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A B S T R A C T

Our study employs first principles to explore the impact of spin on iron phthalocyanine (molecule) upon
adsorption onto defect-functionalized CrI3. We focus on three stable vacancy defects commonly found in CrI3,
created by the removal of ‘-Cr-’, ‘-I-’ and ‘-CrI3-’ units from the pristine CrI3 lattice, analyzing their electronic
and magnetic characteristics in both FM and AFM scenarios. Notably, these defects predominantly affect the
electronic structure near the Fermi level. The adsorption of FePc, on defect-functionalized CrI3, exhibits reduced
stability compared to the pristine substrate. FePc demonstrates two stable spin states, a 2 𝜇𝐵 low spin state
and a 4 𝜇𝐵 high spin state. We present two spin-control mechanisms when FePc adsorbs onto these defect-
functionalized substrates. We name these — substrate-induced and molecular spin vector-induced control. The
former involves manipulating the magnetic order of the substrate (FM/AFM), leading to molecular spin state
transitions. The latter mechanism involves modifying the spin orientation on the molecular Fe atom relative to
the substrate’s spin (parallel/antiparallel), resulting in molecular spin state transitions. This research proposes
novel effective methods to control the spin states of magnetic metal complexes during adsorption onto magnetic
substrates, offering potential applications in molecular electronics and spintronics.
1. Introduction

Molecular spintronics and its potential applications can be realized
using molecular semiconductors [1] which have long relaxation time
and weak spin–orbit coupling [2]. Molecular semiconductors, known
for their spinterface-like mechanical flexibility [3], photovoltaic char-
acteristics [4], ferroelectric properties [5], and interfacial interactions
based on magnetic exchange [6], present a promising avenue for ap-
plications in the field of molecular spintronics. This emerging field, at
the forefront of miniaturization [7–9], combines molecular electronics
with single-molecule magnets [10], offering diverse functionalities such
as magnetoresistance (MR) effect [11–13], spin-filtering effect [14,
15], spin rectification effect [16,17], Kondo effect [18,19], and spin
caloritronics [20,21], which exploit the utilization and manipulation
of electron spin in organic molecular materials. The rise of multifunc-
tion molecular spintronic devices and their potential applications such
as spin organic LEDs [3], molecular photovoltaic devices [22] can
be achieved by combining the opto-electrical properties of molecules
with spin valves. The modulation and control of spin states in molec-
ular complexes adsorbed on substrates are essential for the design
of nanoscale spintronic devices, as exemplified by the remarkable
spin transport properties observed in transition metal phthalocyanine
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(TMPc) molecules, including significant magnetoresistance (MR) and
spin-filter effects [23–25]. In a study, cobalt and manganese phthalo-
cyanine molecule based magnetic tunnel junctions (MTJs) were ex-
amined, revealing that CoPc MTJs demonstrate significant tunneling
magnetoresistance (TMR) and tunneling anisotropic magnetoresistance
(TAMR) effects, whereas MnPc MTJs exhibit a remarkable giant TAMR
effect reaching ratios up to ten thousand percent [26]. Iron Phthalo-
cyanine (FePc) junction exhibits high spin-filter efficiency and negative
differential resistance (NDR) across various edge shapes and widths
of graphene nanoribbons (GNRs) and N-doping sites, suggesting its
potential for molecular electronics and spintronics applications [27].
TMPc-based molecular junctions with borophene nanoribbon electrodes
exhibit high magnetoresistance (MR) ratios, reaching 303% and 368%
for MnPc and FePc junctions [13], respectively, while also demon-
strating almost perfect spin-filter efficiency (SFE) at low temperatures,
making them promising candidates for future molecular spintronic
devices [10,28].

FePc, known for its desirable properties in studying magneto-optical
and electrical effects, as well as quantum ferromagnetism, has been
extensively investigated [29–31]. The magnetic moment of the free-
standing FePc molecule is primarily localized around the Fe atom,
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with a calculated value of 2 𝜇𝐵 [32,33]. The adsorption of H2 and
2O molecules on FePc maintains the magnetic moment at 2 𝜇𝐵 [32].

Adsorbing O2, CO, and N2 molecules on FePc results in a reduction
of the magnetic moments to 0 𝜇𝐵 [32]. This is attributed to the
antiferromagnetic coupling between the O2 molecule and the Fe atom,
while the strong interaction of CO and N2 molecules causes a shift
of the dz2 orbital to a higher level and a cancellation of the spin
magnetic moments due to the low spin configuration [32]. At the
atomic monolayer scale, molecular oxygen intercalation between the
FePc molecule and the surface leads to a significant increase in the
Fe magnetic moment, transforming it from nearly negligible to an
order of magnitude larger value, thus demonstrating the reversible
bifunctional chemical-magnetic switch property of FePc [34]. Conven-
tional magnetic measurements and advanced techniques such as x-ray
magnetic circular dichroism [35] reveal a strong correlation between
the magnetic behavior of MPc molecules and the hybridization of the
electronic ground state of the central metal atom with ligand states
(intra-molecular interaction), while in bulk and thin films with stacked
molecules, the magnetic properties are governed by intermolecular
exchange interactions between magnetic M atoms [36].

