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ABSTRACT

The  exploration  of  magnetism  in  two-dimensional  layered  materials  has
attracted  extensive  research  interest.  For  the  monoclinic  phase  CrI3 with
interlayer antiferromagnetism, finding a static and robust way of realizing
the  intrinsic  interlayer  ferromagnetic  coupling  is  desirable.  In  this  work,
we study the electronic structure and magnetic properties of the nonmag-
netic element (e.g., O, S, Se, N, P, As, and C) doped bi- and triple-layer CrI3
systems via first-principles calculations. Our results demonstrate that O, P,
S,  As,  and  Se  doped  CrI3 bilayer  can  realize  interlayer  ferromagnetism.
Further  analysis  shows  that  the  interlayer  ferromagnetic  coupling  in  the
doped few-layer  CrI3 is  closely related to the formation of  localized spin-
polarized  state  around  the  doped  elements.  Further  study  presents  that,
for  As-doped  tri-layer  CrI3,  it  can  realize  interlayer  ferromagnetic
coupling.  This work proves that nonmagnetic element doping can realize
the interlayer ferromagnetically-coupled few-layer CrI3 while maintaining
its semiconducting characteristics without introducing additional carriers.
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1   Introduction

Two-dimensional  (2D)  magnetic  semiconductors  have
attracted  extensive  attention  due  to  the  enormous
potential for novel magneto-optic [1–6], magnetoelectronic
[7–14], and spintronic devices [15–17]. As a representative
2D layered material, CrI3 possesses its own unique physical
properties.  The  bulk  CrI3 has  two  different  structures,
i.e., high-temperature monoclinic phase and low-temper-
ature rhombohedral phase. The bilayer CrI3 with rhom-

bohedral  stacking  exhibits  interlayer  ferromagnetic
coupling,  while  that  with  monoclinic  stacking  exhibits
interlayer  antiferromagnetic  coupling  [18–25],  and  their
phase  transition  temperature  is  220  K  [26].  Thus,  the
magnetic order of CrI3 is susceptible to the variation of
layer thickness and stacking order. Previous first-principles
calculations  have  predicted  that  interlayer  magnetic
coupling can be effectively modulated by stacking order
in bilayer [18, 20, 21]. Later experiments [23, 24] proved
that  different  stacking  orders  can  affect  the  observed
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magnetic states of CrI3 in both bulk and few-layer CrI3
systems.

In van de Waals layered systems, the relatively weak
interlayer  coupling  indicates  that  the  interlayer
magnetic  order can be easily tuned via external  means.
Indeed,  it  was  experimentally  reported  that  monoclinic
bilayer CrI3 can be transformed from interlayer antifer-
romagnetic to ferromagnetic coupling by applying electric
gating  [13, 27–29].  A  possible  physical  mechanism
describing  this  magnetic  transition  is  the  formation  of
magnetic  polaron,  which  was  theoretically  confirmed
[30].  Beside  above  external  electric  gating,  a  natural
question arises: whether it is possible to find a static and
robust way of realizing the intrinsic interlayer ferromag-
netic  coupling  in  few-layer  CrI3?  In  addition,  for  semi-
conductor  materials,  the  carrier  doping  concentration
may  destroy  the  physical  properties.  Therefore,  it  is
desirable  to  realize  the  interlayer  ferromagnetically-
coupled  few-layer  CrI3 while  maintaining  its  semicon-
ducting  characteristics  without  introducing  additional
carriers.

In  this  study,  we  perform a  systematic  study  on  the
magnetic  and  electronic  properties  of  nonmagnetic-
element  doped  few-layer  CrI3 by  using  first-principles
calculation  methods.  We  first  show  that  the  interlayer
ferromagnetic coupling can be established in bilayer CrI3
doped with C, N, O, P, S, As, or Se. We then find that
the  interlayer  ferromagnetic  coupling  is  intimately
related to the formation of localized spin-polarized state
around  the  doped  nonmagnetic  elements.  Especially  for
the As-doped bi- or tri-layer CrI3, it can realize interlayer
ferromagnetism  and  does  not  introduce  extra  carriers,
therefore maintaining the system’s semiconducting prop-
erties. 

