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Magnetic anisotropy energy (MAE) plays a key role for 2D magnetic materials, which have attracted 
significant attention for their promising applications in spintronic devices. Based on first-principles 
calculations, we have investigated the influence of surface adsorption on the ferromagnetism and MAE 
of monolayer CrI3. We find that Li adsorption can dramatically enhance its ferromagnetism, and tune 
its easy magnetization axis to the in-plane direction from original out-of-plane at certain coverage of Li. 
The monotonic enhancement of in-plane magnetism in CrI3 as the coverage of Li increases are attributed 
to electrostatic doping induced by charge transfer between Li atoms and I atoms, as supported by the 
charge doping simulation. The tunable robust magnetic anisotropy may open new promising applications 
of CrI3–based materials in spintronic devices.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Two dimensional materials (2D) have attracted growing atten-
tion due to potential applications in various fields, such as elec-
tronic devices [1–4], optoelectronic devices [5], and catalysts [6]. 
However, the development of applications of 2D materials in spin-
tronics was lagged in the pace, due to the lack of magnetic order-
ing in conventional 2D materials. Many efforts, both experimen-
tal and theoretical, have been conducted to extrinsically introduce 
magnetism into nonmagnetic 2D materials or to seek 2D materials 
with intrinsic magnetism. On the one hand, the general methods 
of inducing magnetism in nonmagnetic 2D materials were substi-
tutional doping [7,8], defect engineering [9], magnetic proximity 
effect [10] and so on. Although some achievements have been 
made by these approaches, the introduced magnetism is relatively 
weak and difficult to control experimentally. On the other hand, 
a variety of theoretical prediction about new 2D ferromagnetic 
materials have been reported by using density functional theory 
(DFT) calculations [11–17], and monolayer CrI3 was one of them 
[15]. Until very recently, a great experimental breakthrough was 
made in 2D ferromagnetic materials. Zhang’s group discovered that 
2D ferromagnetic ordering exists in bilayer Cr2Ge2Te6 [18]. Xu’s 
group demonstrated 2D ferromagnetism in exfoliated monolayer 
CrI3 [19]. Then room-temperature ferromagnetism was reported in 

* Corresponding author.
E-mail address: zhaoyj@scut.edu.cn (Y.-J. Zhao).
https://doi.org/10.1016/j.physleta.2020.126754
0375-9601/© 2020 Elsevier B.V. All rights reserved.
2D monolayer VSe2 [20], MnSex [21], and Fe3GeTe2 [22], Fe5GeTe2
[23] subsequently. These findings provide new exciting opportuni-
ties for future spintronic applications.

Magnetic order in 2D materials is always coupled to magnetic 
anisotropy, which overcomes the thermal fluctuations and stabi-
lizes the magnetic order at the finite temperature based on the 
Mermin–Wagner theorem [24]. Moreover, ferromagnetic 2D ma-
terials with large anisotropy will be critical for spintronic appli-
cations. It is considerably attractive to explore whether intrinsic 
ferromagnetism and the magnetic anisotropy of 2D monolayer can 
be modulated. Previous works indicated that surface adsorption 
is an attractive approach to control electronic structure and mag-
netism in 2D materials [25,26]. By adsorption, a charge transfer 
can be induced between adatoms and the neighbor atoms of host 
materials, leading to an electrostatic doping. As is well known, 
Li is a typical electron donor, likely transfers charge to the sub-
strate when adsorbed. Such a doping effect can give rise to a gate-
tuned room temperature ferromagnetism in 2D magnetic Fe3GeTe2
[22]. Moreover, Jiang et al. reported that the magnetic proper-
ties of monolayer CrI3 can be controlled by electrostatic doping 
using CrI3-graphene vertical heterostructures [27]. The magnetic 
anisotropy energy (MAE) largely increased by surface adsorption 
in monolayer Cr2Ge2Te6 [26] from DFT calculations. In addition, it 
is found that the MAE of CrI3 is related to temperature and thick-
ness experimentally [28–30].

