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Computational Details

The density functional theory (DFT) calculations were carried out using the Vienna ab initio
simulation package (VASP).}® The projector augmented wave (PAW) method* and the
generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof
(PBE) > ® were adopted in our calculations. The vdW interaction was taken into account by the
DFT-D3 scheme.” The GGA+U method was applied to the 3d electrons of Cr, where the
effective onsite Cpulomb interaction parameter (U) and exchange interaction parameter (J) are
set to 3.0 and 1.0 eV, respectively, which were used in previous studies and well produce the
magnetic exchange energy for [Cr(pyz)4]*>~ fragments.® The cutoff energy for the plane-wave
expansion was set to 520 eV and a k-point mesh of 5 x5 %1 was applied. The convergence
criteria of residual forces and the energy were set as 0.01 eV/A and 1x10 eV, respectively.?
A vacuum region always larger than 15 A was introduced to avoid the interaction between the

neighboring periodic images.

The Heyd-Scuseria-Ernzerhof hybrid functional (HSEO06) was utilized to obtain accurate
electronic structures.® The climbing nudged elastic band (cNEB) method ° was employed to
study the FE phase transition. Ab initio molecular dynamics (AIMD) simulations were carried
out for a total of 10 ps with a time step of 1 fs and the Langevin thermostat was applied to
control the temperature.!* The phonon spectra are calculated using the PHONOPY code with
the machine-learning interatomic potentials—moment tensor potentials (MTPs) applied to
calculate the force.!>* The nearest exchange interaction parameter can be derived based on

the following Ising sipin Hamiltonian:

H=) IS,



where |S| is chosen as 2 and 1/2 for Cr atoms and pyrazine molecules, respectively. In this
Hamiltonian, positive J suggests the antiferromagnetic coupling while negative J indicates the

ferromagnetic coupling.
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Figure S1. (a)-(c) The phonon spectra of LiosCr(pyz)2 with Li anchored at B, C, and D Li

adsorption sites.
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Figure S2. The planar average charge density difference of LiosCr(pyz)2 and LiCr(pyz)2 along

the in-plane (lattice a direction) and out-of-plane (lattice ¢ direction) directions. The charge
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density difference puitr is calculated by puis = 21 imor— PLi—Pmor Where the p i vioe A and pyor
represent the charge density of Li decorated Cr(pyz)2, Li atoms, and Cr(pyz)2, respectively. It
can be seen that the charge density difference along the in-plane direction is much more
asymmetric than the out-of-plane one. This suggests the Li adsorption induces a more
predominant charge density redistribution in the in-plane direction rather than the out-of-plane

direction, which then leads to the much larger in-plane electric polarization.
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Figure S3. (a)-(d) LiCr(pyz)2 in different Li-pyrazine patterns. (e) Energy comparison of
LiCr(pyz)2 in different Li-pyrazine patterns. (f) Phonon spectra of LiCr(pyz)2 in configuration
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Note S1.

For 2D LiosCr(pyz)2, the direction of Pout is dependent on that of Pin, thus we write the local Pi
as [1, 1],[1, -1],[-1, 1], and [-1, -1], and the coupling parameters matrix J can be written in the

following form:

S )

]yx ]yy
Considering the interaction between Pi ([a, b]) and Pj ([c, d]), PiJ Pj shall equal to PjJ Pi

because they are the same pair of interaction. Then we can get the following equation:
acJ* + bcJ¥* + ad]* + bd]”Y = acJ** + ad]J”* + bcJ* + bd]””

Hence, /¥* equals to /*¥ and the J is a symmetric matrix. Similarly, we can find the J, and J,
for LiCr(pyz)2 are also symmetric. The energy of the two polarized phases as shown in Figure
S4a and S4b can be expressed as Ey + 4J** — 4J*Y — 4]Y* + 4]YY and E, + 4] + 4] +
4]Y* 4+ 4]YY  respectively. Because the two polarized phases are equivalent in energy, we can
then get J*¥ = J¥* = 0. Three configurations as shown in Figure S5a-c are constructed to
extract the remaining unknown variables. The lattice parameters are fixed and the atomic
positions are optimized to obtain the total energies. Using the Hamiltonian for 2D LiosCr(pyz)2

and the DFT calculated energy, we can get the following equation:

0 4 11" [E
4 0 1| |(P7|=|E
4 4 111E 1 |E;

where the Ei1, E2, and Es are the DFT calculated energy of the configurations shown in Figure
S5a-c, respectively. Solving this equation we can then get the coupling parameters for 2D

LiosCr(pyz)2, which are summarized in Table S1.



