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thcoretical l 'unr-lantcntals firr dcscrihing lhc bchavior ol ' noninteractins e lectrons in one-
tl inrcnsionltl svstcll ls arc prcscnted: thc l l 'ansport chartrctcrisl ics of an iclcal wirc connccling tr.r,o
thcrll lostals: a dcscri;.r l ion of clastic scattcring hy a chaotic scqucncc ol'barriet's using
Lanrlauer' 's l i irrnula; t igantic chaotic oscil lations of'thc rcsistancc; localization: and. tho inllucncc
rrl 'cort 'clalions in a ranckrrn potential on the locii l ization. O 2005 Ame ritutr ln,stitute of
1'l i ,r ' .r ir ' ,s. IDOI: 10. 1063/1. I 8t3,1.137'l

fhc pulposc ol'the ltrcsent bricf rcview is to prcscnt thc
thcoretical I 'undamcntals lbr dcscrihing one-clinrcnsional sys-
tc lns o l 'nonintcract ing c lcct rons and i l lust rat img thei r  hchav-
ior on thc basis o[' known ex;lcrinrcnts. ' I 'he 

nulrrbcr ol ' onc-
clinrcnsional ob.jccts which arc available to expcrirncntalists
Itas increased suirstantially in thc last f 'ew ,ycars. Exarnplcs
arc organic rrtetrls.l senricortcluctor. nanotvircs,l carhorr
nanolubes.l and even rcal. slror'[ clrains of nrc{al atorns.a This
has dlawn molc peoplc into workin-u rvith suclr ob.jccts ancl
has rnadc it nccessary to providc thcnr u,' i th a quitc r. igorous
in{r 'oduc{ ion lo  th is  problet r r .

'1'hc 
critcrion lot' onc-dirrrcnsionalitv is associated r.r ' i t lr

thel struclure ol lhe clcctrr)n spcctrunt ol ' l l 'ee cleclrons rvith
rvave funclions exp(rk.r) and lhc apploplia{c gcornctry ol '
the rcgion o l ' thc i r  cr is tcncc

, t : h : k l l 2 n t * c  ( r ) .  l :  1 . 2 . . .

Herc I  ,  is  the wave nrrmbcr in  thc d i rcct ion in  rvh ich thc
clcctron ntotion is unboundcd; e is thc sizc-cluanLizcd part
ol.thc crrc:rgy associatcd with nrotion in bounclcd clir.cctions: i
cnurncralcs ther sizc-cluantizcd suhbancls. ,A systcln is one-
c l in tcnsional  (  I  / )  )  i f  a l l  c lcct rons I i l  in to the l r i l t tor r r  subband.
Iror l dcgcncla(c clcctronic svsletn thc critcrion is

r : 1 { A , .  A , = c  ( i : 2 )  -  e  ( i :  l ) .  t Z l

If 'se'u'cral sizc-r;uantizerd subbands lic below the Iicrnri levcrl,
then tlrc systcnt is cprasi-onc-clirncnsional.

Ciencrally spcaking, interelcctronic intcr.actions havc a
lurgc e f 'f 'cct on thc bchavior ol 'clcctrons in lD systcnrs. Con-
ccpts sucll as thc Luttin-gcr l iquicl ancl a wavc of'chargc or
spin rlcnsitv arosc l.rrcciscly lr itrn stuclyins I /) systcrns. Tak-
ing account of intcractirlrrs grcatly cornltl icatcs thc anal-ysis
of'tho cxperirncnLal data ancl olien nrakcs thc analvsis arn-
biguous. Conscclucntly. it is hclplir l to havc as a starting lrasis
a c lear  p ic tu le o l ' thc bchavio l  o l 'nonintcract ing e lectmns in
I D sysl.crns. This Jricturer is prcscnted in thc prcscnt rcr,, icrv.
I: irsl. i{ is poslulatcd that thc wavc f 'unction ol'an clcctron is
a l l lanc r.vavc cxp(rk.r; ancl intcrl 'crencc processcs in lhc
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wavc ficlcl formcd as a rcsult of't lrc plrltagation and scatter-
ing of t lr is rvavc i lr a unc-dirncnsional potential arc cxurn-
incd.

Accorcling to thc Pcierls t l icorcnr a I 1) systern wilh an
idcal pcriodic potcntial is unstahlc wilh rcspcct to tlre a1rpcar-
atrcc of' a ncrv pcrio{ and a r.vaver 9l ' cfiargc tlcnsitl,. i  und
arhitrari ly rvcak disordcr in a onc-rl irnensional merliunr rc-
sults in localization.(' Nonelheless, coneluction in a I D sys-
[cnr  o l 'nonintcrac l ing c lcct rons is  possib lc  bccausc of ' lern-
pcraturc.  thc f in i te  length o l ' thc lD systcrn.  and corr .e lat ions
in a randoln potcnt ia l .

1 .  IDEAL WIRE

\Vc considcr l irst an idcal i,r ' irc with no sclttcrint. c\cn
clastic scattcring" Lct an idcal rvire ol ' lcngth A conncc( [$,o
rcscrvoils to rvhich a potcntial dif i 'crcncc t/ is appliccl. 

' Ihcn

anv clcctron cntering thc wirc ()n onc sidc Icavcs thc wirc on
thc othcr sidc rvith probabil ity onc. In adclit ion, lct thc cliant-
ctcr of t lrc u,irc be so snrall thal l lrc spcctn"rnl (l) of' lhc wire
helorv thc Felrl i  lcvcl r--1..contains a l inite nultrl 'rcl y:2,N. ol '
size-tluarrl izcd subb;rncls (1hcy are also called channcls: in the
abscncc: ol 'a nragnctic {iclcl, lor cvery l.(N, t l icrc cxist tw,o
chanrrcls rvith di{I 'crcnt spin dircctions):

