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Electronic structure of cylindrical simple-metal nanowires in the stabilized jellium model
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(Received 15 June 1998

The ground-state electronic structures of cylindrical quantum wires are studied within the stabilized jellium
model and using the spin-dependent density-functional theory. The subband structure is shown to affect the
cohesive properties, causing an oscillating structure in the force needed to elongate the wire. Because the steps
in the quantized conductance reflect also the subband structure a correlation between the force oscillations and
conductance steps is established. The model also predicts magnetic solutions commensurate with the subband
structure and consequently additional steps in the conducte®@&63-182809)02719-§

I. INTRODUCTION even simpler arrangements are sufficier An interesting
possibility is to produce nanowires by filling carbon or other
The jellium model, treated within the density functional kinds of nanotube¥’ In the experiments the conductance is
theory (DFT), has provided the basic physical understandingusually monitored as a function of the elongation of the
of the electronic structures of simple metal surfateacan-  nanowire. Moreover, in the atomic force microscdpé&M)
cies and voids inside metalsand finite clusters of simple experiments by Rubio, Agrgiand Vieiral® the conductance
metal atoms. The scheme simplifies the electron-ion inter- and the force during the formation and rupture of Au con-
action by smearing the ions to a rigid positive backgroundacts have been measured simultaneously. A clear correlation
charge of constant density. However, the electron-electrobetween the force oscillations and the conductance steps dur-
interactions are treated more carefully using, for exampleing the elongation of the nanowire was seen.
the local-density approximation for electron exchange and Modeling of the formation of metallic nanowires in a
correlation effecté. The effect of the actual crystal structure STM experiment was first done by molecular-dynamics
in stabilizing the metal to a certain density can be taken intsimulations in which the atomic structure was solved using
account by adding a simple correction to the external potenmany-atom-type interaction potentiafs?® The simulations
tial. In the so-calledstabilized jelliummodeP this correction  showed that the elongation takes place through successive
is just a constant in the region of the positive backgroundstress accumulation and relief stages. The calculated struc-
charge. The stabilized jellium model can often give, besidesures were then used to determine electric conductance by
gualitative understanding and trends, also results of quantcounting the available conductive channels. The weakness of
tative significance. this procedure is that the direct correspondence between the
In this paper we apply the stabilized jellium model to getcohesive and conduction properties through the valence elec-
insight into the electronic and cohesive properties of extron structure is broken. The first-principles molecular-
tremely thin metallic wires of nanometer dimensionsdynamics simulations based on solving the self-consistent
(nanowire$.°~8 The physical properties of nanowires reflect electron structures remedy this deficiei&y.Indeed, this
the quantum-mechanical phenomena due to the confinemekind of simulatiorf"?2shows that the atomic geometries at the
of the valence-electron wave functions in the plane perpenaeck can be derived from those of isolated small atomic clus-
dicular to the wire axis. For example, the electrical conduc+ers, the stability of which derives from the closed-shell
tance will be quantize8 Recently, it has been realized that structures of valence electrons. The role of the valence-
the characteristic electronic structure has also a direct influelectron structure is emphasized in jellium-type mod&f&3
ence on the ionic structure of the nanowire, and it is nowhich completely ignore the detailed ionic structure. In these
possible to separate cohesive  properties  andalculations the confinement of the valence electrons in the
conductancé®13 direction perpendicular to the wire results in an electron-
Experimentally, metallic nanowires can be produced bylevel structure, the subbands of which are gradually emptied
several different ways. The simplest scheme is to put twas the wire elongates or its radius decreases. As a result,
metallic protrusions in contact and then pull them from eaclcohesive properties, such as the elongation force will show
other over atomic distances: a nanowire is produced, whiclescillations as the radius of the wire reduces. Moreover, be-
upon pulling is elongated and narrowed, until it eventuallycause the subbands constitute the conductance channels, the
breaks. This basic mechanism is employed, for example, isonductance shows simultaneously a steplike behavior in
the scanning tunneling microscopySTM) studies of correlation with the force oscillations.
nanowires* Breaking of macroscopic wires produces also We calculate electronic properties of cylindrical wires of
nanowires. The breaking can be done using the sophisticatedabilized jellium. The electron structures are solved self-
mechanically controllable break-junctions techniqubut  consistently using DFT, within the local spin densitySD)
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approximation for electron exchange and correlafigrhe 2

results help us to understand several properties of metallic [— 7+ngf(f)]‘1’?(f):€fr‘1’f’(r), (2.2
nanowires and to predict new phenomena. For example, we

