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Energetics of metal slabs and clusters: The rectangular-box model
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An expansion of energy characteristics of wide thin slab of thickheagpower of 1L is constructed using
the free-electron approximation and the model of a potential well of finite depth. Accuracy of results in each
order of the expansion is analyzed. Size dependencies of the work function and electronic elastic force for Au
and Na slabs are calculated. In the framework of the particle-in-a-box model, the work function of a low-
dimensional metal structure is smaller than that of a semi-infinite metal sample. A mechanism for the Coulomb
instability of charged metal clusters, different from Rayleigh’s one, is discussed. The two-component model of
a metallic cluster yields the different critical sizes depending on a kind of charging péefietérons or ions
For the cuboid clusters, the electronic spectrum quantization is taken into account. The calculated critical sizes
of Agﬁ‘ and Atﬁf clusters are in good agreement with experimental data. A qualitative explanation is suggested
for the Coulomb explosion of positively charged N&lusters at 3<n<5.
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I. INTRODUCTION age way. In this manner, the surface energy, work function,
Clusters constitute a bridge between atomic, molecula¢ontact potential difference, and surface stress have been cal-
and surface physics. Numerous investigations of physicafulated in Ref. 15 for elastically deformed metal surfaces.
properties of the low-dimensional systems are stipulated bY Probably, the electron work function of a slab was calcu-
their promising application in the nanotechnology. ated for the first time by Schult€.The work function mag-
Recently: the work function of atomically uniform Ag nhitude showed oscillations near its average value. In Ref. 17,
films grown on Fé100 was measured for different film the above-noted approaches have been criticized. Detailed
thicknesses. The maxima of the work function magnitudecomputation¥*-24(including stabilized jellium anab initio
correspond to the “magic” thicknesses. Scanning-tunnelingalculation performed to date do not yield an unequivocal
microscopy observation of Pb nanocrystals grown onconclusion about size dependence of the work function of
Cu(11)) indicates that in the equilibrium distribution of the isolated slabs and wires. In addition, amplitudes of the work
island heights, some heights appear much more frequentlanction oscillations are larger than in experiment.
than other one$.An appearance of these “magic” island  Since the work of Sattleet al.?> mass-spectrometric in-
heights on the Cu flat surface was studied by self-consistevestigations of the charging effects in cluster beams have
electronic structure calculatioBs. clearly demonstrated the size-dependent Coulomb instability
Point contacts of gold bodies are investigated experimenef clusters composed of a countable number of at&is.
tally in Refs. 4 and 5 during elongation of the contacts to the Rayleigh’s theory predicts an instability of a charged lig-
rupture. It is shown that oscillations of elastic constants apuid sphere ofR radius, when the Hartree energy exceeds
pear simultaneously with an abrupt change in conductance. fwice the surface energy. The critical charge is defined by the
dimensionality of a contact varies during the process ofexpression
stretching. Indeed, at the moment of formation of a contact,
the contact region can be represented as a slab inserted be- Qr= *+ V167R37, (1)
tween electrodes, whereas at the moment of its rupture, the
contact region becomes a wire. Thus, in the experiment wahere 7 is the surface tensiofor stress Recently, this cri-
observe a transition from two-dimensiondbr zero- terium of stability has been confirmed in the experimifar
dimensional to one-dimensional open electron system. microdroplets of ethylene glycol.
Analytical approaches to the determination of the density Equation(1) (i.e., Rayleigh’s criteriumh does not deter-
of states and the Fermi energy for metal slabs are proposedine which types of particles charge the cluster. A metallic
in Refs. 6 and 7 on the basis of the free electron modeldroplet can contain either an excess number of electrons
Quantization of a contact potential difference for a slab wasANg=|Qgl/e or ions AN;=|Qg|/Ze, whereZ is the valence
described in Ref. 8 within the framework of the model of and e is the elementary positive charge. Therefore, such a
hard walls. Jumps of the tensile force in a point contact wergroblem should be considered using the two-component
explained in Refs. 9-11. However, the work function cannotmodel of a cluster in which electrons and ions are interpreted

be determined in this simplest modeke Ref. 12 on equal footing®3! A sign of the excess charge results in
A simple but realistic description of simple metals is pro- different size dependencANg; =R or ANg RS2,
posed by the stabilized jellium mod&tl* which uses the In the present work, we developed an analytical theory of

condition of bulk stability at the observed electron densitysize-dependent energy and force characteristics for metal
parametery, to account for discrete-ion effects in an aver- slabs using an elementary one-particle approach. This simple
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model makes it possible to calculate the oscillatory size de- ly=koly/2m, 1,=koLy/2m, |=Kkol .
pendence of the work function and elastic force. Thermal
effects are not considered. An assumption of the ideal plastidlote that energy can be interpreted as the square of the state
strain (when volume of the slab remains constant duringvector in the& Space,§§=§§j+§§s+§i2, with §,<1. Equation
stretching allows for the comparison of theoretical results (2) gets a form
and experimental onés.

