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JI GROUP

e Surface & Inferface Modeling
@ for Emerging Nanomaterials and Devices

=EBPELE #rEE TR AR
Physics and Chemistry at Emerging Electronic Materials
Surfaces and Interfaces and Devices

Surfaces and Interfan::és are the Emergent electronic maternals is one
bridges connecting the nano-world and the key research fields of electronics.
the real-world. We are interested in We focus on the research or emerging
various surface phenomena that were electronic matenals and devices, such
observed in experiments using 5TM, g- aS_graphene,dMnSE, and molecules
plus AFM, and HR-TEM. using DFT and NEGF.

Continue Reading » Continue Reading »

Surface & Interface Modeling (SIM)
http://sim.phys.ruc.edu.cn
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Black stories!




A black story of Surface Science
J- . - _ ﬂ RsCECE ? o604
. P SEEERSCERMRND & 91
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. () Cu (DW)

Coverage evolution of CO adsorbed on Cu(100)
— a deeper insight given by ab initio calculations — surface confinement

Calculation can tell you what those expensive machines cannot
2014/12/2 PKU- Beijing - Fall. 2014 4
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Front. Phys., 2014, 9(6):
DOI 10.1007/s11467-014-0458-5

EDITORIAL

Quantum description of transport phenomena: Recent progress

Exactly 67 years after the invention of transistor, here
B we are at the east campus of Renmin University of China e
in Beijing enjoying a beautiful November afternoon. Al- |
°Key Lo most every student walking by is busy tapping some uversity,
hand held device. In a modern city like Beijing, proba-
icentre fo Dlyevery person has a computer, a pad, a smartphone or | g o7s
some electronic gadget each containing billions of transis-
tors. The materials of building transistors have evolved
from a piece of germanium, plastic and gold in 1947 to
today’s silicon, high-k oxide and copper, and will in-
evitably moveforward to a “post-silicon” era by emerging
electronic materials. The information carrier, originally
electric charge, now includes spin, possibly “valley”, and
perhaps other more exotic quantum degrees of freedom
by the on-going effort of physicists. Profit from nanofab-

2014/12/2 PKU- Beijing - Fall. 2014 9



New physics
can arise as
the linear
device sizes
become
smaller and
smaller.

Nano-electronics

2014/12/2

Hydrodynamic /
— /7
':I'.rm-l 3_ _/"\,
7 |
width Diffusive P / S
/7
2- . 5
- 7/
_N p
E /
£ L £ 4 Weak
=, EE'"EM: localization
3 7
7 SWCNT
0 e
/7
AF—"*—"'J/ !
iL |
( Tunnel
P T T
Atom T a 1 2 3
contact ’ilr- A i

log [L (nm)] length
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How small are transistors now ?

1960 : L ~ 10 m

2000: L~ 0.12m

2003: L~ 0.06um

About 300 atoms long!

Now: 7 nm (30 atoms!)

Q: how do we describe current
flow in such small systems?

2014/12/2

Field Effect Transistor (FET)

INSULATOR

/I \ [
D

| |=
\IG/ \

PKU- Beijing - Fall. 2014
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Device

parameters
J

S. Datta, Nanotechnology, 15, S433 (2004)
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Nano-scale Modeling

—  Process modeling tools for the development of
novel nanostructure devices (nanowires, carbon
nanotubes, quantum dots, molecular
electronics)

— Device modeling tools for analysis of nanoscale
device operation (quantum transport, resonant
tunneling, spintronics, contact effects)

Front-end Process Modeling for Nanometer Structures

— Diffusion/activation/damage models and
parameters including low thermal budget
processes in Si-based substrate, i.e., Si, SiGe:C
(incl. strain), SOI, and ultra-thin body devices

— Characterization tools/methodologies for these
ultra shallow geometries/ junctions and low
dopant levels

— Modeling hierarchy from atomistic to
continuum for dopants and defects in bulk and
at interfaces

Ultimate Nanoscale CMOS Simulation Capability

—  Methods and algorithms that contribute to
prediction of CMOS limits

— Quantum based simulators

— Models and analysis to enable design and
evaluation of devices and architectures beyond
traditional planar CMOS

— Phenomenological gate stack models for ultra-
thin dielectrics

— Models for device impact of statistical
fluctuations in structures and dopant
distributions

Modeling of Processing and Electrical Properties of
New Material

—  Computational materials science tools to
understand materials properties and operating
behavior for new materials for gate stacks,
predictive modeling of dielectric constant, bulk
polarization charge, surface states, breakdown,
leakage currents and structure, tunneling from
process/materials and structure conditions

Compact Modeling including More Physical Models

—  Computer-efficient inclusion of influences of
statistics (incl. correlations) before process
freeze, quantum/ballistic transport, etc.

