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1. Introc1udion

()IlL' (d'II1L' llllV ..l Importanl l1Iany-hody dlccts IS Ihe sO-l'allcd

"nel'llin~ nI' ..•hil'ldill~ dfccl whidl reduce~ lhe slrl'nglh 01

;t ~i\'l'1l illler,ll'lilln tlue lo lile prcscllL.C of J1Iohile cbargl'd

ctnil'L". \Ve ;lrl' illtl'I"l'stcd in .'iludying Ihe scrccnlng cfkL'ls

\JI Ille."l' L'aITIL'L" Whl'll l!ley are ver)' l1Iuhile: lhat is, \Vhl'll

Illey can hl' consi(lcrcd as qllasi-frec carricrs. It is imporlanl

1(1Illl'llIioll lhal 1111:10lal I1ll'diulll to he studicd is nClltríllly

l'har~l'(l. Ib;11i'i. lile lot;ll dlar~e tlellsily uf lhe quasi-I"n:e Clr-

liL'r ..•11;1"lo he halallL"L'd hy ;lll opposite cbargc dCllSily. In real

"'y ...IClll'" Ihc l'1L'clronic densily can hc halanccd hy an oppositc
l.h;lrpL' di ..•lrihlHion made Or;¡ lalticc 01' shicldcu nuclei (crys-

lal) (1]' frl'L' ion s (plasma). Clcarl)'. "i!lcC elcctrons (quasi-rrL'e

c;llTil'l"s) are llll' !i~lJler particles. their contrihuliolllO screell-

ing i ...gl'lierally llIore importan!.

Ouasi-lrl'c l.alTicrs can he gL'neralcd hoY ¡¡ y:uiety 01' pro-

ú••.•"e ..•. Ftlr inSlanCl'. 1I1L')'can he produced hy Illodulalloll-

dllping (Ir opllcal1y by' inlense illulllinalion of a nominally

lllldnpL'd ...) ..•k'lIi. The way Ihese carriers screen Ihc bare

COUllll11h POlclllial depcnds on Ihe dimensiollality 01' lhe sys-

Il'l11. \\'11l'n 11ll' dilllL'lIsiollalily uf lhe systcm is lo\Vcl"cd. IhL'

"'lTL'L'llil\~ L'J!'L'Ch lk'crea'iL'. Thal is, the int1ucllce of scrCCll-
in~ in .21) i ..•l'IJIlsiderahly wcakL'r lhan in :1D and IbiS Irl'lHl
L.(llllillllL ...• ir (lile passcs rrom 21) qualllulll \vells lo quasi-

(llll'-ditlleIlSIOllal quanllllll wircs. This nccurs bccause. ir \Ve

ílS.Sl1ll1l'Ih;H tllL' quasi-frcc-carriers are confincd in low dl-
11Icnsional "YSIL'IIlS (:!I) or 11) ....creening hCI\Vel'n any l\Vo
L"11;¡rpL''''OlTur ..• lIlainly inside the systelll-corrcsponding lo

1¡L'ld linL'S imide 111L'lllall'rial-wl1ereas lhc I¡cld ¡Incs Ihal

ahamlo1l1l1e SY"'!L'IIl.lre nol dirL'clly alfcCleu hy thosc chargcs.

C!L'ad)'. "'LTce11ing i ..•nol decrl'asL'd in Ihis wa)' in a bulk lI1a-

IL'rial (31)1 sinL"c ,,11 l¡eld lillL'S are screcncd hy the L'hargl'

carril'l's. It 11l1¡.!I\1he Jm lhis reasol1 (\Veak scrcl'ning in 1DJ
Illí1l111l' hL'!l;¡Vlor in rl'al SIl,ICL'(Ir ,crecncd Coulomb pOlelllial

in quanllllll wi["l'''' ha ..•Ilol heell invesligaled in dl'laiL Tl1L'1"e-

f(ne. lhe j1urpOSL'nI' 111i"papn is lo derive exprcsslollS rOl' lhe

"'111all\VtlvL'vl'l'lor dielL'ctric fllllclion allll ror lhc long range

SCH.'ClIl'd(.uulol11h p(lIL'nlial 101' !D. :!D and :H) s)'slellls. \Ve

rL'StJrtl() 111L'\VL'II kilI 1\\'11TIHHllas-1 :enlli approx i tIlal itln (TI;¡\)
whidl provilks ;¡ SilllJlIL' model rOl" scrcening and has heen

