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Electron density at the Ag(110) surface studied by He difFraction
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High-resolution hehum-diffraction measurements from the Ag(110) surface, taken with beam en-

ergies Eo ——17.8 meV and E& ——64.6 meV, angles of incidence ranging between 20 and 80', and

along the (001), (110), and (1T1) crystal directions, are presented. The scattering data allow a
detailed description of the He-metal interaction energy. The unperturbed electron density of the

metal surface, determined from the interaction energy by using the effective-medium theory, is

found to be in disagreement eath the overlapping of atomic densities. In agreement with Harris and

Liebsch's calculations [J.Phys. C 15, 2275 (1982};Surf. Sci. 123, 355 (1982)], the corrugation ampli-

tudes of the isodensity surface are found to decay much faster than predicted by the overlapping of
atomic densities.

INTRODUCTION

The scattering of He atoms from metal surfaces was re-
cently studied by several experimental groups. Bound-
state resonance measurements yield the energies of the
He-metal bound states for Ag(110), ' Cu(113), Cu(115),
and Cu(117}, while diffraction measurements taken with
various angles of incidence and beam energies from metal
surfaces as Ag(110), Ni(110), and Cu(110) (Ref. 5) yield
the slope and the structure of the He-metal repulsive
wall.

On theoretical ground Lang and Nz(rskov show that
the He-jellium interaction energy V(z) is quite accurately
represented both in the repulsive and in the well bottom
regions by

V(z) =ctn (z)+ V "(z), (1)

where a is the eff'ective averaged value « the Esbjerg-
Nz(rskov constant, 7 n(z) is the jellium electron density,
and V "(z) represents the extra-exchange-correlation en-

ergy due to the inhomogeneity of the electron gas. For a
real metal, as far as the size of the He atom is neglected
and. Takada and Kohn's arguments discussed in Sec. IV
are overlooked, Eq. (1) is generahzed as '

V(x,y, z)=an(x, y, z)+ V "(x,y, z) .

This could make He scattering a powerful tool for sur-

face studies allowing the experimental determination of
the unperturbed electron density n (x,y, z}. Nevertheless,
a few doubts and ambiguities in the use of Eq. (2) still

remain. For this reason and in view of a systematic use
of He-beam scattering as a probe for the electron density
of chemisorbed layers' we present the 6rst step of a
study intended to submit Eq. (2) to a severe test for the
He-Ag(110) system. In this case the lateral average

Voo(z) of V(x,y, z) is asked to account for five bound-

state energy levels known, from previous measurements,
with accuracy better than 20 peV. ' Moreover the
diffraction patterns taken along the (001) direction

present peaks up to the fourth order, thus yielding a large
amount of experimental information. %eak diffraction
peaks are also measured along the ( 110) and ( 111)
directions, which allow a complete determination of
V(x,y, z). In order to conclude the test, accurate self-
consistent calculations are needed. These are not avail-
able at present, hence we safely write

V(x,y, z) = V"(x,y,z)+ Y"(x,y, z),
leaving for the discussion below and for further work to
establish whether Vx(x,y, z) can be expressed as
an (x,y, z) or not.

In Sec. I the experimental method is presented and the
results of the whole set of measurements are given. Sec-
tion II deals with a parametrization of Eq. (3) allowing
easy analysis of the experimental data. The term
V "(x,y, z) is fully described by accounting for theoretical
results, " ' while V"(x,y, z) is represented by the over-
lapping of pseudoatomic anisotropic terms containing
four free parameters. As shown in Sec. III two parame-
ters are determined by the bound-state energy levels and
the other two by the present di5'raction data. The results
discussed in Sec. IV support both Eq. (2) and the theory
by Harris and Liebsch' '~ dealing with the He-metal
Hartree-Pock energy. Qn the other hand, a strong
disagreement between the electron density given by the
experiment and that given by the overlapping of isotropic
atomic densities emerges. The anticorrugating role of the
periodic van der %aals energy is also discussed.

