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Quantum size effect in the work function of jellium slabs confined by a finite well
of thickness-dependent depth
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The work function(WF) of free-standing thin jellium slabs, confined by a finite potential square well is
calculated for¢=2.07 (Al) andrs=3.25 (Li). For given electron density the WF is a decreasing-oscillating
function of slab thickness. Calculated are also WF'’s for one-, two-, and three-atomic-layer slatj$1d Al
Al(110, and Li100, where values agree well with the receti initio results obtained by other authors.
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Quantization of the electron states normal to the thin-filmoscillation periods. Second, for givdn the ®(rg,L) is a
;urface, known as .the guantum size eﬁ'(@SE), was a S_ub— decreasing function afs. Third, the changes in WF with
ject of many StUCi_leé’-Z From the practical point of view, are greater for greatdt. The present result, displayed by the
especially interesting are work functi¢wF) varations with  dashed curve in Fig. 2, can be compared with that of Schulte
the sample thickneds originally predicted for jellium films  obtained self-consistently far,=2 and for infinite barrier
by Schulte® This prediction has stimulated a number of the- heigh];_3 The approximate maximum change of Schults
oretical studies on determination of the film size and thewF near L/ke=1 (as deduced from Fig. 8 of Ref.)3
extent of the QSE on the WP of real system$.In the  amounts tab(1)— P (0.9)=0.43 eV and the present calcu-
present paper we consider the QSE on the WF by employingations give ®(1V=x)—®(0.8V=x)=0.14¢€V, the
a simple jelliumlike model that represents the metallic filmchanges are the same order in both cases. For finite barrier
as a finite square well, the thickneks with the effective heightV(rS: 207), these Changes redUCE, however, to less
potential of the heigh¥=Ec+®, E¢ being the Fermi en- than 0.1 eV.
ergy (FE). For simple metals, using for WF the formtila These simple calculations cannot be, of course, compared
_ ke directly with theab initio computations performed for real
P (kp) =445k €V, @ metals. The present model can simulate however, a thin me-
one can express the barrier height as follows: tallic slab of the thicknesk(n) composed oh atomic layers

) when it is characterized by the thickness-dependent electron

k density parameterL(n)]. The thicknesd.(n) for n=2
V(kF):7F+O.16a\/k_F au., (2) yp L] (")
wherekg is the Fermi momentuntFM) and « is a constant 315

equal to unity or 0.86 in dependence on the considered
metal® The thickness dependent FMg(L), determines the
solution of the following equation:
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obtained, after some algebra, from the expression for the

density of states, and derived in Ref. 2. In Eg) the [X]

denotes the integer part af andrg is the electron-density

parameter, which for real thin metallic films depends on the

film thicknessL. The solution of Eq(3), with the use of Eq.

(2), gives the thickness-depend®RiM, ke(L), and from Eq.

1) one can calculate, for given,, the thickness-dependent 0 05 1 15

oy ol L), given P FILM THICKNESS (L/Af)
Calculated in such a manner, WF varations are displayed

in Fig. 1 forrg=3.25(Li) and in Fig. 2 fors=2.07 (Al).  _3 75 (Lj) (solid curve. L denotes the slab thickness angd the
Solid curves in these figures are obtained taking in @3l  Fermi wavelength. Full squares and full dots are the values calcu-
the barrier heigh¥/(ke) given by Eq.(2), and the dashed one |ated forL,=a,/2, wherea, = 6.599 a.u. and, = 6.44 a.u., respec-

in Fig. 2 corresponds t¥=. Several notes are appropriate: tively. Dotted square and circle represent the WF calculated for
First, thed (L) is a decreasing oscillating function bfwith L,=2R,, . Full square and dots in the inset display the WF varia-
monotonic variation of its mean value averaged over severalons with the number of atomic layers in the(100) slab.
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FIG. 1. Work-function variations versus/\g calculated forr
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FIG. 2. The same as in Fig. 1, but fy=2.07(Al). The dashed
curve representd (V=oo,r,=2.07). Full dots and squares repre-
sent the WF calculated in the present paper for (th&l)-plane
oriented one-layer slab with thickneds,=a/2 and with L,
=2Ry,, respectively. In the inset, the WF variations of the, L,
and 3 of the (111 and (110 slabs marked by full circles and full

squares, respectively, are compared with the WF values calculat

in Ref. 4 (open circley and Ref. 11(open squargs

can be specified uniquely only by minimizing the total en-—
ergy, however, one may try to estimate the thickness of the_

one-layer slalh; and perform calculations taking the thick-
ness of the free-standinglayer slab formed ofh atomic
(hkl) layers in the form

L(n)=L1(hk|)+(n—1)dhk|, n=12,.., (4)

whereL;(hkl)=\a;(hkl) andd;,= Shai(hkl) being the
distance between(hkl) planes with the lattice constant
a;(hkl)=pBa. Using Eq. (4) the thickness-dependent
electron-density parameter(n) can be expressed by the
bulk one,rg as follows:

{ 1<>\(th) )}1’3
r{(n)=4 1+ﬁ —1 rs,

S(hkI) ®
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whereg is the ratio of the one-layer lattice constantto the
bulk lattice constana. For the estimation of ;, we assume
that it must be less than the nearest-neighbor disthggen

the (hkl) plane and greater than twice the radRig of the
maximum density of the outermost electrons computed from
the free-atom calculation of Herman and Skilnfafhere-
fore,

2Ry <L (hkl)<Lyy(hkD). (6)

The results of such model calculations are displayed in the
insets in Figs. 1 and 2 for slabs with the thicknéss L,
andL 4 of lithium and aluminum, respectively. Full squares
[a;=6.44a.u. (Ref. 9] and full circles [a;=apK
=6.597 a.u.(Ref. 10] in the insets of Fig. 1 show the cal-
culations performed fot.;=a;/2. The ab initio calculated
WF's are presented by empty squafBef. 10 and by empty
circles (Ref. 9 for comparison. To compare with the WF
variations computed for continuously changing slab thick-
nessL, the full and dotted square and circle in Fig. 1 show
the WF's calculated fok.;=a;/2 and forL,=2Ry,, respec-
tively.

Similar calculations, performed for &l11) and A(110
slabs, are presented in the inset in Fig. 2 by full ddts (
=a,/2) and by full squareslL(;=3Lyy), respectively. Open

e(éi/rcles and open squares representahenitio calculations

Boettget and performed in Ref. 11, respectively. In the
present calculations we usg(111)=7.6085 as accepted by
Boettgef and a,(110)=0.983,,, and d;x(110)
0.511%% as was computed in Ref. 11. From the insets in
Figs. 1 and 2, it is seen that the present calculations give
good trends ofP[L(n)], n=1,2,3, and even relatively good
results, in comparison with thab initio calculations.

Concluding, one can say that the variations of the work
function of the ultrathin metallic slabs, found by tak initio
computations, can be understood on the basis of a simple
model calculation of the QSE when it takes into account the
variations of the Fermi wavelength with the thickness of a
crystalline slab.
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