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22.ThecUnductiUnelectrUnsin metalsareheIdinsidethemetalbyanaveragepotential

caⅢedtheinnerpUtentialofthemeta1.(》 lcuIate,for theUne-dimensionalmUdelgiVenby

/(x)=一 /。 rx<Uandˊ (x)=Uifx>U(F地 .II.IU),theprobabilityUfreflectiUnandUf
transnl6siUnUfacUnductionelectronapprUachingthesurfaceUΓ thcrnetalwithtUtalenergy

E,(i)ifE>U,and°)if一 ó<E<U.

23.AbeamUfmUno-energa比 eIeciUns stnkeSthesurfaceofametaIatⅡ orIna︳㏑ddence.
CaIcuIatetherenec6Un prUbabiIiㄅ UftheSeelectrUnSrE=U〢 evandK。 =8eV.

22.Bymakingthesubs“tutiUn

φ什,U=φ(x)ε
一青Π

in theSchr。dingerequation

油
矊
┘ =├

岳 署

一

K叫 配 °,

weobtain,fUrx<U,

努十嗧fE+◤ω忡=U,
and,fUΓ x>U,               ‘

努+嗧軌=a
ThegeneraIsUIutiUnsUftheseequatiUnsaΓ e

i       j

$1’】=4θ方
φ
十βθ
一°φ

,

(22.I)

σ=p〞(E十◤o)〕 Iη,  x<U,

φ2=Cθ
°〃
十Dθ
￣̄ u, 

′=V2〞 E,  x>U.

AccUrdingtoc㏑$sicaI mechanics,ifE>U,theeIectrUnhassu伍 cientenergyto overcUn╮ e
thepUtenuaIbarr:eratthesurfaceUfseparatiUnandhenceit、vjIIIeavethen9eta︳  In the
quantum-mechanicaItΓ ea亡ment theanswcr三 s not so simpIe.
TheeIectronwavefunction is

岍｜土I==一
=:=ThetermwiththecUemcient4Γ epΓesentsapIanewavewhicharΓ ivesatthesurfacefrUm

theleftanddent part㏑ Ie),thetermwithBrepresents therenectedwave,thetermwithC
represents thetrans㎡ ittedwaveandthatwithDrepΓ esentsawaVearΓ ivingatthesurface
ΓrUmtheright.SincesuchawavedUesnUtexistundeΓ thecondⅡ UΠsUfthis prob】 e㎡ weput
D=U ThecUntinuitycUnditiUη satx=UthenyjeldtheequatiUns

Γ1G.II.IU.

4十 B=C, η(4一B)=Pc, (22.2)



PΓ.b︳.ms●nQ田ant田m田 .Chan:cs

wheⅡce

B=參軍音充ε=:竿:6
Itcanbeseenthat山 ecertain呼 Uftransmiss㏑nfwhthwUuldcUⅡ espUndtUatUtaIlackUf
renecⅡUn,i.e.toB=U)prescHbedbyclass㏑ almechank洽 ,UCCursUn廿 in thetH㎡alcase
σ =P,i.e.而 =U.Since

｜j4｜ ┤ 卲
午
,〡jB├ ｜B戶

告
,｜ jc├ ｜c呼

告
,

weobtaln infact

T=┴ 生 =
｜j.‘‘｛I｜

R=」型＿=
︳j4︳

Γ十R=I.

NUtethat,accUr山 ngtUquantummechan㏑s,renec“ UnUccurswithaprUbaHIi妙 d出胎rent
frUmzerUeveniff>U.However,ifE》 圴 therenectiUn prUbabiliㄅ decreasesrapid9
wlthincreasingeneΓ gy:

h告 .

UntheUtherhand,ifU<E《 ◤
。
,wehaVetheapprUximatefUrmula

R待 I-4/吾干.

究 =晶=   閉
壬〡=｛手子手｝

2=t口

毛百�弩≒┐7云y, (22.4)

(9t2.°

(2t2.Θ

For thecommonest metals,◤°∼ lUeV,andtherenecj。ΠprUbauⅡ垀 fUranelectrUnw北 h
E=U.leV心 apprU心mativeV6U℅ .

r＿ˊ
。
<E<UthetUtaIenergy。 ftheelectron心 nUtsumcientfUrltUleavethemetaI,

accUrdingtUclassicaIEnechanics,sUthatweshouldhaveT=UandR=I.
Infact,in tⅡscase,〞 =I2〞 (◤°-｜ E｜ )】

l佗,p=K2〞 ｜E｜ )l/2,andthesoluuUnbUundedin
the比」
。
nX>Uk

φ2=Cθ -Ⅱ留) where ′=乃φ〣 E｜ )￣ l′ 2.