have previously shown that simple metal quantum wires may oce

have spontaneous magnetization for certain radin thls_ n,(r)zz 2 W), 2.3
paper we report systematically on the cohesive properties of c i

the stabilized jellium wires. Here our experiment is a direct
continuation of that by Yannouleas and Landm&mhey
solved the electronic structures of Na-jellium wires using the d(tgtend)
so-called shell-correction method, which uses non-selfs o _ orml ! _ 0T €xc _
consistent electronic structures from an extended Thomasy ef(") = Vel T v N=(r),n=(r]=n—="=6(R=1).
Fermi theory, but takes the single-electron shell structure (2.9
into account as a correction. Moreover, switching from the ) )
jellium to the stabilized jellium model enables us also theAPOVe, o = 1 or | for spin-up and spin-down electrons,
study of the trends between different simple metals, i.e., as iSPectively. The index stands for orbital quantum num-
function of the average bulk valence-electron density. Thders, qnd the summation to caliculate the.densny runs over all
next step towards a more realistic description of the actuaPccupied states. In the effective potentiff(r) the first
nanowires is to consider a jellium wire with variable crosstermuv, on the right-hand side includes the Coulomb inter-
section, i.e., a wire with a narrow neck region. As a matter ofiction with the total electron densityn_(r)=n’(r)
fact, Yannouleagt al?* have made this step with their com- +n' (r) and with the positive background, i.e.,
putationally efficient shell correction method. One of their
main conclusions is that the cohesive and transport proper- - f no(r)—n.(r’)

Uc = -

and

(2.5

ties of the wires are determined to a large extent by the
electronic structure at the narrowest part of the wire. This

conclgsion justifies the use of model with a constant radiusrhe second term, . gives the exchange-correlation potential

as a first approach to the problem. within the LSD, for which we use the Perdew-Zunger
The rest of the paper is organized as follows. In Sec. Il Weyarametrizatiof? of the exchange-correlation data by Ceper-

describe the practical features of the model used to calcula By and Alder?® The last term is the stabilization poten?ial

the electronic ground-state configurations. In Sec. Il we dis'containing terms due to the bulk kinetit,) and exchange-

cuss the results for the electronic structure and cohesivggrelation €.0) energies per electron.

properties. In Sec. IV we study the appearance of magnetic The kohn-Sham eigenfunction’(r) for the infinite cy-

solutions and rationalize the findings by using the Stonefiqical geometry are written as !

criterium for ferromagnetism. Section V contains the conclu-

sions. okz gimo

Vi (1, ¢,2)= T ER%W),

. . . o _wherem=0,=1,+2,... is the azimuthal quantum number,
~ In this section we describe the application of the stabi-andn=1,2,3,... is the radial quantum number related to the
lized jellium model to calculate the electronic structures ofaymber of radial nodesn(-1) of the radial wave function
quantum wires. We use atomic units thr_oughout;zhe text: Thexe (). Furtherk, is the wave vector associated to the axial
length and Energy are given in the unétg=#/me” and 1 ; girection along which the electrons have no restriction to
Hartree= _me“/h , respectively. We consider infinitely Iong  moye, and_ is the normalization length along tzexis. It is
jellium cylinders so that the two parameters completely dey sl to do the substitutiod % (r)=r2R? (r), so that the

fining the systems are the equilibrium bulk Va'ence'eleCtrorbne-particle Schidinger equation2.2) leads to the differen-
density given in terms of the usual parameter and the tial equation

radius R of the cylinder. The rigid positive-background
charge density is

r=

(2.6)
Il. THEORY

d?UZ (r) (m?—1/4)
%+ 2[sgm—vgff(r)]—r—2 ua (r)=0.

n,(r)=né(R—r), (2.0 2.7

. This is of the same form as the radial equation studied in
wheren=3/(47-rr§) and 4(r) is the Heaviside step function. spherically symmetric problems. We obtain the radial wave
The number of electrons per unit length=n=R? neutral-  functions Ug (r) and the eigenvaluesy,, by solving the
izes the positive-background charge so that the electron desifferential equation with a point-and-shoot method in a ra-
sity has a radial distribution_(r). dial point mesh. Different types of methods for the cylindri-

The ground-state electron structure is obtained within th&al symmetry were employed, e.g., by Progtand Gstling
DFT theory by solving self-consistently the Kohn-Shamet al?® The eigenenergies,
equations, thereby minimizing the total energy
E[n’ (r),n’(r)] as a functional of the spin densitia$ (r)
andn’ (r).* within the LSD, the equations read as

2
egmkf?ﬁe;;n, (2.9
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correspond to parabolic subbands with the bottoms at the
energiesen,.

