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Abstract: Electric tuning of magnetism is highly desirable for nanoelectronics, but volatility in 

electron spin manipulation presents a major challenge that needs urgent resolution. Here we 

show by first-principles calculations that magnetism of metal porphyrazine (MPz) molecules can 

be effectively tuned by switching ferroelectric polarization of an adjacent In2Se3 monolayer. The 

magnetic moments of TiPz and VPz (MnPz, FePz, and CoPz) decrease (increase) at one 

polarization but remain unchanged at reversed polarization. This intriguing phenomenon stems 

from distinct metal d-orbital occupations caused by electron transfer and energy-level shift 

associated with the polarization switch of In2Se3 monolayer. Moreover, ferroelectric switch also 

tunes underlying electronic properties, producing metallic, half-metallic or semiconducting state 

depending on polarization. These findings of robust ferroelectric tuning of magnetism and related 

electronic properties in MPz adsorbed In2Se3 hold great promise for innovative design and 

implementation in advanced magnetic memory storage, sensor and spintronic devices.  
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1. Introduction 

Tuning magnetism by electric field is a long-sought goal in materials research with great 

potential for applications.1-4 Manipulation of electronic spin via electric field provides an 

effective way to modulate key quantum states in nanosized structures and devices.5-7 Since early 

reports on dilute magnetic semiconductors like (In,Mn)As,8 materials exhibiting magnetic 

response to electric tuning have attracted great interest. Their working principles mainly fall into 

three categories. In magnetic semiconductors, electric field alters carrier concentration to 

mediate magnetic interaction.9-11 In magnetic metals, electric field shifts the Fermi energy to 

influence interface magnetic anisotropy.12-14 In multiferroics, magnetoelectric coupling tunes 

magnetic behaviors via electric polarization. In ferromagnetic-ferroelectric heterostructures, for 

instance, an external electric field induces lattice changes in ferroelectric crystals, which in turn 

influence adjacent ferromagnetic layers, thereby manipulating the magnetic behavior.15-19  

       Recent years have seen significant progress in research on electric tuning of magnetism, but 

some major issues remain to be resolved.8, 20 Manipulating magnetism in a well-controlled 

manner is among the most challenging. For example, while dielectric gating is effective in 

manipulating magnetic properties, large electric fields required to achieve such a feat may 

damage the structure.21 Another issue for the electric tuning of magnetism concerns persistent 

electric power to retain the magnetic state, leading to considerable energy waste. Promising 

solutions to these problems are offered by recently emerging ferroelectric materials that possess 

two polarized states (P ↑ and P ↓) energetically degenerate and quickly switchable by external 

stimuli to enable nonvolatile information storage. When external electric field is retracted, the 

polarization remains stable, thus avoiding the need for continuous power supply. Consequently, 

ferroelectrics are promising materials for effective modulation and control of the properties of 

other materials. For instance, ferroelectric switching of Sc2CO2 was used to control electronic 

properties of CrI3 monolayer and achieve transitions between semiconducting and half-metallic 

states.22 Meanwhile, the interlayer magnetic coupling of CrI3 bilayer also can be controlled by 

polarization reversal.23 Stacking ferromagnetic and ferroelectric layers, the magneto-crystalline 

anisotropy of the ferromagnetic layer can be changed, providing new platforms for magnetic 

memory.24 In all these cases, however, energy differences between different magnetic states are 

very small, and thermal fluctuations may make it hard to stabilize the desired phenomena.  



         In this work, we present a compelling case of effective tuning of magnetic moment by 

ferroelectric switch. We chose α-In2Se3 monolayer as the ferroelectric material due to its robust 

out-of-plane ferroelectricity that has been experimentally observed at room temperature.25, 26 

Metal porphyrazine (MPz) molecules with intrinsic magnetism are chosen as the objects to be 

modulated by the ferroelectric switch. MPz are well known for their catalytic properties,27-29 

multiferroic MPz molecules find applications in nonvolatile memory devices.30 Using density-

functional theory calculations, we show that magnetic behaviors of MPz molecules can be well 

tuned by the polarization of ferroelectric In2Se3 layer. In contrast to the weak magnetic coupling 

or small magneto-crystalline anisotropy energy in previous reports, here the magnetic moment is 

significantly modulated by the ferroelectric switch.23-24 For instance, the magnetism of TiPz can 

be switched OFF/ON when the polarization direction of In2Se3 monolayer is reversed, acting as 

an effective magnetic switch. Moreover, it is also found that the system can host metallic, half-

metallic and semiconducting states depending on the ferroelectric polarization direction. These 

findings of ferroelectric controlled magnetic and electronic properties in MPz-In2Se3 structure 

raise exciting prospects for innovative device applications. 