In this work, the impact of Li adsorption on monolayer CrI3
on the electronic and magnetic properties is investigated by first-
principles calculations. We find that the easy axis of monolayer 
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Fig. 1. (a) Top view and side view of crystalline structure of pristine monolayer CrI3. The dashed rhombus represents the conventional unit cell. Blue and purple spheres 
represent Cr and I atoms, respectively. (b) The three possible magnetic configurations, namely, ferromagnetic (FM) state, antiferromagnetic (AFM) states. (c) Spin-resolved 
total and projected density of states for monolayer CrI3. The valence band maximum is set to zero as marked with dot lines. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)
CrI3 can be tuned from the out-of-plane to in-plane after Li ad-
sorption, and the MAE reaches as large as 7 times greater than 
that of pristine CrI3. When the monolayer CrI3 is adsorbed by F, 
a typical hole contributor, the MAE also increases drastically, al-
though the easy axis maintains out-of-plane. Our study illustrates 
the promising potential of electrostatic doping induced by charge 
transfer in tuning the magnetization orientation and enhancing 
ferromagnetism in monolayer CrI3.

2. Computational methods

Our density functional theory (DFT) calculations were carried 
out using Vienna ab initio simulation package (VASP) [31] code 
with the projector augmented-wave (PAW) method [32]. The ex-
change correlation interaction of electrons was treated within 
the generalized-gradient approximation (GGA) in the formalism of 
Perdew-Burke-Ernzerhof (PBE) [33]. The plane-wave cut-off energy 
was set to be 500 eV. The Brillouin zone was sampled by using 
a 6 × 6 × 1 �-centered Monkhorst–Pack k-point grid for conven-
tional unit cell and 4 × 4 × 1 k-point for 2 × 2 × 1 supercell [34]. 
In this work, all the atomic structures were fully relaxed until the 
force on each atom is smaller than 0.01 eV/Å, and the total en-
ergy was converged to be within at least 10−6 eV (10−8 eV for 
MAE calculations) during electron configuration relaxation. A vac-
uum space of larger than 20 Å along the out of the plane z axis 
was employed to avoid the artificial interactions between image 
layers. Spin-orbit coupling was taken into account to obtain the 
MAE, which was evaluated based on the total energy difference 
between in-plane [100] and out-of-plane [001] magnetization di-
rection, namely, MAE = E[100] − E[001] . Therefore, the positive and 
negative values of MAE denote that the easy magnetization axis is 
perpendicular and parallel to the plane of monolayer CrI3, respec-
tively. Convergence test has been carefully carried out for cut-off 
energy and k-point sampling on MAE. The results show that the 
values of MAE converge to 10−5 eV/Cr as cut-off energy changes 
from 400 eV to 550 eV, and k mesh from 4 × 4 × 1 to 8 × 8 × 1
for pristine CrI3. Because of the non-negligible uniaxial magnetic 
anisotropy, Heisenberg model including single ion anisotropy is 
used to describe the magnetic behavior. The Curie-temperature 
(Tc) of CrI3 monolayer was then estimated by using Monte Carlo 
(MC) simulation based on the Heisenberg model [35].

H = − J1

∑
Si · S j − J2

∑
Si · Sl − A(Sz

i )
2, (1)
i, j i,l
where J1 and J2 are the first and second nearest neighboring ex-
change parameters, respectively. Si is the spin vector of each atom, 
Sz

i is the spin component along the z direction, and A is anisotropy 
energy parameter. To extract the J1 and J2, we considered three 
different magnetic configurations as shown in Fig. 1. We fit the to-
tal energies obtained from DFT calculations to the Heisenberg spin 
Hamiltonian defined on a honeycomb lattice. Here, |S| = 3/2. Using 
these DFT derived magnetic exchange parameters, the Curie tem-
perature is then estimated using MC simulations with VAMPIRE 
software package [36].