I I 'N, :  l .  thcn thc l1-)  systcrn is  sa id ro be a s inglc-c l rannel
systcrn ( tak ing the spin o l ' thc sys lenr  in to account  i t  could
also bc cal lcc l  a  two-channcl  systcrn) .  and l r l r  N,> |  i t  is
cal lcd a nru l t ichanncl  systenl .  S ince the wire is  ic leal .  thc
channels insicle the wire are indeltenclcnt of onc another ancl
do not cxchangc clec:trons. T'he clcctnln dcnsity rr, in channcl
i ,  thc longi tuc l ina l  vc loc i ty  o l ' thc c lccrn) f lS u; .  ancl  the c lcn-
sity of'statcs gi at thc Fcrrni levcl arc rclatccl hy thc r.elations

u  i : l t '  
|  ( , 7 t / , 1 k ) , . - , . .  g i :  \ d u  i /  l e  1 , . :  0 . . :  l / 2 r f t t , , .

t .  1 : t : 7 *€  ( i ) ,  ?2 ,  t t i : t r .  ( r { )

'I ' lre 
plescrrce of a pcltcntial dif l 'erencc y hctlvcen lhe rcser-

vt-riLs rrcans lhat becausc of the difl 'crcncer in tlre electron

0 )

( 3 )
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cferrsit-t '  6n, = g, 1r: I/ thcre is r t l i f lelencc hctwccn thc elcctron

lluxcs entcling lhe chanrtcl i l 'rorn 1he liglrt- and leli-hancl

sidcs. In the cxprcssion for lhe currcnl thc crlncrete pat'altt-

etcrs ()l ' t lrc channe I appoaring in the relations (.1) canccl, stl
that  l t rc  currcnt  J ;  in  thc chat tnc l  is  indcpcnt lcnt  c l f ' thc indcx
l  lnr l  cquals

J  i =  ( U  i d t t  i : (  (  / : I r l t  l l '

' I 'hc concluctance -r',,1:J/l/ antl t lrc rcsistatrcc /)16: l/.f11 ol'

such a u, i rc  arc t ler lcr tn incd by lhc tota l  c l r r rent  J : I i . / i  and
ecpral

. \ ' t t t := :  I  t ' )  l2rh I  v .  p i . r== (2r lL le)  l (  l /v) .  (6)

' l ' l ie indcx hcrrr undcrsc<lt 'os thc lact that Liq. (6) rel 'crs to an
idcal  u ' i lc .

'I 'hc 
rcsult (6) is rcnrarkahle in sc\/st' i l l  rcspccls. In tho

lirst placc it has becn lirund that in a I D systenl, even it
rnul t ichanncl  system. c l iss ipat ior t  ( )ee u ls  cr .cn in  the abscncg
r)l scltterinc. In thc seconcl placc. horvcvcr surprisingly, thc
res is t iv i tv  p, ,y  o l  t l rc  rv i rc  is  inc lcpcndcnt  of  i ts  lcngth and is

dctelnrincd onl_v by tlre cprantization ol' t l tc clcclrrlnic spce-
trurrr. Both oi thesc circumslances are it manif 'cslatiort of t ltc
principle ol nonlocality. 

' fhe 
elcctrons accluire energy in lo-

cat ions whcre a l ie ld is  prcsent .  i .e .  i t t  or  at  the edgcs o l ' the
wilc. and givc up energy rvhcn they are tlterntalized in a
leselvoir. i.c. lar l iotl the r.vite.

It is no accidcnt that we do nol specily Inol'e accurately
whcrc the clectfic f ield is conccrntralc(|. 

' I 'he 
argutncrnts rvhich

Irave letl to tit l . (6) do not pfe(lctenninc thc distribution o1'

the clectric f ield akrng thc rvire. Additional considerations
ale rc t ;u i lec l  to  detcrrn ine th is  d is t r ibut ion.  Ordinar i ly ,  i t  is
l i rund that  t l re  f ie lc l  is  d isr r ihutet l  nonuni lornr ly  a long a chan-
nel  and concentra lcd prcc lonr inant ly  ncar  i ts  cn i ls .  In  th is
rcsl)ect an interesting exanrplc arc cdgc channels rvhich arc
liunrcd along lhc cdge ol'a sarnple bctvvccn thc c()ntacts in
thc prcscncc o{' a (luantutn [{all cf 'f-ect. ht o str(}ng ntagnctic
liclt l pcrpenclicular to thc planc ol' a trvo-cli lncnsitlnal clec-
t ron gas a l l  c lcct rons col l id ing wi th and rc l lcctcd l i t rn  thc
sur lace neccssar i ly  c t l l l i r lc  wi th thc sur lhcc again in  t l te  ne xt
turn ot  thc i r  cyc l< l t ron I r to t io t t .  The d i rect ion of  t l rc i r  d is-
pluccnrcrrt along tlte sull itcc in ths tinter bctrveen tu'o cttl l i-
sions with the sur' lzrce is dctcltninecl by thc sign ol' lhc vectot'
procluct ol 'the ficlcl and tl ie rtorrnal to lhe region ol'thc two-
dirncnsiorral -ri.rs antl is inclependcrnt ol the angle of inciclcnce
antl t lre lngle of rcllection of' lhr: clectron. '[ 'he culrenl along
the sul l lce is  dcscr ihct l  us ing fhe c()ncept  o1 'n ot tc-
d inrensional  channel ,  lvh ich is  ideul  becausc o l ' t l . re  absence
of'backscattcring. 

' l 'hc' tangcntial electric l ie lcl along the cdgc
of  a samplc,  i .c . .  a long a I  D channcl ,  is  everywhcre zL:ro in
thc prcscnce ol' a cprantum cl' l 'ecl ol ' the ficld, and thc entirc
voltagc dlop is conccntnrted at thc btlundury with tlne of'the
crlntacts. i

It woultl appear lhal the asscrliott thal the rcsistancc ot a
rvirc is indcpentlcnt ol- its lcngth conlritdicts a sirnplc aryu-
rrrcnt. Irnaginc an idcal lvirc lo bc dividerd into t$'o parts

i ih ich arc conncctr \ l  in  sc l ies.  I { ' thc rcs is t tnce is  p; ,1 in  cach
part .  thcn thc t ( ) t$ l  rcs is tancc should bc 2p, ,1.  But  i t  is  not
cnough to s inrp ly  d iv idc thc wire in to two l )ar ts .  ln  o ldc l  l t t r
hoth parts t0 be inclcpendcnt rcsistanccs an additionil l
lesr:r 'r,oir-t lrelm()stitt nrttst bc inscllcd be'tlveen thenr, and this

-V. F. Gardmakher

rcsclvoir-thelmostal would makc lhc elcctronic waves pass-

ing thnluglr it incohcrcnt. If '  thc tenrpcratufe ol' t l tc wirc is

dil l 'crent fhlrr rhsolute rcro,' l*0, so that there cxists a fi-
n i tc  length L*4.-  over  which an inelast ic  co l l is ion and
phase intcrlcrcnce of' the clcctronic wilvc occur, thcn such
thcrmostats appe&r autonratically at clislanccs 1,, l ir-rtn onc
anothsr.