ThecUn位ⅢⅡ妙 cUndiEUnsatx=Ugive.

4+B=C,÷ r(⊿一B)=一芒

一

c,



whence

c
〞
a

z
一

乃
十

l一等〞 4
一=

B
一

⊿

ItfUllUwsfiUmtheexpfessiUnfUrΨ 2thatjc=U,andhenceΓ =UandR二 ︳B.4｜2=1.

Thus,as inclass㏑ altheory,anelectrUnhavingatUtaleneigysmallerthanthepUtenjal

barrlerheightwillberenectedwithcertainty.AnewreSuIt,hUweVer,is thattheprUbabiIity

UfnndingtheelectrUnUutsidethemetal(x>U)拍 difrerentfrUmzero,since

陋Xn怦 =叫 ◢引
中
十
劦 ｝

H�
w=例

刈
24畀 � w.

This phenUmenUn is similartUthatofthe 
‘‘
total interna】  re月 ectiUn” whichUccurswhen

thepassageUflightΓrUmadenser rnediumtUalessdenaeUneisimpUssibIebecausetheangle

Ufincidenceexceedsace了 tainCriticalangle.ThetheUryUfwaveUpticsshUwsthat,in theIess

densemediun】 ,thereis thenawavewhUscamplitudedecreaseSexpUnentially,inanalUgy
,5ththeexpUnentiallydecreasingelectrUnwavecUnsideΓ edabove.

23.SincetheelectrUns,withmUmentum′ =V五〞Eenc° unterapUtent㏑ldrop一 /°
at the metal surface, they η汀Ⅱ a】 l enter the metal, according tU classicaI mechanics,

and,because Ufthe lawUfcUnservatiUn ofeneΓ 8y, theywiⅡ acquirea nnal mUmentum

g=【⊿〞σ十/U)〕
v2afterdoingsU.

AccUrdingtUquantum mechanics,Un theUtheΓ hand, sUmeUftheelectrUnS Imay be

fenectedbythemetalsurface.U㎡ ngthenUtajUΠ UrthepreccdingprUblem,Dcxp(一 〃乃′x)

nUWrepresents theincidcntwave,Cexpσ /乃′x)therenectedwave,andBexp(一 〃乃〞x)the

transmittedwaveinside the metaI. Inthiscasc, 4=U.ThecUntinuitycUnditiUnsatthe

pU㏑tx=UgiveC十 D=B,P(C一 D)=一 口B,Whence

R=+≒+=
and

T=器 =｜封手=晶 .

Thus,ifE=U.leVand/。 =8eV,therenecj。 n prUbabiliy必

R=｛
        ｝

2=

H
一的

=

c
一

D

、
vhichisgreaterthan tllepΓ UbabiI比y(U.36)Ufen亡eringtheIη etal Tl,ehighertheenergyUf
theilicidente】 ectrUns,hUwever,theIess prUbableis their renectiUn.FUrexampIe,theprUb＿
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jntU,rnetals,wesuggest thatthereader rnakeaplUtUfthequantitiesRandTasΓ

unctiUns
UfE.
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ThegeneIalpIoblemUfpaIticletunnelingcanbelUUselyclassifiedintUt、 vUcate-

goIies,bothofwhichinvolvethepIopagation ofaparticlewithenergyEthΓougha
Ieg沁nUfpotentialeneIgyy(” ),wheIein sUmefeoonS,thepaIjcleenefgyk smalleI
thanthepotentialenergy This region isclassicallyfUIbidden to thepaIticle, but,

asdiscussedin theIntroduction,、 vhenthepaIticleisdescribedthIoughawavede-
scription,tunnelingcanoccuΓ .InthenIstcategoIyUfprUblemsv/ehaveasi七 uatiUn,
asshown inFig 62a,、 vhere七heIeisaregionUfspaceⅥ/herethepaIticlecanbe
represented bya ‘‘free”  s匕ate. TheparticlecanbeIepIesented byamomenturn in
thisfIeespaceIegiUnwheIetheelectIUneneIgyEisgreaterthanthebackgIUund
potentialeneIgy,、〃hichmaybeconsideredtUbeunifUrm Inthisexample,thetun一
nelingpIoblem invUlvesthep&IticlecoΠ lingfIUrn theleftandstIikingthepotential

barrier, with the particle havingannite pr。 babilityoftunneling thIough and a
nnitepr° babilityofbeingrenectedback