The fabrication of FePc thin films on substrates allows for con-
trol over ferromagnetism and molecular orientation, presenting new
opportunities for flexible spintronic devices [37]. The adsorption of
FePc on Co[001], specifically in the on-top-of Co position rotated by
45◦ relative to the substrate orientation, strongly affects the magnetic
coupling while maintaining the unaltered spin state of S = 1 [38].
When FePc is placed on Ag(111), there is a transfer of charge between
the molecule and the substrate, involving the 3d-open shell. However,
when FePc is placed on Au(100), there are no significant changes in
the electronic situation between the molecule and the substrate [39].
Removal of the outermost H atoms in FePc diminishes the Fe–Au cou-
pling and triggers a transition from a Kondo state to a magnetic triplet
state [40]. Hybrid systems combining graphene and FePc exhibit high
magnetic anisotropic energy, making them promising candidates for
graphene-single magnetic molecule (SMM) systems [41]. Physisorption
of FePc molecules on graphene and MoS2 induces large spin dipole
moments, leading to a significant reduction in the effective magnetic
moment as observed in XMCD experiments [42]. The introduction of
vacancy defects in graphene alters the spin state of FePc from S = 1 to
S = 2 in graphene/FePc heterostructures [43]. Spin state tunability of
FePc can also be achieved through coordination with surplus hydrogen
atoms [43]. The individual distribution of transition metal (TM) atoms,
especially in the 2D magnetic materials CrI3, Cr2Ge2Te6, and Fe3GeTe2,
could potentially be achieved by incorporating iron atoms into the 2D
phthalocyanine (Pc) sheet of the FePc system.

The magnetic behavior of 2D magnet CrI3 is influenced by the
number of layers and interlayer stacking arrangements, with interlayer
magnetic interactions and the underlying cause of magnetic ordering
explained through orbital analysis [44]. Distinct spatial distributions
of localized defect states were observed and characterized using high-
resolution scanning tunneling microscopy (STM) for the three primary
intrinsic point defects in CrI3: iodine vacancy (VI), chromium vacancy
(VCr), and multiatom CrI3 vacancy (VCrI3) [45]. The magnetic mo-
ments in CrI3 are influenced by these stable point defects, leading to
ferromagnetic (FM)-antiferromagnetic (AFM) phase transitions [46].
In a recent investigation of charged defects in monolayer CrI3, posi-
tively charged I vacancies and negatively charged Cr vacancies, atom
relaxation causes a blue and red-shift of defect states near the Fermi
level [47]. Oxygen defect functionalization of CrI3 reduces the bandgap
by 58% while preserving its magnetic properties at higher Curie tem-
peratures [48]. In bilayer CrI3, doping and interlayer atomic interca-
lation induce an antiferromagnetic to ferromagnetic phase transition
through exchanged superexchange interactions between Cr atoms in the
interlayer [49]. Furthermore, the adsorption of benzene molecules on
CrI3 enhances its optical absorption and ferromagnetic coupling [50].
2

With the motivation to explore the behavior of adsorbed 2D magnetic
molecules like FePc on defect functionalized 2D magnetic substrate
CrI3, we aim to explore their potential for realizing spintronic-based
applications.

In this study, we investigate the electronic structure of FePc ad-
sorbed on defect-functionalized CrI3 and demonstrate the controllable
spin state of Fe can be achieved through two mechanisms: substrate-
induced spin control and molecular vector-induced spin control. We de-
scribe the computational methods employed and present the optimized
geometrical configurations of FePc adsorbed on defect-functionalized
CrI3. The electronic structure of FePc/def -CrI3 is discussed, considering
the effects of substrate spin configuration switching and spin vector
orientation.

2. Computational details

We perform ab-initio density functional theory (DFT) calculations
[51] within the Quantum Espresso platform [52]. We use Perdew–
Burke–Ernzerhof (PBE) exchange correlation functional [53] with gen-
eralized gradient approximation (GGA), a plane wave basis set and an
ultrasoft scalar relativistic pseudopotential for the calculations [54].
The Hubbard parameter [55] for Fe and Cr atoms are set to U𝑒𝑓𝑓 =
5 eV [56] and 3 eV [57] respectively, to take into account the on-
site Coulombic interactions of their extended 𝑑 orbitals. The kinetic
energy cut off is set to 48 Ry and charge density cut off is set to
460 Ry. We construct a supercell of FePc adsorbed on

√

7 ×
√

7 CrI3
ith a minimum inter-molecular separation of ∼3 Å to avoid directional

ateral interactions (known to cause characteristics development at
igh coverage) [58], and a vacuum separation of 15 Å (to minimize
nteractions between periodic images [49]). The interlayer interactions
or the heterostructures are addressed by considering a van der Waals
rimme D-2 correction [59]. We perform fixed cell relaxation until

he minimum Hellmann–Feynman force [60] on all atoms is lesser
han 10−3 eVÅ−1. A 𝛤 point Monkhorst pack [61] k-mesh is used to
ample the Brillouin zone [62] for the electronic structure relaxations.
o examine the electronic and magnetic properties of FePc on function-
lized CrI3, the spin dependent molecular projected density of states
s visualized with a 3 × 3 × 1 𝛤 centered k-grid, with a Gaussian
mearing of 3 mRy. The electronic charge transfer between the layers
s quantified by atomic orbital-based Löwdin parameterization [63].

. Results and discussion

.1. Configurations of FePc/defect-functionalized CrI3

Fig. 1 (a–d) shows the various stable configurations of (a) pris-
ine

√

7 ×
√

7 CrI3 and (b-d) defect functionalized CrI3. The lattice
parameter of primitive CrI3 is 7.008 Å [54] and correspondingly for
√

7 ×
√

7 CrI3 is 18.35 Å. The reason we consider a
√

7 ×
√

7 CrI3 is
hat upon adsorption of FePc, a minimum inter-molecular separation of
3 Å is necessary to describe sufficiently diluted molecules [64]. For
nti-ferromagnetic configurations, the spin-up and spin-down magnetic
oments on ‘Cr’ atoms are represented by ‘light blue’ and ‘dark blue’

hades respectively.
In order to functionalize pristine

√

7 ×
√

7 CrI3, we consider two
point defects and one crystal vacancy defect, each neutrally charged
as shown in Fig. 1 (b–d) respectively. The three vacancy defects con-
sidered are the most stable charge-neutral defective configurations
observed in CrI3 with VI being the most stable defect among them [46].
In Fig. 1(b), a central Cr atom is removed (shown by red dashed circles)
and the defect states considered are contributed by its nearest neighbor
atoms (shown by green solid circles). This geometrical configuration
is named as VCr-CrI3 and the number of I atoms (with defect states)
vailable in the structure is 6. In Fig. 1(c), we create an ‘I’ point defect
nd the corresponding defect states are contributed by the nearest
eighbor Cr atoms (termed as Cr(D∗)) and the I atoms (termed as I(D∗))
of the I-Cr-I bond pair [65,66]. Total number of atoms (with defect
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Fig. 1. The crystal structure of (a) pristine
√