2   Calculation methods

a0

5× 5× 1

U

J

Our first-principle calculations were performed by using
the projected augmented-wave method [31] as implemented
in the Vienna ab initio simulation package (VASP) [32,
33].  The  generalized  gradient  approximation  (GGA)  of
Perdew–Burke–Ernzerhof (PBE) type was used to treat
the exchange-correlation interaction [34]. In our calcula-
tions, the lattice constant of the high-temperature phase
of  CrI3 was  chosen  to  be  =  6.92  Å  [20].  A  vacuum
buffer  space  of  15  Å  was  used  to  prevent  the  coupling
between  adjacent  slabs.  The  kinetic  energy  cutoff  was
set  to  be  340  eV.  With  fixed  supercells,  all  structures
were fully relaxed. The van der Waals (vdW) force was
taken into account by employing the Grimme’s method
(DFT-D2)  [35].  The  Brillouin-zone  integration  was
carried  out  by  using  Monkhorst–Pack  grids.
Unless  mentioned  otherwise,  GGA+U [36, 37]  method
was  used  with  the  on-site  repulsion  parameter  =
3.9  eV  and  the  exchange  parameter  =  1.1  eV  [20],

U 3dwhere  is  for  the  more  localized  orbitals  of  Cr
atoms.  Additionally,  conventional  DFT  may  fail  to
predict the charge localization due to inherent self-inter-
action error, even if DFT+U method has been employed
[38].  The  self-interaction  effects  can  be  effectively
canceled  by  the  HF/DFT  hybrid  approach,  which  has
successfully  predicted  electronic  structures  in  many
semiconductors  [39].  We employed  a  PBE-based  Heyd–
Scuseria–Ernzerhof functional in which 75% of the PBE
exchange is combined with 25% of the nonlocal Hartree–
Fock exchange, and the screening parameter that separates
the  exchange  potential  [40]  into  short-range  and  long-
range parts was set at 0.2. 

3   Experimental possibility of element
doping

∆HF = ED
tot − Etot − Σniµi ED

tot

Etot µi

i

ni

We  first  study  the  possibility  of  element  doping  in
bilayer CrI3, i.e., substituting I by nonmagnetic dopants.
Some typical candidates of nonmagnetic dopants including
O, S, Se, N, P, As, and C are considered. As displayed
in Fig.  1(a),  there  are  two  types  of  I-doping  sites
labelled  as  I1 (at  the  surface)  and  I2 (inside  the  inter-
layer). The formation energy was obtained by using the
expression [41–43] , where 
is the total energy of the system including one nonmagnetic
impurity,  is the total energy of the system,  is the
chemical  potential  for  the  species  (host  atoms  or
dopants), and  is the corresponding number that was
added/removed from the system.

As displayed in Fig. 1(b), for O, S, Se, N substitutions
at  two  I  sites  in  the  same  CrI3 layer,  the  formation
energy is within the range of –0.4 to 1.5 eV. It indicates
that the I1 substitutional site is preferred due to smaller
formation energy than that at I2 substitution. For exam-
ple,  N  substitution  leads  to  smaller  formation  energy
(about –0.6 to 0.2 eV) than those from O (about –0.2 to
0.2  eV),  S  (about  0.4  to  0.9  eV)  and  Se  (about  1.1  to
1.4 eV) substitution in the whole range of the accessible
host  element  chemical  potentials.  However,  for  P,  As,
and  C  substitutions  [see Fig.  1(c)],  they  have  larger
formation  energies  than  those  with  O,  S,  Se,  or  N
dopants.  In  addition,  we  find  that  the  I1 substitutional
site is preferred by P and C, while I2 substitutional site
is preferred by As. The formation energy shows that all
candidate  elements  (except  As)  are  more  stable  at  I1
position. The formation energy of As substituted I2 site
is positive (about 2.3 to 2.7 eV). It is noteworthy that C-
doped ZnO has been experimentally fabricated even the
estimated formation energy is about 5.3 eV [44], which is
much larger than all element-doped CrI3. Therefore, it is
reasonable to believe that O, S, Se, N, P, and As doped
CrI3 bilayer could be experimentally fabricated. In fact,
we  also  performed  the  test  calculations  of  different
doped  configurations  including  possible  interstitial  sites
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in the N doped bilayer CrI3. Formation energies for both
substitution and interstitial configurations are shown in
Figs. 1(d) and (e). We can find that the N substitutional
site  is  still  preferred.  In  our  study,  all  doping  sites  are
nonmetal  substitutions  similar  to  N  doping.  Similar
doping  character  might  exist  in  this  study.  Hence,  we
mainly focus on the anion substitutional doping. 