Frequency Circuit Modeling for 5—40 GHz
Applications
—  Efficient extraction and simulation of full-chip
interconnect delay

— High frequency circuit models including non-
quasi-static, substrate noise and parasitic
coupling

Optoelectronics Modeling

—  Coupling between electrical and optical
systems, optical interconnect models,
semiconductor laser modeling

—  Physical design tools for integrated
electrical/optical systems

PKU- Beijing - Fall. 2014
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In science, atomistic modeling is gaining importance:

Atomic scale modeling R&D expenditure
will grow relatively much faster than
expenditures for experimental research

Atomistic modeling (AM):
A wave on top of the
nanotechnology wave

AM R&D
Expenditures: 50 %

2005:
20 % AM
80 % experiment

Experimental R&D
Expenditures: 50 %

2005

2014/12/2 PKU- Beijing - Fall. 2014
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Material properties
{Zw Ryy — P = P({Zy, Buj)
is a function of atom type and position.

1,...,10%

=
Zy 1 ., 94
R R

Infinite degree of freedom !



Energy Function

(sround States
E({Zw R,u}[l) = Imin E({Z,u: R,u})
Low HExcitation States

E({Zyu, Ru}r) < E({Zy, Ru}o) + A



Motion of Atoms - Newton’s Law

&R, _ 1 9E({Z, R,
dt 2 M;.-, SR#

Atomic motion dt = 1071 second versus

Material life = 3600*%24*365*100=3 x 10" seconds

Infinite time span !



Challenges

Precise and explicit energy function £({Z,, I;L;H +) 7
Minimize E({Z,, R » 1) over infinite degree of freedom 7

Integrate the motion of atoms over infinite time span 7

Expressions of specified properties P = P({Z,,, E“ b7



Quantum fluctuation

ntod? o1
(—%d?JFEm% jW(X)—EW(X)
Vix) X
3 71 \ 0
el
2 52
\
\ y,(x)
1 32 \
Py 1 0 112 {
H = °X?
2m 2 7 E (hay) \
E, = lh
E=0 when P, =0 x=0 0 TN
o (X) = ﬁeXp[—Ea X } (@ =\ma, /1)
T
Classical Quantum
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Quantum tunneling

E .\,
0 a X
Vg
. |
T=|1+ sh *ka
= a-5)
L VO VO _
k =2m(V, —E)/ A’
0 a X
Classical Quantum
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Early Optimistic Prediction
P.A.M.Dirac 1928:

(Juantum mechanics will make chemistry merely a branch
of computation mathematics.
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Cautious Conclusion

F. Seitz, 1940:

To calculate the cohesive energy of all elemental crystals
from the first principles is a difficult task, which may not be
furnished forever.
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Theorems of Density Functional Theory (DFT)
P. Hohenherg and W . Kohn, PR 136, B564 (1064)

Theorem 1. For an arbitrary non-uniform electron system, all
ground state properties are uniquely determined by its electron
density, e.g., its total energy could be expressed as an unique
functional of electron density, ie.,

E = BE({p(r)})

Proof: if there are two systems, H = T+ U + 1V and A" = T+ U7 + ' with different
ground state wavefunction 9 and ¢/, but the same ground state slectron demsity o). So

E=<plH|[p> < <y|HW >= B +1di(V -V

B =< pHW > < <) 5= B+ di(V - Vo
Add them together

We hawve also

E4+F « B4+ H

16
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Kohn-Sham 7 (PR 140 A1133(1965))

{_vz +Vis [P(r)]} @.(r)=E@.(r)

VisLo(D]= V(D) +V,[p(N]+V, [o(N]=v(r)+ [ dr

p(r):Z|¢i(r)|

p(r)  SE[p(D)]

r—r! Sp(r)

