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Electron doping has been established as an effective method to enhance the superconducting transition temperature
and superconducting energy gap of FeSe thin films on strontium titanate (SrTiO3) substrates. Previous studies have demon-
strated that electron/hole doping can be achieved through the adsorption of metal phthalocyanine (MPc, M = Co, Cu, Mn,
Fe, and Ni) molecules on surfaces. This work explores the electron doping induced by the adsorption of MPc molecules,
specifically cobalt phthalocyanine (CoPc) and copper phthalocyanine (CuPc), onto FeSe monolayer and multilayers. Utiliz-
ing first-principles calculations based on density functional theory, we demonstrate that charge rearrangement occurs when
MPc molecules adsorb on the FeSe substrate, contributing to an accumulation of electrons at the interface. In the CoPc/FeSe
systems, the electron accumulation increases with the layer number of FeSe substrate, converging for substrates with 3-5
layers. The analysis of the integrated planar charge difference up to the position with zero integrated charge transfer reveals
that all the five MPc molecules donate electrons to the uppermost FeSe layer. The electron donation suggests that MPc
adsorption can be a promising strategy to modulate the superconductivity of FeSe layers.

Keywords: metal-phthalocyanine, multilayer FeSe, electron doping, interfaces
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1. Introduction

The discovery of high-temperature superconductivity
(HTSC) in iron-based materials, particularly in iron selenide
(FeSe) grown epitaxially on oxide substrates to nanoscale
thickness,!!! has sparked significant scientific interest.!”! Ob-
servations have revealed significant increases in the critical
temperature of monolayer FeSe when grown on SrTiO3 sub-
strates, achieving transition temperatures up to 100 K.13 De-
spite considerable interest, the precise mechanisms under-
pinning HTSC in monolayer FeSe on STO substrates re-
main a mystery. Previous experiments have indicated that
electron doping!*%! and interface-enhanced electron—phonon
coupling!’®! are two key factors for the observed high-
temperature superconductivity in the FeSe/STO system. Di-
rect imaging of charge transfer at FeSe/SrTiO3 interface has

U9 which was also evidenced

11-13]

been observed in experiments,
by intense electron doping within the FeSe monolayer.|
Additionally, the absence of superconductivity in bilayer and
thicker FeSe variants!!*!5] highlights the critical role of dop-
ing levels in triggering superconductivity in these thicker
films.

Organic molecule adsorption has demonstrated its po-
tential in enhancing the superconducting properties through

TCorresponding author. E-mail: sxdu@iphy.ac.cn
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precise electron concentration control due to the interface-
induced charge transfer and electron—phonon coupling.!1%17]
These organic molecules also offer advantages in terms of
stability and precision over traditional metal atom deposi-
tion methods such as potassium,'®1°] facilitating the self-
assembly of well-ordered monolayers through van der Waals
interactions. Metal phthalocyanine (MPc) molecules have
been employed to tune the superconducting state and T;
of some superconductors.!'??%1 For instance, the T, of the
atomic-layer superconductor, Si(11 1)-(+v/7x+/3)-In, has been

increased up to 4%!1°!

[20

attributed to hole doping induced by
CuPc adsorption.?! Conversely, when manganese phthalo-
cyanine (MnPc) is adsorbed on the surface, 7. decreases and
the superconductivity is eventually suppressed. A slight re-
duction in T; has been observed in iron phthalocyanine (FePc)
thin film on a Si(111)-(v/7 x v/3)-In heterostructure. This con-
trasts sharply with the strong suppression observed in the
MnPc/Si(111)-(v/7 x+/3)-In system, despite both heterostruc-
tures exhibiting similar magnetic properties and molecule—
substrate charge transfer characteristics. [>!

In this work, to look for molecules that may donate elec-
trons to FeSe layers, the charge transfer between metal ph-

thalocyanine (MPc, M = Mn, Ni, and Fe) and FeSe monolayer
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and that between CoPc (CuPc) and 1-5 layers of FeSe have
been investigated using first principle calculations based on
density functional theory. The calculation results show that
there is an accumulation of electrons at the interface between
the MPc molecule and the FeSe layers. The Pc ligand is the
primary source of electrons transferred from MPc molecules
to FeSe.

the z-direction up to the position with zero integrated charge

When integrating the planar charge difference in

transfer, it is found that electron transfers from CoPc to FeSe
with the electron donation increasing as the FeSe layer number
increases, converging at 3—5 layers. Meanwhile, CuPc/FeSe
shows similar electron transfer as the FeSe layer number in-
creases. All the five MPc molecules contribute electrons to the
FeSe substrate, making them promising candidates for tuning

the superconducting transition temperature of FeSe systems.