Thus thcre is an uppcr hounrl on thc lcngth of an idcal
wire,  A( lo.  The lower bount l  is  actual ly  the t i iancter  o1 '
the wire. Tlris is eviclent l iom an analysis ol ' a Sharvin
contacl,o where an insullt ing l lat diaphragrrr with an ttpcning
rvith area S clivides two lluee-diluensional rnetal ltall-spaces.
onc ol'which is an "idcal" crystal in the se'nsc l ltat the rnean-
lr"cc l lath lcnglh thcre is /), (5. I 'hc rcsistencc ol' such a
contact  rs

(-5 )

h k r  h  i F l t n . S l
R, - - - - t ; : : : - - r l -1 ,

l l e - )  e - \  t t .  I
( 1 )

where rr, nt. k,.--:13n2n) l/:t antl *rn.: lrzkllzm are the con-
ccntlatit ln, nrass. f icrnli nlolncntunt. ancl Irsrrni ener!v, rc-
spcctively, o1't lre electnln gas in an idcal half '-spacc, and lhrl
-s ign appear ing insteacl  o l 'an :  s ign s igni l ics that  numer i -
cal cocl'{ isicnts arc droppcd in tlre cxpression. It is easy to
vcrily that t lre cxplcssion (7) is idcntical in structurc to thc
cxpression (6) {irr yrla, and the numcrlttor in lhc {i 'action in
prrentl icses in Eq. (7) is lhe charactcrislic splitt ing r:, bc-
trvccn the sizc-quantizccl subbancls. It is casy to vcrify l irr a
scpuu'c opcrring tlrat this distlncc is indcccl l)roportional t()
q -  I .

Sincc an cxperimcntal channcl crn be ! 'cry short, Ec1. (6)

can be checked cxpcrirnentally. Fi-uulc I shows tlte results ol '
nlcasurcmcrlts ol 'the concluctivity ol 'a narrow channcl undcr
"r spfit -rap connccting trvo re-l ions ol-tt2[.) electrort gas in a
GaAs*Al ,Ca1 - ,AS hcte lost ructure."  As thc b lock ing vol tage
V, on the gatc increases. the dell letetl region cxpands sonte-
what becausc it extends slightly bcyoncl t lte etlgc of the gate.

As one can see in the inset  in  f r ig .  l .  the conduct ing channel
narr()ws, which rrreans that the nunrlrel of channels N, de-
cfeases. 'I 'he sholt le ngth of'the channcl ntakes it possible to
obtain a ball istic rsginrs. i.e. a no-scaltering lcginre, in it. ln

1 2

1 0

tL

" o O

-2.0 -1.8 -1.6 -1.4 -1.2 - '1.0
Vn 'V

FIC. l .  Conductance,v o l 'a bal l is t ic  col t tact  between 2l)  Iegions of  a

GaAs-Al,Ga1 \As heterostl'ucture as a function ol'the gate voltage regulat-
ing the width of  lhe contact . '  lnset :  layout  of  the measul ing cel l .
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the structure shown in Fig. I thc clsctron dcnsity is 3.56
>< l0 l l  crn- '2 ,  thc nrean-f ic-c  path lcngt l r  a t  0.6 K is  about  l l .5

;.rrn. and thc charactcristic dinrcnsions ol' the channcl arc ol '
thc ordcr oi 0.25 1rm.

It is cvit lcnl in thc insc-t in lrrg. I that thc nrcrsurcrncnt is
per' l i lrnrccl lry a two-contact schcrnc, so lhat lhe trcasurctl
rcsislancc 11,,,,-.,, contains the rcsislancLr Rcoilt of lhc contacts
and thc rcsistance of'thc acljoining rvitJer seclions ol the 2/)
laycr. 

' [ 'hc 
concluctancc. u'hich is ol- intcrcst to us. is _t'

= 1t- 
l : ( Rn,.-or- l l .unr)- l. Tlrc rcsistancc R.,r,,, rvas assutttcd

to hc 4.3-5 kO. so that it corrcspnnds approximatcly to thc
rcsults ol ' inclepcnclcnt nrcilsurcrncnts. Altcr t lt is qurnlity is
suhtractccl thc f 'unction .r '( Vu) beconrcs a scqucncc ol'sl.cps
o{' thc sarnc height

L ) ' , a = ( c 2 n n h ) L ^ v : u ) l r l i ,  ( u )

in conrplctc agrcerncnt with Eq. (6).

2. ELASTIC SCATTERERS

Wc now ilssunrc thc wirc to be noniclcal ancl, f irr sirnplic-
itv. a onc-channcl systern. Let clastic scattsl 'crs hc prcscnt in
tlrc hatclrccl scction ol'thc lvirc (Fig. 2). Thcrc is no nccd ttr
spccif y thcir rclativc arrangcnlcnt nlorc accuratcly-rvc shall
consiclcr (hc cntirc hatchod rcgion to bc a singlc scattcring
object. In cluanturn rncchanics. it is charactcrizcd in thc one-
dirncnsional casc by comlllex rellection , ' and transnrissir-rn /
cocl-ficients. which couple lhe arnplituclcs ol the rcllcctocl and
transnrittccl u.'aves r.r ' i th the amplitudc ol'thc inciclent tvavc.
I l lect ronic  l luxcs.71, , /c  rnd l l " /c  a lc  inc idcrr t  l ionr  thc lc l i
ancl right on thc hatchccl rcgion. Each elcctrorr is rcllcctecl
wi th probabi l i ty  R:  l r  l r  and is  t rarrsnr i t tcc l  rv i t l r  Jr robabi l i ty
T: l t l ) .