[_vz + Ve (r)]‘//i(r) = Ey;(1) ‘

XJFERRIF R ERZLitEBE] T SHartree-Fock 5235 AYERE

F7552 , BIKohn-ShamBTE, ARPEV. FEXERAT Vic.
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Kohn-Sham 5 F£4F 55
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RIS 51T 3 B
£ (p(1) =  ESTISTEZ=T e

1 3 251
83°m(p(r))+8?°m(p(r)) £"[p1=Cp" C=— ()"

XJFREXIN ( EEKEX ) | BEXAYSIBEFSHIQMCIEILE
BIE KRBT | WJ!zDCeperley -Alder, PRL 45, 566(1980)

1/3
TE N BB F1 I(ngner Seitz radius)>RFRAAFZ K r — 3
RFEPHPEBEEZE , I(PRB 23,5048(1981)). >\ 4zp(r)
>R (r)=-0.9164/r,
—O.2846/(1+1.0529\/E +0.3334r) r>1

LDA-CA
gC C (rS ) =

—0.0960 +0.06221In T, —0.0232r, +0.0040r, Int, T, <1

S
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GGALLAN?

Meta-GGA

Hybrid Functional

GW & Self-Energy Correction
Self-Interaction Correction
LDA+U

LDA+DMFT...



Total energies of atoms are ~10° eV = error of 1 eV is 0.1% accuracy.
DFT-LDA most accurate when comparing energy differences between
similar things as there 1s often cancellation of errors.

Solid cohesive energies

L1 intercalation voltages

Metallic alloy formation energies
Band gaps

Elastic constants

Lattice parameters

Bond lengths

~0.5 ¢V (10%)

~0.4 ¢V (10%)

~0.01 eV (5%)

~50% (always too small)
~5-10%

~1-3% (always too small)
~1-3%
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10. The Performance of Various Functionals

The functionals currently used in density functional simulations form a natural
hierarchy. Although it cannot be claimed that there i1s a systematic approach to the
exact functional it 1s clear that improvements are being made in the underlying
functional form and that the description of ground state properties is improving. The
most notable recent advances being those in which the non-local nature of the
exchange potential is infroduced in one form or another. The current hierarchy is

summarized in Table 1.

Dependencies Family
Exact exchange, |Vp|. p Hybrid
Vep. T Meta-GGA
Vp GGA

P LDA

Table 1 The current hierarchy of exchange correlation functionals.

PKU- Beijing - Fall. 2014
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Mnemonic Family Parameters
LDA Local -

BLYP GGA Light

PBE GGA -

HCTH GGA 18

VS98 Meta-GGA 21

PKZB Meta-GGA 1

Hybrid Hybrid-exchange 3

Table 2 Mnemonics used to define density functionals of various families and the number of
external parameters fitted when defining the functional.




S?
Hard problem to solve

Schrodinger equation

Properties of the

system

=

Electron

*“— Interaction
—— External potential

Formally

<

equivalent

DFT

“Easy” problem
To Solve DFT

Non-interacting electron
(KS particle)

— Effective potential

V(1) = v(r)+j|”<”dr

$(r)

é‘EXC[n]

on
—_

V. (1)

«

V.. ()

LDA
GGA
etc

o BT 1R RRIMER AT DUE R R B E % T R (SE)EAT TH A ( L B 2 1).

EEINAEZ K R EENRTERREREDFTHIKS T2 (L EA ).

o (HRWEMW E [n(r)] FHARE. FEXHEIMGEE, 90 LDA or GGA.

X0 KS fFERIREE .
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N5
DFT & ™ HHRE 25 1 Il R8T A0 B SRR 1 ) AR ) 725
JRTT-FEE, K-HE B B SR, K-STTRE RN
DFTH)SLA, S IR HRZ BRI 2 T3 TR R R BT R
PIANIEAL: ZEROE L OC T A IR EIZ R I ALL

RITL: L HE NG E R FEsily, =N
{3, € TDDFTE X — o] /i .

TR R (REE, FHRD . Z2st, bA D>
GGA - Meta-GGA - Hybrid Functional > DFT+G =2
DFT-DMFT

RO IR DFTR —MESITE, X T ReR BT E B
i = Hybrid functional, GW 7 V£555% .

