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一

瑟 Ef.a�吻口叼′」6J“ 刀石 面 I二瓦石:万
°

。

二一歹

TheDiracDeItaFunctiUn

1.5.1TheⅢ vergenceUfη r2

CUnsiderthevectUrfunc● Un
l︽

▼=万 Γ.

Ateve,1UcatiUn,▼ isdiectedradiaIlyUutward(Fig.1.羽 );ifevertherewasafuncⅡUn山at

UughttUhavealargepUsitivedivergence,this is丘 .Andyet,whenyUuactuallyε arc〞切比

thediVergence(usingEq.1.71),yUuget preciseIy2ε 口U:

▽ .▼ = =U. (1.84)

fYUuwiⅡ haveencUuntered山6pafadUxalread” ifyUuwUrkedPrUb.1.16.) TheplUt

thickenSifyUuapplythedivergencetheUiemtUthisfunc位 Un. SuppUseweintegrateUvefa

SphereUfradiusR,centeredattheUHgin(PrUb.1.38b);thesurfaceintegraliS

(1.83)
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ButthevU屁化 integral,r▽  ▼ˊt,k〞矽,ifWearereaIutUbelieveEq.1.84.DUesthis
meanthatthedivergencetheUrem isfaIse?What’ sgUingUnhere?

ThesUurceUftheprUblem isthepUint r=U,wherevblUwsup(andwhere,inEq.1.84,
wehaveunwittingly山 videdbyzerU).Itis q㎡ teiue山 at▽ .▼ =Ueve叩 whereaεφ 〞

theUHgin,but righta〞 theU● gin thesitua“ Unis mUrecUmPlicated. NUticethatthesurface

integral(1.85)6加 〞‘pε刀滮 Kr‘yR;ifthedⅣergencetheUremkHght°ndit心),weshUtlId
getr(▽ .v)′t=4π fUraη spherecenteredattheohon,nUmatterhUWsmal1.EⅥ dent9
theentirecUntHbutiUnInustbecUmingfrUm山 epUint尸 =U!Th略 ,▽ .Vhasthebizarre

prUperty that itvanisheseve,whereexceptatUnepUint, andyet its 工K:ε思石at(UVerany
vUIumecUntainiΠ gthatpUint)is4π .NUUrdina,funcuUnbehaves likethat. (UntheUther

hand,ap乃 v∫ oεateXampleVUθ∫cUmetUInind:thedens丘 y(mass perunltVUlume)UfapUint

paiicle It’ szerUexceptattheexactlUca● UnUftheparticle,andyet its9Ktε g石atiSnnite一

namely,themassUftheparttIe.) WhatwehavestumbledUnkamathemat㏑ alUㄐ ect

knUwntUphysicistsastheDiracdeⅡ tafunct:Un. Ita㎡ sesin manybranchesUftheUreticaI

phy㎡cs.MUreUve几 theSpec血cprUblemathandahe山 vergenceUfthefuΠ c巨Un9/r2)is nUt

juStSUmearcanecuhUsi妙 一 it k,infact,centraItU山 ewhUIetheUryUfelectrUdynaIn㏑ s.

SUit iswUrthWhiletUpausehereandstudytheDiracdeltafunctiUnwithsUmecare.

=  (Iπ sinθ′θ
)(茈

2π〞ψ
)=4π

.
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16.2 TheUne.Dimen㎡ oⅡaIDiracDeItaFuⅡ ctiUⅡ

TheUΠedimensiUnalDlracdeltafunct㏑ n,δ (x),canbepkmredas
innnitesima1lynaπ Uw“spike一

’
w丘harea1(Fig.1.45).Thatis tUSay:

an innnitely

嗣=｛ &,狂重:｝

and

δ

。

)σx=1.

Technically,δ°●is nUtafunctiUnatall,since丘 svalueis nUtflniteatx=
mathemaⅡ cal literatureitis knUwnasagenera︳ izedfⅢnctiUn,UfdistΓ ibut︳ Un.

(1.86)

(1.87)

U. Inthe

It is,ifyUu

Figurel‘ 45

RI° )

-l/2-lu  lu
(a)

Figure1.46

like,theJj′ 竹打Ufa∫εσ切t刀εεUffunctiUns,suchasrectangleSRπ (x),Ufheight乃 aΠdWidth
1/K,Ur isUsceles㎡ anglesTrl(x),UfheightKandbase2/K(Fig.1.46).

Ifro)is sUme“ UrdiIⅡ y” functiUnahat is,KU〞 anUtherdeltafunct㏑ n ㏑ fact,just

tUbeUnthesafesidelet’ ssaythatr(x)isε UK打乃切U〞∫),thenthep西 U〞跖ε〞r(x)δ (x)iszerU
eve,Whereexceptatx=U. ItfU11Uwsthat

r(x)δ (x)=r(U)δ o). (1.88)

(This is亡 hemUStimpUrtantfactabUutthedeltafunc“ Un,sUmakesureyUuunderstandwhv
it is tme:sincetheprUductkzerUanyΨ ayθ昭φ〞atX=U,wemayaSwel1repIacer° )

bythevalueitassumesattheUHgin.)Inp缸 jCular

戌rω嗣σx=rΘ戌嗣〞x=rΘ . (1.89)

Underan integral,then,山 edeltafunctbn“ 9cksUut” thevalueUf√ (x)atx=U.(Here
andbelUw,theintegralneednUtrunfΓ Um一 oo tU—

—

°o;itis sufncientthatthedUmainextend
acrUss thedeItafunctiUn,and-ε tU+ε wUulddUaswelI.)

UfcUurse,wecanshiftthespikefrUmx=UtUsUmeUtherpUint,x=a(Fig.1.47):

l尼

聆一ω=｛ &,

EquatiUn1.88becUmes

I搓 :｝
咖戌聆一ω′x=L

r(x)δ (x一 a)=r(a)δ (x一 a),

(1.9U)

(191)

(1.92)

andEq. 189generalizestU

ro)δ o一 a)加 =r° ).
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Examp︳e1.14

Evaluatetheintegral

克
3曲

x一砂矼

SoⅡⅢt●on: Thedeltafunc● on pickS。 utthev㏕ ueofx3atthepointx =2,s。 theintegral is

23=8.Nojce,hUwever,thatif山 euPper liIIuthadbeenl〔 nSteadUf3)theanswerW。 uldbe

U,bccausethespikewouldthenbeoutsidethedomain ofintegraion.

AlthUughδ itselfis nUtalegiⅡ matefunctiUn,9K;e8石 at6UVerδ afeperfectlyacceptable.

Infact,it’ sbest tUthinkUf山edeltafunctbnassUmething山 at〝 at〃av∫ 加紹刀磁 ′′9r”x

蜜 紿 ξt竹遵 乂 ξ各二lE錓:翠 :—

—

wUexp㏄ ㏎ “ ㎞ 加 ngⅢ m mnciUns的 ,助 ω

Erω功印x=度 rω Dx幻化 (1.93)

fUrall← Urd㏑〝 、)funct㏑ ns√

。
).

ExaInp︳e1.15

ShUw山放
         δ(t幻 =侖δω,

where北 isany° onzerU)cUnstant(Inp缸 tCuI眠 δ(一X)=δ “ ).)

Soluti°n: F。ranarbitr紅yteStfuΠ cd。n√ (x),cUn血dermeintegraI

(́x)δ (tx)〞x

(1.94)

度
chan」 Ⅱgvanables,weletv≡ 北x,s。 thatX=V/比 ,and′x=l/π〞y.If化 kpU鼓tive,the

integration still nlnsfrUm一 UUt。 +°
。

,butif北 is刀 你 arjVθ ,山 enx=° ° impliesv=一 ∞ ,and

琳球群掛蠽磁t茫腦揣掛l#驟;T將器時㎜縣
dtheinteg【alsw。 uldnotbeequaI
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viceversa,sUtheUrderof山 el山㏕ts is revcrsed. RestUHngthe“ prUpe′
。
rdcrcostSanunuS

sign.Thus

店
仰 又ω x́=土

皮
肕 弧 刃

÷≠
=士

︴
rΘ =告 ra

(TheIUwer signsapplywhen比 is negative,andweaccountfUrthis neatlybyputtingabsolute

valuebarsar。 undthennal比 ,aSind沁 ated.) UndertheintegΓ alSign,then,δ (比x)Servesthe

samepurpUSeas(l/︳ 比〡)δ (x):

Ijlraㄐ
魛〞x=IjlrlzlI告〢矼

AccordingtUchteHon1.93,山 erefUre,δ 竹x)and(l/｜ 比｜)δ 仕)areequal

PΓ°b︳em1.43EvaluatethefU︳ loWingintcgrals:

fa9茫 (3x2一 致-1)δ “-3)〞 x.

(b)佇。Usxδ
(x一 π)血 .

(c)佇 x%° +l)山 .

l (d)茫乳In(x十 3)δ (x+2)西

PrUb︳ eml64EvaIuatethefoⅡUwingintegraIs:

(a)′免(2x+紛δ(3x)′ x.

﹉
(b)好 (x3+鉣 +勾δ(l一 x)西

(c)lh,x2δ (3x+l)西 .

一 (d)〃。°
δ
。
一切山.

Prob︳ em1.45

(alSh。w山扯

:π加什USeintegraionbyparts〕

(b)Letθ (x)betheS6epf.nc田on:

x石°㏑)=┤ (x)

(I.95)

三IShUW山 at〞θ/〞x=δ (x).

o
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1.56 TheThree一 Di︳meⅡsiUnaIDe︳ taFunc“Un

It isaneasymattertUgeneraIiZethedeltafunctiUntUthreedimensiUns:

δ3(r9=δ

。

)δ (V)δ (z) (I.96)

(AsaIways,Γ ≡ x女 +v9+z翕 is thdpUSitiUnvectU馬 eXten山 ngfrUmtheUr㎏ in tUthepdnt

。

,V,z)).T㏑ sthre←山mensbnaIdeltafunct㏑n心 zerUeve,whereexceptat(U,U,U9,
whereitbIUwsup.ItsvUIumeintegraIis l:

砥︳叩㏄eδ

3lr9Jt=戌
戌 戌

嗣 翻 嗣 ′x〞V′z=l aθ 砂

And,geneΓ alizingEq.1.92,

(1.98)

Asin theUn← 山men由 Unalcase,integratiUnwithδ pickSUutthevalueUfthefunct㏑ nrat
山elUca“UnUfthespike.                   、

WeaIenUw⋯ apUsitiUntUresUIvetheparadUxintrUducedinSect. 16.1.AsyUuwⅡ I

recaII,wefUund山at山ed”ergenceUf9/r2iszerUeve,whereexceptattheUⅡ gin,and

yet its9K〞ζg超tUVeranyvUIumecUnt缸 ning山eUngin isacUnStant(tUwit4π ).Theseare
preciseIythedenningcUndi由 UnsfUrtheDiracdeltafuncⅡ Un;evidently

=4πδ3(r). (1.99)

MUregenerally,

where,asalways,名 iStheseparatiUnvectUr:名 ≡ r一 r’ .

(1.lUU)

NUtethatdiferentiatiUnhereis

withresPecttUr,WhiIer′ ishe】 dcUnstant. IncidentaIll since

(︳ .】 U1)

fPrUb.1.13),丘 fUlIUwsthat

▽2上
=＿4πδ3φ).

t

砥I艸仰℃一a,d,=只9

、
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J
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＿
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\
—
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/

1
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沙

ˊ
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(1.lU2)

=4π′φ),
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E〤amp︳ e1.16

EvaluatetheintegΓ aI

whereVisasphereofradiusRcenteredattheUHgin.

So1.田 on l:UseEq.】 .99tUrewHte山edivergence,andEq.I.98tUdo山 eintegral:

This oΠ e-IinesoIutiondemonstratessUmethingUfthePoweΓ andbcautyofthedeItafunc● on,

butIwUu︳ d︳iketUshowyUuasecondmethod,whichisInuchmUΓ ecumberSomebutserveSto

iⅡustatetheIne山odofintegrationbyparts,Sect. 13石 .

