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Fig. 1. Atomic structure of (a) AA stacking and (b) AB stacking heterostructures in kag-TMPc unit cell from a top view (upper

panel) and side view (lower panel), respectively; band structures of monolayer (c) kag-MnPc, (d) kag-FePc, (e) kag-CoPc, (f) kag-

CuPc.
# 1 kag-TMPc (TM = Cr, Mn, Co, Cu, Zn) B/ 5% B AIRLAE (M)
Table 1.  Lattice parameters, bandgaps and magnetic moments on TM atom (Mry;) of kag-TMPc¢ (TM = Cr, Mn, Co, Cu
and Zn).
Monolayer Lattice parameter/A Bandgap/eV Mys /b
Referencel®) This work Up Down Total
kag-CrPc 18.91 18.72 1.26 1.10 0.82 4
kag-MnPc 18.80 18.65 1.21 0.15 0.15 3.52
kag-CoPc 18.71 18.59 1.27 1.27 1.27 0.98
kag-CuPc 18.85 18.71 1.31 1.25 1.25 0.59
kag-ZnPc 19.03 18.82 — — 1.238 0
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Table 2.  Lattice mismatch, equilibrium distance, energy difference between two stacking modes, interlayer binding energy,

and spin-polarized bandgap of kag-TMPc heterostructures.

: . - Bandgap/eV
Heterojunction Létt}(‘éch St{a&klng %g};lhbrlugn AE oter/€V Eg /meV

mismatc pattern istance/ Up Down Total
AA 3.705 —-16 0.96 0.00 0.00

kag-MnPc/MnPc 0.00% 0.172
AB 3.452 -17 1.08 0.07 0.07
AA 3.591 -18 0.94 0.10 0.10

kag-MnPc¢/CuPc 0.32% 0.005
AB 3.453 -18 1.10 0.16 0.16
AA 3.672 -17 0.94 0.16 0.16

kag-MnPc/ZnPc 0.88% 0.032
AB 3.448 -17 1.08 0.17 0.17
AA 3.617 15 0.00 0.00 0.00

kag-CoPc/CuPc 0.64% 0.189
AB 3.454 -16 1.08 1.08 1.08
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Fig. 2. Schematic models and band structures of kag-MnPc/McPc heterostructure from AA to AB stacking pattern.
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Fig. 3. Atom-projected band structures of kag-MnPc/McPc heterostructure in (a) 0.00, (b) 0.33, (c¢) 0.50, (d) 0.67, (e) 1.00 move-
ment ratios; (f) bandgap as a function of movement ratio.
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Fig. 4. Hlustration of three possible spin orders: FM state, AFM1 state, and AFM2 state of kag-CoPc/CoPc.
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# 3 kag-TMPc R4S MIREZCHAE (AE) FIREHE (M)
Table 3.  Exchange energies per formula (AE) and magnetic moments (M) for kag-TMPc heterostructures.

Magnetic moment

Heterojunction Stacking pattern AE/meV Magnetic property
M/ Mg/ pp
kag-MnPc/MnPc AB 7.1 FM 3.543/3.527/3.527 3.543/3.527/3.527
AA 42.65 FM 3.568 0
kag-MnPc/ZnPc
AB 43.69 FM 3.557 0
kag-CoPc/CuPc AB 240 FiM 1.05/-1.05/-1.05 0.59/-0.59/-0.59

kag-MnPc/ZnPc Pk} AB #:¥E 1) kag-CoPc/CuPc.

X AB HEBER kag-MnPc/MnPc, H2[1) kag-
MnPec AERREME TR, BACHRE R 61.1 meVEL
%3, R RS 25, 5 IH N SRS,
AR HAEFRART) 7.1 meV; H— 2R BEEY I
MR 0.48 pg, Hh 34 Mn JFFTTER T 0.11 pg,
754 0.37 pg B C, N JfF ERYRERE oTik, ol 2,
S s 2 (B R A IS O T B 1 R S . X
F kag-MnPc/ZnPc 5 Jii 4%, kag-ZnPc ¥.2 %A
P, #EMEEHORIET kag-MnPc 2. AA HES K kag-
MnPc/ZnPc H 1 22 e i 4 42.65 meV, Mn/Z &
HEAE LA JZ 5 0.16 pg, HErf 34 Mn J5U5 5T#k 1
0.144 pp. AB B Y kag-MnPc/ZnPc HiEEAS
AEH 43.69 meV, SBEHE A TTHR 5 AA B
AB #EE 1) kag-CoPc/CuPc 57 i M 3L 2 Ak
WA, WEACHRARECK, 7 240 meV; AHLL TRESCHfiE
XA 3.9 meV ) ¥ 2 kag-CoPc fil 0 meVH kag-
CuPc, H#iscHpe W &1,
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Fig. 5. Comparison of bandgaps of kag-MnPc/MnPc, kag-
MnPc/CuPc, and kag-MnPc/ZnPc heterostructures in AA
and AB stacking.
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Fig. 6. Band structures of kag-MnPc/kag-MnPc¢ homostructure in (a) AA and (b) AB stacking. Green and blue lines represent spin

up and spin down electronic structures, respectively.
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Fig. 7. Band structures of kag-MnPc/kag-CuPc heterostructure in (a) AA and (b) AB stacking. Green and blue lines represent spin
up and spin down bands, respectively.
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Fig. 8. Band structures of kag-MnPc/kag-ZnPc heterostructure in AB stacking. Green and blue lines represent spin up and spin

down electronic structures, respectively.

