
INVESTIGACIÓN REVISTA MEXICANA DE FíSICA 46 (1) 57-61 FEBRERO 2000

Single-particle momentum distributions in sodium c1usters: dependence on
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The main propcrtics oC dcformcd sodium dustcrs in momcntulll space llave hecn nnalyzed in the framework of the selfconsistent Kohn-
Shalll formnlism llsing a spheroidal jellium conliguration. Deforrnation cfrects in r spaee have been eompared with those in k space for hoth
global and single.particlc distributions. In momcntul1l space. deformation has more cfrect in single.particle t.1istrihutiolls and its behavior is a
signa!llre ol' the admixture oC variolls l-wavcs in eath deformed orbital.

A'eYII'ord\'." AtOlllil' clusters; clectronie structure

i\fcdiafllc el formalismo de Kohn.Sham autocol1sistcnte y Llsando una nml1gurnci6n de jellium esferoidal se han analizado las princip31cs
rropiedades de los agregados tle sodio deformados en el espacio de lTlOlllelHOs.Los efectos lIe la deformación en el espacio,. se han
comparado con los wrrespondientcs en el espacio k. tanto para la distribución global como para la de partícula simple. En el espacio de
momentos. la deformación tiene un efecto mayor en las distribuciones de partícula simple y su comportamiento es una indicación de la
lile/da de varias ondas 1 en cadn orbital deformado.

f)l'.w.,.it,/orcs: Agregados atómicos: estructura electrónica

PACS: 71.2-t.+q; 61 .46.+w: 36.40.-c: 31.15.Ew

1. InlroductiOll

The-re are clear experimcnlal evidences that melal cluslers
with partially lillcd clcclronic shells hreak spherical sYIll-
mClry anJ hecome deformcd [1, 2j. Dcformalion effecls can
he seen in lhe hehavior of elcctron affinities. ionization po-
Icnlials ami in Ihe douhle slructure ol' the resonance peak
(JI' Ihe photoahsortion spcclra [3-5). The cnergy density
fllncliona! fornwlism has given rcasonahle prediclions of
many experimclllal properties for deformed sodium clus-
ters inl' space IG-~J.Predictions in k space have rcccivcd
less aUcntion, cven though clcclronic momentulll Jislrihll-
lions have heen fecenlly measured in other syslems 1101. like
fullerenes (11 J and noole gases 1121. and providc valuahle in.
formalion for lhe correlation energy of lhe eleclron gns {131.

Rccenlly, Ihe glohal propertics in momentulll space
for spherical and deformed Na clusters htlve heen ana-
Iyzed [11-16J and, in panicular, the effect 01' Ihe ionic
htlckgrounu deforlll~lion in lhe overall rnornenlurn dislri-
hUlinn 116J has oeen sluJied. Gur previous work [15, IGJ
was htlsed on the selfconsislcnt Kohn-Sham formtllislll wilh
a spheroidnl jelliuJ11 contiguralion. a rcalislic manageahlc
lllClhod lo treat Ihese complex systcms.

In principie. the Illornenlum distributions nI' lhe valence
cleclrons in caeh individual shell could be rnarpcd out hyeo.
incidclH:e eleclron knock.out experirncnts. in a \vay similar

!() what is uone in olher microscopic syslems [17J. JI is thcre-
rore inleresting to know hmv Ihese individual momenlum dis-
trihulions lIlay look like dcpcnding on lhe glohal shape 01'the
clusler. Wilh l!lis vicw in mind we examine here lhe momen.
111mdistrihulions uf Ihe outennosl shells in various sodiulll
c1uslers following lhe sallle approximalion as in our previous
\vnrk.

2, FnrmalisllI

\Ve assume that Ihe main properties 01' the groulld slale 01'
sodiul11 c1uslers can he underslood fmm {he selkonsistetll
Solulion of lhe Kohn-Sharn cquations ohtaincd fmm an en.
ergy densily funclional (Hnrlree alomic unils have heen used
lhroughollllhe texl),

[
1 ., J 11(':;) -

- ;- \7- + --=--=- d,' + Vu(IIWll
2 Ir - "1

+ Vje(i"l]'Pj(f) = Ej'PjWl, (1)

In our reslllts lhe exchange correltltiun pOlential
Vrr(nU;')) is taken in Ihe local density approxil11alion. anu
for simplicity we have l/sed Ihe Wigner appro.leh for lhe COf-
relalion parto The ¡onie hackground u}l' U:") is rnodelled tlS in
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The angular 1ll0lllcntum 1 in (2) is restriclcd lo cvcn or odd
valucs according to Ihc parity 01' the state.