R : . i , 1 . j , , : i : . l j i " ,  T :  j t l . i ^ : . j i / . i i , , .  ( 9 )

'F-*T= L

If thc voltagc drop on tlrc hatcltcd rcgion is zcro, t lren tlte
total elcctron l lux in thc r,virc is also zcro. ln thc prcscncc ol'
a  polent ia l  c l i l ' lc rcncc dV,  a dcnsi ty  d i l ' l ' c rcncc 6n: ,qeDV
al)pcars at thc bounclarics of' l lrc rcgirln. In one-clinrensional
systerns all clcctrons urovc along thc u,i lc and tlrcrclirrc bc-
krng to one- ol 'the l luxes appearing in Eqs. (9). ' fhis 

rnakcs it
possiblc to rclatc drr with lhc clectron rlensitics in thc fluxu-s
ancl crprcss rlV iu lerms of' lhe currc-nt:

r l r r  . i ; ,+  i ,+ , i i  . i ,1 , , , * . i i  + . i ,  zRl i i , , - . j i , )
( , 1  -  -  

.  
-  

,  
-  

,

,e ,e e" ,qu e- ,qu e-qt ,
i l0)

Hcrc g and u arc thc dcnsity ol slatcs and tlrc nrodulus ol'thc
veloc i ty  o l - the c lcct rons at  thc Fcrrn i  lcvc l .  S incc thc tota l
cu l rcnt  J  is

J : j , , * . i , * j i : j i , - . j ' , - . j , : T ( j " , -  i ; ) "  ( l l )

the ralio.//rlV lnakes it possitrlc [o reprcscnt lhc concluctance

.r1,,,,,:.//dV and the rcsistancc pin,p:.\ 'r, i , ol '  the hatchcd rc-
gion in thc l 'olm

V. F. Gantmakher

.- lt

FI(1.  2.  One{ i rnensionlr l  conduclrr r  cor t t tect i lg  two t 'cser\ ' ( r i rs  at t r l  col ts is t -
ing of  l rvo idcal  sccl ions along the er lges arr t l  lho seat tcnng sect ior t  AIJ l t  t l te
cclt lc r.

j r

; j in

3{-n a
i i '  *
E

l 1

AJ

n
o
o
o

r,;
t,

' l 'he 
idea o1'representing elastic scattcl ' ing ccntcrs as po-

lcntial barliels in thc path of'plopagating rvaves antl L'xprcss-
ing thc transport characteristics of'thc systcnr in ternrs ol 'the
rcllcction and transnlission cocf' l icicrrts of t lre wavc f or t ltcsc
balricrs was lirsl advanccd lly l-andauct'. l t l  Consc.lnently. thc
currcsponding klrnrulas, spccil ically, lhc cxprcssion lbr the
corrcluctancc (12). arc natnccl altcr l-andaucr'. In ltr inciplc
Landaucr's techrricluc is applicaltlc to svstctTls o['an-y clintctt-
sion. trut it is cspccially cortvctticnt and olien usccl l ir l 1.1)
s-YStcms.

Lanclaucr's {irrnrula in tlrc l irrrn (12) r.vas dclivcd undcr
thc assunrption that the potcrtt ial dil ' l-ercncc is applicd di-
rectly to thc scattcring rcgion botwccn the points A ancl IJ irt
F ig.2.  This is  rvhy t l rc  concluc lat tcc (12)  rv i th  wcak scat tcr -
ing,T-' l. R<< l, can bc -qrsatcr than thc contluctance ((.r) ol '
a system with no scattcrcrs. If the potential dil ' l 'crcnce in the
syslern in  l ] ig .2 is  appl iec l  to  l l lc  rescrvoi t 's .  lhcn the res is-
tances of ' lhc idcal  rv i te  ancl  thc scal tcr ing fe l t i ( )n a le e()n-
nected in scrics ancl the conductancc of thc cntirc svstcltt is

2nf i  R  2nh 'R .

f ' l l r r l  )  , T  )  |  T r '
I  ( '  l - l \

|  . - r  r  2 i r l t ,  R r
r ' ' : . r ' , J '  * r ' , , , , 1 , = 1 r , , 1 ' 1 ' / , i , r , f - - ,  I  |  -  i ) .

l ' -  
'  l

t :2
, , . . . . . .  _r

: i T n

(  l 2 )

(  l  l )

) - 1

e- 
'1 

e- 
'T

'  r ruP 2 i rh  R 2nh |  - 'T

No"rr. the contluctancc .t '  -.r ' td as T-' I, as should he. 
-fhe

exprcssion (l3) l irr; '  can also hc ohtainccl t l ircctly by apply-
ing a potent.ial cl iff 'ercnce to thc rc:servoirs. rvlit ing the e lcrc-
tlon flux l lpln one rescrvoir inlo ano{het'. and taking acc()unt
of  s inglc  scat ter ing (conrparc rv i th  thc der ivat ion o l - I : :q .  (6)) .

T'his nrcans that aclding lhe rcsistances in accort.laltce rvit lt
Ohrn 's  larv in  the argulnents h l r .Lrq.  (13)  r .vas. iust i [ iod.  l {orv-

FIG. 3.  Scat tcr ing sect ion in a l  D conductot 'consist ing o1' two ban' iers.  The

conrplex anrplitudes A. . . . .D of the rvaves arriving at and leaving

both ban'iers are nornralizcd to the initial aniving wave. indicatcd by the
nunrber l .
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cvcr, this is by uo ntctns always tlre casc l i l '  one -

dirnr: nsional systcurs l)ecause the incidcnt and re l lccted
lvaves intcllcrc with one anotlrcr.

Wc shall norv consicler two succcssive barriels in a
single-channcl onc-clirncnsional cutrcluctor (Fig. 3) antl u'c
s l raf  l  cxpless in  tcr r r rs  o l ' thc palarnetcrs ! ,  Kt ,  T: .  and Rr
t r l '  t l re  in i t i l l  barr ie ls  the r )aranrc lc ls  Iand R:  |  - '7  o i  thc
conr1round scattcring obiect l irrnrcd. I l '  a wave with anrpli-
tude I is inciderrt on tl lc hal'f icl l l 'onr thc lefi, then the sta-
tionary u'lve ficlt l { irrnted wil l contain firur acldit ionitl wat,ss:
tlre lcl jcctcd wave /l , lhc trausntitte(l wave 1), ancl twr) op-
positely propagating wavcs B and C betwccn the barriers
( , - l  .  . . .1)  arc the conr l t lcx atnpl i tudcs of  thc lvaves) .  I ix-
prcss inr  the arnpl i tude s o l ' the waves nroving to thc r ig l i t  and
lc l t  o l 'cach o l ' t l rc  t rar l icrs  in  ternrs of ' thc anr l l l i tuc les of  the
i r rc i r lcnt  wavcs,  wc obta in l i ru l  equat ions:

. l - r ' 1  ' ( ' l  
1 .  l l : l 1 l C t 1 .  ( ' c  / e ' - 1 l c i { r ' .