In the infinite cylindrical geometry the spin densities read
as

s
K2
o 1 o |2 T (>5 -
n“(N=-—= 2 |Rn/*V2(ee—e€m). (2.9 T .
2ms o i
€ SEF

Above, the Fermi energye is obtained self-consistently
from the neutrality condition

1
N=—2 2 V2(er— e (210
4 (rm~<” FIG. 1. Na stabilized-jellium wirer = 3.93 g andR=7.8 g).
€mn=€F The Coulomb potentialv. (dash-dotted ling the exchange-
The Coulomb potential arising from the total charge densitycorrelation potentiab,. (dotted ling, and the effective potential
n_+n. is calculated using the Green's functfdrecorre- (solid line) are given as a function of the distance from the cylinder

sponding to Poisson equation in the cylindrical geometry agis. The bottoms of the filled-energy subbands labelex|, ()
(solid lineg and the Fermi leveldashed lingare shown as well.

0 5 10 15 20
DISTANCE r(a )

o R
vc(f):2f 2wr’[n_(r’)+n+(r’)]|n(—f’)dr' tron, i.e., per Na atom. The spin density and spin moment

' r derive mainly from the highest subband, which is totally spin
Ro| (7 polarized. The contributions from the lower spin-splitted
—)J 27ar'[n_(r’)+n,(r’)]dr’. subbands are smalkee also Fig. 6, below The electron
r/Jo density has its maximum around the middle of the axis and

(2.1  the edge of the positive-background charge. The electron

. . . . ) density spills out from the region of positive charge a few
Above, Ry is an arbitrary finite radius. In practice, the Cou- gtomic units. The spin density has its maximum value away
lomb potential is zero beyond a radius at which the electrog,qy, the cylinder axis near the jellium edge. This tendency

+21In

density is vanishingly small. would be even stronger for spin polarized wires of larger
radii, because in them the polarization results from subbands
lll. RESULTS with higher|m| values.

The energy eigenvalues obtained for narrow Na wires are
onsidered in Fig. 3, giving the bottoms of the filled sub-
ands and the positions of the Fermi level as a function of

the cylinder radiusR. As the wire becomes wider, new sub-
bands dive below the Fermi level and attain occupancy. The
subbands are filled in the sequenden|(n)= (0,1), (1,),
pand or shrink in volume, respectively. The stabilized jel-(z’l)' 0.2, (3.1, giving for Fhe degeneracy ratios the
lium will give for these metals physically meaningful surface >ca-cc® of 1, 2,2, 1,2. .. This sequence was first pre-

9 physicaty g dicted by Bogachelet al®? and it has been seen in the con-

energies _and elongation forces without losing the Simp”Cityductance steps measured for Na nanowiree Fermi-level
of the uniform background model.

In this section we present results for stabilized jellium
wires corresponding to Al, Na, and Cs metals. The stabilize
jellium correction is small for Na because the bulk electron
gas is stable at a density closertg=3.93, which we use for
Na. The correction is essential for At{=2.07 g) and Cs
(r¢=5.62 @), which in the plain jellium model would ex-

5x10°° . . .
A. Electronic ground-state configuration X ~n
Figure 1 shows the exchange-correlation, Coulomb, and v S ' n ]
total effective potentials as a function of the distance from
the cylinder axis for a Na wire having the radiBs=7.8 g.
The ground state of this wire is spontaneously spin polarized
and the effective potentials for the spin-up and spin-down
electrons differ slightly from each other. The potential well
is mainly due to the exchange-correlation contribution. In the 1k \ ]
electrostatic potential the surface-dipole barrier is about 1 L BN
eV, i.e., of the same order as the barrier for a planar 0 - \\1-:)—» v 2o
0 ; : 0 5
surface® The bo_ttom energies of the f!rs|tnﬁ|,n_) subbands DISTANCE r(a )
below the Fermi level and the Fermi level itself are also °
given. The two lowest subbands are split as a result of the g 2. Na stabilized-jellium wirer(=3.93 3 andR=7.8 a).

spin polarization. Figure 2 gives the total electron densityrhe total electron density! (r)+n' (r) (dashed ling the spin
n'(r)+n'(r) and the spin densitn' (r)—n'(r) corre-  densityn' (r)—n'(r) (dash-dotted ling and the positive back-
sponding to the wire in Fig. 1. The spin moment per unitground charge_. (solid line) are given as a function of the distance
length for this system is about Odg per conduction elec- from the cylinder axis.