C\ll'llsi\'l'ly llSL'd ror.2D II-:q and JO [.11. An advantage (lf

tl1l' Th\ scrL'l'lling lIlodel is Il1al il gCllcrally allows lo illcllldl'

in ;¡ rL'l;¡llvely simple way lhe dl'j1el1dencc on Ihe Icmpcra-

lme amI tlll lhe L'lel'Il"Pll dcn'iily. unlike morc sophislicalcd

Illodeb sllch <1'"RP..\. Iln\H'\"l'r. il IS \Vell knO\\'11 Ihal TFA

ha..•;11Iilllport;lnl di"<l\anladge: il cannot rcprodlll'e FriL'del

n"l'illaliolls 01 dq!L'llL'rale Sy"IL'lllS al lo\\' Icmperalllres Ihal

arisL' !"l'OllIlhL' ahrupl changc in screcnlng al a wan: vcclor of

1,' = :!/.-} \\lll'rL' 1.-.1 i" lhe carric," \\'a\'c vcctor al lhe Fcrmi SlIr-

I<lCL'.TlJesl' (\\ci!1alillll" IllTllr 1Il :~D [.")1. :lO [G) and ID 171
sY";¡l'IlIS, dominale lhe long-range hehavior of Ihe sneclled
pOll'lIlial ;tlld Illl'Y lL'lld lo di"appear \\"hen Ihe L'arrier on:u-
palioll prnhahilllY hecolllcs ;¡ SIllOOlh fllllClioll 01' lhe wave

veclor 1... II1,H is. whL'n lhe temperalurc incrcases sllflicicnlly.

IlrL'villllS illlPtlr1,llll \\'(lrks tl1l 3D TholllaS~Fer1ll1 screcn-

illg 1l1íJtk'¡'"arv l!lose 01 ('alles ('! (/!. ISI amI Shivamoggi and

Mulser I~JI, In 11]l' I01"ll1l'r lrcall1lL'nl nf screening l~llhe wcll-
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k l]tlWIl resuJls (J( the Hartree-Fock free electnH1-thcory wherc
illcorporall'd in a simple way as a cmrcc!ion of the scrccning
p:lrall1cter 10 ohlain that screening is no! as slrong as e:sti-
Ill<Jled ill the original free elcclron approximation.ln lhe latle:r
trcalllle:llt I~J thermal, relativistic i1l1d ve:ry strong Illagnetic
jield elTecls \vere investigated. as well as Lhe motioll nI" the
lesl charge. Howcver in 1atlcr refercnce Ihcnnal cffccts wcre
l;lkcll inlo <JCCOUIlIon[y ror very slllall temperalures. hut ror-
11Inah:ly as \vc \vill disclIss latcr. thcre exis! a complemenlary
caJculation f lO] Ihat extcnds the results lo highcr IClllpcra-
lurcs.

TllL' way these carriers scrcen the hare Coulomh pOlelltial
tkpellds 011 lhe dilllellsionali!y or lhe system. \Vhell the di-
IIlcllsionalil)' 01' the systelll is [owered. lhe screening elTects
dccrcase. Tllat is. the inl1ucncc 01' scrccning in 2D is consider-
ahl)' wcaker Ihan in 3D alllllhis lrcnd cOlltinllCS ir one passes
l"nllll 2D qllanlulll wclls to quasi-onc-dimcnsional quanlulll
wlres. This occurs hccause. ir we aSSllllle thal lhc t]lIasi-
rrec-carricrs ;m: conlined in low dimensional systellls (2D O!"
I])L sLTecning hl'l\vl'en any 1\\'0 chargcs occurs mainly insidl'
IllL' "Y"ll'm-corrcsponding to licld lines insidc Ihc llIaterlal-
\\herc;¡~ the f1eld ¡¡nes thal abandon lhe sYS!elll are nol di-
rl,ctly :dlcClcd hy Ihose charges. Clearly. scrcening is nol dl'-
l'reaSl'd in lhis wa)' in a bulk malerial (:lD) since all ¡¡cId
lilles ;lrc "crecllcd by lhe chargc carricrs. It rnighl l1L'ror this
rcason-wcak. screcning in lD-lllat Ihe behavior in real sp,lce
{Ir screcned Coulomb potcnlial in qllanlllrn wircs has nol hecll
invl'sligatcd ill dctail. Thcrefore, Orle the purposes 01' tbis pa-
pel' is lo derive cxpressions rOl' the sllla[1 wavevcctor dieJcc-
lrie fUllclion and 1"0l"Ihe long fi1nge scrcened Coulomh po-
IClllia!. \\'l' rcsorL lo Ihe \vcl1 knO\v'n Thomas-Ferrni approx-
illlalioll (ITA) whieh provides ¡¡ simple 1l1Odcl rO!"SCI"Cl'll-
ill~ alld has hccn exlensively used rOl"2D II-:q and 3D HI.
i\1l advanlage 01" lhe TFA screening mollel is thal it gcncr-
ally allows In inclllde in a relativcly simplc way the dcpL'n-
dl'!leL' 011 lhe lelllperatllre and on lhe eleCll"On densily. lJlllike
!llorc sophi.slicatcd l1lodels such as RPA (Ranllolll Phasl' I\p-
proxilllatioll) 1111. HowcvL'r. i( is wcl! known tha! TFA has
an importan( disavanladge; il cannot reproduce Friedel os-
eillatiolls 01" dcgcncratcd systems at low lemperalures Ihat
arisc I"r(llll the i1hrupt change in screcning al a wavc vec-
1m or 1,' = 2/ ...r whcrc J"I is Ihe carrier wave veclor al the
Fcrllli surfacc. Thcse oscil1atiollS OCCllr in :31) !SI. 21) lGI
,Iml (1) li] s,YS(C1l1s.dOlllinatc Ihe long-rangc hehavi<ll" 01'
Ihc scrccncd potential amI they lend 10 disappcar \vhell lhc
c:lrril'r occupatioll prohahility hecollles a sllloolh fUllction 01
lhe W<lVCvcclor J•.• lhal is. whcll the telllperalllre increasl's
sllfJieicllIJ)'. In cOlltrast lo JIlelals. rOl"\',/hicll lhe intrinsic CIl-
l'rgy "cales are usually Illuch larger (han (hc tcmperaturc. in
I{IWdilllCnsi()[1<\1 semiconduclor slruc(urcs Ihe experimclllal
IL'lIlpCrature can be compared 10 the intrinsic cncrgics. FOl"
l'X;llllple. for a qllasi-one-dimcnsional se:l1licondllclor quall-
IUIll wirc lQ\V) lo he in the qllantulll limil. Ihe doping musl
he Ilccl'ssary 1m>,'ami hCllcc Illc Fcrmi cllergy is also smal!.
\\'herc hy ljllantUll1 ¡¡mil \\'e mcan that electrons arc cOJlJlncd
111 lhe 10wc.sl sllbband of ¡¡ Q\V. FOl" a scmiconductor Q\V,