7 ×
√

7 CrI3 (b) CrI3 with ‘Cr’ Vacancy (VCr-CrI3) (c) CrI3 with ‘I’ Vacancy (VI-CrI3) and (d) CrI3 with ‘CrI3 ’ Vacancy (VCrI3-CrI3).
The red and black dotted circles represent the absence of Cr and I atoms respectively and the solid green circles represent the neighboring atoms that contribute to the defect
states. The light blue ‘Cr’ atom represents the spin-up states and dark blue ‘Cr’ atoms the spin-down states. The representation of stable adsorption configurations of (e) FePc/CrI3
(f) FePc/VCr-CrI3 (g) FePc/VI-CrI3 (h) FePc/VCrI3-CrI3 after considering translational and rotational symmetry of the system. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
states) considered for VI-CrI3 are 2 Cr atoms and 2 I atoms. For VCrI3-
CrI3 vacancy, we consider the absence of a CrI3 sub-group and the
nearest neighbor Cr atoms (3 atoms) and the corresponding I atoms of
the I-Cr-I pairs (6 atoms) possess defect states as depicted in Fig. 1(d).

To determine the stable adsorption configurations of FePc on func-
tionalized CrI3, we explore the energy landscape of the substrate
taking into account both translational and rotational symmetries of
the molecule and calculating the system adsorption energy (𝐸ads) as:
𝐸FePc/CrI3 -(𝐸FePc + 𝐸CrI3 ) Here 𝐸FePc/CrI3 is the total energy of the
heterostructure, and 𝐸FePc, 𝐸CrI3 are the total energy values of gas
phase FePc and pristine (or defective) monolayer CrI3 respectively.
The 𝐸ads values for the systems in the present study are calculated
considering the spin state configuration of the substrate as FM and
3

parallel spin on Fe for the molecule. The most stable configuration of
FePc adsorbed on pristine CrI3 (as shown in Fig. 1(e)), is when the
Fe atom of the molecule is at the center of hollow formed by the ‘I’
ring. The adsorption energy for FePc/CrI3 is −1.93 eV and the average
molecule–substrate distance is 3.44 Å.

When FePc is adsorbed on VCr-CrI3 as shown in Fig. 1(f), the most
stable morphology is when the Fe atom is on top of the ‘Cr’ vacancy site
(where Cr atom is removed as shown in Fig. 1(b)) with an adsorption
energy of −1.77 eV and average interlayer separation of 3.48 Å. FePc
is adsorbed on the bridge vacancy site of VI-CrI3 (where I atom is
removed as shown in Fig. 1(c)), as shown in Fig. 1(g) is found to be
the most stable configuration with an adsorption energy of −1.82 eV
and an optimized interlayer distance is 3.48 Å. In Fig. 1(h), FePc is



Surfaces and Interfaces 50 (2024) 104452S. Chakraborty et al.

s
h

3

t
s
√

n
I
m
c
s
g

a
D
a
𝜇
a
D
t
b
v
−
d

m
a
s
t
o
1
i
m
t

s
m
s
e
o

a
c
t
c
c

3

Table 1
Summary of adsorption energy (𝐸ads) values for the four
primary FePc/def -CrI3 configurations.
System Adsorption Interlayer
name energy distance

𝐸ads (eV) (Å)

FePc/CrI3 −1.93 3.44
(Hollow)

FePc/VCr-CrI3 −1.77 3.48
(Top)

FePc/VI-CrI3 −1.82 3.48
(Bridge)

FePc/VCrI3-CrI3 −1.02 3.44
(Top)

adsorbed on the top vacancy site of VCrI3-CrI3 (defect site shown in
Fig. 1(d)) with an adsorption energy of the system as −1.02 eV and
interlayer distance of 3.44 Å. The details of the adsorption energy for
all the possible geometrical configurations of FePc/CrI3 and FePc/def -
CrI3 (def : VCr, VI, VCrI3) are tabulated in Table 1 of Supplementary
Information (SI). Summarizing the 𝐸ads values presented in Table 1,
we find that the pristine FePc/CrI3 configuration is the most stable
tructure. In the absence of defects, the molecule prefers to occupy the
ollow site within the pristine configuration.

.2. Electronic structure of defect-functionalized CrI3

We now describe the electronic structure of pristine and defect func-
ionalized CrI3 for ferromagnetic (FM) and anti-ferromagnetic (AFM)
pin configurations. In Fig. 2(a) the density of states (DOS) of pristine
7 ×

√

7 CrI3 is shown for the ferromagnetic case. The bandgap (E𝑔)
obtained for the spin-up channel is ∼0.78 eV [67] where it behaves
like a ferromagnetic semiconductor, whereas for the spin-down channel
it is ∼3.17 eV, behaving as an insulator [54,68]. The total magnetic
moment of the pristine CrI3 is 42 𝜇𝐵 with the magnetic moment of
∼ 3.45𝜇𝐵/atom localized on Cr and ∼ 0.17𝜇𝐵/atom on I. For the anti-
ferromagnetic

√

7 ×
√

7 CrI3 as shown in Fig. 2 (b), the system is
on-magnetic [66] with a bandgap of 0.91 eV in both the spin channels.
t is found that the ferromagnetic spin configuration of pristine CrI3 is
ore stable by ∼600 meV/unit cell compared to its anti-ferromagnetic

ounterpart [66]. Experimental evidence shows that it is possible to
witch the magnetic configurations (FM,AFM) of CrI3 by controlling its
rowth and aligning its stacking pattern [44].