The I componcnt in k spacc for a single-particle orhital
(j) is Ihcn givcll hy

I'P)('I, O)(,i",o) =¿C"¡J/I",(r)lí,,,(B, <p)). (2)

,,'

Refs. 8 nnd 16 using an axially-symmctric jclliulll wilh con-
stanl \'olul11c. \Vc have sol ved lhe Kohn-Sham cquations in
cylindrical coordinatcs. Thc ground sta te dcnsity n U:") 01' Na
c1ustcrs is dClcnnincd by rcquiring tha! Ihe ionic background
dcformalion minimizes ¡he total cncrgy 01' lhe syslcm. As
shnwlI in Re!". 16, an equivalenl way is lo scarch for lhe con-
liguralioll lha! givcs a null valuc of lhe quadrupolc Illolllcnl
in ¡,. spacc.

Thc solution of lhe Kohn-Sharn cquations providcs 1IS Ihe
sin~le-rarticle wavc funetion for caeh j-orhital {'Pi (p, z) J.
ami Ihe corrcspont.ling cigcncllcrgics. Hcncc, lhe singlc-
particle wavc funclion in Illolllcnlum spacc. VJj (kp, kz). is lhe
Fouricr lransforlll of!.pj (p. z).

The I angular Illomcntum componcnt for a singlc-particle
orhil<ll is ohlaincd hy expanding epj ((), z) into cigcnfunctions
or a spherical harlllonic-oscillator (1-10) potcntial

whcrc 1I1d(r) are Ihc HO radial wave funclions and Cnl thc
corrcsponding overlap coeflkients,

where 'liu/(h) is the Fourier transform 01' Ihe corresponding
wave funclion in r space, Ilnl(r), ano Ihe single-particle mo-
I11Cntulll oistribulion 01' the single-particle orhital is

PI(¡URE l. Singk-particlc dcnsíty oflhc orhital 0+ (ID) for Na'20,
Na.!:.!.• Hli.1Na:.!1 in a),. and b) k spacc.

3. RC~lIlt~

These I-wave slrengths allaw us lO analyze Ihe rclalion hc-
tw(,.'cn global oefonnation and the aomixture 01' different l-
\••..aves ror each orbilal. Normalizalion of Ihe single-particle
orbital •• implies that L/ n:i) = 1.

Na:.!.¡. as \Vcll as Ihe rcsults 01' Na.1O (sphcrical) with thosc 01'
N.l12• in ,. ami in J,' spaces. Thc singlc-particlc orbilals of the
sphcroidal deforlllcd mean lield (Nau. Na:.?". and Nau) are
char<ll:terized hy ¡he :-componenl 01"the angular IllOI11Cntum,
m, and hy the parity. 7í. Different states with lhe sarne 111,11"

values are distinguishcd hy thcir dominanl spherical compo-
nenl (nI).

We have analyzcd Ihe eleclronic dislrihution in r and
k spaces rOl" cach single-partirle orbilal. Each spcciflc
dcformc:d orhilal has its pcculiarilies. hUI ror a given
level m1f(lIl) we ohserve the same qualitative hehavior in
Na:.?o_:.?:.?_:n as in NalO_4:!. As an example we show in
Figs. l ti ami Ih the spherically averaged results for lhe orhital
0+ (1 D) of Na~o_:!l_:.?,1 in ,. and k spnces. The I11nin reatures
conccrning lhe ditTerellces hetween sphcrical and deformed
clu"iters can be tlllderSlooLi fmm Ihe nH1lenl 01"each 1 com-
ponenl (6) in the orbital. As it is showll in Tahle 1, increasing
dcformalioll generales a depletioll 01' Ihe I dominanl compo-
nenl and an enlargellleJ11 01' lhe cOlllponcnls with l' "# l. In
particular Ihe hump al the origin in Fi!!s. Ia ami Ih comes
rrolll Ihe L'onlrihulion 01"Ihe S-\vaves. \I•.'hose importance in-
creases with dcformation. The shift of the peak maximum