some: 01' (Ileir Ill<lny-hody prope:rties havc hecn discusscd. rOl"
examplc. in the eXlcllsive \vO!"kof Hu <llld Das Sarilla [1:2,131
and the rcfercnces qllotell therein. These properties call1llall-
ifesl as I¡¡ttice Peierls dislortion. disorder-induced Anderson
localil.<llioll. hole sLTecning elTccls. plasma efTcc(s and iJ11-
purity scallcring. tlle lasl tW(l 01' thl'lll heing Ihe mo.st irnpor-
l.llll (lIlCS lor :ll'tual scmiCtlllduClor Q\Vs [1'2,1:1]. Rccluse
lile plasllloll disj1l'rsioll ill a <)\V g(lL'S to ICro :p; Ihe 1ll01l11'1l-
IUlll (1 gL'LSslllal!. dYl1,llnicaJ cllccls arc e:xpceted to be im-
portanl rol' smal[ 11. In rac!. Hu and Das Sarma havc argucd
Iha! for ID systcms Inw-cncrgy virtual plaslllon cxcilations
can he LTucial in dynalllical scrccning since they cause thc
h:rmi surLlcc lO disappear (in the sensc thal elemcntar)-' cx-
cil<lliolls arc ver)' dillercn( rmm those of the noninteracting
systcllls). hut w!len illlpurily scallcring is included. the f'enni
surl~lce rcappcars hccause thesc plasIllons are dampcd hy ill1-
purily scallering. which is consislellt with Raman scaltering
and phnlolull1incscellcc cxpcrimenls sincc these cxpcrimcnl..s
:11'1..'l'\plained sllccl~ssjüll.v on thc hasis of qandalll Fl'rllli-
[iquid t!leory ¡ 1'2. I:\]. Thcrdorc. in lllc [igll! or thesc rcsul\';.
it Sl'elllS tl1:11ollr st<llic scrcL'lling lheory-which docs nol in-
e1udc plasma cllcc\';- c<ln he safely applicd to Illost Sell1iCOll-
duclor Q\Vs. bUI itshould not he app1icd lo very clean QWs
(whcre hy ciL'all \Ve mcan lhal il [acks illlpurity scatlerin~).

In SpilC or al[ \Vor\..:done on TFA moLlels. it sccms Ihat it
lacks a unilkd approach valid ror al! dilllcnsions. so Ihc 1ll0-
tiv<llion ofthis work is lo develop the main TFA conccpts in ¡¡

gencral \Vay. The papel' i.s strllcturcd as follows: in Sec\. :2 we
tlcrivc. ror :lll (Iin.lensions. general expressions fOl"tlle Fouricr
trallslúrms 011111.-'screcncd potcntial.s amI corresponding di-
L'lel'tric fllllCliolls. In Sccl. J \vc dcvelop Ihe TFA appmach
rOl"l!lesl' t]uantilil's. in Sl'CI. ....J. \vc prescnt analytici.l1 exprcs-
siOl~s lúr lhe 1L'lllpcr:ltul"l' depcndcllce nr lhe TFA screcning
paralllclcrs. alld in SCCI. .5 \Vl' presenl lhe aSYlllptotic hehav-
im 01' lhc polcnlials ill lerms nI' Ihe Tr:A screening paralllclcr.