[ ) : l J c ' e t . (  l 4 )

I lcrc'ths l irct thrt t ltc rcfleclion coel'f icicnt ol 'thc barrier is
indr'pcnrlcnt ol t lte sit lc fron.r rvlriclt thc wavc is incidcnt is
takcn into ace()unt .  t ' t :  t  i :  t l tc  l i rc tors cxp(  : ! rg)  takc ac-
count  o l ' thc phasc shi l i  o l ' the wavc t tvcr  t l tc  d is tancc honr
one barricr to the other. Front Eqs. (1.1) l ir l lolvs

t : ' i 9 l ' ! '
1):  - : - .

|  - -  c - t ' 9  t ' r t ' : ,

. r -  |  r r l l -
I  -  

l I t l  
- -

'T,T:
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i  10 -6

10-4

10  
- s

10 -7

1o  -8

|  ) 'R . {R .> -  2 , , iR r  R .  cos  f /

whcrc f i :2g* ing(rgt ) .  
' l ' t rc  

cont luc l lncet  l ' r
pouncl "t l l 'o-brlricr" scattcler, narkcd in fl ig.
l i nc .  i s

( ' "  1
r  1 -  2 ] y ,  |  - ' T

e -
'TiTt

, 2  ( ' T '  j )
\ '  -  _'  t -  

2  n l ,  4  R's inr  1/ / l  
'

0 1 2 :  q +  a r g ( r ' ' . ;  : [ / * a r g ( r ' ) ,

2nh  p . , - t  R : , -2  1 , "E1R2  cos  0 '

I l l  eornpound "douhle-ban'icr" scattsrcr cottsists ol ' two
i c l e r r t i c a l  h a r r i c r s ,  r t :  t ' 2 *  t ' ' .  t , : t t : t ' ,  R ' : 7 3 . :  p ' .

and so on. lhen

4 6 8 1 0
Vs'V

FIC. 4 Conductance ,r' of l long quasi<rne-ditttensional channel in a field-

ell'ect tlansistor, tirblicated on thc surface of r-Si, in the accurnulating layer'

regirne as a function of the gate voltage V* . lr The rvidtlr of the channel can

vary from 0 up fo the nraxirrltrrD value - I /.ru. set by the constlllclion (see

the scherne shorvn in the inset), using voltages on lhc control electnrtles p-

and on the gate.

ancl also thc original rvolkll l ir l  a rnorc dctailccl discr.rssion).

The lvcrage concluctance i! .tl a_sysrcrtt ol' lu,o harriers

ftrllou's ll'om tlre average valuc cos li:0:

, , t  (  I  - R r  ) ( l  * R . z )
(  I I J )

2nl t  'Rt+R)

Iior conrpalison we shall give lhe classical cxplession firr
a  sum o l ' lwo  success ive  rcs is tances  pr : - ] ' r  I  and  pr : r , i l :

) ' ! . , , : ( , ' t , i ' + t ' t ' )  r : 1 p 1  * p , ) -  I

c )  t  R ,  R ,  \ - r
2 r r l t \ l * ' R 1  l - ' R ? l

e )  ( l - R r ) ( t - R . 7
(  l e )

2nh  R .1 '1k t - -2R . t ,R2

In t lq .  (19)  there is  an cr . t l l ,  conrparcd wi th Ec1.  ( l t l ) ,  tcrm in
thc denonrinatol', propolion&l to thc product ol 'thc tt 'ansnlis-
sion cocll icients R.1R. lbl trvo barricrs.

3. GIGANT]C OSCILLATIONS OF THE HESISTANCE

We shall cl iscuss one othcr l 'eatule ol 'transport in l1)
syslsnrs. I] igule 4 sl.urws the transport chalacteristics ol ' a
quasi-onc-diurensional systcn.l l lbricatcd on the basis of an
accurnulat i r rg lavcr  in  a l ie ld-c l ' fect  t ransis tor  on a r t -Si
surlirce.l lt ni tow ternperatures a noise-like cclurponent with
very large amplitudc apl)ears in thc clcpcnrJence of' thc con-
duclance .y on thc gatc voll.age 12, . 

' I 'his 
is not real ltoisc.

'I 'hc signal doss not depend on the tinrc, and if ' thc sanrplc is
not heate(l t() r 'oour tcnlpcrature, thcn in a repcated cxpcri-
nrent thc curvc -r'(Vr) rvil l  bc rclt lotlucctl r iglrt down 1o lhe
srnallcst clctails. It is cvidcnt that at lorv ternperaturcs ancl
gatc voltagcs V- alkrrving l ir l a narrow channe I and low cltr-
rier conccntration, t lrc conductancc undcrgoes as a lunction
ol' V* chaotic narrow oscil lations whosc total range incrcases
rl, ' i th decrcasirrg tcnrperatule. For a dil lelent santple, and
rrvcn l irr the samc sanrplc. with lepeatcd cooling l iont rootrt
ternpcraturc tlre detailccl structurc ol 'thc oscil lations is rl i l lcr-

t r -  t ,  t -

"  :  2n l t  'R1*  R ,

( 1 , 5 )

ol' the a coni-
3 by the dotted

(  r 6 )

( t7\

r,r,hcrc l i is the wavc nurrtber and / is the clistancc hctwccn tl icr
bllr iels.

