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d6 B A
H=2A

& REPHRFEREE ~ 1nm WER, MAIREHKECEER A = 400 — 700nm, RIFFHFIH

#£ (Rayleigh Criteria), 9 #iZiRRE

An
d=061""; NA~1 (1)
NA
km m mm _ pm nm pm
A[m] 100 10° 102 100 1 107" 1072 107 107 1077 107° 1077 1078 1070 10710 107! 10712
radio micro IR | | uv X ray gamma
10100 10° 107 105 10° 10 10" 1012 101 10M 105 10 1017 1018 1019 10% 102 f [H]
MHz GHz THz PHz EHz
1071 1072 107® 1077 1079 107° 107* 107% 1072 107! 1 10t 102 10° 10 10° 106 E [eV]
ne' eV meV eV keV/ MeV

- BRLR T

& X GHEIFICERE A = 0.01 — 10nm, ATREFERIBRATIURE X G4
= AR RITHARREREERASZE LY "BRE"
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X HH&674 (XRD) &N

Rontgen discovers X-ray Max von Laue diffracts

(Nobel prize in physics, 1901)

P.P. Ewald develops
dynamical theory of
X-Ray diffraction

X-Rays from single crystal
(Nobel prize in physics, 1914)

Establishment of the Joint
Committee on Powder Diffraction
Standards (JCPDS), now
International Center for
Diffraction Data (ICDD)

T LI T T T
1895 1912 1917 1935 1947 1953

1969

First commercial pow-

der diffractometer

X-Ray powder diffractometer

developed by Le Galley

Braggs developed theory to determine
crystal structures from diffraction pattern
(shared Nobel prize in physics, 1915)

DNA structure solved by
Watson, Crick and Wilkins
(Nobel prize in Physiol-
ogy or Medicine, 1962)




Solving the Structure of DNA: History

* Rosalind Franklin\- physical chemist and x-ray
crystallographer who first crystallized and
photographed B-DNA

 Maurice Wilkins- collaborator of Franklin

« Watson & Crick- chemists who combined the
Information from Photo 51 with molecular
modeling to solve the structure of DNA in 1953

Rosalind Franklin



Solving the Structure of DNA

* Photo 51 Analysis

— “X" pattern
characteristic of helix

— Diamond shapes
indicate long, extended
molecules

— Smear spacing reveals
distance between
repeating structures

- Mls_smg _smears Photo 51- Th x-ray diffraction image
indicate interference that allowed Watson and Crick to solve

from second helix the structure of DNA

www.pbs.org/wgbh/nova/photo31
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PRI < T IBRIBORER: X 4. T, P T
LIRSS Pl 4 < FLKD < AR 2
o AR X KB
AR S
o AR P LA LB i A 5 7 A A, (LR
UL B A 4 B
o 1] LURIFHAT S LG kAT df (A A ) B 2 L B
Al VR YR SR HOWIN 3 206 S R RTIT IS, O dh X Ik
W9, AT AR T AT . X RO R AT, A
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X S AT I S0

o X WekgeiATILIETR, U FRATREgEd = B
ANIICIBER ke HATHR DT 1 o

o WIRAR FAHUN G, BHHRBRRES ko RIS BIA 17 o
SAEIE R R eRE.

o SZEISAAHUN, HARRKIT RS, 1R k ZAMSE Ly
SETT I EATeE, SAEROE T LR PR, XA SR

“« 2
U
X-ray diffraction 1
technlque £ X-ray tube
\T/:
'..I/'
spots from
gi_f:;gtd lead screen

crystalline solid
- like DNA

spot
from
X-ray
beam photographic

plate



X-ray

Bl X RTHT A NEED™ R X AT ]



X AR “ IR

e (GRED U GBI ERGRE CR/AND
o JEBIfE: FELH Bravias fifFdkE
o JCBESRSE: BN A RE
IXE o WA BYoE A BRI ER, RS PR mG
BESRE R 3R
v R CEIETR = X AT
fais, LR
o Bragg JUADE24E
o Laue HUfL
e W N X STERATHE = 45
Rk, WA



