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Rigorous theorems for surface energies of
finite and semi-infinite jellia

D. Lehmann and P. Ziesche, Technische Universitat Dresden,
Sektion Physik, Wissenschaftsbereich Theoretische Physik,
DDR-8027 Dresden, Mommsenstraf3e 13

(17. II. 1984; rev. 14. IV. 1984)

Abstract. For the general case of a neutral finite jellium with constant background density n
within an arbitrary volume V' the virial theorem, the ‘detailed’ and ‘total’ Pauli-Hellmann-Feynman
theorems and some expressions for pressure and work functions are derived. Exploiting this general
concept in connection with a consequent introduction and use of surface (as well as edge) energies a
series of rigorous theorems for the special geometries of a sphere, a void, a cylinder and its limits
planar slab and straight wire are obtained. For the limiting case of a semi-infinite jellium one of the
theorems reproduce a theorem given by Vannimenus and Budd.

1. Introduction

Even today the tendency continues, to find rigorous theorems (like ‘fix
points’) in the otherwise unsolved or only approximately solved problems of the
many-body theory or statistical mechanics and to use them (Velo, Wightman 81).
Examples for such theorems are in the case of the many-body theory of a
quantum mechanical electron gas: Luttinger theorem, Ward identity for the Fermi
edge, fluctuation-dissipation theorem, compressibility sum rule, Ferrel stability
condition, (Pauli-)Hellmann-Feynman theorem, virial theorem. The (Pauli-)
Hellmann-Feynman theorem has been applied recently to the problem of struc-
ture energy and phonons especially of GaAs (Kunc, Martin 83), it is considered as
a powerful tool, when applied to lower-symmetrical displacement patterns (Kunc,
Martin 81, 82), and it is applied to the formation energy of point defects (Deutz,
Zeller, Dederichs 82). Fernandez and Castro (82) discuss the virial theorem in
connection with the boundary conditions for approximate wave functions.

Recently the Virial Theorem (VT) and connected with it the Pauli-Hellmann-
Feynman-Theorem (PHFT) have been considered for finite and semi-infinite jellia
(Ziesche 80; Ziesche, Lehmann 82 and 83 - hereafter referred to as I and II,
respectively; Lehmann, Ziesche 83; Ziesche 83). Heinrichs (79) has pointed out
the necessity to start with finite systems. While Vannimenus and Budd (74)
derived a surface theorem for the semi-infinite jellium starting with the (non-
finite) geometry of an extended planar jellium slab, similar but differing theorems
were obtained by Ziesche and Lehmann (82, 83), starting with such finite systems
as a sphere or a spherical shell. Now the reason for that discrepancy has become
clear. While in I and II the ‘total’ PHFT, which is directly connected with the VT,
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was considered only, we know now, that there exist for each system one VT, but
as much as ‘detailed’ PHFT, as linear parameters L, are necessary to characterize
completely the geometry (one for a sphere, two for a spherical shell or a finite
cylinder etc.). Exploiting this idea in connection with the consequent introduction
and use of surface energies (as well as edge and corner energies), a series of
theorems are obtained, showing, that the mentioned discrepancy does not exist.

In Section 2 for the general case of a neutral finite jellium with constant
background density n within an arbitrary volume V' =(L,, L,,...) the VT, the
‘detailed’ and ‘total’ PHFT’s and expressions for pressure and work function are
derived. The background density n is assumed to be so high (r, so small), that no
Wigner lattice occurs. Although the groundstate energy E,- is defined in the n-L,-
L,-- - - subspace originally only on discrete faces n=N/V with N=1,2,3,..., it
is further assumed that E, can be continued ‘naturally’ between these faces,
allowing the differentiations (0Ey/on), ;. . and (dE/dL;),. This should be possi-
ble especially for large enough N (and V'). This assumption is also needed for the
work function ¢,, where energy differences corresponding to different electron
numbers are replaced by differential quotients. The general expressions are
applied to special cases (special geometries): Sphere (Section 3), spherical void
(obtained from a spherical shell, Section 4), planar slab (obtained from a spherical
shell, Section 5; obtained from a finite cylinder, Section 6), straight wire (obtained
from a finite cylinder, Section 6). Only such cases (electron numbers) are
considered, which lead to potentials ¢, (¥), possessing the corresponding (spheri-
cal, planar or cylindrical) symmetry; such N creating in the potential additional
(e.g. angular) dependence are excluded. In Section 7 the semi-infinite jellium is
obtained from appropriate limits of the sphere, void, slab or wire. All these latter
limits are taken under the constraint of constant background density n. The
limiting cases, considered in Section 4, 5, 6, 7 and Appendix 2, are treated like an
analysis using physical arguments. Section 8 contains expressions for the work
function of a wire and a slab. Finally, in Section 9 the virial theorems for the
surface energies of a sphere, a void, a wire, a slab and for the edge energies of a
cylinder, a double edge, a wire end, and a 90°-edge are presented.

2. General considerations

A system of N electrons is considered, bounded by a positive background,
being homogeneous within a finite volume ¥ (characterized by linear parameters
L, L,,...) and zero outside. Thus the background density is given by p,(F) =
n0,-(r¥) with n = N/V. In the groundstate the electrons are distributed according to
ny-(7). The total density (including a factor 41re” for simplicity, but in difference to
I and II) is denoted by v-(F)=4me’[p,(F) — ny-(F)]. The groundstate energy E,- =
H, splits into the expectation values of kinetic and potential energy: E,- = Ty + V..
All the mentioned quantities depend on L,, L,, ... (explicitly and symbolically
marked by the index V') and on n (not explicitly marked).