2. Diclcl'lric l'ullctioll

\Ve will C(Hlsidl'r (mly the preSCI1CL'01"a periodic hackground
pOlenlial lhrough <In c/leclive mass m*. Ir we have a posi-
li\'l~ly chargl'd particll' placcd al a givell POSilioll in a clectron
ga" allll rigidly hcld Iherc. it \vilJ attract elcclrons. creating a
smpl u" of Ilegat ive charge i11ilS lleighhorl1ood, which reduccs
nr "t,.'I"l'eIlSil'; I¡cld. Lel ti" inlroducc (wo c1cctrostatic jlOICI1-
lial.s. The jirsL. (,"Xl. ari.sl's unly rrolll Ihc positively chargcd
panicks so lhal il salisfil.'s lhe Poisson equalioll givcn hy

( 1 \

\vherl.' ¡(XI i" Ihe t]lIasi-frcc partick chargc density antl h' is
thc constant uf lhc Illeditlm or mcdia thal conlains rhe system.
FOl" ID alld ~D sy"lems. Ihis macroscopic cOllstant accollllts
r(lr the dic!cclric rUllCliílt1 ortllc media lhat surnHlnds Ihe COl"-
rcspondíng Imv dimcnsional sySICIll wllilc rOl"a :_~Dsyslcm
this cUlIstanl can rcprescnl lile contribulioll lo lile dielectric

U('l'. Afe.\". ri.\. -1..• (5) (1{)ljX) 522-52S
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l"tllISI;lnl 01 Ih~ boundcd chargcs. With ti dclincd in this wa)-
\\l' \\ill he :thle lo ;'pply our gCllcrali!cd TFA approach to al!
dillll'll"i(1I1". TI1\.' sCI.:olld. (J. is the full physical pOlcntial pro-
dll(úl h~holh lile po"iliw char~cd particle and the clout! 01
\(ITCl1illg l'kctnlns, it s;lIislics

\\hl'rl' (1 i" Il1l' htlllknsity.

l'¡¡ch in!JolllOgclll'ollS Hel1lholt.r equation ll,lj, \Ve t¡nd re-
speclivcly

;mll (,11UI is rhc char~c dcnsily induccd in Ihe elcclron gas hy
Ilw preSl'llCI' nf Illc c.\lcrnal particle.

111a "(alic Illode!' sil1ce Ih~ l'xlernal charge has ell'clro-
,,1;llir ildlul'lll'l' ove!" a Ilnile vicinity which slIrrounds il, Ó

ha\ III llave;1 nOllloL'al reialion \vith 4/,xt givell hy

,." (') /' ,~'. ,(117, _}7~1) (~')l' /"/ = 1 1" , -----q ,.J •

. "
(41

whL'rl' /\'II[I/;.-';(I".I"'.O}j is lhe IlHHli!ied Bessl'1 fUl1ction 01
SeL'(llHIelass ;Iml ,-.;(/'.1"1. O) = J,.:.! + (I"I):.! - 2,./"1 ros (J. TIle
sn!tllion nf Eq, (1») i" jusI ;llgl'hraic.

Finally, SilllT lhe ID alld :2D pOIl'lltials can he ca!cll-
lall'd as f/JII,(I/:) = litll".II-tIJI/J(r,fJ,11J, <¡'):.:u(f/.r.f/!I) =
Iilll.;--+.;' (/J(fJ¡-, (f'l' :). rcspcclivcly, whl'rc ti is Ihe radius of
tlle cylindrical scctioll nf lhe \Vire (01" yiclds the urder 01
Illagnillldl' of tlu.' eros" sl'ctioll 01"Ihe wire ror (llher llolH.:ir-
cular scctilHlS) and \vc !Javl' thal [tG] {"O(I/.;."("./.I,O)) ~
-1" ('10,,/2) - 1"["(I'.r'.II)/,,] - - '" - 1J¡('I,,,n) '"
- 111(,/;(/) for Vl'ry "mall valul's (11"(/:11. Ihus \\"l' arrivc at

\\hne ./ indicale ....lhe dimcllsiollalily of the hOlllogcneolls
"''''11.'11I.The nnrcsp()[lding F(llIricr Iransfonns satist1es

.}

(I'l'(//;) = --=-111 ((/;0)'111),
};

( 121

:2;; f!-:.n

,; \li1. + t¡~.
( 1.11

\Ve can relalL' I lo \ hy I¡¡)..:ing Ihe Fouricr lransfol"lns of tlll'
l'oi""OIl 1:1.]".(1) and (2). Sincc lhcsc transfonns dcpend 011
lile dilllcll"ioll<llity 01' 11ll' sySICIll involvco, \Ve perform rOl
1111..': tlriL'lllL'l1 1D, ."-fI oriellted:2D anu lhe 3D systcll1s Ihe .::-
FOllricr. .,.-I/.Fouricr ¡¡nd :~() Fouricr Irallsform, respectively.
lo ~¡cid

( 151

(17)

( I~)
, ..\1

1.'~1>

ll'I,) .
1+:2111(/1-(/)--

lo

\ (/1; + '1;1 ~"
1 - ------,===

" /'/:.! + 11'
\" !I

I.'J~I' =

.I;r jJ:;~t
1(/;;,1(1/,,1111'(/';) = ------ (16)

1; 1/:2 + (1:2 + (1: ..1 !I _

wherc (JII, ~ r 1l/"ldr'dH' and ('"2T> = r fu/:1 are rcspeclivcly.
Ihl' ) D and :!J) chtlr~c dcnsily. By pcrfonning Ihe same lJ.cal-
llll'llt fOI"(y'xl on each dilllcllsion \Ve ohlain

.)

