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The consecutive procedure for the calculation of a size dependence of an electron affinity to a large
dielectric cluster of radiuR is presented. The perturbation theory over the small paramef@rs
andL/r (L is the scattering length in the condensed mediuns the interatomic distanges
proposed for an electron binding energy in the frame of effective medium approach, using the theory
of state of light quantum patrticle in a cellular medium. Estimations are fulfilled for liquid xenon
clusters. ©1997 American Institute of Physid$$0021-96067)51806-X]

I. INTRODUCTION portant and the first order perturbation correction to @g.

o o has a noticeable value. For Xe-clusters it consists of about 40
The state of charged particle in rare-gas liquids and cIusper cent of the electron kinetic energy.

ters is the subject of many experimental and theoretical 1,0 proposed theory can be applied to liq@hd may
investigations~3 Large clusters of these liquids are able to be solid clusters made of a matter in the bulk of which an
bind excess electrons and positrons. Measurements point [ cess electron can be considered as almost free. Such are
the existence of clusters consisting of some small “critical” «,o high mobility liquids,” e.g., Refs. 9,13. Heavy noble
numbers of atomdN* realized the first bound state of an liquids (argon, crypton and xendrbelong to that class of
excess electrof. - Lo liquids. An injected electron acquires a mobility even ex-
An electron affinity(or binding energy for small clus-  ceeqding a mobility in a rarified gas. The mean free parth of
ters may be calculated numerically orily.g., Refs. 5,5 I gjectron can exceed radius of a cluster, and electron is rather
the opposite case of large clusters the affinity is close t0 thg, o1y scattered inside it. Hence, the theory cannot be applied
affinity for ‘the bulk medium with the first curvature (4 ¢jysters with localized electron, e.g., to clusters in polar

correc;tions? An affinity for the sphere of radiuR and di-  |iquigs (like waten where an electron induces the restructur-
electric constant equals to the work needed to remove @ing of environment.

unit charge from the center of sphere to infinity,

e’ e—1 #H%#° Il. EFFECTIVE MEDIUM APPROACH FOR ELECTRON
EA=—Vo(*) = 55—~ me@ (1 AFFINITY

whereVy(«) is the ground state energy of an excess electron Th_e wave funct!op of electron localized in a liquid clus-
in the bulk dielectric. It is the conductivity band bottom ter satisfies the Schanger equation,
which is disposed lower than the electron energy in the 52 N
vacuum. The second term in E@l) is the classical size —ﬁA‘lf(r)nLZ V(r—=R)V¥(r)=—-EA¥(r), (2
correction originating as the energy of the polarization inter- =1
action of electron witiN atoms’® R=NY%, wherer is the ~ whereV(r) is the electron-atomic potentidl, is the number
mean interatomic distance. The third term is the kinetic enof atoms in cluster. In a liquid the potential field is charac-
ergy of the electron. It is estimated for the smooth well withterized by the average translation symmetry. Let us represent
the large dimensionless strength. the cluster by an array dfl spherical Wigner—Seitz cells.
The potential well of clusters is not smooth, but is The cell potential is symmetrical relative to each atom. In the
curved in a high relief. The relief has a spatial scale of thdiquid the potential may be expressed in the form of the sum
mean interatomic distance. The thing is that the potentiabf the electron interaction with the central atom of the cell
field, caused by atoms of the cluster, cannot be modellel¥,(r) and with the cell environmenf We assume that the
satisfactory in the mean field approach. In the present papehort-range component of thé,(r) has a range which is
the electron kinetic energy is determined taking account fomuch smaller than the size of the cell. The long-range com-
this relief. The perturbation theory is developed over smalponent V,(r) has the polarization character @e?/2r),
parametet_/r, whereL is the scattering length of particle in wherea is the atomic polarizability.
the condensed mediufrt® The results of calculations show The polarization component,(r) of the environment
that these quantum mechanical effects prove to be very inpotential may be defined in the usual way,
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where V,(02) = —3ae?f/(2r 3c), and f=(1+2alr3)*
is the Lorenz—Lorentz factor of the local figl@iin the limit
R= o the expressioli7) takes the correct forfiOne can see
that the curvature corrections decrease the polarization con-
tribution to the electron ground state energy. It is a result of
the deficiency of neighbors in the comparison with the bulk
FIG. 1. An electron in the central Wigner—Seitz cell of the dielectric sphere.liquid_ Let conveniently representvp(r , R) = UO(R)
+ Uendr,R), whereUy(R)=V,(0)(1 —0a/R) in accor-
dance with Eq(7). By this we extract the spatial dependence
1 of the potential profile. Then the E(R) may be rewritten in
Vp(r)=—§f dr'P(r,r")Eo(r,r’), (3y  the form,
72 N
whereP(rr') is the dipole moment induced at the pomt  — ﬁA‘I’(f)le [Va(r =Rj) +U gnfr =R J¥(r)
by an electron disposed at E, is the electron field in the '
vacuum. Using the definitioR=E (¢ —1)/4s, Eg. (3) can =—(EA+Uy(R)W(r). (8)
be reduced to the form,

