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ABSTRACT: A two-dimensional (2D) periodic Fe phthalocyanine (FePc) single-layer sheethasvery o] +e._
recently been synthesized experimentally (Abel, M; et al. J. Am. Chem. Soc. 2011, 133, 1203),
providing a novel pathway for achieving 2D atomic sheets with regularly and separately distributed
transition-metal atoms for unprecedented applications. Here we present first-principles calculations
based on density functional theory to investigate systematically the electronic and magnetic
properties of such novel organometallics (labeled as TMPc, TM = Cr—Zn) as free-standing sheets.
Among them, we found that only the 2D MnPc framework is ferromagnetic, while 2D CrPc, FePc, -
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CoPg, and CuPc are antiferromagnetic and 2D NiPc and ZnPc are nonmagnetic. The difference in

magnetic couplings for the studied systems is related to the different orbital interactions. Only MnPc displays metallic d,. and d,.
orbitals that can hybridize with p electrons of Pc, which mediates the long-range ferromagnetic coupling. Monte Carlo simulations
based on the Ising model suggest that the Curie temperature (T) of the 2D MnPc framework is ~150 K, which is comparable to the
highest T achieved experimentally, that of Mn-doped GaAs. The present study provides theoretical insight leading to a better
understanding of novel phthalocyanine-based 2D structures beyond graphene and BN sheets.

I. INTRODUCTION

Tremendous effort is currently being devoted to two-dimen-
sional (2D) atomic sheet-based materials. The existing systems
include graphene sheets' and BN sheets.” Manipulating the
geometric and electronic structures of these 2D atomic sheets
for practical applications has been an important and challenging
topic in this field. Patternization with regular pores in a graphene
sheet has successfully been achieved,® which not only can open
the energy band gap but also provides unprecedented possibi-
lities for introducing atoms, molecules, and functional groups to
the regular pores for further functionalization. However, for
metal atoms, especially transition-metal (TM) atoms, preventing
the introduced atoms from clustering is extremely challenging
because of the strong d—d interactions. At present, no research
on the regular docking of TM atoms onto the pores in graphene
sheets has been reported. The recent success in embedding TM
atoms in 2D phthalocyanine (Pc) sheets provides a novel path-
way for achieving the long-standing dream of 2D atomic sheets
with regularly and separately distributed TM atoms for catalysis,
hydrogen storage, and spintronics. For example, Abel et al.*
successfully achieved polymerization of FePc molecules directly.
They synthesized a single-layer 2D periodic FePc framework
through a metal-directed surface reaction, and the samples were
characterized using scanning tunneling microscopy (STM) at
room temperature. They also pointed out that the synthesis
procedure is flexible for other central metal atoms. It can be ex-
pected that other TM-based 2D Pc sheets can be synthesized in
the future. For further development and applications, a systema-
tic understanding of these sheets would be highly desirable.
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Although the electronic and magnetic properties of monomeric
TMPc molecules and their stacking structures have been studied,”” >
the knowledge about the basic magnetic properties and intrinsic
couplings of such novel TM-based 2D frameworks is still lacking.

In the present study, using first-principles calculations com-
bined with Monte Carlo (MC) simulations, we systematically
investigated the magnetic behaviors of free-standing 2D TMPc
sheets, which is the first step in understanding sheets deposited
on diverse substrates. We chose TM atoms ranging from Cr to
Zn in the periodic table and focused on the magnetic coupling of
the 2D sheets and the magnetic behaviors of the ferromagnetic
systems at different temperatures. We show that except for TM =
Ni and Zn, which have nonmagnetic (NM) ground states, the other
TMPc frameworks are magnetic. Further magnetic-coupling calcula-
tions showed that for TM = Mn, the framework is ferromagnetic
(FM), while for TM = Cr, Fe, Co, and Cu, the coupling is
antiferromagnetic (AF). The magnetic moments of Cr—Zn are
approximately 4, 3, 2, 1, 0, 1, and O g, respectively. Moreover, for
the FM 2D MnPc system, we further estimated the Curie tempera-
ture (T() using mean-field theory (MFT) as well as MC simulations
based on the Ising model, and we found the possibility of long-ranged
cooperative magnetic order near room temperature.

Il. COMPUTATIONAL PROCEDURES

Our first-principles calculations were based on spin-polarized density
functional theory (DFT) using the generalized gradient approximation
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Figure 1. (a) Geometric structure and (b) band structure and corresponding PDOS of the 2D Pc framework. The dashed rectangle in (a) denotes the
supercell. I' (0, 0, 0), X (0, 1/,,0),and M (*/5, 1/, 0) are highly symmetric points in reciprocal space.