'I 'he 
conductance (16) clepcnds not <lnly on the param-

ctcrs ol the two init ial han'icrs. 1'hrough thc angle /l i t also
dcpcntls on the distance belwoen tlrc barricrs. Ultirnately. wc
are intcrcstc(l in a I 1) conduelor wittr a large nutttber ol '
ranckrnrly positionetl bart' ict 's. Thcrelirre vv'el can ltvcri lge ovcr
all possihle distunccs bctn,ccn tltcrn. rnaking the asstttnption
thilt the angle l/ assunies any value l iorn 0 to 2zr u'ith cqual
pLobabil ity. Such avelaging is not entirely corrsct, but it
rnakcs it possiblc to l ir l lorv the trcnds alising as the len-lth of
the chain o l  one-c l imeusional  bar t i t : rs  i t . tcrcascs (sec Rel .  I I
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e nt  u ' i1h thc samc ovcla l l  pat tcrn o l 'e  volu l ion o l 'osc i l la t ions
u' i lh  a change in thc tcmpcraturr :  ancl  vo l tagc V*.

'I ' lrc 
l 'unclanrcnlal rcason fbr t lre chaotic oscil lations is

onc-drnrcnsionality. All dclccts in a rvirc arc cortnectecl irt
scr ics.  ancl  thc cul rcnt  l incs cannot  c i rcutr tvcnt  any of '  t l tc tn.
Conscc;ucntly. srvitching off ' onc strongly scattcring dclr'ct
can stronglv inllr"rcncc thc total rcsistancc. Thc clucstiorr is
horv a changc in L',. thal changcs {hc conccntration and lrcrnti
cncr-c), r7. ol 'thc carric-rs can sr.l, i lch on. swilch ol1, or changc
thc cf  Icct ivcncss o l '  i r rc l iv idual  c lc lccts .

l-ct us rcturn to thc cxprcssion (17) l irr tho contluctancc
) - ' <rl '  a svmrnctric "double-harricr" scattelcr'. In the discr"rs-
rion l lrovc rvc avcra-clccl the cxprcssion ( l6) ovcr cos d on thc
hasis th l l  thc lc  is  a sprcacl  in  thc valucs of ' thc t l is tanccs 1t
hct*cen thc barr iers.  l lu t  the angle g: / i1 ;  apprrar ing in  / /
t lcpcnds not  only  on / ;  l ru l  a lso on t l tc  rvave nuntbet  A.  i .c . ,
on tlre enelgy c7. ol 't lrc scattcrring elcctr()n. I inl one spccific
scat tcr ing pai r  o l 'barr icrs  wi t l r  a  f ixed value of  1;  i t  l i r lk rws
l ionr  Eq.  (17)  that  Rr  sssunrcs valucs l iorn 0 to.1p"

0 {  11 . {4p , \20)

clcpcnding on the cncrgy ol' lhc inciclcnt clcctfon. I{crc it
should hc rccallcd tltat t lte tl 'ansport propcrtics ol ' l  lD sys-
lcnr irrc rlctcrrnined prcciserly by tl le clcctrons lhlln a ncigh-
borhuocl ul ' e1. bccru.rsg thc opposite clcctron fluxcs "vi{h
Io,"vcl cncrgics ctttnpcnsatc onc anothcr. \!t urcnlionccl above
lhat thcrc arc problerns rvith avcraging tlrc cxprcssion l irr thc
rcsistancc (16). Thcy arc cluc plccisely to thc r.vidc ran-se (20)

o f  va r i a t i on  o f 'R2 .
The space bctwccn two trarricrs is a l lotcntial u,cll. In

this r. 'n,cll. gcncrally spcaking, therer is a collcction ol' lcvcls e;
whoso witlths arc duc to thc transnrittanccs ly and /2 of the
trarricrs. As thc cleclron cuL-rgy e1' slt i l ' ts rclati\,c to tltc sys-
tcnr ol ' lcvels in this we:ll thc tunncling protrabil ity oscil lates.
rcaching a rnaxinrunr at rcsonancc 81.:t: i. Conse'rlucntly,
the gigantic chaotic oscil lations of the resistance can be de-
scribed thcoretically preciscly in {ernrs of rcsonancc
tunnc l i ng . l J

'I 'hc 
modcl of' krcalizcd states in l /) systcrns smploys

the idea ol' clcctronic lcvcls inside conrposile scattcr'srs. A1
suf'f icicntIv low tcnrneraturcs rcllections fi.om distant barricrs

l . ?N4 l , , e / l ( l l )

rcrnain cohcrent. Cionscclucntly. acconlins to the rclation (25)

l)t 'cscntcd hclorv. these rellsctions lbr sul' l iciently large lo
c<lnrpensatc lhc balricr transrnittanccs of'I '  and 12 and
rnakc thc stalc bctwccrr t ltcrtt krcalizcd. l lopping concluctiv-
ity should be cxpcctcd undcr thcser conditions. Indccd. Fig. .5
displays mcrasurcmcnts ol'thc lcl lrperaturc clcpcnclcncc oI ther
con(luctancc which wcrc per"fi lrrncrl at scveral rninirna of t ltc
curvc prssclrtod in Fig. 4. lt is cvidcnt that fbr nlcasurenlcnts
on thc lcfi-hand sidc ol'thc plol in lr ig. 4. I irr lowcr valucs oi
l ' ,, whcn thc concluctance is srlrall, thc oscil lations are largc
ancl thcrc is cvcr,y rcas()n to rcgarcl thc cltanncl to bc onc-
dirnc'nsioual. 1hc l loints l ir l lorv well the l irnctional clepen-
rlcncc

h -\- u.. u
\.'.. 

-";""'..'.

t'ho n u"tt*,',..
\ 

"t o'\! ' \!\

4 . 2 V \ \ \
r. \-

o . \

l \ .
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I' lG. 5. Tcnrpelature depentlences at the ntininra of tlte conductance of a

channel of a field-effect transistu' for three dilferent valucs of the gate

vol tage V,  . l r

in cornplertc agrccment with Mott's Iorntr.rla l ir l ' thc tclnpcra-
turc clepenclcncc ol' hoppin.s conductivity with variahlc hop-
ping d is tancc:

7.  n t - ' '  (g  , , t "  \ -  ' ( :3  )

rvlrcrc d is thc ditncnsiott ol ' t lrc spacc allcl {: is thc clccay
lcngth ol' localizcd statcs.

