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We study bilayer manganese phthalocyanine (MnPc) molecules and MnPc polymeric sheets using
first-principles simulations, with a focus on the magnetic interactions between Mn atoms. We find
that the most stable position of the upper layer with respect to the lower layer is shifted about 1/8
of a lattice vector from the center of the bottom layer along the direction toward a nearest-neighbor
N atom. The magnetic ground state is the Néel anti-ferromagnetic (NAF) configuration within a
layer and ferromagnetic between Mn atoms in adjacent layers. In this state, the system becomes
a semiconductor with an indirect band gap of 11 meV. The strongest interaction is the interlayer
coupling between the closest Mn atoms. A maximally-localized Wannier analysis suggests that the
dominant coupling pathway is Mn-(N,C)-Mn rather than a direct Mn-Mn coupling. The maximum
calculated magnetic anisotropy energy is found to be 1.0 meV per Mn atom. We also find that
the bilayer molecule shows a significant stacking angle change from FM to AFM configurations
accompanied by a change of orbital filling ordering.

I. INTRODUCTION

Interest in two-dimensional (2D) materials arises from
possible novel electronic properties because of their ultra
thin structure leading to quantum confinement in one
of the three dimensions, with prospective applications
in electronics. Many 2D systems are considered as pro-
grammable materials. For example, graphene is a semi-
metal with remarkably high electron mobility [1], whereas
phosphorene and transition metal dichalcongenides are
outstanding for band gap tunabilty [2, 3] and valleytron-
ics [4, 5], respectively. Since 2015, there has also been a
surge in the study of 2D magnetism [6, 7] for potential
applications in information storage [8–11] and spintronic
devices [12]. Some 2D magnetic materials exhibits en-
hanced spin fluctuations, adding yet more intensity to the
field [13, 14]. Intrinsically ferromagnetic (FM) materials
are desirable as a building block for practical devices.
Many 2D materials have been found to be ferromag-
netic, such as CrI3 and Cr2Ge2Te6 as well as materials
that are ferromagnetic even at room temperatures [15–
18]. Some of these materials show layer dependent mag-
netism. For Cr2Ge2Te6 thin layers, a FM transition de-
pends on the number of layers [19]. In CrI3 thin films, a
monolayer shows FM behavior, while a bilayer presents
anti-ferromagnetic (AFM) behavior and a trilayer reverts
to FM [20]. Controllability of magnetic phases by an elec-
tric field is also demonstrated in CrI3 [14].

Another class of 2D magnetic materials that is worth
more attention is the molecular based magnetic 2D net-
work. The most recently synthesized molecular 2D sys-
tem is the [Fe(tBu2qsal)2] spin crossover mononuclear
complex [21]. Between 117–119 K, the layered bulk ma-
terial system shows a hysteretic spin transition from low-
spin (LS, ground state, zero spin) to high-spin (HS, spin
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equal to 1) states. Capacitance measurements are per-
formed over a thin film junction device that demonstrates
clearly a difference between the LS and HS states. Char-
acterization of mono-, bi-, and few-layer systems is ongo-
ing (private communication) and the full potential of this
new 2D material is yet to be unveiled. A more commonly
known molecular network is the metal-phthalocyanine
(MPc) system, also classified as metal-organic framework
(MOF), which typically consists of a transition metal
atom at the center surrounded by an organic framework,
for example, phthalocyanine. In MPc, the transition
metal ion holds a local spin magnetic moment whose
value depends on the specific element. This gives it ad-
vantages in tunable electronic and magnetic properties
by cation substitution [22–25]. One of the applications of
MPc molecules is to control field-effect transistor charac-
teristics made from 2D transistion metal dichalcogenides
(TMDs) [26]. In physisorbed MPc with different metal
ions on TDMs, one can n-dope or p-dope TMDs. MPc
molecules can also stack into chain configuration to form
1D spin chains [27, 28], which maybe be useful for quan-
tum information science.

