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Roland Wiesendanger “Scanning probe microscopy and
spectroscopy: Methods and applications”,Cambridge
University press, 1994
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ELECTRON MICROSCOPE
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BAHBAR (microscopy) 1 24K (spectroscopy)
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A T AR W 5 3] B R ) AR A A
16634F:  ZM{1F. 1% 5t (Robert Hooke) KiE s, il fF 5 B -

Hooke Microscope
(circa 1670)
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200 nm x 15001% = 0.3 mm ~ ABR 4> #ikk (R
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£7-1 FAEMERETRFEMRERK(SBMLEEE)

Do AV BTk sA 0 L kY TR A
1 0.388 40 0.060 1
2 0.274 50 0.053 6
3 0.224 o0 0.048 7
4 0. 154 &0 0.041 8
5 0.713 100 0.037 0
10 0.12 200 0.025 1
20 0.0859 500 0.014 2
30 0.062 8 1000 0.008 7




@ & @A AL AR REO RS S

LI ATAL LAGRATITY 1 NGRS M T TR

TEM

~ In

§ Electrons
“Hlarnination”—p mm | -

Firstimage -r-}--- o e

Frojector lens—p IE% : 4— Eleciratnagnatic lens

Flnal Image --p mewm==

Fluarescent screen
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19264F: ##[EH. Buschit i & 5 1 it

19324F: f#[EMax Knoll 5Ernst Ruskafill/E 55— & BB 5 Otk 12
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19334E:  Ernst Ruskaifill {E B Z 15 535 5 B 7 Al

19394 fEE ] FAFHIE R AR SN B (PR3 nm)

1970%E: ZHNEFK: Albert V. Crewes A 4 X HTEMSE IS T4 ¥
(Science 1970, 168, 1338)
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B F S8 (Field lon Microscopy) : & B SZHLE T4 8 B4

19554F, 25 [ T A Erwin W. Mueller(1911-1977) % W13 5 T 5.4
1967: TGRS E T RME

BT RME-EE

Principie of Field lon Microscope (FIMD

Praniind gas
atm B

) PN R
n=D/(RB)

D=10cm, R=50nm
n=1007

ic ochanned piate

FiM 1ip
<onted B30
ptirs
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LIS AT LT P LN M TER T

TEAS P E F R4 (atomprobe field ion microscope )

Courtesy of John Panitz
LIMNE OF FIRE ‘Wielding the first all-metal atom-prabe field ion
microscope as though it were a weapaon, Paniz (at the Courtesy of Lincaln Lauhan
gunner's position) "fires” a friendly shot at Miller, who is g1 |CE AND DICE In addition to mapping the atams in an
holding the instrument's tirme-offlight mass spectrometer  jndiom arsenide nanowire capped with a gold catalyst
tube in this 1969 photo. (righty, modemn atom probes can  guickly reveal
cormpositional variations in the interior of ultrathin slices
{lefty made on either side of the interface. Indium is

green; arsenic, purple; gold, yellow.
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) ATOM, Using ,
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T0 "sgg
MICROSCOPE OF i

VENTION=A LANDMARK AIRANCE
IN SCIENTIFIC INSTRUMEN-
TATION THAT MAGNIFIED THESE
BUILDING BLOCKS OF THE

UNIVERSE MORE THAN Two
MILLION TIMES,

PENN STATE ALUNM ASSOCIATION

50th Anniversary of
Atomic Resolution
Microscopy (on June
15-17, 2005 at PSU)

In front of Osmond
Building

for Penn State’s
150th Anniversary
in 2005

(p) rovsrnenmas trunsonazzns

BAER

“BHE. URFBAREGTRES, RERFFSNSTENZLEE

w: FRBTEME (19526) \BMHL (BFE2BE




@_ TOHS B AMLA | LRARSHIARESRE

STM HYJRAY: 7% BHITEMRIN

1 R. Young, J. Ward, and F. Scire. The topographiner: An instrument for measuring
surface microtopography. Review of Scientific Instruments, 43(7):999-1011, July 1972.