~3337 318 : DFT+U, DFT+SIC, DFT+G, DFT-DMFT

=




F_A. M Dirac

gl
B . Zcko dditar

Linzia d= Brogia

M. Flanck

2000

.h.?
I
1950

S
1000

ubisaq s|eiIa91EW

Featarials Chesg e Proprieiang ard é-ﬂ'ld-lrﬁ:l
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ANEIDFTHHE 7 VI RFAE X A

{_vz +Vis [p(r)]} @, (r)=Ep(r)

MK-STFEH A, ERAFLLFEH REMUT A = ?
(1)« KA F B BR EUE R T R AR
(2) it #37

XF R e TR S
(1)« RHAANRI T R AR R S T di AR R £
(2) « MRS AT S HEEIT AL

JUAH LAY T v
(1) . JEHSFHP (Pseudopotential planewave)
(2) . JFFruEZ&td 4 (LcAo)
(3) « &M I~FiE (LAPW)
(4) . ZMEMuffin-tinliE (LMTO)
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DFT Implementations

— GW
—— all-electron full potential — model GW
self-consistent ::}— all-electron muffinin - ;ﬁ:g‘:p endent DFT
Harris functional —— pseudopotential —— optimized effective potentials (OEP)
— jellium — LDA+U
—— self-interaction corrections (SIC)
—— beyond LDA ——
fully-relativistic —— — generalized gradient approximations (GGA)
semi-relativistic —— — local density approximation (LDA)
non-relativistic ——

o Gaussians (GTO)
non-pen-od!c [ atomic orbitals . Slater type (STOQ)
. periodic numerical (DMol)
o symmetry —— ——— plane waves
%7‘ lane waves (FLAP
a  augmentation i g : w
*} non-spin-polarized — spherical waves (LMTO, ASW)
E spin-polarized — L fully numerical
L
2.

2014/12/2 PKU- Beijing - Fall. 2014
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b-initio

REFy S2 8

ackage

imulation

* Ab-initio structure relaxation and MD simulation

* Plane wave basis set

e Efficient matrix diagonalization schemes and efficient Pulay
mixing

e Ultrasoft Vanderbilt pseudopotential (US-PP) or the projector
augmented wave method (PAW)
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BRRITSE - ABEEI

A A% S 450 T
Material Expt Theory Type
LaBi 6.57 6.648 alloy
CaFy 5.4626 5.496 halide
Ag 4086 4.112 metal
V 3.028 3.019 metal
ZrN 4.62 4.634 misc
NbO 42103 4.2344 oxide
GaAs 5.653  5.663 semiconductor
CoSis 5.36 5.3 silicide

2014/12/2

PKU- Beijing - Fall. 2014

59



RESYIE - DFT 53k

Zikg. BT (R, BFEERD - BT (BERRD . B, .

45 9F
of 61
9-4: I%') 3_
L ¢ 2
5| g o0
S r B ¥
g -12r \—;‘;_3_
. 3
16 -
C “-6 1
-20f I
: 1 ] -9t .
24F + - .
X T L -10 -8 -6 -4 -2 0 2 4 6 8

L Y L) SR A-Mn-NALAPIHG F
02575 I B B 4 BERAL T
25 1753 4 > ¥&R
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Si

Frequency (cm™!)

2014/12/2

i 7

(1 HY

(5 °F M)

Exp. neutron scattering data (J.L. Wauren et al, Phys. Rev. 158, 805 - 1967)

Our GGA results

W

L 1R)
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B

Bo(T)/Bo(298 K)

8
o0

2014/12/2

WIS

(B HEEH

| | | |

50 100 150 200

250 300 350 400

TEMPERATURE (K]

Fe AT 11y ab-initio 4] 4

G H I (MeSkimin, H. J., et. al.

| _?’ Appl Phys 43 (1972): 2044,
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e K

blocked checkerboard AFM

2014/12/2

( ground state )

colliear AFM
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xR MIZFE - DFT &

