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Magnetic phase transition induced by electrostatic gating in two-dimensional square
metal-organic frameworks
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We investigate theoretically magnetism and magnetic phase transitions induced by electrostatic gating of
two-dimensional square metal-organic framework compounds. We find that electrostatic gating can induce phase
transitions between homogeneous ferromagnetic and various spin-textured antiferromagnetic states. Electronic
structure and Wannier function analysis can reveal hybridizations between transition-metal d orbitals and
conjugated π orbitals in the organic framework. Mn-containing compounds exhibit a strong d-π hybridization
that leads to partially occupied spin-minority bands, in contrast to compounds containing transition-metal ions
other than Mn, for which electronic structure around the Fermi energy is only slightly spin split due to weak d-π
hybridization and the magnetic interaction is of the Ruderman-Kittel-Kasuya-Yosida type. We use a ferromagnetic
Kondo lattice model to understand the phase transition in Mn-containing compounds in terms of carrier density
and illuminate the complexity and the potential to control two-dimensional magnetization.
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I. INTRODUCTION

Two-dimensional (2D) magnetism is a versatile area within
condensed matter physics. Parent compounds of high-Tc su-
perconducting cuprates and iron pnictides exhibit 2D spin-
textured antiferromagnetic states [1,2], Anderson’s spin liquid
state [3] is realized in various 2D frustrated magnets, and
transitions between magnetic phases underlies unconventional
superconductivity [4] and the colossal magnetoresistance phe-
nomenon [5]. Carrier density acts as a parameter for tuning
magnetic phases where itinerant carriers are deeply involved
in conducting magnetic interactions. Besides chemical doping,
with doped manganites as examples [5], electrostatic gating,
naturally suitable for 2D materials, is another approach for
tuning carrier density hence the magnetic phase. Studies of
phase diagrams and transitions of 2D magnetic materials
deepen our understanding of 2D magnets and pave the way
for their applications in spintronics.

The 2D metal-organic framework (MOF) has gained at-
tention in the chemistry community with applications in gas
separation and storage, optoelectric devices and membranes
[6], and later in the physics community for magnetism in
transition-metal-containing compounds [7]. 2D MOF magnets
with square structure exhibit a more complex phase diagram
[8] than those with triangular and kagome lattices; besides a
geometrically frustrated state, square 2D MOF can also exhibit
various antiferromagnetic states [8]. Square 2D MOFs consist
of planar monomers covalently connected in both directions
to form a 2D sheet. Monomers comprised of pyrrole-like
units can form a coordination complex with transition-metal
(TM) ions. Each TM ion hosts a local magnetic moment
and magnetically interacts with its neighbors. For some 2D
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MOFs their organic framework preserves π conjugation and
carriers easily travel across boundaries and conduct magnetic
interactions. The most studied of square 2D MOFs is TM
embedded poly-pythalocyanine (TM-poly-Pc) [7,9–17], but
the nature of magnetic interactions in these systems is not fully
understood; the phase diagram remain largely incomplete [13],
and magnetic patterns under electrostatic gating, a common
and readily achieved experimental condition, are yet to be
explored.

Hoping to stimulate experimental activity, we study the
effect of electrostatic gating on magnetic phases of 2D square
MOFs using a first-principles approach. Our results show
that Mn-containing 2D square MOFs display electronic and
magnetic properties very different from those containing other
TM ions. Although the magnetic interactions in non-Mn-
containing MOFs fit in the Ruderman-Kittel-Kasuya-Yosida
(RKKY) picture, Mn-containing MOFs are described by the
Kondo lattice model. In this paper we report results on three
compounds, Fe-poly-Pc, Mn-poly-Pc and Mn-poly-TPP [TPP:
5,10,15,20-tetra(phenyl)porphyrin]. We discuss the origins
of magnetic interactions by analyzing electronic and spin
structure.