The Virial Theorem (VT) connects T,, V,. and E, with each other by

2Ty + V= ~Zi (u a_i)NE" (2.1)

(see I or Ziesche 83).
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The terms on the r.h.s. of (2.1) can be written (for large enough N and V') as

0 alnV 0 0
( ST e oL, on L"aL v 22
d/on is taken for constant L,,L,,... . On the other hand the detailed Pauli-

Hellmann-Feynman Theorem (PHFT) with respect to one parameter L; allows to
express the l.h.s. of (2.2) by

0 oH,
= L,-—) E,=~( : ) : (2.3)
( alily SN
The differentiation acts only on the potential energy part of H,- and yields
oH, _
- (L.- l) = 3NJ d>rA(F) ey (F) (2.4)
oL; /n
with the abbreviations
o ] 0y-(F)
WH=-|L—) —=, 2.5
) ( aL)N 3V (2.5)
. d3r'vy-(F)
pr(p) = | 12D 2.6)
4 |F-7|"

The r.h.s. of (2.4) looks like the electrostatic interaction energy between the real
distribution »,-(¥) of the electrons and the background, producing the electrostatic
potential ¢ (7), and a fictive distribution w(7), arising from the constructions of
the PHFT (Lehmann and Ziesche 83; in this paper w,(7) is defined with an
opposite sign). The real distribution v, (F) represents a dipole layer near the
background boundary according to the spilled out electrons, its total amount is
zero (neutrality of the whole system): | d’rvy(F)=4me*(nV —N)=0. Also the
total amount of the fictive distribution p'A(7) is zero: [d*rui(F)=
—(L;a/aL))N VI3V =0. u'y(F) consists of a positive volume part and a compensat-
ing negative surface part:

[l amVe® 1 o ]
Mjr(r)—[:} L,- aL! V 31/‘ L L G]f(r) (27)

Thus the r.h.s. of (2.4) takes the form of a difference between the volume mean

value ¢} and a certain surface mean value @3+ Together with (2.2 and 3) the
detailed PHFT’s result as

olny o ( 8) ] (1 alnV _,. _ )
. -~ = 2.
“ [L' oL, "an \Ligr) |Er=3NGLT—evoév (2:8)

While (2.1) represents one theorem, (2.8) represents a collection of as much
theorems as linear parameters L, (i=1, 2, ...) exist in the considered case.

For the VT (2.1) the total PHFT arising from (2.8) by summing over all i is
needed:

[3n-2-3 (L2) | =3ner-o9, (2.9)

i i’ n
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where Y, L,0V/dL, =3V is used and
df ¥

-t _§ =t _
‘PV*Zi<PV 3V

—— oy (F) (2.10)

A

(4 means the surface of ¥'). (2.10) is a consequence of summing (2.7) over
all i:

P«V(") = Z“‘V‘(-’) = Gv_(r)

Because Bv(r) is dlmensmnless, the J';i are combined with r/L,. This implies
—L,; 8/dL, = (F 8/o7); with Y,(F 9/3F); = F 8/ar. Now d’r 38,.(F)/d7 is non-zero only
along the surface & and equals there —df.

The detailed PHFT’s (2.8) and the total PHFT (2.9) are generalized Budd-
Vannimenus Theorems (BVT), they connect derivatives of the groundstate energy
E, with certain mean values of the potential ¢ (7). For equivalent forms of the
r.h.s. of (2.8 and 9) see Appendix 1.

The r.h.s. of (2.1) is essentially the pressure, with which electrons act on the
boundary of the background:

“ 3Vpy=-— Z (Ll é‘%‘) NEV or py=n(@y—@¢y). (2.12)

Zero pressure py =0 determines the equilibrium background density ng; ;. .
Another quantity of interest is the work function ¢,. As shown in II it can be
expressed (for large enough N and V') by

1
by = —ev_gzi: (L.- a_i)HSV+¢&V¢_‘PV(OO) (2.13)

with £, =E,/N. But for completely finite systems (as e.g. a jellium sphere) the
replacement of the energy difference Ey n(n)—Ey n_i(n) by the differential
quotient (8Ey n(n)/dN)y-,, = py, which is involved in (2.13), seems to be the less
justified the smaller the system is (Snider, Sorbello 83b). Probably (2.13) is useful
only for such extended jellia as a planar slab or a straight wire (see Section 8).

In the following special cases will be considered in detail. For this purpose it
is useful to split Ey into parts introducing the bulk energy £ by

Ey=Negy=Neg+..., 8=N111fm Ev- (2.14)
n =const

as well as surface, edge and corner energies (indicated by the dots and approp-
riately defined). Then from the detailed PHFT’s (2.8) special theorems can be
derived for these energies.

3. Jellium sphere

In this simple case only one linear parameter exists, the radius R. Along the
line of (2.14)

Er = Ne +47R%0g (3.1)
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defines the surface energy of a jellium sphere, oy, as a function of R and n. Then
(2.8) specializes to

d 1 d d
n2£8+§- (3na—rl"—R5§—2)UR=n(@§—ch) (3.2)
with
R r 3
o= d(%) oD, er=en®. (332,
0

In view of the limit R— (and n = const) the potential ¢z (r) is chosen to be zero
deep inside the jellium: @g(0)=0. In this limit for finite values r an extended
homogeneous jellium (characterized by the bulk energy &) arises and with
¢r—0, r — ¢ the equation (3.2) turns into the bulk theorem

“ na% E=—¢. (3.4)

Here ¢ means the potential at the semi-infinite jellium surface. (3.4) subtracted
from (3.2) yields the spherical surface theorem

|

It relates o and its derivatives to certain potential quantities.
According to (2.12) the pressure is given by pg = n(¢R—¢r), approaching
p =—ne for R—, Thus the r.h.s. of (3.5) equals R(pg —p).

d d
(Bna—Ra—R-2)0‘R=nR(q'ag*ch+¢p). (3.5)

4. Spherical shell and void

In this case two linear parameters R, < R, exist. It is ¥ =47 (R3— R})/3, thus
R, 3V/3R; = ¥4nR? and —R,(3n/oR;)x = F3nR3/(R3— R3) for i =1, 2. It is useful
to introduce a ‘neutrality radius’ R between R, and R, by [¢ d*rvg g, (r) =0, this
means for the electrical field: Eg, g,(R)=0. Thus the jellium shell consists of two
subshells V', =47(R*-R3)/3 and V,=4w(R3—R?/3 with V;+V,=V. R de-
pends on R,, R, and n. In the limit R;—0 (and following from this R—0) the
shell simplifies itself to a sphere with radius R,. In the limit R,—o a spherical
void with radius R, in an otherwise homogeneous jellium arises.