(GGA)** in the form proposed by Perdew, Burke, and Ernzerhof (PBE)
as implemented in the Vienna ab initio simulation package (VASP)
code.” Because the GGA cannot properly describe strongly correlated
systems containing partially filled d subshells, we used the GGA+U
method*® by dividing the electrons into two classes: delocalized s and p
electrons, which can be well-described by the GGA, and the localized d
electrons, which are described by Coulomb and exchange corrections. In
this way, we were able to obtain a qualitative improvement not only for
excited-state properties such as energy gaps but also for ground-state
properties such as magnetic moments and interatomic exchange para-
meters. We used a correlation energy (U) of 4 eV and an exchange
energy (J) of 1 eV for TM d orbitals; these values have been tested and
used in previous experimental and theoretical works.”” >> We also
tested U =6 eV for the CoPc framework proposed in ref 11 and obtained
results quite similar to those for U = 4 eV. The projected augmented
wave (PAW) method>*** with a plane-wave basis set was used. For the
spin-polarized calculations, the Vosko—Wilk—Nusair modification*
scheme was applied to interpolate the correlation energy. The valence
electron configurations for TM = Mn—Ni and Zn were 3d"4s” with 1 =
5—8 and 10, respectively; for Cr and Cu, the configurations were 3d>4s"
and 3d"%4s, respectively. We applied periodic boundary conditions and
a vacuum space of 15 A along the z direction in order to avoid
interactions between two TMPc images in nearest-neighbor unit cells.
All of the structures were relaxed using the conjugated gradient method
without any symmetric constraints. To investigate the magnetic cou-
pling between the TM atoms, we performed the calculations using a
(2 x 2) supercell. The Monkhorst—Pack special k-point meshes®® of
9x 9 x1land5 X S x 1 were used for the unit cell and the (2 x 2)
supercell, respectively, to represent their reciprocal spaces. We set the
energy cutoff and convergence criteria for energy and force to be 400 eV,
1 x 107* eV, and 0.01 eV/A, respectively. The accuracy of our
simulation procedure was tested through a comparison of the calculated
lattice constant (10.70 A) and the experimental value (1.15 £ 0.1 nm)
for the 2D FePc framework, which showed good agreement.* In
addition, the geometric structures and total magnetic moments of the
TMPc molecules were calculated and found to be consistent with
previous theoretical results.”""

lll. RESULTS AND DISCUSSION

Before examining 2D TMPc sheets, we first studied the
geometric and electronic properties of the metal-free 2D Pc
framework, as shown in Figure 1. Structural relaxation suggests
that such a framework is planar without any buckling, similar to
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pristine graphene and BN sheets. The supercell lattice constant
(dashed rectangle in Figure 1a) was optimized to be 21.51 A. We
found that this 77-conjugated system is a nonmagnetic semicon-
ductor with a calculated band gap of 0.29 eV (Figure 1b).
Although the GGA underestimates the energy band gap, this
calculated band gap is much smaller than the gaps calculated at a
similar theoretical level for conventional semiconductors such as
Si, GaAs, and ZnO, thus providing the feasibility of band
engineering for potential applications. Furthermore, we found
that both the valence band maximum (VBM) and conduction
band minimum (CBM) are located at the I' point of the
reciprocal space, indicating a direct band gap in the system.
The partial density of states (PDOS) clearly shows that p
electrons play dominant roles in the bonding.

When TM atoms are introduced into the Pc pores, 2D porous
structures with regularly separated 3d TM atoms are formed. The
geometric structures of 2D TMPc are shown in Figure 2. Such
structures would exhibit some interesting magnetic properties in
comparison with dilute magnetic semiconductors (DMSs) such
as Mn-doped Si, GaN, or ZnO, where the doped TM atoms easily
form clusters,®”*® thus resulting in nonintrinsic magnetism and
low T values.