('/I.I',I (1/:) = --=-111 (//;It) 1";;,1. (14)
lo

Togclhn willJ Eq. (3) for tD. ~D amI :30 densilics ami
Eq. (h) Ihl:se gi,.c

I'})

(~I

(h)

,1' ) '",/::.! O(IJ¡-,II.'I.':} =---;:f){t/.I'.lh,':).

"hl'rc 1 1]'(1/./) i" 11l1'ahsolule vatue 01" Ihe ./~oilllel1siollal
\\'a\T \'L'l'lor l!l'pL'ndellt dielcctric cOl1stant of Ihe .J -Jimcll-
....¡llllal Sy"IL'Ill.

TlJe 11lO,,1n;llural qll:Jnlity to he calculated is 1101the di-
L'kL.lr¡c (OnSla111 hui the charge dCllsily (¡iml ¡nouceo in Ihl'
clL'l..ll'lIn gdS hy llll' lolal pOlenlial Ó, Whcn pilld ami (/J arl'
IlllL'arly rclalL'd Un!" sunicienlly \Vca)..:qJ). tllen thcir FOllricr
lr;lllshnfll salislies

,.
wl1nl' l' ami n han: hyhrid argullll'IlIS (in real amI Fouril'r
"P,ICl'Sl. \Vl' solvl' Eqs. (7) and (X) I"or 1)(;". y, I/J and
0(1/,., (('/,:) hy llsing Ihe correspollding Green fllJ1ction (JI"

\ (/'; + '1; + '1') .l;r
1-------

(1; + (lf, + IJ~

( 191

Ni'l'. MI'.\'. h\'¡'¡ (51 (II)(}X) 522-:;2:-;
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By comparing Ihis wilh Eq. (5) leaJs to lhe rclation

/ll'{(/) d(/ )
= I + ~lB ('lo") --'-o (20)

1; h

where DI/ojnll is indcpcl1denl 01" (l. SuhstiWlion inlo Eq, (20)
gi\"es Ihe Tholllas-Fl'l"mi diclcclrir response funclion for all
./D dilllcllsiuns (./ = l.:.!, :n,

3. TFA nwdel

Exccpl for Ihe <Issumption Ihal Ihe e\ll'rnally applied
charge is we~lI\ enough lo produce only a linear response in
Ihe ek'clron ~<lS, lile roregoing analysis has been cxacl. The
l'ollowing step is 10 calcuk'tlC \ hy lIsing lhe Tholllas-Fermi
11h.'lhod which has lhe advantage Ihal il is applicahk even
\\'hcll a lincar n.'lation hetwccn pilld and () does nol hold but
has Ihe lilllilalion Ihat is reliable only ror very slowly varying
eXh.'mallHlIcntial,

(29 )

(2X)

(,1(J)

I/,~D

1/1: + (/~
t~l'((/.",I/'I) =,; +

( '''')"'"( ) 'I~(' (/.".(1'1'(/: =1; +., .) _).
/1.7 + (/~+ (/~

where we h:l\'c inlrolilll'ed tlle Tholllas-Pel"mi paralllL'tcrs

(1.~]> = :.!(!.iJl/ii'/iJ¡1. I/~l'= :.!ir(':!.ül1~I>/DII and ((J~IJ)!. =
-l';i{!.¡)/Iit/iI¡L DUl'ltl lile raet (hal /Ii~= [1/ LJ"' dilllel1siolls.
I/,~I is dillll'n"íolllcss alld /1.;1>, (1.:lJ !lave hOlh dimcllsions 01
in\'erse of Icnglll; 1/1 ..

Now, lel lb supposc lhal the eXlernal polcnlial tj; ••xt is Ihat
nI' a point chargc, tllat is. (/) = ('Ir, thus its Fourier Irans-
funn potL'tllial rOl" tlll' 1 D. 2D ;llld ;~() cases respeclively, are
givell hy

m)

(22)
d (d+ (l.~ + (d) ,111"

h' (1.7 + (/~+ (d .

,;

"

(23 )

(.\2 )

n.1)

(34)

--111"f'

"'((I:!. +(I:! +(1:)'.r IJ ~

,..

-2,' Ilt(I/.;/I)
1-(1.~I'III((l.:(I).

(,I~:~,I(I/, . 1/, )

(J~;~,l((J¡-. ,/". 'j; )

The IOlal pOlen(ial in Ihe semiconductor will lhen he in
each case

~ {¡ll"l
f"(I ..) = -- - f'c).

2,11

Ihus Ihe cncrgy is ltluditied from its free elcclron vallle hy
Ihe lolal local pOlcnlial. This only has sense in terllls 01
wan'packcls si!lce we ll1usl rcquirc Ihal 9U:') varies slowl)'
tlll l!le scale of a Fcrmi wavclength.