II. COMPUTATIONAL METHOD

Calculations were carried out using the plane-wave pseu-
dopotential approach of density functional theory (DFT)
as implemented in the QUANTUM ESPRESSO package [18],
adopting the Perdew-Burke-Ernzerhof parametrization [19] of
the generalized gradient approximation. We employed pseu-
dopotentials from the Standard Solid State Pseudopotentials
(SSSP) library [20]. Plane-wave cutoff energies of 80 Ry and a
5 × 5 × 1 k mesh were used to converge the total energies. A
15 Å-thick vacuum region was included in the unit cell to avoid
the interactions between periodic images. The strong on-site
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correlations among d orbitals in TM elements were considered
by including the Hubbard correction (DFT+U ) method [21]
withU = 4 eV andJ = 1 eV. The same values ofU andJ have
been employed in previous studies on similar 2D MOF mate-
rials [9,10,17] and transition-metal phthalocyanine molecules
[22]. Results for Mn-ploy-Pc using a different set parameters
(U = 5 eV, J = 1 eV) are presented in Appendix A. The effect
of a gate voltage was applied by using the effective screening
medium (ESM) approach [23], which imposes the electrostatic
boundary conditions of a potential applied on the metallic gate
on one side of the 2D system and vacuum on the other side.

III. RESULTS AND DISCUSSIONS

Structures of TM-poly-Pc and TM-poly-TPP are schemat-
ically shown in Fig. 1. The lattice constant of TM-poly-Pc
is 10.67 Å and for TM-poly-TPP is 17.80 Å. Each unit cell
contains one TM ion at the center. Magnetic properties of
these compounds can be represented by phenomenological
Heisenberg model,

Ĥ = J1

∑

n.n.

Ŝi · Ŝj + J2

∑

n.n.n.

Ŝi · Ŝk, (1)

where Ŝi is the spin operator of the TM ion on square
lattice site i. Besides interactions among nearest neighbors
(n.n.), we also considered non-negligible interactions with
next-nearest neighbors (n.n.n), which have been overlooked
in previous studies [9]. We performed preliminary calculations
using 2 × 2, 2 × 3, 3 × 3, and 4 × 4 supercells, which indicate
that magnetic interactions beyond the next-nearest neighbors
are at least one order of magnitude weaker than J1 or J2. These
calculations also show that the values of J1 and J2 obtained
from the total energies of FM, NAF, and CAF configurations

FIG. 1. Unit cell of transition-metal-embedded two-dimensional
square (a) poly-pythalocyanine (poly-Pc) and (b) poly-(5,10,15,20-
tetra(phenyl)porphyrin) (poly-TPP) metal-organic frameworks. The
lattice constant is 10.67 Å for TM-poly-Pc and 17.80 Å for TM-poly-
TPP.

[using equations (C4) and (C5)] agree well with those fitted
from larger supercells.

The phase diagram of a system described by Eq. (1) is
determined solely by the ratio between J1 and J2 [8]. In
the classical limit, spin quantum number S → ∞, the phase
diagram consists of three states: a ferromagnetic state (FM)
at |J2| < |J1|/2 and J1 < 0; a Néel antiferromagnetic state
(NAF) at |J2| < |J1|/2 and J1 > 0; and a striped collinear
antiferromagnetic state (CAF) at |J2| > |J1|/2 [8]. Schematics
of these magnetic states are shown in Fig. 2(g). In the quantum
regime (small S), spin-liquid states emerge at FM/CAF and
NAF/CAF phase boundaries [8].

We calculate the total energies of the FM, NAF, and CAF
magnetic configurations at different gate voltages, shown
in Figs. 2(a)–2(c). At zero gate voltage, the lowest-energy

FIG. 2. DFT total energies of the ferromagnetic (FM, circles), collinear antiferromagnetic (CAF, squares), and Néel antiferromagnetic
(NAF, triangles) configurations, for (a) Fe-poly-Pc, (b) Mn-poly-Pc, and (c) Mn-poly-TPP. Magnetic phase diagrams in the J1-J2 plane are
shown in (d), (e), and (f). Arrows denote the increase of net charge density from negative (electron-doped) to positive (hole-doped). Schematic
magnetic configurations are shown in (g).
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FIG. 3. The band structure (left panel) and density of states (right panel) of (a) Fe-poly-Pc, (b) Mn-poly-Pc, and (c) Mn-poly-TPP in the
ferromagnetic configuration. Spin-up and spin-down channels are denoted as different colors. The total density of states is denoted by dashed
lines, and that projected onto transition metal d orbitals by solid lines. The projected density of states on dxz and dyz are the same and are
emphasized by the filled regions.