I. EXPERIMENT

The experimental apparatus, fully described else-
where, '~ allows in-plane di8raction measurements for a
modulated supersonic He beam. Two beam energies are
used, Eo ——17.8+0.3 meV and E& ——64.6+2.5 meV. The
angular divergency is 0.2 in both cases while the velocity
spread full width at half maximum (FWHM) is 1% and
4%, respectively. The crystal holder allows us to select
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the angle of incidence 8;, to set the surface perpendicular
to the plane containing the beam and the detector
(scattering plane), and to rotate the surface around its
normal. The rotatable detector, a differentially pumped
quadrupole mass spectrometer designed in order to ac-
cept the a&hole direct beam, is seen from the surface as a
circular aperture with full angular divergency of 0.7'.
The Ag(110) surface is cleaned by a few cycles of ion
bombardment followed by annealing at 450'C and oxy-
gen exposure. ' During the measurements the crystal is
held at the temperature 1,=135 K. The surface contam-
ination by the background gases makes the dim'racted in-
tensities decay by less than 5% in 10 h.

The He diffraction patterns, taken at 8;=30' and for
difFerent azimuthal directions, are shown in Fig. 1, where
the ratio of the detected intensity I to the intensity Io of
the direct beam is plotted versus the scattering angle 8&.
Figure 1(a) shows that strong diffracted peaks are ob-
served when the (001) direction is oriented in the
scattering plane, i.e., when the parallel momentum of the
incoming atoms is perpendicular to the rows of close-
packed Ag atoms. Along ( 1TO) and ( 111) weak
diffraction peaks are observed, as shown in Figs. 1(b) and
l(c}, respectively. For this reason most of the measure-
ments are carried out along the (001) direction. For
each difFraction peak the ratio

I „d8 „PcxP1( P )
Bill Nllg

ms s
0 00

is calculated. I „and d8 „are, resplx:tively, the intensi-
ty of the maximum and the angular width (FTHM) of

L ~

0. 0.75 1.5
T.q.'„L, 10'KA'-')

FIG. 2. Plot of the ratios P'"„~'{T, )/P „vs T,q~„obtained
from the diffraction patterns measured along the (001 ) azimuth
at angles of incidence 8&

——20.5' and 8;=49.6'. The beam ener-

gy is Et ——64.6 meV while the surface temperature ranges be-
tween 132 and 533 K. The diffraction peaks are labeled by 0
{0,0), 6 {0,1), k, (0,1), o {0,2) for 8;=20.5' and by ~ (0,0), C3

{0,1),8 {0,1) for 8;=49.6'.

where q „ is the perpendicular momentum exchange, as
obtained by including Beeby's correction, ' and
c =2.7 X 10 ' A 2 K ' is a parameter, related to the sur-
face Debye temperature, 's obtained from the plot of the
experimental results shown in Fig. 2. The whole set of
scattering ratios P „obtained from the measured
diffraction patterns by using Eqs. (4) and (5) are given in
Tables I—III.

the (m, n) dilraction peak, ID is the intensity of the direct
beam, while d8+&——0.7' is the angular width of the specu-
lar peak. d8 „ is somewhat larger than d8uo and quite
accurately agrees with the estimate made by accounting
for the velocity spread, the apparatus geometry, and the
diffraction order.

Next, for a few angles of incidence, the thermally at-
tenuated scattering ratios P'*f(T, ) are measured for
several temperatures T', in the range from 135 to 500 K.
The scattering ratios Po„which would be measured from
an ideal static crystal, having even the zero-point motion
frozen out, are obtained by the equation's

(5)

0.2- (~.~) (&.&)
I

20 40 60
8, (deg)

FIG. 1. He difFraction patterns measured with angle of in-
cidence 8; =30 and beam energy E& =64.6 meV for the azimu-
thal directions: (a} (001),(b} ( ITO), aud (c}( III ).

H. PARAMI;xxIZATIQN
DF THE Ilia;RAt:i. j.QN ENERGY

As shown in Fig. 3, the origin of the coordinates is
chosen at a silver nucleus in the topmost layer, the z axis
is taken along the normal to the (110) surface, the x axis
along the (110) crystal direction, and the y axis along
(001). b =2.880 A and a =4.073 A are the dlnlellslolls
of the surface unit cell at the temperature T, =135 K,
while G=Ci „=((2n/b)m, (2m/a}n) are the unit vec-
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TABLE I. Scattering ratios for several angles of incidence 8;, measured along the (001) direction
with beam energy Eo ——64.6 meV. The entries are 100P „.