In the framework of the two-component model, the size- &= - 2 arcsing +i 3)
dependent Coulomb instability of charged metallic clusters ! T b
was described. A spectrum guantization is taken into account
for a cluster having the shape of parallelepiped. The modéNot only solutions of Eq(3) but also their number are fully
makes it possible to study a physical origin of the instability.determined by the thicknessnamely,ie=[1]+1, where[a]
Theoretical results on critical sizes of different shapeddenotes the integer part af
charged Au, Ag, and Na clusters are in agreement with ex-
perimental ones(see Refs. 26 and 28, and references B. Density of states

therein. ) . ) )
Let us estimate the interval¢ between neighboring val-

ues of&,. It follows from Eq. (3) that, for sufficiently large
Il. SLABS: QUASICLASSICAL APPROXIMATION values ofl,

A. Formulation of problem Aé~ 11, (4)

We consider a thin slab with the thicknegs=\gg (Agg ) _
is the Fermi wavelength of electrons in a semi-infinite Distances between two consecutive values;,oénd &, are

meta). The thickness is much smaller than other dimensionsSmall, namely,A&=&yj.1-§4=1/I, and A§,=1/l,. For the
L,<L,,L,. Thus, the discreteness of tixe and y-electron relatlvg values of the slab dimensions assumed by us, it can
momentum components can be ignored. For typical values dt€ €asily found thad¢> A¢,,A§,. We see that the electron
the electron concentration in metals, we hayg~0.5 nm.  States(&;, &, &} form a system of parallel plangs=¢; in &

As a first approximation, the profile of the one-electronspace and that the density of states on all these planes is the
effective potential in the slab can be represented as a rectaf@me and equal to
gular potential well of constant depttdy<0 with dimen-
sionsL,, Ly, andL,. A solution of the three-dimensional 0 =2(AEAE) =21y (5)
Schradinger equation for a quantum box can be easily foun
An equation can be decoupled into three one-dimension
equations. Therefore it is characterized by a set of electro
wave numbers;=2mj/L,, k,s=2ms/L,, andk,;, which are
roots of

g[he factor 2 takes into account two possible values of the
ﬁlectron spin polarization.

Electrons occupy the states, beginning from the point
{0,0,&}, in ascending order off,, i.e., of the state energy.
Therefore, it appears that all occupied states lie in the

1 - S : &-space domain bounded by the plafje ¢, and the hemi-
k,iL, = — 2 arcsittk,i/ko) + i, ) sphere of radiuste=VEg/|Ug|, where Ez>0 is the Fermi
energy equal to the maximum energy of occupied states.

wherek,=v2m|Uy| andm is the electron mass. The numbers _ = ; :
j,s=0,%1,+2,£3,... and=1,2,3,.... The occupied states are distributed with densitpver

The set of wave numbers determines the electron energ{liSks formed by intersections of the Fermi hemisphere with
he planes¢,=¢;, i=1,2,...Jg. The area of the disk i§
=m(&-£%). The number of occupied states coincides with

h2
Ep= En(k’z‘i +IC+ K2, the number of free electrons in the slab,
= I
where p is the number of the electron stafihe states are Ne=0> §=21,> m(&- &), (6)
numbered in order of increasing of the electron engrger i=1 =i '

a cuboid with hard walls and dimensiobg,L,,L,, we use

the well-known expression whereig is the number of roots of Ed3).
The number of occupied states per unit volume is
Ex_h2ﬂ2<j2+sz+i2> i
P~ 12727 2) Ne 27/, :
2m \ L Ly L7 VE—e:_ﬂ- ||:8|:_2§i2 ) (7)
Lyl i

wherej,s,i are the natural numbers.
It is convenient to use dimensionless variables by chooswhere we used the notatian = Eg/|Ug| = £2.
ing Uy as a unit of energy anklgl as a unit of length. We By definition, the density of statggE) is the number of

introduce the following notation: states per unit energy interval near the endggynd per unit
volume of the metal. In order to find this quantity, we write
&i=klko  &s=Kdko & =kyilko, Eq. (7) in the form
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27| C
V=I—(I88—E§i2>. (8)
i=1
One can interpret as a number of statgper unit volume
whose energies do not exceedin Eq. (8) i, is the index of
trzle greatest of the roots of E(B) satisfying the condition
&<e.
I We find from Eq.(3) that

2
i =1& + — arcsing;.
a

Substituting heré; by &, we leté take any value in the limits
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Settingip=const, from Eq(11) we obtain

deg 1 v d L 5
—=—|—+—=2§&]. 15
dl iF<2w d|§1§' (19
In order to see how the roots of E@®) change with varying

I, we differentiate both parts of this equation and find that

g 2 —25'2 <=
d|§i = > <0.
| +

[ 2
m1-¢§

(16)

from ¢; to 1 and form an integer-valued increasing functionHere, the condition of equality is satisfied only in the limit

i(¢€) such that at the points=¢; the value of the function is

| —oo, i.e., as§—0 for alli.

increased by one and in the intervals between these points The disksé,=¢ are lowered with increasin The low-

the function does not change. Substitutifrgye, we obtain
. — 2 . [
i,=|lVe+—arcsinye |. (9
a

