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Dynamical effects on image-induced surface resonances at nearly-free-electron metal surfaces
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A mechanism for surface image-state formation in inverse-photoemission spectroscopy at free-
electron-like metal surfaces is proposed and applied explicitly to Al(111). In the analysis, a multiple-
scattering approach is used where the substrate (jellium) reflectivity to an electron virtual-photon field
(or bremsstrahlung electromagnetic radiation) produced in the inverse-photoemission experiment is cal-
culated via the Fresnel equations with the nonlocal surface corrections using the d-parameter formalism.
In contrast to earlier statements, we assign the measured peak on inverse-photoemission spectra at

Al(111) to the n =2 image surface state only.

Among problems of an external electron interacting
with the semi-infinite polarizable medium the question of
bound-electron states at metal surfaces is important. In
fact, apart from the well-known Shockley or Tamm
(crystal-induced) surface states! the electron can be
trapped by its own image potential (4z)"! outside the
solid. Such potential allows an infinite Rydberg-like
series of electronic states (image- or barrier-induced sur-
face states) to exist. >

A clear picture of the image- and crystal-induced sur-
face states can be obtained in terms of the scattering
theory as suggested by Echenique and Pendry? and Rad-
ny.* In both cases, the surface states are created by mul-

tiple scattering between the atomic potential of th_g crys-

tal and the surface potential barrier. If Rc=rce' ¢ and
— idp . .

Rp=rgze "7 are the reflection coefficients at the crystal

and surface potential, respectively, the bound surface

states arise in the energy region of the band gap if*

rcrg=1 and ¢c(E)+¢p(E)=2mn ,
n=0,1,2,.... (1)
To properly analyze the surface resonances that arise in

the energy region outside the crystal band gap (ro <1)

the density of states 7, —o(z;E) should be calculated*?

i oz E)=[1/mk (2)] {1—(rcr3 P+ ro(1—r2 )cos [Zfozk(z’)dz’+¢c ]

+rp(1—r2)cos [qSB—ZfOzk(z')dz’ ]

where k(z)={2[E —Vp(z)]}'/? and Vp(z) describes the
surface potential barrier shape (Hartree atomic units are
used throughout).

As follows from the analysis performed by Radny’ the
image surface-state formation can be understood in terms
of a high substrate reflectivity. Namely, as long as the
amplitude 7o is equal or close to unity the multiple-
scattering effects are strong and the electron trapping dis-
cussed here can be understood as effected by the
diffraction of the incident electron via a reciprocial sur-
face lattice vector into the image state (Bragg scattering).
If the bulk lattice corrugation [determined via the low-
energy electron-diffraction process (LEED)] is weak, ¢
decreases rapidly outside the small band gap [cf. Al(111),
Fig. 2 in Ref. 6] and acts as a relatively weak perturba-
tion in Eq. (2). In other words, far from the metal band
gap the static crystal potential does not provide enough
reflectivity for the image-induced surface states (reso-
nances) to form. However, the image states have been
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observed close to the vacuum level, far from any metal
band gap, at the clean surface of Al(111).” On the other
hand, in the theoretical analysis performed so far no
mechanism was identified that could provide the neces-
sary reflectivity for such states to form.®~!' Only recent-
ly,!? and independently of this work, this discrepancy was
attributed to the fact that the measurements were carried
out by the inverse photoemission spectroscopy (IPES)
where the dynamic screening properties of the metal sur-
face should be taken into account. Such effects have re-
cently received considerable attention because of the im-
portance for many low-energy surface spectroscopies like
ultraviolet photoemission, low-energy-electron loss,
differential reflectance, as well as chemically important
phenomena like sticking and desorption. '3

Generally, in inverse photoemission an incident elec-
tron is trapped by a temporary but long-lived image-
dipole-induced surface state in the intermediate stage of
the scattering (bremsstrahlung) process and then photons
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with fixed energy are observed. At the free-electron met-
al like Al, in the intermediate stage of the bremsstrahlung
process the incident electron can be scattered into the im-
age state via virtual surface-plasmon excitation instead of
Bragg scattering.’

We consider a model which consists of a metal filling
the space z<0 and a vacuum filling z>0. The metal [jel-
lium: ¢ gep)=0 in Eq. (2)] is represented by a disper-
sionless Drude model with a simple local dielectric func-
tion

ew)=1—(w,/0) . 3)

So, the surface is represented here by a step function
change of dielectric function from e(w) for z<0 [Eq. (3)]
to €(w)=1 in the vacuum.