magnetic configuration is CAF for Mn-poly-Pc and NAF for
both Fe-poly-Pc and Mn-poly-TPP. The relative energies of
the FM, CAF, and NAF configurations change as a function
of carrier density. For Mn-poly-Pc, the NAF configuration
remains the highest, and FM becomes the ground state at
hole density larger than 3.5 × 1013 cm−2. For Fe-poly-Pc, hole
doping does not change the ground state, and the FM state
becomes the ground state for electron doping. The CAF and
NAF states have almost the same energy in Mn-poly-TPP under
electron doping, while the FM state is the ground state for hole
doping. Phase diagrams in the J1-J2 plane are illustrated in
Figs. 2(d)–2(f). Values of J1 and J2 were calculated from total
energies of FM, CAF, and NAF configurations. This figure
summarizes the primary result of this work. We note that the
FM state was regarded as the ground state for Mn-poly-Pc by
previous studies in which the CAF spin configuration was not
considered [9]. As one can see from Fig. 2(e), the magnetic
coupling to next-nearest neighbors (J2) is of the same order of
magnitude as the nearest-neighbor coupling (J1) and plays an
important role.

Although the strength of magnetic couplings among TM
ions is affected by the choice of U and J parameters, the
magnetic phase transitions induced by electrostatic gating are
not limited to the current set of parameters. Appendix A
shows the results for Mn-poly-Pc using a different set of
parameters where the same magnetic phase transition was
observed.

Next we turn to the electronic and spin structure of 2D
MOFs in order to understand the magnetic interactions in
them. TM ions replace the two hydrogen atoms in Pc and
TPP molecules, which makes TM in the 2+ valence state.
The TM ions are in a square planar coordinate environment
(see Fig. 1), which preserves the degeneracy between dzx and
dyz orbitals. According to crystal field theory (CFT) [24], the
dzx and dyz orbitals of Mn2+(d5) and Fe2+(d6) have the lowest
energy among all the d orbitals, and the strong splitting of d

orbitals in the planar square coordination leads to a low-spin
ground state. For both Mn2+ and Fe2+ ions, four d electrons
occupy the spin-down channel. The remaining one (two) d

electrons of Mn2+ (Fe2+) occupy the dzx and dyz orbitals of
the spin-up channel. As a result the spin-up dzx and dyz orbitals

of Mn2+ are half occupied. The CFT picture was verified by
DFT+U calculations: magnetic moments of Mn and Fe ions
in 2D MOFs are, respectively, 3 μB and 2 μB , and the energy
splitting of d orbitals is as large as ∼5 eV.

Hybridization between the dzx and dzy orbitals of the TM
ions and the itinerant π orbitals of the organic framework can
be seen from the electronic structure. Because of hybridization,
the density of states projected onto dzx and dzy orbitals is
no longer in narrow peaks, but instead splits and smears
substantially (Fig. 3). Fe-poly-Pc remains a semiconductor
[Fig. 3(a)], as is the unsubstituted poly-Pc. Bands near the
energy gap largely preserve their shapes in poly-Pc. The
hybridization induces a slight spin splitting in both the valence
and conducting bands of Fe-poly-Pc. In contrast, the hy-
bridization leads to profound distortions in the band structure
of Mn-poly-Pc, which becomes metallic, with two bands in
the spin-up channel crossing the Fermi energy, as shown in
Fig. 3(b). These two bands show strong energy dispersion
with an energy band width of ∼1 eV, suggesting that they
mainly originate from the conducting band of poly-Pc. Strong
hybridization with the dzx and dyz orbitals is evidenced in the
projected density of states, see Fig. 3(b). As a result, dzx and
dzy orbitals of the Mn2+ ion in the spin-up channel become
partially occupied, consistent with the CFT picture. The same
thing happens for Mn-poly-TPP; see Fig. 3(c).

The electronic structure of Mn-poly-TPP is similar to
Mn-poly-Pc if one looks closely. The two bands closest to
the Fermi energy in the spin-up channel show almost the
same dispersion, and the DOS at this energy range shows
equal contributions from Mn-dzx and dyz orbitals. So, a partial
occupation of the spin-up band similar to Mn-poly-Pc is also
present in Mn-poly-TPP. The similarity between Mn-poly-TPP
and Mn-poly-Pc is also manifested in their phase diagram,
where both become FM at hole-doping and AF at electron
= doping.

The partial filling of dzx- and dzy-related bands is excepted
to induce a spontaneous breakdown of the degeneracy between
them and hence a breakdown of the fourfold rotational symme-
try of crystal structure. We performed structural optimizations
using the FM configuration with a square-symmetry-broken
starting geometry and also using the symmetry-breaking CAF
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FIG. 4. Wannier function corresponding to the Mn-dyz orbital in
(a) Mn-poly-Pc and (b) Mn-poly-TPP.

configuration. Calculation results show that the length of Mn-N
bonds along the x direction are different by only 0.007 Å
from those along the y direction, and the splitting of dzx- and
dyz-related bands is negligible.