MnPc molecules also show interesting physics in inter-
actions with substrates. For example, it has been demon-
strated that a highly spin-polarized interface, also known
as spinterface [30, 31], can be formed between MnPc and
a Co substrate. [32] Long-range magnetic ordering via
an Au substrate between MnPc and iron phtalocyanine
(FePc) has been realized [33]. In the bulk form of MPc,
the molecules are bonded by a Van der Waals force mak-
ing it a 2D molecular crystal. Depending on the stacking
angle, which will be discussed in more detail in a later sec-
tion, the magnetic properties change [29, 34]. There also
exist polymeric MnPc (poly-MnPc) monolayers that have
been synthesized by Koudia et al. [23], although the size
of the poly-MnPc monolayer is only 10 nm× 10 nm. We
note that MnPc molecules are bonded covalently within
a poly-MnPc monolayer. Wang et al. [25] studied mono-
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layer poly-MnPc, revealing their magnetism and a mag-
netic phase transition due to electrostatic gating. Despite
much research on molecular MnPc films, it is unclear
how poly-MnPc films stack and interact in terms of mag-
netism and electronic structure, which is essential infor-
mation for these materials to be promising candidates as
building blocks of molecular electronics/spintronics de-
vices.

Motivated by the fundamental understanding of mag-
netic interactions in molecular magnetic systems, this
work focuses on the stacking pattern and magnetic cou-
pling in manganese phthalocyanine (MnPc). Previ-
ous work has reported magnetic interactions in bulk
form [29]. In this study, we investigate structural, elec-
tronic, and magnetic properties of bilayer polymeric and
molecular MnPc based on first-principles simulations
within Kohn-Sham density functional theory (DFT).
[35, 36] We report low-energy interlayer stackings and
the magnetic configuration in the ground state for bi-
layer poly-MnPc. Exchange coupling parameters are fit
to a classical spin Hamiltonian for the most stable bilayer
poly-MnPc with DFT total energies in different magnetic
configurations, followed by our analysis of magnetic cou-
pling pathways in the bilayer poly-MnPc with the aid of
Wannier functions. Lastly, a comparison between poly-
meric and molecular forms is discussed.

II. COMPUTATIONAL METHOD

Our calculations are based on spin-dependent DFT as
implemented in the Vienna Ab Initio Simulation Pack-
age (VASP) [37, 38]. We set the energy cutoff for plane
waves to be 450 eV. We sampled the reciprocal space by
a 9 × 9 × 1 (4 × 4 × 1) Monkhorst-Pack k-point mesh
[39] for 1 × 1 unit cells of bilayer polymeric (molecular)
MnPc. For 2×2 supercells of bilayer poly-MnPc, we sam-
pled the reciprocal space by a 5× 5× 1 Monkhorst-Pack
k-point mesh. We adopted the exchange correlation en-
ergy functional optB86b proposed by Klimes et al. [40]
to include van der Waals interactions between two MnPc
layers and projector augmented wave (PAW) pseudopo-
tentials [41]. We checked that the energy difference be-
tween the FM state and the AFM state is converged. The
energy tolerance of electronic self-consistency and the
force tolerance were set to 10−5 eV and 0.02 eV/Å respec-
tively for the stable stacking search. All other calcula-
tions use an energy tolerance of 10−8 eV and a force toler-
ance of 0.01 eV/Å. When using the DFT+U method [42]
we applied U = 4.0 eV and J = 1.0 eV for Mn d or-
bitals to better describe the magnetic properties[25].
The DFT+U method was not used during ionic relax-
ation. We obtained maximally localized Wannier func-
tions (WF) [43, 44] for the energy bands around the
Fermi level using the Wannier90 package [45].

III. RESULTS AND DISCUSSION

A. Stable Interlayer Stacking

As shown in Fig. 1a, a single MPc molecule has in the
center a transition metal atom M, which could be Mn,
Fe, Co, Ni, Cu, etc. In Fig. 1a, we mark two nitrogen
atoms by N1 and N2 respectively. N1 (N2) is one of the
four pyrrole (azamethine) nitrogen atoms. Transition-
metal-atom chains are formed in MPc molecular crystals
and thin films when MPc molecules are stacked together.
Various stackings are characterized by the angle θ be-
tween a metal chain and the plane of the molecule, as
shown in Fig. 4b. Two stacking phases have been widely
established in MPc materials, denoted α and β, where
the α phase has θ ≈ 65◦ and β has θ ≈ 45◦ [18]. For the
α phase, two sub-models of stacking have been proposed
[18], the so-called α+ model, where the stacking direction
is along the line connecting the M-N1 line, and the α×
model, where the stacking is along the M-N2 line. It is
noteworthy that in all of these three stackings there is no
relative rotation about the normal of the MPc molecu-
lar plane . In the following, we examine stable stackings
position in bilayer poly-MnPc and compare them with
the above-mentioned stackings in MPc molecular crys-
tals and thin films.