[
\

DENSITY (a9
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-1 L B e e e M N’\°40 | S— : : . r,,,,,..(.a.)
FERMI LEVEL r.=3.93 a g Alr =207 a |
© 35 s 0
g : ]
30F

25
20

SURFACE ENERGY (|

SUBBAND BOTTOM ENERGY (eV)

15} :
planar surface ]
10 B
0.51 152 253 35 4 455 5.5
e — R/r
2 4 6 8 10 12 14 N s (b)
WIRE RADIUS R(a ) <, 6 SRS . N L
’ Se5h Na r =3.93 a |
FIG. 3. Energy eigenvalues of Na stabilized-jellium wireg ( 2 5
=3.93 @). The bottoms of different subban@tin solid lineg and g ]
the Fermi levelthick solid ling are given as a function of the wire i 4.5 :
radius. The eigenvalues corresponding to spin-polarized solutions Z 4
(black circles as well as to unstable spin-compensated solutions w 3.5
(dashed lingsare shown separately. % 3 4
o planar surface
position shows oscillations so that a peak appears each time B TN e T e s as
a new subband starts to be populated. Another feature, ' R/t
shown in the figure with black dots, is the existence of spin- 2 . . I (e
polarized configurations. They appear in intervals associated g : Csr =5.62 a
with the openings of new subbands. For small radii, the split- g 1.8 ° %
ting of the subbands occupied by both spin species and the > 1.6 ]
lowering of the bottom of the totally spin-polarizédighest 2 1.4 ]
occupied subband with respect to the spin-compensated cal- g2 ]
culation, marked with a dashed line, are clearly seen. When o2 ]
the spin-compensated state is recovered the Fermi level 2 1t —
jumps downwards. £ f planar surials
The electron work function, i.e., the distance between the B T T e e as
Fermi level and vacuum, can be directly read from Fig. 3 for R/r
cylindrical stabilized jellium wires with different radii, be- )
cause the energy zero coincides with the vacuum |&ses FIG. 4. Surface energy for Al), Na (b), and Cs(c) stabilized-

Fig. 1). The work function oscillates due to the subbandjellium wires as a function of the wire radiusolid lines. The
structure and has sharp minima at the opening of a new sulvalues corresponding to spin-polarized solutidbisick circleg as
band and discontinuities at transitions between spinwell as to unstable spin-compensated solutitieshed lingsare
compensated and spin-polarized states. As the reRliis shown separately. The results of the extended liquid-drop model are
creases the work function approaches that for a p|anaqklso given(dash-dotted lings When the wire radii increase the
surface. Apart from the effects due to spin-polarized solusurface energies approach tho$eef. 31 for planar stabilized-
tions the present work function results agree well with thosg€!lium surfaces(thick horizontal lines
obtained by Yannouleas and Landrfawith the shell cor- - _
rection method. For Na the stabilized-jellium correction af-Minima slightly before the occurrence of new subbands and
fects only slightly the electronic structure. maxima at a small_ finite occupancy of the hlghest subband.
The spin polarization, when stable, lowers slightly the sur-
face energy. When the wire radius increases the surface en-
ergies approach the values of the planar surfatesich are
The surface energy of a cylindrical stabilized-jellium wire 16.15 meVagz for Al, 3.14 meV agz for Na, and 1.055
can be determined from the total energy per unit lengthmey a,2 for Cs. We want to underline at this point the
E[nl,n ]/L as importance of using the stabilized jellium model: the plain
jellium model would predict negative values for the Al sur-
face energy.
The dash-dotted lines in Fig. 4 correspond to an extended
(3.D)  liquid-drop model® in which the surface energy of a cylin-

Above,ep(ﬁ) is the Fermi energy of the homogeneous eIec—drlcal wire 15

tron gas measured with respect to the bottom of the energy y S

bands. The surface energy is plotted in Fig. 4 as a function of a(R)=0opjanart IR + 1-(2R)2 +0(1/R%. (3.2

the wire radiusR for Al, Na, and Cs nanowires. The curves m(2R)

for the different metals are rather similar when the r&&iiire ~ Above, opanar is the surface energy for a planar surfage,
scaled withr ;. The surface energies exhibit oscillations with is the curvature energy taking into account the breaking