With £ and o defined in (2.14) and (3.1), respectively, via

Eg,r,=Ne +41TR%0'R2+47TR%0'”R1,R2 (4.1)

a surface energy ogx g, IS introducéd, characterizing the inner surface and its
interaction with the outer one. Then (2.8) together with (3.4) yields for i=1,2

o FRC ;0 9 )
Rz(Rg—R%3"an Rior 2 %2)ox,
¥R} ] d o

+R%(R3—R? 3n£—Ri aRl—z * 6(‘1)0'R1‘R2

= FRIn(GRIR~ Pk,r, T @) (4.220)

2
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where

R, dr3 ‘
@gliféiz J- a3 3 ‘PRl,Rz(r), PR, R, = ¢R,,R2(Ri)- (4.3a,b)
R, Rz_Rl
‘Deep inside’ means for a spherical shell r = R, hence the potential is normalized
as ¢g, r,(R)=0.
Considering (4.2 and 3) for i =1 in the limit R,— a void theorem (theorem
for the surface energy of a jellium void)

d
(-Risg—2)ok, = nRi(ok,~¢) (4.4)
arises with ok _r,—>0R, and @g, g,(r)—¢@g,(r). The first term in (4.3a) vanishes.
Void calculations performed e.g. by Robinson and De Chatel (75) or Gyémant
and Solt (77) can be used to discuss (4.4), the R,- and n-dependence of o, is
sketched in Fig. 1.

If one adds (4.2a) to (4.2b) and uses (3.5) for the radius R,, then
d 0 0
3n—-R,——R ——2) y
( "an T13R, 3R, ~JIRwR:
R\’ _ R.\? _
e e R R e o e
1 1

(4.5)
results. Inspection of the r.h.s. leads to

iRy~ @)+ | () Tor,m )= 0r, 0

B B R 3 R.\?3
| a4l (22 (2 . _
L d(Rl) ‘PRz(r) (Rl) (‘PR,.R2 ‘PRI)]-

11

e — — — — —_— —_— — —_—.

- —
R
Figure 1

Surface energy of a jellium sphere (o) and void (o). Dependence of the sphere or void radius R and
the background density parameter r,, qualitatively.
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In the limit R,— the first term reproduces the r.h.s. of (4.4). Thus (4.5) turns
into a further theorem. If one subtracts (4.4) from this theorem, then

Ry,—x 3

o 3
l Bnio'“R‘=n[R1J' d(l) o% (1) — 8% ] (4.6)
on R, R] !
R, %53
SEIERl{I d(R—) [ek,(N+@r,(r)—¢r,r,("]
R, 1
R,\? 5
+ (R_) (‘PR,.Rz_‘PR,) (4.6b)
1 R,—x
is obtained as another void theorem.
Via
1 4
eh =— lim (Ex r,—Er), Ni=n— R} (4.7)
1

a void energy per particle is introduced. Its connection with the void surface
energy follows from (4.1): ek = —e+30k /Rin. With (4.4,6a) and (3.4) a
theorem for ek, arises,

ad - r\? ]
_ _ I _ v i v _ Qv 4.
(R1 aRl)N,SR' 3[J‘R1 d(Rl) ‘PR,(") PR, 8R1 > (4.8)

which agrees with a theorem given by Finnis and Nieminen (77) for the formation
energy of a vacancy, supposing 8z, = 0. The connection of ok, with the formation
energy is the following one: We start with a sphere (R,), create around the centre
a spherical void (R;) and add the back ground taken away from the middle
beyond the outer surface, i.e. we increase R, by AR,, the latter quantity
determined by (R,+AR,)*= R3+ R3, from which AR,/R,~(R,/R,)*/3 follows.
With (3.1) and (4.1) the energy difference is given by

AER;,Rz = ER.,R2+AR2 - ER2

= 47TR%0-R1.R2+AR2 +4Tr(R2+ AR2)2GR2+AR2_ 47TR%0'R2. (4.9)
Divided by the void surface 47R? this yields in the limit R,—>o
AE, R) R, ( ad )
142 — p? +—— . 4.10
( 47RY [y % 3 \aR, * R2nzcoms o

The second term on the r.h.s. vanishes, thus o, is the void formation energy per
void area.

5. Spherical shell and planar slab

Starting with a spherical shell a planar jellium slab develops for finite r— R in
the limit R,, R,— but R, — R, =const. To obtain this, via

ER,,Rz:NE +47T(R%+R%)URI,R2 (5.1)

a surface energy og, g, is introduced, which is characteristic for both surfaces 1, 2
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and their interaction. Now (2.8) together with (3.4) yields for i=1, 2

¥R} ) 9 R? )
i e [ _2 i
(R%—R?3"an ‘3R, “R2+RZ)TRvR:

¥R}
R?+R2

nR(¢R'R2— @R, R, T ¢). (5.2)

For the definition of ¢R"'R: and @k, g, see (4.3).

Instead of R, and R, we now use L=(L,+L,)/2 and R, with L,=R-R,
and L,=R,—R, hence L=(R,—R,)/2: 0g,g,=0Lr Pr,r,=PLr €tc. In the
planar slab limit R—, L =const it is expected L,—L and L,— L, hence

R? 1(1 R ) RZ 1 ( L) {1
S (=251), S-{1¥22) for i= :
RI-R: 2L RZ+R2 2 R " 'Th (5.3)
and
3 1 9 _ {1
——>F=(RFL)— =4 5.4
R, ) > (R¥FL) 3L for i 5 (5.4)

With o, g— o, +o/R (5.2) takes the form (concerning the r.hs. see
(A2.35...38))

f(n2-ron)* (L or-2) (e v g ot)
e LN JEA Py S LA FRLI
[L "o AL\ an L LRIt

= (1725 (R#3)rat- (R 1)L -1 2280 482 | tor i={) .9

with
¢Lr(RF2)= ¢} r(2)— ¢ (2), (5.6)
eb= dZa@ a=e) (5.7a)
Bi=F {g [LLi dzvy gr(z)(z—L;)— LL dzv, (z)(z —L)]}R_m for i= {;
(5.8a)
gr=-1 {5 [i LL' dzvh o(2) = (2= L) =2 r dew (51 (2 —L)z]}
L L1zl=~ L.R ) A Lie/5 R
(5.8b)

¢ (z) is the potential produced by the total (electron and background) distribu-
tion v, (z) of the slab. The right and left jellium surface is situated at z ==L,
respectively. Now the whole r.h.s. of (5.5) is given by

n{f—zL[@E—fPL+¢]¢[5L¢E—3L(¢L—¢)—ZB£*B'{J} for i:{; (5.9
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Comparison of (5.5 and 9) term by term leads to