X Gt FnE FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
¢ from one outer shell

incoming x-ray

N
photoelectron from

. scattered x-raj
one inner shell v

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm

X Gt FnE FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
“ from one outer shell

incoming x-ray

°
photoelectron from

. scattered x-raj
one inner shell v

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

@ SEIEEG] (elsastic scattering) - X BHEMATMRERE, RERFRAUE (FIBNGEIERE!), A58
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm

X GHefs FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
8 cray from one outer shell

incoming x-ray

| scattered x- T scattered x-ray

Y incoming x-ray ™\ /§

X S %

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

s SRS (elsastic scattering) X SHRMTTMR LR, HEEFRANE (FriBRseiEsst), BEHe
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

% SHHN (photoelectric effect) : RFARREFRIL X LA FHEBERAETF, IEERFIH
BRENEERWRER M MEE FHER LIRS

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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X GHefs FHEEER

& X FREFEMEFHNEFREEEER

scattered electron

incoming x-ray
8 cray from one outer shell

incoming x-ray

| scattered x- T scattered x-ray

Y incoming x-ray ™\ /§

X S %

Elastic Scattering (< 10keV) Photoelectric effect (< 30keV) Compton effect (> 30keV)

& 1R X SHRAEENREE, TEMEEERAAR:

s SRS (elsastic scattering) X SHRMTTMR LR, HEEFRANE (FriBRseiEsst), BEHe
EELSEFHRHRFE Z.

X SRS E E R RG] 3R

% SHHN (photoelectric effect) : RFARREFRIL X LA FHEBERAETF, IEERFIH
BRENEERWRER M MEE FHER LIRS

% FREWMHBE (Compton effect) : X SHEEITREMBRFITH, FIHRK—HIER.

http://pd.chem.ucl.ac.uk/pdnn/diff1/scaten.htm
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X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK

2https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/

3https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif
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https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/
https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif

X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK

T < > T
HHHHHHH ) \HH T
il ]

)

nttps://opengeology.o g/Mlner alo gy/12 ray-diffraction-and-mineral-analysis/
3https://www.xtal.iqfr.csic.es/Cristalografia/archiv OS/reciprocal*space,gif



https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/
https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif

X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

& NG X SHERATLUAAR—NMEER, S8 FHRRREHETRE — 1 IKEK

2https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/

3https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif

2023 4£3 §23 H


https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/
https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif

X SEk FNeE F RS MRS

& X GH&kR—MERK, |FEERRNRIGERTIRS, KHEMERNREIEST (secondary

radiation) 2

— ELHEI R R SR TR R

® NG X SHEALUAAR—FER, S8 FHREESHE— KR
.

v X GHEATHERE (X-ray diffraction) B TFREIRK X T8 ATRMAER 3

\

I

SN
)
77
77
77

7

|
|
|
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|
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2https://opengeology.org/Mineralogy/12-x-ray-diffraction-and-mineral-analysis/
3https://ww igfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif
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https://www.xtal.iqfr.csic.es/Cristalografia/archivos_05/reciprocal-space.gif

X GHefs FHEEER

& BT r1 7 r2 ERSHRETE r AREA

4 cos(klr —r1| — wt+ 1)

cos(klr —ro| — wt+
) 4 Ay (Klr — 12 ¥2)

v —rq] v — o]

()

=~
=
D

N
‘\‘\\ \ \\‘\\\ \
) \\\\\\\‘\\

- AARE ORI THEE, B A = A2, BYPRBEE 01 = ¢2. *

“http://lampx.tu .at/~hadley/ss1/crystaldiffraction/interference2d php



http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/interference2d.php

HHRER

® ML FIRSE X AWATHSERRETFFENES, ERARL, — N FENAER
FHIBSHRIEML (phase) HE. HEEM (METFH), YAREFFEENESRFSHH
BRERE, BSHKERS T RS RN,

i
\</1/“~m 0

Sir William H. Bragg Sir William L. Bragg
(father) (son)

® & E®R (The Bragg Law) :