So︳Ⅲ“on2:UsingEq.1.59,wetransferthederivativefFUm全 /r2tU←
2+2):

〞

\
—

/

〈三

p

/
J
＿

\

▽+
r
方

=
J

π=
2十0π4=

σπ4十

r
J
v

=J

a
′

〈二

p
2十

I
/+

′十▽
↑
一〞

r
ˊ

一=
J

Rπ4=
〞

Rr
几

π=
ψ〞〞〞θ

n

｛,一

一

r

r
ˊ

=d

,
一

一

r

r
J

加
2+幼砌”ψ=衍你2十砂

Thegradient is

sUthevoIumeintegraIbecomes

▽(r2+2)=2rf,

Meanwhile,on theboundaryofthesPherc(wherer=R),

′a=R2血nθ 〞θ′ψ●
,

so thesurfaceintegra︳ bccomes

PuttingitaⅡ together,then,

J=-4π R2十 4π (R2+2)=8π
,

asbefUre

—

—— — :  .  .  .  .  .  .
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.ThegeneraIprUbIeIllUfquantummechanicaltunneIing

.TunΠ e】 iΠgasastatiUnaryStateprUb】 eIn:

Tunne】ingthrUughabarrier
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.Tunne】ingthrUughIⅡ uItip︳ ebarriers:ResUnant tunneIing
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cheShavebeen
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:早I耑忠:送獄‘培屌｝Uwaveap叫 c田UnS
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°
:ε

°
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┬hiS
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thetunneling problem
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(a)Alignedmetalljccy】 inders serveasaPotentIaIbarrier tochargedPa←
jc】 es.Thecen tralcyIinder ishe︳ datsomepositjveeIectFicPotentIa】 16andtheouter
φindersaΓegroundedAchaΓ ge,whoset。 taIeneπ〞is less than,1/isunabletoPen-

●叮ate山 ecen tr㏕ 卬 ㏑deΓ cIas“ cal”,butcandosUj抎nmm mechj㎡ cal” ” aPr6c乙s
「Call㎡ 翃 翃 zrglb)TllePUtenual′ ener胛 文㎝ ” 砡 :λI;:Ξ百

.溢︸

禚 j:猛 各;」 1】t
:gaPsbeh.,een thecy】 indershaveshrunk tozeΓ Usize TheΓesult is thesquarebarΓier

PUtenuaIUfheight乙 I
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(己)Tunnel㏑ g。f乙 paIiticlethrUughapoten伍 aib乙rrier.(b)Thetransmk由 on
c。 efncientsfUr己 neleCtron祁 乙 funCtionUfeneIgyfUr℅ =lUeV,a=777人 Theresults

aIetypica1oftr已 nSmitt己nCethroughab乙 rrier Noticeth乙 teVenforE>V㎡ thep了°b乙bility

goesthIoughv乙 lueSless th色 nunity;i.e.,somerenecti。 noccurs.

Vl玓

:AnapProxiIn己 ti。 nSchemeused

TI=Tunne︳ ingpΓUbability

thrUughΓegiUn′

T=Π乃

X2
X—

— — — >

tocaicul乙 teP已 rtiCletunnelingwithenergyE

Λ
〡
—
〡
〡
—

Xl

thIough孔 Sm°°thIyvaryingpotential
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「
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Mate〢 a｜ sc｜ence SUrfacecharacte〢 zat｜ onby
scann｜ngtunne∥ ngm｜ crUscUpe
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Ubjects
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βar止 尤初以拓

分 :〡 :;=i:

編號: θ-Zt
總號 :

丌 ∼  θ
￣

一      Λ侈 〃 加 θ 七 “ 山 σ 多 f力 翃 ●t〞 Uˊ J“ t打 ˊ打 山 〞 ′ 劦
‘
血

√凡 tθ

一
並 鈕 ┘ 上 上 φ

一
」 ∟ 生

ㄎ
＿ ＿ ＿ ＿ ￣ ￣ ￣

′ Γ文 . ′ 一  .〦  - ′ ｝z.
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PUsiuUnx

Figure6.6:(乙 )Tri己n8ularand(b)tI乙 peZ㎡ dalbaⅡ拍rs throughwhich

energy Ecantunnel, Suchb乙 rIiers 乙reenCounteredio m乙 nyelectronic

Thepotentialshapeisdescribedbyanelectricneld E.

己neleCtron with

devicestIuctures

︶
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編號: 6-Zφ口

｜     6.2 GENERALTUNNELINGPRUBLE山 I                  ＿＿＿

ThegeneIal prUblemUfpaIticletunnelingcanbelUUselyclassinedintUtwUcate-

gUIies,bothUfwhichinvolvethepIopaga七 ion ofaparticlewithenergyEthrougha
reg沁nofpotentialene㎎ yˊ (” ),wherein sUmeIIeoonS,theparticleeneIgy拍 smalleI
thanthepUtentialeneIgy 

「
Γhis region isclassicollyfUIbiddentUthepaIticle,but,

asdiscussedin theIntroduction,whentheparticleisdescIibedthIUughawavede＿

scriptiUn,tunnelingc&noccur.In七 henIstcategUryofproblemswehaveasituation,
asshUwn inFig 62a,wherethereisaregiUnUfspacewherethe paΓ ticlecanbe
Iepresented bya ‘‘

free”  state ThepaI七 iclecanbeIepIesented byamUmenturn in
thisfreespaceregiUn、 vheretheelectrUnenergyEisgreaterthanthebackgfUund
pUtentialeneIgy,whichmaybeconsideIedtobeunifUrm Inthisexample,thetun＿
neIingpIoblem invoIvesthepaIticlecoΠ lingfrUrll theIeftandstIikingthepotential
barfier, with the paI七 icle havinganniteprUbabilityoftunneling thIough and a
nnitepI。 babilityofbeingIenec七 edback.

InthesecUndcategoIy。 ftunnelingproblems,thepaIticleis initiallycon一

nnedtUa‘‘quantumwell” Iegion ina‘
‘
quasi＿bound” s七 ate,asshown inFig 62b In

thequasi一boundstate,theparticleis prirnaIilycUnnned七Uthequantumwell,but
has&nnitepIobabilityoftunnelingoutofthewellandescaping Thekeydifrerence
be七

、
veenthetwocases is thatin thenIst prUbleInthe、 vavefunctiUncUrresponding

to theinitial stateisessentiallyunbound,、 vheΓ easin thesecondcaseit is pIirnaIily

cUnnnedt° thequantumwellΓ egiUn

┬unne｜ ing┬ hroughˇV｜deBarriers

In many applicatiUns, thetransIn(ssiUn prUbability fUΓ tunnelingis very small
Insideabarrier. the Ⅵ/avefunctiUn isessentiallyprUpUrtiUna】  tUε

一 a∴
 Urθ

一 ︶ δ
,

Ⅵ/hereδ ≡Ξ l/ais thepene亡 ratiUndepth2If乙 》 δ,verylit亡 leUfthe、 vave、vill
..Survive” tUx=乙  ThecUnditiUnfUta“ wide” barrieris thus

、
//2用(%一 功

L〕》 l (5┤ ︳)

Πiswideif乙 is l缸 ge,Ulε 〝muchIess than%,UrbU山
It isIeftasanexeΓ cisetUshUwtha亡 if(5＿ 1l)hUlds,thetraΠ snissiUn prUbabⅡ jty

Uf(5-lU)isgivenbytheapprUxilmatiUn

=
乙

a=
乙

1
一

δ

E
一

%
一

E
一

%
‘

≡T 一nlXI2.,i(σ
U一 ε)/力

jt
(5┤ 2)

Ane｜ ectrUnencUuntersab缸 rierUfheightUlUUeVandwidth l5Π m Wha亡 iS

thetransmissiUn prUbabⅡ ityifitsenergyis(a)UU4UeV?(b)UU6UeV?

2The$o｜ utionwithin lhebarrierjs not

strictiy adecayingexponelltial butc° n＿

tains an exP。 nentj.llly l,,ε ㄏta∫”,g Part

c,+a〔  InmUStcaseS,this part is il〕 conse-
tluentiaⅡ ysn〕 alj

ΞxamP︳ e5.2

田 市

一
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｜分類:θ ＿z彳′
So ╰｜ㄈ〈)n

FiΓStweSeeifcUnditiUn(5-ll)hUlds.

FUrUU4UeV:

V2(91︳ × lU〕 lkg)(UlUσ UD4U)× 16× IU9Jl5×
lU9m

IU55× 1U一 ∥ Js

二 18.8

FUrUU6UeV:

、

/紗 (91l× lU3lkg)(U.lUU-UU6U)× 16× lU┤ ’J

15× lU一 ’m
lU55× lU一 “ Js

=154

In bUth caSes, the barrier is wide, many times 亡hepene亡ratiUn depth. NUw,

nUtingtllatwehavejustcalculatedtheaIgumentsUftheexpUneIltial in(5-12)、

=
乙

一
δ

=

乙

一
δ

%U+Uev=

TU“Uev=

ˊ
｛

、

 

｛

、

o
.
。

4
一

m
 
峏
一m

‘

 
 
 
 

〥

=18× 1U一 怕

=18× lU一 〡3

ASexpected,fUrbUthbarriers thetransnllssiUn prUbabilityˊ b′ a∫

一

刀gJθ θvθ刀riS

very smal1. Butin manyrealSituatiUns, baΓ riers.nrecUnStantlybUmbardedby

particles IfelectrUnsateitherUftheseenergies、 VeretUstrikethebarrier 1U2U

tiIneseachsecUnd,therewUuldbeasignincant nuxUfescapingparticles Such

highfrequencyiSnUtatallunrealistic;alpha-particlesa〞 ηU∫〞trappedinanatUmic

nucleustypicallyget lU2UchancestUtunnelUuteverySecUnd.Alphadecayis

discussedin thenextsectiUn.

The example iIlustrates anUther impUftan亡 pUint: When transnlissiUn prUb-

abilities are very Small, they vary sharply with energy. BUth prUbabilities are

small, but amUdestD￣ Uga increasein particleenergyresults in atransΠ liSSiUn

prUbabi︳ ityabUutathUusandtiIneslarger.This sensitivityisduetUtheexpUnentiaI

dependencein(5-12),and亡heSmallertheprUbability,theInUreprUnUuncediSthe

variatiUn3

E｜ ec〔 ro ns、月thenCrgiesoΓ lUcˋ/and2Ueˋ árcincldcntUnal)〕 rrlcr1UUc、 h́lghandU5Unm
wldc (a)Findtheir「 esPcc七iVet【ansmissionPrUbabl｜ i〔 Ics (ㄘ )〔｛Uwarcthcsca「陡c〔 cdiΓ thcbaΓ rier

isdoubledlnwidth?

SUlutiUn

(tl)ΓUrthelU＿ eVdectro ns

(2× 91× lU一
’kg)I(1UU-1U)cV〡 (16× lU

ㄐ
J/eV)

lU5+× 1U一
l+J s

=16× lUUm﹁

Slncet=U9Unm=5U× 1Ul.m.2﹄ L=(2)(16× lUl()m l×5U× lU° m)=16,
and theaPPr° xim.l〔ctranSmisSion probabIlityis

丁〡=ci心、I=c n=ll× 1U一

Uncl。 -c\ˊ e｜ cc〔 ron outoΓ 89milliUncantunnclthrUugh〔 hc lU一 c\ˊ barrlcron〔 hc〕 vcragc For

thc2U一 eVclec6Unsasimi｜ arca︳ culatiUngivcsT之 =2+× l°  /Thcsec｜carUnsarcovcrtwice
as likclytUtunnclthrUughthcbarricr

(t)lΓ thcbarhcr lsdoub︳ cdinwidth〔olUnm,thc〔 ransm isSionProbablliticsbccUme

┐ 〨13× lU┤
一
  丁:=51× 1U┤ +

Evl(len〔 Iy丁 is morcscnsitivc to 〔hc、Ⅳidthofthc barrlcr〔 h.ln to 〔hc Par〔 icIccncrgyhcrc



分類 :

編號 :男 -」

總號 :

國立清華 大學物 理 系 (所 )研 究室紀錄



分類 :

編號: 6-j′
總號 :

┬he┬unne〡 D｜ Ude

Atunnc︳ di°dci$tlnelectrUniccircuite︳ eIllent、vhU、ere、 pUn‵etU.lpP︳ iedvU︳ tage、

︳sunusua︳ tlndveryhst‘ InanarrUwre」 Unbetweenthedevice、 twUends(leads),

there isachtlnge in the ︳ηateri.lΓ sphysica｜  pΓUPert︳ esthtlt prevcntSsi︳ llpIecUn-

ductiUnUfe︳ ectlUn、 frUlll Uneend tU theUther. In essence, theelectrUnSatthe

耕#Ⅶ早;::︴︴:1:°音:ξ｝lI:Π早咒
a:t古∵點;:一甜垘潔‵s忘

︴括I蚶且職眑∥撼糕攤撒玀:

rateSdiHer.andanetcurrent nU、 vs.