3. Results and discussion

3.1. Electronic structure and magnetic properties of pristine monolayer 
CrI3

First, we investigated the structure, magnetism, and MAE of 
the pristine monolayer CrI3 in a 2 × 2 × 1 supercell as shown in 
Fig. 1(a). The pristine monolayer CrI3 belongs to the P31m space 
group. It consists of 2D honeycomb network of Cr atoms, which are 
sandwiched between two atomic planes of I. Moreover, Cr atoms 
are coordinated by edge-sharing octahedra with six I atoms. Our 
calculation indicates that the most stable magnetic state is the FM 
state among all the considered magnetic configurations [Fig. 1(b)]. 
The studied AFM1 and AFM2 are unfavored in energy by 37 and 
22 meV per unit cell than the FM configuration, respectively. For 
the FM ground state, the optimized lattice constant is 7.006 Å, 
and the Cr-I bond length is 2.738 Å. These results are in good 
agreement with earlier reports [37]. As shown in Fig. 1(c), the 
monolayer CrI3 is semiconductor with a band gap of 1.18 eV, in 
line with earlier experimental and the theoretical results of 1.2 eV 
[15] and 1.124 eV [38] respectively. The valence band maximum 
(VBM) is dominated by the hybrid orbitals of Cr-d and I-p, while 
the conduction band minimum (CBM) is dominated by the Cr-d
orbital. The calculated MAE is about 0.990 meV/Cr, which is con-
sistent with earlier theoretical results, 0.980 meV/Cr [39] and 0.840 
meV/Cr [37]. The positive value indicates an out-of-plane easy 
magnetization axis.

3.2. Effect of electrostatic doping on MAE

As is well known, MAE is an important parameter to character-
ize FM materials besides the magnetization and TC . Previous work 
indicated that magnetic properties of CrI3 monolayer are sensitive
to electrostatic doping [27]. An interesting question is whether the 
MAE is tunable by charge doping, which can be easily realized 
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by surface adsorption. We calculated the MAE with charge dop-
ing by only adding electrons or holes to pristine monolayer CrI3
(cf. Fig. 2). Clearly, the MAE can be largely tuned by charge dop-
ing, show little oscillation within the investigated charge range. 
The system has a magnetic phase transition from the out-of-plane 
to the in-plane easy-axis after exceeding certain electron doping 
(∼−0.085 e/u.c.). While for the hole doping, the easy axis remains 
out-of-plane when the doping is less than a certain concentration 
(∼ 0.852 e/u.c.), and changes from out-of-plane to in-plane when 
larger than the certain doping concentration.

After studying the hypothetical doping monolayer CrI3 system, 
we turn to the realistic charge doping by adsorption in the fol-
lowing subsections. Here we choose Li (F) atoms as electron (hole) 
donors in our studies, and study the effect of adsorption on the 
electronic structure and magnetic properties of monolayer CrI3.

3.3. Li adsorption

To obtain the most energetically favorable adsorption config-
uration, we have considered three adsorption sites labeled as (I) 
hollow (at the hollow of honeycomb network of Cr atoms), (II) Cr-
top (at the top of Cr atom), and (III) I-top (at the top of I atom) 
with one Li atom adsorption on the surface of monolayer CrI3 in 
2 × 2 × 1 supercell, in which the Li adsorption coverage is 3.125%, 
as shown in Fig. 3(a). After fully relaxation, the I-top configuration 
is found to relax into the hollow site spontaneously. As listed in 

Fig. 2. The MAE of monolayer CrI3 with different Charge doping. The zero doping in-
dicates the pristine system without charge doping. The negative and positive charge 
doping represent electron and hole doping, respectively.
Fig. 3. (a) Top view and side view for crystalline structures of three adsorption configura
II) Cr-top, III) I-top. Blue, purple and green spheres represent Cr, I, and Li atoms, respect
monolayer CrI3 covered with 12.5% Li. The Fermi level is set to zero as marked with the
Table 1, the hollow site configuration has the lowest energy, and 
the Cr-top configuration is the most unfavored. The similar results 
were also obtained in a conventional unit cell of CrI3, which con-
tains 9 atoms with 12.5% Li coverage. For the case of the hollow 
site, the Li atom is located at the center of honeycomb network 
composed of Cr atoms. The adsorption energy of Li at the hollow 
site is calculated to be −3.109 eV, indicating that Li atoms will not 
be clustering as the cohesive energy is around 1.605 eV. Hence the 
hollow site configuration is considered as the most stable configu-
ration, and will be focused in the following sections.