We now discuss the density of states (DOS) for defect function-
lized CrI3 for FM and AFM spin configurations. In Fig. 2(c), the
OS of CrI3 with ‘Cr’ vacancy defect is shown. The system behaves
s a ferromagnetic half-metal (with a total magnetic moment of 36
𝐵 [46]) exhibiting metallicity in the spin-up channel and behaves as
n insulator with a bandgap of 3.16 eV in the spin-down channel. The
OS projected onto the atoms highlighting defect states reveals that

he spin-up states near the Fermi level are predominantly influenced
y these defects as shown in the inset of Fig. 2(c). Creating the ‘Cr’
acancy changes the magnetic moments of the ‘I’ defect states from
0.16 𝜇𝐵 (in the pristine case) to −0.3 𝜇𝐵 equally localized on all ‘I’
efect states.

In case of anti-ferromagnetic VCr-CrI3, a Cr spin up atom is re-
oved. The AFM case, VCr-CrI3 behaves as a metal for both spin-up

nd down channels as represented by the DOS shown in Fig. 2(d). The
tates at the Fermi level are primarily constituted by ‘I’ defect states and
he total magnetic moment for the AFM case is ∼ 2.1𝜇𝐵 . The geometry
f CrI3 shows three I atoms in a plane above the central ‘Cr’ (marked as
,2,3 in Fig. 1(a)), and the remaining in a plane below (marked as 4,5,6
n Fig. 1(a)), and each ‘I’, one from I-Cr-I bond pair. We find that the
agnetic moments of the lower plane ‘I-defect’ atoms are −0.26 𝜇𝐵 and
4

hat of higher plane ‘I-defect’ atoms are −0.06 𝜇𝐵 , both significantly
different from the non-defect I atoms which has a magnetic moment
of −0.0002 𝜇𝐵 . We attribute this to the interfacial magnetic proximity
effect [69]. However, the FM state of VCr-CrI3 is energetically more
stable by a magnitude of ∼565 meV than its AFM counterpart and
consistent with the pristine case.

Fig. 2(e) shows the DOS of VI-CrI3 for the ferromagnetic case.
Creating an ‘I’ vacancy results in VI-CrI3 behaving as a semiconductor
with a bandgap of ∼0.25 eV in the spin-up channel and in the spin down
channel it behaves as an insulator with a bandgap of 3.28 eV. The 2 Cr
and 2 I atoms contribute to an occupied lower energy and unoccupied
higher energy defect states in the spin up channel around the Fermi
level as shown in the inset of Fig. 2(e). The total magnetic moment of
VI-CrI3 is 43 𝜇𝐵 [46]. The magnetic moments on the defect I in the
FM case is −0.18 𝜇𝐵 and the defect Cr atoms is 3.68 𝜇𝐵 suggesting
a negligible change with respect to the other I and Cr atoms which
have a magnetic moments of −0.17 𝜇𝐵 and 3.44 𝜇𝐵 respectively. This
uggests that creating an I vacancy does not significantly destabilize the
agnetic anisotropy of the system and the stability of the electronic

tructure is conserved by the creation of hybridized lower and higher
nergy defect states at the Fermi level. This is consistent with other
bservations of metastable defects in CrI3, where the I adatoms exhibit

lower formation energies compared to Cr adatoms across the entire
range of chemical potential [46].

For the anti-ferromagnetic VI-CrI3 case shown in Fig. 2 (f), the
system is non-magnetic and the electronic structure is consistent with
that of pristine CrI3 (Fig. 2(b)). This further supports that creating
an I vacancy has little effect on the system’s electronic and magnetic
structure, except for the appearance of defect states at the Fermi level.
It is also observed that the FM state is more stable than the AFM state
by ∼615 meV.

The DOS of VCrI3-CrI3 is depicted in Fig. 2(g) for the ferromagnetic
case and Fig. 2(h) for the anti-ferromagnetic case. The total magnetic
moment for the FM case is 39 𝜇𝐵 [46] and that of AFM is 3 𝜇𝐵 . The
defect states constituted by 3 Cr atoms and 6 I atoms share the lost
charges and contribute towards the lower/higher energy states above
the Fermi level as shown in the insets of Fig. 2 (g–h). Due to ‘Cr’
defect the neighboring 3 I atoms (shown in Fig. 1(d)) compensate
for the charge loss. This effect has resemblance to the VCr defect
(depicted in Fig. 1(b)), albeit with a distinction: only three I atoms
are accessible for compensating the charge deficiency, thereby creating
an opportunity for the attraction of spin-down charges. The FM state
is more stable by ∼470 meV when compared to the AFM one. The
redistribution of magnetic moments across the atoms with defect states
displays a composite set of features, blending aspects of both VI and VCr
configurations. The Iodine (I) atoms in CrI3 can have different magnetic
moments due to the complex interplay between electronic structure,
spin–orbit coupling, and the arrangement of neighboring atoms in the
crystal lattice. This interaction can lead to a redistribution of spin
density, resulting in different magnetic moments for the iodine atoms
within the crystal structure of CrI3 [70,71].

We mention that the charge state of the substrate is also influencing
the local properties around the defect. For example, charged defects
were studied by Ma et al. who found a change up to 0.2 𝜇𝐵 at Cr
atoms around a negatively charged VI, and much smaller (0.01 𝜇𝐵)
round a positively charged VCr site [47]. We thus believe our con-
lusions especially for the VCr site (which will exhibit lowest spin
ransition energies, see below) to hold both in the case of charged and
harge-neutral cases. In this manuscript, we focus the discussion on
harge-neutral defects.