The tunnel diUde may seenl tU have little utiIity, aS an appIied vUltage 、
vil】

inducecurren〔 ΠU、vin manymateriaIs ButUneUf:tsdistinctive｛ tatureSis′ ︳Uvv

thecurrentvaries、 vith VUltage.ItdUesnUtalⅥ/ays increaSeasappliedvUItageiS

increased:at∫ UmepUintSitdecreases(seeExercise9.32) ⅣIUreUver,changingthe

#掉   淤撫裝詩犐羅:排長
舞訂罕║ξ全:驟:lF熬常漧艼甘l:舌ξ栽::::〝::罡╤:

varietyUfrnUderne︳ ectrUniccircuits

-Nete〡 ectron刊 oW

Tunneldi° de

Δy=U‘ ′=U
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TunnelinginSernicUnductUrDiUdes

=。

黑H╝輚 i璭≒ξ腳 托滯溉 裝驟 T片枝盤

TunnelingdUminatesatuaS吒
VoItageisclampedatVzH

∥

∥

跨
拔

FiguIe6.1l:(a)Schematlcofhowban&to＿ b乙ndtunnel㏑ gt乙keSplace.(b)TunneIng
in ap＿ η diode 已Cr。SS which abias is applied Also shown is the useofareverse一 biased
P一

死 di° defoI己 V。 ltage一 clamping circuit Thecurrent satur己 teS t。 avalue determined by

theexternalcircuit resistoI, while theoutput voltageisclamped atthediodebIeakdown

V°lt乙ge TheciIicuit is thus veryuseful asavoltageregulator

bands in aseΠ 】iconductoI acIoss whichsUme bias is applied ElectIUns frorll the
valencebandcantunnelacrUss thefUrbiddenbandgapandgo into theconductiUn
band SirnilaIly,electΓ ons in theconduc七 ionbandcantunnel into thevalenceband
providedtheIeareholesin thevalenceband Asshown inFig 6.1la,七 heelectrons
seeatriangularbaIrierandthetunnelingprobabili七 yis

T=exp｛率 ｝
whereEis七 he丘eldacrUss theseIlliconductUr.

Theband＿ to＿bandtunnelingisexplUitedto maketheZener (liode
ap-η junction is reverse biased (i.e, a negative voItage is applied tU 七he

(6.18)

When
p-slde

AppliedFieId:
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鈕】dap㏄ih晚
。
netUthe肛㎡dΘ ,ast.U㎎ d㏄ t㎡cndd杺 p℃duced㏑ the山 ode

junctiUnΓ egion,asshown inFig 611b.UncetheIeversebiaSvoltagereachesa
ceI七 ainvalue,V:,thetunnelingpfUcessbecUmesdorninant Λtthis point,thediUde

resistance becUmes negligible The vUltageacross thediUdeis then clampedat V:

IegaIdlessUfhU、 vhigh 七heeXteΓ nal biasbecUmes.This vUltage＿ clampingpIopeIty

oftheZenerdiUdeisveryusefulin manyciIcuit applica七 ionS

ThetunneldiUdealsUexplUitsband一 tU-bandtunneling,butcouples itwith

cleveΓ energy bandalignment tUcIeatenegativedineIen七 ialIesistance Thetunnel

diodeisdesignedfrUmveryheavilydopedη andp sides.Thehighdopingensures
averylargeelectricneldin thejunction so thatband＿ to＿band匕 unnelingis pUssible

atallbiasingcUnditiUns.

TheoperationUf匕 hedeviceis shUwn inFig 612 AtasmallfUIwaIdbias,
someoftheelectrons on the仇 -Sidecantunnel into theholes on thep-side Asthe

bias is increased, 七hebandalignment is suchthat moreandmoreoftheelec七 ronS

nnd hUles tU tunnel intU and the current increases asshown, Beyond thepoint

rnarked B, the erllptystates on thep＿ side mUvehigheΓ  in energy with Γespect tU

theelectIonenergiesasthe庇 -Side.Eventually,at pointC,theIearenoemptystate

(hUles)av釦 lablefUrelectrUnSto tunnel into.ThiscausesthecuⅡ ent todecΓ easeto

aΠlinirnurnvalue EventuallythecuΓ rent incIeasesbecausetheelectIUns乙 ndhUles
areabletoUvercomethereducedbarIieIdueto theiItheImaldistributiUn.

Thenegativeresistance Ufthe 七unnel diUdeisan impUItantfeaturethat
allowsUnetUuseit in microwaveapplicatiUns(eg,radardetectors)

EXAⅣ IPLE6.5Calcul色tetheband一 to-bandtunneⅡ ngprobabilityinInAs(E夕 =U4eV;
呃
.=UU2mo)乙 ndG己AS(E。 =143eV;佛

￣
=U.U7田 o)under乙 nappI站dneld。 f

5× 1U5V/cm.
Theexponent in thetunneⅡngpIobabilityhasthefo11owiΠ gv乙luef。 r工nAs:

=-49U32

Thisgives

T=7423× 1U￣
3

F。rG乙ASWeget
T=exp(-6勾 =1.18× 1U￣

27

、
VeseethatwhⅡ eb乙ndtunnelingc乙 nberesponsibleforbreakdown inInAs,it is not the

causefoIbreakdown in GaAs For GaAs, the value of6Γ can incre小 e With higher nelds,

buttheIeareothermech色niSmSthat己reIeSponsibleforbre己kd。Wn.

國立活華大 學物 理 系 ｛所 )研 究 室紀錄
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∠L′刀at

勿εt’‘tt ˊ〞′〃〃勿

乃名刀σ′ ′t′ 4′.′ 5「

︙
/

SEMICUNDUcTUR

蚐

一

Potential pronleinanohmiccontact ThecontactdependsuPon thetunneling
ofelectronswithverysmalleneroes(E勺 U)thr。 ughthenaⅡ owtriangularbarrkI

the︳ nterface

lV=depletiUnwidth

Ⅳt=dUnUΓ density

擇

涵

METAL
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UHMICCUNTACT

ElectrUns tunneI

潞臨糶器

91-TYPESEMICUNDUCTUR

Ev

Figure6.8: B乙 nd diagr乙 mS° fmetal＿ η
十 ＿η c° ntact. Thehe乙 Vy doping re‘luces

pletion width to such 乙n eXtent thattheelectrons cantunnel through thespiked
e乙SilyineitheIdirection.This leads toahighlyline乙 ICuIIent一 voItagerel乙 ti° n.

易

升<
├

ω
｝
舀

thede＿

baIIler
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Tl】us

〣小為 (617)

TheresistancecanbereducedbyusingalowSchUttkybaIIierheightand
dopingtheserniconductoIasheaVilyaspUssible Thecu!rent-vUltageIela七 iUnUfa

goodohrniccUntact ishighlylineaI,a竭 ShUWn inFig 68

EXAMPLE6.l AssumethatthePotenti己 l pr。 nle。 ftheb乙 rrierin thesemiconductor side

必describedby乙 neleCtrk neldE.calculatethetunnelingprob己b山tyI二 =1U6V/cm;ψδ

=U5eV乙 ndtheeIectron maSSin thesemiconductor isUl爾 o.N。tethatifthetunneling
pI。 b乙bility乙ppr。achesunitytheelec七 Ionscangoacross thejunctionwithout ‘‘

feeling”  the

b乙rrier.This is乙 requiIemen七 ofgoodohmiccont乙Ct

Thetunnelin8probabilityisgⅣ enby(cho。血ngtheelectroneneIgytobe神 U)

T=

(2m.)l/2=

ψγ
2=

Thisgives

1U8V/m

T=exp(-841)∼ 2.2× 1U￣
4

EXAMPLE 6.2 ConsideI己 met己l-Si inteIfaceon s山 condoped&1U18 乙nd 1U2l cm￣ 3.

The Schottky b己 rEier height is U66 V C己 lCul乙te the tunneⅡ ng prob乙bility forelectrons

withenergiesneartheconduction bandin thetwodopingc那 eS. USe乙 nefEectivem之海S。 f

U34mo foIelectrons in thesemiconductor. Theielativedielectricconstant ofSi is 119

Let us nrst calcul乙 te the depletion width corIesponding to 乙 SCh。 ttky b己rIier

he圮ht。 fU66V.Thedepletionwidthis

k邙
 ψ

m
 
D

×

 ”

7
 

一

4
.
1

=
/
 
×

p
 
 
.
2

︙
,
2

、
＿,

′

I
�

 ∞
 
 
 
=

〞
一 
盯
〃

一一 
=

e
∼

E

呦一lUlBan┤b=｜
2× (119× 884× 1U一

I4F/cm)× (U66V

可
φ

(1.6× lU￣ 19C)(1Ui8cm-3)

照屁=㎡↘Ⅲ﹁ =   =叫 7A

Theelectronswithener8yjust乙 t七 heconductionbandedgewiⅡ h乙Vet。 tunnelthroughan

approXimately triangul己 rWell WecanusethetunnelingprobabⅡ itythroughatriangular
well, usingan乙 VerageelectIicneldin thedepletionIegion

它(n=1U18cm-3)

它(η =lU2】 cm-3)

ThetunneIngprob.bilityis now

畾 =23× 1U5咿m

72× lU6V/cm

田 市 j工 垂 女 壆 物 理 系 r所
、
研 中 堂 幻 鏈



分類 :

編號 :〃 -

總號 :

E

㎡
嗤

╰╰
。
甜 幼 εㄊd

一‵

ˊ

國立清華大學物理系 ｛所 )研 究室紀錄

θ rωV幼出羽區∠         一



分類

編號 : ′〞一╯φ
總 號

PUsitiUn

Potential pronle。 fametal v乙 Cuum interfaceregi。 n.

↙

國立清華大學物理系 ｛所 )研 究室紀錄



分類 :

編號: 〃-6U
總號 :

Energybands inatnetal Metal一 vacuum一 metal 霍

(a)

｜
｜

一一┘

:(c)

/八
｛
v｛

‵
\v/ˋ

ˊ

代

、
v′
ˋ
ˊ
ˋ
ˊ

代

v於
\ˇ′
‵

、

Aˊ
〝

、

戶\Emitter tipS

PhUsphUrscreen Fieldemitter

dev】ceSfUr
display

technUlUgy

WUrkfunctiUn

ElectrUn

ernlsslUn

PUsi巨Un

(a)Schematt。ftheelectroΠ ice平早roes in°
sUlid一 statemateria1.(b)Metal一

vacuum一 metaljunctiUnunderappl㏑ dneld (c)Schematk。 f己 d站 Playde㎡ ceb乙 Sed。n

neldeΠlissiUn tips
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F︳ gure5.12 EIecttUns iname亡 al

(a)behaveasthoughinannitewel】 An
eIectricneId(b)alters the“ wall,” so that

tunnelingmayUccur

〡nd〡 v｜ dua〡 p〡 xe〡

一 一 一

Red     Green     B〡 ue
Subpi× e｜   s∪ bp〡 xe｜   Subp︳×e︳

phosphUr

Hessuve              Microups
切餅

 /c引vmn ne

r︳gure5.13 Unepixelofaneldenlls＿

siondisplay.Applyingapositivebias
tums onanyofthe山 reediferentcolors

Ufsubpixel‘

(b)

FieIdenllssiUn is nUwbeiΠ gtriedasthesUurceUfilluΠ】inatiUn inanewknd
Ufnat＿ screendis°lay,theaptlynamedFieldEmissiUnDisplay(FED)shUwn in
Figure5.13.Its pUtentialadvantagesUvertheliquidcrystaldispIayscUmmUnly

usedin laptUpcUmputers incIudewiderviewingangleandquickerrespUnse

B〡ue
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輔輾韡攡蕼無   城雜
Ttec° PPeΓ p︳ates(a仙 c

(a“日Chedt° theb° tt°m
cauSeSthec° PPeΓ P︳日●eS

m°Veme田︳︳Πduceseddy

特翠::jI獄∴辯漧盟阠辯 垚日Ced° VeFtLeou6rfmmeofthemkΓ 。㏄。Pa

〞Uγ

T、vUstages, UrsectiUns, suspended
fΓ om springs,nestIewithin thestain-
less-stcelcyIindΓicalframeUfthemi-
croscUpeandprUtectthetunnelinggap
fΓ on】 vibratiUn.Bothstages,tΓ iangular
incrUss sectiUn,aremadeUfglass rods.
The secUnd stage slips intU the nrst
stage, fΓ UΠ1、vhich it is suspended by

threesprings.Thenrst stagein turn is
suspendedfrUmtheouterfΓ ame,also
bythreesprings ThesecUndstagecar-
riestheheaΓtUfthemicΓ Uscope:itcUn＿
talns both the sampIe and the scan-
ningneedle.

WhentheentiΓ ernicΓUscUpeslts ina
vacuum,air resistanceis miniInaIand
the nrst and second stages could, if
they were distuΓ bed, bounce up and
dUwnalmUst indennitely.TUstUpthiS
mUtionwere︳ yUnthephenUmenUnUf
eddy-currentdamping.WeletcUpper
platesattachedto the bottUmUfthe
nrst and secUnd stages slide between
magnetsattachedto theUuterfΓ ame.
As each plate slides up and dUwn,
themagneticneldcausesthecUnduct-
ing eIectrons ofthe coppeΓ to m。ve

arUund,inducingasU-ca1lededdycuΓ -

Γent. Thereact1Un betweenthe eddy
currentandthemagneticneldretaΓ ds

the motiUn of the plate and thereby
pΓUtects themicΓ UscUpefrUmeventhe
sma1lestvibratiUns.
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UncethegrUssvibratiUnshavebeen
stUppedthesamplecanbepositiUned.
This is dUne with a specially devel-
Uped drive that carries the sample
acΓUSSahorizUntaImetal plateon the
second stage. The body Uf the drive
consists ofaslabUfpiezoelectricmate-
rial that expands Ur cUntracts when
vUItageisapplied.Thedrivehasthree
metaIlic feet, aΓ ranged in triangular
fashiUn,thatarecUatedwithathin lay-
erofinsulatingmateria1.Theycanbe
clamped tUthemetal platebyestab＿
lishingavUltagebetweenthemandthe
metal plate.