FIG. 1. Schematics of (a) a MPc molecule and (b) a unit cell
of poly-MnPc monolayer.

Ignoring a rotation in the MnPc plane, we character-
ize the stacking in bilayer poly-MnPc by the relative in-
plane shift δ = δxax + δyay where ax/y is the lattice
vector in the x/y-direction (see Fig. 1b). For each rela-
tive shift, we constrain the x- and y-coordinates of Mn
atoms and relax all the other degrees of freedom except
the cell parameters, which are energetically optimal at
zero relative shift. Afterward, we calculate the binding
energy Eb = E2 − 2E1, where E2 and E1 are the en-
ergies of bilayer poly-MnPc and monolayer poly-MnPc
respectively. The bilayer poly-MnPc is always held in
the ferromagnetic state to yield consistent binding en-
ergies. Given the four-fold rotational symmetry and a
mirror-plane symmetry of monolayer poly-MnPc, it is
sufficient to shift the top layer within 1/8 of the unit
cell, 0 ≤ δy ≤ δx ≤ 1/2, as highlighted in Fig. 1b.
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Fig. 2a shows the binding energy Eb as a function of δx
and δy. Stable stackings correspond to local minima of
Eb(δx, δy). As seen from the figure, there are three sta-
ble stackings, at (δx, δy) ≈ (0.25, 0.25), (0.5, 0.15), and
(0.15, 0.00). A careful search shows that the most stable
stacking is of α+ type with a stacking angle θ = 61.1◦

(see Fig. 2b). The next most stable stacking, 98 meV
higher in energy, is of α× type with θ = 40.2◦. The
interlayer distance is about 3.17 Å for both α+ and α×
stackings at their minimum energy angle. We determine
the interlayer distance by averaging the z-coordinate of
all atoms except Mn atoms, because a Mn atom in the
top (bottom) layer lies below (above) the molecular plane
by about 0.1 Å (see Fig. 4). Such a structural distortion
is not present in monolayer poly-MnPc, and thus it is
likely due to the asymmetrical chemical environment in
the out-of-plane direction around each Mn atom. For
the most stable stacking, we relax the lattice constants
further and find ax = 10.640 Å and ay = 10.638 Å.
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FIG. 2. Binding energy Eb of bilayer poly-MnPc as a function
of (a) relative shift in fractional units between the two MnPc
layers and (b) stacking angle θ.

Next, we examine how the above-mentioned structural
distortion affects the local electronic structure of Mn

atoms. For this purpose, we compare the spin-dependent
projected density of states (PDOS) of 3d orbitals of a Mn
atom between monolayer and bilayer poly-MnPc. The
PDOS of dxy and dx2−y2 orbitals for bilayer poly-MnPc
are almost the same as those for monolayer poly-MnPc.
Among dyz, dxz, and dz2 orbitals, dz2 orbital has the most
significant changes in the PDOS. As shown in Fig. 3a, the
spin-up (spin-down) PDOS for monolayer poly-MnPc ex-
hibits a sharp peak at −4.15 (1.06) eV relative to the
Fermi level. When the Mn atom moves out of the molec-
ular plane in bilayer poly-MnPc, three notable changes
in the PDOS of dz2 orbital occur. 1) The spin-up PDOS
peak at −4.15 eV splits into two peaks. The first one
is still at around −4.15 eV and the second one is at
−3.76 eV. As highlighted in Figs. 3a and 3b, the sec-
ond PDOS peak is coincident with a PDOS plateau of pz
orbitals of pyrrole N atoms. This evidences that the Mn
dz2 orbital is hybridized with the pz orbitals of pyrrole
N atoms. Such a dz2-pz hybridization can also be seen
from the following two additional notable changes. 2)
The spin-down PDOS peak at 1.06 eV splits into several
peaks, which spread over a wide energy range. 3) A new
PDOS peak occurs at −2.40 eV in the spin-up channel.