Square brackets indicate an integer part.
By differentiating the left-hand side of E¢8) with re-
spect to¢ under the condition,=const, we findp(e). Using

ering rate decreases gradually, so that the lower disks move
more slowly that the higher ones. Accordingly, the distance
between the disks decreases and their nuritbgrows. It is
seen from Eq(12) that this number increases by 1 each time
the equalitysF:§i2F+1 is satisfied. The process of disk lower-
ing is accompanied by the “pulsation” of the Fermi hemi-
sphere. Its radiugg=+er alternately increase&s deg/dl

Eq. (9) and working backward through the normalizations,> 0), and decrease@sder/dl<0), having the average ten-

we obtain
1dN, m | L,y2mE 2 i E
E)y=——= +—arcsin\/— |,
PB =V e ﬂ-ﬁzLi - V Uyl
(10)
whereV=L,L,L,.
C. Size dependence of the work function
From Eq.(7), we obtain
[
1( F
sF:.—<—+E§?>. (12)
IE 2T i=1
Using Eq.(9), we find that
. I 2 .
igr=|IVeg+— arcsinveg |. (12
T

dency to decrease. Re=& the derivativedeg/dl is dis-
continuous. The value of the jump decreases with increasing
l.

The minimum value ofL, corresponds to the thickness
equal to the diameter of atom. Let us estimate the minimum
value ofl. We usel =L,\2m|Uy|/(w#), whereL,=0.5 nm(it
means that we have a single layer of atpnasmd

hZ
|Uol =Ero+ Weo,  Epo= %(3772n_e)2/3- (17)

The work function for a semi-infinite metal samplg, is
equal to 2.25 and 4.25 eV for Cs and Al, respectivéls a
result, we have 1.81,,,<3.5. We assume henceforth the
value 11 to be small and apply an expansion in terms df 1/
for calculating the Fermi energy.

Now we introduce the notatioa=1/l. The &(«) depen-
dence is implicitly determined by E¢3), which can be writ-

In what follows, we assume that the electron density inten as

the slab does not depend on its size and is

Ne k3

oo 0, on

Vo 4nd
If the depth of the well is fixed, then E¢L3) implies that

(13

_ . . 1 1
v=const. The thickness dependence of the Fermi energy &= Elamot €lacoa*3 g;/|a=00[2+6 af/|a:0a3+ e

ee(l) can be found by solving the set of equatida$) and
(12) under the additional condition=const.
Substituting the expression,=k3,/372 into Eq. (13)

(kgo is the Fermi wave number for the semi-infinite mgtal

we find

(14)

_4 .3
V=37,

i 2
& =——arcsing +i. (18)
o a
We look for the roots; in the form of
(19

Keeping the terms to the order af, we obtain the Fermi
energy up to the orde#?. It is seen from Eq(18) that
§i|a=0 =0,

&lale=0=1i. (20

where&-o=Kkgo/ ko, i.€., v is equal to doubled volume of the Differentiating both sides of Eq18) with respect toax and

Fermi hemisphere i§ space in the limiting caske— .

multiplying the result bya, we obtain
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, & 2 1 ) must be omitted in the resultant expresgioh numerical
§-,77 ;F“fi - (21)  calculation ofeg by the formula(24) leads to the error that is
v i associated with an incorrect consideration for terms of the
Settinga=0, we find order more than first and gives an appearance of the oscilla-
. , tory dependencec(l).
&lazo=1- (22 In order to take the terms «? on the right-hand side of
In a similar way, we obtain Eg. (24) into account, we must include the following terms,
] ) which were earlier neglected:
o= 2, o= o2 a2
e m’ e m 1az—&cf% iﬁga‘l. (27)
Substituting the obtained expressions into E@), we find 6 4
oi Ji In this case, thee(I) dependence is represented by a con-
&=ia—-—a?+—a+0(a?). (23 cave curve in each intervdl;,l;,1), 1=2,3,...(Ii=1/®).
™ L At the pointsl=l;, the derivativedeg/dl is discontinuous

e : 312 : :
Now we evaluate the Fermi energy to the first orderin  @nd its jump is —2¢,>*/i%. To the left from this point, the

For this purpose, it suffices to keep the first two terms in Eqfunction grows, and to the right from it, the function de-
(23) when substituting it into Eq(11). Indeed, the order of creases. The jump in the derivative results in the appearance
magnitude of the errod¢ does not exceeiga® in this case.  Of cusps in the plot. The sharpness of the cusps decreases
The error ofé? is 2£ 8¢, and its order of magnitude also does With increasing.

not exceedga?, sinceé <1. The error of the surklF, & is For large values of, Eq. (12) can be written as
smaller thariZa®, and the order of magnitude of the error of Ve
the whole expressioiill) does not exceedka®. Sinceir iF=j+O(a°). (28)
=ep/ a, this estimation of the Fermi energy is correct to @
first order ina. _ o Substitute Eq(28) into Eq. (24) and using conventional
After the above-mentioned substitution into Efjl), we  ynits, we obtain
have
wh |E 8 |Ep)\1l
v 1 ||2: i|: 2 4|2 3 2 E|:=E|:0+_ j)(l__ ﬂ)_ (29)
8'::—_—+ —+ — |- —« +O(C¥) (24) 2 2m 37 |U0| LZ
2mipa 3 2 37