We mUve the drive in the fUIlUw-
ingmanner.Suppose,for instance,we
clampUnlyUnefUUtandapplyavUlt-
age tU thepiezUelectric body sUthat
itcUntracts.TheUthertwUfeetwill
moVc Slightly. Wc then clamp thUse
twUfeet,releasethethirdfUUtandre-
mUvethe applied vUltage sU thatthe

bodyexpandsbacktUitsUΓ iginal size.

ThedΓivehasjust movedonestepThe
stepwidthcanbevariedbetween1UU
and l,UUUangstrUms. Sincethedrive
can rotate about each 

。
f its feet, it

can walk alUng the plate in any de-
sireddirection.

Whenthedrivehascarriedthesam-
pleto the、 ántedtunnelingpUsition,
we begin scanningthesurfaceUfthe
sampIe.WeusearigidtripUdmadeUf
threepiezUelectricsticks tUmUvethe
tip Ufthe scanningneedle. Whenwe
applyavoltagetoexpandorcontΓ act

oneof山 esticks,theothertwobend
sIightly.CUnsequentlythetip mUveSin
astraight lineUveΓ distancesasgreatas
上U,UUU angstrUms. FurtheΓ mUΓe, this

mUtiUn is quitesensitiveto theInagni-

tudeoftheappIiedvoltage:avoltage
UntheUrdeΓ Uf.上 volt resuIts inaInU-

tiUnUflUangstrUm.TheprecisiUnUf
the trlpod’ s drive is s。 gUUd that at
present onlyvibration liInits theveΓ ti-

calresUIutionUfthesampIe’ ssurface.

This resUlutiUn at present is in the

range 
。
f appr。xmately a feW hφn-

dred你 UEfl且
。
gstrUm.
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ThelateralresUIutiUnUfthesurface
is l虹nitedbythesharpnessUfthetip.In——

田16㏑stancenaturehas been kindtU
t℃ vacuum tunneler. It is relatively￣

￣̄̄￣̄￣̄ ￣

惢寄盟羇士T:主#气。埤找E—
——

辦默:瑞淑‵就I;s盟ε喂——
tH:早

:丐是ilt代 a㏑ter田 resUlu㏑ n㎡
t,JU angsiUms, hUwever, the needle
musthaveasingleatUm sittingsecure-

已 :llf:I:」茫:扎 古｜lhε:出品 從 罡

ItIsdisl° dged byhighelectric fields

thatarecausedbyapplyingavUltage
d」EeΓenceoffrom tw。 tU1UV°ltsbe-

●〃eenthe sample and the tip. Since

卄 ℉ ξf品括 幫 盅 毛野 掙 ︴艼 旨

bombarding it with a high-energy
beaⅡ1。fiUnsThiscausestheatUmsUn
thesurfaceto sputterawayinahighly
contrUlledmanner.

TheprUbeturnedout tobeeven lnUre 一
lUcal than their fondest hUpes  Em-
pl。”ngstylus伍psw比hcurvatureradI————
UntheorderUfathousandangstrUms,

individualatUms Butwhentheystar仁 ＿＿＿＿

ed scanning, they certainly did see
atoms ‘

〝VehadthUughtthis kindUf—————

resUlutiUnwUuldrequireabigefUrt,”
Binnig told us “Butwe got atUmic￣

￣̄ ￣

scaleresolutiUnmUreUrleSSasagift” .＿＿＿＿

lUUU＿盟翠現智Ξ拙批器紫電＿＿
smallerscale,、 hthaccidental protuber-
anceSServingas tips onlyafewatomS一
〝hde 

、

ViththeseprotuberancesdUing一
theprUbing,thescanninginstruments
achieved a horizontal resolutiUn of 一

穿
°
rt文

Aξ
堵主甘忘瑙苦瓏珵職＿＿

ZurichgrUuphasbeenreplacingthese
fortuitUus probingtipswithmonatoΠ 垃c 

￣ ￣

tips carefu1ly created by neld一 i° n mi- ＿
croScopytechniquesdevisedbyHans＿

、

VernerFink. TheendUfthetip is the＿ ＿＿＿

wUrld’ s smalleSt manmade pyΓ amid:
threelayerscUnsiStingrespectivelyUf￣ ￣̄ ￣̄

seven, three and nnally Une single
atom Puttingthelast singleatorn in一
place is “a Iniracle,’

’ says RUhrer

Thetungsten prUbeoΓ ascanning

tunnelingmicrosc。 Pe

一—————— ㎞ ga㏕
豔諱 :b器守七

一
———————————   hUrizUntalre｜

not nearly gUUd enUugh to resUlve
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TUNNELINGTHRUUGHMULTIPLEBΛ RRIERS:
RESUNΛ NTTUNNEL工 NG

In the previous subsection weexamined tunnelingUfapaI七 icle thIUugh asingIe
barIieI Asseen inFig 64b,whenE<ㄐ ㎡thetunnelingprobabilityrnUllUtonically
incIeases aseitherEincreasesoΓ thebarrierthickness shrinks. Thereis no inter一
estingresonant featurein thetunnelingprobabiIity.Ifweexarninethetunneling
ofpaIticlesthroughapotentialIegion madeupofno七 oneSinglebaIIieI, buttwU
(。Im。Ie)barΓieIsasshown inΠg.614,wenndthatthetIansmissiUnUrtunneling
cUefncienthasIesUnantfeatuIes.

AtypicalIesUnant tunnelingstIucturehasafUImshown inFig 614 Itcon-
sists ofregionsAandBwheIethepaIticleis ‘‘

free,’
’ enclUsingaseIiesofpotenti&l

baIriersandwells.An impoItantIesonant tunnelingstIuctureis thedouble＿ barrier
resonant tunnelingstructuIe, whichhasthefUrrn shown inFig 614b This struc-
ture is used fUr manyirllportant device applica七 ionS As shown in Fig 6 14b, the
quantuΠ1wellenclosedbythetwobarΓ ieIshas “quasi＿ bound” levels.IfthebaIIiers
wereinnnitelythick,theselevelswouldsiInplybetheboundstates inaquan七 um
well, as discussed in Chapter 4. However, becauseUf七 he nnitebaΓrier thickness,
thequasi＿bUundstateshave、vaveftlnctiUns that ‘‘

leak’
’ outofthewellIegiUn,but

the wavefunctiUns arepΓ irnafilyconnned t。  the well region 

、

Vhen the eneIgy Uf
aparticle(say,apprUacllingfIom reglonA)appI。 ach㏄ oneofth㏄equasIbound
energies, thetranslnissioncUemcientapproachesunity

ThegeneΓ al probleIll oftheresonant tunnelingstruc七 urerequiresnumeIical
computation,butifweassumethatthestructureis lnadeuPofaseriesUfregions
°verwhich七 hepU七entialeneIgyiscUnstant,it is possibletUgetanalyticδ lIesuIts
TheapprUachis quitesirnilartUtheoneweusedin thelast subsectiUn—

—oneη/Iites

Quasi-b。 und
stateS
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Figure6.14:(a)Ageneral potenti㏕ profllewhichwⅡlshowreson乙 nt tunnelingbeh乙 Vi。r

(b)Ad。 ublab色 rherIesonant tunnel㏑ gstructure InthewellfUImedbetweenthetwo
barriers,oneh小 quaSl一 boundst乙teSW北henerg泛sE1,E2,E3,‥ .AsthePaIticleenergy
approaches theseeneIgies, the七 ransmissioncoefncient己 ppr。 achesunity

out thegeneral solu匕 ionsfUrthe wavefunction ineach region, m乙 tCheSboundaIy

conditions,eliΠlinatesthecoemcients involvingthewavefunctionUftheintermediate

regiUns,andthenobtains thetIansrniSsionandrenecti。ncoefncien七 S.

In optics,weknUwthatflightpassesthfUughmultiplemedia,interfeIence

efrectsallowtIansrnission peaksatceItainfrequencies AsirnilarefrectUccuIs、 vhen

paI七icles impingeon rnorethanUnebarrier.An inteIestingbarrier is七 hedUublebaΓ＿

riefstructuΓeshown inFig 615 whichcanbefabIica七 edfIUmtwUsenlicUnduc七 Urs.

Asshown inFig 615,theconductionbandpronleUfsuch乙 StIuCtufeprUducesa
quantumⅥ/el1ofsize Vγ enclosed bytwothin baIIiers ofthickness a andbarrieI
helghtㄋ名
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ⅣVema｝ thinkUfthequantumwellfUImedbythedoubl〦 baIr沁Istructure

ashavingquasi-bUundoIIesonantStatesatenergyE1, E2, E3,etc., aSShown in

Fig 6.15 Ifthe barIieIs were very thick the electrons in the levels El, E2, E3

wUuldnotbeableto‘ ‘
leakout” Ufthewel1.HUweveI,sincethebaIIiershaveannite

thickness,theelectrUnwaVefunctiUns leakUutthrUughthebarrier NowcUnsideran

electronwithenergyEimpingingUnthedUubIe-barrier structure(Γ es。nant tunnel

ingstIu㏄ ure)aSShUwnfrom theleftI七 heenergy° ftheelectrUnal站nswiththe

、
veIlenergiesE1,E2,E3,etc.,theelec七 IUniSabletU七 unnelthIUughthestIuctuIe

withunit prUbability.Utherwise,thetunnelingpIUbabiIityisveΓ ysmaIl This leads

to sharp structuΓ es oI resUnances in the tIansrnissiUn pI° babilityversus electrUn

energycurves, asshown inFig.6.15.

ThetunnelingpIUbabilityfUIthedUuble＿ barrier stΓ ucture isgivenbyan

appIoach sirnilafto theUneused in SectiUn 6.3fUI asingle-baIIieI. HUwever, in
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whichis theresult obtainedinSecti。
n63.1

baΓrieI, AIsU,as inSectiUn631,wehave,fUrthefenecti° namplitudefr° rll tllenrst

ELEcTRUNENERGY＿ ＿＿＿

(6.3U)

— —
— — — — — —



(耐 +γ
2)sinl】 γa

、
vi七 haIenectiUn probability

wheIe

ⅣVernaydenne (as

、
vaveduetUtherenecti° n

(t:一 γηsinl1γ a+j2七 lγ cUsh叩

只lB=rlB｜
2= 吇 血lll12叩

r̄G+4E(吨 一E)

in op七 icS)thephasechangeθ prUducedin

frornasinglebarIieIthIUughtheIelation

rΞB=兄 1Be￣
2iθ

tanθ =

咐 ㎡Ill12

(631)

theIenected

(632)

(633)

Theangleθ isgivenby

These resultshavebeenrepeated heIe,sincethetransrnissiUnpIUbabilitythrough
thedouble＿ baΓ rier structuIeiSexpIessedin teIms of屁 1B,TlBandθ ,givenabUve

For thedouble一 baIriers七 ructureshUwn inFig 615,thetIanslniSSion pI° b一

abilityhasshaIp IesonanceS asafunction ofthePaIticleenergy 工nthe caseofa

syrllInetIicbarrieI,、 vegetthefUllowingIelatiUn:

(634)

wheIe 屁1B and TlB are the single＿ baIrier IenectiUn and tunnelingpIobabilities,

and θ is the angle denned in Eqns 632 and 633. FroΠ 1the fUrm ofEqn 634,

、
vecanseethatthetransrnission probabilitybecomesunityatcertainwell＿ denned

par七 icle eneIgies AwayfIUnl these ΓεεUη aηteneIgies, the transrnissiUncUemcient

canbecomeveIysmall Thusthe七 Ianslnission pIUbabilityhasveIysharpfeatures

動=├帶曲\h〃一州
┤

29l1E

為
2
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6.5.1  ΛpplicatiUnExamPle:ResUnantTunnelingDiUde

SellliconductoIdiUdes incUIPUIatingthedouble＿ barIieIresUnantStIuctureareknown

as rε εUη aη t t也ηηε而ησ 〞●U〞εs Resonant tunnelingdeviceshavepotentialfUrvery-

high一speed&pplicationsandaretheIefUrebeingstudiedingreatdetaiI Theopercn-

tion ofaIesUnant tunnelingstructuIeisundeIstUUdcUnceptuallybyexallliningFig

616aFor smallappliedvoltages(caseAlnFlg616althetunnelingprUbabili妙 。
f

electIons 
、
vitheneIgiesnear the FefΠ li leveleneIgy is verysmalland, as aresult,

veIylittlecurren七 nUWSthrUugh七 heS七 IuctuΓe A七 pUintB,whentheFeIrnienergy

linesupv/i七 hthequasi一 boundstate,amaxiInuΠ lamoun七 ofcurIent n°wsthIough

thestIucture,SincethetunnelingpIUbabilityIeacheSunity FuIther increasing七 he

biasresults in theeneIgybandpIonle(p。 intC),wherethecuΓIent thIoughthe

stIuctuIedecIeaseswithincIeasingbias ApplyingalargerbiasIesults inastIong

劫
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〡

TUNNELINGINSUPERCUNDUCTINGJUNCTIUNS

In Chapter 4, Section 466 we have brieny described holv materials can act aS

supeΓ cUnductUΓ s InthesematerialsatlU、vtemperatuIeselectIUns pairup tofUIm

Cooper pairs These pairs aIe bosons andnot feIIllions Thelowest energy state

wheIeelectrUnpaiIsaIebosons is separatedfrorn noImalelectron stateSbyasmall

energygapwheIeno statesareallUwed.Thisgap is onlyabUutalnillielectronvUlt

andplaysaveryimpoItantIoleinhUⅥ électIons tunnel intUsupeIconductoIS.

