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ABSTRACT: Monolayer chromium triiodide (Crl;), as the thinnest ferromagnetic
material demonstrated in experiment [Huang et al. Nature 2017, 546, 270], opens up
new opportunities for the application of two-dimensional (2D) materials in spintronic
nanodevices. Atom-thick 2D materials with switchable electric polarization are now
urgently needed for their rarity and important roles in nanoelectronics. Herein, we
unveil that surface I vacancies not only enhance the intrinsic ferromagnetism of
monolayer Crl; but also induce switchable electric polarization. I vacancies bring about
an out-of-plane polarization without breaking the nonmetallic nature of Crl;.
Meanwhile, the induced polarization can be reversed in a moderate energy barrier,
arising from the unique porosity of Crl; that contributes to the switch of I vacancies
between top and bottom surfaces. Engineering 2D switchable polarization through
surface vacancies is also applicable to many other metal trihalides, which opens up a new
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and general way toward pursuing low-dimensional multifunctional nanodevices.
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out-of-plane polarization

ince graphite was exfoliated into graphene,' atom-thick

two-dimensional (2D) materials have emerged as a new
frontier and have shown a bright prospect in various fields, such
as electronic devices,”™’ catalysts,g_12 and energy storage and
conversion.>™'® Compared to those fields, the process has
been very slow on the application of 2D materials for
spintronics, mainly because of the lack of the magnetic ordering
in conventional 2D materials. Therefore, much effort has been
devoted to theoretically predicting new 2D ferromagnetic
materials by using density functional theory (DFT) calcu-
lations,"”™** among which chromium triiodide (Crl;) down to
monolayer was predicted to be a 2D ferromagnetic materi-
al*>** Very recently, a great breakthrough was made by
Zhang’s group who experimentally demonstrated that 2D
ferromagnetic ordering can exist in atom-thick bilayer
Cr,Ge,Tes.”’ More recently, Xu's group discovered that 2D
ferromagnetic ordering really exists in monolayer Crl;, which is
the first experimental evidence on the existence of intrinsic
ferromagnetism in atom-thick 2D materials down to mono-
layer.*'

In addition to magnetism, electricity is another fundamental
concept in physics. Achieving electric polarization in atom-thick
2D materials is also a long-term goal because of the drive
toward the miniaturization of electronic devices. Monolayer tin
telluride is the first, and so far, only, atom-thick 2D material
with switchable electric polarization demonstrated in experi-
ment to the best of our knowledge.32 However, its electric
polarization is in plane rather than out of plane, which limits its
practical application severely. It is therefore highly desirable to
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theoretically search or design new atom-thick 2D materials that
are of out-of-plane polarization as potential candidates for
experimentalists. The theoretical exploration is very challenging
because the qualified materials should meet the following three
conditions: (i) atom-thick, (ii) nonmetal, and (iii) out-of-plane
polarization. Moreover, it is better that the out-of-plane
polarization can be switched to increase the opportunities
employed in nanoelectronics. The switchable polarization
requires that the qualified materials possess a moderate energy
barrier for polarization reversal. As a result, the successful cases
are very rare.> %

Magnetism and electricity have a close relationship by relying
on the four Maxwell equations, and their combination
establishes the unified framework of electromagnetism. If
magnetism and electricity appear together in one single 2D
material, such a material will certainly bring more possibilities
for the design of multifunctional nanodevices. Therefore, it is
considerably attractive to explore whether intrinsic ferromag-
netism of monolayer Crl; can coexist with out-of-plane electric
polarization. As is well-known, surface vacancies are inevitable
in as-exfoliated and as-synthesized atom-thick 2D materials.
Although these vacancies often have a side effect on the charge
transport,”’ >’ they can enrich the application of 2D materials
in other fields.*'""*°~** Engineering surface vacancy-rich 2D
materials and exploring their effect on the properties of 2D
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Figure 1. (a) Structure of monolayer Crl; from top and side views where I and Cr atoms are represented by red and blue balls. (b) Schematic
diagram of IV—Crl; working as an atom-thick 2D material with switchable out-of-plane polarization in which the vacancy is represented by the black
dotted circle. Charge density distributions of (c) P—Crl; and (d) IV—Crl; with top I vacancy. The left and the right in parts c and d record the

distributions on the top and bottom surfaces, respectively.
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Figure 2. Migration pathways of the (a) I vacancy (the circle) in Crl; and (b) S vacancy (the circle) in MoS, where yellow and green balls stand for
S and Mo atoms. IS, TS, and FS represent the initial state, the transition state, and the final state, respectively. Structure of IV—Crl; with vacancy
concentration of 1.96 X 10~ mol/m? from (c) top and (d) side views. (e, f) Snapshot of the structure in parts c and d at time of 10 ps during AIMD

simulation under the temperature of 300 K.