From the top view of a fully relaxed hollow site configuration 
with 12.5% coverage, the Li atom is located in the middle of the 
hollow site surrounded by six I atoms. The lattice constant of CrI3-
Li unit cell is slightly elongated to 7.094 Å. The Cr-I bond length 
(2.805 Å) is obviously longer than that of the pristine one (2.738 Å) 
accordingly. Meanwhile, the distance between Li and nearest I 
atom is about 2.952 Å. These changes of local structure will influ-
ence the electronic structure. As illustrated in Fig. 3(b), the Li-s and 
I-p orbitals are coupled, indirectly altering the hybridization be-
tween I-p and Cr-d orbitals. Comparing Fig. 1(c) with 3(b), we find 
that the Fermi level is pushed up and cross the spin-polarized con-
duction bands in CrI3-Li. As expected, Li atoms provide electrons to 
monolayer CrI3, leading to half-metallic character of CrI3-Li, i.e. the 
spin-up channel are metallic, while spin-down sub-band remains a 
sizable bandgap of 2.66 eV as shown in Fig. 3(c). Furthermore, the 
charge distribution in CrI3-Li system is remarkably different from 
the pristine one based on Bader analysis, as listed in Table 2. Obvi-
ously, each Li transfer 0.887 e to the surrounding I atoms in CrI3-Li. 
The Li-I charge transfer indirectly results in Li atoms donating par-

Table 1
The calculated adsorption energies (Ea) per supercell of Li on CrI3

at the coverage of 3.125%. The I-top configuration of CrI3-Li is re-
laxed to the hollow structure spontaneously in the simulation.

Configuration Hollow Cr-top I-top

Ea (eV) −3.109 −2.328 –

Table 2
Charge transfer based on Bader charge calculation in CrI3 and CrI3-Li unit cell, re-
spectively. A negative value indicates charge accumulation on the respective atom, 
while a positive value indicates charge depletion.

CrI3 CrI3-Li

Atom Cr I Cr I Li
Charge transfer 1.015 −0.338 1.002 −0.482 0.887
tions of CrI3-Li in 2 × 2 × 1 supercell with 3.125% Li adsorption coverage. I) hollow, 
ively. Spin-resolved total and partial density of states (b), and band structure (c) for 
 dot line.
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tial electrons to Cr atoms, which brings about an electron doping 
effect. These results indicate that charge transfer due to Li adsorp-
tion can significantly affect the electronic properties of CrI3.

Consequently, we investigated the effects of Li adsorption on 
the magnetic properties of CrI3. The total energy difference be-
tween the most stable AFM and FM configuration �E is 51.4 meV 
per unit cell, which is higher than that of the pristine one by 
22.5 meV, indicating the FM coupling in CrI3-Li is enhanced by 
Li adsorption. It is clear that the total magnetic moment is mainly 
contributed by Cr atoms, with 3.46 μB for each Cr3+ , much higher 
than that of the pristine one (∼ 3.10 μB). The enhancement of the 
magnetic moment from Cr ions as Li adsorption can be understood 
by a simple picture (cf. Fig. 4). In an octahedral coordination, the 
d orbitals of Cr3+ split into triply degenerated t2g (dxy , dyz and 
dxz) and doubly degenerated eg (dz2 and dx2−y2 ), the former with 
lower energy. In pristine CrI3, each octahedrally coordinated Cr3+
has a 3d3 configuration, and the three t2g orbitals are singly oc-
cupied with parallel spin (Fig. 4a). Whereas in CrI3-Li, due to an 
electron doping effect, besides three electrons occupy the three t2g