DIFFERENTIAL
SCREW

$H4eBEES:  100nm
HBE: LKV
THER: 400nm

Fig. 4 Topographic map of nuled dulf
finer. Labeted disances are im dngwn

Landmarks tn the science of tunneling (Roy, 1986)
(P) ta#smensLH | LRSS B
Fhesomena T ort VN ——
1 Observation of fheld emission from Lilienfeld 1922
metals
= Sy R 3 Ton .
= 7 zation of hydrogen atoms by Oppenheimer (57
= FRBFEHN ecan g
;‘;‘ 3 Explanation of fickl cmission Fowler and Nowdheim 1928
E,\] ﬁﬁj—b ,j] g 4 Alpha-decay theary Gamov s
Uumey and Condon 1928
3 Theory of interband nmneling in Fener 1934
solids
b Field-cmmssaon macroscope (FEM) Biller 1937
7 O hon of Zener breakd, Chy h and 1957
Mokay
& Tunncling in degencrate pn Esaki 1958
(a) Jmctions
~ tunnaling & ., @ Extension of Zener's theory 1o Keldysh 1958
\\ Qmeul tunnel diodes Price and Radeliffe 1959
3\ 3 m Kane 1961
0 Measurement of energy gap of Giaever 1960
Molecule Insulator superconductors
. \ 3] Perurhation treatment of wnncling Bardeen 1961
&\\\\ \\ i Metal 12 Tunneling of Cooper panicles Jorephson 1962
RN 13 Experinental verification of the  Anderson and Pawell 1963
Josephson effect Rowell 1963
Fiske 1964
4 Inclastic unneling spectroscopy Jaklevic and Lambe 1966
{IETS)
15 Paint contact tunneling Levinstein and 19646
Kunzler
von Malnar o al 1967
16 Experimental observation of Zeller and Graever 1963
Coulomb blockade
7 Observation of tunneling rails Lea and Gomer 1970
Gadruk and Plummer 1971
8 Spin-polarized wnneling Tedrow and Meservey 1
1% Wacuum wancling and topografiner Young ef al. 197
] Development of scanning wnncling Binnig er al. 1982
microscope (STM)
E Theary of traversal time for Biittiker and Landaver 1982
tunneling
2 Theory of Coulomb blockade Ben-Jacob and Gefen 1985
Averin and Likharey 1986
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Pre-1900 Physics (Classical Physics)

¥ | ¢
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Impenetrable
Barrier

VAAA
1

Post-1900 Physics (Quantum Physics)

w2 | —| 0O a y
Tunneling X
Effect
_28 Fm(V=E)
FHELE oce "
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Scanning Tunneling Microscope

Gerd Binnig and
Heinrich Rohrer,
IBM Research Division

Scanning Tunneling Micro

AN

écopy (STM)
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The expermental setup:

Enargy

B

R YRR TR

- h d_uj +E(xwr=E yr

2m dx”
| e
I I~ exp (-2xd) I

b oo, 2m(E, ~E)

he

PN F DS AL | LRHESDRERESS

AR E B AR TIER
(1) BE LA
R SRRV E .
ERUB AV, 1)=const. (x,y)/z, 3 & i3 7 25 (123 8] 70 A
S (V, Z)=const. (x,y)/1, & 25 K140 15 5 5Tk

BERER ERRK
a) I constant, feedback loop active, b) Z constant, feedback loop idle,
Z variation measured [ variation measured
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LT TR LAY PO SRR

@ G BHE AL | RS AR RN R

(2) TimpE®

B R ERRRE -
EE (xy,2) T—5&, WEI-V. di/dvEaiBiEig). =5
d21/dV2 (R pEE 1) -

PRBEIER
(V,)=const. (x,y)/ dI/dV ({35518 1)

(V,1)=const. (x,y)/ d21/dV2(E5H 14 % TE 15) SERSHEROREAR
/3

HENE
(3) shm¥ig

(V,1)=const. (x,y)/ dl/dz
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: tip
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Au(100)
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1. e A A&

2. BF4r¥E (EW: 0.2nm, ®#E: 0.01nm)
3. LERE: BEEE. K. BH

4. e AL
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PHETEMBENELDGE (2) « BETHRY

FRET “H T L MslEREA
Nanomanipulation
and electron density
@ Closer tip-sample waves by STM:

Quantum Corrals
(Don Eigler IBM)

{ I;“-'“".!tf%
. \k‘ ) ‘tr
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@ & @A AL AR REO RS S

P TEMENELTIR (3) . BHREEE (STS
PR TERLN . BIEE. KondoXM. 73 THE. . - -

T Vortex state i {%

2H-NbSe, at T = 1.8K and 1 Tesla, 200G, 350nm/A
dI/dV at 1.3mV -~ \“ .