) 3 )
“ (na_Li)GL=nL((pt—‘PL+(p)’ (5.10)
3 3 1({ o 0
——L——z) 4:—( ——L—) :
(3"an oL, <)o \*an “an /Ut

, 1
=n[5Ler—3L(¢. —¢)—2BLF B[] for i={2. (5.11)

Addition and subtraction of the latter two equations for i =1 and 2 yield with

B.=(BL+B}1)/2 and B =B, - B}

d d
“ (3"55_ Lgf_z)% =n[SLeE—3L(¢r —¢)—2B.], (5.12)
1 d d
E (nJ_La_L)U;“: n(BL+Br). (5.13)
(5.10 and 12) allow to eliminate n do;/on or L do;/oL:
d
“ (Li_ 1)(& =n(Lér—B), (5.14)
o
na_l)UL:n(zL‘PL_BL_‘YL): (5.15a)
v =L(eL — ). - (5.15b)

(5.10 and 12) or (5.14 and 15) are planar slab theorems (theorems for the surface
energy of a planar jellium slab). (5.10) is the planar analog to (3.5).

6. Finite cylinder, straight wire and planar slab

Now a jellium cylinder with radius A and length 2L is considered. The
volume V' =mA?- 2L, the total surface & =2 wA*+27wA - 2L, the total edge
length is 2 - 27wA. The z-axis is chosen along the cylinder axis, the perpendicular
coordinate is denoted by a(=+vx?+y?). The background density is given by
parla, z)=n8(A—a)0(L—|z|). In the limit A— a planar slab of thickness 2L
arises for finite values of a, for finite values of t=a— A a semi-infinite slab
(double edge) occurs. In the limit L — an extended cylinder or straight wire with
radius A is realized for finite z, for finite s = z — L a semi-infinite wire (wire end)
is present. In the limit R—o and L — for finite s or t semi-infinite jellia appear,
for finite s and t a ‘quarter-infinite’ jellium (90° edge) develops. (See Fig. 2.)

Starting with the total groundstate energy of a finite jellium cylinder, E 4 ;,
via

(EA_L"'NE) (EA,L
20, =(=AL_F) -
A —co

e nA2) —2Lne (6.1)
A —
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Cl) b)
y 4un
Y A r
£ —F
I
=
\
X
A= 1
j
.
| 24

c) d)

Figure 2

a) Finite jellium cylinder (A, L), b) semi-infinite slab or double edge (L), ¢) semi-infinite wire or wire
end (A), d) ‘quarter-infinite’ jellium or 90° edge.

the surface energy of a planar slab, oy, is defined. On the other hand

EAL_NE) (EAL) 2
2mAG, = (——~ =(=2L) - 6.2
TAG A 5T ) 2L ), wAne (6.2)

defines the surface energy of an extended cylinder, o .. The total energy per area
of a planar slab is given by £ =2Ln e+ 20y, the total energy per length of a
straight wire is given by e, = mA°ne + 2wAo,. Finally, via

Eo;=Ne+2 wA% +2L - 27A0A +2 - 2wAK A L (6.3)
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the edge energy of a finite jellium cylinder, k5, is defined. For A —x it is
K oL.—> Kr, this describes the edge energy of a double edge. For L—x it is
K a.L.— Ka, this characterizes the edge energy of a wire end. For A—® and L —»®
it is kK o ; —k, also k;, >k and k4 — k, where k means the edge energy of a 90°
jellium edge.

If (2.8) is applied to (6.3) it yields with (3.4) the following expressions:
Differentiation with respect to A leads to

1 ( 0 ) 1 ( 9 d )
— _+__ —— —" i
3L 2n 2o 2nan Aa 1l)oa

P (2 -‘9—-A—a-—1) (@ o). (6.4)
AL n KaL~ n‘pAl eaL teo), (6.

differentiation with respect to L leads to

L(a2 1 2o, +2 (a2 1)
L\"on “ar)’ " a\"5n Ta

2 0 d A
AL (na_LaL)KAL n(‘PA L ‘PZA.L +¢). (6.5)
The quantities on the r.h.s. of (6.4 and 5) are defined as follows:
rA
FaL = d(A) [ dZ opr(a,2), (6.6)
L
‘P}\,L = d (PA (2), (p}A,L(Z)E(PA,L(Aa z), (6.7a,b)
N
s = d(A) ar@,  ehi@=prila L) (6.8a,b)

The aim is, to obtain ‘pure’ theorems for o;, o4, k 5 Separately instead of the
‘mixed’ theorems (6.4 and 5). To this purpose we use

-_ A e
¢arla, z) =@ (z) for A—®,04,.(a,z) 2eala) for L—co,

and

2 2= d(3)
o= 0 E‘PL(Z)s ‘PA=0 A eala),

¢ =@, (L), ea=@a(A)

as abbreviations.
Now, by multiplying (6.4 and 5) with L and taking the limit A —oo planar
slab theorems are obtained:

9 — i,
(n£—1)0L=nL(<5'L—<P£ + o), (6.9)
“ (ni—L—a-)a =nL(GE— @, + o) (6.10)
on oL/ * L ¥t )
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Straight wire theorems for o, arise from multiplying (6.4 and 5) with A and taking
the limit L —x

d
“ (Z%n——AaA——l)GA—HA(wA @At @), (6.11)
a - A 2A

Edge theorems for k o ; follow from (6.4), inserting (6.9 and 11), or from (6.5),
inserting (6.10 and 12):

0

—nAL[gA - ohy (G —el )~ (Fa—ea)—0l, (6.13)

}—

a5 9 .
Z(HELL L)KAL nAL[@ AL~ ‘PAL _(éri_CPL)_(‘b::_QPzA )—¢]. (6.14)

Now the task remains, to specify the r.h.s.’s and to discuss all these theorems. This
will be done partially in the following.
At first (6.10) agrees exactly with (5.10). The r.h.s. of (6.9) can be rewritten

as
nL(¢E— @+ ¢ - eL(2)—¢L0) — L 0)+ey). (6.15)
This together with (6.9) agrees with (5.15), supposed it is
L L
| [ aztor@-eion-vi=| dazer2)-p. (6.162
0 0
vi=L(e1(0)—¢L). (6.16b)

On the Lh.s. because of ¢} (z) = (¢4 (A, z))s_- the potential at the boundary of
a double edge comes into being.