materials have thus attracted ever-growing attention. In this
work, by DFT calculations, we surprisingly discover that surface
I vacancies exert positive influences on monolayer Crl; from
two aspects: (i) inducing switchable out-of-plane polarization
and (ii) enhancing intrinsic ferromagnetism. Therefore,
monolayer Crl; with I vacancies (IV—Crl;) is an ideal atom-
thick 2D material with coexisting intrinsic ferromagnetism and
out-of-plane polarization. Furthermore, we demonstrate that
achieving 2D switchable polarization through surface vacancies
does not just work in Crl;, and it has a certain degree of
generality for other metal trihalides.

The perfect monolayer Crl; (P—Crl;) belongs to the P31m
space group (see Figure la), whose point group is nonpolar.
The charge density distributions of P—Crl; on the top and
bottom surfaces shown in Figure lc are of high symmetry,
further supporting that the polarization does not exist. To
induce the electric polarization, the space-inversion symmetry
must be broken in P—Crl;. It is well-known that surface
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vacancies are very difficult, if not impossible, to avoid in as-
exfoliated or as-synthesized atom-thick 2D materials, and
engineering surface vacancy-rich 2D materials is not difficult
in experiment with the current technology.”*’~*" Naturally, it is
desirable to explore whether surface I vacancies are able to
induce switchable out-of-plane polarization.

With the formation of I vacancies, the symmetry of the
charge density distributions on top and bottom surfaces is
broken (see Figure 1d), suggesting that there may be an out-of-
plane polarization in IV—Crl;. The standard Berry phase
calculation®® confirms that an out-of-plane polarization indeed
exists in IV—Crl;. Thanks to the symmetry, the energies of two
oppositely polarized states—the vacancy on the top and
bottom surfaces—are completely identical (see Figure 1b).
One I vacancy represents one dipole, and its moment is
calculated as follows. The dipole moment is denoted as P with
I vacancy on the top surface. When the I vacancy is flipped to
the bottom surface, we denote the dipole moment as P|. As a
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Figure 3. Spin-polarized PDOS of (red line) I and (blue line) Cr of (a) perfect Crly, (c) simulated spin structure factor S(k) and specific heat Cy, as
well as (e) the corresponding sketch of Cr orbitals and magnetic exchanges of P—Crl,. Similarly, spin-polarized (b) PDOS, (d) S(k) and Cy, as well
as (f) the corresponding sketch of IV—Crl, with vacancy concentration of 1.96 X 10~® mol/m? (Figure S2a). Eg, FM, and AFM stand for the Fermi
level, ferromagnetic exchange, and antiferromagnetic exchange, respectively. The green solid and dotted lines in parts e and f represent real and
virtual hopping, respectively. The crystal field Ec in part e is larger than E’cy in part f. (g) Band gap E, and (h) Curie temperature T¢ of P—Crl,; and

IV—Crl; with different vacancy concentrations (Figure S2).

result, the calculated dipole moment of the I vacancy is (P —
PJ)/2. The calculated result is 0.13 D which is in the range of
experimentally observable dipole moments.**** Interestingly, it
is found that the state PT or P| of one vacancy has negligible
effect on the other if not in close proximity. For example, the
system energy has negligible change when one of two vacancies
in the state P1 (Figure Sla) is flipped into P (Figure S1b). In
other words, there is no coupling among dipoles, and each
dipole is isolated. This means that the minimum switchable
domain of IV—Crl; has the potential to reach one single
vacancy, similar to the experimentally proposed single molecule
switch,**™*