(0,3)
&00»

(0,1) (0,0) (0,1) (0,3)

20.32
25.28
30.26
37.70
45.22
50.20
55.42
60.00
65.07
69.98
75.21
79.91

2.869
1.967
1.183
0.762
0.374
0.271
0.130
0.046

8.262
8.128
7.073
5.954
4.383
2.735
1.678
1.005
0.532
0.262
0.158

3.918
5.838
8.924

12.45
15.19
15.75
13.84
10.07
7.345
4.944
3.028
1.942

1.835
0,703
0.162
2.891

11.04
20.69
33.28
33.05
46.69
43.36
37.62
40.85

8.500
10.51
12.52
14.81
10.48
6.48

7.078
5.448
3.525
1.147

0.680
0.280

TABLE II. Scattering ratios for several angles of incidence 8;, measured along the (111)direction and the ( ITO) directions with
beam energy Eo ——64.6 rneV. The entries are 100PO„.

&1T1&

{1,1) (0,0)
& lio&

(1,0) (0,0) (1,0)

29.91
39.85
49.81

0.086
0.131
0.099

0.603
0.802
6.259

0.079
0.030

20.91
29.75
35.00
40,00
45.00
50.00
55.00
60.00
65.00
70.00
75.00
80.00

0.059
0.026

2.518
1.108
0.649
0.198
0.648
2.712
7.175

10.88
20.52
25.32
26.27
32.33

0.013

TABLE III. Scattering ratios for several angles of incidence 8;, measured along the (001 ) direction
with beam energy Eo ——17.8 meV. The entries are lOOI'~„.

(0,1)

40.02
50.00
60.00
70.00
80.15

0,093 1.346
1.158
0.770
0.501
0.307

9.750
8.454
6.878
5.822
3.763

25.43
27.58
29.29
39.38
23.49

7.112
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with C =249 meVA and z, =0.916 A. By interpret-
ing the term 3z, C/z in Eq. (10) as the long-range lateral
average of the term g - C6f6(sj )/r we set

C6=6abz, C/m=5110 meUA (11)

&001 &

FIG. 3. Top and side view of the Ag(110) surface showing the
choice of the reference system.

V (x,y,z)= g A,„A»A.,exp( —sJ )—
J

6 f6(sj )
f~

(8)

The function f6(s ), damping the C6/r term, accounts.
for the overlapping of the He and Ag-pseudoatom elec-
tron clouds. It is conveniently written

n k

f„(g)=1—g, exp( —g),
k=o k' (9)

as suggested by Tang and Toennies for the atom-atom
case. ' A lower limit for C6 may be set according to Hill,
Hailer, and Celli. ' These authors describe the van der
%'aals energy for the He-topmost-ion-core system by
QJ. C6/rj with C6 ——4840 meU A . In the present case a
somewhat larger C6 is chosen in order to account for the
5s electrons. This is done by requiring the term
V"(x,y, z} in Eq. (2) or (3) to reproduce at long range
Zaremba and Kahn's results, "given by

tors of the surface reciprocal lattice.
In order to describe analytically V"(x,y, z), using a set

of free parameters which can be determined unambigu-
ously from the experimental data, the overlapping of
pseudoatomic anisotropic terms Ui(x, y, z), extended to
the silver sites in the topmost layer, is considered, i.e.,

V"(x,y, z)= g uJ(x, y,z);
J

UJ(x,y, z)= A,„A, A,,exp( —s ),A

8~ "~'
where

sj ——I(A.,z) +[A~(x —xj )/+[A»(y —yj )] I' . (7)

As discussed in Sec. IU, for A,„=A,» =A,, =A, =2.42 A
V"(x,y, z} in Eq. (6}is proportional to a true overlapping
of atomic electron densities; in the present paper A,„A»,
A,„and A are considered as free parameters accounting
phenomenologically for many-body el'ects in the surface
environment. The interaction energy between He and the
topmost layer is then written as the overlapping of pseu-
doatomic potentials with dispersion expansion limited to
the leading term, i.e.,

r

The remaining term C/zs in Eq. (10), representing the
contribution due to the crystal region extending from
z = —z, to z —+ —ao, is then damped by f, (A,, z) in order
that

C6 C
V "(x,y, z) = —g 6 f6(s; ) 3 f—3(A,,z)

J J

vanish at the nuclear sites. In this way, at very short
range, V"(x,y, z) in Eq. {3) represents the total interac-
tion energy, in agreement with the efective-medium ap-
proximation. s'9'z At short range Eq. (12) should de-
scribe phenomenologically the extra-exchange-correla-
tion energy due to the inhomogeneity of the electron gas,
including part of the hybridization energy considered by
Annett and Haydock. ' The greatest part of this energy
is possible accounted for by the first terms in the right-
hand side of Eq. {1)(Ref. 25}or Eq. (2).