.3. Electronic structure of FePc on defect functionalized CrI3

Iron Phthalocyanine (FePc) is a 2-D magnetic metal complex with
a planar geometry and is known to retain long-range structural or-
dering [72] which is found to improve the feasibility of adsorption

on crystal surfaces [42]. The stable structure of planar FePc with the
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Fig. 2. Spin-resolved density of states (DOS) of ferromagnetic (FM, left panel) and anti-ferromagnetic (AFM, right panel) spin configurations of (a,b) pristine
√

7 ×
√

7 CrI3 (c,d)
VCr-CrI3 and (e,f) VI-CrI3 (g,h) VCrI3-CrI3 are visualized with a Gaussian smearing of 0.003 Ry. The insets in (c–h) illustrate the defect states close to the Fermi energy level. The
atoms and the corresponding defect states (I - I(D∗) an Cr - Cr(D∗)) are depicted in the crystal snippets corresponding to each system configuration.
relaxed bond lengths and its electronic structure are shown in the SI.
FePc is reported to have two accessible magnetic states - A lower spin
state where the magnetic moment on Fe is 2 𝜇𝐵 [32,73] and a higher
spin state of 4 𝜇𝐵 on Fe atom of FePc [74,75]. Although the lower spin
state is considered the stable spin configuration, it is found that the
higher spin state is also an energetically accessible magnetic state by
∼300 meV [56,76].

We now discuss the effect of adsorption of FePc on pristine CrI3 for
the FM and AFM cases as shown in Fig. 3 (a,b). We can also examine
two scenarios: one where the spin orientation on Fe aligns with that of
the substrate (parallel case), and another where the spin configuration
on Fe is oriented in the opposite direction to that of the substrate (anti-
parallel case). It is found that the energy required to flip the spin on
Fe from parallel configuration to the anti-parallel one is rather small
(∼3 meV) except for cases where magnetic spin transitions are observed
5

as discussed in the subsequent part of this section. The weak van der
Waals interaction of FePc with pristine CrI3 does not significantly alter
the electronic configurations of the system as shown in Fig. 3 (a,b). Fe
is found to be in its stable low spin state (2 𝜇𝐵) for both the cases with
the molecular HOMO contributed by the Carbon (C) atoms of FePc close
to the Fermi level. For the FM case, the spin-up/spin-down bandgap of
the parallel spin configurations are 0.1 eV and 1.06 eV respectively.
The bandgap reduces for the AFM case to 0.1 eV in both the spin
channels. The adsorption of FePc on pristine CrI3 shows a lack of strong
interfacial interaction leading to the electronic charges between the Fe
𝑑 orbitals to remain uncompensated and FePc retaining a low-spin state
as seen in Table 2. From Löwdin analysis, Fe atom shows a net loss
of approximately 0.13 electrons. Moreover, the analysis indicates that
about 64% of the electronic charge on Fe corresponds to spin-up states,
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Fig. 3. Spin-resolved DOS for the four systems - (a–b) FePc/CrI3, (c–d) FePc/VCr-CrI3, (e–f) FePc/VI-CrI3, I(D∗) and Cr(D∗) defect states are magnified by 2.5 times for better
visualization and (g–h) FePc/VCrI3-CrI3. The left panel showcases the most energetically stable spin configuration. The subplots (d,f,h) in right panel portrays the spin configuration
that leads to the most stable high spin state characterized by Fe - 𝑑 orbitals interacting with defect states - I(D∗) and Cr(D∗) at the Fermi energy window.
while approximately 36% corresponds to spin-down states similar to
that of gas phase FePc.

The most stable spin configuration for FePc/VCr-CrI3 is when the
substrate is ferromagnetic and spin vector on Fe is anti-parallel. The
DOS of ferromagnetic FePc/VCr-CrI3 with anti-parallel spin on Fe is
shown in Fig. 3(c). The molecular HOMO contributed by Carbon (C)
atoms interact with the ‘I’ defect states. The system is metallic and the
absence of substrate states in the spin-down channel pins the molecular
HOMO at the Fermi level. Fe loses ∼0.13 electrons as shown and exists
in the low spin state with a magnetic moment of 2 𝜇𝐵 , as shown in
Table 2. For the AFM case (shown in Fig. 3(d)), when parallel spin
FePc is adsorbed on VCr-CrI3, the system is found to relax in the high
spin state with the magnetic moment of Fe as ∼ 2.57𝜇𝐵 . The Löwdin
population analysis suggests that FePc loses 0.45 electrons which is
6

70% higher than the ferromagnetic case as shown in Table 2. Fe-d𝑥2−𝑦2

and Fe-d𝑥𝑦 orbitals are found to interact with the defect states of ‘I’
and Fe relaxes to a high spin state as shown in SI. Due to absence of
Cr atom in the substrate, the defect states contributed by (6 I atoms)
attract 0.45 electrons lost by Fe. The substrate configuration being AFM
permits only spin-down electrons to compensate for the lost electronic
charges and contribute to the interfacial interaction. Fe atom is in the
parallel spin orientation with 64% spin-up charges and 36% spin-down
charges as tabulated in Table 2. Hence, it is easier for Fe to donate
electrons in the interaction process. So, we observe in this process Fe
loses ∼0.45 electrons [77] compared to 0.13 electrons lost when the
substrate is FM. This interaction results in Fe with an excess of spin-
up charges (∼70%) and a diminishing spin-down charges (∼30%) as
confirmed from Löwdin charges. Therefore in FePc/VCr-CrI , when the
3
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Table 2
Description of four heterostructure system configurations based on the substrate spin
configuration (FM and AFM) with spin orientation (parallel and anti-parallel) on Fe.
The different parameters considered are: (i) Löwdin charge analysis showing number
of electrons lost(−)/gained(+) by Fe during the interaction (ii) total magnetic moment
𝜇𝐵) on Fe and its magnetic state classified as high(H)/low(L) (iii) Percentage (%) of
pin-up (↑ - blue), spin-down (↓ - red) charges available on Fe upon interaction.
System FM FM AFM AFM
name parallel anti-parallel parallel anti-parallel