The straight wire theorems (6.11 and 12) are similarly treated. At first (6.11)
is the cylindrical analog to (3.5) and (5.10). (6.12) can be rewritten as

a A
(21’15—2)0'A =nA(GA—pate—¢ala)—@al0) —@i(0)+ea). (6.17)

If one subtracts (6.17) from (6.11), it follows

“ (—AaiA“* 1)% = n(Aqoi(a)-—cpi(O)AJr v, (6.18a)

Ya=A(eA(0)— @A), (6.18b)

being the cylindrical analog to (5.14) (in combination with (6.16)). On the r.h.s.

because of ¢4(a)=(¢ar(a, L)), ... the potential at the boundary of a wire end
comes into being.



Vol. 57, 1984 Rigorous theorems for surface energies of finite and semi-infinite jellia 633
7. Semi-infinite jellium

Starting with a jellium sphere in the limit R — at the surface, i.e. for finite
s=r— R a semi-infinite jellium arises. This means, one should expect (including
other starting geometries)

R
Or— 0, V(R +5)—>v(s), or(R+5)—@(s), = 3 vr—> N,

A
0a—>0, VaA(A +5)—v(s), a(A +5)—>@(s), _'VA—’N

oL — 0, v (L+s)>v(s), ¢ (L+s)—e(s), Lir—>N*, Lg;y—P

for a sphere in the limit R — ¢, for a straight wire in the limit A —oc, and for a
planar slab in the limit L —, respectively. The abbreviations

0 0
N*Ej dsv(s) and PEI dse(s) (7.0)

are introduced. The expressions RvR/3, Av4a/2, Lvt, and N* have in common, to
represent the number of electrons inside the background region divided by the
surface 4wR? (sphere), 2L - 2wA (wire with L —x), and wA? (slab and semi-
infinite jellium with A —) in each case. Analogously the expressions R@x/3 etc.
mean the volume integral of the potential inside the background per surface area.
In the case of a void it is similarly og, — 0, vk (R, —s)—v(s), ¢g (R, —s)—>¢(s)
and

R T
47R3 -[rz, 4, (=N, 47R2 L, d’rek,(r)—P.

On these conditions the theorems (3.5), (4.4 and 6), (5.10, 12, 14 and 15), (6.10,
11 and 18) turn into theorems for the semi-infinite jellium. Comparing them with
each other essentially two semi-infinite jellium theorems result

n Eid—n o—nP=—ny", y*=y,_ .. (see (5.15b)), (7.1)

o+nP=np%", =g _. (see (5.8 and 12)) (7.2)

together with several equivalent expressions for the r.h.s. of (7.1 and 2):

2B+ 3y = PP, a*'=ag_,. (see (A2.27b)), (7.3)
2B =" a’=ak .. (see (A2.33b)), (7.4)
3ysla= 8", 8° =8k, . (see (4.6b)), (7.5)
BH+2yte=Bv,  Bv= BA_H» (see (A2.18b)), (7.6)
B =P+(LeL(z)— @1 (0) & YD) L (se€ (6.16)), (7.7)
B¥*=P+(Agi(a)— %(O) +74) A (see (6.18)). (7.8)

(7.1...6) are proved in A2, (7.7) is the limit L — of (6.16), (7.8) arises from
(6.18) and (7.2).
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Vannimenus and Budd (74) assume y** = 0 (this implies also 8° = 0 according
to (7.5)). This means, that ¢; approaches its asymptotic value ¢ faster than 1/L
with increasing slab thickness L. A direct comparison of do/dn and P=[°_, ds¢(s)
using the Kohn-Sham calculations of Lang and Kohn (70) confirms this assump-
tion. But it is till now an open question, whether y**=0 can be rigorously
justified or holds only approximately. If ¥**=0 is true, then (7.1...6) simply
read as

d (4]
| _U:,[ ds ¢(s) (7.9)
dn e
d sph sph v w sla
2 1+nd— o=na’"", e =a’=2" =282 (7.10,11)
n

(7.11) together with (7.10) relates the surface energy of the semi-infinite jellium
to the semi-infinite jellium limits of a sphere, a void, a wire and a slab (the latter
is understood as an appropriate limit of a spherical shell). (6.16), (7.7 and 8)
relate slab or semi-infinite jellium properties to properties of a double edge and a
wire end. From (7.9 and 10) it follows, that the surface energy o can be directly
calculated from the electrostatic potential supposed a*™" is known.

8. Work function

In the case of such extended jellia as a straight wire or a planar slab the total
number of electrons tends to infinite. Thus Eq. (2.13), which bases on the
replacement of the energy difference to remove one electron by the corresponding
differential quotient, should apply to these cases. Starting with a finite cylinder
(2.13) takes the form

1 2—L 1—A

d d
barL=—¢ A,L_g (Aaj‘* LO_L) EA,L+§ @A,L"'g <P3u__ <PA.L(°°)- (8.1)

In the planar slab limit A —oc with £, ;—¢+oy/nL it is

1 1 o — T
¢ = _E_E[n_L (2+L6_L)0'L_2‘PL _‘PL]_(PL(°°)- (8.2)
With the help of (6.9 and 10) this is rewritten as
19 o
¢’L=¢_E_UL+<P(°°)_‘PL(°°)+‘PL, (8.3)
on
where ¢ = — e +¢ — ¢() means the work function of the semi-infinite jellium

(with background density n). This agrees with (27) of II taking & =2nlLe + 20y
into account. Kohn-Sham calculations for the planar jellium slab have been
performed by Schulte (73, 76) and Campbell et al. (83).

In the straight wire limit L —o with €, ; —¢ +204/nA (8.1) gives

bnm e [2 (2442 )or 2007 ] pato -
A € 31 hA 3A Ta Pa~@PAa PALP). .
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With the help of (6.11 and 12) this can be rewritten as

2
“ ba = d""_iG'A’*'(P(OO) @A)+ 4. (8.5)

A on
Comparing (8.3) with (8.5) the essential replacement is 1/L by 2/A.