orbitals, the other electrons occupy the higher eg orbital according 
to Hund’s rules (Fig. 4b), thus resulting in larger magnetic moment. 
In addition, the iso-surface of the spin density (ρ↑ − ρ↓) for CrI3
and CrI3-Li are plotted in Fig. 4(c) and 4(d), indicating that the Cr 
atoms are more spin-polarized, while I atoms are slightly antifer-
romagnetically polarized in CrI3-Li than that in pristine CrI3. These 
results further confirm that the ferromagnetism can be enhanced 
after Li adsorption.

The impact of Li coverage on the electronic and magnetic prop-
erties of monolayer CrI3 is also investigated. When Li coverage 
changes from 0% to 12.5%, it is found that the FM configurations 
are always energetically favored. In fact, the ferromagnetism is al-

Fig. 4. Schematic diagrams of Cr3+ d orbitals in (a) pristine CrI3 and (b) CrI3-Li. 
Iso-surface of spin density of (a) pristine CrI3 and (b) CrI3-Li with a value of 0.003 
e/Å3. Yellow and blue represent majority and minority spin channels, respectively.
Fig. 5. (a) The local magnetic moment of Cr and total energy differences �E between th
(c) Curie temperature TC of CrI3-Li in 2 × 2 × 1 supercell with different Li adsorption co
most linearly enhanced as the Li coverage increases, along with the 
local spin moment of the Cr [cf. Fig. 5(a)]. Moreover, the energy 
difference �E is two times greater than that of pristine one at the 
coverage of 12.5%. These results indicate that the charge transfer 
can improve the magnetic stability while maintain half-metallicity 
under all considered coverages.

One can also observe how MAE changes with Li coverage as 
shown in Fig. 5(b). When Li is adsorbed onto monolayer CrI3, 
the MAE values change from positive to negative at certain cov-
erage (between 3% and 6%) and increase negatively and monotoni-
cally with increasing Li adsorption coverage. For example, the MAE 
changes from 0.990 meV/Cr to −5.785 meV/Cr while Li adsorption 
coverage increases from 0% to 12.5%. The change of MAE is quite 
similar to that of pure electron doping, verifying our expectation. 
These results clearly show that we can effectively switch the easy 
magnetization orientation from out-of-plane to the in-plane direc-
tion by adsorbing Li atoms. We attribute the change of MAE to the 
electron doping effect induced by charge transfer between Li and 
Cr atoms. It should be noted that there is almost no difference in 
energy with respect to the different in-plane directions from our 
DEF calculations. For example, the total energy difference between 
in-plane [100], [010], [110] and out-of-plane [001] magnetization 
direction are −5.785, −5.903 and −5.996 meV/Cr. In fact, a similar 
conclusion was also reported by Webster et al. [37].

As mentioned above, all the considered CrI3-Li monolayer pre-
fer FM coupling. It is important to evaluate the TC affected by Li 
adsorption, for future application of spintronic devices. Based on 
the Heisenberg model, the Tc can be estimated by using MC sim-
ulations. For the pristine CrI3, our calculated exchange parameters 
J1 and J2 are 2.755 meV and 0.559 meV, and TC is estimated 
to be around 65 K correspondingly. This is slightly overestimated 
compared with the experimental measurement of 45 K for the 
monolayer CrI3 [19], but is approximately equal to the experi-
mental values for the bulk CrI3 [15]. The magnetic moments of 
Cr ions increase monotonically, up to 3.46 μB when Li coverage 
reaches 12.5%. This would enhance the magnetic coupling between 
Cr atoms, and consequently resulting in larger exchange energy 
and higher Curie temperature. For example, the exchange param-
eter J1 are 3.832 meV, 4.951 meV, 5.821 meV, 6.581 meV, and 
J2 are 0.438 meV, 0.815 meV, 0.838 meV, 1.208 meV, when Li 
coverage is 3.125%, 6.25%, 9.375% and 12.5% in CrI3-Li systems, 
respectively. The TC increases with the increasement of Li ad-
sorption coverage, as shown in Fig. 5(c). Although the TC may be 
overestimated, it should be noted that the increasement trend of 
monolayer CrI3 with Li adsorption. The higher TC indicate that the 
CrI3 monolayer with electron doping may be a promising spin-
tronic material. Moreover, Song et al. [26] reported that the MAE of 
monolayer Cr2Ge2Te6 can be enhanced by H and alkali-metal ad-
sorption,leading to a significant increase of and Curie temperature. 
Liu et al. [40] reported that the Curie temperature and MAE of lay-
e most stable AFM states and FM states, (b) magnetic anisotropy energy as well as 
verage.
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ered Bi2O2Se can be largely enhanced by transition metal atoms 
doping. Ma et al. [41] reported that the MAE of CrX (X = P, As) 
monolayer can be enhanced by electron and hole doping. Com-
paring these systems, one can learn that charge doping likely to 
enhance the exchange interactions, MAE, as well as improve the 
Curie temperature of two dimensional magnetic systems.