The expression in the brackets is positive, i.e., asymptoti-

We divide the range of variation af into intervals(a;,4, ), cally, we always havé&, > Ex.

i=2,3,..., sothat ¢;=1/I;, we haveir=i inside these inter- In this model, the work function is defined as
vals. The valuesx>0.3, which correspond tb<I,, are
nonphysical. Let us find the boundaries of the intervals. We=-Up~Ef, (30)

From Egs.(23) and (24), and conditionse=£; we can it i easy to see th,<W,,. A role of the size depen-
obtain an equation fos;..: dence of the bottom of the potential w&l(L,) will be dis-
8i3 2% 3i2 v cussed later.
;Taf+1—(?+?>ai3+l+—=0. (25

2m D. Deformation force

According to Descartes’ rule of signs, E@5) has two real |y order to calculate force characteristics, we must find
positive roots. In zeroth approximation, one of them isthe size-dependent electron kinetic energy. We denote the
~\ego/i and the other is of a higher order of smallness. Weyotal kinetic energy of the electrons ley=K/|U|.

are interested in the first root of E@S), because boundaries As noted earlier, the one-electron kinetic eneggyS nu-

of the interval(a;.1, ), with constantic inside, are deter- merically equal to the square of the radius vector of the point

mined by this root. The boundaries are in £ space. The contribution from the corresponding element
11— 1 —(4— dSof the disk to the total kinetic energy @& =¢,0dS where
ap= i—\e“'sFo+ ?\'SF()(;\SFO + 1>. (26) the density of states is defined by Eq(5). Next, we must

integrate over the disk area and sum the contributions from

The minus sign corresponds pe=i+1, and the plus sign to all disks.

p=i. Thus, the width of the intervalei,;, ;) decreases as  We introduce the notatiop=(&;+£&)" The maximum

1/i2 with increasing (or ), sinceq;— ;1= \;‘S—Fo/i% value of p in theith disk is equal to the disk radiys=(e
Unexpectedly, the examination of functian(a) indi- - ?)Y2. We have

z:at)es the insufficiency of its approximation by the expression e p i

24). This expression is a stair-like function, i.e., it is con- - 2., 2 L2

stant within ﬁwtervals(ai+1,ai), whereig=i. It can be ex- 8_4ﬂlxly§1 0 dpp(&+p )_Wlxl”(IFSF g éﬁ)

plained by the fact that;,; and ¢; differ in the secondorder

of smallness, and after substituting int®4) they give the

same resultgof course, terms of the order more thérst  Performing the summation, we find

(31
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21 v o, 5 v 4y , cluster is critical, if the number of eIectronztS\l;, for which
e=ml| 5+ —ifa- g’ + ——ipa - ke’ the reaction
47%ica?® 3w 45 2 37
1 32, (ANp)- (ANG=D-
- é|‘F‘a4+ Eﬂ@f) +0(a). (32) My © =My e +e
The asymptotic form of this expression in conventionalis reversible, and the ionization potential of the clustet, IP
units is >0, tends to zero
K = §NeEFo+ ﬂ,\,e @(1 _32 /@)i_ AE(ANg) =Engani-1~ Engan; =P — 0. (36)
5 8 2m 157 V |Uq|/ L,

(33)  We note that the addition of one more surplus electrons to

) o } . AN;_ is possible only in a metastable state, because the affin-
Let us discuss the origin of the different terms in E8Q). ity of this electron is

The first term in Eq(33) is the kinetic energy in the case
when the slab thicknesk, is comparable to other dimen- L~ -
sions. The distance between the diskg ipace in this case  EA = Eygan; = Engranie1 = = #te = 52 (2ANe + 1) < 0.
is so small that the summation in E§1) can be replaced by
integration. (37)

The second term in brackets in E@3) appears for a )
finite well depth. This correction is rather important and !N any case, the relation
makes a contribution of about 50%. In contrast to the case of
an infinite well, electron localization in a well of finite depth IP' - EA" = 9_2
is not strict, therefore, the kinetic energy in the latter case is
smaller. X

In order to compare our results with the experimentalis valid. WhenANg> AN, the cluster is overcharged. The
data?® we find the oscillating electron contribution to the surplus electrons are separated from the free states by a po-
elastic force under the conditions of ideal plastic strains, i.e.tential barrier and they can be in the metastable state for
in the case where total volume of the slab is conserved: some time. The lifetime of each electron is determined by

specific conditions in the nonequilibrium system.
f,=- (‘9_8> _ Using Egs(36) and(35), we obtain for the critical excess
a, )y electron charge

This part of the force has no relation to the phases of stretch- WG — 1
ing that are accompanied by a change in volume. It rather AN;: Do _Het | -,
determines the variation in slab elastic properties as the slab e 2
thickness is varied. This force depends on the number of

particles in the slab, therefore, it is convenient to conside}VN€réWeo=-#eo IS the electron work function for a flat sur-
the force normalized byl face, ue= et tet/ R, andue /R is the first curvature correc-
e

tion term in the electron chemical potential of a metal sphere
F, h2< ™Me 2702 o i° i 4nli? of R=N'3r, radius with the notatiorr, for the mean ion