The problem of a jellium sphere is of actual interest in connection with the
peculiarities of small particles (consisting of up to about 1000 atoms). There are
attempts to treat them (e.g. their photoemission or polarizability) within the
jellium model (Inglesfield 83, Snider, Sorbella 83a). The problem of a jellium
sphere is also of interest in connection with cluster calculations describing
impurities in simple metals (Hintermann, Manninen 82). From this latter paper
(and Martins 79) follows a qualitative behaviour of o as shown in Fig. 1. The
work function was calculated on the basis of the density functional formalism
variationally with the help of trial functions (Snider and Sorbella 83b) and
self-consistently within the Kohn-Sham scheme (Ekardt 84). Snider and Sorbella
showed, that the above mentioned replacement holds only for large radii R (the
difference between both expressions —the energy difference and the differential
quotient —is ~1/R). Thus, inserting eg = € + 30x/nR into (2.13) the expressions

dr =—¢ —;113 (2+Ra%)aa +¢or — or() (8.6)
or with (3.5)
390
dr ¢_Ea_UR+(P(OO) @r(®)+ @R (8.7)

arise, which are physically of less interest. They correspond (apart from ¢g(®) to
the Lagrange parameter ug in the variational treatment of Snider and Sorbello

(83b): dr = ur —@r(®).

9. Virial theorem

For the bulk energy per particle, £ =t +v, it follows from (2.1 and 2)

d
) LT . (9.1)
dn

Using this bulk VT, for the surface energy of a sphere, og = tg+ v}, arises

0

The same relation holds also for the surface energy of a spherical void, o=
tR+ !}S
208+ (3 °_R 2) 9.3)
VF n——R—-2)o?} L
rR+OR= 0o aR o

This follows from the definition of ok and (2.1,2), (9.1,2). Similarly the VT’s for
the surface and edge energies of a cylinder, o, =t4 +v%, o =t +vr and
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KarL=tar+vi, are derived:

d d
s _+_ N — —— e .._._,.....2) . .
ZIA Va (3nan AaA Ta (9 4)
N . d d
2t tvi = (3na—n‘—La—L—-2)UL, (9.5)
d d d
0.4 9\ e Var= (3n£-A5'A"_L5”£_1)KA,L- (9.6)

These are the wire VT, slab VT and cylinder edge VT. While (9.2 or 3 or 4 or 5)
turn for R—o or A—® or L —», respectively, into the surface VT (= VT for

the surface energy of a semi-infinite jellium, o =1t*+v°, see Vannimenus, Budd
77)

20 +0v° = (3n —6——2)0, (9.7)
on

(9.6) turns for A — (slab limit), into the double edge VT for «; =t{ +v§,

d d
2t} + vy = (3na—n'—La—L—1)KL, (9.8)

and for L —o (wire limit) into the wire end VT for k, =t5 +v%

0 d
€ 4 p8 = il ._._.1) . 3

(9.8) yields for L — the 90°-edge VT for « =t°+v°

d
2t +0v¢ = (3n—— 1):(. (9.10)
on
The same results from (9.9) for A -,
All these VT’s have the same structure, explained for the bulk VT (9.1) as an

example: They allow (i) to relate kinetic and potential energy directly to each
other

(3n—a-—2)t+(3n—a——1)v=0 (9.11)
dn on

or (ii) to calculate them separately from the density dependence of the total
energy

d d
t= (3n—-—— l)e, v=— (3n—— 2)8. (9.12)
an on

Similar relations are valid for og, Ok, O, 01, O, Ka 1, Ka, K, and k. They have
been discussed for the bulk energy € by Macke and Ziesche (64) and for the
surface energy o by Vannimenus and Budd (77).
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10. Summary

For a jellium, the geometry of which is completely characterized by several
linear parameters, there exists one virial theorem but as much ‘detailed’ Pauli-
Hellmann-Feynman theorems as such linear parameters appear. Their sum gives
the ‘total’ Pauli-Hellmann-Feynman theorem, which is directly connected with the
virial theorem. These theorems are also closely related to the expressions for
pressure and work function.

Using this general concept rigorous theorems for certain jellium geometries
have been obtained. Four types occur: (i) The theorems (3.5), (4.4), (6.11), (5.10)
or (6.10) and (7.9) connect for a sphere, a void, a wire, a slab and a semi-infinite
jellium, respectively, the surface energy and/or its derivative with respect to the
background density and/or to the geometry parameter with the electrostatic
potential produced by the background and the electron distribution. Supposed
&k, =0, then also (4.6) belongs to this type of theorems. In case the Kohn-Sham
equation is solved for the mentioned geometries as being done by Lang and Kohn
(70) for the semi-infinite jellium or by Ekardt (84) for the jellium sphere, then the
results for the surface energy and the potential can be checked with the help of
the corresponding theorems, similar to the discussion of the semi-infinite jellium
by Vannimenus and Budd (74). By the way, the slab theorem (5.10) or (6.10) can
be obtained directly from (2.8), if applied from the very beginning to an extended
planar slab with its energy per area, g, = 2Lne +20;. Similarly, the wire theorem
(6.11) follows immediately from (2.8), if applied to an extended straight wire with
its energy per length, £, = mA*ne + 2wACA.

(ii) The theorems (4.6), (5.12, 14, 15) and (7.10) connect for a void, a slab or
a semi-infinite jellium, respectively, the corresponding surface energies and
potentials with certain quantities involving the evolution of the considered
geometry from a ‘higher’ one (a void arises from a spherical shell, a slab arises
from a spherical shell or a finite cylinder, a semi-infinite jellium arises from a
sphere, a void, a slab or a cylinder). Because of these latter quantities the
mentioned theorems are more complicated and less useful than those of (i).

(ii1) The theorems (6.16), (6.18) and (7.7, 8) connect for a slab, a wire and a
semi-infinite jellium the corresponding surface energies and/or potentials with the
potentials, appearing at a jellium double edge or a jellium wire end.

(iv) The theorems (6.13, 14) connect the edge energy of a finite cylinder,
kar, With the potential at the edge, @a;(a, z). It should be worthwhile to
consider the limits A —  (double edge), L — (wire end), and A,L —
(90° edge) and to elaborate the connection with the theorems (iii). The VT’s for
the edge energies are given in (9.8, 9, 10).