2. Theoretical method

Density functional theory (DFT) calculations were per-
formed using the Vienna Ab Initio Simulation Package
(VASP),[?] leveraging the projector augmented-wave (PAW)
method!??! for the treatment of core electrons. The Perdew—
Burke-Ernzerhof (PBE) formulation of the generalized gra-
dient approximation (GGA)?*! was employed, augmented
with van der Waals density functionals (vdW-DF)[?%! to bet-
ter represent nonlocal correlations and cohesive effects. The
vdW corrected DFT method (vdW-DF/optB86b) is notably
prevalent in the computational examination of molecular ad-
sorption on metal surfaces.!”®! The kinetic energy cutoff of
plane-wave basis set is 450 eV. The force convergence crite-
rion is 0.01 eV/A. The magnetic configurations of both MPc
molecules and Fe atoms in the FeSe layer were taken into con-
sideration. DFT +U was used to address the magnetism of the
magnetic MPc molecules. The U value of 4.0 eV and J value
of 1.0 eV were applied to the metal atoms.

The differential charge density between the free molecule
and its adsorbed configuration on the substrate is quantified

using the equation

APMPe /Fese = PMPc/FeSe — PMPc — PFeSe; ey

where Pyipe/Feses PMPe and Prese denote the electron densities
of the adsorption system, the isolated MPc molecule in vac-
uum, and the freestanding multilayer FeSe, respectively.

3. Electron doping in CoPc/FeSe and CuPc/FeSe
systems

Using CoPc and CuPc as examples, we calculated the
charge rearrangement in MPc/FeSe systems, with the sys-

tem configuration illustrated in Fig. 1. To model the organic

molecules adsorbed on FeSe layers, slab models with a vac-
uum length exceeding 14 A were employed to avoid interac-
tions between molecules and the bottom layer of the substrate
due to the periodicity. The lattice constant of FeSe was set
to 3.84 A, consistent with experimental observations.[?”1 Sub-
sequently, a superlattice of v/13x1/13 FeSe was constructed
with a superlattice constant of 14.07 A.

(a) Fi!rst layer (b)

i ¥ % x —Z directi '
9.9 x irection g o @Cu(Co) @ C
. * e 47 direction
o O Se @ON vH

Fig. 1. Illustration of magnetic and adsorption configurations in the
FeSe-based system. (a) Magnetic configurations within a bilayer FeSe
structure. The dots represent magnetic moments positive along the Z
axis, whereas the crosses signify those along the opposite Z direction.
(b) Adsorption of a CuPc or a CoPc molecule on a monolayer FeSe. The
unit cell is outlined by a black square with a lattice constant of 14.07 A.
Fe, Se, Cu (Co), N, C, and H atoms are in orange, green, brown, blue,
dark grey, and white, respectively.

FeSe exhibits § = 1 nematic quantum-disordered para-
magnet interpolating between the Néel and stripe magnetic

(281 After evaluation of the Néel and stripe mag-

instabilities.
netic configurations in monolayer FeSe, the Néel configura-
tion with a lower energy is used for further investigation, with
the interlayer magnetic configuration demonstrating an an-
tiparallel orientation, as depicted in Fig. 1(a). CoPc and CuPc
molecules were adsorbed onto the FeSe layer, with the metal
atoms (Co or Cu) centered above the Se atoms and their D4
symmetry axes aligned parallel to the z-direction (Fig. 1(b)).
To verify the stability of this configuration, we compared the
total energies of different possible adsorption configurations,
including Fe-top, hollow-top, Se-top, and Se-top with a ro-
tation angle (6°). The lowest total energy confirms that the
Se-top configuration (Fig. 1(b)) is the most stable one. Details
of these configurations and their relative total energy distribu-
tions are provided in Fig. S4 and Table S2, respectively. The
Se-top adsorption configuration has a net magnetic moment of
1 up along the z-direction.