Tu e¡¡leulate the chargc dCl1sity produced by these ekc-
(rons \ve suhstilule Eq. (23) ¡l1to Ihe eleclronie IIl1l11herdcn-
,jIY. 10 Iind

Le! liS l'ollsidl.'r 1) as il sin\\' v~uying funClion ur,-:- in Ihe sense
!hallhc C1H.'I"gyur a chargc carricr which is lInder ils inllllcllce
is gi\'l'n hy

, - ~;' .' I" [/' + "¡'(I' )1 = -- rI ¡. ."
(n)} . ('t1(";,~:-",/,-,,) + (24)

(.¡~I,((l,',(/'1) = (//'xt((¡,..I/y)

I ~l' ((I,'. (/'1)

whirll is Illl' h;lsie equatioll of the llonlinear Tholllas-Fel"llli
lhl't1ry, ( llcillg Ihc L'kclr<ln charge.lrwe cxpalld I:q, (25) \Vc
ohl;lin lo k';lding ordel"

(5)
2íTf'

r:,"X!(f}r,fjy.(J:;)

f:m (q.1" , (/.'1. '1:)

"1 ir ('
(d+(/~ + (d + ({/~llr.!.

4. Tempera!"re dependen •.e 01' ' ••••eening

TFA can he l'ollsidcl"ed il uscflll and simple moJel 01" SlTL'en~
ing ",hen lhe syslelll d(les !lol exhihit Friedel oscillatiolls,
since these llseillaliollS (,;)l1l1ot he reproduced hy TFA. As
mL'ntioncd in Serl. l. il i" I\nO\\-'n [.llhat in low-tcmperaturc
ID sys!ems lhese oscillaliol1s also dominale. as in :30 aIH12D
"yslems. the Itlllg-range behavior of Ihe screened Coulomb

(27)

(25)

.) ,0110= -e-qJ--.
°1'

('olllparing lIJe Fouricr Iransforlll 01' Eq. (26) wilIJ Eq, (6)
\\'l' lind Ih¡¡1

\\Ill're./ indil'ates Ihe dimcl1sionality orlhe syslelll, the factor
.2 <llTOUnls for the possihle spin slales. ti = l/("HT) amI"
"illl ilar e.\ pre,sioll ror Ihe charge densily 01' Ihe posit i\'e hack-
ground l/o hUI with ¡) = O. Thus the induced charge dellsily
is gi\"L'1l hy
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',211 "2/11(,2 (1 ~'.~',j;rnllll)//. = -- -/ ., / n/l:!.

\\hidl !Cads to i/I = lu (1"~lhlll'"- 1). henl.'c Ihe e\ael

l'xjlressioll rOl' 11.:1) i" gi\'l'll hy

(.1X I
I\'.! l'

+ ".: /'
rI 11/
1'--,¡"

In tl1(.' 011l~-di111l'lIsiollal l':'Sl' 'J~¡) can hl' l'akulaled hy
lIsing a similar procedllrc 1171 10 tha! uSl'd hy t\guilera.
Navarro [lOl rOl"Ir~I'.in \\hich;1 series C.\P;IIlSiull nf 1111>(/')

is perlúrllled a" \\'CII;h its ...•nil .....in"l'r"ioll.llleads to a partial
...•lI111lllalion 111111l'¡"(ll'lllgivl'll by Eq. (.,7) \\"here : is lhe S;ilne

as heforc bUI 1; = (/I/:!.)\/iill¡'2r2111~. Al = -{L/O¡-l.
.-i:! = 0.1 ¡-2G tlnd ..\;¡ = -(l.i,-):2G. Abo a Pad~ appro.\illlanl
01' tlle quality 1;"(,;1/I)/dll a!lo",s LIS10 improvc Ihe convcr-
genec 01' this partial sllllllllalioll, IIJal is [17]

( )
't' [ " (I'r)"]:. "2 :0' 2 .1 :!.III' -r;-; ¡¡- , - ,2

,\ = 1'1 ) = - -, vii 1- - -- "
I :~ ,,' :~7f ¡/- 24 1/

JOYel' :llld :\guiler¡¡-Navarro 1 lO. 1;'1 eornp!emcnted lile cal-
nll;llitln 01' [(el'. l) hy c\lending: Iheir resll!ts lo higher telll-
11l'l"allll"l'SlI"ing a series repreSelllalioll 01" I/3fJ(/L) givell hy
I:q. (2"¡ I :lIld re\'crsing it !ly lIsing lhe rules of series re\"Cr-
...•ioll I ((;1 which. IIp to third onler in 11. !ed In (he e.\pression

ptl!L'nlial. Since Frie<.kl oscillations tend to L1isappear whell
11ll'CllTiel" occupalioll prohabilily-Ihc Fcrmi distrihlllioll- he-
~<tlI11l'S:tSlIlo()(h fUIlClion 01"Ihe \I,./a\'('vector, then a neccss¡¡ry
~.tllldilioll for Ihe TFA lo he ahle to yield a hcltcr dcseriplioll
or llll' syslcrn-including sCI'ccning clTeets-is to inCl'ease IIH'
ll'111Pl'LIIUH..'. Therefore, ill order lo prescllt a complete 01ll'
p;lr;lI11ell'r-TFA Ihcory it is important lo he ahlc lo lind the
dl'pl'lHklll'C or (/:1) on Ihe ll'lllperaturc. 1'0 do this. il is IlCl"CS-
';II~ ltll'alclIlatc ¡)I/I~[lID//.

