figure
6b. At low temperatures, the thermal conductivity was mainly
contributed by I atoms with low-frequency phonons. As a
comparison, the thermal conductivity came from the
contribution of phonons with high frequency (Fe atom) at
high temperatures.

The thermal stability of Fel; ML was also evaluated with
AIMD, which is widely used to research geometrical properties
of 2D materials. We performed AIMD simulations at the room
temperature of 300 K. The fluctuations in the total energies are
shown in Figure 6c. The total energies vibrate at around
—95.261 eV at 300 K. Also, the smaller amplitude is as small as
0.018 eV per atom. The geometries in the simulation also
confirm the essential intact structures, as shown in the inset of
Figure 6¢. No obvious structure distortion appeared, and Fel;
ML was expected to be stabilized at 300 K. Thus, it was
confirmed that geometries of Fel; are stable at room
temperature.

3.8. Electronic Property Modulation. Fel; ML is an
HSC with an intrinsic FM order. The VB and nearby states are
mainly contributed by I's p, and p, orbitals, while CB and
nearby states are composed of d,, and d,, orbitals. They are all
in-plane atomic orbitals, as shown in Figure S12. As a
consequence, the electronic properties should be related to the
in-plane biaxial strains. The electronic properties modulated by
the biaxial strains are investigated.

The VBM, CBM, and the states near the Fermi level mainly
come from the contribution of the in-plane atomic orbitals.
Therefore, the electronic properties should be modulated by
the biaxial strains. The band structures are calculated, as shown
in Figure 7b—g. For smaller compressive and tensile strains
(—4% < £ < 5% and 5% < & < 16%), Fel; ML is still HSC.
Therefore, Egis the same with Egp Fore=-3, -1, 1, 3, 5%,
the corresponding E, are 1.469, 1.631, 1.753, 1.853, and 1.852
eV, respectively, while the corresponding Eg p are 4.572, 4.719,
4.806, 4.875, and 4.875 €V, respectively. E, and £ (—4% < & <

388
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Figure 7. (a) Evolution of the magnetic moment and E; of Fel;
change with biaxial strains. The pink (red), green, blue, and black
lines represent the magnetic moment, the band gap, and the gaps of
spin-a@ and spin-f electrons, respectively. The pink and blue areas
represent AFM and FM orders, respectively. (b—g) Band structures
vary with biaxial strains of (b) —10, (c) —6, (d) 2, (e) 6, (f) 10, and
(g) 16%.
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5%) follow the quadratic functions E, = 1.694 + 6.362¢ —
36.436¢* and Eoq=4.768 + 4.824¢ — 52 235¢%, respectively.
When the tensﬂe strain is increased to 6%, the E, reaches the
largest value of 1.979 eV, and the band structure is shown in
Figure 7e. As the larger tensile strains are applied, E, and &
follow the quadratic function E, = 1.694 + 6.362¢ — 36 436¢*
and Eg, = 4.768 + 4.824¢ — 52 235¢% The tensile strain will
increase the VBM at the I'-point while decreasing the CBM at
the K-point. Therefore, the gap decreases as the tensile strain
goes on increasing. When the larger compressive strains (& <
—5%) are applied, Fel; ML transforms from the FM state to
the AFM state. The original HSC transforms into spin-
unpolarized SC, as shown in Figure 7b,c. E; and ¢ follow the
linear relationship E; = 2.056 — 9.153¢ (- 10% <e<—=5%).As
the compressive straln goes on increasing, the VBM at the I'-
point increases, while the CBM at the I'-point decreases, as
shown in Figure 7b. Therefore, the E, decreases as the
compressive € increases.

3.9. Magnetic and Curie Temperature Modulation. In
the above section, both AE and the magnetic moment changed
with the strains. Consequently, the J and critical temperature,
including T. and Néel temperature (Ty), should also verify
following the strains. The T, was evaluated using the Ising
model MC, while Ty was calculated with MC simulation based
on the Heisenberg model.