Ref.: H. F. Hess et.al., Phys. Rev. Lett. 62, 214-216 (1989
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Single H Atom

15 x 15 A®

60 | Cu(001) |
S 70
2 |
< 40 + H T
b 51
g 20 w |
e

0 C 1 1 1 1 ]

0 20 40 60 80 100
Sample Bias (mV)

By Wilson Ho et al.
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Atomic resolution images of surfaces

Essy Russs,

Fritr-| iber-fnating dev Man-Flanch Cesellachan
Berlin

Gern Beaaic

T Rerserarch Labaoeasory
Lurkch, St toeland

Herasci Rowes

{1l Marwemech Laborstory
Lilrich, Switeriatd
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STM R KZEiC

1982: Binnig, Rohrer fGerber & W13 $iF% 18 & 1bs

1983: FIHSTMIRAR 5 —A2K 1M, Si(111)-7x7 /R 153 HF .
1984: Tersoff and Hamann’&% J& 7 3£ A [{STME 1,

1984 T3zt BT & B (D. W. Pohl)

1985: J5iF /7 2 4sE & W3 (Bining, Gerber, Quate)

1986: Binnig & Rohrer 37453k U1 /R W HE 3

1987: A feful xRAFMI L, FR3RAF &5 AR T FHE

1989: D. Eiglerfl| I STM S Bl ¥ 7 12

1993: Y.Hasegawa F1D. EiglerF| FHSTM/STSHL % 4 J& 38 T
1998: | F {# 37 H- AR He STME AR SR — 4 B T 25 AW 82
1999: Wilson Ho ] FH 3 s ik 18 1% S B % 43 TR s A W 22
2009: fiKIRSTMA B F10mKAKIE, 15THEmi7 (35 ENIST)
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Family of local probes
Binnig & Rohrer, Rev. Modern Phys. 71, S324 (1999)

Scanning Near-field Optical Microscopy (3765 & fh4%)
Photo Scanning Tunneling Microscopy Microscopy
Scanning Force Microscopy (SPM)

Atomic Force Microscopy (AFM) (T /1 B4
Magnetic Force Microscopy (MFM) (T 3 & s )
Electrostatic Force Microscopy (EFM)  (#FL /7 2 83D
Lateral Fiction Force Microscopy (LFM) CBE# /7 B 48)
Scanning Thermal Microscopy (STHM) (4 FEL 4 5 fui45)
Ballistic Electron Emission Microscopy (BEEM)

(T8 HL 5 Y UBRE)

15
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Instruments with Atomic Resolution

(BB JE 570 i) =R B2

Transmission Electron Microscope (TEM)
7 5 T 8 PP B (Ruska, 1931)

Field lon Microscope (FIM)
W8T 2B (Muller, 1955)

Scanning Tunneling Microscope (STM)
F4 %8 55 14085 (Binnig & Rohrer, 1981)

25 TEMATFIM B Dy s R e g B - ST™, (L3 32 2 8 FH 4R
TEMBRL 224508 . TISTMAY PR B 8 S 80 T 9KRlb 2 04k,
LRSI )R N B LR T 2 . KRBl WS 2 fhot
Bl HIREERT B AR R R . STMIT 5 TR L o i 1A
S [ERE B TR 2 G TEMAIE TV ?

Three levels in our knowledge of condensed matter

Excitation spectrum
IR, Raman IETS

optical property, plasmonic property...

Electronic structure

ARPES . . . STS
Conductivity, chemical property, reactivity

Magnetism..

TEM,

XRD, LEED STM

STM can do everything, locally, with atomic resolution

16
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Placing the sample hotder in the scan head
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STMI¥I#% >-coarse approaching mechanics

STMHJZ O FHF AR, TiRZBEHH
=W A R % S M KB B AR B 5 7

FiEL: HURR:
Sakurai type STM head

sample

I K e

|

STMI¥I#% L>-coarse approaching mechanics

STMHJZ O FH AR, TiZBIEHH
---- BT A Bt 2R 22 S M JEDK B I B AR O BE 15 2

F¥E2: Inchworm

Step 1

E=tal

Inchworm

Nanosurf A#]
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J¥E3:  Pan —type STM scanner

Top view: Side view:

STmitip

MACCR
Sapphine
Fiezo

i
El  Auming
Bl Tip Holder

Ty
- o N S
“ : ["\ : B+ NEEERTRE  EE AGMS EERELT— 8

@ G BHE AL | RS AR RN R

Wik

“Besocke-Beetle” type scanner

reaTec's LTSTM uses a variation of the Besocke Beetle STM scanner. Due to its rigidity and compactness, the
Besocke Beetle has low mechanical noise and little drift. CreaTec's Beetle consists of a plate called the ramp that on
its bottom side has three equal-angled ramps. Three tubular piezoelectric transducers have a sapphire ball on its top
end and on these balls rests the ramp. In the center of the ramp is a metal cylindrical tube that holds another tubular
piezoelectric transducer. The sample is brought underneath the middle of the ramp and the STM tip is mounted to the
inner piezoelectric tube by a magnet.
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besocke type STM

