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field emission(A4lt%), YHARA B3], Josephson &3}, STM(scanning tunneling

microscope)
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transmission resonance($%3%) ;. 7T(E)=1, E,, E,, B, T+=9 714, UX

Xl
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Ex 7.1) Transmission Coefficient for an Oxide Layer
Atetmal, CuOof ofsff A & 7He] 8] =Ad
U=10.0eV, E=7.0eV &AAtS] EutA S
(a) L= 5.00nm, (b) L=1.00nm

(Solution)
h=1.973keV - A/c, m, =511keV/c?
~ /2m (U-F)
N

~ /2(511keV /c?)(3.00 < 10 *keV)

_ e —1
- 1.973keV - A /c = 088754

-1

T:{1+1[ 10° }sinhQ(O 8875A1)L}
417(3) '

(a) L=50.04 (5.00nm) 7= 0.963 <10 **
(b) L=10.0A (1.00nm) 7=0.657 <10 "

— factor 59 =A|9] AR sl order 319 £i} F7HE 7HA 2.

Ex 7.2) Tunneling Current Through an Oxide Layer

oA 7.19] AA stuto 1.00mA current of electrons 7} st

Abict. ®ate] oUAI7t £=7.0eVoliL 59 717 1.00nm
e AUQIZN ® e ARE ojgA Hup

(Solution)
e=1.60x10""C
10°°
1.00mA = W electrons/s

=6.25x 10"%electrons/s
T=0.657<10" "

7= (6.25x10")(0.657 <10~ 7) = 4.11 x 10%electrons/s
=(4.11x10%/s)(1.60x 10 *C) =6.57x 10" "*A
= 65.7pA
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-

LAl
2 o

A

2y
e

R

o
[0}
R

Z0] 9]

tel mbsa g

Aot
oz

A

or L
I 12

rr =2

(R A)

2

rlr



65.7pA o]c}.
Ex 7.3) Transmission Resonances(§1} &3)
U< FE, square barrier of width L
wave functions, transmission coefficient, the condition of perfect transmission

(Solution)
w(:c,t):Ae.i(krf‘”t)—i-Bei(*kx*wt) <0
W (z,t) = feilhe—ot) x> L
2
= (k) = hw
2m
Pla,t) = el W79t 4 peilka —wt) 0<z<L
E=[2m(E— U)/R2Y?2 real number
gt I 712717 =0, o= LoJA A& R0
A+B=C+D (=0, o A%)
kA—kB=KD—KC (x= ’%q 2%)
Ce™ I Dt L = peiht (=1, v9 4%)
(K D)et ¥ — (K C)e * = kFe™ (2= L, %g SES
_ 1 ikL{[ _(/f_/ ﬁ)] WL [ (k_/ ﬁ] fik'L}
A—4Fe 2 k—l—k, e + |2+ k—l—k, e
2
transmission probability 7'= ‘ % ‘
1 A% 1 P R T
T ‘ Va ‘ =7 ‘ 2cosk:L—z(?+ X )ska‘
1 [ 2 9,
= 1+Z m Sin kl/
transmission resonance
EL=nr
, om(E—U)
— o
©°h?
E:U+ 2 B 'I’L:]_,Q,.?)""
mL

—o0] o4& MAt= A EiHperfect transmission)

Ramsauer-Townsend Effect

2K L+7m=2n+1)r
EL=nm, n=1,2,--
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at =0
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A (1—iks)
, 5=1
- «
- 12 =E1E
= ‘ A ‘ ANA
T .

—AY 2HAAE BHEERsE 0] ofyck iU EER plat)Ce e et

(a) (b)

(a) beam splitter ; total internal reflection : light entering a right-angle prism is
completely reflected at the hypotenuse face, even though an electromagnetic wave,
the evanescent wave, penetrates into the space beyond. (b) A second prism
brought into near contact with the first can "pick up" this evanescent wave,
thereby transmitting and redirecting the original beam. This phenomenon, known
as frustrated total internal reflection, is the optical analog of tunneling: in effect,
photons have tunneled across the gap separating the two prisms.
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(Barrier Penetration ; Some Application)

=1 932 Yol st
U(x) ; potential barrier function
—%\/2m/\/ U(x)—Edm) (7.10)
Qojo] FeRg 7Hal Bol Ao AP a4
—E< Uz) 1R o2 A" Jooi Astct
Square Barrier ; U(z)=U, at 0<x<L

2 o (U~ B} L)

Zdr=(Field Emission)
cold cathode emission(X7}2 &=241%)
w71 WalwlE Br} A7) &S]
field emission microscope(A4rE MAE0]7)
scanning tunneling micrtscope(STM)
SEEHOAM Y YLE