V,(r,R) =V, (0)

The termUy(R) is the shift of the energy due to the mean
1—¢ 1—¢ polarization of the medium.
Vp(r)= WJ df'EmEo:WJ dr'VenVeo, (4 The electron wave function of the ground state can be
written in the form,
where go=—¢€/|r—r’|, om(r,r') is the electrostatic poten-

tial of an excess electron in the dielectric sphére, Y (D)= ge(nu(r), ©
where the function(r), varying on the cluster size scale, is
—e —eg (e—1)(k+1) modulated on the atomic scale by the functiofr). The
‘szm + & & k(se+1)+1 functionu(r) is the superposition of the usual Wigner—Seitz
solutionsuy(|r —R;|) inside cells, centered &, .
X (rr")*R™%1Py(cos 6), 5) For the cell centered &;=0 (at the center of clustgr
where 6 is the angle between the vectarandr’. The di- 2
electric constant is given by the Clausius—Mossotti formula, ﬁAuo(rH[Va(r) +U end 1) 1Uo(r) =To(R)Uo(r)
e=1+3al(r - a), provided thata/r 3><1. Consider an (10)

electron in the Wigner—Seitz cell positioned at the cluste
center(Fig. 1). Thenr<r andr<r’<R. The environment
potential is created by the atoms outside the cell where they  Vuo(r)|v=0,ug(r)|Lr) =0, (1)

are setted in accordance with the pair correlation funCtiOQNhereTo(R) is the cellular energy eigenvalue(R) is the
g(r). To transform Vy(r) [Eq. (4] we assume that gjectron scattering length in the liquid cluster of radRisit
g(r)={0r<o;1r=0}, .wherea is the parameter of the appears thal (R)=L(=)+O(1/R%, where L(=) is the
Lennard-Jones potential responsible for the interatomic regeattering length in the bufkFor the validity of our theory it
pulsion (e>r), should be small in comparison with the mean interatomic

'With the boundary conditions

1—¢ distance./r < <1. The wave functiomiy(r) has the follow-
Vy(r)= ﬁ[ § enTeadSt $ enTeqds ing form,
A si r—L(R
) , Uo(r) = ol ( )]}. (12)
dr’'¢enAegl. (6) NZY Qor

_ . The wave vector is given by the well known equatioh
The first and second integrals should be taken over the sugay g [T—L(R)]}=q,r. The size dependence of

faces of radiic and R respectively, and the third integral To(R)=#2g2(R)/2m is formed by the dependence
sh_ould be taken over the volume between these Sur_faceE(R),TO(R)=TO(OO)+O(1/R3)_ Below we shall neglect this
With  the —use of the multipole expansion \yeak size dependence. In order to simplify the analysis we
[r—=r'| " t==}_or*r’ " *Py(cosf) and the orthogonality introduce the Fermi optical approximation,

rule of the Legendre polynomials, the straightforward inte- 5 .

gration leads to the explicit result, qo/2=3L/2r >, (13
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which contains the independent small parameteis the potential fieldsV(r), averaged over the ground state

E=LIr,L=L(). with the quantum numbens=1 and/ =0,

Substitution of Eq(9) into Eq. (8), with the use of Eq.
10), yields the wave equation fap.(r), 1 2sin(wr/R)