In conclusion we assume that the full atom-surface po-
tential V(x,y, z) is represented by

r

C6
V(x,y, z)= g A,„A, A,,exp( —s )— f6(s )

J .
' J

C
fi(A,,z},Z'

with s given by Eq. (7), f„(g) by Eq. (9), C =249
meU A, C6 ——5110 meU A, and with A, A,„A,», and A,,
free parameters. In further calculations Eq. (13) is substi-
tuted for by its lateral Fourier expansion

I

V(x,y, z}=g V „(z)cos mx cos
2m'

ny
a

(14)

calculated numerically for each set of parameters. In Eq.
(14) m and n are limited to non-negative integers.

HI. ANALYSIS OF THE EXPERIMENTAL DATA

Five bound states with ihe binding energies c.'„"P' were
recently observed by accurate bound-state resonance
measurements. ' The comparison of 6'„"~' to the eigenval-
ues e„"calculated exactly for the potential Voo(z}, lateral
average of Eq. (13), is shown in Table IU. It should be
noticed that the parameters A = 103.7 eV A and
A,,=2.78 A ' in Eq. (13) are determined by the bound-
state data without substantial correlation with the param-
eters k and A, which describe the surface corrugation.
The values of A,„and A» are then determined by fitting
the dilraction probabilities I' „', calculated by the close-
coupling method for V(x,y, z), to P „/(1—P). P „are
the scattering ratios reported in Tables I—III and P is the
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TABLE IV. Bound-state energy levels.

—r'"I" (meV)'

4.44 %0.02
2.18 %0.02
0.92 %0.02
0.31 +0.02
0.095%0.015

—8"' (meV)b

4.440
2.179
0.921
0.326
0.089

1

�p
cole

10

10

'Experimental energy levels from Ref. 1.
bEnergy levels calculated for the potential Voo(z), lateral aver-

age of Eq. (13), with the parameters given in Eq. (1S).

fraction of atoms lost for incoherent scattering due to the
residual surface disorder. The values of the parameters
yielding the results shown in Figs. 4-7 are P=0.6,
A,„=2.02 A ', and A,~=2. 17 A '. The quite good
agreement reached for the whole set of experimental data
strongly supports Eq. (13}and the set of parameters

A =103.7 eVA3, A,„=2.02 A
(1S)

A,y
——2. 17 A ', A,„=2.78 A

The above values are determined with an accuracy better
than 1%.

The convergency of the close-coupling calculations was
checked by varying both the number of channels and the
number of Fourier components of V(x,y, z) accounted
for. Only the G „channels ~ith m &4 and n &6 have
to be retained and only the terms Vpp(z), Vp&(z), Vpz(z),

V]p(z} and V»(z) of the Fourier expansion of V(x,y, z)
signi6cantly contribute to the calculated probabilities.
The corresponding terms V"„(z) and V"„(z}are plotted
in Figs. 8(a) and 8(b), respectively. In view of the follow-

—5
10 40 60

O,(deg)
80

FIG. 5. Comparison of the calculated diffraction probabili-

ties P"„"(solid lines) to the scattering ratios P „measured along

the (110) azimuth with beam energy E, =64.6 meV. The

diffraction peaks are labeled by C' (0,0), 6 {0,1), A (0,1).