WERNERHF REEL

SEFH httpoivwwsy. autaday.corm.cn

nature _
chemistry

ARTICLES
R 2010 | DOI: 10.1038/NCHEM.930

Surface-mediated chain reaction through
dissociative attachment

Tingbin Lim', John C. Polanyi'*, Hong Guo? and Wei Ji#

a Dominant growth
0.5 TS IS o
0.0_:::?_—.?%3 0.18eV % }

=~ —0.57 |: , Ob -L% @ &

b T Yt é%éﬁ%*ﬁ%@ﬁ%ﬂJCC//cm
T dt% }H% 5 % B AN KR 8 A v AL = A 1 B A

—3:0; o Fs&,% H %ﬂ%

Reaction coordinate

Energy (e
Lk LL
o o g o
| | | |

7

WK RS K E AR T T — P il
7> TAESI(100) 3R M _E A4 7 s IR

Why experimental chemists working with
theoretical physicists not chemists?
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K52
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HEAENIE R

BANTEAIRTER 1, BFEAKEN. DR TES. MANBERE,
e saa 104 | ~19t0 | ~1970 | ~1990 | 2000 | 200 _

CPU (flop/s) 3flop/s 5000 ~1M ~10M ~100M ~2 G ~40 G
RAM 32MB 1GB 32 GB

G FATHEN
B 2 S T R

CPU (flop/s) 10G 100G 100T
RAM 10GB 100GB 1TB 10TB 100TB 1PB

1M=10%; 1G=109; 1T=10"%; 1P=10">
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E Statistics - Contact ~

Tianhe-2, a supercomputer developed by China's National University of Defense Technology.
retained its position as the world's No. 1 system with a performance of 33 86 petaflop/s (quadrillions
of calculations per second) on the Linpack benchmark, according to the 42nd edition of the twice-
yearly TOP500 list of the world's most powerful supercomputers. The list was announced Nov. 18 at
the SC13 conference in Denver, Colo.
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R Te

. CPU+GPU:

- BB BT @SSC (FBJ)t5000A) * Intel: Xeon/ltanium
- BB RM57000@SCCAS - AMD: Opteron

* IBM: Roadrunner (Blade Center) + IBM: POWER

* Cray: Jaguar@ORNL (XT5) * NVidia: Tesla

* SGI: Pleiades@NASA (Altix) * Intel: phi

 HP: TSUBAME@Japan I 253 12 .

* Sun: Red Sky@NREL (Sun Blade) . QsNet

* DELL * Myrinet

* Infiniband
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FATHLHYE

BIERG: JFITHE: I A - IMIZE S
e Linux - MPI (7§ Bf%i%) Ifort (Fortran) * Fortran
e Unix - OpenMP (L ZE 7 fig) = GCC(C/CPP) - C/CPP
« Windows °* ... * PGI (Fortran/C/CPP) « Matlab
o * VTune (172%) * Python
éf( FE . * .. o

MKL (Intel): Math Kernel Library y =g o= R s
* ACML (AMD): AMD Core Math Library PWSCF

* BLAS: Basic Linear Algebra Subprograms VASP
* LAPACK: Linear Algebra PACKage ANSYS
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MPI

T4 & MPI:

Massage Passing Interface: H.5/%3% K FE R HIPRERNTE . S
Fortran. C. MatlabE i &EHIES .

1. gﬁiﬁMEé,ﬁﬁiﬁﬁﬁﬁﬁﬂuWE%%%,imﬁg
%3] e
2 R—RHEAGE. MIEHRE, FRAGEEE AL

MPIEA

A EME: TRAERE EMIENL L, #HlA0Unix. Liunx. MacOS-
Windows%, SLILHEIHATIIRE, IERF LT BU.
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Wi

WindowsZE £+ ?
AT B SR AE W R B B 5 1 ] B

1 BAERAENE: KSR ER A ZEUnix. Linux R4t MR

—“%’B/‘Jo ﬁWindOWS%*EBgI‘EE%%%K\ %?5%&7

NoEZ . R Y

A NEBAZ WA 5B R T B BB .

2. MEfeM . BT Windows& 45 H &I (

W T BE R B2 =

FFPAL) , F8Windows&E R I8R5 .