I'ior largc valucs of Vu thc chanue'l cxpartcls ancl graclu-

ally convcrts into a two-ditnensional cltanttcl. T'he concluc-
tancc incrcases. and tl 'rc arnrrl iturle ol 'the chaotic oscil lations
clccreascs. l 'he cxpcrittte ntal points ol ' the function
lo-u,r'(7'-l l21 obtaincrJ lvith gatc voltagc l"r:(r.3 V clcviatc in
F ig .5 l l ' o rn  a  s l r a i g l r t  l i nc .  bu t  t hcy  l cc t i f y  i n  l l t c
(log.r'. I l /:t,) plane, once again in conlplcte agrcentcnt lvit l i

Hq.  (2. r ) .

4. LOCALIZATION

l..et us consicler a long chain of idcntical, r.vcakly scatlcr-
ing barrierrs, 

'R' < | ar^rtl 'T' '  ̂ - I . locatctl a[ r. lndont t l istanccs
1;  l ior r r  onc anolher  and each having a snra l l  rcs is lat tcc 1r '
: (2r l i le2)(R'  l 'T '  )=2nTl i l /  ( lhc averago t l is lancc hc-

twcen tlrc barricrs /:1i is t lrc clastic nrr:all- l l 'cc path length).
\4'c shalf calculate the rcsislancc /1": 1'; | = 12 rh lt ') )
x('F-t / 'TN) ol ' a cottt l.rountl sc:attcring oltjcct crlnsisting ol'A/
barlicrs usirtg a recurrcrlcc rclation l ir l lowing l irrnr Ltc1. (l l i):

' R N  R N  t + R '

TN Tn ,T'
( ] l )

As long as {hc nuntbct 'o f  b l r r icrs  N is  snra l l .  so t l ta t  Np'
<.2nh/e2.  lhc rcs is tance Rn incroases l inear ' ly :  Rr^ ' 'N l r
xN. ' l 'he 

rcllccti<ln probabil ity R^- also increascs alrnost I in-
carly. But Rru cannot cxcccd l. Conscqucntly. at sotnc valuc
o1'N wc can sot"R,r , ' ' ' "R.r ,  1  -  |  i t t  l jq .  (2 ' l ) .  u 'hcncc i t  i tn-
nrcdialcly follorvs that

TN.. .Tx- tT ' .  Tt t - -s(T '  )N: . t ' r ,^N as N.- . rz : .

( . s :  c r rns t .  u : l nT '  < . ( ) \ .  Q5 )

l ' I ' ' 1 ' \ t l i ' t  
+  t  l

p : p o e x p l r l

\ '  -= .\ 'rr cxl L * r f.v lT tt/:1 \22)



Low Temp. Phys. 31 (3-4), March-April 2005

'l 'hc 
cxponcntial deerease ol' thi: tr i lnsmittecl-lvavc intcnsitl '

I , r ,  wi th increasing N is  a der t r t tnst rat ion o l '  l1)  local izat ion
l i r r  a  spcci f ic  cxample .

5. ROLE OF CORRELATIONS IN A RANDOM POTENTIAL

T'hc gcneral  asscr t i ( ) r1 o l 'Rel ' .  l6  that  lD local izat ion
occurs in  a r ln t lonr  potcnt ia l  ancl  thc i l lust rat ion (2-5)  o l ' th is
asscltion l i lr a spccil ic tnodcl assunrccl that thcrc are nc) c()l '-
rc lat ions.  l l l r .vcvcr .  local izat ion r r lay not  occut '  i l ' t l rc  chaot ic
otrc-clirne nsional pote rrt ial is not cotnpletcly t 'andotrt but corl-
ta ins corrc lators.  To show th is  we rcturn to Ec1.  (17)  foL t l te
c()nductrnce l 'r ol ' the synrmelric "doublc-barrier" scatterer
slron'n in Fi- 'r. 3. lt l ir l lorvs lorrn this lortrtula lhat there exists
i.r \\ 'AVc lrulrber k0: - afg(/ ' ')// l ttr lvlrich thet barricr is ctltn-
pletcly {rrlnspilrenl 1o the incicleul wAVc and therc ls t lo re-
l lectetl uave R i:0. I l in oul nrodcl (21)-(25) thc isolatccl
barricrs lrc replacccl u,it lr double tralriers (17), then an clec-
trrrn *ith cncrgy to:h]k?)l2m rvil l  be dclocalizctl.

l 'his ir lca was claboratcrl in thc so-callcd clintcr ntodcl.l i
Tli is rnoclel uscs not one-clintcnsiclnal barriers but lalhcr a
onc-dirrrensiorral chain ol' periotl ically arranged potential
'"r 'ells. Tlre chairr consists ol ' tr.vo types ol' lvells with snergy
lcvels f:,, ancl fr,. Thc rvells are dislrihuted along thc odd
lat t ic l :  s i tes cornplctc ly  randomly.  rv i thout  any con'e lat ions.
i intl cach even site contains a rvcll ol ' the same typc as the
odd site to the le ti of' i t. 

' l 'his 
tncans thrl it je'ntical rvells occur

in pai ls ,  whence the nanre of  the ntodcl  (F ig.  6a) .  l l ' thc
dis tance hctween thc wel ls  is  r r .  thcn t l te  la t t ice ohta ined can
be lepresented as a surn ol' l lvo ratrclonr bLrt identical .tubltrt-
l ice"l. shil ied by rr with rcspcct [o onc anothel'. both with
periotl 2rr and an cntircly t 'and<lm clistribution ol'rvells ovcr
the s i tcs.

We shall assulre tlrat pairs with encrgy [,, helong to the
nrain latticc and pairs with cnergy /r1, are de f 'ccts. As r.ve havs
alreadl,sccr.r, in this rnodcl localizecl states calt exist fbr ccr-
tairr spccil icd vulues ol thc energv. Now, it is neccssary trt
l i r r rnulate thc concl i l ion ut tdcr  u, l t ic l r  e lect rons rv i th  th is  cn-
elgy can propa-sil lr in t l ic rnain latticc.

Clrns i tJcr  ouc d inrer  c l r lect  consis t ing o l ' t lvo wcl ls  wi t l r
cnergv l r , ,  in  an ic lca l  la t t ice consist in .u o l '1 i , ,  vvel ls  ( f r ig .6b) .

l-ct the overlap intcglal hetwcen neiglrboring lvclls trc J.
Thcn bantls u,ith a cFrasicontinuous distrittution ol' levcls ri
: 1., '  ,,- l./ cos lrr arc tirrntecl to lhrr l ight and le lt of a cle foct.
l r

'V. F. Garimakher

thcn thc unpcrturbcd cnergy le vcl f7, ol 'a dct'eet l ir l ls rvithin

thc hand ancl  a d is t inguishecl  va luq k:  ko,  cos k j :  *2.1/ (8, ,
-E), I 'or which lhe rcflcction plobabil ity ol 'a del'ect R:0,
appcars in thc hand.