It is known that in a square-planar-coordinated crystal-field
environment, the d bands split into four bands: a doubly
degenerate d, band (d,, and d,.) and singly degenerate d..,
d,y, and d,»_,» bands. Thus, as the d bands are sequentially filled
from Cr to Zn, when one of the degenerate d bands is partially
filled, Jahn—Teller distortions should occur in order to remove
the degeneracy and lower the energy. We found that when
standard GGA without the U correlation was applied, no
Jahn—Teller distortions were observed for any of the systems.
However, when GGA+U was used, we did find the Jahn—Teller
distortions, causing in-plane shifts for Mn and Co. The bond
lengths between the central TM atoms and the host N atoms in
all of the structures are shown in Table 1, where we can see that
the TM—N distance decreases in going from CrPc (2.001 A) to
CoPc (1.917 A on average) and then increases until ZnPc (1.994 A).
This trend is consistent with the variations of the radii of the
four-coordinate TM atoms in their +2 valence states,>® where
two electrons of each TM atom form the bonding with the host
Pc framework. All of the geometrical coordinates are presented in
the Supporting Information.

dx.doi.org/10.1021/ja204990j |J. Am. Chem. Soc. 2011, 133, 15113-15119
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Figure 2. Ilustrations of (a) ferromagnetic and (b) antiferromagnetic coupling between the central TM atoms. Arrows indicate spin directions of the

central TM atoms.

Table 1. Bond Lengths between the Central TM Atoms and
the Neighboring N Atoms (dry n, in A), Exchange Energies
per Supercell (E,,, in meV), Total Magnetic Moments per
Unit Cell (M, in /3), and Energy Band Gaps (E,, in eV) for 2D
TMPc Frameworks

Cr Mn Fe Co Ni Cu Zn
dryon® 2001 1.958 1957 1912 1922 1964 1.99%4
1.962 1.921
E. —-29 124 —14 —6 — -7 -
M 4 3 2 1 0 1 0
E 0.36 half-metal  0.24 0.10 0.34 0.31 0.30

g
“For Mn and Co, two values are given because there are two TM—N
distances as a result of in-plane shifts of the TM atoms.

To study the preferred magnetic coupling, the energies of the
FM and AF states of the (2 x 2) supercell for each TM were
calculated (Figure 2; detailed numerical results are given in the
Supporting Information). The exchange energy E., (= Exp —
Egp) per supercell and the total magnetic moment M of each unit
cell are listed in Table 1. A positive (negative) exchange energy
indicates that the ground state of the system is FM (AF). It was
found that FM coupling exists only in 2D MnPc with E., =
124 meV per (2 x 2) supercell (i.e.,, 15.5 meV exchange energy
for each two nearest-neighbor Mn atoms). On the other hand,
the couplings in 2D CrPc, FePc, CoPc, and CuPc are all AF
with small exchange energies, and 2D NiPc and ZnPc show no
magnetism. For 2D CoPc, we also used U = 6 eV to calculate
E., and obtained a value of —2 meV. This value is comparable to
the value of —6 meV for U = 4 eV within the precision of the DFT
calculations, suggesting the reliability of the U and ] values we
used in the calculations. For the magnetic frameworks, our
calculations showed that the central metal atoms carry most of
the magnetic moment in the unit cell while their nearest-
neighbor N atoms are polarized antiferromagnetically, except
for CuPc, which has ferromagnetic polarizations at N sites. Other
C, N, and H atoms in the host Pc are slightly spin-polarized. We
should point out that the standard GGA also yielded the same
trend qualitatively. The isosurface and a 2D slice of the spin
density (p1 — py) for FM 2D MnPc is illustrated in Figure 3a,
showing the polarization of Pc substrate.

In order to understand the electronic and magnetic structures
of all these systems, we analyzed the projected density of states of

the d electrons of the central metal atoms in the ground states
(Figure 3cand 4). Since the s electrons of the central metal atoms
form bonds with the host Pc, only 3d electrons participate in
orbital splitting in the square-planar crystal field and contribute
to the magnetism. In the 2D CrPc framework, we find that the d,
d.» and d,, orbitals of Cr are occupied by four spin-up electrons,
where the two d,; orbitals are energetically degenerate and thus
hybridized, forming wider bands than the others (Figure 4a). All
of the other bands are unoccupied, resulting in a magnetic
moment of 4 up for each unit cell of the CrPc framework.
Moreover, the introduction of Cr enhances the energy gap to
~0.36 eV.

