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ABSTRACT: Motivated by the recent success in synthesizing two-dimen-
sional Fe-phthalocyanine (poly-FePc) porous sheets, we studied strain-induced i
spin crossover in poly-TMPc (TM = Mn, Fe, Co, and Ni) systems by using
first-principle calculations based on density functional theory. A small amount
of biaxial tensile strain is found to not only significantly enhance the magnetic
moment of the central TM atoms by 2 pz when the strain reaches a critical
value, but also the systems undergo low-spin (LS) to high-spin (HS)
transition. These systems, however, show different response to strain, namely,
poly-FePc sheet becomes ferromagnetic (FM) while poly-MnPc and poly-NiPc
sheets become antiferromagnetic (AFM). Poly-CoPc, on the other hand,
remains AFM. These predicted results can be observed in suspended poly-
TMPc sheets by using scanning tunneling microscope (STM) tips to

manipulate strain.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

A novel two-dimensional (2D) Fe embedded phthalocya-
nine (poly-FePc) organometallic porous sheet has been
recently fabricated by Abel et al." This provides the flexibility
for synthesizing diverse TM-phthalocyanine-based (TMPc)
organometallic sheets (poly-TMPc), since the central Fe atom
can be easily substituted by other transition metal (TM)
atoms." The advantage of these systems is that the TM atoms
are uniformly and separately distributed without clustering, and
display well-fined geometry and magnetic properties. These
systems are very different from the traditional dilute magnetic
semiconductor (DMS) such as Ga(Mn,As) whose micro-
structure and magnetic behavior highly depend on the synthesis
process.” Therefore, the poly-TMPc sheets are unique as
compared with DMS, TM-doped graphene sheet, or BN sheet,
showing great potential for applications in hydrogen storage,’
CO, capture,* and spintronics."”* In our previous study,”® we
systematically explored the magnetic properties of poly-TMPc
sheets with 3d TM atoms (TM = Cr—Zn), and found that with
the exception of TM = Ni and Zn which have a nonmagnetic
(NM) ground state, the other TMPc sheets are magnetic. Each
of the TM atoms, Cr, Mn, Fe, Co, Ni, Cu, and Zn, carries
approximately 4, 3, 2, 1, 0, 1, and 0 yp magnetic moment,
respectively. Moreover, MnPc sheet is ferromagnetic (FM),
while for other sheets with TM = Cr, Fe, Co, and Cu, the
coupling is antiferromagnetic (AFM). Since the interatomic
separation between the TM atoms often determines their
magnetic moment and coupling, we wondered if the magnetic
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properties of these systems can be further tuned by external
strain.

In this study we show that spin crossover (SCO) transition
from a low-spin (LS) state to a high-spin (HS) state can be
induced in the poly-TMPc sheets (where TM = Mn—Ni) by an
external biaxial tensile strain. Conventional SCO has been
observed in some single molecular magnets, which can be
modulated mainly through temperature, irradiation, pressure,
and external magnetic field.5™"" These molecules are generally
composed of Fe or Co atoms coordinated with some ligands
such as dithiocarbamate, where the TM atoms are in octahedral
crystal field. Since the separated HS and LS states can be
viewed as the two states of memory devices, the fast transition
between the two states would provide high efficiency and high
sensitivity for device applications. Using first principles
calculations, we find that a small amount of biaxial tensile
strain along the x and y directions can substantially enhance the
magnetic moments of the central TM atoms from their ground
(LS) state to a HS state. The magnetic moments of Mn, Fe, Co,
and Ni increase by 2 yp. Following Hund’s rule, the observed
SCO is due to the occupation of d,,_,, orbital by a spin-up
electron.
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Our first-principles calculations are based on spin polarized
density functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP) code.'” The exchange
correlation functional is treated by generalized gradient
approximation (GGA) in the form proposed by Perdew,
Burke, and Ernzerhof (PBE)."”> In order to treat strong
correlation interactions between unfilled d orbitals of TM
atoms, we apply the GGA+U scheme'* for the d electrons,
while the delocalized s and p electrons are treated by the
standard GGA method. The correlation energy U and the
exchange energy J of the d electrons are set to be 4 and 1 eV,
respectively, which has been well tested experimentally and
theoretically for 3d TM system.>'>'® We have also tested
other U values (3 and § eV) for these systems, and similar SCO
behavior was observed at different critical strains. The Vosko—
Wilk—Nusair modification'” scheme is applied to interpolate
the correlation energy in the spin polarized calculations. To
treat the valence electrons, we use the projector augmented
wave (PAW) method with a plane-wave basis set.'™'® The
valence electron numbers of TM atoms are 7, 8, 9, and 10 for
TM = Mn, Fe, Co, and Nij, respectively. In order to simulate 2D
sheets, a periodic boundary condition is applied, and a vacuum
space of 15 A along the z direction is used to avoid interactions
between nearest neighbor images. The structures are fully
relaxed using the conjugated gradient method with no
symmetry constraints. In order to calculate magnetic coupling
between two TM atoms, a (2 X 2) supercell is considered. The
reciprocal space is represented by the Monkhorst—Pack special
k-point method™® of 9 X 9 X 1 (or 5 X 5 X 1) meshes for one
unit cell (or one supercell). The energy cutoff and convergence
criteria for energy and force are set to be 400 eV, 1 X 107* eV,
and 0.01 eV/A, respectively. The accuracy of the above
procedure has been carefully tested in our previous work.®