B. Surface energy and elongation force

L 1l 20l 2 en (M) + ()
o= 51 Eiolnl .nL /L= 7R = ep(n) + x(N)
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(forming) of lateral bonds on a convefconcave surface, 4 (a)
and § is an additional fitting parameter. All three parameters T N T LD 074 .

have been determined in Ref. 31 using the stabilized jellium __ 2 [ planar

model for voids in bulk Al, Na, and Cs. In order to obtain < |

Eq. (3.2) from the corresponding equation for a void one has w ©

to change the sign of the curvatufenergy and substitute 8_ of

the curvature of a void, i.e., the inverse of the void radius, by 2

(1/R+ 1/»)/2=1/(2R). HereR and < are the two principal -4

curvature radii of the cylindrical surface. We see that the 6

extended liquid-drop model gives nicely the descending 051 152 25 3 3
trend, undressed from the oscillations due to the subband ' ' " R/t
structure. Moreover, the model shows quantitatively how s
slowly the cylinder surface energies approach those of planar
surfaces.

In order to discuss the stability of the jellium wires we

consider deformations that conserve the volume of a long
wire with lengthL and radiusR. The wires corresponding to
minima in the total energy per unit volume are themetg
stable and their radii play a similar role as the magic num-
bers discussed in the context of small atomic clust&kéres
with slightly larger(smalley radii would in this model with-
out any external support spontaneously lengtf&rorten.
The corresponding force is called the elongation force be-
cause, when negative, it will oppose the increase of the
length of the wire. In terms of the surface energy, the elon-
gation force is given as a function of the wire radius as

54 455 55

dE d(27RLo) 2d0’
=—7Ro+7R*—. (3.3

i TR T aR'

The first term on the right-hand side is due to the increase of
the surface area when the wire elongates. The second term is
nonzero because of the dependence of the surface energy on
the wire radius. It has components due to the change of the
curvature(energy and due to the energy oscillations reflect- 5 5 Elongation force for Al(a), Na (b), and Cs (c)

ing the subband structure. o stabilized-jellium wires as a function of the wire radiisick solid
_The elongation force is shown in Fig. 5 for Al, Na, and Cs jineg). The values corresponding to spin-polarized solutisiack
wires. In the case of Na wird$-ig. 5(b)] we have given its  cjrcleg as well as to unstable spin-compensated solutidashed
decomposition into two components corresponding to theines) are shown separately. The forces derived from the surface
two terms on the right-hand side of E(@3) The first con- energy of a planar Surface—(ﬂRg-planar) are shown for compari-
tribution, due to the increase of the surface area, has gon (narrow solid lines For Na wires, the contributions 7Ro
slightly descending and moderately oscillating behavior. ltdotted ling and wR? (do/dR) (dash-dotted lineare given.
follows quite closely the force- mRopjana, (the straight-

solid line), derived by using the planar surface energyine Al (r=2.07 @) wire. In our calculations, the energy

‘TlT'a”a" lln. o.rd(.er to obtain this pf?ysicatl)l_)lll codrr_ecl:lt_ trend fgrlminima correspond to the zeroes in the force associated with
all metals it is Important to use the stabilized jellium mode positive slopes in Fig. 5. The decrease of the force from

e ol o o e o oo o comaese PO as the wie radius dcreases wouid mean te
the prominent os’cillations of the amplitude, being é)f the Or_sacc_umutlon of_sFress as the wire is elonggted. Afte_r the_fol-
o . ’ . lowing force minimum there would be a relief stage in which
der of 0.8 nN. The oscillation ampllludg scales apprpxrthe magnitude of the force needed for elongation first de-
mately as ep(n)/Ar(n), where Ag(n) is the Fermi creasesand then the wire would elongate spontaneously even
wavelength'* This results in a cubic dependence on the in-yithout pulling. The experiments do not show the positive
verse ofrg, eF(n)/)\F(n)=9/16r§, giving for Al, Na, and parts of the force, but this kind of behavior has been seen
Cs force oscillations of about 5.22, 0.76, and 0.26 nN, realso by Yannouleas and Landnfin a jellium calculation,
spectively. The behavior of the total force for Na agrees wellwhich included similar energy terms as our calculation. As a
with the results by the shell-corrected mettfd. function of the elongation, the energy minima occur just af-
The AFM experiments show stress accumulation and reter a subband has been emptied. Then during the stress ac-
lief stages as the nanowire elongates. The measured minincamulation stage the conductivity is predicted to be constant,
(maxima in the tensile strestor gold sample¥ correspond-  in accordance with the AFM experimelitThe energy relief
ing to the narrowest wires have a similar magnitude and astage associated with an emptying of the subband and a step-
ascending trend as the wire lengthens as our prediction fdike decrease in the conductance seems to be much longer in