(5)

(6)U) " 12ni = L1Cnl .
"

"U)(k) = ¿nij)(k),
I

The s(rength 01' the l-wavc component in a given Kohn-Sham
orhiwl is

Wc will (,..olH:cnlrale on lhose clusters nllllaining 22, 24. anu
42 atoms. whkh are clearly defonned [G--8, 15, l GI, and COlll-
pare with IhL' predictions ohlained for magic spherical chls-
tcrs Na~!Oand N.tlO, wilh 1I11edelcclronic shells.

\Vilh lhe aim to analyze the etTect 01' dcformalionon
lhl: singlc-panicle distrihulion. we have cOl11parcd the single-
particle resulls 01' Na:w (sphcrical) wilh Ihose 01' Na:."!:!and

Rel'. M('x. Fú. '¡6 ( 1) (.:!O(X»)57-61
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TAHLE I.l-w<lvC contrihutiof1 lo the single.particle momcnllllll tlis-
trihution ofthc orbital ()+(lD) for Na:w. Nan, and Nn:H.

TAIIL[ 11. I-wavc contribution (o ¡he singlc-particlc momcntul11
distrihution oflhc orhital O+(2S) for Na40 ami Na4:l.
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r/GURE 2.1 = 2 componen! ofthe orhital 0+ (1 D) for Na:w. Nan.
and Na:.!'l in ti) r and b) k spacc .

shown in these figures (lO lhe r¡ght in l' spacc and lo Ihe len
in " spacc) is duc lo (he diffcrencc of Ihe l = 2 componcnt
hetwecn lhe sphcricaJ cluster ano Ihe dcforrncd ooe (sec f-igs.
2<1 anu 2h). Noticc lhal dcformalíon dccreascs lhe maximum
value 01' the 1 == :2 componcnl in r spacc, whercas Ihis maxi-
IllU/Il valuc increascs in k space for lhe s:une componen!. FOl"
Ihis orbital O+(lD) the íncreasíng 01' lhe deformation (ends
lo increase n(k) al small k values amI lo reduce ílS lail al hígh
lllomcnlum, conversely lo whm happcns ín l' spacc where
lails inereasc with dcformation. This fcalurc can be undcf-
stood heurístically fmm the Hciscnherg uncertainty principie.
)(,.2) )(/,;2) _ 1.

FIGURE 3. Single-parliclc radial dcnsity of Ihe orbital 0+ (25) for
Na.lO. ano Na-12 in a) ,. ano b) k spacc.

As anolhcr cxamplc of deformalion elTects on lhe singlc-
particle distribuliOlls, Figs. 3a and 3h and Tahle Il show lhe
pertinent analysis rol' Ihe 0+ (2S) orhital 01'NalO_42 in r and
1.: spacc. In lhis case the differcllI valuc al lhe origin comes
from lhe diJference in Ihe 1 == O projccled componenl oe-
lween lhe sphericaJ (NillO) ami the deforrncd clusler (Na12).
For Ihis orhilal. and l'OTllrary to \\/11<11 \Ve have discussed aboul
lhe orbilal O+(ID), an iru:reasing deforlllation givcs larger
lails in 1ll0lllcnluIll spacc and, consequcnlly. reduces lhe ra-
dial dellsity al large dislanccs in r spacc. In N<42 Ihe admix-
lure hCI\Vcel1 I = () and I = 2 projcctcd cornponcnts (Ta-
hle 11) is greatcr than for Na:!:! ano NaH (sce Table 1) accoro-
ing lo lhe largcr valllc nI' lhe glohal ocrorm:llion paramclcr in
r 'pace r lGI.
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FIGURE 4. Overall a) dCllsity in r spacc in the planc J' ::= O ano b)
rnomentlllll distribution in Ihe planc kr ::= () for Nnn normalized

lo Unlt)'.