2dpp sin @ = nX; (n=1,2,3,...) 3)

CEY, FEETETIXEEEFHEL NEELET, WA RFELRNSFERFTFIEEE, FNRE— M AGHEEEE
EFstRE, #attiiEs.
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https://baike.baidu.com/item/%E5%A8%81%E5%BB%89%C2%B7%E4%BA%A8%E5%88%A9%C2%B7%E5%B8%83%E6%8B%89%E6%A0%BC/10672210
https://baike.baidu.com/item/%E5%A8%81%E5%BB%89%C2%B7%E5%8A%B3%E4%BC%A6%E6%96%AF%C2%B7%E5%B8%83%E6%8B%89%E6%A0%BC/7470335

& E R — LA

w X BT RE RIEPENEFHSEZBHEETHNE R, ARBTITHEN A EAEF
*EQ%XE?E?M%&E@&%' AHRUERFRREEYE, TERELEETERSMBELITHZ
B R R Al o

& RBARIEEREG), X HEITHFEENEER
A< 2dp or dpg = g (4)

ttizu}x % REIRG Ko SHSERKR L54A. $E88 Ko KK 0.7T1A, R¥E K, &K
0.56

& ANMRAFE, BERAXTH nlBE, BEEEKNFREEE

2dyKrsind = \ (5)
0 —RERRATHIE R (20 RAGIHE X R) .

LITEBUARNENE, B (hk]) BEM » RETHERRS (hk) BEF(T. BRE@EEEHA
dpkr = dpw/n BIRER 1 R6TH.




& E R — LA

© FRGRT, HHEARREEY (Lh) ZENXR

MAFRE sin20—7[ +k2+12} (a=b=rc)
MARE sin29—4a2 |:( +k2 +il2] (a=b9éc)

4 2
NRBRR sin29—4[3 h2+hk+k2)+( ) F], (a=1b+c)

A 2 1 2
EX@BERE sin26[() +(—) +<—> } (a#b#c)
4 a b c

= X HEITHEEMUR SR REX, FREEHANERER.

Shttp://pd.chem.ucl.ac.uk/pdnn/inst1/anode.htm
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http://pd.chem.ucl.ac.uk/pdnn/inst1/anode.htm

TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

#® JWMIRE O Elik A f1 B 3, ER

¢B_¢A:ko.(RB_RO)_kO'(RA—RO):ko'Rn
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TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

# JLMIX A F1 B REHANER D, SHIBIAATUER
E(t) = £, 1 ®D—RA)—witdal | g ik (Rp—Rp)—witép]

= glei[kl-(Ruka)fw+¢A] {1 + ei[—klvn,ﬁkO.Rn]]

2023 4£3 §23 H



TS F MRS CRER

® BESRPHNEERSR AW B, HEXH 52 Ry M Rp, B Ry =Rp—R,, BELEHHE
HAIE R E(t) = £eilkr—wd)

& B, WTEHEER
Gll7k1 RntkoRn] _ . (ko — k1) - Ry = 2mar (m € N) ©)
IR RERKRIEX, B
ko — ki = G, @)
R(7)MRFHEAHTE (Lave Equation)

2023 4£3 §23 H



F B TR — it AR

® G =0 —EHEFEHE. MR Gn BEFEHE, BH —Gn BHREH
& BRF(7)EL, TAE2HHER
ko —ki = Gy,
—ki = G — ko
= ki =(Gn—ko)?
=k% — 2ko - Gy + G2,
= 2ko-Gpn =G}, (fko| = ka) (8)
RB)EEMENXMHRHE!
® G HEMETFRAE (hk) BELHE, B (Gm|=n7". Bi& ko § Gn LBH o, B4
HEA 0 = 90° — », K(B)AUEK

2 2
2ko G cos p = an = 21 cosp = n—7T
A Ak

= 2dhkl sin @ = nA (9)

HAWSE T g AR
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MBEWLFTTE (LauedtF) KR X:

1) WREIRE R R, FLER A 2L
%ﬁﬂ%ﬁ%%%ﬁ%ﬁ?@ﬁﬁ#ﬁ%ﬁﬁﬁﬁ

2) MR RR, N RK N R AE
A P IX S _ERIXETER, AR R AT R
Ra&AF, T HHATH RAEK,-GT7 7 L




i Laues& 114tk HiBragg e - =

'1
ko —ki =Gy Sregg /J &

cky=k =k \/Co\”
-G, =2ksind B B
B Gl b itk 2 Gy = Gn =nGo, AL
11Gy=2n/d, duIfIlHIEE, k=2m/\
nG, =2ksiné
n2z/d=2-Q2rx/A)smnéf

——> nA=2dsmmé  BraggiEit



FREARGEH THTHATEMNHFENXER, BAMARER EHMTTHT R ?
& RMNME G =0 ERES BAHT R) LEHRRHFEHE!

& WL A%, iB& —ko Bi& ko Al (ko EANHIERIKE) BliE O 8. #BELL O AELD,
BL [ko| LR ME—ANE. EA X SHERBEKELL @ EREN, Eik ko oc A7 > a7l

® AREEHELNARAVERRFERE, N O BixEESMEaEMiTsAm! 8

- BMERERMERAE, HBXE k =ko+G F ki =ko — G

TRIESKS, M O W%, W ko 8 —ko BAT &.
Sé}mﬁﬂﬂtlﬁ(}ﬁﬁ\_ ®]: https://www.xtal.iqfr.csic.es/Cristalografia/parte. 05-&h html
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https://www.xtal.iqfr.csic.es/Cristalografia/parte_05-en.html

EEEER

w X ST E R R AR TR R

Ewald sphere

reciprocal-

— B ARBEGISAXS



http://gisaxs.com/index.php/Ewald_sphere

EEEER

At
o

Laser bump
35 fs
t20

Electron pulse
110 fs
t = At

B — B 18 S PHB R F 75
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BT LT X R R IR Y B

& RIZEHFRATFHIREA m, BEA ¢ HIMED o KERGENGI, HRFR SRR
R (EESHPHEE, BIATNZK), ZEREREY, BR—MIBNE o TRHER
F. RHESARMRRIES, XMRIAIBIHREST (Thomson scattering) . 1°

SENSTH IR A M BT RS, TISRIRE AR EAR A
2

4megme? 2

He, I RASEAERE, ¢ NGBS L2 BRI R.

& AAEE, WHPREREFMHNRETEHIMRL, BT8R FHAERELEN

I, (m9)2 ~9.10938356 x 10731

= =2.9661 x 1077 (11)
I 1.672621 898 x 1027

mp

w Fle, ATRUAARTFI X SHEAEMERH £ 2R e Tk |

9%1%*&5_51 https://wuli.wiki/online/DipRad.html

1"?&?“%@1@&%&3@3&%?’3’13&&%@1 SBEREKIR: MEHFIHS (Rayleigh scattering) 23R FHMAEHST, SBE
teF
Uhttps://farside.ph.utexas.edu/teaching/jk1/Electromagnetism/node107. html
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https://wuli.wiki/online/DipRad.html
https://farside.ph.utexas.edu/teaching/jk1/Electromagnetism/node107.html

FEFESEF

& gﬁl(ﬂ)ﬁﬁ?ﬁ X SRR R A E PR TR, AWM LREFHHNEFHRE—ENS
p(r

® SEGEARENES, DEFEHFOASES, 7 &b o(r)dr BFHEERA p(r)e’?", 348
FHHRITRS, BATATUEE

1@ = WA@P = fla) = [ pe™ dr, (=l ko) (12)

fla) FRAFEFHHETF (atomic scattering factor) , M EXTTMELRR EstRE FHEEHEER

Mt25$#8 ( Fourier transform) .

2023 4£3 §23 B



RFHSEFR— L5
=7, # 7 RRFRAHNEFY.