3. BIERA MM : WHEHEE RFZWindows
Cluster Server 523, 18 B % a5

Compute

BAZERE L. BMrEERS R (BF) LRRFHIBR
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RRIELIZRAN X Ry TN

(B IR SRR 48 A5 B )

AI{R4aTE: B/ R—B A E;
BEBEA—HB#RA iBIZMBaINERETT;
iRk ;

EPERSG: —BASHTEN, —1ATE;
BREM;

BERTAT A : —BFERPEREE < 17);
BRIz INEE;
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The Nobel Prize in Physics 2012 N
Serge Haroche, David J. Wineland

The Nobel Prize in Physics 2012 ’

Serge Haroche

Dravid J. Wineland

H®

Figure 1. Nobel Prize awarded far mastering
particles. The Laureates have managed to make

trapped, individual particles to behave according
to the rules of guantum physics.

Control of individual quantum systems

lonin a trap Photon in a cavity

Photo: @ CNRS Photo: @ NIST

Phototh&gue/Christophe ?=4I;C? .
Lebedinsky 1 2.5 MHz a .
Serge Haroche Dawvid J. Wineland
The Mobel Prize in Physics 2012 was awarded jointl
Wi "far around-breaki perimental met
and manipuiation of nddal quanium systems+ ~ O
Be* S, / eyl f'l i
F=2,m =2—)—— 1.25 GHz @—Rb, n=50

Fig. 1: Mustration of the two types of experiments discussed in this seientific background: On the
left, an ion is captured in a harmonic trap. Its quantum state (both its internal state and its
motion) is controlled by interaction with laser pulses as exemplified for the case of Be*. On the
right, a photon is (or several photons are) trapped in a high-Q) microwave cavity. The field state
is measured and controlled by interaction with highly exeited Rb atoms.
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Slabfs Y

o« ANERI\—NRER ?

o« EBENR , MIZKA— 1 IORIRFRBR R
=H , AJITA?

« FRIRRBEPRFETAGE | wimtaHDFTHYE
e , AFRE !

« PRHIFM

- BIREZMREF. seiRRE LR UEFBF179

— (RIFTEERENEHET , RERMTEES T8 !
« Slab Model & FEHAtAREZE
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Slab Model—;

z - X N
<7 } Repetition of slab in z direction
e

,/

. Vacuum
-
P N
a
a ! 7
" le 71 }Five-layerslab
® &

2
\

SRR A

» X (Or y)

FOREH: RN, XN e I,
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__'_Al\':'>

Vacuum Layer (HF )=

o K/NUMAIERER? HZ2 R 2 K?

« PRUEFEZT B, EaP R TIR (R E BRI &+
& D J2EAT w2 F A BAE

o B R A A EENFALL.

o WA E BB ETE?

« B EW KR! €HRIUE. (H2HERIRES

o fBEHEMEEEGERETERA N € Ft

o A EREEAGN € BRSNS, THEEK
e 2£80%. 15-20 A
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17 R A= To PR AR T

o HAEBREELIRELR, nli7m?
i% TP T AR E R I ) — 2 L B 3%
o« NHAAHZ=FEW?
Slab modelfi,§)\mﬁ‘7§/\i§T:
YHERE, HsEmaehE;, — RN ERE R L
o H/DEH? 2?2 37 47
AEm/ e/ CRER, REMRA4ERE ] “IHAIE”
o« WHAAHEZZE?
TFEHHANE ;

T PP AT AR 2 B P Al e 1% BEANTT S5 BB 25 R — —nl 45252
TSR ERIRTSE &, RERED T R .




(001) Miller plane

Gola0100020
RGO
lhﬁfwwqp

(100)

2014/12/2

e
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T iy 42 FHK $ Fi 4

SEIIENEE S S e

(111) Miller plane (110) Miller plane

= gz

fec Conventional cell fec conventional cell

.. 4
.1

(111)
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Cu(322)
Ao AR ?
AL, & B T A1 6 il 2%

RIA LR G A &R
ﬁ%%ﬂﬁ%%ﬁ%?