The situation is changed when Mn instead of Cr is introduced.
In this case, because of the strong hybridization with the ligand 7
bands, the spin-down d, bands are broadened and shifted
upward in energy to lie above the spin-down d,,, and d.» orbitals.
When one electron is inserted into the spin-down channel and
partially occupies the d; bands, a small Jahn—Teller distortion is
induced to remove the degeneracy and lower the energy. We
identified the distortion to be a planar shift of Mn, resulting in
two nonequivalent Mn—N bond lengths of 1.958 and 1.962 A, as
shown in Table 1. The filling of the spin-down band reduces the
magnetic moment to 3 up_Furthermore, a metallic feature in the
spin-down channel is induced, while the spin-up channel remains
semiconducting. The band structure of 2D MnPc (Figure 3b)
shows semiconducting behavior of the spin-up electrons (band
gap of 0.32 eV) and metallicity of the spin-down electrons.
Detailed analyses suggest that both the valence band and the
conduction band in the spin-up channel arise mainly from
contributions from the C and N 2p electrons of the host Pc
framework, which are delocalized because they are highly dis-
persed. The metallic states in the spin-down channel indicate that
the main contribution to the flatter band (localized) is from the
3d orbitals of the Mn atoms. The PDOS of 2D MnPc (Figure 3b
right) illustrates both the p and d bands across the Fermi level.
Although d electrons are generally localized, similar conductive d
bands of Mn have also been observed in other systems.***'
Hence, the 2D MnPc framework is half-metallic with 100% spin
polarization around the Fermi level, where the spin-down
electrons can be freely transported through the linked benzene
and pyrrole with the help of the hybridization of p and d orbitals.

For 2D FePc, the occupied spin-down states are d,, and d_»,
while the spin-down d,; bands are unfilled (Figure 4b), giving a
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Figure 3. (a) (left) Isosurface at a value of 0.01 e/A® and (right) 2D slice of the spin density (o1 — p;) for FM 2D MnPc. (b) Band structure and

corresponding DOS of FM 2D MnPc. (c) Projected DOS of the d orbitals on the Mn atom. Symbols: solid for d;

d,; dash-dot-dot for d,._,..

dash for d
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magnetic moment of 2 up per unit cell. Thus, no Jahn—Teller
distortions exist. For 2D CoPc, we observe that the spin-down
d.,, d.2, and d,, are occupied, leaving d,, empty (Figure 4c) and
giving a magnetic moment of 1 up per unit cell. This d, band
splitting is consistent with Jahn—Teller distortion of 2D CoPc
(Table 1). For 2D NiPc, all of the d bands except d,2_,» are fully
occupied (Figure 4d), making the system nonmagnetic. After
that, the d,._» band is occupied by one spin-up electron in 2D
CuPc (Figure 4e) and fully occupied in 2D ZnPc (Figure 4f).

Among the magnetic frameworks, only the MnPc system is
ferromagnetic with a large exchange energy. This can be under-
stood by checking the electronic structures as shown in the
PDOS in Figure 3c, where the conductive d bands provide
channels for effective coupling via d—p exchange with the host
Pc. In contrast, the d bands in the other structures exhibit gaps, as
shown in Figure 4. The existing band gaps make the d—p
exchange less effective and result in AF or NM states for these
systems.

The calculated energy band gaps are listed in Table 1. Our test
calculations on an isolated NiPc molecule yielded an energy gap
of 1.46 eV, which agrees well with the previously reported value
(1.47 €V)” and is much larger than that for the 2D NiPc sheet
(0.34 V). This result suggests that strong orbital hybridizations
in the assembled 2D sheet reduce the energy band gap, similar to
what happens in going from benzene molecules to a graphene
sheet. Among the studied systems, we found that 2D CoPc
exhibits the smallest band gap (0.10 eV) as a result of the d,
splitting; the gap for 2D FePc (0.24 eV) is slightly smaller than
that for the metal-free Pc framework (0.29 eV), while others have
band gaps of >0.30 eV. These results indicate that the central
TM atoms have limited influences on the band gaps of the 2D
TMPc structures, which is a consequence of the fact that the main
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contributions to the valence and conduction bands are from the p
orbitals of the host Pc.

Above we have seen that among all of the studied systems,
only the 2D MnPc sheet shows ferromagnetism. For future
applications such as in spintronic devices, we need to get a more
in-depth understanding especially of the changes in magnetism
with temperature. To this end, we used Ising model, in which the
Hamiltonian can be written as H = —3, i T, my, where m; and
m; are the magnetic moments at sites i and j and J' is the exchange
parameter. The value of J' is determined from the exchange
energy E., by the relation J = (*/8)Ee/2m™, where m = |m| and
the factor of !/ is included because there are altogether eight
magnetic coupling interactions in one (2 X 2) supercell. Hence,
we estimated the exchange parameter J' to be 0.86 meV. With the
help of these parameters, we applied the MFT to estimate the
magnetic properties of 2D MnPc. The partition function was first
computed by considering all possible spin configurations accord-
ing to the spin multiplicity of Mn, and then the Curie tempera-
ture Tc was obtained by determining the bifurcation critical
point of the ensemble-average magnetic moment (m). The
details are stated as follows. The partition function can be written
as

7 = VT m(m)/ky T
m=3,1, —1, — 3
77/ m) 397 0m) o
= 2 cosh T + 2 cosh T

where y = 4 is the coordination number of the Mn atoms and the
possible values of m are 3, 1, —1, and 3 because the calculated
magnetic moment in the unit cell is 3 yp for the MnPc system.

dx.doi.org/10.1021/ja204990j |J. Am. Chem. Soc. 2011, 133, 15113-15119
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Figure 4. Projected DOS of d orbitals on the TM atom when TM is (a) Cr, (b) Fe, (c) Co, (d) Ni, (e) Cu, and (f) Zn.