FOI thl' ::1) case Ihe ealclIl¡¡lion nI"(I.~I),'alid at ver)' "m¡¡1I
Il'llll)CI";lllll"e"W¡¡" ca1culaled hy Shi\'amog:g:i {O] 10 ohtain

\\'hl'rC l' = (,III) (7rdlt'2/'2I11*):1/2,,.: = ('tl/t, Al = ().:~;):L
. \'2 = I.~J x ]()-:I and A:l = l. 48 X lO-l. Agllilera-
N;I\';HTtl [1U] impro\'ed the convcrgencc of l!lis partial
'''¡llJllllali{)1I hy lIsing Ihe Padt5 appw.\imant 1/11;1,/111/1 =
[/-1.\1] (1'1. 1, + ,\1 :SI. \lhere [L/.\I] denotes the ratio 01
1\\0 11Ill~lIombl uf urder 1. and.\f. I"especli\'cly. Thc approx-
illlillinll \\ilh L = ~ ami .\f = I gives lhe J1lost ;¡ccurale
rl'stilLs. ¡\ linal integratioJl yields

,1/1 :=:.:::: 111/1 + L /in/lll•
n=J

1.17 )

\\'hLTC ¡he codlieicllh /\-11 I 1.01. /,'1 = - t."di I and
I\':~ = -().;)S{):!.. fkrl~ \\'L' havl' imposed lile eondilion
iJ,/ --t IBI' as l-' I'.;nds lo /cro \\'hich is required physieally al
1m\' densilics (c1assieal lilllil) :l11d, to havl';ln appro.\imatioll
!"(lr /I[I1(O/I)/(dl/)] valid ror cvcry valllc 01' 1/, cvcn for very
10'\' lemperallll"eS 01"higlJ dellsitics, we added 10 our l'adt5 rep-
reselll:ttion the asymplotie limil of .1/1'-" :2iil,2 1181 valid rOl'
l;¡rgc yallles or /1,

II is irllcresling 10 rl'l1larl\ Iha!. in eOlllrast lo Ihe approx;-
m,lIion pcrforrned hy j\~plilcr:t-Na\'arro 1101 rOl' the :~J)C<1"C.
Ihe ;ls)'lllpIOlie hl'ha\'lor (Ir 1/ is gi\"l'1l by :tn integer power (Ir
"in the ID casc allo\\'s liS to m;¡lch;¡n ItllhJIIl' expressionlor
1/ (In ils wh(llc dOlllain. Thus, hy inlcgrating Eq. (.'Xl \Ve lind
lllal 1/ is given hy

whl're e is a lllllllLTieal COIlSI;1I11which can he foulld hy inh>
grating IllJlllerie:lIly 1/(/')' Sillcc /I.~[l == '2r':!¿)lIo/iJ/l. we have

\\ ith /,' J == .I..-:)VG. /"2 = ().tJ.1f¡() and /":1 == 0.1:3:3. This l'.\-
I'n.'ssion i...•e.\aCI in the c1assk limit and provides an c.\eL'lIelll
:lppnnimatioll rOl' lhe rang:c -" < /Id < 30. From lhe laltcl
l'qualioll f.,/~l»"2 == (.I,,(,2)(ullttliJ/t) is givell hy

___ + __ 1_1'_,01_,1__
1
_) (,_T)',I,',~);j¡'

1;r1,2jll .i7rI':!(/""2I'+

/1 = [
"rl,~

'.2 V ~J

[
IIII~. ,11 + 11', - -- + C.
~ :2111 ~

(.1') )

Fm a ~() sySIClIl Eq. (2..J.) yields

1/'" = ;-)1 (~:I/) ;" d,r _
_" /1- 1 . Il t'~'f.~¡j¡,+ 1 .

alld lIsing f == c~.as an inlcgralion variahle this c.\pressioll
hl'l'\lJlle.S

/J~LJ

{¡~

~\/~
1111 r;¡¡'

1 + 1"'-\1--:! '.2/11'

PO)
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~. Srreened pnllmtial in ,.eal spare

Tlll' Fouricr lransfofms of las! SL'etioll can be invcrtcd lo t!i\'l:'

\\IH.'re \\T llave C\pl"l'ssed Ihe sL'cond anJ thinl integral in
llTlllS 01 eylindrical and spherical coordinares and \Ve n:call
lhal /1 ¡ is Illagniludc of '1 in .1 dilllclIsions. Herc we have lI'\cd
lhl' idl'lllilY I P)]

wherc ./1)(//'1 J.,.:!' + .111) denotes lhe Bcssd flllh.:tioll nf lirsl
kind and Il'r<llh ordcr. \\'l' "hOllld J11Cntiolllhat El}. (--t 1) dOL'<;
1101L'{lIl\'er~e fonnally lor a rL'al \'aluc 01':. hui \Ve shallllL'r-
1'01"11I;1Il analyliGilcxtrapo!alioll hy extcllding .: lo Ihe COIII-
plL'\ dOlllain :Ind kcepin~ jusI Ihe real part 01' Ihe n:sulting
l'xpn'ssi(ln. For slllall \illuL'S of 11.~,I'.\Ve can expand Eq. (~I)
in gC(llllctl'il'al series and idclllífy c;lch of its terms 1101 k';ld-
ill~ lo