2 g hg Vult-RD o, o i
¢ m<, ug([r—R))) "¢ The straightforward estimation fd&*) gives the following
result:

== (EA+Vo(R)) ¢e(r), (14)
where Vo(R)=Uo(R) + To(R). In the limit R= it coin- <5V(r))=<<r_m)(R¢ Vo )> BT BT T
cides with the conductivity band bottom for electrons in- Uo YUY mr2RT mr2 R’
jected into the infinite dielectric, (21

3 ae? T3 where( . . .) denotes the integration over the cluster volume.
Vo(R)=Vo(*)+ 5 —f+0 R3) (15 It seems as iE") is proportional to 1AR). In this case the

hierarchy of terms in our expansida7) would be broken,
where Vo(*) = —3ae?f/(2r 3¢)+3#2L/(2mr 3). The re- because the previous term is proportional t824/However,
maining terms are negligible. In the frame of classical elechelow we shall demonstrate the emergence of an extra factor
trodynamics,EA= —Vy(R) [see Eq.(1)]. Further we de- to E® which is proportional to /R)¢. It is a result of the
scribe how quantum effects modify this expression. integration in Eq(19) over angles.

The l.h.s. of Eq.(14) contains a cross-term. It can be The perturbatior5V(r) has the cell's scale of variation.
treated as a perturbation. Earlier, analogous procedures wevée shall integrate in Eq(19) over the volume ofth cell.
carried out in infinite metals for calculations of ground ener-Using the spatial integration by parts one can write
gies and effective masses of electrons by Bardé&@phen

and Hamt® and for positrons by Kubica and Stoftin Refs. . 1P .

14 and 15 the set of cellular wave functions was used, ang( == 2m 2’1 fKr R <7 _drVin[ug(|r—Ri)]V (1)
¥:(r) was chosen as the plane wave. In Ref. 16 the function

¥.(r) was expanded in the set of plane waves in a crystal. p2 XN ) )
However, we are interested in the finite system where the =~ 5 izl (In"u) r—fﬁi dSVy - Jidr( In Uo)A'ﬁl}
boundary condition forg.(r) leads to the discrete energy (22)

spectrum of an excess electron.
Introduce the gradient expansion of the squared wave func-
tion 2(r) near the poinR;,

Ill. PERTURBATION PROCEDURE AN =ygAR)+ Vs (r—R))

If the kinetic energy is much smaller thd¥y(R)|, that 1
is mR2|Vo(R)|/%2>1, the cluster potential can be modeled + §A¢Z|Ri(f2—2fRi+Ri2)+"' : (23
by the infinitely deep square well. Therefore the wave func-
tion should be small on the surface of the cluster. The bounddsing Eq.(23) and expansions of derivatives over the small

ary condition for Eq.(14) takes the form, parameter/R; we have

Y (r=R)=0. (16) R>T/ d¢2(R) dztllz(R)
The solution can be obtained, by expanding the function VyA(r) = ( dR; T)
¥e(r) in terms of the complete orthonormal set of eigenfunc- )
tions of the deep potential well. In this case, the electron _ dy (R) f_ [ (24)
affinity can be written as the series, truncated in the second dR R/ |r’
order,

2 2 AyA(r)=Ay2(r)|g. (25)
=_ - (1) (2)
EA==Vo(R) 2mR° TETHES). (17 In Eg. (22) we can take the derivatives ovemt the centers

As the perturbation, the operaté¥(r) is used, of cells Ry , then

fres

: (26)

2 N N
v(n =3 Yoy, 19 B Z { - (In o)

m| 1 Uo
The diagonal matrix element of the perturbation, fdr In u
0
R Ji

— Ayi(r)

E<5V(r)>=LRdrt//l(r)ﬁV(r)tﬁl(r), (19

where
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Integrations over angles in the nondiagonal matrix elements
select states with the orbital quantum numbeé=0E, ,

= #2m°n?%/(2mR?). The serie€31) is a rapidly convergent.
Therefore we account for the terms witl=4. The result is

‘0 2_2 T3

hem
/’1@’1_—“_ o E0— R2[§2C2+O(§3)]+o
0 R;:
' WhereC2=O.093(8ln)2. Assembling Eqs(13), (17), (30),

and(32) we obtain the desired expression for electron affin-
ity,

ae? o\ 3 #° f2a?
EA= fl1— E

=, R~ & —Rz[l Cié

N| W

FIG. 2. The scheme for calculation of the integral over surfacifotell.

r_3
+C382+0(£%)]+0 Eg) (33
whereC;=C;+C,.