The hybridization between d orbitals of TM ions and π or-
bitals of organic framework is illustrated by Wannier functions
(Fig. 4). The Hamiltonians of Mn-poly-Pc and Mn-poly-TPP
were down-folded to the two bands closest to the Fermi energy
in the spin-up channel. Results of the down-folding procedure
include two Wannier functions corresponding to the two bands
and hopping energies among these Wannier functions in dif-
ferent unit cells. The Wannier functions are centered at the Mn
site, with one dzx-like and the other dyz-like. Only the dyz-like
Wannier function for Mn-poly-Pc and for Mn-poly-TPP are
shown in Fig. 4; the dzx-like Wannier function can be obtained
by a 90◦ rotation of the dyz-like. The Wannier function of
Mn-poly-Pc spreads across the Pc monomer around the Mn
ion and reaches as far as nearest-neighbor Mn ions, resulting
in a hopping energy as large as 0.1 eV. The Wannier function of
Mn-poly-TPP is not as delocalized as in Mn-poly-Pc, due to the
larger lattice constant of Mn-poly-TPP, and the hopping energy
between nearest-neighbor Wannier functions is about 30 meV.
The difference between Wannier functions of Mn-poly-Pc
and Mn-poly-TPP summarizes the difference in their electron
structures and gives a clue to their different magnetic phases
Fig. 2.

From electronic structure, we turn to the mechanism of
magnetic interactions. The distance among TM ions is longer
than 10 Å, so that atomic d orbitals from different TM ions
do not overlap. Magnetic interactions can only be indirect.
Various indirect coupling mechanisms were proposed and
adopted in different materials. The Ruderman-Kittel-Kasuya-
Yosida (RKKY) [25–27] mechanism was used to explain the
magnetic interactions in dilute magnetic semiconductors [28]
and in magnetic/nonmagnetic metallic multilayers [29]. The
superexchange [30] and double-exchange [31] mechanisms
were proposed to explain magnetic interactions in manganites
and transition-metal oxides. Both the RKKY and double-
exchange models involve a coupling between itinerant carrier
spins and local magnetic moments, which forms one part of
the Hamiltonian; the remaining part is the kinetic energy of
itinerant electrons. The resulting Hamiltonian containing the
Kondo term and the kinetic term is referred to as the Kondo

lattice model [32],

ĤKondo =
∑

ijα,n

tij,n ĉ
†
iα,n ĉjα,n

+ JK

∑

i

Si ·
∑

αβ,n

ĉ
†
iα,n σ αβ ĉiβ,n , (2)

where n indexes itinerant electron bands; i and j are indices
of lattice sites; α and β are spin indices; and Si is the local
magnetic moment on site i. Itinerant electrons are created by
ĉ† and annihilated by ĉ. The single-band case was studied in
Refs. [32–34], and the two-band case in Ref. [35]. The Kondo
coupling JK can be measured as the spin splitting of bands
crossing the Fermi energy.

The oscillating RKKY magnetic interaction can be obtained
by taking the weak coupling limit, which entails (i) a small
Kondo coupling JK compared to the band width of itinerant
electrons, and (ii) a small number of itinerant carriers [35,36].
The opposite limit, taking the Kondo coupling to infinity and
invoking the mean-field approximation, leads to the double
exchange model [37]. The regime between the two limits
needs sophisticated methods to account for the dynamical
correlations [36].

As a semiconductor, Fe-poly-Pc has a small density of
itinerant carriers even in the presence of electrostatic gating.
As a result, Fe-poly-Pc fits in the RKKY picture. The same
argument can be applied to all the 2D MOFs studied in this
work except for Mn-poly-Pc and Mn-poly-TPP. The RKKY
magnetic coupling coefficients are inversely proportional to
the square of the distance between TM ions [38], which agrees
with the much smaller value of J2 relative to J1 [Fig. 2(d)].
The RKKY coupling is proportional to the effective mass of
the electron gas [39], which agrees with the opposite signs
of J1 in electron- and hole-doping cases. Additionally, the
RKKY coupling is proportional to the Kondo coupling JK ,
which itself is proportional to the strength of the spin splitting
of the conduction and valence bands. The magnetic coupling
J1 among Cr ions in Cr-poly-Pc is stronger than that in
Fe-poly-Pc, which agrees with the larger spin splittings of
the conduction and valence bands. The larger spin splitting
in Cr-poly-Pc is probably due to the larger magnetic moments
of Cr2+ ions (4 μB) compared wtih Fe2+ ions (2 μB).