R/r
S
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1.2

our model calculations than in the actual experiment. The

= VL P
correlation of the force oscillations and the quantum struc- £ _Na r=3.93 a, o4
ture of the conductance has been predicted in many jeIIium—§ 1 ™= (0,1) ‘ ]
type calculationd®-*3 ) ! 20.3

When comparing the theoretical and experimental resul’tsgfJ 0.8
one should bear in mind that the stabilized jellium model &
predicts cohesive properties merely qualitatively, due to theld ¢.g
smearing of the actual ionic cores. For example, one can tryo
to describe a linear atomic chain by a narrow stabilized jel- E 0_4:—

o
N
T

(=]
1

MAGNETIC MOMENT (u /electron) |

lium cylinder. In the case of a Na-atom chain only the first (= a.np” @)

subband of the jellium wire should have occupancy. The Zz g ot .
radius' of the jellium V\(ire corrgsponding to the energy mini- <§( (2,% (0,2) (3,1) (1,2) (4.1) (2,2]
mum is then, according to Fig.(y, ~4.2 g, which, by 0 VSIS SR VR ESRTEY 2THY SRR SR SEE S
considering the positive charge per unit length, corresponds 2 3 4567 8 9101112131415

to the interatomic distance of4.6 g. This is an unreason- RADIUS R(a )

ably short distance when comparing, e.g., with interatomic _ _
distances in bulk Na metal. Similarly, in the case of an Al- FIG. 6. Magnetic moment per electréin Bohr magnetonsfor
atom chain the second subbafubrresponding to valenge Na.stablllzeq-jelllum wiresrg = 3.93 @) asa fun.ctlon of the wire
electrons should be the highest occupied subband. The enr_adlus. The inset shows the maximum magnetic moment per elec-
erav minimum atR~3.6 ives the short interatorrllic dis- tron when the second subband is occupied as a function of the
t 9y f about 2.8 I. a’_tg  this defici hould electron-density parameter. The contributions due to thé,1)
ha(‘)wgv(;rarg(l:‘logrllizog t?\;{)'tﬁeo sta:ljilizeeg:l(jaglﬁﬁrznzzdgr d’e (dotted ling and (1,1) (dash-dotted line subbands are distin-

A ’ ) . . “guished.
scribes well the electronic properties of simple metal systemg

if one constrains the shape of the background charge to cor; . PR , 3
respond to the atomistic system in quesfidn. +0.01ug/ay. The insensitivity is due to a cancellation ef

fect: The radius corresponding to the maximum moment in-
creases roughly linearly with;, decreasing the moment per
unit length, but the spin polarization per electron, as shown
in the inset of Fig. 6, increases with increasing

As discussed above in the context of energy eigenvalues \We can analyze the appearance of magnetic ground-state
(Fig. 3), the cylindrical stabilized jellium wires have mag- solutions of simple metal nanowires by making use of the
netic ground-state solutions. They appear so that the highesstoner criterion of ferromagnetism in bulk metals. The oc-
energy subband is totally spin polarized when its occupancyurrence of magnetic solutions in the beginning of the occu-
is small enough. The spin polarization lowers the total enpancy of each new subband would suggest the application of
ergy and it affects the surface energy and the elongatiomund’s rules for finite systems. These rules have recently
force as is indicated in Figs. 4 and 5 by the regions of blackeen applied to account for the magnetic solutions in quan-
circles. tum dots®® But the number of electron states in a subband is