T(F) = exp

T(E) = exp
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=

Metal

p-with —

energy
E<0 —_—

F + + + + + + + +

x Axis normal
T "~ tometal surface
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(7.10)2 ol &stH, AH=o st FutA S+
4v2m | B 3/2} 1 )
T(E) = exp { SoT v (7.11)
3/2
g, =V BT epmmigel A7 (7.12)
3eh
o))
| £ =¢=4.0eV
£,=55x10"V/m
— AFA J|EeR = U] st Aoy EXl okt % WE 7 W&ol dojdr).
p=10%%electrons/cm f=10%collides/(cm? - s) ; not uncommon
10 g 9
~ 10"lectrons/s ~ 1nA at EN 10°V/m
¥ 0] =& FEE2 UAAAYG AAIANA
AZAAZ]= N,° Fermi level(£))] Free
Electron Fermi Gas® #WE XX9] &%
(T, ~5x10'K)o] 7]9lstct,
7.8 A4 W == 3,000,000 2ot & HE A0[F B4 O] HHS
ojg3tol ERS0| Qs 22| WAE & & UL
Ex 7.5) Tunneling in a Parallel plate Capacitor?| leakage current® ZZ&5}
=10kV d=0.010mm Area=1.0cm
(Sol)
%% frequency ; f=1.0x10*collides/cm?s
A= 2 (electron emission rate), 4 = lcm?
30 - &,
A= fT(E)=1.0x10"exp z
o 10kV .
&= 0.010mm_1'0X10 V/m
E,=55x10"V/m
exp(—55)=1.30x10" %
emission rate

A= 1.30x10%lectrons/s

the tunneling current is
I=2.1x10" A =0.21pA



Alpha Decay(¥I}-&1])

Table 7.1 Characteristics of Some
Common « Emitters

Element « Energy Half-Life*
217Po 8.95 MeV 298 X 10775
2.38(']111 6.40 MeV 27 days
22Ra 4.90 MeV 1.60 X 10° yr

25Th 4.05 MeV 1.41 X 100 yr

*Note that halflives range over 24 orders of magni-
tude when a energy changes by a factor of 2.

L

1928 Gamove, Gumey, Condon
1. BJ TR daoA YEEHE du dAE AY 22 dUAE 7Y il 2E

2= ti2F AMeVolA 9MeVe] F2 %‘@.94 =& AE 7HXIoh

2. oURl] FUATE hAFOE Uut YR YESE Ao Faol T ML o
sirl Rasto] 10°u] o] xke] fo|7} et

Nucleus (+Ze) Alpha particle (+2¢)

oy

Ulr) = 2kZe/ 7

Alpha particle | P——
cannot escape | o— * Kinetic energy
of escaping

(classically) :
alpha particle

r

R Ry = 2kZe*/E
Nuclear
radius
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Ty

=h’/m.ke* ; LotAAIS] Bohr-yH7
m, = 7295m, 0|82 Bohr-§t43 a =
ag = 72957, T, =a,/7295="7.25x10""A =7.25fm

E, = ke” _ [ ke” ( ) (13.6eV )(7295) = 0.0993MeV
27"0 2a0 Ty
S8 = 5% Fu #(f) x Egdy E(T)
f=v/2R~10"s"" ; 3% Fop(ZEY 55 93
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O|4| 13.9 Probability for Alpha Decay
“RazRE 5MeV Lmielato] B9y 28-S AArgtch
T(E) = expl~ (/) Vam | VT~ Fr)
DHA FRGA, F< U RE9| 9A) ~ R
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2 E=UR)=27k"/R,
P Z 0 o] RS
2o AakEtt.

\/U—dr—ff \/idr
_Rl\/*//ﬁl\/idz
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ke’ 14.40eV - A
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250 LutE oA, T S 2}=o] AR SO} AFpr =86, 4 =222
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R=(1.2x10" 5fm)(222)1/3 =7.97fm
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oAH| 7.6 EEThIL E2E(PoQ| §1717| 7517
1) Th(Z=90)2] U3 ¥H47] The| Bt 2}E(2-88)
Z=88 E=4.06MeV R=9fm

exp{—47(88)1/0.0993/4.05) + 8 /88(9/7.25) }
= exp(—89.542)=1.29 x 10~ %

A=(10""Hz)(1.29x 10" *?) =1.29x 10" '* (& #}/s)