 

2. Methods 

Results reported in this work were obtained from calculations based on the spin-polarized 

density-functional theory (DFT) as implemented in the Vienna ab initio Simulation Package 

(VASP) and with the adaptation of the projector augmented wave method.31-33 The generalized 

gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) was adopted for 

the exchange and correlation functional.34 To properly describe partially filled metal d-orbitals, 

the GGA+U method35 with U = 4 eV and J = 1 eV was adopted. These values of the interaction 

parameters were chosen based on tests results obtained in previously reported works.36, 37 We 

have further tested different values for U (U=3, 3.5 eV) and obtained similar results on the main 

material properties shown in the present work. To model the In2Se3 monolayer structure, a 

2√3 × 2√3 supercell was used with a vacuum layer larger than 15 Å to avoid self-interaction. A 

cut-off energy of 400 eV and a Γ-centered 3×3×1 Monkhorst-Pack k mesh were chosen. All the 

atomic structures were relaxed until the forces on all the atoms were less than 0.01 eV/Å and the 

convergence criteria for energy was set to 1×10-5 eV. The van der Waals (vdW) interaction 



between MPz molecules and In2Se3 monolayer was described by the DFT-D3 method.38 The 

adsorption energy (Eads) between MPz molecules and In2Se3 monolayer is determined by  

Eads = Etotal- EMPz- EIn2Se3 

where Etotal, EMPz and EIn2Se3 are energies of the MPz adsorbed In2Se3 monolayer, isolated MPz 

molecules, and freestanding In2Se3 monolayer, respectively. 

 

3. Results  

3.1 Ferroelectric dependent adsorption energy and electron transfer 

Metal complexes of N4-ligands (Figure 1a) have been synthesized and widely used for chemical 

photocatalysis39, 40; In2Se3 monolayer has been synthesized with out-of-plane ferroelectricity 

theoretically predicted and experimentally confirmed.25, 26, 41. The In2Se3 monolayer comprises a 

quintuple atomic layer structure connected in the sequence of Se-In-Se-In-Se (Figure 1b); its 

polarization can be reversed by shifting the position of the middle Se layer40. Calculated lattice 

constants, layer height, and interlayer distances (Table S1) are all consistent with experimental 

data.41-44 The asymmetric substrate leads to two different structural models for MPz (M=Sc-Zn) 

adsorption on In2Se3 monolayer, depending on the polarization direction (Figure 1c and 1d). 

 

 
 

Figure 1. Top views of (a) MPz and (b) In2Se3. The unit cell of In2Se3 is denoted by black dashed lines. 

The white, blue, grey, red, green, orange spheres represent H, N, C, transition metal, Se and In atoms, 

respectively. Side views of MPz adsorbed In2Se3 monolayer in (c) P ↓ and (d) P ↑ polarized states. 

 

    For freestanding MPz molecules (M = Sc, Ti and V), their relatively large ionic radii make the 

molecular structure buckled, producing an out-of-plane polarization.30  When such molecules are 



placed on In2Se3 monolayer, their intrinsic polarization couples with the ferroelectric polarization 

of the In2Se3 substrate, leading to different adsorption energy and electron transfer depending on 

the relative directions of the polarization. Consequently, these MPz molecules (M = Sc, Ti and 

V) prefer to adsorb on the In2Se3 surface with P↓ polarization, as reflected by the larger absolute 

value of adsorption energies shown in Figure 2a. Taking ScPz molecule as an example, due to the 

different scenarios of polarization superposition and cancellation (Figure S1), the adsorption 

energy on the P↓ surface is -2.82 eV, which is considerably higher than -2.12 eV on the opposite 

surface.  For MPz molecules with M=Cr, Mn, Fe, the absolute values of adsorption energy on the 

P↓ surface are also larger, although there is no obvious structural buckling and no out-of-plane 

polarization, indicating that additional mechanisms other than the molecular buckling induced 

polarization are also responsible for the preferred surface adsorption, which will be discussed 

below. For the adsorption energy of the remaining MPz (M=Ni, Cu and Zn) molecules, no 

obvious surface dependence is found, which likely stems from the large equilibrium distances up 

to 3.4 Å between Ni, Cu, Zn-Pz molecules and In2Se3 monolayer, placing it in the range of weak 

van der Waals interaction (see Figure S2). 