To investigate the influence of the molecule adsorption
on the FeSe layer, the Co(Cu)Pc/FeSe systems with the FeSe
layer varying from monolayer up to five layers were exam-
ined. The left panels in Fig. 2 represent the charge density dif-
ference of the CoPc-adsorbed FeSe layers system, suggesting
that electrons accumulate at the interface between the CoPc

molecule and the FeSe layer.

117302-2
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The charge rearrangement is predominantly localized
within the CoPc molecule and the uppermost FeSe layer.
Specifically, charge depletion occurs mainly on the Pc ligand
of CoPc (Fig. S1), while charge accumulation is primarily ob-
served at the interface. To further analyze the electron accu-
mulation between CoPc and the FeSe layers, we integrated the
planar differential charge along the z-direction (right panels
in Fig. 2) from the bottom of the FeSe substrate to the posi-
tion with zero integrated planar charge difference close to the
CoPc molecule in the CoPc/FeSe interface. The integration
endpoint for quantifying the electron donation between CoPc
and the FeSe layers was set at the blue dashed line, which cor-
responds to the position with zero integrated charge transfer.
The integrated results are summarized in Table S1, illustrat-
ing that the electron transfers from the CoPc molecule to the
uppermost FeSe layer. As the FeSe layer thickness increases,
the Pc ligand primarily exhibits charge depletion characteris-
tic, while the transferred charges are predominantly localized
at the CoPc/FeSe interface. Notably, the region around the
Co atom displays a distinct pattern of charge accumulation-
depletion-accumulation along the z direction, reflecting the in-
terfacial charge redistribution behavior. Meanwhile, the elec-
tron donation shows an increasing trend, and tends to converge
for substrates with 3-5 layers, indicating that electron dona-
tion reaches a saturation point when the FeSe layer thickness
exceeds three layers (Table S1).

To further explore the electron doping behavior in dif-
ferent molecular adsorption systems, we also investigated
CuPc/FeSe. Similar to the CoPc/FeSe system, the charge den-
sity difference of the CuPc/FeSe systems reveals that the elec-
tron accumulates at the interface between the CuPc molecule
and the FeSe layer (Fig. 3).
difference in the z-direction, performed up to the position

The integrated planar charge

with zero integrated charge transfer, demonstrates that elec-
tron transfer from the CuPc molecule to the FeSe layer. In
addition, the uppermost FeSe layer captures the majority of
electrons donated by the adsorbed CuPc.

In both CoPc/FeSe and CuPc/FeSe systems, electrons
Based on the
integration results of the planar charge difference in the z-

predominantly accumulate at the interface.

direction, electrons transfer from the molecule to the upper-
most FeSe layer. Since the electron doping is crucial for en-
hancing superconductivity in FeSe films, the observed electron
donation in the two systems suggests that the uppermost FeSe
layer may exhibit superconducting properties at certain tem-
peratures (below the superconducting transition temperature
(T.)). A prior research shows that the topmost FeSe layer ex-
hibits enhanced 7. with potassium doping in FeSe thin films
regardless of film thickness,!!8 indicating the necessity for
further experimental investigations for the superconductivity
performance of the CoPc/FeSe and CuPc/FeSe systems.
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Fig. 2. Charge density differences of the CoPc-adsorbed FeSe layers system. (a)—(e) Left panels: Side views of the charge density difference
in CoPc/FeSe systems with monolayer, bilayer, tri-layer, quadri-layer and quintilayer FeSe substrates. The iso-surface is set at +0.0002 e/A3.
Right panels: the corresponding integrated charge densities along the z axis. In these curve panels, yellow regions indicate charge accumulation,
while blue regions denote charge depletion, consistent with the color scheme of the charge density difference plots above. The blue dashed line
indicates the endpoint for integrating electrons received by the FeSe layers.
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Fig. 3. Charge density differences of the CuPc-adsorbed FeSe layers system. (a)—(e) Left figures: Side views of the charge density difference
in CuPc/FeSe systems with monolayer, bilayer, tri-layer, quadri-layer and quintilayer FeSe substrates. The iso-surface is set at -0.0002 e/A3.
Right figures: the corresponding integrated charge densities along the z axis. In these curve panels, yellow regions indicate charge accumulation,
while blue regions denote charge depletion, consistent with the color scheme of the charge density difference plots above. The blue dashed line
indicates the endpoint for integrating electrons received by the FeSe layers.
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4. Electronic structures of CoPc in gas and ad-
sorbed states