LetuscUnsiderathin insulator sandwichedbetweentwUmetals,asshown
inFig617a.NoImalmetalsarecharacteIizedbytwUimportallt prUp㏄ ti㏄ :i)the

Fermilevelis in therniddleofthebandandelectrons occupystatesesSentiallyup
tUtheF㏄ mileve1.There拍 noenergygap㏑ thiscondtct沁 nband;ii)Inn° rmal

metals,electIUnsactasferrniUnsandastheytraveltheysulTeIscatteIing

Whenabias憶 appl抬 dtU七hemetal封 nsulatUr一 metaljunctiUnelectronScan

tunnel from one side to the otheΓ and current nUws At small applied bias the

cuIIent一 voltagechaIacteristicsaIeessentiallylinearasshU、vn inFig.617a

NUwletuscUnsiderajunctiUn inwhichan insulatUIis sandwichedbetween

twUsupercUnductUrs asShUwn in Fig. 617b Inthis case weIerllindUurselves Uf

two impUItant propeIItlesofsupeIconductoIs;i)CafIieIs move㏑ p㎡fsofchaIge

切 in thesupeIcUnductingstate;ii)thep血 路 Sufferη U㏄ attθ 而 η夕 dtlhngtIanspUrt

Thus lUng-rangephase cUheIence is maintainedin the wavefunctiUnofelectIons

ThisallUwsustUdescΓ ibethecarrier transpUrtandcuIIent nowby.simplysUlving

theSchrδ dingeΓ equatiUn.

For七 heSupeΓcUnductingjunction iftheinsulator is thinelectrUnpaiIscan

匕unnelthΓ oughthebarrieI However,unlikethecasein noImalmetals七 heSeelec七 ron

paifs can move aΓUund a clUsed wire tU cUmplete the cuIIent, since there is nU

scatteringpathΛ saIesult,current nowsε 究η jη t加 a杺仰 ㏄ 好 aησ apPlj㏕ 加“

Whenabias isappliedthecuIΓ ent isfUundtobecUnstant up toacΓ iticalvoltage

Vt BeyUnd七 hiSvUltageelectIUns tunnelacΓ oss thesupercUnductinggapandnoΓ mal

Uhrnicconduction occurS. ThecurIent一 voltagerelationsfUrasupeIconductUI aIe

shown inFig 617b Thehighlynon一 lineaIcuΓIent一voltagereIationsareveryuseful

foΓ devicessuchas mixeIswheIetwodi且eIent micIowavesignalscanbe ‘‘
rniXed” to

producesumanddifeIencefIequencies.
ThedetailedanalysisUfthecuΓ rent inasupercUnductUr tunneljunction

(calledJ° sephson junct沁 n)is sUmewhat lnvUlved,but心 ghenbelowfUrcomplet鈴
ness LetuscUnsidernIst thecasewheIenUpUtential isappliedacIoss thejunction

賦免 C。nSideIthesirnplecaseinwhichthetwUsupeIcUnductUIsareidentical

Letψ lIepIesent thepIUbabilityamplitudefUItheelectron paiIsUn onesideUfthe
junc七 ion,andψ 2theamplitudeon theotheIside ThetiIne-dependentSchrδ dingeI

equatlUn而θψ/a=孖ψcanbeu㏄ d七 odeScribethecUupl㏑ gandtim鈴 dependen㏄

oftheelectIon paiISonUnesideacIoss thejunction.Theequ&tionsforψ l andψ 2

國立清華大學物 理 系 (所 )研 究 室紀敘
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INSULATUR
【NSULATUR

EF

(a)
(b)

Figure6.17:(a)Aschematk of乙 metal→ nsulator一 metaljunctionwiththeb乙 ndpr° nleseenbyelectronsandthecuIrent一 vUlta8erelat站 n (b)AschematicofasupeIIcoilductor一
inSul乙 t。 r一Superconductor junction.

are (ch。 UsingtheeneIgyofthepaiIIsaszero)

兩警=π╯ψ2

碗等=勸仇

║五機I絲裝::重

一

:fξ :日兜拌盆s╕ll作呼豔:翠T::::生::::::早〃tunnelingprobabilityacross七 hebaIIieI

Wri七 e  Ifη
land冗 2arethepaiIdensitiesUnthetwo sidesUfthejunc七 ion,、vernay

(6.36)

(63列

一

ψl=Vtε
jθ l;怮 =Vㄞε

jθ
2
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Tl】 isgives,frUΠlEqn.635,

等=瑞神午
警=劦↗2穻

妨等一扣12ψ 2

奶等一知屾

(637)

(638)

(6.4U)

Sirnilarly,wehave

lVemul七⋯ IyEqn637byv偏 予
īθ ltUUbt㎡ n(wedenneδ =θ 2一 θl)

言等+仙 1警 一青拖加祊t

吉等
+斻 2警

一 青
葧 V坑 1n′

瑐

EquatingtherealandimaginaryteImswithineachUftheseequatiUns,weget

等=穻麻 ㏕;等一縉ㄅ晒由nδ

警一午(午
)v2c㏄

δ;警一午(剺)v气
sδ

lVenUwassumethat nl和 n2,Whichgives

警=警→賽=U

and                        
θ冗2    θη1

θt     θt

ThecuIrent nUwacI。 ss thejunction is

JⅨ
π丁 =一等

碗警=蹋ψ2一 ε呦
而等=蹋ψl+ε yψ

2

J=JUsinδ =JUsin(θ 2一 θ1) (639)

ThepIefactoI JU is pIopUItionaltUthecUuplingmatΓ ixelementUrthetunneling

prUbabilityofthepaiIsacΓ oSSthejunction.Λ n inteΓ estingfeatureofthiSresult is

tha七 tKε rε 石saε 也Γ●eη tβ Uη aε TUss t方 εo包 m&jUη ●η t方 eaδεεηce好 aπ aPP‘ jetvUttaσ ε.

ThecuIrentdensityIiesbetweenJUand-ˊ U,dependingupon thephasedifreIence
θ2一 θ1.

Letus nowconSiderwhathappenswhenasmallvol七 ageyisappliedacIUss
thejunct沁 n.Asaresult ofthisvoltage,there沁 anetenergy山 frerence。f2eVas
aCoUper paiΓ  crUsses thejunction As aresul七 , one Sideofthejunction has an
eneIgyof一 eV 已 ndtheotheIhasanenergyeV.TheseteImsleadto七 hefUllowing

equations:

｛ 一‵
一 ●〡

—————————
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PIUceedingaswedidfUrtheˊ =Ucaseweget
〡一

(6.44)

等=穻 v羾吻蕊n山 一等知而㎡nδ (6.41)

≡音旦(青手)l′
2c。

sδ
;

一 等
一

學 侍 )v2cUsδ
仰 勾

Unceag㎡ n,using仇 1∼ n2,Weget

θ(θ2-θ 1)＿

θt

Upon integIatingthisequation,weget

啊=Ⅸ的一罕
ThecurIentacIoss thejunctiUn is nUw

J=元血
lJ(Ul一 竽 )

(643)

T元eU也ΓFeη tUε tJ化北 SVσt方 arrectε ηUσ

T㏑sobseIvat沁n拍 usedfUr prec拍 emeasufement of青 .Iftheappl拍 dvUltagek
inCIe路edbe9℃ nd色 CIiticalvUltage,a白 ShUWn inFig.6.17b,thecuIIentIeveIts toan

UhmicbehaviUI,sincethepaiIsaIeabletoexciteintUthesingle＿ paIticleelectIonic

spectIawheIethetIanspUIt is notbyCoopeIp血 Is.

The tunneIingpIUpeIties ofJosephsUnjunctionscan beexploited, alUng
withtheuseofma,gneticn可ds,tUpIoducelow＿ poweId㏒ it甜 lUocdevicesand
eXtremely sensitive magneticneld measuIement instruments. These applications

aIediscussedinAppendhC.

婉
一&
弛

一a
一

〃
一為=θθ1

一

仇

=
鉐

一a

2εy
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p°tent︳ a︳ energy.┬ he︳ r tr司 ectUr︳esare

i渽晷騮帤眾tt:mw㏑
°neexpeds

┬unne︳ :ngasastatiUnaⅣ
stateprUb︳ em

丁het︳ me-︳ ndepghdent prUb︳ emcanbeused
tUca︳ cU︳ atethetunne∥ ngbehav｜or of

驟琣fFt:∥塔慰::卄臼ξ鬥:卷有略:早:坪
驟
。
:f吊ξ︳諯●免:驟gε:盟

沁到
deve︳ UpedtUsU︳veSuchprob｜ emS.

┬unne“ ngofpartic︳ eshasmany:mportant
app∥ catiUns︳ ntechno︳Ugy.┬ heSe︳ nc︳ ude:

;灩&限 ║#l:ξ !︳另:召〡:t〕:早3ξ琵 繳 蚤
ud田 ng

.PrUduc︳ ng︳ Uw＿ res｜ stanceUhm︳ ccUntactsfUr
sem︳ conductUrdev︳ ces
.丁unne｜ d︳UdesfUrm︳ crowaveapp∥ cat︳ ons.
.「︳e︳dem︳ ss｜ Undev︳ces.
.日 ad｜ Uac｜ tvema!eⅡ a︳sfor medica︳ and
anthrUpU︳ Ug︳ca︳ uses.

Whenpart︳ c︳estunne︳ throughmu︳ t︳ p︳e
barⅡ ers,Ihetunne︳︳ngprUbab︳ ︳︳tyhaSstrong

器糮 子忌:揣留｜γξ景:黯資畔
dev︳ces.
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ⅣIAGICUFTECHNULUGY

.AbiUlUgist isdevelUpingamUdeltUundeIstandhUwcUckIUaches mUvethIUugh
thesewersystem FoIsomerea.Son thescien七 iSt d° es notWant t° spend 匕he llext

fewrnonthswiththesecritters TechnologycUmestUthereScue ThewUIld’ s lnost

adaptablecIeatuIesaIei面 ectedwithat〞ε,whichsendsUut signals tha七 canbe

tIackedfIUrn thestreetsabUve.

. Children playing in a lush fUrest somewhe【 e in Africa come acrUss a stIange

jawboneUfananima1.TheyhaveseennUthinglikethisbefUIeandstaIttUu㏄ itas

apIetend weapUn ApassingpaleUntolUgist seesthemat playandasks toboΥ rUw

theboneAfewdayslateIaworldwidepIessIeleaseannounces:J╯4ⅣBUⅣEUF人
身θ 9rJZ乙JUⅣ ΥEA屁 UtDDfzlrU∫ 4́乙ㄏED召 UU刀兜 ED
.Λ high-densityseΠ 】iconductoΓ rnemofymanufactuIingplanthasdevelUpedanew

U加 tat9Uη PrUεεεεthatwillbeusedfUIgigabitInemoIychips HoweveΓ ,theengineers

nndthattheyieldUfthepΓ Ucess isextremelylow AteaΠ 1ofIeseaIcheIs staIts to

lookatthe pΓ ecise aIIangement ofsilicUnandUxygenat° msUn thesuIfaceusing

a‘εaηη石ησt也甩ηε了斻σm● UF.ε εUpε  TheydiscUverthatwheneveIthestaΓ tingsilicon

atornsare ttη ε方εd也PinaCertainwaytheprocess fails.ThiscausestheengineeIs
tUbemoIeprecisein pIepaΓ ingtheirwafeIsandtheyieldshUotsup.
.Ahigh-precision machinetoolcompanyisdevelopingadvancedmateIialsfUΓ ball

beaIings that don’ t weaI° ut s° S。°n. Special ba11beaIings afepIepaIed with a

t也 j‘
t-● n tja夕甩U“’ε tUUt As rnicroscUpicweaIoccuIS in the bearings duringuse; a

signalis sentUutgivingtheexactlevelofdegIadatiUn
.ScientistsatareSeaIchinstituteaIefUllowingaproⅡ lisingleadto

cells individuaⅡy TheyhavedevelUped a方 U仍 j屁
σm。 leculewhich

itselftUtheofrendingcells.UntUpUfthis rnUleculethereseaIcheIS

anaTmθdatUmwithazaP＿ θ也η!UnCethehUrningInoleculeattaches

cell,thezap-gun kills thecel1.