The dependence of adsorption energy on ferroelectric polarization is ascribed to the 

electrostatic potential difference (ΔΦ) between the MPz molecule and In2Se3 monolayer and the 

associated electron transfer. The breaking of the centrosymmetric In2Se3 structure by MPz 

adsorption leads to an out-of-plane spontaneous electric polarization, resulting in ΔΦ=1.20 eV 

(calculated at the PBE level) between the top and bottom surfaces (Figure 2d), in accordance 

with previously studies.41, 42  When MPz molecules are adsorbed on the P↓ surface, the value of 

ΔΦ is much larger than that on the P↑ surface. For TiPz molecule, ΔΦ is 0.45 eV on the P↑ 

surface, but reaches 1.65 eV when the polarization is switched to P↓. More electrons are 

transferred between MPz and In2Se3 when the molecule is on the P↓ surface, as seen in Figure 2b 

and 2c. The adsorption energy is also larger for other MPz-In2Se3 (P↓) systems, but for M=Ni, 

Cu, Zn, there is little electron transfer in both polarizations, leading to insensitive adsorption 

energies. 

 



 
 

Figure 2. (a) Adsorption energy and (b) electron transfer of MPz-In2Se3 with P↑ or P↓ polarization. (c) 
Electron transfer of VPz on In2Se3. The charge differences induced by the VPz adsorption are shown in 
the inset, where the cyan (yellow) shade indicates electron loss (accumulation), and the isosurface value is 
set to 0.002 e Å-3. (d) Electrostatic potentials of In2Se3 (black line) and all MPz molecules (pink region). 
Blue and pink dashed lines denote, respectively, the lowest and highest electrostatic potential among all 
the MPz (M=Sc-Zn) molecules. Insets show the structural configurations of TiPz molecule adsorbed on 
In2Se3 monolayer. 
 

3.2 Ferroelectric tuning of magnetism 

Most freestanding MPz molecules studied in this work are magnetic, except for those with M 

being Sc, Ni, or Zn.  The behaviors of these magnetic MPz molecules can be understood based 

on the ‘4+1’ splitting rule for a transition metal atom surrounded by the porphyrin ligand, which 

usually results in four orbitals close in energy and one high-lying orbital.45, 46 Taking TiPz 

molecule as an example, the metal Ti (3d24s2) electrons form bonding states with the porphyrin 

ligand, leaving two electrons in the d orbitals unoccupied, therefore producing the magnetic 

moment of about 2 μB (values are not exactly 2 μB due to the effect of on-site U repulsion). For 

VPz (3d34s2) and CrPz (3d44s2), the additional electrons occupy the majority spin state, thus 

enhancing the magnetic moment to around 3.0 and 4.0 μB per unit cell, respectively. Further 

increasing electrons in the d orbitals of MnPz (3d54s2), FePz (3d64s2) and CoPz (3d74s2) occupy 

the minority spin states and reduce the magnetic moment to about 3, 2 and 1 μB, respectively. For 

NiPz (3d84s2), all four d orbitals for both spins are occupied, leading to zero moment. 

When a MPz molecule is placed on In2Se3 monolayer in the P↑ state, its magnetic moment 

remains almost unchanged (black line in Figure 3a). In contrast, an obvious change in magnetic 

moment occurs when the molecule is on the P↓ surface (red line in Figure 3a). It is interesting to 

note that the magnetic moments of TiPz and VPz are reduced while the values for MnPz, FePz 



and CoPz are increased, indicating that magnetism can be controlled by the ferroelectric switch 

of In2Se3. The magnetic moment of TiPz is 1.25 μB when it is on the P ↑ surface, but 0 μB on the 

P ↓ surface, indicating that magnetism of Ti-MPz can be switched ON/OFF when the 

polarization direction of In2Se3 monolayer is reversed. Meanwhile, for FePz molecule, the 

magnetic moment is 2.0 μB on the P ↑ surface and 2.3 μB on the P ↓ surface. The ferroelectric 

controlled magnetism can be understood based on the rule of ‘4+1’ d orbital splitting and 

electron transfer illustrated in Figure 2b. From Figure 3c and 3d, it is seen that MPz molecules 

on the P ↓ surface have remarkable electron transfer, causing changes in electron configurations 

of 3d orbitals in MPz molecules and the corresponding magnetic moment; in contrast, electron 

transfer is trivial when the molecule is on the P ↑ surface leaving the magnetic moment almost 

unchanged. For example, the magnetic moment of VPz decreases from 2.94 μB on In2Se3 (P ↑) to 

2.23 μB on In2Se3 (P ↓). The electronic configuration of V2+ is [Ar] 3d3 with three unpaired d 

electrons giving rise to about 3 μB magnetic moment in free VPz as analyzed above. This 

magnetic configuration is preserved in VPz-In2Se3 (P ↑) since electron transfer in this 

configuration is trivial as shown in Figure 2c, with the occupation of d orbitals barely changed. 