Building upon previous charge density difference calcu-
lations for the CoPc/FeSe and CuPc/FeSe systems, we fur-
ther extend our investigation to analyze the electronic struc-
tures of CoPc and CuPc in both their gas and adsorbed states.
Figure 4(a) presents the projected density of states (PDOS)
of CoPc molecules in gas phase, showing the orbital contri-
butions to the electronic states. The molecular orbitals of a
gas phase CoPc molecule near the Fermi level are presented
in Figs. 4(b)—4(d). Figure 4(b) reveals that the highest oc-
cupied molecular orbital (HOMO) exhibits the wave function
predominantly localized on the Pc ligand, confirming contri-
butions from p, orbitals without d-character, which is in ac-
cordance with the PDOS results in Fig. 4(a). The lowest un-
occupied molecular orbital (LUMO) is mainly contributed by
p; orbitals, with minor contributions from d,; and dy, orbitals.
Its wave function primarily localizes on the Pc ligand and only
a small portion on the Co atom, as illustrated in Fig. 4(c). In
addition, the LUMO+1 corresponds to the 3d > orbital of the

(a) | 75;,0112,742 (b) { S
[ PG i
Aj\/\ HOM —dz2 ALUMOH (,Q
- /3/ N
8 f A A N o ¥ 2\
A y .
= YT I
LUMO ""%‘?’
—1 0 1 2 3

-3 2
Energy (eV)

Pz (f)

- 8
dzwdlz,yz a4

(e) |

iy

PDOS

-3 -2 -1 0 1 2 3
Energy (eV)

Co atom, as illustrated in Fig. 4(d).

The PDOS of CoPc in CoPc/FeSe is shown in Fig. 4(e).
In detail, the HOMO (m) retains its spatial distribution as il-
lustrated in Figs. 4(b) and 4(f)). The LUMO (m,) displays
analogous partial charge characters (Fig. 4(g)) to that of the
gas phase CoPc (Fig. 4(c)), indicating negligible changes of
LUMO of CoPc when adsorbed on FeSe. Notably, the ad-
sorption induces a decrease in the peak height and an increase
in the peak width of the LUMO+-1 which originates from the
out-of-plane d orbitals. From the partial charge density of ms3
(Fig. 4(h)), we observe that m3 retains a similar configuration
as the LUMO+-1 of gas phase CoPc but shows a lower density
of electron states, suggesting that mj3 is indeed a part of the
LUMO+1 in the gas phase. By comparing the PDOS shown
in Figs. 4(a) and 4(e), it is found that the electronic states be-
low the HOMO change upon adsorption with peak height de-
creasing and peak width increasing, indicating the electron re-
arrangement in the CoPc molecule due to adsorption. These
characteristics suggest that electron rearrangement is primar-
ily mediated by the Pc ligand of the CoPc molecule.

4
dody. 2R l o252 Ao,
huwl B B®¢ Sy Hx

l \‘f,v ms %
ma
e = =) ng..”«,

Fig. 4. The PDOS and molecular orbitals of a free-standing CoPc and CoPc on a monolayer FeSe. (a) PDOS for a free-standing CoPc molecule, with
the grey area representing the total density of states and lines of various colors depicting different molecular orbitals. (b)—(d) Illustrations of the partial
charge density for the HOMO, LUMO, and LUMO-+1 orbitals, respectively. The occupied states are highlighted in yellow and unoccupied states
in blue, emphasizing the distinction between filled and unfilled states. (e) PDOS attributed to the CoPc molecule in CoPc/FeSe, indicating changes
in electronic properties. (f)—(h) Details of the partial charge density of molecular orbitals m; (HOMO), my (LUMO), m3 (HOMO+1), respectively.
Each panel presents the partial charge density of the corresponding state, with the top and side views depicted above and below.