For small cylinder radii only the first subband is occupiednot limited in our case because a jellium wire is infinite in
and for the smallest radii it is eventually spin polarized. Thisthe z direction. From the viewpoint of an infinite system it is
kind of spontaneous spin polarization has been predicted alsgatural to ask if the appearance of the magnetism in the
by Gold and Calmefé for cylindrical wires using the jellium wires could resemble that in bulk metallic systems,
exchange-correlation energy of a quasi-one-dimensiondle,, if the Stoner criterion is applicable. According to this

electron gas. When more than one subband is occupied, thgiterion, ferromagnetism exists whenever the condition
highest subband, when totally polarized, induces a magnetic

moment in the lower subbands, too. However, this induction |5(EF)>1, (3.9

is weak so that the magnetic moment per electron decreases -

when the number of occupied subbands increases. This is fulfilled. Above,D(Eg) is the density of stateOS) per
shown in Fig. 6 giving the magnetic moment per electron inatom in a spin-compensated system at the Fermi levell and
Bohr magnetons as a function of the radius for a Na wirels the Stoner parameter, an “exchange” integral, which in-
The moment decreases in order to recover the nonmagnetiudes also the electron-electron correlation effects.
character of the simple bulk metal for large cylinder radii.  The Stoner parametérshould, in principle, be calculated
One can also notice that when a new subband starts to b&sing the wave functions of the system at the Fermi
occupied, the magnetic moment increases nearly linearly urlevel >3 However, for simplicity we use the result valid for
til a maximum value, from which it falls abruptly to zero. In the homogeneous electron gas and deffiper electron,

the inset of Fig. 6 the maximum magnetic moment due to the _ _

totally polarized second subband is given as a function of the 8[ ef(N) — ere(N)]

rs parameter, i.e., corresponding to the different simple met- I= 9(2%43-2) : (3.9

als. The contributions of the fir$0,1), and the secon(l,1),

subbands are also plotted, showing that the main contributioAbove, s)'fc (efc) is the exchange-correlation energy per elec-
comes clearly from the upper subband. If this maximum spirtron in a totally spin-polarizedspin-compensatecelectron
moment is calculated per unit length it varies surprisinglygas. For simple metals this equation gives nearly the same
weakly, namely, for 2r,<64g, it is nearly constant, 0.11 results as full band-structure calculations. As a matter of fact,

C. Magnetic solutions, Stoner criterion
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For the Al wire the Stoner criterion with the above approxi-
mations would predict that the total polarization of the first
subband survives to much larger radii than it does in actual
calculations. In accordance with E@.7) the peaks become

] narrower when the radiuR increases and the probability of
finding magnetic solutions decreases. One can also see the
trend that the magnetic solutions reach to relatively larger

radii [to smaller values of théD (E) produci whenr in-
creases.

The above form of the Stoner criterion is valid for a sys-
tem at zero temperature. The model gives also an estimate
s for the critical temperaturé

3 { — T is due to the polarization of the second or a higher subband.

D
>

FIG. 7. Stoner criterion produdlﬁ for Al (circles, Na (tri-
angle$, and Cs(squares stabilized-jellium wires as a function of

the wire radius. The regions of stable magnetic and spin-

compensated solutions are denoted by filled and open markers, rg\\(hereu is the. magnetic moment per electron in Bohr. mag-
spectively. netons andg is the Boltzmann constant. For a Na wire (

=0.72 e\ with the second subband polarized to the maxi-

in them the dependence bfon the parametrization of the Mum moment of about 0.3, this gives 620 K for the
exchange-correlation energy is stronger than the effect of theritical temperature. This can be considered as an upper-limit
jellium approximation. For example, the perdew_Zungerorder-of-magmtmje estlma'_[e, because the above equat|_on is
parametrizatioﬁ_’ Of the exchange_corre|aﬂon data by Ceper-known to overestimate critical tempel’atures for bulk solids.
ley and Alder?® which we use in this paper gives for Na the Anyway, the result predicts that magnetic moments of simple
value | =0.72 eV, whereas in the Gunnarsson-Lunddfist metal nanowires could survive to high finite temperatures.
parametrizatiol =0.94 eV, i.e., close to the band-structure AS the wire radius increases, the decrease of the magnetic
value of 0.91 eV calculated with this parametrization bymoment per atom would lowe. .

To=1pldks, (3.9

Janak3® Thus far we have considered the appearance and stability
The DOS per unit volume is calculated for the infinite- of the magnetic solutions by assuming that the ionic structure

cylinder geometry as or, in our model, the given shape of the jellium background,
is stable. Figure 5 shows that the magnetic solutions are as-

1 1 1 sociated with positive values of the elongation force, or at
DOS(E)=—; > >, . (3.6)  least they appear during the stress-relief stages if the nano-
7R V2 JE—¢Z = . : .