InthesecUndcategUry。 ftunnelingprUblems,thepaIticleis initiallycon-
nnedtUa‘‘quantuInv/ell’’Iegion ina‘ ‘quasi＿bUund” s七 a七e,aSShUV/n inFig 62b In
thequasi＿boundstate,theparticleis prirnarilyconnnedtUthequanturnM/ell,but
hasaanitepIobabilityoftunnelingoutofthewellandescaping.ThekeydifreIence
betweenthetwUcases is七 hatin thefirs七 problern thewavefunctiUncorresponding

to theinitial stateisessentiallyunbound,、 vheΓ easin thesecondcaSeit is prirnarily

c。nnnedt° thequantumwellfegion.

In many applicatiUns, the transnussiUn prUbabilityfUftunnelingis very smaIl

Insideabartier. thewavefunctiUn isessentiallyprUpUrtiUna】  tUθ 一ax, Urε 一x/‵

M/hereδ ≡三 l/aiSthepenetratiUndepth2IfL》  δ,verylittleUfthewavev/ill
“
SurViVe” tUx=乙  ThecUnditiUnfUra‘‘wide” barrier is thus

V2〃 (%一 E)
L)》 l (5┤ ︳)

Πiswl曲 ft is1.lrge,UrEis much㏑ ss山.ln%,UrbUth
Itis leftaSanexercisetUshUwthatif(5＿ 11)hUlds,thetransnissiUn prUbability
Uf(5一 lU)isgivenbytheapprUximatiUn

┬unne∥ ng┬hroughVˇ｜deBarriers

一吉:)θ�〕、ㄎ石Π
°可再他 (5┤ 2)
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ε
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、
vide, many times thepenetratiUndepth. NU、 v,
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stage, frUmwhichit is suspended by
threespΓ ings.TheIirst stageln turn︳ s

suspendedfrUmtheUuterframe,also
bythΓ eesprings.ThesecUndstagecar-
riestheheartUfthemicΓ oscUpe:itcUn-
tains bUth the sample and thc scan-
ningneedle.
WhentheentiΓ emicΓ oscUpeSits ina
vacuum,aiΓ resistanceis miniIna︳ and
the first and secUnd stages cUuld, if

they were disturbed, bUunce up and
dUwnalmUst indennitely.To stop this
mUtiUnwerelyon thephenUmenUnUf
eddy-currentdamplng.WeIetcopper
plates attached tU the bUttom of the

nrst and secUnd stagessIide between
magnetsattachedto theUuterframe.
AS each plate slides up and down,
themagneticfieldcausestheconduct-
ingelectΓ Uns Ufthe cUppeΓ tUmUve
aΓUund,inducingasU-ca1lededdycur＿
Γent. The reactiUn between the eddy
curΓentandthemagnetlcneldretaΓ ds

the motion Ufthe plate and theΓ eby
prUtects themicrUscopefrUmeventhe
sma1lestvibΓatiUns.
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編號 : 〃 一
總號 :

UncethegrUssvibratiUnshavebeen
stUppedthesamplecanbepUsitiUned.
This is dUne with a specially devel-
Uped drive that carries the sample
acrUssahUrizUntalmetal plateUnthe
second stage. The bUdy Uf the dΓ ive
consists ofaslabUfpiezUelectricmate＿
rial that expands Ur cUntracts when
voItageisapplied.ThedrivehasthΓ ee
metaIlic feet, arranged in tΓ iangular
fashiUn,thatarecUatedwithathin lay-
erUfinsulatingmateria1.Theycanbe
clamped tUthemeta︳ pIate byestab＿
IishingavUltagebetweenthemandthe
metal plate.

We mUve the drive in the foIlow-
:ngmanner.SuppoSe,foΓ instance,we
cIampUnlyonefootandapplyavUlt-
age tU the piezUelectric bUdy sUthat
itcUntracts.TheUthertwUfeetwi1l
moVe slightly. We then clamp thUse
twUfeet,releasethethirdfUotandre-
mUvethe appliedvUltage sUthatthe

bUdyexpandsback to itsUriginal size.
Thedrivehasjust moVedonestep.The
stepwidthcanbevariedbetween1UU
and l,UUUangstrUms Sincethedrive
can rotate abUut each Uf its feet, it

can walk alUng the plate in any de-
siΓeddirection.