FIG. 3. PDOS of (a) dz2 orbital of a Mn atom for both
monolayer and bilayer poly-MnPc and (b) s and p orbitals of
the four pyrrole N atoms bonded with the Mn atom for bilayer
poly-MnPc. The positive and negative numbers indicate spin-
up and spin-down channel respectively. The Fermi level is set
to zero.

B. Magnetic Configurations

In this section, we present collinear DFT simulation re-
sults for different magnetic configurations in bilayer poly-
MnPc. Our calculations are based on a 2 × 2 supercell
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(see Figs. 4a and 4b), which should be large enough for
determining the ground-state intralayer magnetic con-
figuration since the 1st and the 2nd nearest neighbor
intralayer exchange coupling parameters are dominant
[25]. We examine three intralayer magnetic configura-
tions: a ferromagnetic configuration, a Néel antiferro-
magnetic (NAF) configuration, and a collinear antiferro-
magnetic (CAF) configuration. In the NAF configura-
tion, all nearest neighbor spins are antiparallel to each
other, while in the CAF configuration there are rows
of parallel spins, with two adjacent rows antiparallel to
each other. The interlayer magnetic ordering we denote
a ferromagnetic/antiferromagnetic (FM/AF) configura-
tion if the spin of every Mn atom in one layer is par-
allel/antiparallel to the spin of the nearest Mn atom in
the other layer. Fig. 4a illustrates a magnetic configu-
ration denoted udduuddu, in which u/d stands for spin
up/down for a Mn atom, and the first four/last four let-
ters are for the four Mn atoms in the bottom/top layer.
In this case, the intralayer magnetic configuration is NAF
within both MnPc layers, and the interlayer magnetic
configuration is FM. Table I shows DFT total energies for
eight magnetic configurations before and after relaxation:
In the first set of calculations, we fix lattice constants and
atomic positions to be those of the uuuuuuuu magnetic
configuration, and the resulting energy differences are
purely from magnetic interactions. In the second set of
calculations, we relax both lattice constants and atomic
positions for each magnetic configuration, and the result-
ing energies, which are those given in parentheses, include
contributions from both structural change and magnetic
interactions. The energy of the udduuddu configuration
in the second set of calculations is overall lowest, and
thus set to zero as a reference.

FIG. 4. (a) Top view of the bilayer poly-MnPc with an illus-
tration of the ground-state magnetic configuration udduuddu.
(b) Side view of 2× 2 supercell.

MC
Intralayer

MC
Interlayer

MC
E (meV) M (µB)

udduuddu NAF-NAF FM 11 (0) 0.0

uddu duud NAF-NAF AF 706 (589) 0.0

udududud CAF-CAF FM 116 (127) 0.0

udud dudu CAF-CAF AF 499 (383) 0.0

uudd uudd CAF-CAF FM 191 (205) 0.0

uudd dduu CAF-CAF AF 465 (357) 0.0

uuuuuuuu FM-FM FM 138 (136) 24.9

uuuu dddd FM-FM AF 482 (398) 0.0

TABLE I. Total energies and magnetic moments of bilayer
poly-MnPc in different magnetic configurations (MCs) The
numbers in parentheses are results after structural relaxation.

When bilayer poly-MnPc is in the ground state
(udduuddu), each layer is NAF and the whole system is
semiconducting with an indirect band gap (see Fig. 5a) of
11 meV. The NAF magnetic configuration of each layer
is different from the ground-state magnetic configuration
of suspended monolayer poly-MnPc, which is CAF [25].
As such, the interlayer coupling appears to influence the
intralayer magnetic state. If we remove one poly-MnPc
layer, we find that the remaining poly-MnPc layer (with
fixed atomic positions) is metallic in the NAF state (see
Fig. 5b). This, surprisingly, indicates that interlayer cou-
pling plays an important role in rendering bilayer poly-
MnPc a semiconductor. Our results clearly show that
bilayer poly-MnPc differs from monolayer poly-MnPc in
both magnetic and electronic properties.