4   Magnetic properties

∆E EFM EAFM

∆E < 0

∆E

We  now  move  to  investigate  the  interlayer  magnetic
coupling  of  the  doped  CrI3. Figure  2(a)  displays  the
energy  difference  = –  between  interlayer
ferromagnetic  and  antiferromagnetic  states  for  different
element-doped  bilayer  CrI3.  As  reported,  the  pristine
bilayer  CrI3 exhibits  interlayer  antiferromagnetic
coupling [18, 20, 21]. The introduction of dopants except
C  and  N  leads  to ,  indicating  the  formation  of
interlayer ferromagnetism. For the O, P, S,  As,  and Se
substitution at I1(I2) site [see Fig. 2(a)],  are respectively
–7.7(–2.2), –3.6(–6.3), –6.7(–4.0), –49.7(–113.9),  and
–5.4(–12.3) meV, indicating the interlayer ferromagnetic
coupling. As a contrast, it maintains the interlayer anti-

ferromagnetism in C or N doped case. We also estimated
the Curie temperature for the O, P, S, Se, and As doped
bilayer CrI3 using the mean-field approximation. For the
As doped bilayer CrI3, the estimated Curie temperature
is  about  18.35  K.  In  addition,  the  test  calculations  of
energy  difference  between  interlayer  FM  and  AFM
configurations  of  As  doped  bilayer  CrI3 using  different
vdW corrections were also performed. From our calcula-
tions,  the  different  vdW  corrections  except  DFT-ulg
provide a qualitative agreement conclusion that interlayer
FM  coupling  can  appear  in  As  doped  bilayer  CrI3.
However, an obvious difference related to strong (DFT-
D2 [35] and DFT-D3 [45]) or weak (vdW-DF [46], vdW-
DF2 [47], optB86b-vdW [48], optB88-vdW [49], optPBE-
vdW [49]) interlayer FM coupling exists. It is also noted
that DFT-D2 correction used in this study indeed gives
correct predictions of interlayer AFM coupling in bilayer
CrI3 (energy difference between FM and AFM configura-
tion is  about  8.78 meV) and interlayer  FM coupling in
trilayer  CrI3 (FM  configuration  is  the  most  stable  one
among of four magnetic configuration, as listed in Table
1), which are in agreement with experimental observations
[1].  Hereinbelow, we choose the I2-site As-doped bilayer
CrI3 as an example to analyze the origin of the interlayer
ferromagnetism.

∆E

For  vdW  magnetic  materials,  many  studies  have
shown that the interlayer distance plays a crucial role in
determining  the  interlayer  magnetic  coupling  [50–53].
Thus,  we  first  investigate  the  relationship  between  the
interlayer  distance  and  the  energy  difference .
Figure 2(b) displays the difference of interlayer distances
between doped and pristine CrI3. One can find that the
interlayer distances in nearly all  doped systems (except

 

I1

I2

I
Cr

(a) (b)

(c)

(d)

−0.5
−1.6 −1.5 −1.4

μI (eV)
−1.3 −1.2

−1.6 −1.5 −1.4
μI (eV)

−1.3 −1.2

0.0

2.0
2.5

3.0

6.0

6.5

0.5

1.0

1.5

Fo
rm

at
io

n 
en

er
gy

 (e
V

)
Fo

rm
at

io
n 

en
er

gy
 (e

V
)

Se

S

O

N

C

P
As

I1

I2

(e)

−0.5

−1.6 −1.5 −1.4
μI (eV)

−1.3 −1.2

0.0

0.5

1.0

1.5

Fo
rm

at
io

n 
en

er
gy

 (e
V

)

I1

I2

I
N

Cr

 
Fig. 1  (a) Side and top views of crystal structures of high-
temperature monoclinic bilayer CrI3 phase and the substitution
sites are labeled as I1 and I2. Formation energies of (b) O, S,
Se,  N and (c) P,  As,  or  C element-doped bilayer  CrI3 as  a
function  of  the  host  element  chemical  potentials.  Possible
interstitial sites (d) and the formation energy (e) as a function
of  chemical  potential  for  interstitial  and  substitutional
configurations in the N doped bilayer CrI3.