Mn-poly-Pc exhibit a much stronger hybridization that is
manifested in the strong spin splitting ∼0.5 eV of the two
bands crossing the Fermi energy [Fig. 3(b)]. Wannier functions
corresponding to these bands, as shown in Fig. 4(a), exhibit
substantial dzx and dyz contributions. The resulting strong spin
splitting is due to the Hund’s coupling with the other d orbitals
forming the local magnetic moment. Indeed the spin splitting
is on the same order of magnitude as the Hund’s coupling of
Mn ions (∼1 eV) [40]. The phase diagram of the Kondo lattice
model of Eq. (2) was studied using various methods [32–35].
The main result is that the FM phase is the ground state in the
small electron density range, in accord with our results that
FM becomes the ground state at large hole-doping region, see
Figs. 2(b), 2(e).

A phase-separated state with coexisting electron-deficient
FM and electron-rich AF domains was predicted for the
Kondo lattice model [32]. However, we argue that the phase-
separated state is not stable in Mn-poly-Pc. First, the Coulomb
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FIG. 5. Magnetic phase transitions in Mn-poly-Pc using the
DFT+U method with U = 5 eV and J = 1 eV.

repulsion, especially the Coulomb tail, destabilizes macro-
scopic phase separation [41,42]; screening is largely weakened
in 2D systems, which makes the situation more severe than in
manganites and cuprates. Second, in doped manganites one
can not exclude contributions from the inhomogeneity due to
dopant ions. No such inhomogeneity exists in 2D MOFs studies
in this work.

IV. CONCLUSION

We have investigated the magnetic phase transitions of
2D metal-organic frameworks under electrostatic gating using
first-principles methods. Electrostatic gating is an efficient
approach for tuning the magnetic order of 2D materials.

Analysis of electronic structure shows a strong hybridiza-
tion between dzx , dyz orbitals of transition-metal ions and the

π orbital of the organic framework. The degeneracy of dzx ,
dyz orbitals entails the partial filling of dzx- and dyz-related
bands in Mn-containing compounds. The Kondo lattice model
was adopted to understand the complex magnetic interactions
in Mn-containing MOFs. The magnetic interaction in semi-
conducting non-Mn-containing MOFs agrees with the RKKY
mechanism. Our contributions are, (i) we have demonstrated
that the magnetic phase transition induced by electrostatic
gating can be engineered by changing the transition-metal
ion or by changing the organic framework; (ii) we have
revealed the microscopic mechanism of magnetic couplings
and phase transitions in these materials; and we clearly show
that magnetic coupling among next-nearest neighbors is not
negligible in Mn-containing compounds.
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APPENDIX A: MAGNETIC PHASE TRANSITIONS IN
Mn-poly-Pc USING A DIFFERENT SET OF (U , J) VALUES

We performed DFT+U calculations on Mn-poly-Pc using
U = 5 eV and J = 1 eV. The energies of different phases
as a function of gate voltages [Fig. 5(a)] and the magnetic
phase transitions induced by the gate voltage [Fig. 5(b)]

FIG. 6. Band structures of H2-poly-Pc, TM-poly-Pc, H2-poly-TPP, and TM-poly-TPP, with TM=Cr, Mn, Fe, Co, and Ni. TM-poly-Pc and
TM-poly-TPP are in the ferromagnetic configuration.

115419-5



WANG, LI, LIU, FRY, AND CHENG PHYSICAL REVIEW B 97, 115419 (2018)

are similar to Figs. 2(b), 2(e) in the main text, respectively.
This additional calculation confirms that the magnetic phase
transitions induced by gate voltages are not limited to the (U ,
J ) parameters used in the main text.