TEAM AR R, 47 Bl K J2 kag-MnPc/
InPc 554k, B2 kag-ZnPc B4 W51, BN
T, 5 kag-MnPc FUHESVEHISS, P A BEm T
(R BRIEA AR, 4ERFTE 0.17 eV 2247, [FlFEHL, A
e R RE AR BAT N R R ARRRAE. S T A
IR ZER], B AB-kag-MnPc/ZnPc
JZs i RE 1 E e YL Y R -2 eV B 2 V.
WKl 8 fizs, 76 H gl LReH i, PR REH M I iy
e I P AL R BTk, BREAAEAE 2 AR & 1R,
FE F €T RREAT Ay TR 32t IS 22 Mn
JZDTHR, IR A T AR HES.

3.5 AB &R kag-CoPc/CuPc RIREH

[ 18] BE X HE T B S AT
BRIZFIARRS LA S, J2 ALt ] LA R0
PESR A AL TR, ARSCEICT AB HER Y kag-

CoPc/CuPc 5 Fi%i AR, W52 B FEXT BEHF 1Y
M. E N B 23 4 (Dg,) MK FIRM R
W (Eo) S5PKEED (Bp) I2ZME, B &p,= E¢ -
Eyp; P BISRZEH A (Dg,) FE SRR (Ey)
H5POKBEH (By) W2E1H, B &p,= Ep - Ey. 145
B S, PR 22 2 A SR B S R Gl
FEAHA AR RN, BRIS I A - AR 2 AL, DU S
FREsReTHES, S B T AD G 2
BALERESHL

F AR TIZAEE M 3.254 A% 3.654 AR,
AB & kag-CoPc/CuPc 545 HL T45 15 B,
SEREE P E R E R 3.465 AL 1K 9 HTEAE])Z
[ HE N S 4l A et AL B s B R, SRS Zk R
HBEm I, BERLAER AN T. ATLUE S, BT
JZIEH A 3.354 ALIAL, AB #£& kag-CoPc/CuPc
SRS RABRAE 1 eV ZEA IR S,

F 4 FEARZAET AB & kag-CoPc/CuPc 54k i 45415 2

Table 4.  Electronic structure parameters of AB stacking kag-CoPc/CuPc heterostructures in different interlayer distance.
Bandgap/eV Band alignment
Interlayer distance/A

Spin up Spin down Total Spin up Spin down

3.254 0.990 0.990 0.990 — 1I

3.354 0.610 0.490 0.050 I 1

3.454 1.080 1.080 1.080 I II

3.554 1.130 1.070 1.060 11 11

3.654 0.970 1.150 0.970 I 11
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B9 REJZFET AB H& kag-CoPc/CuPc FREEAIAEHE  (a) 3.254 A; (b) 3.354 A; (c) 3.454 A; (d) 3.554 A; (e) 3.654 A

Fig. 9. Spin-polarized band structures of AB stacking kag-CoPc/CuPc heterostructures in different interlayer distance: (a) 3.254 A;
(b) 3.354 A; (c) 3.454 A; (d) 3.554 A; (e) 3.654 A.
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Fig. 10. (a)—(d) Energy level and (e) band alignment of AB stacking kag-CoPc/CuPc heterostructures in different interlayer dis-
tance.
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Fig. 11. Layer-projected band structures of AB stacking kag-CoPc/CuPc heterostructures in different interlayer distance: (a) 3.267 A;

(b) 3.367 A; (c) 3.467 A; (d) 3.567 A; (e) 3.667 A.
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Electronic properties of two-dimensional kagome lattice based
on transition metal phthalocyanine heterojunctions’
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Dalian University of Technology, Dalian 116024, China)
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Abstract

Transition metal phthalocyanine molecules serve as building blocks for two-dimensional (2D) metal-organic
frameworks with potential applications in optics, electronics, and spintronics. Previous theoretical studies
predicted that a two-dimensional transition metal phthalocyanine framework with kagome lattice (kag-TMPc)
has stable magnetically ordered properties, which are promising for spintronics and optoelectronics. However,
there is a lack of studies on their heterojunctions, which can effectively tune the properties through interlayer
coupling despite its weak nature. Here we use the density functional theory (DFT) to calculate the electronic
properties of eight representative 2D kag-TMPc vertical heterojunctions with two different stackings (AA and
AB) and interlayer distances. We find that most of the kag-MnPc-based heterojunctions can maintain the
electronic properties of monolayer materials with low bandgap. The kag-MnPc/ZnPc is a ferromagnetic
semiconductor with magnetic exchange energy above 40 meV, regardless of stacking sequences; the electronic
properties of kag-MnPc/MnPc heterojunctions change from magnetic half-metal to magnetic semiconductor
during the transition from AA stacking to AB stacking. Interestingly, the AB stacked kag-CuPc¢/CoPc
heterojunction is a ferromagnetic semiconductor, and the spin-polarized energy band arrangement changes with
the layer spacing: when the layer spacing is as long as the equilibrium distance, the spin-up and spin-down
energy bands are aligned as type II; when the layer spacing increases by 0.2 A, the spin-up energy bands are
aligned as type-I energy bands, while the spin-down energy bands are aligned as type-Il energy bands. This
distance-dependent spin properties can realize magnetic optoelectronic “switching” and has potential

applications in new magnetic field modulated electromagnetic and optoelectronic devices.
Keywords: magnetic material, heterojunction, first principles, metal organic framework
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