Besides the CoPc/FeSe system, the PDOS and partial
charge density near the Fermi level for a CuPc molecule in
gas phase and adsorbed phase (CuPc/FeSe) were plotted in
Fig. S2. Similar to CoPc in CoPc/FeSe, the electronic states
below —1 eV change, indicating the electron rearrangement in
CuPc molecule. Additionally, MnPc, NiPc, and FePc are fur-
ther explored to evaluate the electron donation behavior from
an MPc molecule to the FeSe layer (Fig. S3). Related calcu-
lation results indicate that all the three MPc molecules con-
tribute electrons to the FeSe layer upon adsorption, making

them promising candidates for promoting electron accumula-
tion in the FeSe substrate. Detailed discussions are presented
in SI. These results call for further experimental explorations
into the electron doping mechanisms with FeSe substrate.

5. Conclusion

In conclusion, this work proposed the potential of various
metal phthalocyanine (MPc, with M = Co, Cu, Mn, Ni, and
Fe) molecules to donate electrons to FeSe layers. The find-
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ings reveal the electrons accumulate at the interface between
the MPc molecule and the FeSe layer, primarily originating
from the Pc ligand. Specifically, CoPc demonstrates increas-
ing electron donation to FeSe as the number of FeSe layers
increases when integrating the planar charge density differ-
ence up to the position with zero integrated charge transfer,
converging at 3-5 layers. CuPc exhibits nearly stable elec-
tron transfer with increasing FeSe layer numbers. In addition,
MnPc, NiPc, and FePc all contribute electrons to the FeSe
layer when adsorbed on monolayer FeSe. These results in-
dicate that all the five MPc molecules emerge as promising
candidates for modulating the superconducting properties in
FeSe systems.

Acknowledgements

We acknowledge the financial support from the National
Natural Science Foundation of China (Grant No. 62488201)
and the National Key Research and Development Program of
China (Grant No. 2022YFA1204100).

References

[1] Hilse M, Brown F, Roth J, Munyan S and Engel-Herbert R 2024 J.
Mater. Sci. 59 2035

[2] Kobayashi T, Nakagawa H, Ogawa H, Nabeshima F and Maeda A 2023
J. Phys: Condens. Matter 35 41LTO1

[3] GeJF LiuZL, Liu C, Gao C L, Qian D, Xue Q K, Liu Y and JiaJ F
2015 Nat. Mater. 14 285

[4] Jiao X, Dong W, Shi M, Wang H, Ding C, Wei Z, Gong G, Li Y, Li Y,
Zuo B, Wang J, Zhang D, Pan M, Wang L and Xue Q K 2024 Natl. Sci.
Rev. 11 nwad213

[5] Jiang X, Qin M, Wei X, et al. 2023 Nat. Phys. 19 365

[6]
[7]

[8]

[9]
[10]

(11]
(12]
[13]
[14]
[15]
[16]
(17]
(18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]

[27]

(28]

117302-5

Liu D, Zhang W, Mou D, et al. 2012 Nat. Commun. 3 931

Ouyang X F, Song Z Y and Zhang Y Z 2024 Supercond. Sci. Technol.
37 75015

Yang H, Zhou Y, Miao G, Xu X, Han X, Zhu X X, Guo J, Wu R and
Pan X 2023 Microsc Microanal 29 1629

Zhang C, Liu Z, Chen Z, et al. 2017 Nat. Commun. 8 14468

Zakeri K, Rau D, Wettstein J, Dottling M, Jandke J, Yang F, Wulfhekel
W and Schmalian J 2023 Phys. Rev. B 107 184508

Zhang W, Li Z, Li F, Zhang H, Peng J, Tang C, Wang Q, He K, Chen
X, Wang L, Ma X and Xue Q K 2014 Phys. Rev. B 89 060506

He S, He J, Zhang W, et al. 2013 Nat. Mater. 12 605

Cheng FJ, Zhang Y M, FanJ Q, et al 2023 Chin. Phys. Lett. 40 086801
Wang Q Y, Li Z, Zhang W H, et al. 2012 Chin. Phys. Lett. 29 037402
Liu X, Liu D, Zhang W, et al. 2014 Nat. Commun. 5 5047