& % q=0/, RMNATUEHLER(qa=0) =
& BRIRBFEES TR OXIRE, B o(r) = p(r)
f9) = [ ptrenrar
27
zqrcos@
f%o J@ . J _ r? sin © dOd¢dr

- MEFHHEFATASH

=fc 47TT’2p(r)Md (13)
r=0 qr

BEH q=2kosin0 = 272828 (EEXA 0 FILE © MK F), E—H flq) EERIL

200 g 00 i
o MRBFEESTESHEY, VWETFHHEFRESHSH

72 o2
_ﬁ) = f(Q):CXP<— 2 > (14)

v BRFEESHREER. WREFHSETFUARCEST

1 e
8mwo3 € ! = f(q) =

(r)*;cx<
0 = oy P

(e
_— 15
1+ ¢202 (15)

p(r) =

2023 4£3 §23 B




FEFESEFR SR

® Y 0<g<25A! B, X HEEFHHETTUA A5 RLRF?

4
=N wexp | b (<L)
f(q)—;alexp{ bz(4ﬂ_> :| +c (16)
Hrh, BAFZHE a;. b; FA c ATWLM International Tables for CrystallographyZ#|.
8 -
—H
6 — C
— O
S 4
2 -
0 ) T T T T
0 5 10 15 20 25

qlA-1
- B8 RAS. BINERETFHETFHSETF
w AIINFBISETFI X SN NRRK ERSBAT (LkFHE) SEFEESK
ERFENBRENRT, BGTHE s — SR

2http://lampx . tugraz.at/~hadley/ss1/crystaldiffraction/atomicfornfactors/formfactors .php
o 5 # =3 202343 B23 B



http://it.iucr.org/Cb/ch6o1v0001/
http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/formfactors.php

JLAEHEF

& RAMBRST RN~ BT SRS B, BEEFEEE— 1 ARRES, TUSH
pc(r)gépa(r—f{p—m) (17)

Sob N ABINE, 1 REBHETHONE, o BETER, TLE (BSHR)
F@) = [ pele) 7 ar Y (@750 (18)

& AILEE, q=k —ko REERERE G, REEARENEL—H.
& F(G) RARMKHILIALEHEF (geometric structure factor)
# {RI& pa(G) ~ fa,
(G) o [F(G)]* = | Y fae® 7o = 13 fife® (7 (19)
o o B
BINMEERRRE—HRE (b he ha) BRER, B G = mZ?zl hib;, TRFELEAK LR
AUEH 7o = X0, 25 a;, W
2

I(G) (20)

i=

3
Zfa exp |:2m7r Z h;j z;)':l
o j=1

2023 4£3 §23 B



37 R AR LAEEEF
® WRUS: BEARE—NETF, #4754 (0,0,0), W

I(G) o |fal? (21)
® bR BREABENRT, L4554 (0,0,0) 7 (5,5, 5), BEREFMHEMER, W

3
I(G) o f2|1 + exp |:im7r D hj] |2 (22)
j=1

@ 3, hy AEE, W I(G) o« 4f?

@ Y, h HEH, W I(G) =0
® BT BEAENANETF, #4554 (0,0,0). (5,5,0), (5,0,3) (0, 5, 3), BIREFH

AR, M
I(G) o< f2|1 + exp [imm(hy + ha)] + exp [imn(ha + h3)] + exp [imm(hz + h1)] ? (23)

@ h; &ATHHBFLMAHBE, W I(G) o 167

@ h; AERE QHFLIER 2B 1F) HER, W IG) =0
& IRRMEYLAEHETFIHES NiZEE:

http://lampx.tugraz.at/~hadley/ssl/crystaldiffraction/atomicformfactors/
neutronstructurefactor.html
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http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/neutronstructurefactor.html
http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/neutronstructurefactor.html