When considering magnetic orders, the FM order has the
lowest energy, while the AFM-ZZ order has the lowest energy
in regard to the AFM orders. The distance between the Fe
atom and the nearest Fe atom (dg,_g,) was determined to be
4.145 A, while the distance between the Fe atom and the
second nearest Fe atom was 7.179 A. Therefore, only the
interactions between the Fe atom and the nearest Fe atom
were considered. The order of Fel; was determined by the
competition between the direct exchange and superexchange
interactions. As the compressive strains are applied to Fel;, the
distance between the Fe atom and the nearest Fe atom is
significantly decreased. Therefore, the corresponding direct
exchange interaction was enhanced. When the tensile strains
were applied to Felj, the direct exchange was weakened. When
the compressive strains were applied to Fel,, the correspond-
ing dg._p. were 4.103 (¢ = —1%) and 4.020 A (¢ = —3%). The
corresponding AE were 24.78 and 14.04 meV for ¢ = —1,
—3%, whereas the corresponding ] values were 3.55 and 2.63
meV, respectively. The corresponding T, values were 129, and
73 K, respectively. When the critical strain equaled —4.7% (a =
3.950 A), the AE and ] equated to —0.08 and —0.01 meV,
respectively, implying that Fel; has transformed from FM to
AFM orders. When the compressive strain continued to
increase, the direct exchange interaction was further enhanced,
with values of AE equal to —2.29, —32.77, and —79.11 meV for
g = =5, =7, and —9%, respectively. The corresponding ] are
further increased to —0.29, —4.10, and —9.89 meV,
respectively. The critical temperature is the Néel temperature,
and the corresponding Ty values of 12, 170, and 412 K were
obtained, respectively. For the considered largest compressive
strain (¢ = —10%), the AE and ] values were —112.8 and
—14.10 meV, respectively.

While the tensile strain increased, the corresponding dg,_g,
also increased as the & increased. Therefore, the direct
exchange interaction was weakened. As a result, AE and ]
values increased as the tensile strain increased. The AE values
were 34.49, 42.25, and 54.37 meV for € = 2, 4, and 6%, as
shown in Figure 8a. The corresponding ] values were 4.31,
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Figure 8. (a) Exrmzz — Epwp Earvn — Eewy Eapmnst — Epwp and
Eapmst — Epu represent the energy difference between AFM-Z77Z,
AFM-N, AFM-N-ST, and AFM-ST and FM orders, respectively. (b—
g) Magnetic moment per unit cell (red) and C, (blue) follow the
change of the temperature from the MC simulation under biaxial
strains of (b) &€ = —10%, (c) € = —6%, (d) e = —1%, (e) € = 4%, (f) €
= 10%, and (g) € = 16%. The inset of (a) shows that the magnetic
exchange parameter changes with the biaxial strains.

5.28, and 6.80 meV, as shown in the inset of Figure 8a. The
corresponding T. values were 178, 218, and 286 K,
respectively. When the compressive stains were further
increased, the AE further increased to 69.38 (8%), 88.85
(10%), 111.61 (12%), and 137.02 (14%) meV, and the ] values
were 8.67, 11.11, 13.95, and 17.13 meV, respectively.
Meanwhile, the corresponding T, also increased to 360, 460,
578, and 710 K, as shown in Figure 7b—f. Moreover, other
AFM orders, such as AFM-N, AFM-ST, and AFM-N-S, were
also weakened with increases in tensile strain, as shown in
Figure 8a. The AE.pyyn AEapvsm and AEpyns also
increased as the biaxial strain increased, while the AFM-ZZ
order possessed the lowest energy in consideration to the AFM
orders.

The biaxial strain tunes the charge transfer between Fe and I
atoms. Therefore, the magnetic moment of Fe atoms varies
with the biaxial strains. When smaller compressive strains such
as &€ = —2, —4% are applied, the corresponding magnetic
moments of each Fe atom are 3.883 and 3.882 yj, respectively.
As the compressive strain equals —4.7%, there is a phase
transition from the FM order to the AFM order. The Fe atoms
have a magnetic moment of 3.879 uy (—3.879 ug). As the
compressive strain goes on increasing (e = =5, =7, —=9%), the
corresponding magnetic moments are 3.879, 3.869, and 3.854
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U, respectively. The spin densities are shown in Figure 8.
When the compressive biaxial strains are further increased to
—10%, the magnetic moment is 3.845 pp. The total magnetic
moment is 0, and the corresponding spin density is shown in
Figure 8b. The magnetic moment decreases under larger
compressive strains.

When the tensile strains are applied to Fel;, the magnetic
moment stepwise decreases. For the smaller tensile strains (¢ =
1, 3, 5%), the corresponding magnetic moments are 3.882,
3.878, and 3.872 iy, respectively. As the larger tensile strains (&
=6, 8, 10%) are applied to Fel;, the corresponding magnetic
moments are 3.868, 3.858, and 3.847 ug, respectively. When
the tensile strain goes on increasing, the corresponding
magnetic moments are 3.840 (11%), 3.825 (13%), and 3.798
ug (16%), respectively. The spin densities of Fely are
represented in the insets of Figure 8f,g. A similar trend also
appears in Crl;, which originates from the change of charge
transfer between Fe and I atoms.””

In conclusion, as the dg,_g, gets bigger, the tensile strain also
increases. The corresponding AE, ], and T, values increase as
the AFM direct exchange interaction between the Fe atoms
weakens. When the compressive strains were applied to Fel;,
the dp._p. were reduced. As a result, AE, ], and T, values
decrease as the direct exchange interaction is enhanced.