(38)

Ne  2m

RO T Tl ke sading
z z z z Let us consider now a positively charged cluster of metal,

. 5773i+ 16 f (34) which containsN,=ZN; electrons and\;+AN; ions. This
24n,LS 150Kk L!/)" situation is similar to that one when the droplet wiNhions
“contains” AN.,<0 lacking electrons. In this connection,
AN, has to be divisible by.
lll. CHARGED CLUSTERS The energy of charged clust&y .y, is related to the
A. Two-component model: Asymptotic expressions energy of a neutral cluster in the following way:
Let us consider now a neutral cluster, which contains . _ (+ eZAN;)?
No/Z=N;=N atoms. Expression for the total energy of a clus- En+an, = En, + AN, + < —. (39
ter, charged byAN.< N, electrons, can be written s
~ -~ (- eANy)? As in Eq. (35) the most essential size dependence is due to
Engan, = En, T #eANe + e (35  the self-repulsion of the surface chargezAN.. Actually, the

ions are not mobile and the redistribution in the electronic
where u, is the electron chemical potential. A cluster cansubsystem mimics the distribution of an excess positive
retain the excess electrondN, only when its energy in this charge.
state is lower than the energy in the state wiftr AN—1 The change in the total energy, associated with the detach-
electrons. By our definition, the number of electrons in ament of AN;th ion, is
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~ ~ ~ e?7?
AE(AN) = Eyean -1~ Enean, = = 4~ E(ZANi -1.
(40)

A cluster with charge @ZAN; can exist in equilibrium only if
AE(AN;) > 0. So the number of ion&Ni* in a cluster is criti-
cal, if the reaction

Z(AN))+
N +AN]

Z(AN 1)+

M N+AN; -1

=M +ME

is reversible. In this case we have

AN = WioC —pin 1

' (Ze)? 2’ (41)

whereW,o=-p;o is the ion work function for a flat surface.
For a sphere of radiuR=(N;+AN;)3r, using sum ruled’
we can write
2y
Mi1= — ~ Me1;
n

e

(42)

PHYSICAL REVIEW B71, 195410(2005

kyfko < 1. (44)

Using the perturbation theory, the finite well problem can
be reduced to the infinite well o Three relations of iden-
tical form determine wave numbers, for example,

Kej= kg + Aky, = |Akg/kg| <1, (45)

jl
Wherekﬁzwj/Lx is the solution ak,— . Substituting Eq.
(45) into Eqg. (2), we obtain in the first approximation for a

cubel=-2/k,L and the energy spectrum

2

_ WP
Ep= 2mL2(

2+ +i%)(1+20+0(8?). (46)

One more alternative expression can be derived from(Hgq.
under condition(44):

~ﬁ2ﬂ2< ko
P 2m \ 2+ koL

On the one hand, in a neutral cube a number of electrons
is given, on the other hand it is determined by sum&E

2
) (j2+&+i%). (47)

where y is the surface energy per unit area. For material§ Ep) over all occupied levels taking into account twofold

under the studyue; =1.9 eVX a,.3134

spin degeneracy. Filling levels by electrons we find a highest

If AN,> AN}, the cluster emits a surplus ion, passing into@Ccupied stateE""°<0, counted off from the vacuum level.
the state with lower energy. This approach corresponds to thHe0llowing Koopmans'’ theorem the ionization potential of a
consideration of the droplet as a two-component electron-iogubiform cluster can be determined as

system.

The work function of single-charged ion can be expressed

by means of the Born cycle using the ionization potential
of single atom IR, cohesive energyg.,,o and work func-

tion for a flat surfacéNy:
Wio = &conot 1Patom™ Weo- (43

For Pbegong=1.5 eV, Wy=4.0 eV, IR;;n=7.4 eV, and we
getW,p=4.9 eV. WhenR=12a,, the critical charge is equal

|P=—EH°+§

> (48)

IV. RESULTS AND DISCUSSION

We performed calculations for slabs of trivalent Al,
monovalent Au and Na with electron concentratiog
:3/477r§, whererg=2.07, 3.01, and 3.9%,, respectively.

to +2.7e. This estimation is in good agreement with experi- The work function values for semi-infinite metals, which we
mental dat& and with the results of more complicated self- used, aréN,=4.25,5.15(r 4.3 and 2.7 e\F%39

consistent calculatior?s.

Figure 2 shows the results of calculation of the thickness

Our approximation assumes that the shape of a cluster @gependence of the work function for extended isolated slabs.

unvariable during its charging. Equati¢B8) for AN; and

The inequalityW,< W, is satisfied for the whole thickness

Eq. (41) for ANi* take into account electron and ion emissionrange. The values of the largest oscillations of the work func-
and distinguish between them. It is due to the necessity ton are about 0.1-0.2 eV. Comparing(L) for various
expend the energy on the embedding of a particle of this kindnetals, it is easily seen that all differences are determined by
into the cluster and on the redistribution of its charge ovetthe values ofrs. For aluminum(with the smallestry), the
the surface. Such a mechanism of the Coulomb instabilitgmplitude of oscillations of the work functid,/ Wy, is the
can be introduced as an alternative to Rayleigh‘s one. Estiargest, the periodL is the smallest, and positidn of the

mates show thaANg> AN? >AN*e, i.e., during the charging,

cusps are displaced to the left. These features are well de-

rather than the single-electron/ion emission that occurs icribed by the approximate relations Wg/Wg~ 1/rL,
Rayleigh’s instability. For small clusters, the energy quanti-AL~rs, and L;~irs (i is the number of subbandwhich

zation is important.