7=
tijp = %: 5.37x10'"s = 1.70 < 10"%yr
1.29 <10

AR ZE 1.4x10"yret & ghect,
2) Po9] dm}-ay] wH7|
Po(Z=84)9] & 882 Ph(Z=82)
Z=82 E=8.95MeV
expl{—47(82)1/0.0993/8.95) + 8 /82(9/7.25) }
= exp(—27.825)=18.23 <10 '3

A=8.23x10""
g7 =

r a

ty)s = 0693 _ ¢ 49107 10g

8.23 % 10°
Pool E4E 97 & ¢, =3.0x10" s
—ofUx]9] 2u[C] AFo]7} WEEZIOA] 10°°H] Aol 2 UERdT (A4

oraLof g

U(x)

(Nitrogen atom)

i Axis normal
—a 0 ta to S)'II]IHC[I’)'
Symmetry plane
plane

(a) (b) (c)

8 7.10 (a) E2Hotr FAF NH,Q| A HMj HAYZ| (b)HAHEAZE 7= T{EIAE
ofHZ]. (c) & HA| WIS

T HYAEoA dmyol #Ate] A4 WA= olF AFAE st

flopping Zm}40] =& ; 10'°Hz

Ulx) = %sz( |z —a)? (7.15)
E=ho : 849 AFHAE 1A 0
Ule) = B9 A : Lﬂ ol nRA 8HH
r=+(a—A) : 2=00] 7Pte = 7o} & PA
) A OE‘ RNEA} 02 Yo A Yato] AT K=
%th%Ma)QAZ
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A=\50 (7.16)
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a— A
%f (m—a)Q—AQda):Sinh(ZyO)—ZyO
0

cosh(y,)=a/A
EA L=
T=e [sinh (2y,) — 2y,]

Aa AR HElE ¥t 355k As

f= _h
2w 2w MA?

g vHl&
a=0.38 A : x-A JAEX 0 g HE]
U0) = 0.25690eV
Al(7.15)¢}F (7.16)S o]&sty M=14uz TH

Az( h2a’ )1/4

2MU(0)

( (1.973keV « A)*(0.38 A )? v 0,096
2(14)(931.50 x 10°keV /c2)(0.2560 < 10 *keV ) | 0
AR o] Mare Aa-ac) FAEROR WA

U

A=0.148 A
A=fT~24x10"Hz

J WA HEY g 24x10"Hz, > 4=0.1254

=euy mEAv} olo]22n) ool ooz, ofpuol RAIL Olola2m ¥po] AEs|2 A}
89 4 9
@ o} to]x(ammonia maser)2] ¥zl
gago| g2
g : A AIBA URY A oW T 2AE Fd o3 A oAYL Yo
2 g 4 Ut
Stephen Hawking ; 1974, S3&29] SA}
LSS EOMT Ut FYTNH 5L S Lol H3Y WY FIA B U
AAte Wadct
250 Auo] AL 250 Ts)o) vlestoz, EEUY HES Al S AL
Zolut
Lago] YRS YETAS WYY 7|7k Fole] urh g YA EEYe WA
a A
Y52 WE uge FVMITIEA Aol UL ATt AP] AHAIS Bapste] B
HQl Ao Aletx|A gt
Bl Aol BAE 100y
SOt & A A 2719 5HE ;5 10%yr(1091)
A i O #A2 2RE2 o= A SEstal e Aoloh(exY 9H 1d
uPE A5o] AYE 2AE 950 ol 1309d) RN ok ok



FAF EEE 013

STM(Scanning Tunneling Microscope) : 2 A

23t 30|37

12000 A

A2t 30|4 : Gred Binnig, Heinrich RohrerI(IBM H14)

npafo] 44 ¢ A

wills : 2A

h

p=-—=23100eV/c

A

v=p/me = 1.8><106m/s

o] 4E0] AAE BAAZ YRZ

Al gt

£33

=o7tes, JiEAR]

W YAl ofet guE 5

a3 2. FAF HETY A0F(STM)Y I
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Empty space
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space
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Probe




h B he B 1.973keV - A

5= = =
Vem (U=E)  \Jam, (U~ E)  V2(511keV)(4.0x 10 *keV)

=0.98A ~1.0A
Hgd ARUs
erV —21/5
— 5 €
A’ Lok
STMS %é# 2 Ato]of A2 Loj qiztsiet.
d=1.0A<Y @ AZJ(L)Z 0.01A 57X Z
6—2 (0.014)/(0.14) _ 0.98

j:

2% 22
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94 2 ) £E 270 WAt sl
L=2A @ 533 APt F74€o

(a) Gonstant current mode (b) Constant height mode

Scan Scan
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Schematic view

One scan
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Multiple scans
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