JUAT S5 R A

Fukr = Z fue'OnrLTa Ioc |Fugrl® = }Z fue'OnrLTa
a a

JeEmE, RA—FRT = AR Fa N8R f, = f
Fykr = fZ eiGHKL'r“ = f[z cosGHKL “Ta +iZ sinGykr, - ra]
J a a
Ioc|Fykrl* = |fa|2[(z cosGukL - ra)z + (Z sinGykr - "a)z]

v AEA X SR ERATIS o WIS, A ARV S A ), PR >
5B R SRR S, XS @ PR SRS B o B P
AT



JUTEERIER -2 Taj B87
ST e ARFE RN T R ST T RTINS T o AR i K
Yo a, E=FE X WRATHEZMX AW,
e SC: HAMMERA—AET, &7 r=(0,0,0)
Fukr = f 24 elGnxeTa f#0

JAT (HKL) A Fuxr #AA%, #ERTLAAEAT S I 5 1
o



JUAAT G5 R R 7 AR T T B R GE T ' 1) J
M G
o BCC: WMRBEAFAET, ri = (0,0,0), ra=a(L. 1. 1).

2
Guxi = Z[Hf +K§ + L3]
a

Fukr = f[1+cos(H+K+ L)n+isin(H+K + L)n]

2f (H+K+L= %]

= f[l+cos(H+K+ L)r] =

0 [(H+K+L= w5

v LT HA+-K+L= AU i 4 BHLATS i, 1% (100),
(111),(210),(300),(221),(311) <5 [T FIFTHR U T 5%

o LRGSR P BA TR B S, AE UK

2r
a

Guri = hby + kby + 1b3 = [(k+Dx+({+h)J+ (h+k)Z]

2
= L [He+ K9+ L2 = Gugxr = (H+K+L=2(h+k+1))
a




JURT SR A1~ IO 575 B R SEiH DG

o FCC: AN M A A PIANE T, 43 HI7E (0,0,0), a(1/2,1/2,0),
a(1/2,0,1/2), a(0,1/2,1/2)

Fukl = f[l 4 oI (H+K) 7 | Li(H+L)7 +ei(K+L)7r]
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—— X-ray photon, energy x1000
—— Electron, energy x100

—— Neutron, energy x0.01
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The Scanning Tunneling Microscope works like a record player...

trajectory .

BT ge gy iy

Gerd Binnig Heinrich Rohrer

SHEE . 250, 019K
19814F

APL 40, 178 (1982)




The Nobel Prize in Physics 1986

"for his fundamental work in electron optics, and
for the design of the first electron microscope”

Heinrich Rohrer

Gerd Binnig J
| (1933-)

W (1947-)

“for their design of the scanning tunneling microscope"



Scanning Tunneling Microscope(STM)

control voltages for piezotube

[
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current distance control
amplifier and scanning unit

piezoelectric tube
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data processing
and display
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voltage %
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Classical
mechanics

Quantum
mechanics

Impene- /U
trable
E ] barrier
3 z
Tunneling /U
effect
’ . _ A
e = «
AP — ~

Chen, C.J. In Introduction to Scanning Tunneling
Microscopy; Oxford University Press: New York, 1993; p 3.



Energy

Electron Tunneling

Apply bias voltage, V, to sample to raise electron
energies

Electrons in the filled energy states (E;-V) tunnel into
the empty states (E,+V)

Tunneling current depends exponentially on tip to
sample separation

Exponential dependence leads to fantastic
resolutions. Order of 10*> m in the perpendicular
direction and ~101° m in the parallel directions

tip

Sample — s Tip

rrrrrrr
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Circles on Circles
(Unknown on Copper (111) )

Sometimes Nature is the best
artist and all we need to do is
catch it in the act. Here we see
the result of imperfect sample
preparation: two point defects
adorning the copper (111)
surface. The point defects
(possibly impurity atoms)
scatter the surface state
electrons resulting in circular
standing wave patterns.

M.F. Crommie, C.P. Lutz, D.M. Eigler. Imaging standing waves in a two-
dimensional electron gas. Nature 363, 524-527 (1993).



Nickel (110) Platinum (111)

D.M. Eigler, IBM



Stadium Corral
(Iron on Copper (111) )

M.F. Crommie, C.P. Lutz, D.M. Eigler, E.J. Heller. Waves on a metal surface
and quantum corrals. Surface Review and Letters 2 (1), 127-137 (1995).
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