In contrast, when this molecule is on In2Se3 (P↓), a large amount of electron (~0.39 e as 

evaluated from Bader charge analysis47) is transferred from VPz to In2Se3 (P ↓), with one 

majority spin electron state partially occupied (Figure 3c) and the magnetic moment decreased to 

2.23 μB. For MnPz, the magnetic moment increases from 3.09 μB (P ↑) to 3.53 μB (P ↓) under the 

ferroelectric switch of the substrate. The electronic configuration of Mn2+ is [Ar] 3d5, with four d 

electrons occupying the majority spin states while one electron occupying the minority spin state 

based on the ‘4+1’ rule, giving rise to a magnetic moment of about 3 μB. The significant electron 

transfer from MPz molecule to the substrate (0.36 e) reduces the occupation of the minority spin 

state, leading to the increase of the overall magnetic moment (3.53 μB) under the P ↓ state, see 

Figure 3d. We further checked the magnetic variation of VPz by artificially changing the 

interlayer distance from the substrate. As shown in Figure S3, the magnetic moment of VPz-

In2Se3 (P ↓) increases to the value of the freestanding molecule when the interlayer distance is 

enlarged, while that of VPz-In2Se3 (P↑ ) remains almost unchanged due to the trivial electron 

transfer at the equilibrium position. It is worth noting that the magnetic moment of VPz-In2Se3 

(P↓) is still smaller than that of VPz-In2Se3 (P↑ ) when the interlayer distance is up to 5 



angstroms, where the electron transfer is trivial. This result implies that beside electron transfer, 

the d-orbital shift by polarization is also responsible for the ferroelectric tuning of magnetism. 

For ScPz, it is always non-magnetic regardless of the polarization direction of In2Se3, due to the 

empty d orbital from the electronic configuration of Sc3+ [Ar] 3d0. However, the band states near 

the Fermi level are affected by the polarization, leading to different hybridizations with the 

substrate (Figure S4) and polarization dependent electron transfers, see Figure 2. Since the 

polarization direction of ferroelectric materials is switchable by an external bias, based on the 

successful control of ferroelectric domains in experiment, the magnetic moment of MPz is 

expected to be controllable when the bias is reversed. 

For a comparative study, we present the projected density of states (PDOS) of V in the VPz-

In2Se3 (Figure 3b) and in VPz molecule. For the freestanding VPz molecule, only the majority 

spin states 𝑑𝑑𝑧𝑧2 , 𝑑𝑑𝑥𝑥𝑧𝑧  and 𝑑𝑑𝑦𝑦𝑧𝑧 are occupied (see inset in Figure 3c), leading to the magnetic 

moment of about 3 μB, which is consistent with above analysis based on the ‘4+1’ rule of the d-

orbital splitting. Upon exposure to In2Se3 (P ↑), although the 𝑑𝑑𝑧𝑧2  orbital is lifted to the 

conduction band area, the 𝑑𝑑𝑥𝑥𝑦𝑦 orbital is occupied by the majority spin state, therefore keeping 

the magnetic moment unchanged. When VPz is placed on top of In2Se3 (P ↓), 𝑑𝑑𝑥𝑥𝑧𝑧 orbital is lifted 

by the polarization to the Fermi level, becoming half occupied (see the state crossing the Fermi 

level indicated in Figure 3b), hence reducing the magnetic moment to 2.23 μB.  For other MPz 

molecules interacting with the In2Se3 P ↓ or P ↑ state, similar behaviors of the d-orbital shifting 

are observed, see Supporting Materials (Figure S5-6). Since the MPz molecules are weakly 

absorbed on the In2Se3 surface with van der Waals interactions, the adsorption configurations 

may be different from the most stable ones shown in Figure 1. To check the effects of adsorption 

configurations on the energetic and magnetic properties, we also have calculated these values 

when MPz molecules have a shift and rotation relative to the most stable structure, see Figure S7. 

It is found that the polarization dependent adsorption energy and magnetic moment at different 

configurations remain essentially unchanged, indicating the robustness of our findings. 