WhenthedΓ ivehascarriedthesam＿
pletUthe、vantedtunnelingpUsitjon,
we begin scanning thesurface Ufthe
sample WeusearigidtripodInadeof
thΓeepiezUelectricsticks tUmUve the
tipUfthe scanningneedle. ⅣVhenwe
applyavUltagetUexpandUrcUntract
oneUf6hesticks,theUthertwUbend
slightly.CUnsequentlythetip mUves in
astraightIineUverdistancesasgreatas
lU,UUU angstroms. FurtheΓmore, this
mUtiUn:squitesensitiveto theInagni-
tudeoftheappliedvoltage:avoltage
UntheUrderUf.lvUItresuIts inaInU-
tiUnUf1.UangstrUm.TheprecisiUnUf
the tripUd’ s drive is sU gUUd that at
present onlyvibratiUn limits theverti-

calΓesUlutiUnUfthesample’ ssurface.

ThIs resUlutiUn at present is in the

翠亂ξ:鎧苦迸王∵古緊∵
few叩一
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Thetungs〔 en probe° fascanning

tunnelingmicrosc° pe

TheprUbeturnedUut tobeevenmUre
local than their fondest hopes  Em-
ployingstylus tipswithcurvatureradii
on theorderUfathousandangstrUms,

拙 潔 e見::亂牙左器甘芷二
not nearly go°d enUugh tU resUlve
individualatoms. Butwhentheystart— ＿＿＿＿＿

ed scanning, they certainly did see
atUms ‘‘Wehadthoughtthis kindUf— ————
resUlutiUnwouldrequireabigefUrt,”
BinnigtUld us “Butwe gUt atonic
scaleresolutiUn moreUrleSSasagift”  ＿＿＿＿＿＿

lUUU℉
j翠裝甘爵拙批器紫t＿＿

smallerscale,、 八thaccidental protuber-
anceSservingas tipsUnlyafe、 vatomS一
ㄐhde 
、
ViththeseprotuberanceSdoing一

theprobing,thescanninginstruments
achieved a hUrizontal resUlutiUn Ur 一

穿

Urt文 Λ

f一 驟 :戈 探 捷 鶴 一

ZurichgrUuphasbeenreplacingthese
fUrtuitUus probingtips、 vithmUnatUmic 

￣ ￣

tips carefu1ly created by neld＿ ion mj- ＿
croScopytechniqueSdevisedbyHans＿

、

VernerFink Theendofthetip is the一
wUrld’ s smallest manmade pyramid:
threelayerscUnsiStingrespectivelyor—————

seven, three and nnally one single
atUm Puttingthelast singleatorn in
place is “a miracle,’

’ says Rohrer

ThelateraIresoluti。 nUfthesurface

6linitedbytheshaΓ pnessUfthetip.In————————

ult㏑stancenaturehasbeen kindtU血vacuum tunneler. It is relatively￣ ￣̄̄̄ —̄—

麗寄盟:呂胖Υ:扎士℃究r、全———

槲捕:瑞淑‵就::s盟ε唾——
t℉
:l:HieⅦ alateral㏄sd㏕Un㎡

●/o angstrUms, hUweveΓ , the needle

musthaveas㏑ gleatUm sittingsecure-

#曲 :撼 :為打 :撫 :!::︴;:

ulatarecausedbyapplyingavUltage
dⅡerenceoffrom twotU1UVUltsbe-
tweenthe sample and the tip Since

:::℉ξ｛:長::;電
r龍
毛 !:「掙 ｛乎 鴇

bombaΓ ding it with a high-energy
beaⅡ1°fiUnsThiscausestheatUmsUn
thesurfaceto sputterawayinahighly
coni。lledmanner