3
(In uO)Ir———§(§—§2)+O(§3)- (27)
IV. DISCUSSION
The terms under the sum in E@6) have the opposite signs. The obtained expression f&A refines the formula for
The mtegral over the surface ath cell is evaluated ¢ binding energy of charged quantum parti¢gctron or
exactly (see Fig. 2, positron in a finite system. We can consider now the hier-
r - archy of unequalities as criterions for the validity of our re-
3€ i—dS=27rr_2J do coq 6,— 6)sin 6, sults. The estimations are carried out for xenon at the particle
' 0 densityp=1.41x 10?? cm™3. The input data arew=27a3,

1R o=7.6a,, r=4.853,; the electronic scattering length
—2 1 — _ . .
=4r [ (1— §:> for r<r; L=0.7aq,a4 is the Bohr radius.
r
(1) First of all, the medium must provide the well for an
27 electron, that is Vo(*)<0 in the limit of
3R for r=r (28) R=rN¥¥=. The condition corresponds to the follow-

ing unequality,
Hence, the integration over angles gives the additional power

of r/R; . Further, taking account for the factorR/from Eq. al(agol)>1.
(28), we change in Eq(26) summation to integration and The calculated value ofo(>)=—0.61 eV is in a satisfac-
obtain the following result, tory agreement with the measured valu¥/ ()
=—0.71+0.05eV:’
dpy 1 f drdmr? E%_ ico The first curvature correction to the polarization shift
L AR R a7 ® T3RZ Uo() must be smallR> o
(29 The  next  unequality, |To|=3%2L|/(2mr 3)

> 727%12mRe, results inN> (7?r/3|L|)*2. For the xenon

whereCy,=0.709. Further, after the change of the summa-
[Cluster it means that

tion over cell numbers to the integration over the cluste
volume it is possible to reduce the second term in(26) to N>109.
a surface integral. The integral vanishes due to the boundary
cc()n)dition (16). Finally, using Eqs(26)—(29), we have for
EW,

Thermal excitation should be sufficiently small com-
pared with the spacing between the electron energy levels in
the clusterk T<E, — E; o=3%27?/2mR2. If T=300 K,

(30) N<3.3 10"

___On the other hand, we neglect the terms of the order of
where C,;=12C,/=. It is worth noting, that the excluded (r/R)? in Eq.(33). Therefore, the additional condition takes
volumes inside the cells contribute to neglected termgplace,

(~&). 7
In the second order of the perturbation theory ¢>1/R.
We haveé = 0.144, that leads tdbl>300.

(n,/]6V|1,0(1,0V|n, /> (31) Finally, the range of applicability of our results for
n7 E10-En/ T=300K is

h22

-
EV=— S ml(6-€)C1+0(£9]+0 )

R3

E@ =
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300<N<3.3x 10% 2yIR— 127/ (AmR®) —B In(Vo/V)=0

For these clusters the first new teBh") modifies the kinetic the simple relation which describes the deformation. Here
energy in the well by 40%. There are three additional ques« is the surface tensiof is the bulk modulusy, andV are
tions one can ask concerning the validity of present calculathe cluster volumes in the nondeformed and deformed states,
tions. Ro=rN¥3 andR=(r+ Ar)N3, whereAr is the change in
() Is it reasonable to treat the equivalence of all thethe intera_tomic s_pa_cing. The simple e_malysis points to the
cells? compression of liquid xenon cluster with>20 and to the
(i)  Does the approximate boundary conditici®) influ- strain if N<20. However, these n_um_bers O.f at(_)ms are Igft
beyond our approach. The quantitative estimation of an in-

ence the final result of our perturbation theory?
fluence of the deformation on the electron affinity of small
(i) Is it necessary to take into account the effect of a
Bclusters requires a self-consistent consideration.

self-compression of cluster under the surface

tension$?19
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