Thus. individual shdls sho\\' importanl Jiffcrcnccs dc-
pending 011 Ihe dcformation of lhe cluster holh in r spacc
<tnL!in ". spacc. This is in contrasl with Ihe hch<lvior found for
ovcrallmolllclHulll dislrihutions

FI(;URE 5. Monopol~ componcnt of a) the clectronie density in r
"pan,: and h) the glohal rnOl1lCntulll distrihutioll rOl" Na:w. Nan.
and Na:!-l, a) 112(r),.l jN amI 11.1(r) 1'(; jN x 1O-:.! I'S, r anJ h)
(112 (k) k'I/S) ami ("4 (k) ¡".cijS) \',\",k for Nan are shown in Ihe
insct,

\Ve have comparcd lhe main propcrtics of spheroidal de-
t'ormed clllslcrs in r and ¡,. spaces using lhe Kohn-Sham for-
malislll. In spite 01' lhe fae! Ihat lhe glohal elcclronic dislri-
bUliOll rOl' clllslcrs with unlilled CICCll"Onic shcl1s is clcmly

4. Conc1usinns

11Imdislriblltion can be obtaincd ('mm ils Illonopoic compD-
!lent 110(1.-). and can be U1H.Ji..:rsloodon lhe oasis of lhc Slaler
arproach uscd for spherical clustcrs 1151. As an examplc.
Figs. 5a ami 5h also show lile monopo1e cOlllponenlS 01"lhe
clcctronic distributions in r ami J,,; spaces for Na20. Na:.!2. ano
Na:.H. In hoth figures. lhe Ihree profiles are similar anO one
\'('rilles lhat shcll cffccts diminish wilh dcformation. Accoro-
ing 10 Ihe Slatcr arproach [l:;¡lhe increase 01' lhe surl"ace
thickncss in ,. space implies Ihe incrcasc 01"110(1..-) al small ~.
vallles, Ncverthc1css this clTcel is compensated by lhe dil'fer-
enI valucs of lhe 1l11lllher 01' rarticlcs N in lile normalization
constant of Na:.W,22.21.

(8)

(7)

1(') )'/2((¿',.=_ ~ kJ+2",,(,:)dk.
N 2,\ + 1 .

Analogollsly. 1/>,(1') and q; are L1dincd in r spaec. As it is
clcarly shown in f-igs. 5a and 5h. 112('.) leads a strollg pcak
at lilc c1ustcr surfaee Ihal integrales \O give a quile sizcable
quadrupolc rnoment. \vhilc in k space 1l2(k) has a slllall os-
eillation lhal intcgrales 10 lCro. More dctails can be fOlllld in
l~lb1cs 1 ami 11of Rcf. 15. Thc ,\ = .1 polar componen! givcs
Ihe main contrihlllioll al the surface of r spacc and is respon-
siblc for lhe small dcfnrlllation in k space. Nevertheless. tlue
lo its slllall v¡¡luc lhe lIlain propcrtics 01" lhe global lllOll1en-

1/(;;) = ¿1I,,(k)I\(!l¡.).,
Thc latler togclhcr wilh lhe ovcrall densily in r spacc are
shO\vn fOf Na;!:! in Figs. 4. 11 (i:") is clcarly dcformctl huI n(k)
shows only a small dcformtllion that mainly comes from Ihe
conlrihutiol1 nI" Ihe ,\ = 4 polar componen!. Each A-polar
cOmpOIlCl1t 11>,(") allows lo oOlain a /\-(1olar rnomcntlltll as a
1l1eaSllre (lf dcformali()Jl

Rel'. Ml'X, Fú. M, (1) (2000) 57.....(11
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dcformcd in ,. spacc, in J.- spacc the glohalmomentum distri-
hlllioll is hasically reproduccd hy ils Illonopolc componenl,
ami ils main I"catures can hc lIndcrstood from lhc Slatcr ap-
proach as in Ihe case of spherical c1usters.

In h spacc dcformalion ctTects can he mostly secn in Ihe
singlc-parlicle dislrihutions. Thcrc is not a general rule to
characlcrizc Ihe dcformation cffects in singlc-particlc orhitals
since lhe)' are spccitk lo cach orhital. Thc differenccs hc-
t\Vccn sphcrkal and deforrned orhitals arc signalures of thc
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