Figure 2a records the process of the polarization reversal of
IV—Crl; between two oppositely polarized states, ie., the
migration of the I vacancy between the top and bottom
surfaces. With the formation of I vacancies, the I atom and its
two neighboring Cr atoms constitute a triangle. The calculated
transition state is that the I atom just locates between two Cr
atoms. Because of the repulsion from the I atom, the distance
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between two Cr atoms increases to 5.21 A from 4.47 A. The
calculated energy barrier of 0.65 eV is in the acceptable range,
compared with the similar system, e.g., the Sn-atom reversal of
SnPc molecule up and down® as well as the hydrogen
tautomerization of naphthalocyanine molecule,”””" showing
that the vacancy reversal could be achievable. External stimuli,
like mechanical force, electron or hole injection, electric
current, electric field, and their combinations that have been
successfully used in molecule switches,*****"** may be used
to trigger the vacancy reversal.

For a comparison with IV—Crl;, MoS, with S vacancies
(SV—MoS,) is also considered, and the transition state of SV—
MoS, is the S atom just between three neighboring Mo atoms
(see Figure 2b). In contrast to that of IV—Crl;, the calculated
energy barrier of SV—MoS, is as high as 2.62 eV. Such a
difference can be well-explained from the structures of MoS,
and Crl;. The close-pack structure of MoS, restricts the
movement of the atoms neighboring the S vacancy, but the
porosity of Crl; makes the neighboring atoms to the I vacancy
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have enough space to relax, thereby enabling the I vacancy to
migrate more easily. Therefore, the moderate energy barrier for
the polarization reversal of IV—Crl; originates from the unique
porosity of Crl,.

The stability of the polarized state at room temperature is of
paramount importance for the practical application. In this
work, the out-of-plane polarization is contributed by I
vacancies; as a result the polarization stability depends on
whether I vacancies can resist the thermal disturbance at room
temperature. Ab initio molecular dynamics (AIMD) simulation
is performed to explore the thermal stability of the IV—Crl;
structure. Figure 2¢,d presents the initial structure of IV—Crl;
where all I vacancies are at the same side. Under the condition
of 300 K, there is no I vacancy migrating to the other side, and
they all stay on the same side (see Figure 2e,f). This means that
I vacancies have a strong capacity to resist the thermal
disturbance, suggesting that the polarized state of IV—Crl; can
survive stably at room temperature.

The projected density of states (PDOS) of P—Crl; is
recorded in Figure 3a, whose band gap is 1.13 eV (Figure 3g),
in agreement with the previous reports.”>** Figure S3 records
DOS of IV—Crl; with vacancy concentrations of 0.98 X 107
and 0.65 X 107 mol/m? and their band gaps are 0.29 and 0.28
eV (see Figure 3g), respectively. Because of the appearance of
defect states around the Fermi level, the band gap of IV—Crlj is
remarkably narrowed compared to that of P—Crl;, similar to
that of SV—MaoS,.””*”* As shown in Figure 3b,g, the band gap
is further reduced to 0.16 eV (0.4 eV at HSE06 calculation level
shown in Figure S3d) when the vacancy concentration reaches
1.96 X 107 mol/m®—a very high concentration. That is, the
IV—Crl; remains a semiconductor, despite its band gap being
smaller than that of P—Crl;.

Next, we explore the effect of I vacancies on the
ferromagnetic properties of Crl;. Prior to the exploration, we
compared the calculated magnetic moment of the Crl; crystal
(3.0 yy per Cr atom) with the experimental result (3.1 uy per
Cr atom).”* The good agreement between them suggests that
our DFT calculation can give an accurate description for the
magnetic moment of Crl;. P—Crl; possesses 2D ferromagnetic
ordering, and its magnetic moment on each Cr atom is also
around 3.0 pp. For IV—Crl;, the symmetry has been broken;
consequently, two Cr atoms neighboring the I vacancy (I-Cr
atoms) are different from the other Cr atoms. The magnetic
moment of the I-Cr atom is increased to 3.5 pg, but the others
are not influenced by the vacancy. As a result, the total
magnetic moment of IV—Crl; is increased in comparison with
that of P—Crl;, and it increases with the vacancy concentration.
The increased magnetic moment for the I—-Cr atom can be
understood as follows. Since Cr is in the high spin state, the
magnetization equals the number of 3d electrons. Without the
vacancy, Cr** has three 3d electrons, ie., 3 up With the
vacancy, each I vacancy dopes one electron (i.e., 1 yz magnetic
moment) to two neighboring I-Cr atoms, thereby leading to
the magnetic moment of each I-Cr atom being increased to 3.5
Up. As shown in Figures S4 and S5, we construct eight
representative magnetic configurations (FM, AF-Neel, AF-
zigzag, AF-stripy,2 etc.) for IV—Crl;. The calculated energies
show that FM is the most stable, which indicates that, like P—
Crl;, IV—Crl; prefers 2D ferromagnetic ordering.