FePc/CrI3
Löwdin charge

−0.13 −0.13 −0.14 −0.14analysis (Fe)

𝜇𝐵 (Fe) 1.75 (L) −1.75 (L) 1.75 (L) −1.75 (L)

Spin Charge (Fe) 64↑ ↓36 36↑ ↓64 64↑ ↓36 36↑ ↓64(↑ ↓) (%)

FePc/VCr-CrI3
Löwdin charge

−0.13 −0.13 −0.45 −0.16analysis (Fe)

𝜇𝐵 (Fe) 1.84 (L) −1.84 (L) 2.57 (H) −1.84 (L)

Spin Charge (Fe) 64↑ ↓36 36↑ ↓64 70↑ ↓30 36↑ ↓64(↑ ↓) (%)

FePc/VI-CrI3
Löwdin charge

−0.12 −0.13 −0.44 −0.46analysis (Fe)

𝜇𝐵 (Fe) 1.76 (L) −1.76 (L) 2.73 (H) −2.73 (H)

Spin Charge (Fe) 64↑ ↓36 36↑ ↓64 71↑ ↓29 29↑ ↓71(↑ ↓) (%)

FePc/VCrI3-CrI3
Löwdin charge

−0.61 −0.22 −0.28 −0.28analysis (Fe)

𝜇𝐵 (Fe) 2.93 (H) −1.77 (L) 1.85 (L) −1.85 (L)

Spin Charge (Fe) 73↑ ↓27 36↑ ↓64 64↑ ↓36 36↑ ↓64(↑ ↓) (%)

substrate undergoes magnetic phase transition from FM to AFM, FePc
switches from the low spin state to a high spin one when there is a
parallel spin orientation on Fe. An alternate spin-control mechanism
can be observed where changing the spin vector of FePc from parallel
to anti-parallel results in FePc changing its magnetic state from a higher
spin state to a lower spin one for the AFM case. ‘C’ states is pinned to
the Fermi level and interacts with the defects in the spin-up channel
and exists in the bandgap of CrI3 in the spin-down one, as shown by
he DOS in SI.

It is therefore seen that FePc adsorbed on defect functionalized
rI3 shows two mechanisms for spin-control: substrate induced spin
ontrol and molecular spin vector induced spin control. In substrate
nduced spin control mechanism, magnetic phase transitions of the
ubstrate from FM to AFM (or AFM to FM) leads to change in the spin
tate of FePc. Current experimental methods to induce magnetic phase
ransitions in CrI3 involve the intrinsic growth of CrI3 [78] and studies

regarding ways to induce magnetic phase transitions in CrI3 by external
factors such as temperature, pressure, external magnetic field, spin–
orbit coupling are still ongoing research studies [79–81]. Molecular
spin vector induced spin control mechanism is when the change in
the molecular spin orientation with respect to the substrate leads to
transition in the magnetic states of FePc. This spin manipulation of FePc
can be achieved by methods such as photoswitching [82] and pressure
induced spin crossover [83].

Adsorption of FePc on VCr-CrI3 shows both the spin-control mech-
anisms. For VCr-CrI3 the difference in energy between FM (parallel)
to AFM (parallel) states is 529 meV, which leads to transition of FePc
from low spin state to a high spin one. Also, within the AFM substrate,
the difference in energy between the parallel and antiparallel spin
orientation is 60 meV.
7

As discussed in the previous section, creating an I vacancy in
ferromagnetic CrI3 leads to an occupied lower energy and unoccupied
high energy defect states at the Fermi level in the spin-up channel and
a bandgap in the spin-down channel. Adsorption of FePc leads to a
weak hybridization of the Carbon (C) HOMO with the defect states
in the spin-up channel resulting in a half metal [84,85]. In the spin-
down channel, the C states is pinned to the Fermi level and the system
shows a bandgap of 1.1 eV as shown in Fig. 3(e). The system is in a
low spin state and the magnetic moment of Fe is 1.76 𝜇𝐵 for the anti-
parallel spin orientation. It is observed that FePc/VI-CrI3 undergoes a
substrate induced spin transition where the spin on Fe changes from a
low spin state to a high spin one when CrI3 undergoes a magnetic phase
transition from FM to AFM. The characteristics of the high spin state
is the interaction of the Fe 𝑑 orbitals with the substrate states and this
can be observed in Fig. 3 (f). The molecular orbital projected density of
states (shown in the SI) show the defect states contributed by (Cr and
I atoms) interacting with Fe-d𝑥2−𝑦2 and Fe-d𝑥𝑦 orbital states close to E𝑓
for spin down channel and the system switching to a high spin state.
From Löwdin population analysis, it is seen that Fe loses 0.44 electrons
(∼70% more than its FM counterpart) and the magnetic moment on Fe
is 2.73 𝜇𝐵 as tabulated in Table 2. FePc undergoes spin state transition
to compensate for the spin-down charges lost by the substrate due to VI
defect and achieve magnetic stability. It is validated by spin up charges
on Fe, which depletes to 29% compared to 36%, while retaining 71%
of spin-down charges compared to 64% (as tabulated in Table 2). The
transition of the magnetic spin state of FePc from low to high when
adsorbed on VI-CrI3 is mainly due to substrate induced spin control
mechanism. The energy cost required for the magnetic phase transition
for VI-CrI3 from FM to AFM is 850 meV.