3.4. F adsorption

The adsorption of F atoms on monolayer CrI3 is considered to 
simulate the practical hole doping. Since the electronegativity of F 
is stronger than I, direct charge transfer may occur between F and 
Cr, thus leading to hole doping. To confirm the most stable ad-
sorption configuration, we also considered three initial adsorption 
configurations as mentioned above. It is found that F atoms always 
relax far away from the initial high symmetrical sites. For example, 
in the case of the hollow site configuration, the distance between 
Cr and nearest I is about 2.726 Å, which is obviously shorter than 
that of CrI3-Li (2.805 Å). Meanwhile, the bond length of F-Cr1 and 
F-Cr2 are 4.896 Å and 3.874 Å. The distance between F and nearest 
I atom is about 2.083 Å, much shorter than that of Li-I (2.952 Å) in 
CrI3-Li. These results indicate that the F atoms are relaxed far away 
from the hollow site and the structure is remarkably distorted.

In order to qualitatively reveal the effect of the hole doping and 
compare with CrI3-Li, the MAE of CrI3-F was also calculated with 
F atoms fixed at the hollow site as in CrI3-Li. In contrast to that 
of CrI3-Li, F adsorption significantly enhances the MAE, but is not 
able to alter the magnetic orientation. For example, the MAE of 
CrI3-F is as large as 3.925 meV/Cr and 7.070 meV/Cr when F cov-
erage is 3.125% and 12.5% respectively. Such a difference can be 
well expected from the electronegativity of Li and F atom. These 
results agree well with those obtained by pure charge doping as 
described above, showing that electrostatic doping induced by sur-
face adsorption could tune the MAE of monolayer CrI3. Especially, 
electron doping can drastically tune the spin orientations. There-
fore, the strong coupling between charge transfer and MAE pro-
vides an effective way to control spin orientation, which provides 
a very promising means for the application of spin electronics de-
vices in the future.

4. Conclusions

In summary, the electronic and magnetic properties of mono-
layer CrI3 could be tuned by the surface adsorption. Our results 
show that the monolayer CrI3 can be switched from semicon-
ductor to half-metal, and the magnetic moments on Cr and TC

can be largely enhanced by Li adsorption. Interestingly, the CrI3-Li 
exhibits robust magnetic anisotropy (−5.785 meV/Cr) with an in-
plane easy magnetization axis, almost 6 times compared with that 
of the pristine CrI3 (0.990 meV/Cr) with an out-of-plane easy axis. 
Moreover, the value of MAE increases linearly with the increase-
ment of the Li adsorption coverage. On the contrary, F adsorption 
preserves the easy magnetization axis out-of-plane, and leads to a 
larger increase of MAE (7.070 meV/Cr). The robust MAE together 
with the enhanced ferromagnetism of monolayer CrI3 induced by 
surface adsorption may provide promising applications in 2D spin-
tronic devices.
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