Table S1. The dipole-dipole coupling parameters of 2D LiosCr(pyz)2 (in meV).

Figure S4. Two degenerate polarized phases of 2D LiosCr(pyz)2. The arrows represent the
polarization vectors. The red and blue colour marks the positive and negative out-of-plane

polarization, respectively.

Figure S5. (a)-(c) The configurations used to extract the dipole-dipole coupling parameters of

2D LiosCr(pyz)2 with the local polarization marked by arrows.
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For 2D LiCr(pyz)2, the direction of Pout is independent of that of Pin, thus all the possible local
Pi can be written as [1, 0, 1], [1, O, -1], [-1, O, 1], [-1, O, -1], [O, 1, 1], [O, 1, -1], [O, -1, 1], and

[0, -1, -1], and the J, and J, take the following forms:

X xy
Y A A5 P SO [
— yx yy yz _ yx yy yz
Ja= a a a and I = b ]b ]b
zy z
A A

where J, = J% and J, = J7. Considering the two polarized phases of 2D LiCr(pyz)2 shown in
Figures S6a and S6b, their energy can be written as Ey + 4K + 4JX* + 4JX% + 4]2* + 4]2% +
A + 455 + 4] +4JF7  and  Ep + 4K+ 4)F% — 457 — A4JE% + 4JZ% + 4] — 4)F% —
4J7* + 4J7%, respectively. Because these two polarized states are degenerate in energy, thus
we get JX# = —J7%. Similarly, using the energy of the two polarized phases as shown in Figures
Séc and S6d, we can get J2* = —J“. To get all the coupling parameters, we constructed 12

configurations as shown in Figure S7 and by mapping their energy we get the following

equation:
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where the E1-E12 are the DFT calculated energy of the configurations shown in Figure S7a-S71,
respectively. Solving this equation, we then get all the independent coupling parameters as

summarized in Table S2.



Table S2. The independent dipole-dipole coupling parameters of 2D LiCr(pyz)2 (in meV).
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Figure S6. (a)-(d) Four polarized phases of 2D LiCr(pyz)2 with the local polarization marked
by arrows. The degenerate configurations (a) and (b) are not equivalent to the degenerate
configurations (c) and (d), because the lattice parameters a < b are fixed when extracting the

coupling parameters.
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Figure S7 (a)-(I) The configurations used to extract the dipole-dipole coupling parameters of

2D LiCr(pyz)2 with the local polarization marked by arrows.

Figure S8. (a) and (b) The atomic structures of 2D LiosCr(pyz)2 and LiCr(pyz)2 at the end of
AIMD simulations performed at 200 K and 250 K, respectively.
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To explore the possibility of adsorption-induced curling of the 2D MOF, we calculated the
energy of LiCr(pyz)2 nanoribbons with different curvatures and compared the energy with the
flat one, as shown in the Figure S9. We kept the periodic boundary condition of LiCr(pyz)2 in
either direction a or b while keeping the other direction open. The nanoribbons were then bent
along the open boundary direction with different curvatures. The width of LiCr(pyz)2
nanoribbons is four-unit-cells long and atoms at the edge were fixed during the optimization.
Because the width of the nanoribbons is fixed, a smaller 6 (as shown in the inset of Figure S9)
represents a smaller curvature and vice versa. As we can see from Figure S9, the energy of
LiCr(pyz)2 nanoribbon increases as the curvature becomes large, indicating the instability of

the bent nanoribbons. Hence, the Li decorated Cr(pyz)2 may keep the planar structures.
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Figure S9. The energy difference between bent (along both lattice a and b directions) and flat
nanoribbon LiCr(pyz)z. The insets show the definition of 6. The arc length corresponding to 6

equals to the width of the nanoribbon.
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Note S2.