7 77 €m,n wire is being pulled. This would speak against the observa-
Thus, it is a superposition of the DOS's corresponding tdtion of magnetic states in AFM experiments. On the other
different one-dimensional subbands. The facterR? in the ~ hand, as discussed above, the stabilized jellium model de-
front changes the DOS per unit length to the DOS per unifcribes the cohesive properties only qualitatively. Atomistic
volume. The DOS exhibits a strong peak whenever the enfirst-principles simulations are needed to clarify the stability
ergy is close to the bottom of a subband. With the abigve ©f the magnetic solutions with respect to changes in the ionic
defined for the homogeneous electron gas, one has to use f@},ructqre? . _
B(Eg) the DOS per electron. It is obtained from E8.6) by During the elongation of a nanowire the appearance of a

S 3 magnetic moment would mean a quantum step?ffi in the
mu_ltlplymg by the volume per electror(4r)/3] and by conductance. The observation of conductance steps of this
taking the spin degeneracy into account,

size might be hindered by a simultaneous orbital degeneracy
gr3 1 of the highest oc<_:upied _subband. The_ (_jegeneracy_actually
D(Ep)= S _ (3.7  favors the magnetic solution. However, it is encouraging that
3\27R? fmn VEE— €mn experimental evidence of this kind for magnetic “finger-
This equation shows that a high value (low-electron den- pri_nts” exists in the cor_1ductance measurements_ of quantum-
_ e - point contacts at the interface between two different bulk
sity) as well as a small wire radiuR increaseD(Eg) and  semiconductoré’ Moreover, for the two-dimensional elec-
favor the occurrence of ferromagnetism. tron gas in a ribbonlike geometry the calculations by Wang
The productiD (Eg) is plotted in Fig. 7 as a function of and Berggreft predict that systems with one or more sub-
the wire radiusR for stabilized jellium wires corresponding bands may be magnetic, provided that the electron density of
to Al, Na, and Cs. The filled markers mean systems forthe highest-occupied subband is low enough. Our finding of
which we have found in self-consistent electronic-structurespontaneous magnetic moments in simple metal nanowires is
calculations stable magnetic solutions, i.e., the total energglso related to the prediction of Weber al#? that a vana-
of a spin-polarized solution is lower than that of a spin-dium atom chain will be ferromagnetic for any number of
compensated one. The open markers denote then stablpoms in it. A second consequence of the appearance of a
spin-compensated systems. The correlation between the fulagnetic moment would be that during the pulling a discon-
fillment of the Stoner criterion and the existence of magnetidinuity appears in the elongation force. This is seen in Fig. 5
solutions is almost quantitative, especially when the momentnost clearly when the occupancy of the first or second sub-

m,n
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band of Na or Cs wires is low. The discontinuity results fromthe cohesive properties of the wires: There exist radii of en-
different slopes of the total energy in the spin-polarized anchanced stability corresponding to the total-energy minima
spin-compensated solutiofis. and the elongation force oscillates as a function of the wire
In the present model we have assumed perfect translatiamdius. The subband structure also affects other electronic
symmetry along the wire. A more realistic model would in- properties, such as the quantization of the conductance and
clude constrictions at which the wire radius locally decreasethe oscillations of the electron work function. Thereby the
(examples of that kind of models include Refs) &hd 24. stabilized-jellium model can qualitatively account for the
For a constriction geometry we expect our prediction ofcorrelation between the conductance steps and the force os-
magnetic solutions also to be valid in the sense thatdbal  cillations seen in the AFM experiments.
DOS at the Fermi level and at the constriction will for certain ~ Our calculations predict the existence of stable magnetic

radii be so high that the Stoner criterion is fulfilled. solutions for certain critical-wire radii, at which the occu-
pancy of the highest subband below the Fermi level is small.
V. CONCLUSIONS The existence of magnetism has been explained on the basis

of the Stoner criterion for ferromagnetism of bulk metals.

We have calculated electronic properties of infinitely long\ye have also discussed the stability of the magnetic solu-

plain-jellium model, is capable to mimic physically reason-
ably all simple metals, irrespective of their average valence-
electron density. Thus, we have considered the whole range
of electron densities by simulating Al, Na, and Cs nanowires.
For Na our results agree well with those obtained by Yan- We are grateful to U. Landman, K.-F. Berggren, M. Man-
nouleas and Landmé&hin the plain jellium using the shell- ninen, and N. Nestle for useful communications. N. Z. ac-
correction method. The prominent feature of the electroniknowledges the financial support of the Spanish Ministry of
structures calculated are the subbands. They are due to thEslucation (DGES, Project Reference PR95-591, and the
confinement perpendicular to the cylinder axis and influencéaboratory of Physics of the HUT for hospitality.
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