As shown in Fig. 6a, FM bilayer poly-MnPc is metal-
lic. Therefore, bilayer poly-MnPc should undergo a
semiconductor-to-metal phase transition when it is sub-
ject to an increasing magnetic field. Roughly speaking,
the magnetic field required to induce such a phase transi-
tion is 94.4 T = 136 meV/24.9µB , where 136 meV is the
energy difference between the FM state and the ground
state (per 2 × 2 supercell) and 24.9µB is the magnetic
moment of the FM state (per 2× 2 supercell). Although
FM monolayer poly-MnPc is half-metallic [24, 25] (see
also Fig. 6b), FM bilayer poly-MnPc is metallic in both
spin channels. The spin-up conduction band, which is
completely empty in FM monolayer poly-MnPc, becomes
partially occupied in the FM bilayer poly-MnPc. As elec-
trons migrate from the spin-down channel to the spin-up
channel, the imbalance between the two spin channels
increases. Consequently, the average magnetic moment
per Mn atom increases from 3.0µB to 3.1 ≈ 24.9/8µB .

C. Magnetic Coupling Constants

From the DFT energies of different magnetic config-
urations, we estimate exchange coupling constants us-
ing a phenomenological Heisenberg model with spins
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FIG. 5. Band Structure of (a) bilayer poly-MnPc in the
ground state with the udduuddu magnetic configuration and
(b) monolayer poly-MnPc (taken from the bilayer poly-MnPc
without further relaxation) with the uddumagnetic configura-
tion. The spin-up energy bands are identical to the spin-down
energy bands. The zoomed-in upper inset in panel (a) shows
an indirect band gap. The lower inset in panel (a) illustrates
the k-point path.

treated classically. The model Hamiltonian is given by
H = Hintra + Hinter, where Hinter contains the interac-
tions among Mn atoms within a layer and Hinter the mag-
netic interaction between different layers,

Hintra =
1

2

(
J1
∑
〈ij〉1x

SiSj + J2
∑
〈ij〉1y

SiSj + J3
∑
〈ij〉2

SiSj

)
,

(1)

Hinter =
1

2

(
J4
∑
〈ij〉1

SiSj + J5
∑
〈ij〉2

SiSj +

J6
∑
〈ij〉3

SiSj + J7
∑
〈ij〉4

SiSj

)
. (2)

J1 through J3 thus characterize intralayer couplings and
J4 through J7 represent interlayer couplings. 〈ij〉n de-
notes that site i is the nth nearest neighbor of site j.
The rank n of nth nearest neighbor is determined sepa-
rately within a layer and between different layers. 〈ij〉1x/y
denotes that the two sites are nearest neighbors along
the x/y direction. Due to the relative shift along the
x-direction between two poly-MnPc layers, we introduce
two separate exchange coupling constants for the near-
est neighbor intralayer interaction, namely J1 along the
x-direction and J2 along the y-direction. The pairs of
Mn atoms for each exchange coupling constant are tabu-
lated in Table II together with the corresponding Mn-Mn
distance.

FIG. 6. Band structures of (a) bilayer and (b) monolayer poly-
MnPc in the ferromagnetic state. The blue line represents the
spin-up bands and red indicates the spin-down bands. The
Fermi level is set to zero.

Coupling Coupling Pairs L (Å) Value (meV)

J1 {1,2},{3,4},{5,6},{7,8} 10.64 −0.77 (-0.05)

J2 {1,3},{2,4},{5,7},{6,8} 10.64 −1.92 (−1.50)

J3 {1,4},{2,3},{5,8},{6,7} 15.05 0.91 (0.71)

J4 {1,5},{2,6},{3,7},{4,8} 3.21 −23.55 (−17.5)

J5 {1,6},{2,5},{3,8},{4,7} 9.51 6.40 (5.98)

J6 {1,7},{2,8},{3,5},{4,6} 11.11 3.34 (3.11)

J7 {1,8},{2,7},{3,6},{4,5} 14.27 −5.29 (−6.14)

TABLE II. Fit exchange coupling constants of the phe-
nomenological classical Heisenberg model. The indices of
eight Mn atoms are defined in Fig. 4a. L is the separation be-
tween two Mn atoms. The numbers in parentheses are results
after structural relaxation.