B. Quantum spectra

follow from Eqgs.(26) and (29).

In order to clarify the role of the thickness dependence of

the bottom of the wel[see Eq.(17)], we consider the data

The shape of real charged clusters seldom looks like @resented in Table I. These data are extracted from the results

sphere(see, e.g., Refs. 36 and)3Therefore it is convenient

of the self-consistent calculations performed in Ref. 40. In

to determine the electron spectrum using the parallelepipethat work, the electron energy spectrum was calculated not
model. The allowable levels form a discrete spectrum. Wavéor the rectangular, but for a spherical self-consistent poten-

vector components are evaluated by solutions of (Bgfor

tial. In the rectangular-box model the position of the first

each direction. In order to separate real levels from virtuabccupied levelg, varies in accordance with the position of

ones we introduce the following condition:

flat bottom of the potential well. As the well width is large
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TABLE I. The energy of the first occupied state;<0, in spherical clusters Nacalculated by Ekardt

(Ref. 40.
N 18 20 34 40 58 68 90
-Ey [eV] 5.10 5.15 5.41 541 5.59 5.53 5.76
N 92 106 132 138 168 186 198
-Eq [eV] 5.63 5.64 5.86 5.79 591 5.92 5.81

(i.e., asN— ), this level is “lowered” to the bottom. Hence, electrodes, but it is valid for a cubiform cluster or a stab.
we can obtain quite reliable information about the size deNeglecting environment and settif@=esN./ 5, IN<<Ng,
pendence of the depth of the rectangular well by determininggnd A — 0, we obtain from Eq(50)

the confinement behavior of the lowest level in the potential

profile corresponding to the spherical cluster. This depen- 8¢ = (We—W,)le. (51)
dence is almost monotonic and asymptotically weak. More-

over, it does not compete with the thickness dependence of NOW the energy spectrum of thié; =N,- N, electrons
the Fermi energy in Eq30) and gives a minor contribution that remain in the slab must be found for the regtan_gular
to Eq.(29). Taking into account the dependeridd.) in Eq. potential well of changed deptty—edp. The total kinetic

30) leads to strengthening of the inequali(L) < W, energyK, of the remaining electrons can be determined in
( %’hus calculateo? size %ependen\l\i(L)m% i)n geer?eral the same way as for an isolated slab but with changed energy

agreement with the experimental restiasid self-consistent spectrum and number of electrons. For the oscillating part of

stabilized jellium calculations for extended thin Al sldbs T\fv el'\las.“cﬂ‘:orfﬁ’ we dha"EZf"(fQ/t?‘le)V’ where =K,
and cylindrical Al and Na wire$??4 However, there is a ey IS IN€ thermodynamic potential.

disagreement with the results of Refs. 18—-21. Perhaps this Utswlg t?e tc_ialtz_fffrom Fig. %,h.we (;ant.a:sdqﬁdetermme the
inequality is universal, but much more experimental work isgOn act po ent!a 'h.eftrerf'iﬁ(f/" Illsdpo fe;)n l{ﬁ tlh_erencte Frg'
necessary to fully resolve this important problem. uces a negative shift of the well deifor the thinnest slab,

When the slab is inserted into contact with the electrodesIt attains 0.5-1 ey This leads to a displacement of density

the electron chemical potentials become equal and the elegf states to values corresponding to greater thicknesses. The

tronic system should be considered as an open system Wi}séretched sample acts as an “gleqtron pump” \.Nith. re;pect to
Wy(L)=Wg. The electrical neutrality of the slab cluster is € 'elec.trodes, alternately ejecting electronic liquid and
broken, and the padN.> 0 of the electron liquid passes out drawing it back.

to the bath. As a result, a contact potential differerdige In Fig. 2, we _show the part of the elastic _for_ce that is due
appears to the quantization. As can be seen from this figure, the am-

In order to determine the contact potential difference Wé)litude of the force oscillations depends strongly rgnor
consider energy cycles in which electrons are transferred firﬁ O;'l#gr";E?n?ﬁsmatfrohneacrﬂglr':é?:r 'zfiﬁztc}gniij’;ﬂeg;?]age
to infinity and then to the electrodes. By analogy with Eq.d ' P

(36), we express the ionization potential of the slab, having etermined from Eq(34)._ (F2/Ne)i ~irs. Our est!ma_t|ons
charge oN,, as showed that, for a slab in a contact, force oscillations are

analogous in shape and amplitude.

The first maximum of the oscillating part of the force
F,/N. for Au (corresponding to a slab thickness of one
monolayey is 0.2 nN, i.e., it is much smaller than the experi-

&
IP = Enyg-an-a = Engeany, = Wel + 0= ((8N+ 4) = ON)

(49)

and write the electron affinity of the bath for the charge\ -
as EA=W A. Equating these two quantities, we obtain

e
Weo = We = >~ (20N, +4) =0, (50)

whereC is the sample capacitance.