We previously found® that the central TM atoms in poly-
TMPc sheets are coordinated in a planar square crystal field,
and the d orbitals split into “4 + 1” configurations, where d,,,
d., d,., and d,, orbitals have relatively comparable energies, and
the d,,_, orbital has higher energy. It is known that the metal
free Pc is in the form of H,Pc to keep its aromaticity and
flatness. Thus, each TM atom donates two 4s electrons and
remains in the +2 valence state, as confirmed in previous
studies.”' 7>* The total magnetic moments per unit cell of poly-
MnPc, poly-FePc, poly-CoPc, and poly-NiPc sheets in their free
states are then found to be 3, 2, 1, and 0 yug, respectively.5 Now
we apply a biaxial tensile strain as shown by arrows in Figure 1.
We find that the sheets keep their magnetic moments under
small strain. However, each of their magnetic moments
abruptly increases by 2 py at some critical point. In order to
study this phenomenon in more detail, we plot the total energy
variations of poly-TMPc sheets in their LS state and HS state
with respect to strain in Figure 2. Taking poly-MnPc sheet as
an example, in its free state the ground state possesses 3 yjy
magnetic moment in one unit cell, while the HS state (5 p3)
energy is slightly higher by 290 meV per unit cell. When we
apply biaxial strain along the x and y directions, we observe a
critical transition strain (denoted as o) of about 1.9% beyond
which the HS (S p) state has lower energy than the LS state,
confirming an SCO transition from LS state to HS state. We
find that further increasing the strain enhances the energy
difference between the LS state and the HS state up to 10%
strain. Similar behavior has also been found for poly-FePc, poly-
CoPc¢, and poly-NiPc sheets, whose magnetic moments are
increased to be 4, 3, and 2 iy, respectively. The corresponding
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Figure 1. Geometric structure of poly-TMPc sheet under biaxial
tensile strain. Dashed rectangle indicates one unit cell. White, gray,
blue, and orange spheres denote H, C, N, and TM atoms, respectively.

oc parameters are 1.0%, 5.3%, and 6.8%, respectively. We have
also calculated the required tensions to achieve these critical
strains through P = (dE/dS) and found that these values are all
within 8 GPa:nm (Table 1). In particular, the NM poly-NiPc
sheet becomes magnetic under the applied strain. Since the
required strains are not too large, such transitions would be
feasible in experiments, especially for the poly-MnPc and poly-
FePc.

Next we examine the geometric, electronic, and magnetic
properties of poly-TMPc sheets in their HS states under 10%
tensile strain. We find that the tensions required to attain 10%
strain are between 8.55 and 8.66 GPa-nm. The TM—N bond
lengths are listed in Table 1. It can be seen that all the bond
lengths are within 2.2 and 2.3 A, which are longer than their
corresponding values in free states by about 15%. We also
observe Jahn—Teller distortion of four TM—N bonds in the
poly-CoPc sheet. To illustrate their magnetic states, we plot the
spin densities of the poly-TMPc sheets under 10% tensile strain
in their HS states in Figure 3. The value of the isosurface is set
to be 0.01 electron/A? the same as the spin density plot in our
previous work.” It can be clearly seen that the magnetism is still
mainly associated with the d electrons of the central TM atoms,
and their nearest neighbor N atoms are also spin polarized to
some extent. In contrast to their free LS states, in the HS states
the TM atoms and their coordinated N atoms have the same
spin direction, and the other C and N atoms carry smaller
magnetic moments.