InUther ins七itutes,scientists

plexbiUlogicalreactions,bloodn° w
deIs SirnilaI techniques are being

scientists,anthIopUlogists,etc.

attackcanceIous

goes and binds

managetUplace
to thecancerous

aredeveloping七 raεεrtechniques to studycUrn一

thIUughdamagedarteries, andthyrUiddisoT一

exploited by chernical companies, agIicultuIe

ˊ
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byGerdBinnigandHeinrichRUhfef

Ubserveinsects.Inthelate l9thcen.
tuΓyA1】tonyVanLeeuwenhoekdeveI.
oped the opticaI n9icΓ oscope, which
revealedthee〤 iStenceofSin8IeceIls,
pathUgenic agents and bacteria AI-
thUugh Uptica】  mjcrUscUpy has de.
velUpedintUasoPhiSticated,versati】 e

technique,aphysical liIni!hampeΓ s jt:

theUpticaIrnicroscopecannUtresolve
atUInlcstructureS ThereasUn ls that
theaveΓ age、vaveIengthUfˇ isiblelight

isabout2,UUUtiInes、8reater thanthe
diameter ofa tyPical atom, Ⅳ́h:ch is

abUutthreean8s trUmunits (Uneang-
strUn〕 unit is oneten-biIliUnthUfaIne-
ter) In other wUrds, trying tU pΓ Ube
atUΠlicstructureswithvisiblelight is
liketryin8tUnndhairlinecracks ona
tennis couΓ tby bouncing tennis ba〕 ls

Ufr its surface.

The nrst successful exp】 oratiUn Uf
atUmicstΓ ucturesgre、voutUfabaSic
discUveryUfquantummechanics It is
that Iight and Uther kinds of energy
exhibitcharacteΓisticsUfbUthparticles

andwaves.In l927 Clinton J I)avis＿
sonandLesteΓ H.GermeroftheBel】
TelephUneLaboratUriesconIirmedthe
wavenatuΓeUfthee】 ectrUn.Theya!so
fUundthatahigh＿ eneΓgyelectrUnhasa
shUrteΓ wavelengththanalow＿ eneΓgy
electrUn.AnelectΓ UnUfSumcienteneΓ -

8yexhibitsawavelengthcUmparabIe
to thediameterUfanatUm.Thisfact
ledtUtheinventjUnUfthee】 ectrUn mi-

CΓ USC°pe VVith electΓ Un mjcΓUscUpy
prUjectiUnsUfatomicrUwsandeven

atUrnicUΓ bitals in thincΓystaIlinenlms
havebeenobserved.

S猛 ∵fh封 熬 :】艦 苗 :另王:擂
was it necessarytodevelUpanewkind
UfInicrUscope?AlthUugheIectrUn mi＿
CΓUSCUpyhaspΓ ovedtUbeextΓeme︳ y
successfll】  in Ubserving the bulk fea-
tures Ufcrystalline materials, it can＿
nUt resUlve surface structures except
under veΓ y special circumstances A
hj8h＿ speed electrUn penetrates deep
into matterandsUΓ eveals littleofthe
surfacestructuΓe.AsIU、 v一mUvinge】 ec-

tΓUn iseasiIydenectedbythecharges
andtheelectricandmagneticnelds° f

the samp】 e In the 】95U’ s EdwinW
MⅢ leΓ madesomeprUgresswhenhe
inventedthefield＿ ion micrUscUpe,an
instΓument that is hjghIy sensitive tU
surfaces UnfUrtuna!ely its ran8e of
aPpIicabi】 ityis narΓ ow:asamplemust
sit onanneneedletiPthat isUnIyafew
angstrUmswideandthesampIemvst
be stab】 e against the high electΓ ic

neldscharacteΓ isticUfthetechniqUe
The principle ofUperatiUn Uf the

scanningtunne】 ingmicrUscUpemakeS
it pUssibleto avU:dthese dimcuIties.
Themaindifrerencebe⋯veenthescan-
ningtunnelingmicrUscUpeandaⅡ Uth-
er mjcrUscopeS iS that it uses nofree

partjc】 es;cUnsequentlythereis nUneed
forIensesandspecial lightUrelectΓ Un
sUurceS. Instead the bUund electrUnS
already existin8 in!he sampIe undeΓ

“
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Pauli’ s frustratiUn M/as based Un the
sunplefactthatthesurfaceUfasUlid
seΓvesasthebUundarybetween itand
the Uuter 

、
′or】 d Whereas an atUm

with㏑ asolidis suΓ roundedbyother
atoms,anatUmatasurfacecan inter-
act onlywithotheratUmsUnthesuΓ ＿

face,withatoIIlSbeyondthesurfaceUr
withthUseirnmediatelyunder it The
properties of the surface Uf a sUlid
theΓ efUredifferradicaIlyfrUmthUseUf
the㏑ teriUΓ  ΓUr instance,to minimize
energy, surface atUms Uften arrange
themselvesdifrerent】 yfrUmtheUther
atoms ina solid. The resulting com＿
pIexities Uf sUrface structures have
Iong thwarted eJUrts tU deriVe pre-
cise experimentaI and theoretical de-
scΓiptions ofthem
AttheIBⅣIZurichResearchLabo-

ratUΓ ywehavedevelUpedadevicethat
makes it pUssibIetUcharacterize ina
quantitative 〝/ay such surface cUm-
plexities: the scannin8 tunneling nli-

crUscUpe.Uur micrUscUPeenablesUne
tU“ See” SurfacesatUmbyatUm Itcan
even resUlve featuΓes that aΓ e Un】y

abUutahundredththesiZeofanatUm
Such a tUol has impUrtant impIica-
tions, for example, in the micrUelec-
tΓonic industry. As the silicon chiP,
whichis thekeyeIement incUmputer
architectuΓe, decreases ln slZe lts suΓ -

faceaΓ eaincΓ easessharplyin relatiUn
to its ⅣoIume. Therefore the surface
becomes incΓ easinglyimpUrtantin the
chip’sUperationandin its interactiUns
w︳ th Uther lUgic elements. The scan-
ningtunnelingmicrUscUpewill prUba-
blycUntΓ ibUtetUtheunderstandingUf
UtherphysicaI,chemicaland biUlUgi＿
calphenUmenaaS、 veⅡ .

Scanning tunneIing micrUscUpy is
thepΓoductUfcUnsideΓ abIeeVU】ution

∼IicroscUpyappears tUhavebegun in
the l5thcenturywhen simp】 emagni︷
fy㏑gglassesM/eremadewith、 ⅣhichtU

的

SCANNINGTUNNELING16ICRUSCUPEh日 StW° S●ageS,suspendedfron】 sp㎡ nBs,tL日 ●

nest︳ eⅥ itlI:n ncy∥ ndi:ca︳ sta︳ n︳ ess＿ stee︳ fiame.The︳ nI.eΓmost s〔田geC。 n︴ a︳ ns the口l:cΓ”

sc。Pemec㏑ an︳sm.ToaclI︳ evehigh＿Γeso︳ 1.tion︳ magesofsurfacestr1● cIⅡ reSthem︳ cΓ osc。 Pe
nlⅡ SIbeSh:e︳ dedfΓomeveIIsucLSmaⅡ vibr田 t︳

。
ΠSasthoseca.Sedbyfoots｛ ePSa田 dS。●Πd.

ThecoPPerP︳ a6es(attachedto thebottom ofthesta:︳ Iless＿ Stee︳ fΓaⅡ.e)日 ndthenIagnelS
(nttachedto t︳ I6bottom oft︳︳e︳nnerand oute了 S〔ages)damp↓︳brat︳ons.Anydisturba田 C●

caUsestheeoPPerP︳ atest。 movelIPanddown︳ 田thene︳ dgeΠ eΓ日︳tdbythemag,.elS.The
movement︳ nduces eddyeuΓ ΓenlS︳ ΠtI1.p︳ ntes、 The:IIterae︳ ︳o田 

。
ft1●eeddycuΓ re91心 〝itL

th.nIngⅡ et:cne︳ dretards｛ hemot︳ on ofthep︳ ates nmdhencethen】 ot:o田
。
ftlIest田 geS.FoΓ

W°了krequired︳ I.Dvacu● nIaStee︳ coveΓ :sP︳日Ced° Ve.t︳︳eout.Γ frn meofthem:cioseoPe.





P｜ EZUELECTR︳ CSLAB

ELEC下 RUSTAT〡 C
CLAMPS

┬Π｜PUD(MADE
P〡 EZUELECTR︳ C
S丁︳CKS)

VULTAGΞ SUUnCE「 U日

P︳ EZU巨 LECTB︳ CS丁｜CKS

｝IICRUSCUPEDEVICEcomta︳ nsasa㏑ p︳ e日ndnSCann:ngneed︳ e.P︳ ezoe︳ ectr︳ cmater︳ -

日IS,W1.:cIIe〤paΠ doΓ co田traCt、〃tenvo︳ tagejsaPp︳ ︳edI° t1.em,enab︳ etLedev:ceto reso︳ ve

fe日mr●StLatareon︳ yabout日 hundredtlIthes︳ zeo︳ Eln日 t°m.Ap:ezo.︳ ectF︳ cdi:Ⅳ ePoS︳ t:oⅡ S

〔1.esaΠnP︳e °n日 L。●︳2o田 ta】 meta︳ P︳ate.Λ  P● ezoe︳ ectr:● t「:Pod theIIsweePsthescann︳ ng
田eed︳ eo▼er tlIesu㎡aceofthesamP︳ e,sImultaneous】 yach︳ ev︳ Πg1l︳ gtS㏑ b∥︳tyaΠ dPieciS:on.

42

′
∼
.

investigatiUn serve as the exclusive
sUurceUfradiatiUn.

TU undeΓ stand this pΓinciple imag＿

inethattheelectΓ UnsbUundtUthesur-
faceUfthesampleareanaIUgUustUthe
waterofalakelUckedinbytheshUre.
Just as sUme Ufthe lake water seeps
intU the surrUunding land tU fUΓ m
grUund〝 /ater,sUsUmeUftheelectΓUns

Unthe sample’ ssurface leakUutand
fUrm an electron cIUud around the
sample.AccUrdingtoclassicalphysics,
noelectrUnclUudexistsbecauserenec-
tiUn at the sharp boundaries Uf sur＿

facescUnnnes theparticles. Inquan-
tum mechanics, hUwever, each elec-
trUnbehaves likeawave:its positiUn is
“smearedout” ThisaccUuntsfUrthe
existenceUfe】 ectrUnsbeyUndthesuΓ -

faceUfmatter.TheprUbabilityUfnnd＿
inganelectronbeyondthesurfaccUfa
cUndtlctUrfallSrapidly, infactexpo＿
nentially,withdistancefrUmthesur-
face.SincetheelectrUnsappeartUbe
digging tunnels beyUnd the surface
boundary, the efect is traditiUnally
knU、 ńastunneIing.

The firSt experimental verincatiUn
Uftunnelingwasmadeaboutaquarter
UfacentUryagUbyIvaΓ GiaeverUfthe
GeneraI Electric Company A thin,
rigidinsuIatinglayer、 vasusedto sepa＿

ratetwUmetal platescal】 edelectrUdeS

The 8ap between the electrUdes was
small enUugh tU al】 Uw the eIectrUn
clUudsassUciated withtheelectrUdeS
to over】 ap slightly Apotentia〕 difrer一

ence between the electrUdes, induced
by applylng vUltage tU them, causes
electronS tU now fΓ om Uneelectrode
tUtheUtherthrUvghtheUverlapping
clUuds The nUw isanalogoustU the
nUwUfgΓ

。
undwaterbetweentwUad-

jacent lakes when Une lake ishigheΓ

thantheUther.

W:;i:限 搽 蒜 :::︳::早g?窩
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sic changes in the standard tunne】 一

ing cUnnguratiUn. First we replaced
UneUftheelectrUdeswjththesample
wewanted to investigate Thenwe
Γeplaced the Uther e】 ectrUde with a
shaΓp,needlelikeprobe Finally、 vere-

placedtherigidinsulatin8layer、 /itha

nUnri8id insulator such as liquid, 8as

orvacuumsUthatwecouldscanthe
needle tip alUng the cUntUurs of the
sample’ ssurface.