3.10. MCA Modulation. The MCA results from SOC and
the strains were capable of controlling the strength of SOC by
changing the bonding characteristics. Therefore, MAE and
MCA could be affected by the biaxial strains. As the tensile
strain increases, the MAE monotonically increases. The MCA
energies were increased to 1.425 (¢ = 1%) and 1.663 erg/cm*
(g = 2%). As € continued to increase to 6 and 8%, the MCA
was increased to 3.441 and 5.741, erg/cm?’, respectively. For
larger tensile strains such as & = 10, 12, 14, and 15%, the
corresponding MCA energies equal to 10.098, 17.153, 26.511,
and 33.061 erg/cm’, respectively, as shown in Figure 9. When
€ was increased to 16%, the MCA energy was as high as 38.435
erg/ cm?.

As the compressive strain increased to —2, —4, and —4.5%,
the corresponding MCA energies decreased to 0.661, 0.167,
and 0.051 erg/cm? respectively. When the & approached
—4.7%, the MCA energy was —0.005 erg/cm’. The MCA
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Figure 9. Optimized structure of Fel; ML with (a) PMA and (b) in-
plane magnetic anisotropy. Red and blue lines represent different spin
orientations. (c) MCA energy changes with ¢. The blue and yellow
areas represent positive and negative MCA energies, respectively. The
blue and red lines with balls represent that EA is along the [001] and
[100] directions, respectively.
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energy changed from positive to negative, indicating that EA
switched from in-plane [100] to out-of-plane [001]. This
originates from the change of the indirect SOC. As the
compressive strain continued to increase, the MCA was further
enhanced. The corresponding values were —0.006 (—5%),
—0.420 (—7%), and —0.833 erg/cm” (—9%). When the & was
increased to —10%, the MCA energy was —1.048 erg/ cm? For
smaller strains (—10% < ¢ < 5%), the MCA energy and ¢
followed a linear relationship: Ey;cy = 1.256 + 24.957¢. When
the strain was larger than 5%, the MCA energy and € followed
the quadratic function Eyc, = 12.320 — 331.692¢ +
3104.203¢ This may stem from the obvious enhancement
of the indirect SOC as the larger tensile & increased. In
summary, the biaxial strain was able to tune MAE and MCA by
controlling the strength of indirect SOC.

In conclusion, the electronic and magnetic properties were
modulated by the biaxial strains of changing the occupation of
Fe’s d orbitals, as shown in Figure S13. A similar phenomenon
appears in other low-dimensional materials with intrinsic
ferromagnetism.”'

4. CONCLUSIONS

In summary, we have predicted and researched the electro-
magnetic properties of Fel; ML. We have found controllable
electromagnetic properties in Fel; ML with a T, of 148 K by
using particle-swarm search approaches and DFT. Fel; is HSC
with a gap of 1.692 eV. Fel; shows an intrinsic FM order, and
the ferromagnetism comes from the superexchange interaction
of the Fe—I—Fe bonds with an angle close to 90°. The EA
prefers PMA, and the MAE and MCA values were 3.19 meV
and 1.15 erg/cm?2, respectively. The Young’s modulus of Fel;
was 35.6 GPa. The CB and VB of Fel; are composed of the in-
plane atomic orbitals. The compressive biaxial strain could
effectively modulate Fel; from the FM state to the AFM state.
Meanwhile, Fel; transforms HSC to spin-unpolarized SC
under a biaxial compressive strain of —4.7%. The FM order
could be enhanced as the superexchange was enhanced when
the tensile strain increased. Magnetic moment, AE, ], and T,
could be effectively controlled by the biaxial strains. The EA
could be switched from in-plane to out-of-plane at the critical
strain of —4.7%. The MCA energy also changes with the biaxial
strains. Magnetic and electronic properties show a very strong
in-plane strain dependence. It originates from changes in the
relative occupation of Fe d orbitals. Our research presents FM
Fel; ML with high T, which could be controlled by biaxial
strains, which implies wide potential applications in electro-
magnetics.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaelm.1c00363.

Information on materials; parameters in CALYPSO; U-
test on lattice; kinetic energy cutoff test; phonon
spectrum test; PDOS; d-orbital projected-band struc-
ture; band structures with AFM orders; band structure
with SOC; U-test on band structure; convergence test
on MCA; MAE change with 6 and ¢ of Fel; ML;
phonon spectrum of Crly and CrCly; orbital projected-
band structure; IDOS under strains; band structure and
PDOS of FeCl;, FeBrs, and Fels; geometry of stacking
order; and PDOS of stacking order (PDF)
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