We also investigate the influence of I vacancies on the Curie
temperature (T¢) of monolayer Crl; estimated by using the
Metropolis Monte Carlo (MC) simulations.”> In our MC
simulations, the used input includes the exchange interaction |
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and magnetic anisotropy energy (MAE). MAE is directly
obtained by DFT calculation, and ] is derived by combining
DFT calculation with the Heisenberg spin Hamiltonian. The
details on the J calculation and MC simulations can be found in
the end of the Supporting Information. The simulated spin
structure factor and specific heat for P—Crl; are presented in
Figure 3¢, from which T can be determined to be 35 K at the
Perdew—Burke—Ernzerhof (PBE) calculation level. At the
HSEO06 calculation level, the estimated T¢ is 46 K, in good
agreement with the experimental result 45 K,”' demonstrating
the reliability of our simulation methods. The T values of IV—
Crl; with vacancy concentrations of 0.65, 0.98, and 1.96 X 107¢
mol/m? are 38, 38, and 44 K at the PBE level, respectively (see
Figure 3d and Figure S6). Importantly, when the concentration
is higher, the T is higher, as shown in Figure 3h; it is therefore
concluded that the I vacancy is able to heighten T. The highest
T that IV—Crl; can reach is 52 K (72.5 K at the HSE06
calculation level), about 50% higher than that of P—CrI,.

The most important contribution for the heightened T is
the enhanced ] between I—Cr atoms. According to the
projected DOS (PDOS), as shown in Figure 3ae, Cr**
possesses the half-illed t,, configuration. According to the
Goodenough—Kanamori rule,’® the exchange between half-
filled orbitals is usually antiferromagnetic (see Figure 3e). Thus,
for an understanding of the ferromagnetic exchange between
Cr—Cr, the empty e, orbitals must be taken into consideration,
which are higher in energy than t,, levels. The virtual hopping
between half-filled t,, levels and empty e, levels leads to the
ferromagnetic exchange. With the I vacancy, the e, levels (and
thus reduced crystal field) become closer to the occupied t,
levels (see Figure 3b,f), which can enhance such virtual hopping
(and thus ferromagnetic exchange). Furthermore, with partial
occupied e, orbitals, the double-exchange interaction,”” i.e., real
hopping between e, orbitals, is activated at least around the I
vacancy, which is also ferromagnetic. As a result, the effective
ferromagnetic exchange is enhanced. The unbroken ferromag-
netic ordering, increased magnetic moment, and heightened T
demonstrate that I vacancies have a positive effect on the
ferromagnetism of Crl.

For more structural information for experimentalists, we
further simulate STM images of IV—Crl; with bottom and top I
vacancies. Figure 4a depicts the atomic structure of IV—Crl;
with bottom I vacancies and its corresponding STM image at
the bias voltage (V) of —2 V. The I atoms on the top surface
are much brighter than the Cr atoms and the bottom I atoms.
The I vacancy buried in the bottom surface may not be directly
observed, but it will lead to the top I atoms opposite to it being
brighter than other places. With V switched to 1 V, the
opposite I atoms are still the brightest, but the top I atoms
nearest to the bottom vacancies become dark (see Figure 4b).
Top I vacancies can be observed more easily compared to
bottom vacancies. As shown in Figure 4c,d, obvious fishlike and
round holes appear around top vacancies at V; = =2 and 1V,
respectively.