Using the magnetic configurations presented in Sec-
tion III B, we set up eight linear equations to solve the
seven exchange coupling constants and an additional en-
ergy constant which is not due to exchange interaction.
The calculated exchange coupling constants are given in
Table II. The interlayer exchange couplings J4 to J7 are
stronger than the intralayer exchange couplings J1 to J3.
The nearest-neighbor interlayer coupling constant J4 is
largest in magnitude, and its negative sign signifies fer-
romagnetic coupling. J2 is the strongest intralayer cou-
pling constant, and it is more than a factor of 10 times
smaller than J4 in magnitude. J1 differs from J2, which
manifests the broken symmetry due to the relative shift
between the two poly-MnPc layers.

We also simulated bilayer molecular MnPc in the
atomic structure reported by Yamada et al. [29] using
a rhombic unit cell with lattice constants of 17.6 Å and
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82◦. The interlayer stacking in bilayer molecular MnPc
is also α+ [46], and the stacking angle is 60.7◦ (63.7◦)
in the FM (AFM) state after structural relaxation. Ac-
cording to our calculations, the FM state is 182 meV
lower in energy than the AFM state with each state in its
relaxed structure, and the intralayer exchange coupling
constants are less than 2µeV. The interlayer exchange
coupling constant is −63.46 meV with fixed atomic po-
sitions which are relaxed in the FM configuration (the
ground state). This reduces to −40.39 meV if we further
relax the atomic positions for the AFM magnetic config-
uration. These results are close to previous DFT find-
ings [46]. However, our calculated interlayer exchange
coupling constant for bilayer molecular MnPc is much
larger than the experimental value (∼ 1 meV) for molec-
ular crystals of MnPc. [47]. It is not known if such a
difference is due to reduction in the length of the Mn
chain, and further studies are needed to explain this.

One related observation in our calculations is that cer-
tain d-orbital occupation matrix elements differ signifi-
cantly between the (interlayer) FM and AFM states. It is
noteworthy that such differences are stabilized by struc-
tural relaxation for both FM and AFM states. For ex-
ample, Eq. (3) and Eq. (4) show the spin-down d-orbital

occupation matrix D↓FM (D↓AFM) of Mn atoms of bilayer
molecular MnPc FM and AFM configurations,

D↓FM =


0.06 0.00 0.00 0.00 0.08

0.00 0.16 0.01 0.00 0.00
0.00 0.01 0.10 0.07 −0.01

0.00 0.00 0.07 0.17 −0.01
0.08 0.00 −0.01 −0.01 0.32

 (3)

D↓AFM =


0.06 0.00 0.00 0.00 0.08

0.00 0.35 0.00 −0.04 0.00
0.00 0.00 0.06 0.00 −0.01

0.00 −0.04 0.00 0.06 0.00
0.08 0.00 −0.01 0.00 0.32

 (4)

The d orbitals in the occupation matrix are in the or-
der dxy, dyz, dz2 , dxz, and dx2−y2 . As highlighted in
Eqs. (3( and (4), the diagonal matrix element correspond-
ing to the dyz (dxz) orbital changes by as much as 0.19
(0.11). In comparison, the change in the d-orbital occu-
pation matrix elements is no larger than 0.05 for bilayer
poly-MnPc as the magnetic configuration changes from
udduuddu to uddu duud. As such, the large value of the
calculated exchange coupling constant seems to be cor-
related with changes in the d-orbital occupation matrix.

D. Magnetic Coupling Pathway

We report here the dominant coupling pathway be-
tween layers based on Wannier analysis using a 1 × 1
unit cell. The inner and outer energy windows were re-
spectively set to [−1.74 : 0.19] eV and [−1.74 : 1.00] eV
relative to the Fermi level. We obtained four Wannier
functions since there are four energy bands in the inner

energy window. As shown in Figs. 7a–7d, the Wannier
functions extend along the −a, +a, −b, and +b directions
respectively. The first (last) two Wannier functions ex-
hibit anti-bonding (bonding) between the organic part of
the two layers. There is no evidence of direct interlayer
coupling via neighboring Mn atoms.