In ttrc clinrcr nrodcl c:orrclatirlns exist only bctwecn ncar-
cst ncighbors. For such corrclations dclocalizc:d states arisc
only for discrctc values ol' lhc cncrgy. lb obtain a band ol
dclocalized states distlnt corrclations must bc uscd, rctaining
in so doing an elemenl ol ' randomness. An algorithm lirr
constructing such a potential was proposc(l in Rcl.s. l6 ancl
17. l lere we present tuly a specil ic c'xanrple ol 'such art al-
gorithm, constructcd to pe'rlornt an cxperinteutal check by
nreans of microwave sitnulntion.

IVliclowave simullt ion ol localization procL'sses is pos-
sible trecause tlre tirne-dependent Schriicl ingel ecluation

a\v hr
ih  _ l r l /  +  [ i  ! /

( t [  ' l l l

and the c lass ical  wavc cquat ion

1 62\lr
;  - r : a l p - { / 1 t
( ' "  d l -

( r '  is  thc spcccl  o l ' l ig l r t )  havc nruch in c t , rnrnt rn.8 Thc subst i -
ttrt ion !/ - e 

- i0t tL rccluccs both cquaticlns t0

( A - _ { / + k r ) r l , : 0 / t q  I

thc only dif l 'crcncc being that l irr ths Sclu'i idingcr c(luirl i()n

6 :  ( h t2 rn )k2 ,

ancl lor thc wavc equation

( o : ( k .

As an exanrple ol ' microrvave sinrulation 1vL' present the
expcrinrent clf Rcl'. l9 wlrere the transntission coll icient ol 'a
krng waveguicle was lneasured as a lunction of l i 'ec1ue ncy l irr
an electronragnetic wave in thc Inicrowave range.' l 'he rvavc-
guidc schenrc is shorvn in lr ig. 7. 

' l ' l tc working fiecluency
range was chosen to l ie insicle lhe l iccluency range rvhet'e lhe
rvavcguide is in a single-nrode regimc: I .5 GHr: c /2rr
<-a/2n. : -c /u:  l -5  CI{2.  wherc r r  is  thc large d inrension o l
the transvcrse cross scction ol' thc waveguide .

'Ib 
simulate the ntntlotn potential .V:100 scatterering

pins arc inscrted at eclual distanccs along {he rvaveguidc.
Using rnicroLnctric screws thc pins can be inscrlccl to cli l ' lcr-
ent  depths r r , , ,  whcrc l<rr<N. ' l 'hc c lcpth is  set  us ing lhe
lirrrnula

(17  )

(28  )

1.r0)

( 3 1 )

lE , , -  I i  t , l<2J  , (26)

FlC. 6. l)inrer nrodel of a onc-dimensional randonr potential. Tlre changes
occulr ing in lhe posi t ions of  lhe levels as a resul t  of  the over lapping of  the
u'e l ls  iuc not  shown (a) .  The electron levels in a one-t l inrensional  lat t ice
rv i th one dinrer  delect  (b) .

100 micrometricscrews

Antenna 2

FIG. 7. Schenratic diagranr of a single-mode waveguide with 100 scattcrers,

in which the transnrission coefficient / ftrr an elecfromagnctic wavc was
rneasured as a function of the t)equency.leAll dinrensions ale given in mm.
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FIC. 8. Transmission coefficient / of a wave in a one-dinrensional channel
in the presence of periodically arranged randorn scaftercrs which are corre-
lated hy nreans of a specially chosen conelation function.le Solitl line-
numerical experinrcnt with N= l0{ scatterers: dashed line-rnicrowave ex-
perinrcnt with N: 100 scalterers, averaged over Iive different realizations.
The correlation funclion is tlrc same.
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6. CONCLUSTONS

Tlrcse are tlrc bmic lundnntcntals of the bchavior of non-
intcracting clcctlons in one-dinrcnsional systcnrs witlr I ran-
clonr potcntial. Thcy shoulcl bc kcpt in mind whcn discussing
any cxpcrinrcnts in such systcrns. cvcn if ' thc intcrclcctronic
intcractions play the nrain rolc in thc. observcd lthcn<trncna.

This work was supportcd by grant NSt{-2170.2(n1.2
and grants l iorn the IVlinistry ol 'scicnce of' the Russian Fccl-
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Translated hy lt4. L,. Allericll'

r:
r , , , :  V, , ;  > 8, ,2,-n,-

,  ; , = , '
F, , :  :  I  t lqt  pl  c<ts12n p. ld p.

7r  Jo
(32)

Hcre 2,,.1.r, l lrc randont numhcrs l lrrnr - I to * l. T'hcy in-
troclucc an clcnrcnt ol ' randomness into thc potential. Tihc
c:orrelations bctwccn all rr, arc provided by the lactors p,,, ,
clctcrrnincd in tcrnrs ol 'the lunction tp(p\. Thc lal.tcr f unction
is choscn using a spccial rnathcntatical algorithrn clctrrcncling
on lhe typc o{' transmission spcctrum rcc;uirccl for the onc-
dirncnsional systcm. An c.raruplc ol ' l lre irnplcrncntation o[,
such a prouram is shown in Fig. U. This was usccl kr choosc
a l 'unction 9(p") lor rvhich two transntission hands shoulcl
arise inside the working range. Thc solid l inc in the. f igurc
slrows the transrrrission cocll icient. clctcrrnined in a nurncri-
cal expcrinrent, of a wavc.guidc with a onc-clirncnsional se-
quence ol'N: l0a scattcrers chosen in accordancc with Eq.
(32) using the prescrihcd function q(p.). ' f l te clashcd linc
shows tlre result of a rcal nticrowave expcrintcnt with a sc-
qucnce of N: 100 scattcrers averoged ovcr l ive dilferent re-
a l izat ions.

; : i.. .:. .':
i ! : :  i ' . ' t : ,
, t '  ' :