Engineering 2D switchable polarization through surface
vacancies also applies to other metal trihalides, such as
chromium trifluorine (CrF;), chromium trichlorine (CrCly),
and yttrium trichlorine (YCly). Figure Sb records their dipole
moment induced by halogen vacancies, that is, 0.24, 0.42, and
0.39 D, respectively. Like IV—Crl;, CrF; and CrCl; with
halogen vacancies are ferromagnetic semiconductors, and the
presence of halogen vacancies can increase the magnetic
moment of the Cr atoms neighboring them (see Figure Sa).
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Figure 4. Simulated STM images for IV—Crl; with (a, b) bottom I
vacancies and (¢, d) top I vacancies. (a, c) Images taken at V, = -2 V
and (b, d) images taken at V, = 1 V. The corresponding atomic
structures are placed in the STM images.

Their band gaps are around 0.7 and 1.6 eV, larger than that of
IV—Crl;, but their energy barriers for polarization reversal
(0.60 and 0.52 V) are smaller, as shown in Figure Sc,d. Unlike
Crl;, perfect YCl; is a nonmagnetic insulator. The Cl vacancy
will narrow the band gap of YCl; down to 1.9 eV (Figure Sc),
and its migration barrier of ~0.39 eV (Figure 5d).

In conclusion, we have demonstrated that IV—Crlj is an ideal
2D multifunctional material with the coexistence of intrinsic
ferromagnetism and switchable out-of-plane polarization by
DFT calculations. Such a multifunction originates from four
aspects: (i) The structural symmetry of Crly is broken by I
vacancies, which induces an out-of-plane polarization. (ii) The
porosity of Crl; enables I vacancies to migrate between top and
bottom surfaces easily, thereby bringing about a moderate
energy barrier for the polarization switch. (iii) I vacancies do

not break the semiconducting nature of Crly. (iv) The
ferromagnetic ordering of Crl; is not broken by I vacancies,
but its ferromagnetism is enhanced. The strategy, utilizing
surface vacancies to engineer 2D switchable polarization, is first
proposed and generally applicable to many other metal
trihalides, such as CrF; CrCl;, and YCl;, with potential
applicability to other porous layered materials. Our work
expands the opportunities for the application of monolayer
Crl;, establishes an effective strategy to engineer 2D switchable
polarization, and discovers a class of desirable 2D materials with
switchable out-of-plane polarization, with implications for next-
generation nanospintronic and nanoelectronic devices.

Computational Methods. All spin-polarized DFT calcu-
lations are implemented in the Vienna ab initio simulation
package™ within a general gradient approximation para-
metrized by Perdew, Burke, and Ernzerhof (PBE).”” There
are two reasons for choosing the PBE-based DFT calculation:
(i) it is the most widely used method in computational
materials science, because it achieves a good balance between
the computational accuracy and cost; and (ii) it can reproduce
the experimental lattice parameters and magnetic moment of
the Crly crystal well (see Table S1), suggesting that it should
have a high reliability in describing the Crl; monolayer. The
projected augmented wave method® is used to describe the
ion—electron interaction, and the kinetic energy cutoff for the
plane-wave basis set is set as 500 eV. Three structures with
different vacancy concentrations (Figure S2) are constructed,
and a vacuum space of greater than 15 A is introduced. The
three structures are relaxed until the forces acting on all atoms
are less than 0.01 eV/A using a k-point mesh of 15 X 15 X 1,9
X 9 X 1,and 7 X 7 X 1, respectively. For an estimation of the
exchange interaction and the band gap more accurately, the
screened hybrid Heyd—Scuseria—Ernzerhof (HSE06) func-
tional is also used.’”> A climbing-image nudged elastic band
(cNEB) method® is employed to identify the transition states.
AIMD simulation is carried out under the canonical ensemble
with a time step of 1 fs.

a) 35

2.5

Crly CrCl; CrF; YCl,

Crl,

CrCl; CrFy

YCl,

b) 0.4

K, (D)

0.3
0.2

0.1

Crl; CrCl; Crf; YCl

Crls

CrCl;

CrF; YClg

Figure 5. (a) Magnetic moment of two Cr atoms neighboring the vacancy (dark) and the other Cr atoms (light) in Crl;, CrCly, and CrF; with
halogen vacancies. (b) Dipole moment, (c) band gap, and (d) energy barrier for the polarization reversal of Crl;, CrCly, CrF;, and YCI, with halogen
vacancies. The band gap calculations are based on the HSE06 functional (Figure S7).
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