STM scanner N
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eddy c:';rrent damping
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HaHEE
CNEINBERSE)

Pan type
With optical accessibility

E5EANERAFAE, 20114
e

Our home-made LTSTM (4K)

Parameters Our home-made system
(4K)

LHe dewar hold time ) 70 h

Electronic noise 0.1 pA

Vibrational noise < 0.1pm ( 3 floor,

without airleg )

Thermal drift no drift in continuous
scanning for > 8 h

Hand-made STM heads

28



Home made combined MBE-STM systems in SF09 group

% MBE-LTSTM
— \H"‘--_--/

He-free LTSTM @ &= & = Sta

(p) rovsrnenmas trunsonazzns

Etched W tip

cut Wtip

STM Tip
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§ 1.2 EFSTMHIBARLRESIE

ETFSTMHIFIHARB L B R
STME SRR —RE, AEEE

|
iz
SHRAFE R ;
AFM SP-STM SNOM #Iﬁlﬁl‘iﬁlﬁﬁ
s ' BE RE/FR/ZESTH
i B BEHSM

AFM/nc-AFM BLF  RLAHEESTM
SP-STM/ ECR-SPSTM

Scanning Microwave Impedance fREST™
Microscopy (sMIM) >< BEEIZHSTM
STMARISESR R AESTM
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B etk .STM

Hoogtekaart di/dV kaart bij +0.2 V

100 nm x 100 nm

Meting met FelW tip. Gemiddeld 9.5 lagen Mn op Fe{001).
Laag 8 tm.12 zijn zichtbaar. Oranje en geel op het rechter
paneel geven tegenovergestelde magnetisatierichtingen weer.

Measurement with a iron covered tip

By Herman van Kempen.
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| electr c wave propagation of fiber Probes

with coated(a), defective(b), femtosecond pulse (¢) and (d)
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BRFHEME (NC-AFM)

frequency modulation AFM
(non-contact AFM)

H

M 1 The height of cantilever

is adjusted to keep the
frequency shift constant.

When the tip detects a force,
the resonance frequency

Oscillating the cantilever changes.
with its resonance frequency T T

a change of resonance‘frequency
from Y. Hasegawa (frequency shift)
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2
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AI “ sputter shield E z
oscillating E-
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Tip types: g-plus (Omicron)
kolibre (Nanonis)
0
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IERMERFABHER ( nc-AFM )

flexible vibrating cantilever

|
cSEETe

——-—uh_

\ interaction force

horizental sarnple motion

nc-AFM image of Si7x7 at low
temperature

Courtesy o Jf
Prof. Hasegawa, The University of
Tokyo
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KRR ERIZSTM

NIST mK ULTSPM System

* Tunneling resolution =3kT (©

= 300K, AE= 85 meV
= 4K, AE=1 meV
= 10 mK, AE= 10 peV

= Figure of merit for high
resolution

uyB 1k, T
= NIST, 10 mKat15T

Brief History of Cryogenic SPMs

1981 invention of STM — Binnig and Rohrer

1985 low temperature STM — de Lozzane et al.

1990s 4 K STMs, Eigler, Hug, Wiesendager ...

2000s sub-K STMs, Heinrich, Wiebe...

Challenges in combining coarse movement, UHV, cryogenics, vibration isolation

Sub-K STMs more challenging since “fridges” can be noisy and vibration isolation can be
difficult

¥. J. Song et al. RSI submitted
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KRR ERIZSTM

NIST mK ULTSPM System

ULTSPM Lab

Processing Lab

a
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Vibration
Stage 3V
Stage 2

Stage 1 \
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KRR ERIZSTM

Magnetic Quantization C-face at 4K

Tunneling Spectroscopy at ~10 mK
= Multilayer graphene is like single layer _

- - — Weak disorder in graphene

| af
graphene! [5*27 N=q on C-face SiC allows fine
iy - | -‘H.H.r\m,\.features to be abserved
i w
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A B 1 { i
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gul 3 | |
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Sarghe Biss () SgainiinB)" Vi = 50 4V Sample Bias (mV)
D. L. Millor, et al., Science 324, 524 (2009). Y. J. Song ef al. Nature (2010)
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LIS TP, LASCRATEY U SRR W TR P

HHEESTM

STM light emission specinam

Figure 1. Experimental concept of STM light emission.
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BLATAHISTM

GelSIETRIKEK
FBi%E KBS g

M. Crommie et al. Science 2010

J. L. Zhang et al. Front. Phys. 7, 193(2012)
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