Next we study the effect of biaxial tensile strain on magnetic
couplings in these poly-TMPc sheets. To this end, we calculate
exchange energy E,, (= Expy — Epy) in a (2 X 2) supercell as
shown in Table 1. The positive and negative values of exchange
energy indicate FM and AFM ground state of the sheet,
respectively. We see that the poly-FePc sheet changes from
AFM to FM (with exchange energy of 25 meV per supercell),
while the reverse is the case with poly-MnPc. Poly-CoPc, on
the other hand, remains AFM, and poly-NiPc is changed from
NM to AFM. Therefore, strain is effective not only in changing
the magnetic moments but also in altering the magnetic
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Figure 2. Total energy variations of two spin states with respect to the external strain of (a) poly-MnPc, (b) poly-FePc, (c) poly-CoPc, and (d) poly-
NiPc sheets.

Table 1. Critical Strain (6.) Required to Transit from LS to
HS and the Corresponding Tension (Pc)?

poly-MnPc  poly-FePc poly-CoPc  poly-NiPc

oc 1.9% 1.0% 5.3% 6.8%
P. (GPaenm) 2.88 253 6.16 7.64
don (A) 227 226 221/224 223
E,, (meV) -1 25 —-11 —63
M (up) 5 4 3 2

“Bond lengths between the central TM atoms and the neighboring N
atoms (dpy.y), exchange energies per supercell (E), and total
magnetic moments per unit cell (M) for 2D poly-TMPc sheets of the
HS state at 10% tensile strain.

couplings. The mechanism responsible for this SCO transition
will be discussed below.

The band structure and partial density of states (DOS) of an
FM poly-FePc sheet are plotted in Figure 4, which shows that
the poly-FePc is a semiconductor with a band gap of 0.55 eV.
The valence band maximum (VBM) and conductance band
minimum (CBM) are located at the M point (=1/2, 1/2, 0) of
the reciprocal space, contributed by the delocalized p orbitals
(dispersed bands). The d bands are flat (localized). We have
also calculated the band structure of poly-MnPc, poly-CoPc,
and poly-NiPc in their AFM states (see Supporting

Figure 3. Spin densities of (a) poly-MnPc, (b) poly-FePc, (c) poly-

Information). It is found that the poly-MnPc is a semi- CoPc, and (d) poly-NiPc sheets of the HS state in isosurface form with
conductor (with a band gap of 0.63 eV), while the poly-CoPc a value of 0.01 electron/A>. Green and red colors represent spin-up
and poly-NiPc are metallic in both spin channels; the metallic and spin-down channels, respectively.

bands are contributed by p electrons from Pc ligand

frameworks. The d orbitals of all the systems exhibit In order to analyze the SCO transition in detail, we plot the
semiconducting behavior. projected density of states (PDOS) of poly-TMPc sheets
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Figure 4. Band structure and partial DOS of an FM poly-FePc sheet.

corresponding to their ground magnetic states of 10% strain in
Figure S. For the poly-MnPc sheet, in contrast with the free LS
state of poly-MnPc where the spin-up d,,, orbital is
unoccupied and the spin-down d, is partially occupied, it is
found that all five spin-up d orbitals are occupied, while all five
spin-down d orbitals are unoccupied (Figure Sa). Because the
tensile strain weakens the planar crystal field resulting in a
decrease in the d,,, orbital energy level, the five valence
electrons occupy the five spin-up d orbitals, while the five spin-
down orbitals are all empty, according to Hund’s rule. Thus, the
total magnetic moment per unit cell is S yg. Similar behavior
can be observed in the other three poly-TMPc sheets. For the
poly-FePc sheet, the six valence d electrons occupy the five
spin-up and the spin-down d,, orbitals, which results in a 4 py
magnetic moment per unit cell (Figure Sb). When Co atoms
are embedded, we find that the five spin-up d orbitals are

occupied, the spin-down d,, and one d, orbital (d,,) are
occupied, leaving the other d, orbital (d,,) empty (Figure Sc).
This removes the double degeneracy of the d, orbitals, and a
Jahn—Teller distortion occurs. As shown in Table 1, geometri-
cally, the four Co—N bond lengths split into two groups. The
two Co—N bonds in the x direction have shorter value, namely,
221 A, while the two Co—N bonds in the y direction have
longer value, namely, 2.24 A. The total magnetic moment per
unit cell decreases to 3 up. Finally, for the poly-NiPc, all five
spin-up orbitals and the spin-down d, and d,, orbitals are
occupied, leaving the spin-down d,; and d,; ,, orbitals empty.
Additionally, the total magnetic moment is 2 yy (Figure Sd).
From the figure, we can also observe that, for the poly-MnPkc,
poly-CoPc, and poly-NiPc, the energy of the spin-up d,,
orbital is still relatively higher than the other occupied orbitals.
However, for the poly-FePc, the spin-down d,, is slightly higher
than the spin-up d,,,, orbital. These partial d DOSs can be
obtained by projecting DOS onto different d orbitals with
different quantum numbers, while the positions of these
orbitals are specified with peaks.