Va„(z)= Va„exp( —y „z);
VA ( ) VA e p( yA z)

with the coeScients as reported in Table V.

ing discussion it is useful to notice that all the terms, ex-
cept Vpp(z), may be approximated, in the region of in-

terest for He scattering, by the exponential functions

calc
fVlh

20 40 60
8,-(deg)

80 20 40 60
8,(deg)

80

FIG. 4. Comparison of the calculated diffraction probabili-
ties P'"„' (solid lines) to the scattering ratios Po„measured along
the (001) azimuth with beam energy E, =64.6 meV. The
scattering ratios are divided by 1 —P=0.4. The diffraction
peaks are labeled by C' (0,0), 6 (0,1), A (0,1), o (0,2), ~ (0,2), CI

(0,3), 0 (0,3).

FIG. 6. Comparison of the calculated diSraction probabiH-
ties P „"(solid lines) to the scattering ratios P „measured along
the ( ill) azimuth with beam energy E, =64.6 meV. The
scattering ratios are divided by 1 —@=0.4. The diffraction
peaks are labeled by () (0,0), 6 (1,1), L, (1,1).
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FIG. 7. Comparison of the calculated di5'raction probabili-
ties P „"(solid lines) to the scattering ratios Pp„measured along
the (001) azimuth with beam energy ED=17.8 meV. The
scattering ratios are divided by 1 —P=0.4. The difFraction
peaks are labeled by 0 (0,0), 6 (0,1), A (O,T), ~ (0,2), ~ (0,3).
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IV. DISCUSSION

Harris and Liebsch' ' (hereafter HL) show that the
He-metal Hartree-Pock energy is proportional to
n (x,y, z) and that its Fourier components are approxi-
mated by exponential functions with decay constants yHL

related to the work function IY and to the Fermi energy
E~ by simple equations. ' As shown in Table V the
HL decay constants calculated for Ag(110) with
W =4.52 eV (Ref. 28) are in good agreement with the ex-
perimental results y~„. This does not necessarily mean
that V"(x,y„z)=an(x, y, z). It cannot be excluded, in
fact, that V „(z)=a „n „(z) with values of the propor-
tionality constants a „depending on ni and n, as sug-
gested by Takada and Kohn. It seems more likely, how-
ever, that the discrepancies between calculations and ex-
perimental results referred to by Takada and Kohn arise
from the representation of n (x,y, z) as a true overlapping
(hereafter TO) of atomic densities. In fact, when
n (x,y, z)= g NA. exp( —Ar )/(8ir) is considered, the

TOFourier components n „(z), evaluated numerically,

FIG. 8. (a) Lateral Fourier components of the repulsive po-
tential V" defined in Eq. (6). , VMR; ———, Vl

V]p' ' ' ' V&„,Vp2. (b) Lateral Fourier com-R. R. . . . R

ponents of the attractive potential V" de6ned in Eq. (12).

present decay constants yTo quite different from y"„or
y "„asshown in Table V. The failure of the TQ is clearly
evidenced by considering the decay constants of the cor-
rugation amplitudes of the isodensity surfaces given by
y „—yoo. ' ' It appears that no choice of A, allows
one to obtain results in agreement with the experiment.
Clearly, when only diffraction data taken along (001)
are considered and no attempt to reproduce the bound-
state spectrum is made, the TO may be led to agreement
with the experiment by properly choosing I,. This, possi-
bly, is the reason the TO successfully works in the
Cu(110) case as proposed by Barker, Garcia, Batra, and
Baumberger. A second source of discrepancies between
experiments and calculations arises when the periodic
components of the van der Waals energy are neglected.
These components play an important anticorrugating

TABLE V. (a) Parameters V"„,y"„, V"„,aud y"„ in Eq. {16). (b) Decay constants yH"„calculated
according to Harris and Liebsch (Refs. 14, 15, and 28). (c) Decay constants y „calculated for a true
overlapping of atomic Herman-Skillman densities. V values in eV, y values in A

VA
Af pftPl

VR
RfElle

(0,0)

24.4
2.50

—0.47
2.06

34.4
3.16

(1,0)

—0.44
2.56

20.6
3.80

—0.78
2.97

32.5
4.22

(0,2)

—0.41
3.37

17.
4.58

2.51 4.20

yTO 2.63 3.32 3.62
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role, making V „(z) substantially smaller than V"„(z) in

the region where the turning points are located. This
effect has increasing importance with higherwrder G's
due to the longer range of the van der Waals with respect
to the repulsive interaction; as a consequence V,o(z} be-
comes much smaller than Vo, (z) in the region of interest
for He scattering and the difFraction patterns taken along
( 110) (and ( 1T1)) present peaks smaller than can be ex-
pected by accounting only for the corrugation of the
isoelectrondensity surfaces.