Rz fEfl . IR &S
AN TR] 55 B R v P e 2
Cu(755). Cu(533)
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Vacuum

Five-layer slab

2014/12/2

XEFRATAE R A s

@ @
@

@ @
&

& L

TR i, —
0Tl R

LAy oA AN A, JCH 2 IR E O

o PANERIH A &7 A — M E K
o ERMTELI R T, AR

mﬂﬁ%1Z®A%ﬁE¢%
heiilisy

. WIE (LS X AN — /9

=) 5 [ (B,
R m e ik myg™ e

o & IE (dipole correction)

PKU- Beijing - Fall. 2014 84



Relaxed layers

Fixed layers

Relaxed layers

2014/12/2

Vacuum

Xf B A 7

Vacuum
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(a)
reference

* point (c)
Zxy)

(b)

"TIT T

= = = o A
pentacene

z
'y

. I B DIP

2014/12/2

106103 (2013)

b R B S — gplus AFM & DFT .

Pentacene-Cu111

_ =
. — Xet
- —Co-t|p
-. - = HT-shift
S
A
)
S
T
x(A)

HT even better!
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o

Energy (eV)

Z:?! = u&Bﬁ#@ﬁlU\*D%&E/U\Ebﬂ\ﬁ

Dominant growth Along ‘A’ m-IPy [v]Pyridyl + I-atom

a5 INITIAL FINAL
O:D::—_.:.:&_::u.mw e % } = <)
1( g % €&

505 .5 \ — ‘ ' EXPT
) {. L et

= —E.EI-: \.\\ F5| {Jd' éf ) ‘é' 8&

—25 : ."'I-- - II FS i q ] 1 e

253 4F T 3 s

Reaction coordinate

Nature Chemistry 3, 85-89 (2011) TH (top)

T T . A T T T
; ; }),) (IPh-stationary) ' (side) “B9. [v] I:‘
' ' j) @ 0 0 o L PR
i (E.') .22, _)®) |
E ; e J)f) 12S Model b  Perpendicular ‘P’ m-IPy [h]Pyridy! + I-atom
0.5/ ¢ J') INITIAL FINAL
0 ))) EXPT
55
F2 TH (top)
1 | | | | | 1
2| 3 4 5 6 7 8
Feq C-1 bond length (A)
ACS Nano, 2014, 8 (8), pp 8669-8675 TH (side)
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RIARES

ALONG
T*=0fs

!A!

PERPENDICULAR

T*=01fs
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FEAMTA ?

Along ‘A’ m-IPy b Perpendicular ‘P’ m-IPy

Q_JE-I E
t,=460 fs ‘},"'
3

Gy t,=401s
I;-.

| @
M

tﬁ t,=160 fs

E t,=2000 fs
f:( mqa

2554

ACS Nano, 2014, 8 (8), pp 8669—?9675



Surface energetics — CO/Cu(100)

LR (a) inset: sqrt2 x sqrt2 (NP)

(@) 7 sqrt2 x sqrt2 (CP7)

(b) Mixture of CP7 and CP5
(c) a mixture of 1D and 2D
(d) 2D network

Structure?

Why?

Why no CP3?
Could be denser?

ACS Nano, 2014, 8 (11), pp 11425-11431
90
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Atomic structures

Structure?

Why?

Why no CP3?
Could be denser?

® O(ND)
O 0 (bWw)
| © 0(CD

ACS Nano, 2014, 8 (11), pp 11425-11431
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Energetics

B ND
® 1D CP( © non-observed)

o) . A 2D CP( A non-observed)
Q
:: 040} CPS\
w 045 ™\ cps5-5
< -0.50}
w CP7-7
085 % .
0.5 0.6 0.7 0.8
Coverage (ML)
(C) 2.0" B ND
1 ® 1D CP( O non-observed)
1.54 A 2D CP( A non-observed)
o 9
o
g 'I.lll-‘I CP3 CP5.5
= 0.5-

0.04

E~33GPa

000 005 010 0.15 020
Strain (&)

(B) 024}

-0.26

Eads (eV/ Cu
&
&

® 1D CP( O non-observed)
A 2D CP( A non-observed)

| \
\ }cpz-v

CP5-5

0.6 0.7

Coverage (ML)

Accumulation Reduction

« Structure? Why? Why no CP3? Could be denser?
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J5F 71 AU (AFM)

Q-plus
e aFrequency shift

n higher accuracy

: < %
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From chemical structure imaging to bond order discrimination

Leo Gross et al, Science 325, 1110 (2009)

Leo Gross et al, Science 337, 2012 (2012
2014/12/2 PKU- Beijing - Fall. 2014 94



Weaker intra- and inter-molecular bonding ?