We compared the energy of LiosCr(pyz)2 in 1>2x1 supercells with different Li patterns, as
shown in Figure S10. Configuration A is the one reported in our manuscript with the Li atoms
uniformly distributed in the MOF, while configuration B is the one with Li atoms occupying
only half of the supercell. We found that configuration B is lower in energy by around 0.07 eV
per unit formula than configuration A. It can be seen that the Li atoms favour a linear
arrangement along the lattice a direction, which is similar to that of LiCr(pyz)2. Four
energetically degenerate polarized states can be found for LiosCr(pyz)2 in configuration B, as

shown in Figure S11, of which the Pin and Pout is 2.64 and 0.26 uC/cm?, respectively.
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Figure S10. (a) and (b) The 1>2x1 supercells of LiosCr(pyz)z in configuration A and B

respectively.
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Figure S11. The four degenerate polarized phases of LiosCr(pyz)z in configuration B.

The transition between P;— (P;-) and P, (P;) states reverses both Pin and Pout as shown in
Figure S12a, which can proceed through the Li migration within the pore with an energy barrier
of 0.18 eV/Li atom, close to that of type I transition of LiCr(pyz)2 (0.15 eV/Li atom). However,
the transition between P1—/ P, states and P+ /P, states which only switches the Pin or Pout
requires the Li migration between different pores, which is unlikely to happen because the long
migration distance. This is supported by the tracked trajectory of Li movements during AIMD
simulations as shown in Figure S13, where the Li migration is found confined within the pore.
Hence, the ferroelectricity of LiosCr(pyz)2 in configuration B is two-fold degenerate, which

falls outside the scope of our investigation for high-degenerate ferroelectricity.
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Figure S12. (a) The FE switching barrier of LiosCr(pyz)zin configuration B. (b) The transition

barrier from configuration B to configuration C. (c) The FE switching barrier of LiosCr(pyz)2

in configuration C.
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Figure S13. (a) and (b) The Li trajectory during the AIMD simulations for LiosCr(pyz)z (in

configuration A) and LiCr(pyz)2 in different temperature, respectively.
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Interestingly, we found that LiosCr(pyz)2 in configuration B can be transited to configuration
C through Li migration within the pores, where the Li-pyrazine in different pores point to the
same in-plane direction, as shown in Figure S14. The transition barrier from configuration B
to C is calculated to be around 0.22 eV/Li atom (see Figure S12b), suggesting the transition
can proceed at a moderate energy cost. Moreover, the reversing transition from configuration
C to B requires an energy barrier of 0.07 eV/Li atom, indicating once configuration C is

obtained, it will not spontaneously switch back to configuration B.

The energy of configuration C is only slightly higher than configuration A (~3meV) and they
share similar ferroelectric behavior. We can still find four energetically degenerate polarized
states (similar to configuration A) as shown in Figure S14. The Pinis calculated to be around
5.55 uC/cm? and the overall Pout is zero because the two Li-pyrazine rings point upward and
downward respectively, whose Pout cancels each other out. In this case, the four degenerate
polarized phases can be switched between each other through Li migration within the pores.
The transition vertically switching the Pin is considered, whose transition barrier is calculated
to be 0.14 eV/Li atom (see Figure 12c). For comparison, the Pin and energy barrier for a similar

transition pathway for configuration A are 5.33 pC/cm? and 0.12 eV/Li atom, respectively.
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Figure S14. The four degenerate polarized phases of LiosCr(pyz)z in configuration C.
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In short, the Li occupation of different pores can change the ground states of LiosCr(pyz)2.
Indeed, if the supercell becomes even larger, there will be infinite configurations that cannot
be fully addressed by calculations. Fortunately, the highly degenerate polarity at a single Li-
occupied pore site is always valid because this is solely associated with the symmetry of the
host materials. If we align the Li-pyrazine in different pores to the same direction (similar to
configuration C) at some energy cost, we may still achieve the high degenerate ferroelectricity

as described in our work.

J? t

@
Ky

*ﬂ} ‘
21} A

¥

@$

%ﬁ'
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pristine 2D Cr(pyz)2, respectively. The red and blue arrows represent the spin-up and spin-

down magnetic moments.
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Table S3. Energy (in eV) of 2D Cr(pyz)2, LiosCr(pyz)2, and LiCr(pyz)2 in different magnetic

configurations and the MAE values (in peV/Cr).