We note thatA can be infinitesimal, since an electron can
pass through the contact only partiallye., it can be detected
on both sides of the geometrical contact with a nonzero prob-
ability). 6N, can be considered as a smoothly varying quan-
tity. This situation is typical for one-electron devicgg? 5 p 0 ” "

We also assume th& corresponds to the total capaci- L/
tance of both contacts. The validity of this assumption de-
pends on the sample geometry and electromagnetic environ- FIG. 1. Size dependence of the work function for metallic
ment. This is not true for a spherical cluster in contact withslabs.
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Lk/n 0 2 4 6 8 10 12 14 16
L%, (@)

FIG. 2. Size dependence of the oscillating component of elastic
force F,/N, for metallic slabs. FIG. 4. Evolution in the size dependence of the first ionization
potential(48) of Nay cubiform cluster with a change in the cluster
shape from a slab to a wire. Dashed lines represent the bottom
éoosition of the potential wellJy, and work function for the flat

3urface,WeO.

mental value for a wire, which is equal to 1.5 8NChis
difference can be explained by both the difference in th
dimensionality of the electron gas in a wire and in a slab an
the effect of current flowing through a contact estimated in
Ref. 44 and discussed in Ref. 45. Note that there are n
experimental results for slabs.

For the case of aluminum cluster, let us apply the analyti
cal approach of the previous section. Size dependencies S . L
the ionization potential48) calculated for the cubiform clus- We_ divide the range of the size variation |n_to°’1n)terva|s
ters Aly are shown in Fig. 3. Here we use spectra, which aré'?md find the spectrum for each of them using E2). We.
determined by Eqg2), (46), and(47). For theN range(10, exchange a capacnancg of th(_e pgral]eleplped by capacitance
3000, calculations designate an essential role of spectrun‘?.f equivalent spheroid in the |o.n|zat|on potent(df,B.). The
quantization even for large clusters. Magic numbers obtained'2€ dependence of the capacitance has a minimum for a

are close to those found experimentaflyrhey are different Sphere. In_the_ limiting cases of the slab and _the wire (.)f
in the case of single valence sodium clusters. monoatomic thickness, capacitances are approximately twice

and sevenfold larger, respectively.

Beginning from one hundred atoms, calculations of the Figure 4 displays the behavior of the electron work func
spectrum based on approximate expressi and (4 . A : : o
pectiu pproxi xP e “7) ion and the ionization potential of the isolated sodium

give quite reasonable results. However, their inaccuracy rel

. HO . .
sults in the level hierarchy differing from that determined faE';“(?f\S/v of vat;ymg ghtapgs,Eb . (\jNe' Thti me;]qlfallty
from Eq. (2). There is a difference between spectra calcu- e IS ODSErved 10 be obeyed over the whole range

f the considered dimensionalities. The size dependence of
lated by Eqs(46) and(47) for N val N=58 (see the ° . . €
iisit toyFigsg 47) and(47) for N values nea (see the energy of the first occupied statg(L), has minimum at the

At the next step we investigate the ionization potential ofPint corresponding to a cubiform cluster. As it can be seen,

a cluster as a function of its shape. We assume that the sha re alr(e rang;es of Iengths Wherﬁdwﬁo and II<Pf> We(?'
of a cuboid cluster varies from strongly flattened to elon- It is nown from expenmentst at the work functithy
of alkali metals is approximately equal to one half of the

———————————— atom, 1R *e Therefore one would expect that the value of
IP of a small solid sample belongs to the interval
(W, IPaom independent of the shape of sample surface.
. However, the competition between the size correctéisl)
and thee?/2C term in expression(48) for the ionization
potential can lead to the opposite inequalisee also the
] discussion for nanowires in Ref. 49
Using mass-spectrometéra minimal number of atom

have been recently determined for which an existence of
! stable charged clusters FUN>27), Aud (N>58), and

. . . . . . . Agﬁ,‘(N>27) is possible under the condition of a particle
0.1 02 0.3 0.4 0.5 retaining two or three surplus electrons. This problem is in-
verse to the one considered above. H&N, is a parameter
FIG. 3. Size dependencies of the first ionization poteriial of ~ andN is unknown.

Al clusters. Solid, dashed, and dot-dashed lines indicate the depen- We note that even for particles containing more than a
dencies determined according to solutions to H@$. (46), and  thousand ions the critical charge does not exceed a few units.

(47), respectively. Numbers at the top correspond to the numbers ofhis interesting feature is a result of the strong Coulomb
atoms in the cluster. repulsion of the surplus charge spread over the surface of the

ated. Thus, we have a monatomic slab of thickneasthe
eginning and a monatomic chain of lendthat the end.
During this evolution, the sample volume is supposed to be
pnstant and equal to 4 ni.

IP-W,, (eV)
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FIG. 5. Size dependencies of the ionization poteriba) Auﬁ'
and ALﬁf clusters(solid ling). Dashed lines represent the quasiclas-
sical dependencies IMN) (36). Arrows indicate the experimental
critical numbers\".