( -1-111 ¡.'"1 ( J "+ .,) ILJ ilf"("OSOVJ,2+y:.!
. 1) I/:!, ,1'- .'1- = 0= ( !f (' - - ,

_/1 . (J

(-11 )

/-1.1)

( -12)

, ¡'f:llOS(II,¡:¡lj.l:.!+y'1+;::.!'J1
X Id + (Ir:r'r~

, ¡,X dlj,_ .In (1/J.r:? + .11'2)~.'I:I.!
,; . ft /J~ + '/1

¡.,
ill,. fl

('-I>(.r . .'/. :) =

,. "'l.:" x "," ,[iJ"" (1'(1'))]1(j,,,(:) = -- + -- ~ ('1,) " -.¡--., -- .
,.,.:; ,.,. Tó "=()' 1 I,nt - /1" "=1./,_ 1:

(-I:i )

\\'hnl' l' dellote~ Ihe Gamma fllnclionll<l] ano l? indicale.\ Ihe rL',tI pan (JI' lh •..L]uantily hl'(\\'ú'll brad,els. By using Eq. 1~.351)
( 1-)) Il)f Rel". 120 I iI is easy' lo shO\\/ that EL]. (-l5) can he \vriltell cx plicítl y up lo urder 4 i11I/.•. ;IS

',111,(:) =

( "').1( 11.-
f,' :

{2C.l + ¡-~'e -(i(,((2.1) +.1((:1.1) -111: [(i('+ ('¡-~'+G((2.1)]

I-IIJ I

Hl'rL' (' ~ tl.;j77 is lhe Euler's const¡llll tlnd ((j. 1,') =
'>~J'1) 1/(/ + /..)) is Ihe Riel1lann's ( lúnclioll, Note lhat Eq.
(4fl) doc' nol depcnd 011 11. Ihe radill' .. 01" Ihl' \\'irc. \\hich
11l1';1lI'lhal Ihese rcsults are thl' sallle for <lny small //: Eq.
(4)1 ¡llustrales lhe limit hchavior of o. which reduces to 1I11'
CllUIOll1h pOlelllial when (f •., ---1O. as it should he expccled.

()n lhe othl'r hand. Eq. (42) can he rewritlen as

'.)~I' ::::::-~===
1, \!.,.'!. + y'!.

"~I' =.-~===
J'-/.r'!.+y'!.

¡,21';::::;: _

I'-(II.~I»)'!.(.r'!. -+- .11"1.) J . (-1 'J )

Fillillly. illte~ration mer ¡lleta in Eq. (4.1) can be readily dtlllL'
lo gi\ l'

\\ 1Jl'rl' );) (11.~ro\/.r'!. + y'!.) and I/() (I/~I> /.,.'1 + y:1.) are LhL'

Ik""L'I lllllclion uf sL'cond kind alllllhe Slruve fUllctioll of ar-
).!lllllelll I/~I>/,,,:1. + y:1. of on!er ¡ero, respectivel)'. B.y lIsing
llll'ir Taylor series ami aSYlIlplolic expallsioll [191. IIp lo IhL'
¡¡rsl 1l011Villlishing orders in 1/11. •..alld 1/,•." \Ve lind Ihal

.)

¡'!.H,(.I.y.:) =---======
.,'; \I.,.'!. + y'!. + ::1

( :iO)

Hel'. Ml'x. Fú. ~~ (5) (191):-;) 522-51X
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This inle~ral can he performed hy interpreling it as the in-
\i..TSL'sinc lransi"onn 01' (¡j[(/ + ((l.~ll)F, which is just lile
illlauinarv par! of lhc Fourier lransform or the Sine IrallSforln

~ JI'
\lf (1/' '1 11'1)/". This mcans that q:m is given by

IJ.<I' (.1' . .11.:) =
(' l'Xp ( - (I.~I) ).1''2 + ./P + ,::2 )

f,. ):(':2 + .112 + .:::2
(51 )

sionalily decn..',I.,-;es. Thal is to say. hy lov.'cring Ihe dimcn-
sionalil.\' Ihe screenill~ elTeet gel s dilllinished. This rcsult is
rcinforccd hy nOling thal tlle correcting lenns lo lhc Coulomh
j1(ltclllial in El]. (~6) C<llltain tcrrns proportional to 1/.::: so Ihat
Ihis pOlcnlial sliJl has a long rangl'. In contrasl, lhe 2D ami
:lD scrl'elled potcntials llave as lirst correcling Icrms those
PHlporliollal lo largcr invcr.se pO\vers (Jf Iheir respective vari-
ahles. 1ha1is. 1/(.,.' + .'1') and 1/(.,.' +.'1' + :').

Li..'l liS compare lhc asymplotic hchaviors for large (J.,. of lhe
:\1) I"II.:.!D JJI and ID screcncd Coulomh syslellls wllich arc
1)l'Oportional to /,-I¡~"I., l/((l.~n)'2 and l/((I.~ll), respeclively.
I:mm thcsL' exprcssiollS il can he secn lhal the pOlentiais dc-
ncasc Illore slowly as a funclion 01" (1.:1

) \vhen the dimell-
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