Therefore, the average spin of each magnet is

3y (m)
kg T

+ 6 sinh

(m) = (2)

]. /
—|2 sinh j/]_(m)
Z 5T
If p is defined as yJ'/kgT, then the above equation can be
rewritten as

sinh(p(m)) + 3 sinh(3p(m))
cosh(p{m)) + cosh(3p{m))

It can be easily deduced that when the parameter p changes, the
static solution (m) varies, and the critical point is pc = yJ /kgTc =
'/s. This corresponds to the phase transition of the system
between ferromagnetic and paramagnetic states, which occurs at
Tc. The value of T for 2D MnPc is thus obtained as ~199.8 K.

Because of the possible overestimation of Tc predicted by the
MFT method, next we performed MC simulations of the
magnetic moment as a function of temperature in order to
obtain T more precisely. In the MC simulations, an (80 X
80) supercell was used, and the calculation lasted for 5 x 10°
loops; in each loop, the spins on all the sites in the supercell
changed according to the spin states of Mn. Thus, altogether

(m) =

(3)
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3.2 x 10° trials were performed in the simulations. We also found
that using a larger supercell or longer loops had only a marginal
influence on the final results. The results of the MC simulations
are shown in Figure 5. It can be seen that the magnetic moment
per unit cell starts dropping gradually from 3 up at ~60 K, the
paramagnetic state is achieved at a temperature of ~150 K for 2D
MnPc, which is reduced by 25% relative to the MFT estimate
discussed above. It should be noted that if a Heisenberg model is
used with the inclusion of magnetic anisotropy and quantum
fluctuations, the calculated Curie temperature may be different.

The value of T¢ for 2D MnPc obtained from the MC
simulations is quite comparable to the highest T achieved
experimentally in Mn-doped GaAs.”® Here we see again the
unique feature of Mn-doped structures for ferromagnetism. Mn
atoms, because of their special electronic configuration of 3d%4s?,
have been widely used as a dopant for various semiconducting
substrates such as GaAs, GaN, ZnO, AIN, and SiC, where the
distributions of doped Mn atoms are highly sensitive to the
synthesis process and conditions; thus, the Curie temperatures
reported by different groups are quite different, and even the
magnetic couplings are in conflict.” *® Furthermore, the con-
ventional DMSs also suffer from the problem of low solubility of

dx.doi.org/10.1021/ja204990j |J. Am. Chem. Soc. 2011, 133, 15113-15119
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Figure 5. Variation of the total magnetic moment per unit cell of 2D
MnPc with respect to the temperature.

transition metals in the substrate. Therefore, the good controll-
ability and high concentration of Mn are additional advantages of
2D MnPc for potential applications in spintronics in comparison
with traditional DMSs.

IV. SUMMARY

In summary, using DFT (GGA+U), we have systematically
studied the electronic and magnetic properties of the transition-
metal atoms Cr to Zn embedded in a 2D phthalocyanine frame-
work. The following conclusions can be made: (1) The in-plane
Jahn—Teller effect is identified for 2D MnPc and CoPc as a result
of the square-coordinated crystal-field effect. (2) Only the
2D MnPc framework has a ferromagnetic ground state, which
possesses conductive d bands in its spin-down channel for
effective p—d exchange. In contrast, the other TMPc frame-
works, with semiconducting d bands, have antiferromagnetic or
nonmagnetic ground states. (3) By applying Monte Carlo
simulations based on the Ising model, we predict that the Curie
temperature of 2D MnPc is ~150 K, which is comparable to the
highest T value achieved experimentally for Mn-doped GaAs;
the mean field theory calculation overestimates the T by ~25%.
(4) A 2D TMPc sheet can be a half-metal or a semiconductor,
and the electronic and magnetic properties as well as the catalysis
and adsorption can be tuned by embedding diverse metal atoms
in controllable and feasible ways, exhibiting more flexibility
and freedom than for graphene and BN sheets. We hope that
the present study will stimulate further experimental effort in
this field.
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