AFM FiM1 FiM2 FiM3 FiM4 FM MAE

Cr(pyz): 0.63 0.00 0.70 0.72 0.73 1.54 237
LiosCr(pyz). 0.47 0.00 0.69 0.34 0.52 1.11 241

LiCr(pyz).  0.30 0.00 0.32 0.32 0.34 0.72 254

Table S4. The magnetic moments (in uB) of Cr atom, pyrazine and Li-pyrazine for pristine

and Li-decorated 2D Cr(pyz)a.

Cr Pyrazine Li-pyrazine
Cr(pyz)2 3.59 -0.59 -
LiosCr(pyz)2 3.62 -0.59 -0.03
LiCr(pyz)2 3.64 -0.59 -0.03
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Figure S16. The orbital decomposed band structures for Cr in pristine Cr(pyz)2 calculated by

HSEO6 functional.
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Figure S17. The orbital decomposed band structures for Cr in LiosCr(pyz)2 calculated by

HSEOQ06 functional.
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Figure S18. The orbital decomposed band structures for Crin LiCr(pyz)2 calculated by HSE06

functional.
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Figure S19. The spin configuration of Cr in both the pristine Cr(pyz)2 and its Li-decorated

variants. The red arrows mark the spin-up electrons.
Note S3:

The g-CsNs4 and C2N monolayers are both experimentally fabricated and display uniform

triangular and hexagonal pores, respectively, as shown in Figure S20 and S22. We choose P
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and Ru dopants for g-CsN4 and C2N monolayers respectively, because the possibility of P (Ru)
surface decoration to g-CaN4 (C2N) monolayer has been experimentally demonstrated.!> °
Firstly, we focus on the P decorated g-CsNa. Three binding sites in the pore have been
considered and it is found the P atom tend to bind with the two N atoms at the corner of the
pore and forming a flat atomic structure. Due to the three-fold rotation symmetry, P decorated
g-CsNs with P atom occupying any of the three corners will be equivalent, leading to the three-
fold degenerate polarized phases as shown in Figure S21a-c. We mark them as P, Px, and P|,
where the arrow in the subscript represents the direction of polarization. As the structure is flat,
only in-plane polarization is observed which is calculated to be 1.49 uC/cm? and its direction
is shown in Figure S21a-c. The FE switching is then studied by cNEB calculations, as shown
in Figure S21d. It is found the P atom moves to another corner by crossing an intermediate
state where the P atom binds to two N atoms at the central part of one pore edge, given a
transition barrier of 0.45 eV/P atom. For Ru decorated C2N, the Ru atom also binds with two
N atoms at the pore edge (Figure S22) and the six-fold rotation symmetry of 2D C2N give rises
to six-fold degenerate polarized states as shown in Figure S23 (P~, P+, Px, Ps, Py, and P\). The
atomic structure is also flat and the in-plane polarization is calculated to be 3.42 pC/cm?. The
transition between P, state to P+ state with shortest Ru migration distance is explored and
shown in Figure S23g. The transition goes through an intermediate state where Ru atom binds

to one N atom at the pore edge, with a transition barrier of 0.06 eVV/Ru atom.
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Figure S20. (a) Adsorption sites of P atoms in a 2>2x1 supercell of 2D g-CsNa. (b) The energy
of P decorated g-C3sN4 with different P positions. The energy of configuration A is set to zero

for comparison.
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Figure S21. (a)-(c) The three equivalent polarized configuration of P decorated g-CsNa. The
arrows mark the direction of spontaneous polarization. (d) The energy profile of the FE

transition from P state to P~ state through an intermediate state (IS).
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Figure S22. (a) Adsorption sites of the Ru atom in a 2>2x1 supercell of 2D C2N. (b) The

energy of Ru decorated C2N with different Ru positions. The energy of configuration A is set

to zero for comparison.
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Figure S23. (a)-(f) The six equivalent polarized configuration of Ru decorated C2N. The

arrows mark the direction of spontaneous polarization. (g) The energy profile of the FE

transition from P state to P state through an intermediate state (1S).
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