APPENDIX B: BAND STRUCTURES OF OTHER MOFs

The band structures of H2-poly-Pc, TM-poly-Pc, H2-poly-
TPP, and TM-poly-TPP, with TM = Cr, Mn, Fe, Co, and Ni,
are shown in Fig. 6. The calculated magnetic moments of
TM ions are 4, 3, 2, 1, and 0 μB per Cr2+ (d4), Mn2+ (d5),
Fe2+ (d6), Co2+ (d7), and Ni2+ (d8), in both TM-poly-TPP and
TM-poly-Pc. By comparing the band structure of H2-poly-Pc
with TM-poly-Pc, we can understand the evolution of band
structure with transition-metal ion substitutions. First, let us
look at the energy band gap. H2-poly-Pc is a semiconductor
with a band gap of ∼0.15 eV. All TM-poly-Pc, except Mn-
poly-Pc, are also semiconductors; the band structure of Mn-
poly-Pc is discussed in the main text. Second, let us look at the
dispersions of bands. Both the valence band and conducting
band of H2-poly-Pc are highly dispersive with a band width
larger than 1 eV, which suggests that they originate from
delocalized π orbitals of the organic framework. These highly
dispersive bands are inherited by TM-poly-Pc, but their shapes
are modified by strong hybridizations with TM-d orbitals.
Spin splitting induced by TM ions is commonly seen from
the band structure. Bands of H2-poly-TPP are less dispersive
than those of H2-poly-Pc. TM-poly-TPP shows spin splitting
or addition of flat bands from TM ion d orbitals compared to
H2-poly-TPP.

APPENDIX C: MAGNETIC PHASE DIAGRAMS

In this section, we present results for the Cr-containing
compounds Cr-poly-Pc and Cr-poly-TPP.

We calculated the total energies of Cr-poly-Pc and Cr-poly-
TPP in the ferromagnetic (FM), collinear antiferromagnetic
(CAF), and Néel antiferromagnetic (NAF) configurations as
a function of net charge density; see Figs. 7(a) and 7(b).
Cr-poly-Pc [Fig. 7(a)] is similar to Fe-poly-Pc [Fig. 2(a) in
main text], in that the FM state is the ground state on the
electron-doping side and the NAF state is the ground state
on the hole-doping side. Cr-poly-TPP [Fig. 7(b)] also exhibits
the FM ground state on the electron-doping side; however, on
the hole-doping side, all three states FM, CAF, and NAF of
Cr-poly-TPP have the same energy, which can be explained
by its band structure. Cr-poly-TPP is a semiconductor with
a dispersive conduction band (originating from the organic
framework) and a dispersionless valence band (originated from
Cr ions), see Fig. 6. On electron doping, its Fermi energy moves
upwards to the dispersive conduction band, and magnetic
interactions can be effectively conducted by electrons of the
organic framework. On the hole-doping side, its Fermi energy
moves downwards, into the dispersionless valence band, which
contributes little to magnetic interactions.

We can understand the Cr-poly-Pc and Cr-poly-TPP com-
pounds using the model of Eq. (1) of the main text, writing the
total energy as the sum of a term independent on magnetism,
denoted as E0, and two other terms corresponding to magnetic
interactions among TM ions. The expression of the total

FIG. 7. Magnetic properties of Cr-poly-Pc and Cr-poly-TPP. To-
tal energies of Cr-poly-Pc and Cr-poly-TPP in the FM, CAF, and NAF
configurations are shown in (a) and (b), and magnetic phase diagrams
in the J1-J2 plane of Cr-poly-Pc and Cr-poly-TPP are shown in (c)
and (d).

energy at the FM, CAF, and NAF configurations [schematics
of magnetic configurations are shown in Fig. 2(g) of the main
text] are

EFM = E0 + 8J1S
2 + 8J2S

2, (C1)

ECAF = E0 − 8J2S
2, (C2)

and

ENAF = E0 − 8J1S
2 + 8J2S

2. (C3)

where S is the spin quantum number at each TM site (S = 2
for Cr2+ ions). The values of J1 and J2 can be calculated from
EFM, ECAF, and ENAF,

J1 = 1

16S2
(EFM − ENAF), (C4)

and

J2 = 1

32S2
(EFM + ENAF − 2ECAF). (C5)

The values of J1 and J2 of Cr-poly-Pc and Cr-poly-TPP are
plotted in Figs. 7(c) and 7(d). The similarity between Cr-
poly-Pc [Fig. 7(c)] and Fe-poly-Pc [Fig. 2(d)] becomes clear.
In fact, all three compounds, Cr-poly-Pc, Cr-poly-TPP, and
Fe-poly-Pc share two features: first, as the electronic doping
changes from electron doping to hole doping, the value of J1

evolves from negative to positive; and second, the value of
J2 is always close to zero. Note that the Mn-containing com-
pounds Mn-poly-Pc and Mn-poly-TPP, do not exhibit these two
features.
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