 

Figure 3 (a) Total magnetic moment of MPz-In2Se3 (P ↑ or P ↓). (b) PDOS of V in the VPz adsorption 
system and in a freestanding VPz molecule. The Fermi level is set to zero. Schematic representations of 
the electronic structures of (c) VPz-In2Se3 (P ↑ or P ↓) and (d) MnPz-In2Se3 (P ↑ or P ↓). 
 
 
3.3 Ferroelectric tuning of electronic properties and electric-field effects 

 
Ferroelectric switch also has major impacts on electronic properties via electron doping effects 

and orbital shifting induced by the change of polarization, causing the electronic states near the 

Fermi level to be sensitively dependent on the polarization direction. As an example, we present 

in Figure 4a showing that CrPz-In2Se3 (P ↓) is metallic, with states mainly from the d orbital of 

Cr atom lifted by the polarization (Figure S5) to cross the Fermi level. However, when the 

polarization of the substrate is switched to the opposite direction, CrPz-In2Se3 (P ↑) changes into 

a semiconductor where the occupied d orbitals are located deep inside the valance band. For 

MnPz-In2Se3, the phenomena are similar, but only the down-spin channel is occupied at the 

Fermi level when it is placed on In2Se3 (P ↑), rendering the system half-metallic. Note that the 

metallic states are mainly contributed by the MPz molecules, and the semiconducting 

characteristic of In2Se3 is well-retained in most cases although both the valance band maximum 

and conduction band minimum are lifted upwards by the polarization, as shown by the DOS of 

In2Se3 at P ↑ or P ↓ polarization. Although the magnetic moment, electron transfer and adsorption 

energy of ScPz, NiPz and ZnPz molecules are insensitive to the polarization direction of In2Se3 

monolayer, the corresponding electronic structures still can be affected by the ferroelectric 

switch. For ZnPz-In2Se3 (Figure 4c), the ferroelectric switch changes the band gap from 0.51 eV 

in ZnPz-In2Se3 (P ↓) to 0.84 eV in ZnPz-In2Se3 (P↑) due to the polarization shifted band edge 

states. The ferroelectric tuned electronic properties of all other MPz-In2Se3 systems are 

summarized in Figure S8. The conclusions are quite similar, indicating a high degree of 



universality of the underlying mechanism for the ferroelectric tuning of electronic properties.  

 
 
Figure 4 The spin-polarized PDOS of (a) CrPz (b) MnPz and (c) ZnPz molecule adsorbed In2Se3 monolayer. The 
Fermi level is set to zero.  

 
Given the sensitivity of the behaviors studied in this work, it is expected that external electric 

fields should be able to achieve effective tuning of magnetic and electronic properties of MPz-

In2Se3 systems. To this end, we examine CrPz-In2Se3 (P ↓) for its magnetic moment and 

electronic property variations versus electric field as shown in Figure 5a. The magnetic moment 

increases with the applied electric field along the +z direction, which is defined as the assigned 

positive direction, see Figure 1c, while the moment decreases with the electric field that is 

applied in the opposite (negative) direction. Interestingly, the system undergoes a metallic → 

half-metallic → semiconducting transition under the electric field (see Figure 5a, b). These 

results demonstrate the effectiveness of externally applied electric field in tuning the behaviors of 

MPz-In2Se3 systems, suggesting an added feasible avenue for tuning and controlling pertinent 

magnetic and electronic properties. 

 



 
 
Figure 5. (a) Electric field dependence of the magnetic moment of CrPz-In2Se3 (P ↓). (b) Spin-polarized band 
structure of CrPz-In2Se3 (P ↓) at different electric fields. The Fermi level is set to zero. Black and red lines represent 
results for the spin-up and spin-down channel, respectively. 

 

4. Conclusions 

Our extensive and systematic computational studies reveal that the adsorption energy, electron 

transfer and magnetic moment of adsorbed MPz molecules can be effectively regulated by 

reversible ferroelectric polarization of In2Se3 monolayer. The electrostatic potential difference 

between the MPz molecules and In2Se3 monolayer with different ferroelectric polarization 

explains the distinct behaviors of adsorption energy and electron transfer, and the d-orbital 

occupation variation at different polarizations is responsible for the ferroelectric tuning of 

magnetism. Moreover, the electronic properties of the system are also modulated by the switch of 

ferroelectric polarization. Depending on the polarization direction, the system undergoes 

transitions between metallic, half-metallic and semiconducting states. The present findings hold 

great promise for innovative design and implementation for applications in advanced magnetic 

memory storage, sensor and spintronic devices. 
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