V
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Supplement4一B

TunnelinginNuclearPhysics

Tunnel㏑ g6impUrtan亡 in nuClearphyslcS.Nuclelareve呼 cUmp)lcatedUbJects,butunder

certainci【 cumstances it iSapprUphatetUviewnucleUnsas independent particleSUccupy-

inglevels inapUteΠⅡalweⅡ  ⅣVith士心s pictureinπund,thedecayUfanucleus intUana-

particIe (a He nucleus with Z = 2) and a daughter nucleus can be described as the

tunneIingUfana-particlethrUughabamercauSedbytheCUulUmbpUtentialbetweenthe

daughterandthea-particle(Fig.4B-l).Thea＿ particleis nUtviewedasbeinginabUund

state:ifitwere,thenucleuscUuldnU亡 deCay Rather,thea-particleis takentUhavepUsi-

tiveenergy,anditsescapeiSUn〕 yinhibitedbytheexistenceUfthebamer.l

rwewrite

｜Γ｜
2=ε U

then

(4B-1)

(4B-2)

bythevanishin..Uf

易 (=2here)6the

(4B-4)

whereRis thenuclearradius2andt is theturningpUint,deterImned

theintegrand(4B-2);ZI is thechargeUfthedaughternucleus,and

chargeUfthepartlcIebeingenllttcd.TheintegralcanbedUneexactly
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生
)壯

G=2Tzlzˊ
t=2π

aZ】 Z2(S｝

AtlUwenergies(relativetUtheheightUftheCUulUΓ nbbarneratr=R),wehavet》 R,

andthen

witht=Z而 ↙/4,,ε UErwewHtefUrthea一 particIeenergyE=用 V2/2,wherevis its
nnaIvelUcity,亡hen

(4B-5)

IIΓ younnditdiFncuItto imaginewhyarepuIsionwouIdkeep〔 w°
。
bJectsfr° mSeParat︳ng,think oftheinverSe

Pr。cess,acaPture It iscIearthatthebamerwill tendto keePthea.PaJticleout
二
IΠ 伍ct,earlyeStimations oΓ thenuc!eaΓ radiuscameΓ r°mthestudyofa-decay Nowadays° neuseSthesizeo「

thechargedistHbutioΠ 朴 meaSuredbyscatte︻ ngelectrons oFfnucIeit。 getnuclearΓ adii Itis notcIe征 thatthe

twoshouldbeexpectedtogiveeXact!ythesameanswer

┐
—
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Figure4B＿ l Potentialba㎡ e【 fU〔 a
decay

ThetimetakenfUrana-particletUgetUutUfthenucleusmay beestimatedasfUl-

lU、vs:theprUbabilityUfgettingthrUughthebarrierUnasingleencUuntet isε 一c T㏑
usthe

numbeΥ UfencUunterSneededtUgetthrUughisK一 θ
c ThetiInebetweeΠ

eΠcUunterSiSUf

theUrderUf2Rˊ v,whereRiSagain thenuclearradius,aΠ dvis theavelUcityinsidethe
nucleus ThustheIifetiIneis

TheveIUcityUftheainsidethenucleus isaratherfuzzycUncept,andthewhUIepictureis
ve,classical, sUthatthefactUr in frUntUftheθccannUtreaIlybepredictedwithUuta

muchmUreadequatetheU, UurcUnsideratiUΠ sdUgiveusanUrderUfmagnitudefUr it.
FUra1-∼ IeVa-particle,

V= 3× 1U8 =7U× 1U6㏕s

sUthatUnepredicts,fUrlU、venergya’ s,thestrai..ht-lineplUt

V碥

γ 一
罕
ε
G

㏒lU÷ =㏕一向濷

a一 G磊

(4B-6)

(4B-7)

(4B-8)

withthecUnstant infrUntUftheUrdefUfrnagnitude27-28、 vhen tis rneasuredinyearSin-

steadUfsecUnds AlargecUⅡ ectiUnUfdatashU、 vsthatagUUdnt tUtheIifetimedataisUb＿

tained、 viththefUmuIa

=
一—
二
t

go

HereCI = 16l andC2Iyingbetwcen55and62 TheexpUnentialpart ofthentdiffers
slightlyfrUmUuΓ derivatiUn,butgiventhesimpIicityUfUurmUdel,thea..reemeΠ thastU

beratedas..UUd.

FUrlargeraene吧 ieS,theGfactUrdependsUnR,andwithR=rUA” ,Unenndsthat
rUisacUnstan亡———that is,thatthenUtiUnUfaCUuIUmbbailerta㏑ ngUvertherUleUfthe
pUtentiaIbeyUndthenuclear了 adiUShassUmevalidity.Again,SirnplequalitativecUnsider＿

atiUnsexpIaln thedata.
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