TUscanthesurfacewepushthetip
tUward the sampIe until theelectrUn
clUudsUfeachgentlytUuch.Theappli-
catiUnUfavUltagebet、 /eenthetipand

the sample causes electrUns tU nUw
thrUUghanarrUwchannelin theelec-
trUncIUudS.ThisΠ UwiscalIedthetun-
nelingcurrent.SincethedensityUfan
electrUnclUudfal】 sexpUnentiallywith

distance, the tunneling current is ex-



tren〕ely sensitive tU the distance be-

tWeenthetipandthesurface Achange
in thedistancebyanamUuntequaltU
the diameter Ufa Single atUmcauses
thetunnelingcurrent tUchange by a
factUrUfasmuchas1,UUU

WeexplUit thesensitivityUfthetun-
nelingcurrent tUprUduceexquisiteIy
precise measurements Ufthe Vertical
pUsitionsUftheatUmsUnthesample’ s

surface.Asthetip is sweptacrUss the
surfaceafeedbackmechan〝msenses
the tunneling current and haintains
thet:patacUnstantheightabUvethe
suΓ faceatUms.Inthis、 /aythetipfUl-
lUwsthecUntUVrsUfthesurface The
mUtiUnofthetip is readandprUcessed
by a cUmputer and displayed Un a
Screen。rapl° tter Bys╮Ⅳeepingthetip
thrUugh a pattern ofpaΓ aⅡ el lines a

three-dimensiUnal itna＿ge Uf the sur＿

faceisUbtained AdistanceUflUcen＿
tirnetersUntheimagerepresentsadis-
tanceUflUangstrUmSUnthesuΓ face:

amagnincati°nUf1UUmilliUn.

H啦 漲 F盟 粌 瑞 拑 究 結 :
inga8apbetweenthetipandthesur＿
facethat is less than】 Uangstromsand
achieveastabilityandprecisiUnthat ls
betterthan langstrom?First,themi-

:i;:ξ ::E蹀 瞣 』嘿 E茻 岊 ::︴r訂

theairandbypeUple、 álkingarUund
inabuilding SecUnd,thedriVesofthe
needlemu忘 tbehig】 〕】yprecise Finally,

thetip mustbeassharpastheliInits of
ΓigidityandstabilityaⅡ o、v.

T、vo stages, Ur sectiUns, suspended

fΓUm springs,nestlewithin thestain＿
less＿steelcylindricalframeUfthemi-
croScopeandprUtectthetunnelinggap
frUΠ〕vibratiUn.BUthstages,triangu】 aΓ

incrUss sectiUn,aremadeUfglassΓ ods.

The second stage slips intU the nrSt
stage,frUm 

、
/hich it is suspended by

threesPrings Thenrst stagein ttlrn iS

SuSpendedfrorll theUuterframe,aIs。
bythreesprings ThesecUndStagecaΓ 一

riestheheartUfthernicrUscUpe:itcUn-
tains bUth the sample and the scan-
ningneedle.

ⅣVhentheentiΓ emicrUscUpesitSina
vacuum,aiΓ resistanceis rniniInaland

the nrst and second sta8es could, if
they 

、
/ere disturbed, bUunce up and

dUwnalInUst indennitely.T。 stUpthis

mUtiUnwere】 yUnthephenUmenUnUf
eddy-currentdamping.Ⅳ Ve】 etcUppeΓ

p】 ates attached tU the bUttUm Ufthe
nrst and secUnd stages slide between
magnetSattachedtUtheUuteΓ fΓame.
As each plate slides up and dUwn,
thernagnet︳ cneldcausesthecUnduct-
ing electrUns Ufthe copper tU mUve
arUtlnd,inducingasU-cal】 ededdycur-
rent. The reactiUn between theeddy
currentandthemagneticneldretards

SCANN!NGNEEDLET︳ P
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the mUtiUn Ufthe plate and thereby
prUtects themicΓUscUpefrUmeventhe
smallestvibratiUns.

UncethegrUssvibratiUnshavebeen
stoppedthesamplecanbepUsitiUned.
This is dUne with a speciaⅡ y deveI-

Uped drive that carries the sample
acrUssahUrizUntalmetal plateUnthe
secUnd Stage. The bUdy Ufthe drive
cUnsistsUfaslabUfpiezUeIectricmate-
rial that expands Ur cUntracts 

、
/hen

vUltageisapplied.Thedrivehasthree
metaIlic feet, arranged in trian名 ular

fashiUn,thatarecUatedwithathin lay-
erUfinsulatingmateria1.Theycanbe
clamped tU themetal plate byestab-
lishingavUltagebe小 Ⅳeenthemandthe
metal plate

We mUve the drive in the fUl】 ow-
ingrnanner.SuppUSe,fUr instance,we
clampUnlyUnefUUtandapplyavUlt-
age tU the piezUeIectric bUdy sU that

itcUntIacts TheUthertwUfeetwill
moVe slightly 

、
Ve then clamP thUse

t〝,Ufeet,releasethethirdfUUtandre-

mUvethe applied vUltage sUthatthe

↑

bodyexpandsbacktUitsUriginal size.
Thedr︳ vehasjust mUVedUnestep.The

籽】冊 :具:s軞無智拷芾
、
盟

can rUtate abUut each Uf its feet, it
can M/alk alUng the plate in any de-
sireddirectiUn.

ⅣVhenthedrivehascarriedthesan】 一

站鄰嬿蛢驟批
threepiezUelectric sticks tUmUve the
tip Ufthe scanningneedle ⅣVhen、Ⅳe

mξ:Ft:毀強ξ絆:澆 F:;:F｛ :早f:

slightly.CUnsequentlythetip mUves in
istancesasgreatas
FurthermUre,this
itivetUthemagni-
voltage:avoltage

UntheUrdeΓ Uf.lvUlt results inamU-

tiUnUf1.UangstrUm.TheprecisiUnUf

發遐我拇::︳
:｜ :●i蕊︴::撒:

This resUlutiUn at present is in the
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Γange Uf apprUxinately a few hun-
dredths。fanangstrUm.

ThelateralΓesolutiUnUfthesurface

:sI上nitedbytheshaΓ pnessUfthetip.In

」山6㏑stancenaturehas been kind tU
●levacuum tunneIer. It is ΓeIatively

器f盟:辯乳驟气ir習Ⅵ
省I綸:瑞熬
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two angstΓ Ums, hUwever, the needle
musthaveasingleatUm sittingsecure-

快畾 i田基 扎 古｜lhε:出品 早Ξ罡

It is disl。 dged by highelectric nelds
山atarecausedbyapplyingavUltage
d」EeΓenceoffrom twUt。 1UVUltsbe-

h.een the sample and the tip. Since
luck playsaIargerUlein thennal stage,
we are trying to sharpen the tip by
boInbarding it with a hi8h-energy
beamUfiUns.ThiscausestheatUmson
thesurfacetUsputtera、 áyinahighly
contrUlIedmanner.

I╮ε驟 器 爵l:dI電
i瓃

機 ξ眼

scann㏑gtunnelingInicroscUpereVeals
atoInic compUsition The tunneling
cl1rFent depends bUth Un the tunnel
distance and the electrUnic strUcture

ofthe surface and Un the fact that

eachatUmicelementhasanelectrUhic
structuΓeuniquelyitsUwn.
TheabilltyUfthemicrUscUpetUre-

sUl﹀ebUthtUpUgraphyandelectrUnic
structu了CWill makeitusefultUinvesti-
gatUrsin physics,chemistryandbiUlU-
gy.Wenrst pursuedthesimplestcase:
the tUpUgraphic structureS Uf single
crystals characterized by a hUmUge-
neUussurfacestructure.CrystalscUn-
sist of identical atoInic Iayers built

Une on tUpUfanUther.h/hi】 eresults

frUm scatteΓ ing experiInents indicate

thatthetUplayer isdifFerentfrUΠ 】and
mUrecUmplexthantheUthers,thepre一
cise structure Ufthis layeΓ was hard
tUdetermine.

Thebest-knUwnsurfacestructureis
the diamond-shaped unitcel1Ufsili-
cUn SinceeachUfthefUuredgeSUfthe
celI measures seven atomic spacings,
the cell iS referred to as tI〕 e 7-by＿ 7.

Each 7一 by＿ 7 cUntains 12 bumps that
havenUtbeenvisuaIizedbefUre.Each
bumpapparentIycUrrespUndstUasin-
gleatUm ThearrangementUfthesur-
face atoms is, aIthUugh aesthetically
pleasing,quitecUmplexThis is incUn-
trast tUtherelatiVelysiInplestructure

Ufanybulk layerfUundin silicUn Its
unitce】 l,49tiInes snlaIler inareathan

the 7-by＿ 7, cUntains UnlytwU atUms.
AnUther8reatdifrerencebetweenthe
twUkindsUflayers is thatthesurface

器 .ii:｝｜:;:;」:嘰 Γ挖紺 亂 熙

nUWknUwnandavastamUuntUfin-
fUrmatiUn abUut it has been gained
frUm Uther experiments, the reasUn
thisandnUtadifrerent structurefUrms
is nUtyetunderstUUd.
AnUthercrystalwhUsesurfacestruc-

ture is nUw better understUUd is the
goldcrystal WefUundthatwhenwe
cutthecrystal inadiΓ ectiUnparallel to

itsatomiclayers,theresllltingfaceis
SmUUth.Acut inadirectiUndiagUnal
tUtheatUmiclayersΓesults inarUUgh-

erface.JustasUnelearnsfrUm study-
ingtheearth’scrusthUwitwasfUΓ med
millions Uf years agU, sU we have
leaΓ ned from studyingthese surfaces
howtheytook shape.CurrenttheUries
reveaIthatthediagUnallycutsurface
assumes丘sjaggednaturebecausesuch
acUnnguratiUnhasalUwerenergyand
iscUnseqUentlystablerthanasmooth
cUnfiguratiUn.

AmUreeXUticbranchUfphysics,the
study Uf superconductivity, has alsU
benentedfrUmtheapplicatiUnofscan-
ningtunnelingmicrUscUpy. A super-
cUnducting material is characte了 iZed

byitscUmpletelackUfelectricalresis-
tance.TheuseUfsupercUnductUrs to
makecables、 thatarefreefrUmpUwer
lUssescUuldsaveenUrmUusamUunts
Ufenergy.ThecUlliding-beamacceler一

〕LiRFACEUFSILⅡ CUNasd二 sdoSedby︳hescanΠ iΠg︳.ΠΠel㏑g
m●Ci啦°pee°ns必心ofε pa“ ern ofd︳amoΠ d-shapedⅡ ni〔 ee】︳s.Eaet°
工ΞT∵言:6Γi芧:器」吼:點 :r苦::I惢
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〦tUr at Γermilab uses supercUnduct-
ingmagnets tUachievehighmagnetic
Πeldswhilesavingenergy Thereisa
二atch, hUwever. SUpercUnductivity is
r,nlyknUwn toUccur inSUmecUnduc-
!Urs thathave been chilled belUw a
critical temperature, typically a few

degreesabUveabsUluteZerU(——273de-

:reesCelsius9
AgrUupUfStanfUrdUniversityin一

、
℃sⅡgatUrs ledbyCalvinF.Quatehas

描
°
盤七器t:鬼驟樹乎鴇

temperatures. The wUrkeΓ s nrst used

thej micrUscUpetUInaptheelectrUn-
ic structureofthe surfacesofseveΓ al

〔UnductUrsatrUUmtemperatureThen
theychilledthecUnductUrsbelowthe
critical temperature Uf each and re-
cordedthechanges inelectrUnicstruc-
ture.ThegrUupcannUwdocumentthe
grU、′thUfregiUnsUfsuperconductivi-
tyUnsurfaces.
ThescanningtunnelingΠ licrUscope

has aIsU Ied tU new understanding
.fcertain chemical interactions. ()ur

8rUuphaSnU〝 /UbseΓ vedUnanatUmic
scaletheadsUrptiUnUfUxygenbynick-
εl卜εθJJ幼“〞 rㄌ刀arr落乃︳ Uur nndin8
cUnnrmstheresultsfrUmearlierscat-
︳cringexperirnents:ThespacingUfthe
UxygenatUmsboundtUthenickelsur-
jace variesaccordin名 tUdirectiUn.In
l)articular,UXygenatUmsthat lieinUne
εpecincdirectiUn,designated【 UUl〕,are

:驟裝糮 埤:;︴;瑞 :::::早

’
乩七

atomsin thatdiectiUn UxygenatUms
that lieinanotherdirection,designat-
edIltU〕 ,areseparatedbytwUUrnve
latticespacingsbutneverbyUne,tlΥee

orfUur.WesuspectthatsUmekindUf
screening efrect betwcen the eleciic
charges ofthenickeI and Uxygenat-
oms is respUnsible fUr the anUmaly,
t)ut rnUreinvestigatiUn is neededtUde-

terIninetheactualdetailsUfthephysi＿
cal interactiUn.

′′∫:投 :tt算出
g;::i營

εd官私::;:年

ityUfthemicrUscUpetUdetect stΓ uc＿

tureswhUsediInensIonSareIneasured
in rnerefractiUnsUfanan8strUm.Such
lligh resUlutiUn ls nUt al、 vays neces-

sary.EvenwheretheresolutiUnofthe
scanning tunneling micrUscUpe is nU
betterthansUmetens ofangstUmS,、 Ⅳe

expectUnthebasisUfprevi。 usresults

that itwillyieldnUvel infUrmatiUnand
stiInulatesignificant prUgreSS Inpar＿

ticular!hepossibilityUfUperatingthe
∫canningtunnelingmicrUscUpe inai
atUrdinarypressurewill in manyap-
plicatiUns mUre thancUmpensatefUΓ
tlnyIUss in resUlutiUn.