The Lang-Kohn calculations for the semi-infinite jellium have stressed its
role as a model for plane metal surfaces. Corresponding calculations for special
finite jellia are similarly significant as models or systems of reference for special
problems. Jellium sphere, void, wire, and slab are simple models for small metallic
particles, vacancies (and vacancy clusters or voids), thin wires, and thin films,
respectively. Preliminary attempts for the sphere were mentioned in § 8. In § 4 it
was referred to void calculations. Wire calculations have not been performed to
our knowledge. Slab calculations were mentioned in § 8. Such Kohn-Sham
calculations for special finite jellia can be also used to discuss the work function
according to (8.2, 5) and the VT’s according to (9.2, 3, 4, 5).
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Appendix 1:

According to usual electrostatics the r.h.s. of (2.4) can be equivalently written

as
3.0 i (3
3de3rG‘lV(F)uV(F) with G‘,,(f)sjd 'Ir (’l) (A1.1)
or as
3de3rﬁ‘;,(f)13:v(a with F;,(f)E-GGv(’) E, ()= ——a“’;”;'). (Al1.2)

Summing over i yield corresponding expressions with Gy (F)=3; G\(F) and
F-(F)=Y, Fi/(7), being the total (fictive) potential and field, respectively, caused
by wy(F)=Y,; u'(¥), which — according to (2.11) - can be written as

0 F

py (F) = = 7 (), 7(F) = 37 6y-(7). (A1.3)
This leads to
d3 -
G, (F) = j ray (7) (A1.4)
4w |F—7F|’
. 3 djr'fFrV(F’))
Fy= )+ D (L [ L7800 |
(== O+ 2G5 ) a7 (AL.5)

Thus Gy (7) and Fy(F) = —8G,-(F)/oF arise from an inhomogeneous (fictive) dipole
distribution (7). The r.h.s. of the total PHFT is equivalently given by
3N § d*rGy(F)vy (F) — as discussed and used in I and II-or by

¥

NI d*rE . (HE, (F) = —3Nj d’rity (P E\(F) = 3N-3- E, . (A1.6)

Because of (3/dF)X E,(F)=0 only the first term of (A1.5) contributes. E, (7)=
— 3¢y (7)/0F leads consistently once more to 3N(@1-— ¢3), the r.h.s. of (2.9). It is

v d*rEy(F) =0, thus (A1.6) does not depend on the choice of the coordinate
origin.
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Appendix 2:

(1) Semi-infinite jellium (constant background density for s <0): In this case
charge density v(s) and potential ¢(s) are connected with each other simply via

+o0

<p(s)=r ds'v(s)(s'—s), j dsv(s)=0. (A2.1,2)

—0o0

The potential at the surface, ¢ = ¢(0), is given by a semi-moment of v(s). This
holds also for the integral of ¢(s) inside the background:

0 0 s 2
[_x dse(s) = —I_x dsv(s)";—szvS, SE{J;C ds'v(s')(ss'wfz—-)}s_._m.

(A2.3,4)

To guarantee ¢(—) =0, it is supposed
J'» ds'v(s')(s'—s)—0 for s— —cx. (A2.5)

There are arguments (see e.g. Lang, Kohn 70) for Friedel oscillations according to
v(s)—3n cos 2(kgs — i)/ (2kes)? = v (s). They fulfill (A2.5), but (with k3= 3m’n)

S {Sin Z(kFS - ‘YF)}S*——' ~ 003 (A2-4')

1
(47)?
which is exactly compensated by a corresponding part of the first term on the
r.h.s. of (A2.3). If one splits the Friedel term »"'(s) from the rapidly enough
decaying remainder term v'(s) according to v(s)=6(5—s)r'(s)+ v"(s) with an
arbitrarv cut-off parameter § <0 to be chosen appropriately, then it is exactly

J‘ dse(s) = —J dsv'(s)%sz. (A2.3)

Alternatively the unphysical terms do not at all appear, if a convergence factor
exp (&6 - 5) with 8 >0 1s included into the Friedel oscillations.

(ii) Planar jellium slab (constant background density for |z|<L): vy (z)=
v, (L +s)and ¢ (z)= ¢, (L +s) are in the following denoted by v; (s) and ¢, (s),
respectively. They are connected with each other via

(p,_(s)--f ds'vy (s)(s'— 5), J dsv, (s) = 0. (A2.6.7)

L =1

L¢; is given by

0 (4]
J. dseg; (s) = - J dva(s)%sz. (A2.8)

1 I

For L —x one should expect v, (s)— v(s), ¢; (s)—¢(s), Lof—N"', and L¢; —P.
This means (with Ay, (s) = v, (s)— v(s))

0

4] (§]
j ds Ay, (s), J ds Avy (s)s, J' ds(v (s)—v"(5))s*—0 (A2.9)

1 1 L
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for L —cc. With these assumptions the Egs. (A2.6,7,8) approach (A2.1,2,3') term
by term. Thus the slab theorem (5.14) tends with o, —o, B, —B" to —o =
n(P—pB™), proving (7.2). (5.15) approaches the Eq. (nd/dn—1)o=
n(2P— v —B*?), proving (7.1+2).

(ili) Straight jellium wire (constant background density for a<A): v,(a)=
va(A +1) and @4 (a) = @A (A +1t) are in the following denoted by v, (t) and ¢4 (1).
They are connected with each other via

t ! ’ oo )
) = j dr’ VA(t’)A(l +’—) In /A J' d(1+i) s (=0,
» A

A 1+t/A° L
(A2.10,11)
¢a =@ (0) and A@s are given by
g t t

and

AGA -I“ di (:)AZ[—'+ 3¢, —(1+i)|n (1+i)] (A2.13)
Fam ), Tha A 2A% 2A° A All ‘

respectively. For A —o one should expect v, (1)— v(t), e ()= @(1), ADA—2N"
and Ag2a—2P. This means (with Av, (1)= v (1) — v(1))

r drAvA(t)(1+:;—),j() thvA(t)A(HKr)l“ (1+L)_>0 A

,A _,A A
and
¢ i 3 £ t t
2l —+ + —(1+—)l (1+—)] 0, A2.16
IA drdwaitia [A 242 2A° A)"UTA) T (5410}
where
0 2 (¢] 3
I drv(t)Az[i+t —(1+i)]n(1+—t)]->s J dtv(t)t——>S
A A 2A? A A ’ -~ 2A 7
(A2.17a,b)

and (A2.3,4') are used. The other terms on the r.h.s. of the wire theorem (6.11)
are with (A2.12 and 1) given by

o= [ > L) L)__‘]_ j""
Alpa— @) [A ditv(t)A [(HA ln(1+A = A B dtv(t)t+ Ba,
(A2.18a)
¢ t t
BAEJ:A dt AVA(I)A2(1+Z)ln (1+X). (A2.18b)