In order to check whether the 4s electrons transfer into the d
orbitals of the TM ions, taking the poly-FePc system as an
example, we integrated the projected d bands of Fe using N =
f Epoon(E) dE, where n(E) and Ej are the d band DOS and the
Fermi energy, respectively. We found that the total number of
electrons in the d orbitals remains six. On the other hand, when
similar calculations were performed on the 4s bands, we found
that the total number of electrons in the s orbitals was less than
two, indicating that the 4s electrons are transferred into the
ligands, not into the empty d-orbitals.

It is interesting to ask whether other poly-TMPc sheets, for
example, when TM = Cr, Cu, and Zn, can also have such SCO
transition. These calculations were performed, and we found
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Figure 5. PDOS of d orbitals on the TM atom in a Pc sheet under a tensile strain: (a) Mn, (b) Fe, (c) Co, and (d) Ni.
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Figure 6. lllustration of energy levels of (a) poly-MnPc and (b) poly-FePc and their virtual hopping mechanisms. Left panel: energy level changes
under tensile strain. Middle panel: virtual hopping mechanisms in the free LS states. Right panel: virtual hopping mechanisms in the HS states under
tension. Blue and red lines represent spin-up and spin-down levels, respectively. Solid (dashed) line indicates occupied (unoccupied) state.

that the total magnetic moment did not change under even
10% tensile strain. This is because their orbital occupations still
remain as in their free states, although the crystal field is weaker
under strain. For the poly-CrPc, there are only four valence d
electrons. Thus the d,,, will be always empty, and the
magnetic moment remains at 4 ug. For poly-CuPc and poly-
ZnPc in their free states, the spin-up d,,,, orbital has been
already occupied, so that the above-mentioned transition does
not happen, leaving the total magnetic moment to be 1 and 0
g, respectively.

We have discussed the changes in the magnetic moment
under tension based on the orbital occupations. In the
following, we briefly analyze their magnetic coupling behavior.
For example, poly-MnPc and poly-FePc (Figure 6) undergo
magnetic transitions from FM to AFM and from AFM to FM
under biaxial tensile strain, respectively. For the poly-MnPc
(Figure 6a), we see that in the LS state, the highest occupied
and lowest unoccupied magnetic d orbitals are both in the spin-
down channel, while under tensile strain the highest occupied
magnetic d orbital is the spin-up d,,,, orbital, and the lowest
unoccupied orbital is the spin-down d,, orbital. Therefore, the
poly-MnPc sheet in a LS state is FM due to virtual hopping
between the frontier orbitals. This is consistent with our
previous result.’ On the contrary, for the HS state under biaxial
tensile strain, because the d,, , orbital is singly degenerate, the
virtual hopping between two unit cells results in an AFM
ground state. For the poly-FePc framework (Figure 6b), similar
analysis can be done. In its LS state, the highest occupied state
is the spin-down d,, orbital, while the lowest unoccupied state
is the spin-up d,,,, orbital. This leads to AFM coupling
between each other.’ However, under biaxial tension, the
highest occupied orbital (d,,) and lowest unoccupied orbital
(d,,) are both in the spin-down channel, and the FM state is
more favorable than the AFM state. It is worth noting that such
magnetic coupling analysis is also valid for the other poly-
TMPc systems in their free LS and tensile HS states.

3113

In summary, using DFT with GGA+U, we studied the effect
of strain on magnetic properties of 2D porous poly-TMPc (TM
= Mn, Fe, Co, and Ni) systems. We found that in these
systems, the SCO transition from LS to HS states occurs when
the tensile strain reaches 1.9%, 1.0%, 5.3%, and 6.8%,
respectively. Simultaneously, the magnetic moments are
increased by 2 yp due to the occupation of the d,, , orbital.
The N atoms bonded with TM become ferromagnetically
polarized, and the magnetic coupling in poly-FePc changes
from AFM to FM. On the other hand, poly-MnPc transitions to
AFM from FM, and poly-NiPc transitions from NM to AFM.
Poly-CoPc remains AFM, showing higher tolerance to the
applied strain. The present study suggests that strain can be
used as a variable to tune the magnetism of 2D phthalocyanine-
based organometallic sheets.
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Band structure of poly-MnPc, poly-CoPc, and poly-NiPc in
their AFM state. This information is available free of charge via
the Internet at http://pubs.acs.org/.
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