Firm conclusions on the above points can be drawn
only when full self-consistent calculations of n (x,y, z) to
be compared with V"(x,y, z) are available; at present we
tentatively conclude that Eq. (2) is correct, provided that
V "(x,y, z) is described by Eq. (12), while the TO is in er-
ror. The overlapping method, extremely useful in order
to represent n (x,y, z) with a low number of parameters, is
saved in the form

n(x, y, z)= gnj(x, y, z);

n (x,y, z}= A,,A~A,,exp( —s~ ),
8~ " ~ '

where nj =&J /o' and N, = + /a. The high anisotropy of
nj(x, y, z) resulting from the set of parameters (15) sug
gests that strong many-body effects take place.

The charge density of a single silver atom, as calculat-
ed by using the Herman-Skillman tables of atomic orbit-
als, ' is plotted for reference in Fig. 9 (dotted hne). For
r &1.5 A it is approximated with percent accuracy
by NA, exp( —A,r)/(8n ) with N =3.0 and A. =2.42 A
(solid line), hence the free atom may be though of as con-

sisting of a core with positive charge eN surrounded by
an isotropic electron cloud with containing N =3
effective electrons. The comparison of A,„,A,„,A,, with A,

shows that, with respect to the free-atom case, the elec-
tron density of the pseudoatom is compressed toward the
surface and expanded in the surface plane mainly along
the (110) azimuth. While the effective number of elec-
trons N, for the surface pseudoatom could be at variance
with N, the choice N, =N =3 appears to be consistent
with recent theoretical estimates of the Esbjerg-Ndrskov
constant. In fact, by setting N, =3, the experiment leads
to a = A /N, =233 eUa 0, in good agreement with
a =u~——255 eUa03 as given by Manninen, Ns(rskov, Pus-
ka, and Umrigar and in even better agreement with
a=a =229 eUa03 as evaluated by Cole and Toigo. 24

The above discussion leads to a prescription for calculat-
ing n {x,y, z) at a metal surface with given structure and
work function. Get N from the Herman-Skillman tables,
set N, =N, use the pseudo-overlapping in Eq. (17), and
select A,„A,„,A,, in order that the Fourier components
n „(z)decay as predicted by Harris and Liebsch. '~ "z7

A comment on the damping of the van der Waals ener-

gy used in this paper is in order. We could have written
Eq. {12)with the damping functions f6 and f3 substitut-
ed by f~ and f2, obtaining V"(x,y, z) proportional, at
short range, to the electron density. Such an approach,
possibly appropriate when the total interaction energy is
split in the Hartree-Fock and van der Waals contribu-
tions as done by HL and by Nordlander and Harris, 32

was used in a previous paper dealing with the analysis of
the bound-state spectrum. ' In the present case an (x,y, z}
is expected to include the short-range van der Waals en-
ergy, hence the damping functions f6 and f3, together
with a somewhat smaller a value, are used.

In conclusion, the main result of the present work con-
sists in the determination of the interaction energy
V(x,y, z} for the system He-Ag(110) in the wide range
2&z ~12 A; it is given by Eqs. (13) and (14) with
C6 ——5110 meUA and C=249 meVA . It should be
stressed that both the C6 and C values may be changed
by +10%, ' provided that A, A,„, A, , and A,, are ac-
cordingly varied. Only V(x,y, z} as a whole is out of the
question; it is determined by the experiment with percent
accuracy. Numerical calculations of n (x,y, z) for
Ag(110) having comparable accuracy in the region ex-
plored by the He atom would be very useful; when com-
pared to V(x,y, z) a complete calibration of the He-beam
scattering method as a probe for the surface electron den-
sity could be achieved. After that a more re6ned analysis
of the experimental results directed to the study of the
short-range dispersion expansion could be started.

1.2 2.0, 2.8
r(A)

FIG. 9. Electron density of the free silver atom vs the dis-
tance from the nucleus as calculated by Herman and Skillman
(Ref'. 31) (dotted hne). The sohd line represents
XA, exp( —kr)/(Sm) with Ã =3.0 and k=2.42 A.
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