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I Theoretical predicted quantum phenomena in 2D-MOFs _

Organic topological insulator Organic topological Chern insulator Organic 2D superconductivity
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Synthesis of two-dimensional metal organic frameworks (2D-MOFs) _

Synthetic strategies for 2D-MOFs On surface synthesis of single-layer 2D-MOFs
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I Synthesis of two-dimensional metal organic frameworks (2D-MOFs) _
Synthetic strategies for 2D-MOFs s _|_ O
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Top-down and bottom-up approaches to 2D MOFs synthesis

Difficult to obtain single-layer 2D-MOF structure
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Decoupling of 2D-MOFs I

Most of 2D-MOFs grown on metal substrates Weak coupling substrate

Graphene

Screen effect I Smearing

Intrinsic electronic properties of MOF are absent Intrinsic electronic properties are preserved



Motivation of fabricating organic/graphene heterostructure _

Decoupling of the 2D-MOF structure

Functionalized Graphene

Close to free-standing 2D-MOF

Functionalizing of graphene



Graphene

Graphene lattice

Weak SOC
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I Functionalizing of graphene

Theoretical predicted material in realizing quantum Effective spin doping using molecules
anomalous Hall effect
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Part 1 The Spin Resonant Scattering of Epitaxial Iron Phthalocyanine

Molecules on Graphene on h-BN device



Resonant Scattering

Nonmagnetic resonant scattering Spin resonant scattering
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Base pressure 4.8 X 10™°hPa

Vacuum Chamber

During deposition 1.7x10~”hPa

Heating Stage

Substrate was maintained at 135 °C
to increase crystallization of FePc

Graphene on h-BN device

Annealing the device with 10 hours up to 220°C

Effusion Cell

Sigma-Aldrich FePc was loaded into effusion cell and out-

gassed for several hours before deposition.
evaporator temperature of 380°C



Bl wotecutar graphene device characterization [

FePc on graphene on h-BN device
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i oFTcalutations .

The localized defect state in FePc graphene heterostructure from DFT calculation
Localized defect state
contributed by iron 3d-orbital
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Bl spin resonant scattering .

Spin-Polarized diffusion electron Magnetic defect state
Spin resonant scattering 40 - e
l Fe_3d
30 -

Interplay

Tune the graphene Fermi
level near to the energy level
of magnetic defect state
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Interplay of spin-polarized diffusion electron and localized magnetic defect state

-Spin resonant scattering

Theoretical predication
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Experimental measurements

Gate-dependent nonlocal measurement of the FePc monolayer
functionalized graphene on h-BN device
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Nonlocal measurements show peaks of ferromagnetic
coupling J* >0 and antiferromagnetic coupling J* <0

The spin single-state and triple-state transition under gate
voltage control



Ryx LL,

Theoretical predication

| Quasi-bounding states generated by magnetic defect states in graphenel

Experimental measurements
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The results of interplay with the graphene spin diffusion electrons and ferromagnetic FePc induced

periodic magnetic defect state.

(1) The spin resonant scattering associated with spin single-state and triple-state transition under

gate control shown in nonlocal measurement.

(2) The quasi-bonding state induced by spin resonant scattering shown in graphene

magneto resistance measurement.



Part 2 Cu, (Cg04) Metal-Organic Monolayer Grown on Silicon

Carbide Epitaxial Graphene
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| Experiment of graphene sample preparation [

Graphene sample preparation

The epitaxial growth of graphene is
achieved by thermal graphitization

Bilayer graphene Monolayer graphene

Scale bar: 1 nm Scale bar: 1 nm

L attice constant: 2.46 A



Experiment .

Step 1: Depositing BHO on graphene

freely moving molecules on the surface cannot resolve any stable structures

Scale bar: 10 nm Scale bar: 10 nm



Experiment

Step 3: Annealing the sample to 75 C

Scale bar: 5 nm

Scale bar: 0.3 nm

250pm

P O N R O O P
10 15 20 25 30 35 40

x/nm

Triangular coordination network

Lattice constant: 7.39 A

Monolayer



Experiment .

Cu atom bi-petal-shaped BHO molecule

coordination network
Of CUZ (C6O6)

Buckled on graphene

Scale bar: 1 nm

DFT calculated Cu,(Cg0¢)/graphene structural model



I Density-functional theory calculations
BHO

Six-fold symmetry

?

Bi-petal-shaped BHO molecule

Molecular orbital state is
influenced by the electric
field induced by the STM

tip

Scale bar: 1 nm DFT-simulated constant current STM image of E=0.8V/A
Cu,(Cg0¢)/graphene



I Experiment

Coordination network Cu, (C¢0g)
Scheme of Cu,(Cg04) coordination network forming process

+Cu
BHO molecule —

Dehydrogenation Dehydrogenated hexa-radical BHO _gy Coordination

(1) Surface Cu atoms on graphene surface possess the advantages of both high diffuse mobility and efficient catalytic
ability of dehydrogenation.

(2) Single Cu atom can be easily detached from the Cu clusters in the annealing process and participate as a metal
linker for coordination formation.
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¢ Monolayer of two-dimensional Cu,(C;0O¢) can be synthesized on graphene.

¢ The density-functional theory (DFT) calculation indicates it is a narrow band gap

semiconductor with band gap of 0.485 eV.

¢ The interaction between the coordination network and graphene is weak and the intrinsic

electronic structure of Cu, (C¢0Og) coordination network is preserved.
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simple lattice symmetry
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I Electronic structure of 2D MOFs with complex orbital symmetry _

Honeycomb lattice Honeycomb Kagome lattice
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. -~ Part 3 Two-Dimensional Metal-Organic Fe-porphyrin Coordination framework

PA RT 0 3 Exhibiting Mixed Spin States



Experiment

1. Depositing DPyP on Au(111) surface
held at RT: the molecules are in
closed-packed islands.

2. Depositing Fe onto the sample and
annealing the sample to 250°C: 2D

hexagonal lattice were observed.