FIG. 7. Four Wannier functions below the Fermi level. The
isosurface value is ±2 Å

−3/2
. Yellow is for positive values and

cyan for negative values.

To reveal more details of the interlayer coupling, we
examine three cross sections of the Wannier function in
Fig. 7a using colormap. As seen from the colormap in
Fig. 8, there is strong hybridization between d orbitals
of Mn atoms and π orbitals from surrounding N and C
atoms; and the interlayer coupling is mainly through the
π orbitals of C and N atoms. Such observations are valid
for the other three Wannier functions as well. It is note-
worthy that the d orbitals of Mn atoms are anti-bonding
with the π orbitals for all the four Wannier functions.

IV. MAGNETIC ANISOTROPY ENERGY

Finally, we examine the magnetic anisotropy energy of
FM bilayer poly-MnPc using a 1 × 1 unit cell. Fig. 9
shows the energy difference ∆E = [E(θ)−E(θ = 0◦)]/2,
where E(θ) is the DFT energy as a function of polar an-
gle θ of the local spins. The azimuthal angle φ is fixed
at zero. The local spins are perpendicular to (parallel
with) the molecular plane when θ = 0◦/180◦ (θ = 90◦).
The factor of 2 in the denominator is the number of Mn
atoms in a unit cell. Note that the two Mn atoms con-
tribute equally to spin orbit coupling (SOC) energy. The
system has its lowest (highest) energy when θ is around
0◦/180◦ (90◦). Due to the asymmetric structure along
the z direction, the values of ∆E are slightly higher with
polar angles less than 90◦ than the values with the an-
gles beyond 90◦. The magnetic anisotropy energy MAE
is about 1.0 meV (∆E(θ = 85◦)). At θ = 90◦, we rotate
the spins by varying φ with steps of 30◦ and find that
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FIG. 8. Cross-sectional images of the same Wannier function
with a Mn atom of (a) the top layer and (c) the bottom layer.
(b) The cross-sectional image is between the two poly-MnPc

layers. Units for the colorbar scale are Å
−3/2

.

FIG. 9. Relative energy per Mn atom versus the direction of
spins for FM bilayer poly-MnPc in a 1× 1 unit cell.

the change in energy is smaller than 40µeV: the system
has a magnetic easy axis almost perpendicular to the
molecular plane, and the in-plane magnetic anisotropy is
negligibly small. The total orbital moment of each Mn
atom at (θ = 0◦, φ = 0◦) is 0.007µB .

V. CONCLUSION AND DISCUSSION

In this work, we performed DFT studies of bilayer
MnPc molecules and polymeric sheets. We found that
in the ground state there is a relative shift of the top
layer by ∼ 1/8 of the x-axis lattice vector with respect
to the bottom layer with a stacking angle of 61.1◦ in the
α+ stacking model. In the ground state, bilayer poly-
MnPc is an indirect band gap semiconductor with fer-
romagnetic interlayer magnetic ordering and Néel anti-
ferromagnetic magnetic ordering in each layer. The in-
direct band gap is 11 meV. In the ferromagnetic state,
which is 136 meV higher in energy, bilayer poly-MnPc
is a normal metal with enhanced average magnetic mo-
ment per Mn atom (3.1µB). We found that interlayer
exchange couplings are much stronger than intralayer ex-
change couplings. According to our Wannier analysis,
the strongest inter-layer magnetic coupling path is via π
orbitals of surrounding carbon atoms. In bilayer MnPc
molecules, we reveal a strong dependence of d-orbital oc-
cupation on the interlayer magnetic configuration. Com-
pared with bilayer polymeric MnPc, a bigger change in
the d-orbital occupation results in stronger interlayer ex-
change coupling in bilayer molecular MnPc. Mn atoms
move out of the molecular plane in bilayer poly-MnPc re-
sulting in hybridization between dz2 orbitals of Mn atoms
and pz orbitals of the surrounding N atoms. The mag-
netic anisotropy was investigated for bilayer poly-MnPc,
showing that the easy axis is almost perpendicular to
the molecular plane with a magnetic anisotropy energy
of 1.0 meV per Mn atom.
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