When FePc is adsorbed on ferromagnetic VCrI3-CrI3 with the Fe
spin orientation being anti-parallel to the substrate, exhibits the most
stable spin configuration, characterized by a low spin state on Fe. The
corresponding DOS is depicted in Fig. 3(g). A spin-vector induced spin
transition mechanism is observed by changing the spin orientation of Fe
(with respect to the substrate) from anti-parallel to parallel alignment
leading to a magnetic state transition of FePc from low spin state to a
high spin one as shown in Fig. 3(h) with an energy cost of 446 meV. The
system behaves as a ferromagnetic half-metal in the spin up channel
and has a bandgap of 0.77 eV in the spin-down channel. The 3 Cr atoms
and 6 I atoms (defect states as shown in Fig. 1) interact with Fe-d𝑥2−𝑦2

and Fe-d𝑥𝑦 orbital states as shown in SI. Creating the CrI3 vacancy
depletes the spin-down charges of the substrate to conserve magnetic
stability. The adsorption and subsequent interaction of FePc with VCrI3-
CrI3 leads to Fe donating 0.61 electrons and the spin charge percentage
on Fe changing to 73% spin-up charges and 27% spin-down charges
from Löwdin population analysis as shown in Table 2. FePc donating
the additional spin-down charges to compensate for the defect induced
spin-down charge depletion of the substrate leads to FePc stabilizing in
a high spin state.

Further, introducing a magnetic phase transition of the substrate
from FM to AFM is also found to change the magnetic state of Fe from
a high spin state to a low spin one with an energy cost of 289 meV, and
the DOS is shown in SI. Adsorption of FePc on anti-ferromagnetic VCrI3-
CrI3 for either spin orientation of Fe (parallel/anti-parallel) results in
a low spin state on FePc. The C states interact with the defect states
in the low spin state whereas it was the Fe 𝑑 orbitals which interacted
with the defect states in the most stable high spin state as shown in
Fig. 3(h). Therefore FePc adsorbed on VCrI3-CrI3 also presents both the
spin control mechanisms induced spin state transitions and the total
energy cost required for these transitions are of ∼446 meV (molecular
spin vector induced) and 289 meV (substrate induced).

In Fig. 4(a–f), the spin-resolved DOS for FePc adsorbed on VCr-
CrI3 with a parallel spin vector on Fe is highlighted due to the lower
formation energy of the ‘VCr’ defect [46]. The spin state on Fe remains
low (1.84 𝜇𝐵) for the FM substrate and transitions to high (2.57 𝜇𝐵) in

the AFM substrate.
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Fig. 4. Spin-resolved DOS of FePc/VCr-CrI3 when the spin vector on Fe is parallel to two distinct magnetic orderings of the substrate: (i) FM (left panel) - low spin state on Fe
and (ii) AFM (right panel) - high spin state on Fe, projected on C states (FePc) and I(D∗) defect states (VCr-CrI3) and on Fe-𝑑 suborbitals - (a,b) Fe-d𝑧2 (blue) (c,d) Fe-d𝑧𝑥 (orange)
nd d𝑧𝑦 (dashed magenta) (e,f) Fe-d𝑥2−𝑦2 (green) and d𝑥𝑦 (long-dashed red). The Fe-𝑑 suborbitals are magnified by a factor of 5 for improved visualization. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version of this article.)
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The interaction of Fe-𝑑 suborbitals with C states and I(D∗) states
f VCr-CrI3 is shown in Fig. 4(a–f). Notably, Fe-d𝑧2 exhibits negligible
nteraction with I(D∗) states in the FM substrate (Fig. 4(a)) but interacts
ith C states. In Fig. 4(b), for the AFM substrate, the spin-down

harges of Fe-d𝑧2 deplete by 61%, shifting to unoccupied levels with
o significant C state interaction.

Fe-d𝑧𝑥 and d𝑧𝑦 orbitals exhibit electronic states interacting with C
tates in both spin channels for the FM substrate as depicted in Fig. 4(c).
n the AFM substrate, these orbitals do not exist in the spin-up channel,
ith significant interaction in the spin-down channel, as shown in
ig. 4(d). Spin-down charges deplete by 80% and 77%, shifting to
noccupied levels.

Fig. 4(e,f) shows Fe-d𝑥2−𝑦2 and d𝑥𝑦 orbitals interact with C states for
oth substrates. In the AFM case (Fig. 4(f)), these orbitals interact with
(D∗) defect states, gaining 59% spin-up and 61% spin-down charges,
acilitating interaction with the defect states.

To summarize, in the VCr-CrI3 FM case, Fe loses 0.13 electrons
Table 2), maintaining a low spin state characterized by Fe-𝑑 suborbital
nteraction with C states. Switching the magnetic order of the substrate
o AFM, results in Fe losing 0.45 electrons (Table 2), with Fe-d𝑧2 ,
𝑧𝑥, d𝑧𝑦 suborbitals depleting in spin-down charges, interacting with
states. Fe-d𝑥2−𝑦2 gains both spin-up and spin-down charges, allowing

nteraction with I(D∗) defect states, facilitating a switch from low to
igh spin state.
8
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Fig. 5 illustrates graphical representations of spin state transitions,
hifting between the low spin state and the high spin state, and vice
ersa, for FePc adsorbed on pristine and defect-functionalized CrI3.
our specific spin configurations are considered for each system: FM
ubstrate with parallel/antiparallel spin on Fe and AFM substrate with
arallel/antiparallel spin on Fe. Notably, for defect-functionalized sys-
ems, it becomes possible to access two distinct magnetic states of
e — the low spin state and the high spin state. These spin state
ransitions and the ability to attain two different magnetic states within
system are governed by two spin mechanisms: substrate-induced spin

ontrol and molecular vector-induced spin control. Substrate-induced
pin control occurs when the spin orientation on Fe remains unchanged,
ut the magnetic order of the substrate switches between FM and AFM,
r vice versa. Molecular vector-induced spin control involves changing
he spin vector on Fe from parallel to antiparallel within the same
agnetic order of the substrate, leading to a state transition.