1. UHV-LT-STM;
2. 48K;
3. Au(111) substrate;

Scale bar: 4 nm Scale bar: 10 nm



_ Experiment .

Lattice constant:
3.46 + 0.05 nm

Hexagonal structure
can extend to large
than 92 nm across

Scale bar: 2 nm

Scale bar: 10 nm

There exists two different lattice orientations with angles of £13° mirrored with respect to
the [01—1] direction of the Au(111) substrate.



Density-functional theory calculations |GG

Metallated iron: Fey
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Density-functional theory calculations |

Valence states of two types of Fe The neutrality of coordination network per

_ unit cell is achieved (3 AQtot = 0)
Bader charge analysis
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| Density-functional theory calculations [

Spin states on Fec atom o _
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| Density-functional theory calculations [

Spin states on Fey; atom o | |
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Mag netic Configuration Consider four magnetic configurations (labeled as FM, FIM1, FIM2, FIM3) in primitive
cell IX1 unit cell

Er = (E1><1 E1><1

Spin linear polarized calculation (GGA+U) The red and blue circles denote the majority and minority of spins, respectively
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Experiment

Spin excitation
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Principle of spin-flip excitation

E < 16meV: Spin excitation dominated

E > 16meV: Molecular vibration dominated

Spin excitation: +8.41meV

Molecular vibration: +36meV

Fe-tapping mode

\ Molecular vibration: +79.6meV

C-C/C-H stretching and bending modes
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di/dV (a.u.)

Experiment .

Principle of Kondo effect

DPyP
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Experiment and DFT calculations RN

PBE+U=3.0, +SOC,
Local density of states in-plane ferromagnetic

di/dV (a.u.)
PDOS(a.u.)

Scale bar: 2 nm
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Experiment and DFT calculations

STM image of grid mod 2.25V

Simulation

STM simulation
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Conclusions .

¢ Monolayer of two-dimensional honeycomb Kagome lattice synthesized on Au(111)
substrate.

¢ The experimental measurements indicate that the coordination network has two types of
spin states of iron.

¢ The DFT calculations show spin states of Fey; Is S=1 and Fec S= 3/2 and the magnetic
ground state is in-plane ferromagnetic.

(1) The Kondo effect suggests that Au(111) substrate quenches the magnetic order.

(2) To preserve the magnetic order, directly synthesizing this coordination network on
Inert substrate like graphene is highly desired.



Part 4 Two-Dimensional Metal Organic Network with p-Orbital

P A RT 0 4 Honeycomb Kagome Lattice



I Experiment

Step 1: Depositing DPyP on Au(111)
surface held at RT: the molecules are closed
pack in rectangular, string-like shape

molecular islands.

Zoom in

Scale bar: 2 nm Scale bar: 10 nm Scale bar: 2 nm



Experiment

Step 2: Depositing HAT on Au(111)+DPyP
surface held at RT: Large size hexagonal

closed pack islands appear on the surface.

HAT DPyP

Scale bar: 5 nm



I . Experiment

Step 3: Depositing Fe onto the
Au(111)+DPyP+HAT and annealing the
sample to 170°C: 2D Porous networks are

observed.

Step 1+step 2+step 3

v

Two molecular component MOF
consisting of DPyP and HAT coordinated
with Fe

Scale bar: 20 nm



Experiment

6-member ring hexagonal structure 5-, 7-, and 8-member ring structures

Lattice constant: 4.61 + 0.2nm Scale bar: 3 nm Scale bar: 3 nm



DFT calculations
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Experiment

Spin excitation

\

Spin excitation : £8.4meV

Molecular vibration : +38.4meV

The local magnetic moments in Fe break the time-
reversal symmetry and lift the spin degeneracy of
coordination network
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Experiment .
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l DFT calculation

Hybridization between Fe orbitals : . p—
and molecular orbitals '

Dirac cone bands

Flat-bands

Atomic pz orbitals of
C and N atoms in molecules
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Tight-Binding Modeling

Treat the DPyP and HAT molecules
as super-atoms
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I Tight-Binding Modeling

Simplify the HAT molecules as super-atoms T
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_ Tight-Binding Modeling I

——» S orbital

Honeycomb kagome lattice . = Px / py orbital
0 *
OOO ooo
o o a o
4 4
oRe ORe oRe
. ——— S Orbltal ° s P o °
cle ’-' c e ‘,, c e
Saddle shape with low spatial symmetry ¢ & I =
4 cle ,', cle
’ O
> # t
R O @ - ——mnm- ‘ Y
’ o
— H AT DP P ® DPyP s orbital Nt g
- tSpO' | ’ p>< yr, Sl HAT s orbital ® b
pE{px,py},<HAT,DPyP> e HAT p, orbital obe

z HAT p, orbital
+tgso Z |HAT, s)(DPyP, s|
pEe{px,py},<HAT,DPyP>



I DFT calculation and Tight-Binding Modeling _
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Tight-Binding Modeling
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Experiment

Local density of states

Scale bar: 2 nm

Experiment Calculation
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¢ Monolayer of two-dimensional p-orbital honeycomb Kagome coordination network
synthesized on Au(111) substrate.

¢ STS measurement shows a Spin-flip excitation on Fe-DPyP indicating presence of
magnetic moments.

¢ DFT calculations show the iron magnetic moments lift the spin degeneracy of the bands.
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