For A—x it is B, — B" and the first two terms on the r.h.s. of (A2.18a) yield
with (A2.17a,3,4') together simply — P, thus

Alpsr—¢@)—>—P+B". (A2.19)
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Hence (6.11) approaches (2nd/dn—1)a = n(3P—"). This proves 2 - (7.1)—(7.2)
and (7.6). B" can be rewritten with the help of (A2.16).

(iv) Jellium sphere (constant background density for r < R): vg(r) = vg(R +5)
and @g(r) = ¢r(R +5s) are in the following denoted by vz(s) and ¢g(s). They are
connected with each other via

‘PR(S):ISR ds' v (s')(s' — 5) 1112/’;, L d(l+%)3vg(s)=0.
(A2.20,21)
The potential ¢r = ¢@g(0) and the term Ry are given by
Ox = Jﬂ; ds VR(S)S(I +%) (A2.22)
and
R¢r=— JU ds VR(S)(E sz+23—3+ 842), (A2.23)
LB 2 R 2R

respectively. For R—= one should expect vg(s)—v(s), ¢r(s)—¢(s), Rvg—
3N*, and RgR—3P. This means (with Avg(s)=vg(s)— v(s))

(4] 4]
j ds AVR(S)(H—S—),j ds AvR(s)s(1+i)*—>() (A2.24.25)
—R R —R R
and
(0] 3 SS S4
JiR ds AVR(S)(E 32+ZE+2R2)——>0, (A2.26)

where (A2.17b) and (“ ds v(s)s*/2R*——S is used. The other terms on the r.h.s.
of the sphere theorem (3.5) are with (A2.22) and (A2.1) rewritten as

0

-R
R(¢r—¢)=2 J. ds v(s) % s’—-R j ds v(s)s + ag, (A2.27a)

-R

(4]
ag sj ds Avg(s)s(R +5). (A2.27b)
-R

For R—® it is ag — a*™ and the first two terms on the r.h.s. of (2.27a) yield with
(A2.3,4) together simply — 2P, thus

R(pr —¢)— — 2P+ ™. (A2.28)

Hence (3.5) approaches (3nd/dn —2)o =n (5P —«*"). This proves 3 - (7.1)—(7.2)
and (7.3).
(v) Conjecture concerning a**" and B8%: They are eventually simply given by

™" = {R J ds AvR(s)s} ; B = {A J dt AvA(t)t} (A2.29)

—R —A A —c

because the higher order terms s® and 3t%/2+t*/2A perhaps don’t contribute.
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(vi) Spherical jellium shell (constant background density for R, <r<R,):
VR, r,(r) and ¢g g, (r) are connected with each other via

r ’

r
¢er,R,(1)= [ dr'vg, g, (r)(r'—r) 7, (A2.30)
R
R =)
j d*rvg, r,(r) =0, J- d*rvg, r,(1)=0 (A2.31a,b)
0 R

For a void the limit R,—x is considered: vg, g, (r)—= vk (1), ¢r, r,(F)— @k, (r),
R—x, Now vg (r)=vg,(R,—s) and ¢g (r) = ¢g,(R,—s) are denoted by vg (s)
and ¢ (s), respectively. Then the r.h.s. of the void theorem (4.4) is given by

R(p% — @)= Rl[Ec ds v“Rl(s)s(].—-ﬁsl-)— Eo ds v(s)s] (A2.32)

and rewritten as

0
1
R\(¢k,— @)= —2] ds v'(s)asz—a"Rl, (A2.33a)

0

a‘a,E—le ds[v"Rl(s)—v(s)]s+j ds[vi,(s)—v"(s)]s>. (A2.33b)

In the limit R,— one should expect vk (s)—v(s), ok, (s)—¢(s), and ag, —a”.
Thus with (A2.3) it is R,(¢r,—¢)—2P—a’ and (4.4) tends to —20°=
n(2P —«a"). This proves (7.2 and 4).- In the other void theorem (4.6) the first term
on the r.h.s. is given by

[ arerm o s
3R AR = — R, J: d(l_R_l) ¢r,(s)=3P for R,—x. (A2.34)

Assuming 8, — 8" for R,—x the Eq. (4.6) approaches 3ndo/dn =n(3P—8").
This proves (7.1 and 5).

For the planar slab limit the r.h.s. of (5.2) has to be inspected. The first term
1s given by

3 L, 3 L. 3
Refik= | [T a(1+2) etar+ [ d1-Z) ela@)] (a235)
0 0

R>—R; R R

where for r>R the substitution r=R+z is introduced and ¢g g,(R+2) is
denoted by ¢f z(z), and for r<R the substitution r= R—z is introduced and
©r,r,(R—2) is denoted by ¢; g(z). In the limit R—, L =const one should
expect vy g(z)—>v.(2), ¢ r(z)—>¢L(2) and

1 rLi

L
e dZ(R¥Z)2VLR(Z)—>L dz v, (z),
“0

(A2.36)

1 rLi

R? dZ(R¢Z)2¢LR(Z)—>J dz ¢ (2)
-0 0
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for i =1,2. Thus with (5.3) it is

R
R.-@E;;ﬁg**(z¢ 1)L‘|BL+B;_’.’ (A2.37)

1 (R[(Y L2 -
si=r 51/ dchL,R(zHL dzota2)-2 | dz«oL(z)]}R . (A237b)

The other terms on the r.h.s. of (5.2) are with (A2.30 and 6) given by
. R .
Ri(¢k, r,— ¢)—>£2LeL+ (fl)L(«»L —¢)¥2B}. (A2.38)

(A2.37 and 38) inserted into (5.2) yield (5.5). B[ is in (5.8b) equivalently
expressed.
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