In Fig. 5(a), FePc adsorbed on CrI3 exhibits the most stable spin
onfiguration with FM parallel alignment. The magnetic order of CrI3
an transition from FM to AFM at an energy cost of 622 meV, but no
pin state transition occurs among the four spin configurations.

In Fig. 5(b), upon adsorption of FePc on VCr-CrI3, the most stable
pin configuration occurs when the substrate is FM, and the spin on Fe
s antiparallel. Here, both types of spin state transitions are observed.
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Fig. 5. Schematic representation (not displayed to scale) of possible spin state transitions between spin configurations with spin magnetic moment values (𝜇𝐵) for : Ferromagnetic
(FM) - Parallel/Antiparallel and Antiferromagnetic (AFM) - Parallel/Antiparallel configurations in systems with FePc adsorbed on (a) CrI3, (b) VCr-CrI3, (c) VI-CrI3, and (d)

CrI3-CrI3. The transition from the low spin state (indicated by the green shade) to the high spin state (highlighted in a crimson shade) is graphically conveyed through the
ivision of each half by a solid line. The most stable spin configuration for each system is represented in the bottom most half, corresponding to the low spin state. The transition
rom low to high spin state is depicted in the upper half, indicating the change in spin configuration. For changing each spin configuration, the energy cost (denoted in meV
longside the lines) incurred is represented by blue dash-dotted lines, whereas the energy cost saved is displayed as green dashed lines. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)
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ransitioning the magnetic order of the substrate from FM to AFM
esults in a spin state transition from low to high, incurring an energy
ost of 530 meV. This state is less stable than the FM substrate spin
onfiguration. In the AFM magnetic order, the spin state on Fe shifts
rom high to low only by changing the spin on Fe from parallel to
ntiparallel. Additionally, the AFM antiparallel spin configuration is
nergetically more favorable than its parallel counterpart by an order
f 60 meV.

Fig. 5(c) presents the spin state transition for FePc adsorbed on
I-CrI3, focusing on the substrate spin control mechanism. The spin
tate on Fe transitions from low to high by changing the magnetic
rder of the substrate from FM to AFM, incurring an energy cost of
pproximately 850 meV. It remains in the same spin state when altering
he spin vector from parallel to antiparallel. The state transitions from
9

igh to low when the magnetic order changes from AFM to FM,
ith an unchanged antiparallel spin configuration on Fe. This state

ransition is more stable, and the energy cost reduces proportionately
o approximately 850 meV.

Finally, in Fig. 5(d), the spin state transition for FePc adsorbed on
CrI3-CrI3 is depicted. In this case, the most stable spin configuration is

FM antiparallel. The transition from high to low spin state is achieved
by utilizing both spin control mechanisms. When the spin configuration
is FM antiparallel, it is in the low spin state. Changing the spin on Fe
from parallel to antiparallel results in a transition to the low spin state,
incurring an energy cost of 446 meV. To switch back from the high to
low spin state, the magnetic order of the substrate can be changed from
FM to AFM, with an energy expenditure of approximately 300 meV.
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Most of the energy costs we compute for the low-spin to high-
spin transitions are of the order of few hundreds of meV, therefore
much higher than values typically encountered in spin crossover sys-
tems [86], we remark the reduction by about one order of magni-
tude in the case of FePc/VCr-CrI3 (60 meV). This, while still being
reasonably too high for practical use by immediate experiments, sug-
gests further work on this topic for example on other possible hybrid
molecule/substrate systems. Possibly, this approach could be combined
with others being considered, for example with chemical-induced spin
transitions as observed for FePc/Cu(100) with XMCD experiments by
NO2 exposure [87].

4. Conclusion

In this study, we investigate the spin-dependent electronic struc-
tures of FePc (molecule) adsorbed on defect-functionalized CrI3. We
consider three most stable vacancy defects observed in CrI3, created by
removing ‘Cr’, ‘I’ and CrI3 units from the pristine ‘CrI3’ lattice and study
their electronic and magnetic properties in both FM and AFM cases.
The defect states are predominantly found at the Fermi level altering
the electronic structure of the systems. FePc when adsorbed on defect
functionalized CrI3 shows lower stability when compared to the pristine
substrate and its interaction with defective CrI3 modifies its magnetic
properties (for example the energy cost for the FM-AFM transition
reduces from 0.62 eV in antiparallel FePc/CrI3 to 0.47 eV in FePc/VCr-
CrI3). FePc exhibits two stable spin states of 2 𝜇𝐵 (low spin state)
nd 4 𝜇𝐵 (high spin state) and we present two mechanisms of spin-
ontrol when FePc is adsorbed on defect functionalized CrI3. The first
ne, that we name substrate induced spin control involves changing
he magnetic order of the substrate (FM/AFM) which leads to molecu-
ar spin state transitions as observed in FePc/VCr-CrI3, FePc/VI-CrI3
nd FePc/VCrI3-CrI3. In molecular spin vector induced spin control,
hanging the spin orientation on Fe (of FePc) with respect to the spin of
he substrate (parallel/antiparallel) results in the molecular spin state
ransitions as observed for FePc/VCr-CrI3 and FePc/VCrI3-CrI3. While
he energies we compute are still outside practical use by immediate
xperiments, the significant reduction of energy costs (nearly one order
f magnitude) that we obtain for FePc/VCr-CrI3 appear promising,
lso considering that up to our knowledge no such dramatic reduc-
ion was reported on another magnetic substrate. This work therefore
ighlights potential mechanisms to control the spin states of magnetic
etal complexes when adsorbed on magnetic substrates for candidate

pplications in molecular electronics and spintronics.
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