FIG. 6. Critical sizes of positively charged clustersgNeSolid
line—quasiclassical dependené£l), dashed line—the Rayleigh
dependence, (l)—experiments, and (O)—the results of
guantization.

particle. The situation is different for atomic and molecularR leigh's f la. F Aﬁ[ th lueW
ions, where electrons are not collectivized. ayleighs formufa. For , We use he Vall€Weo

For calculations, we use the following experimental val-=>-15 eV recommended by Michaels&iiThe ALﬁl— clusters

ues of surface tensiont=1134,780,191 erg/chfor Au, appear to be stable whel>20. However, with another

Ag, and Na, respectively. Here, we assume that the surfacﬁalg_eweoz4'3 eV, proposed by FomenRBEq. (52) gives

energy equals the surface tension, while in reality these val uz7 and ALiIO critical clusters. Specific features in the en-
ergy properties of gold clusters were noted by Gaffon.

ues can be considerably different from Ref. 15. . )

Rayleigh’s expression gives numbers of atoms in the criti- Fmgl_ly, we apply our computat|9n procegure to the case
cal clusters, which are four to five times less. These number&f po:s_ltlvely charg.e_d clusters [Ya Naheret al %" determined
are N~9 and 6, for Alﬁf and Ag’;,‘, respectively. In our experimentally critical number&N=64, 123, and 208 for

lusters withn=3, 4, and 5, respectively. In our model, we

fi\gr?roach the problem is reduced to the solution of the equiaveNz Ni+ANi*, andnEANi*. The critical sizes are calcu-
lated using Eqs(41)—(43) in which we replacéN,— —EHC
. and eliminate ug;. We use egn=1.13 eV and IR
(2AN,-1)=0. =5.14 eV in the calculations.
Our results for the Ng clusters are presented in Fig. 6.
(52) For the small sized clusters, the situation can be described by

Effective capacitanc€.s=R+5 is used in order to ex- Rayleigh's formula according to whidkQg| N2 The qua-
plain experimental results for charged clusters. The addiSiclassical instability leads to the relationsf@aAN, o N,
tional small quantitys is caused by an increase of radius of Calculated critical sizes of the clusters are overrated as com-
the charging electron “cloud.” Thé value was introduced pared to experimental values. From the data presented in Fig.
for calculations of the polarization by Snider and Sorillo S: On€ can assume that cubiform clusters transform predomi-
and the ionization potential of clusters by Perdéwhe av-  Nantly into cuboids. The change in energy of the highest
eraged dependencé(r)=1.617+0.190/Z*3-2.07 (in occupied stat€HC is significantly less than that associated
bohrs is obtained using coordinates of the image plane forVith the charging due to an increase in capacitance. Elonga-

various crystallographic facéswhich were computed in the tion OT clusters is accompanied also by _thg change in the
stabilized jellium modet? cohesion energjsee Egs(41) and (43)]. This is confirmed

Note that introduction of to Egs.(48) and (52) is not by experimental data on deformation of point contacts. A

rigorous. This procedure accounts only for the Hartree Con_glecrease in the dimensionality gives a considerable increase

tribution, 8/R?, into correction term~1/R2 in the energy in strength of a contac¢g These factors can be responsible
1/R expansion. Nevertheless, solution of E8p) is respon- for the difference between dependencid, (N) calculated

sible for the 8 value®® With discussed modification for |p, @nd experimentally found.
Eq. (36) is adequate for explaining consecutive photoioniza-
tion acts for large clusters Qlin the wideN range (2000,
32 000.5* The use ofC.4=R+ 6 makes the size monotonic
component of IRN) in Fig. 3 somewhat weaker. The problem of energetics of finite metallic systems has
The size dependence “([RN;,N) calculated from rela- been considered. We have developed an analytical theory of
tionships (52) and (38) is shown in Fig. 5. Points of the size-dependent energy and force characteristics for metal
diagrams with IP=0 indicateN values for the critical clus- slabs by using a rectangular-box model, free-electron ap-
ters. It can be seen from Fig. 5 that the quasiclassical depeproximation and the model of a potential well of finite depth.
dence(38) and Eq.(52) with inclusion of the level quantiza- This approach makes it possible to calculate the oscillatory
tion leads to better agreement with experimental data thasize dependence of the work function. In the framework of

IP"(AN.,N) = - E"O(AN_,N) -
(ANe.N) (ANe.N) 2Ce(N)

V. SUMMARY
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the particle-in-a-box model, the work function of low- count. The model enables us to discover the physical origin

dimensional metal structure is smaller than that of a semief the instability and to explain the critical sizes of charged

infinite metal sample. The theory has been applied to Ca|CuAuRl", Agy, and Nir clusters of different shape. Results of

late the elastic effects in thin metallic slab. ~this investigation might have an application in diagnostics of
In the framework of the two-component model, the size-y|tradispersed media, single electronics, and in nanotechnol-

dependent Coulomb instability of charged metallic clustersgyqy.

has been described. A mechanism of the Coulomb instability

in charged metallic clusters, different from Rayleigh’s one,

has been discussed. We showed that the two-component ACKNOWLEDGMENTS
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