 

−105
−70
−35
0

−0.15

−0.20

−0.10

−0.05

0.00
35
70(a) (b)

E F
M
−E

A
FM

 (m
eV

)

L d
op

in
g−

L C
rI
3 (

Å
)

C N O P S As Se C N O P S As Se

I1
I2

I1
I2

0.05

0.00

0.10

0.15

0.20

0.25(c) (d)

d d
op

in
g−

d C
rI
3

C N O P S As Se

I1
I2

Doping

 
Fig. 2  (a) Energy difference  between interlayer  ferromag-
netic (FM) and antiferromagnetic (AFM) states. (b) Difference
of interlayer distance between doping configuration and pristine
CrI3. (c) Charge  difference  between  Cr  atoms  near  doping
site  in  the  doped  and  pristine  bilayer  CrI3. (d) Schematic
illustration of localized spin-polarized state-mediated interlayer
ferromagneitic coupling in doped bilayer CrI3.
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P-doped  configuration  at  I1 substitution)  decrease  with
respect  to  the  pristine  case.  Particularly,  the  interlayer
distances in C, N, and O doped systems at I1-site substi-
tution shrink respectively about 0.14,  0.17,  and 0.18 Å,
which  are  much  larger  than  that  in  the  As-doped
system.  These  together  show  that  there  is  no  obvious
correlation  between  the  strength  of  ferromagnetic
coupling and the interlayer distance.

It was reported that the interlayer magnetism of vdW
materials is closely related to different 3d electron occu-
pation between different layers [54–56]. In Fig. 2(c), we
display  the  charge  difference  of  Cr  atoms  near  the
dopants between the doped and pristine bilayer CrI3. It
shows  that  the  charge  of  Cr  atoms  near  dopants
increases  for  all  doped  systems.  However,  in  As-doped
bilayer,  the  change  of  3d  electron  occupation  due  to
doping  is  much  less  than  those  of  the  C  and  N  doped
bilayers. Therefore, the difference of 3d electrons occupa-
tion between two layers cannot explain the formation of
the  interlayer  ferromagnetism.  For  the  C  and  N  doped
bilayer  CrI3,  interlayer  AFM  coupling  is  still  reserved.
From our calculations the bound magnetic polaron does
not  appear  due  to  more  electrons  from  the  doping  are
delocalized.  And therefore,  no  magnetic  transition  from
interlayer AFM coupling to FM coupling appear in the
C and N doped bilayer CrI3.

We  now  move  to  calculate  the  differential  charge
densities of pristine and As-doped systems [see Figs. 3(a)
and  (b)]  [20, 57].  One  can  see  that  As-doping  indeed
leads to obvious change of charge distribution inside the
interlayer  space. Figures  3(c)  and  (d)  display  the  spin
densities  of  pristine  and  doped  cases,  respectively.  For
pristine  case,  it  exhibits  intralayer  ferromagnetism  and
interlayer  anti-ferromagnetism.  After  As-doping,  the
interlayer  anti-ferromagnetism  transits  to  ferromag-
netism,  accompanying  with  a  strongly  localized  spin-
polarized  state  near  the  doping  site.  To  confirm  this
finding,  we  have  performed  HSE06  calculations  of  all
elements doped CrI3 systems. For the As doped CrI3, as
presented in the Figs. 3(e) and (f), the electronic structures
from  PBE+U and  HSE06  are  qualitative  agreement.
Importantly,  a sharp local density of state also appears
in the band gap of  the As doped CrI3 from the HSE06

calculation.  By  the  band-decomposed  charge  density  of
the localized electron state in Fig. 3(f), we can find that
it is evidently that excess electron is trapped around the
doped  As  atom  and  a  local  lattice  distortion  appears
accompanied  by  electron  trapping.  It  is  worth  noting
that  this  localized  state  is  not  self-trapped  and  it  is
related  to  doped  defects  similar  to  bound  magnetic
polaron  suggested  in  diluted  magnetic  semiconductors
[58] and 2D magnetic semiconductor [59].

To further  confirm this  physical  origin,  in Fig.  4,  we
display  the  density  of  states  of  the  O,  P,  S,  and  Se
doped  bilayers,  where  O,  P,  S,  and  Se  doped  systems
exhibit interlayer ferromagnetism. While for these doped
systems,  spin-polarized  bound  states  arise  based  on
PBE+U and HSE06 calculations. These suggest a direct
evidence  that  the  interlayer  ferromagnetic  coupling  in
doped bilayer CrI3 is a consequence of the formation of
localized spin-polarized state.