Yoshizawa S, Minamitani E, Vijayaraghavan S, Mishra P, Takagi Y,
Yokoyama T, Oba H, Nitta J, Sakamoto K, Watanabe S, Nakayama T
and Uchihashi T 2017 Nano Lett. 17 2287

Guan J, Liu J, Liu B, Huang X, Zhu Q, Zhu X, Sun J, Meng S, Wang
W and Guo J 2017 Phys. Rev. B 95 205405

Song CL, Zhang HM, Zhong Y, Hu X P, Ji S H, Wang L, He K, Ma X
C and Xue Q K 2016 Phys. Rev. Lett. 116 157001

Zheng F, Wang L L, Xue Q K and Zhang P 2016 Phys. Rev. B 93 075428
Sagehashi R, Kobayashi T, Uchihashi T and Sakamoto K 2021 Surf.
Sci. 705 121777

Sumi N, Yamada Y, Sasaki M, Arafune R, Takagi N, Yoshizawa S and
Uchihashi T 2019 J. Phys. Chem. C 123 8951

Uchihashi T, Yoshizawa S, Minamitani E, Watanabe S, Takagi Y and
Yokoyama T 2019 Mol. Syst. Des. Eng. 4 511

Kresse G and Furthmiiller J 1996 Comp. Mater. Sci. 6 15

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
Song CL, Wang Y L, Jiang Y P, Li Z, Wang L, He K, Chen X, Ma X
C and Xue Q K 2011 Phys. Rev. B 84 020503

Berland K, Cooper V R, Lee K, Schroder E, Thonhauser T, Hyldgaard
P and Lundqvist B 12015 Rep. Prog. Phys. 78 066501

McQueen T M, Huang Q, Ksenofontov V, Felser C, Xu Q, Zandbergen
H, Hor Y S, Allred J, Williams A J, Qu D, Checkelsky J, Ong N P and
Cava R J 2009 Phys. Rev. B'79 014522

Wang Q, Shen Y, Pan B, Zhang X, Ikeuchi K, Iida K, Christianson A
D, Walker H C, Adroja D T, Abdel-Hafiez M, Chen X, Chareev D A,
Vasiliev A N and Zhao J 2016 Nat. Commun. 7 12182


http://dx.doi.org/10.1007/s10853-024-09344-7
http://dx.doi.org/10.1007/s10853-024-09344-7
https://doi.org/10.1088/1361-648X/ace410
https://doi.org/10.1088/1361-648X/ace410
http://dx.doi.org/10.1038/nmat4153
https://doi.org/10.1093/nsr/nwad213
https://doi.org/10.1093/nsr/nwad213
http://dx.doi.org/10.1038/s41567-022-01894-4
http://dx.doi.org/10.1038/ncomms1946
http://dx.doi.org/10.1088/1361-6668/ad5383
http://dx.doi.org/10.1088/1361-6668/ad5383
http://dx.doi.org/10.1093/micmic/ozad067.837
http://dx.doi.org/10.1038/ncomms14468
http://dx.doi.org/10.1103/PhysRevB.107.184508
http://dx.doi.org/10.1103/PhysRevB.89.060506
http://dx.doi.org/10.1038/nmat3648
http://dx.doi.org/10.1088/0256-307X/40/8/086801
http://dx.doi.org/10.1088/0256-307X/29/3/037402
http://dx.doi.org/10.1038/ncomms6047
http://dx.doi.org/10.1021/acs.nanolett.6b05010
http://dx.doi.org/10.1103/PhysRevB.95.205405
http://dx.doi.org/10.1103/PhysRevLett.116.157001
http://dx.doi.org/10.1103/PhysRevB.93.075428
http://dx.doi.org/10.1016/j.susc.2020.121777
http://dx.doi.org/10.1016/j.susc.2020.121777
http://dx.doi.org/10.1021/acs.jpcc.8b12424
http://dx.doi.org/10.1039/C9ME00017H
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.84.020503
http://dx.doi.org/10.1088/0034-4885/78/6/066501
http://dx.doi.org/10.1103/PhysRevB.79.014522
http://dx.doi.org/10.1038/ncomms12182

	1. Introduction
	2. Theoretical method
	3. Electron doping in CoPc/FeSe and CuPc/FeSe systems 
	4. Electronic structures of CoPc in gas and adsorbed states 
	5. Conclusion
	References