It is interesting to note that in the const
(Fig. 3b) there is a bright spot between H4®%
stant-height image {F1g 2b) shows bright r:nnl.rasl. sm‘ular to a
bond connecting C4' and N4. The chemical shift of H4' in the
'H NMR spectrum (8.70 ppm) suggests that a dipolar interaction
is taking place with N4, causing the deshielding. This indicates
the imaging of a non-classical hydrogen bond. However, this
interpretation remains speculative because the feature of a connect-
ing hydrogen bond was not reproduced in the DFT simulated
image, whereas the calculations agree well in the relative contrast
of N4 and C4". Confirmation of the direct visualization of hydrogen
bonding as also proposed by STHM** would be of tremendous
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8-hq adsorption on Cu(111)

deposition at LHe deposition at RT

Science 342 (6158), 611-614 (2013)
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Single 8-hqg on Cu(111)

AFM

EEVRN 07w | [EHI 114z

(a): Az= +40 pm; (b): Az= +30 pm; (c): Az= +20 pm; (d): V=0V, A=100 pm,
Az=+10 pm; (e): Az=0pm;  (f): Az= -10 pm. Az=0 (-100mV, 100pA, Cu(111))
Science 342 (6158) , 611-614 (2013)

97
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Hydrogen bonding in self-assembled 8-hg on Cu(111)

Science 342 (6158), 611-614 (2013)
2014/12/2 PKU- Beijing - Fall. 2014 98



8-hq adsorption on Cu(111)

deposition at LHe deposition at RT

Science 342 (6158), 611-614 (2013)
2014/12/2 PKU- Beijing - Fall. 2014 99



8-hqg dimer and trimer on Cu(111)

V=-1.0V, V=0V, V=-30 mV, V=0V,
1=100 pA, A=100 pm, 1=100 pA, A=100 pm,
2.0nmX2.0nm; Az=+100 pm; 24nm X 2.4nm; Dz=+80 pm;

* The tip height Az was set with respect to a reference height given by the STM
set point (-30 mV, 100 pA) above the bare Cu(111) substrate.

Science 342 (6158), 611-614 (2013)
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8-hqg dimer and trimer on Cu(111)

Coordination Electron
AFM Model complexes density ELF

ELF: Electron Localization Function

Science 342 (6158), 611-614 (2013)
2014/12/2 PKU- Beijing - Fall. 2014 101



In SItu scanning transmission electron microscopy

=<1

S E M TE M Electrongun | |

lleotron Gun
e

f?ﬂll R

YA o || |
Z7TILY () 51 Z o o #5 'IJJ/Lr
F"
Condansoraperturs_ . 1 [
M /-II

Spaciman port Objective aparture

Objective lans

u P - ra
Intermediate aperture % Ciffraction lans
5
e

Interrnediate lans
Binoculars g ;

Projector lanses

__Fluorescent scrasn

|= image recording system
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Graphene & TMPG?

b Top gate

Silicon oxide

Silicon back gate

MoS, influences stock market!

Bilayer = gap induced (130 meV)

On/Off Ratio: 100 ~ 2000 (gate:3.5V/120
V)

Off current: 10 nA (6.4V/120V)

DOL 10.1021/ni90392636 | Nano Left. 2010, 10, 715-718

On-off ratio ~1 x 108
Mobility ~ 200 cm?V-1s?

Comparable with graphene nano-
ribbons and ultra thin Si (2nm)

Direct bandgap (monolayer)

Wang group and Heinz group, 2010
Nature Nanotech. 6, 147 (2011)

2014/12/2 PKU- Beijing - Fall. 2014
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Defects -- vacancy & anti-site

Nature Communications, in revision
2014/12/2 PKU- Beijing - Fall. 2014 105




BT

Channel material itself

Channel-metal contact at the electrodes
Channel-insulator contact on the substrate

A lesson learned from Au-BDT case:

i PR A 1

LL

Structure & Energy first before transport modeling

Structure & Energy!

vdW does play a role

2014/12/2
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FET setup — anisotropy
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Hartree v.s. Hartree-Fock
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PAW?:TY—L.:(Projector Augmented Wave)
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