Another striking transport phenomenon is the insulating

 

Table  1  The  structural  and  magnetic  properties  of  As
doped  trilayer  CrI3.  The  spin  direction  of  each  layer  is
denoted  by  the  up/down  arrow.  The  ground  state  of  each
dopant is denoted by red. The energy differences between the
specific structure and ground state are shown. The energy is
in unit of meV.

Structure ∆E ↑↓↑( ) ∆E ↑↑↓( ) ∆E ↑↓↓( ) ∆E ↑↑↑( )
CrI3 1.99 4.55 12.89 0
As1 15.15 119.91 121.58 11.52
As2 37.22 127.3 147.85 20.44
As3 78.56 100.28 85.28 0
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Fig. 3  Differential  charge  density  of (a) pristine  and
(b) As-doped  bilayer  CrI3.  Spin  density  of (c) pristine  and
(d) As-doped  bilayer  CrI3.  Local  density  of  states  from
(e) PBE+U and (f) HSE06 calculations in As-doped bilayer
CrI3.  Yellow  and  blue  isosurfaces  represent  respectively
charge accumulation and reduction. Red and green isosurfaces
represent respectively spin up and spin down. Cr-d, I-p and
As-p orbitals in each layer of CrI3 are displayed. In addition,
band-decomposed  charge  density  of  the  localized  electron
state is shown in the inset of (f).
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nature  after  doping.  It  is  known  that  doping  or  gating
can result in the ferromagnetism of semiconductors, but
may also break the semiconducting property due to the
carrier  injection.  Surprisingly,  for  O,  P,  S,  As,  and  Se
doped  bilayer  CrI3,  our  results  show  that  they  exhibit
both ferromagnetic and insulating features. In association
with the experimental finding that different gate doping
levels do not lead to n- or p-type conduction of bilayer
CrI3 dominantly  with  affected  magnetic  properties  [13],
it is believed that only insulated interlayer ferromagnetism
in few-layer  CrI3 can be observed due to the formation
of  spin-polarized  bound state  at  certain  doping  concen-
trations.

So far, we have shown that element doping in bilayer
CrI3 can induce  interlayer  ferromagnetism.  The trilayer
CrI3 has  weak  interlayer  ferromagnetic  coupling  [1].
Whether the element doping can enhance the interlayer
ferromagnetism? By taking As-doping as an example in
Fig. 5(a), three I substituted sites including I1, I2, and I3
are selected. The interlayer magnetic couplings and their
relative  stabilities  are  respectively  displayed  in
Fig. 5(b) and Table 1. One can see that the state with

interlayer ferromagnetic coupling is more stable than the
other  three  states  with  interlayer  antiferromagnetic
coupling, which agrees well with the experimental obser-
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Fig. 4  The density of states in ferromagnetic state of (a) O, (b) P, (c) S, and (d) Se doped CrI3 bilayer from PBE+U
calculations. The density of states in ferromagnetic state of (e) O, (f) P, (g) S, and (h) Se doped CrI3 bilayer from HSE06
calculations. Band-decomposed charge density of the localized electron state in ferromagnetic state of (i) O, (j) P, (k) S, and
(l) Se doped CrI3 bilayer from HSE06 calculations. The shadow part indicates the formation of spin-polarized state.
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Fig. 5  (a) Side  view  of  crystal  structure  of  trilayer  CrI3
with  one  As  substitution  at  three  sites  I1,  I2,  and  I3.
(b) Schematic illustration of ferromagnetic and three antifer-
romagnetic states in trilayer CrI3.
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vation  [1].  One  can  find  that  the  total  energy  of  As
substitution at I3 site is the lowest, indicating the most
stable  structure.  Therefore,  we  show  that  the  strong
interlayer ferromagnetic coupling can also be established
in trilayer CrI3 via As doping. 

5   Conclusion

In  summary,  we  demonstrate  that  the  interlayer  ferro-
magnetic  coupling  can  be  realized  in  both  bilayer  and
trilayer CrI3 by doping nonmagnetic elements. Our finding
provides a new evidence that the interlayer ferromagnetic
coupling in CrI3 thin films may be related to the formation
of  localized  spin-polarized  state,  and  also  provides  an
alternative  scheme  for  the  realization  of  CrI3 based
ferromagnetic semiconductor. 
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