UnesuchapplicatiUn isfUundin the
εtudyUffriction.InUrdertUIninimize
1rictjUnenergylUsses,inVestigatorsare
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interestedinIearningmUreabUutthe
structureandcatlsesUfsurfacerUugh-
ness of industrial materials. Recent
studiessU3gest thatthescanningtun-
nelingrnicrUscUpeis jdeaIlysuitedtU
theΓequiedwUrk.

ULlr InicΓ UscUpe has alsU demUn-
strated itsu$efuIness inbiU】 ogy,even
thUughat present itcanachievelateral
resUlutiUns UfUnIy IU angstrUms. In
thiscasetherelative】 ypUUrresUIving

PUwerUftheInicrUscopeis mUrethan
cUmpensatedfUrbyitsabiIitytUprU＿
videadirectandnondestructivemeth＿
Udofviewin8biUIUgicaIsamples

Uther niIcroScopes In SUme sense
pa「 tialIydestΓoytheSamplesUnwhich
they have been fUcused ln standard
electrUn Π】icrUscUpy, fUr instance,
samp】es must be coated 〝河th a thin
Iayerofmetaland,becausetheymust
bestudiedinavacuurn,theydryUut.
Since〝 /ater mo】 ecuIesaΓ ean impUr一
tant part ofbiUlogicalsubstances,this
mightchangethesamples inanunde＿
siable一 and uncontrol】 ab】 e一

、
áy In

the scanning tunneling micrUscope

watercanevenbeusedastheinsulat＿
inglayeΓ  bet、 veenthesamp】eand the
prUbin8needle.(Water isareIative︳ y

pUUrcUndUctUrunless itcUntainSiUns
such as thUse fUrmed when sUdium
ch1oride dissUlves in it) ExpIUjting
thesensjtivityofthescanningtunneI＿
ingmicΓoscUpe,Wehave,withthehelp
UfE.CUurtensUftheIBMZurichRe-
searchLabUratUryandH.GrUssand
J.SUgUUftheS、vissFedera】 Institute

Uf TechnUlUgy, scanned the surface
ofthenucleicacidDNA.Weobserved
a series of zigzags cUrresponding tU
itshelical structure

InacUIlabUrativeefrUrtwithArtuΓ o
Barδ, NicUlas Garcia and RodolfU
λ6irandaUftheAutUnUmUusUniver-
sityUfMadridandJUsε L.CarascUsa
UfIBⅣISpain,wefUundthatthehead
UftheviΓus knUwn as phi29meas＿
ures4UU)《 3UU× 2UUangstrUms.The
structure Uf the cUnnectiUn between
theheadandthetai】 Ufthevirus,caⅡ ed
thecUllar,whichappears to playasig＿
nincant rolein theprUceSSUfinfectiUn,
has been unraveled; theresu】 ts agree

、
/iththUseUbtainedbymeansUfim-

age-prUcessedeIectΓ Un micΓ Ugraphs.

ApartfrUnl imaging, theprUbe tip
willalsUbeusefulfUrtestingelectΓ on-

iccircuits.AscUmpUnentscontinuetU
shrink,theprUbeSthat!est themmust
alsU be cUntinuUusIy Π】iniaturized.
Thetip thenservesasbUtha1UcalvoIt＿
ageprUbeandacurrent sUuΓ ce.

InaⅡ thefUregUingapplicatiUns it is

vitaIthattheimag︳ ngprUcess nUtde.
strUyUreVenaltertheUbject.Butthe
scannin8 tunneling micrUscUpe alsU
Ufrers prUiniseasatoUlfUr sptlrI.ing
specincchernicaIprUcesses Uneofthe
uniquefeaturesofthe rnicroscope iS
itshighIyfUcusedlUw-energye】 ectrUn
beam, or tunneI curΓ ent The ener＿
giesUfthe beam 】iewithin theran8e
UfthUseUfmUstchemical prUcesses.
TherefUrebytuningthebeamtUspe-
cincenergies workeΓ s can catlse paΓ 一

ticulaΓ ΓeactiUns tUUcCur.This mUde
Uf Uperation and the Uther capabiIi一

tiesofthejnstΓ umentappeartUUpen
an entie newgamut Ufinvestigative
possibilities.
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┐
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分 類 :

編號 : ㄏ .′

總 號 :

刀 Dp田 加 x/ ㄔ●打 如 6t﹂4土〦      一
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i中 ,尸
!f㏄

“㎡呼 mn㏑ vUl㎎ 加 y㎡ 山e伈 llU,v㏑gⅣo㏄ss盤

(i) a-Decay:Ina一 d㏄Ⅳ,aheliumnucleus治 emittedfrom theIadiUacti㎎ nucleus

ThegeneralreactiUn沁 written錙 (ZiStheatUmicnumber,人 心 theatUmlcmass)

(Z,肉 →(Z-2,λ -4)十 Jrε

TheUriginalnucleushas2units lesschargeand4uni七 SleSSmass.
(ii)β-Decay:Inβ -decay,anegatⅣ eelectrUnkemittedfIom thenucleus,lea㎡ ng
thenucleuswithUnernUIechaIgeandthesamemass

(z,利 →(Z+l,人 )十 β
￣

(Ii)γ Dec呼 :thiScase,theo㎡ on㏕ nucleus拍 anexdtedstate(usu甜 j prUduced
whenanUtheratUmdecays)andrelaxesbyemitt㏑ gγ＿raYs.

LetusdevelopanundeIstandingofradioactivedecaybystudyinga＿ decay

Inthis pΓ ocesswecanthink ofthenucleus錙 CUntaininga-particles,i.e.,2neutrons

十 2prUtoncomposites.TheIeisastrongbindingenerg光 tUkeepthenucleus intact
However, in Iadioactive ma七 eIials the nuclear structure is such that the highest

energynucleuscantunneloutofthenuclearpUtentia1.
InFig 613,weshUwamodel potentialfUrana＿ par七 icleasafunction of

its distance fronl the nucleus. At large distances fIonl the nucleus, the potential

eneIgy is theelectIostatic eneIgybetween aheliurn ionand thenucleus. At very

smalldistances, thepotential is thenucleaIpUtentialandisattΓ activeandUfthe
fUrrn shown inFig.6.13.Thegeneral potenti已 liSaSsumedtobeofthefUrrn

/(Fl=-%,
2Z’ ε2

.<rU

,  r > ΓU (6.19)
4πεUr

wheIeZ′ is thechaIgeofthennalnucleusandthefactor2isduetUthechargeof
theheliurn nucleus.

LetusconsideItheliInits oftheintegralfUrthetunnelingpΓ obability.Une

lim北 治r=rUandtheothercanbeseentUoccurat(Eis theenergyofthe
a-paIticle)thepUintwhereE=y(r)ThisglvesfUftheUther limit,avaluerl
wheΓe

22.ε
2

r1=4π
εUE≡

Usingtheselilnits,wehave,fUrthetunneling﹉
a-particle),

(62U)

prUbabilityT(m心 them路SUfthe

A
一

E

〡

㎡=η〃(考咢)ψ (詳一的%
=-2(罕

)φ㎡
l什一●% (6.21)
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分類 :

編號 : ㄏ -

總號 :

K●

CUnΠ neda-particle

UutgUinga-particle VU∼ 6MeV
rU ∼ lU一 I2tn

Ka∼ 5MeV
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Figure6.13: Modelfor thepotentialenergyofana-PaIticlenearanucleus

ASolu七iUnUftheintegIalgivesthefUllowingresultfUrthe tunnelingUut
probabilityofa＿ particles:

㏑T=等 (哥
)v22.l×﹃

p＿
每什)v2z.E刊

2 (6.22)

IfenergyisexpressedinMeV,匆 in lU一 15rn,weget

lnT=297Z′ l/2矺 /2-3.952′ E￣ 1/2
(6.23)

As a＿ paΓticlesle&vethenucleus thenucleus tIansfoImsfIom oneelement
七UanUtheΓ .This pIocess is knUwnasradioac七ivedecay It is possibletUdescribethe
radioactivedecayUfanelementby七 heequatiUn

Ⅳ“)=Ⅳ (U)exp一 洸 (62Θ

AnapproxiInateexpressionfUrtherateλ canbeUbtainedfrorn theintuitiverelatiUn

λ=vT (6.25)

wheIevis thefrequencywithwhichthea＿ particle‘‘
s七 rikeS’

’ thepotentialbarΓ ier

Insideanucleuswecan picturethattheΓ eaIeΛra-particlesthatcanbeproduced

bythe pIoper association ofprUtons andneutIons The attemptfrequency v can
thenbewrittenas

�

、

rv

V=一
2” U

Where砂 iSthevelocityof七 hea一 particles:

(6.26)

(627)
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Isotope K.(MeV) rⅣ2
λ(∫

l)

232Th

238U

23UTh

23UU

21URn

22URn

222Ac

2lJPo

2】 8Th

I 4X ︳UlUy

45X1U’ y

8UXlU4y

2U.8d

24h

56s

5s

1.8Π小

Ullus

16X lU一 18

4.9XlU一 18

28XlU一 13

3.9XlU’

8UX1U￣ 5

12XlU￣2

U.14

3.9XlU2

63XlU‘

4U!

4.19

469

589

616

6.29

7Ul

7.53

985

T乙ble61:Hal仁 Ⅱve8 anda＿ p色rtiCleener8ieSofsomeelements.

Theparametefλ 心 relatedtUthehal仁 life,tl/2(ie.,the′ time比 takesfUIhalfUfthe
UriginalatUmstUdecay),bytherelation

奶=罕 (628)

InTable6.1weshowhal仁 livesofsUmeelements thatdecaybyernittinga＿ paIticles
9Vecanseethatthehal仁 IifeΓangesfrornbilIions ofyears to lnicΓ oseconds.民adiUacti＿
vityisused inanumberofimpUrtant technUIUgies Wewillbrieny discuss afew

applicatiUns.

Tracer AppIications: An irnpoItant application ofIadioactive mateIials isfUr

tIaceIapplicat沁 ns.Thisapplicat㏑ n lsbasedon two prUperties:i)similari好 in

chemicalpIUpertiesUfaradiUactiveatom(an拍 Utope)andUtheratomsUfanel針
ment.Thisallows onetofollowmovement ofanelement throughchernical,physical
oIb沁 lUgicals七 eps;ii)detect沁 nofthechemical speciesbyexaminingtheu㎡ que
hal仁 life Ufthe Iadioactive tIaceI. Uses UftIaceI radiUactive elements have been

madeln
.TrackingUfcUckIUachesthrUughcitysewersystems Inthisapplication,theinsect

is i面 ectedwithasmall ra山oactivematerialandtheem抬 血on is tracked

.Trackingofleaks in pipingsys七 emS

.Inthemetal industry,weaI-and-tearoftUols is trackedbyradioactivetaggingof

toolsandexarniningtheradioactivitycontent ofshavings,etc
. A widespΓ ead use oftIacers is in the neld。 frnedicaldiagnosticswhere 己traCe

rad㏑ activeelement拍 i巧 ectedln theblUodstreamandits movemellt心 fUllowing

thIoughthebody.

Treatrnen七 UfT╰InUrs:Advances indIugtechnologyhaveallowedpharmaceutical

companieStUmakedIugswheIIeΓ adioactiveelements(eg,bdine)canbe㏑ cUIpa
IatedintUspeciallydesignedmoleculesThesemolecules,wheni巧 ectedinto the

bloodstIeaΠ 1,candistinguishbetweenhealthyandtumoIcells Theyattachthern＿
selves to the tumoΓ  cel1s where the radioactive element deliveΓ s lUcal Γadiation,

destroying匕 heunhealthycells.Since七 heIadiation is pIefeΓ entiallydelivered,theΥ e

arefewsideefec七 S

Carbon-Da七 ing:Ave【 yusefulapplication ofradioactivityisfU【 datingobjects
such as fUssils, bodies buried in gIaciers, and even theTurin shroud. It is knUwn

thatl2Uandl3Uarestablewhile14Uis radioactivewithal】 al一 lifeof57UUyeaΓ s

Thedisintegration ofl4UpIoducesl4� V CUsrnicIays in七 heatmospheIeproducel4U
which is then dispeIsed thIUugh the biosphere 

「
Γhe fIaction ofl46】  in the total

caΓboncontent in thebiosphere(living。 rganism)抬 faiIj stable.HoweveI,when
an organismdies,it no longeIgets l46)from the已 tm。Sphere,andthe l4(9conten七
starts todecrease BymeasuΓingtheIesidual14Uinanobject,i匕 is possibletoFlnd
the七 irneof‘‘

death” in referencetUcontemporaIytirne TheyeaΓ sbefUI＿epfesent,t,
aΓegivenby

(629)

wheIe人 Uis thecUntempUIaIyactivity,人 Jis theIadioactivityin theobject.C已 Ib。n
datingis oneUfthemostaccuratewaYsofdeteIrniningtheageoflifefUImswhich
havebeendeadfUralUngIme.TheaccuracyofthemethUdis suchthatU㏒ ects

canbedatedtowithindecades

｜一 一
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