The surface dielectric response is significant for low-
energy scattering processes where the electrons of a solid
can follow the time variation of an external imposed field
(nonretarded, long-wavelength regime). In this case o is
below the emission threshold, i.e., a photon does not car-
ry enough momentum at any given energy to excite the
real plasmon, so that virtual plasmons can be induced. It
is known that at metal surfaces such excitations
effectively screen out the external fields from the bulk and
that the image potential may be considered to arise from
the interaction of the electron with these surface modes.
The contribution to the total potential (correlation and
exchange energy) is real in this case and should be added
to the crystal potential for any electronic structure calcu-
lations. '+ 13

The electron and solid must communicate via the ex-
change of real or virtual photons and this interaction can
be completely describable in terms of the reflection am-
plitudes like in the classical Fresnel approach. In gen-
eral, a slowly moving electron is a white source of pho-
tons and the bremsstrahlung electromagnetic radiation
(or virtual photon field)!® consists of rather long-
wavelength field components. In this limit the key quan-
tity that characterizes the electron response to the elec-
tromagnetic fields is the function d(w) of the screening
charge density induced by an electric field applied to the
surface. Among the quantities that are directly deter-
mined by d (w) are the nonlocal surface corrections to the
classical Fresnel reflectivity formulas'® 718

1= —i[1+(k, /k, )] [(K2)/k,] dj(e—1)
1= (Vi 14k, sk )] [(k2)/k,] dyle—1) ]
@

R

e— ()" ?—i[(k}/k,)d, —k,d|] (e—1)
R,= /24 122 , (5)
e—(e)'?+i[(ki/k,)d, +k,d] (e—1)

where subscripts s and p denote the s- and p-polarized
light; k, and k, are components of the wave vector of the
impinging photon, while d; and d, denote the parallel
and perpendicular component of d (w), respectively.

In general, the function d(w) determines forces on
charged particles near the surface. It is complex because
there are dissipating forces involved. In classical terms
d(w) is related to the dynamic image plane position
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z;(w), i.e., is a measure of the centroid of the induced sur-
face charge density with respect to the jellium edge below
the plasma frequency. After Feibelman!3

z,(a))zRe{e(a))dl/[G(w)-i—1]} ) (6)

because for jellium d; vanish by conservation of the
parallel momentum. !’

Quantum mechanically d(w) describes the surface ex-
citation of electron-hole pairs. Because the phase space
for such excitation grows proportionally to w, after'®1°

Im[d (0)]=§(0/w,), (7)

where the low-frequency slope £ was calculated within
the  time-dependent local-density  approximation
(TDLDA) and for r,=2 (for Al, r,=2.07) £=0.85.

Now, let us consider the picture presented above as a
whole. The solid [Eq. (3)] is flat with an x-y plane at
z=0. According to the electrodynamics of moving
charge we can assume that the electron approaching the
solid along the surface normal is a source of photons that
have projections of a wave vector parallel to v not re-
stricted to any particular value from O (measured from
the Fermi level) to ik, =m,v. The parallel component is
determined from the requirement 7k, (k,)=m,v. The
problem now is how to determine the value of the in-
duced electric field outside the metal surface. In general
the macroscopic electric field in this region can take the
forml3,17

E=c"1TI(ETe "4 ER™) 250 (8)
where E’ and E® are the amplitudes of incident and
reflected electric fields, respectively (magnetic effects are
negligible). Due to the long wavelength of the brems-
strahlung radiation, the scale of length describing the
spatial variation of the induced fields is correspondingly
large and only the large wavelength limit of the reflection
amplitudes will be necessary to describe the interaction.
So, according to the discussion performed by Langreth!’
the induced electric field can be simply treated as the
(x,y,z) component field with the wave-vector components

(ky,ky,k,) equal to =zero, and consequently the
reflectivity coefficients can be expressed as
R,=ER/E!, 9
R,=E}/E], (10)

where the explicit expressions for R, and R, are given in
Egs. (4) and (5), respectively. In other words, although
excited virtual plasmons decay into photons each time as
the electron represented by the electromagnetic field of
frequency ® <w, impinges on a solid, in the long-
wavelength limit Egs. (9) and (10) represent the response
of the surface to a constant external electric field in the z
direction (see also Ref. 20).

The direct measurement of the total crystal reflectivity
|R| to the bremsstrahlung radiation is not easy. Howev-
er, its relation to the light intensity is simply?!

I=~IR|*, (1
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where I and I; are intensities of the reflected and incident
light beams, respectively. It is known that the intensity
of the IPES spectra comparison with, e.g., the photoemis-
sion one is very small.?? On the other hand, translation
invariance parallel to the surface means that the electric
field of the induced surface plasmons have p polariza-
tion.?* Moreover, for the jellium surface the energy
dependence of the reflected-light intensity for the p-
polarized and unpolarized beam are the same.?> An ap-
proximate but physically instructive treatment embody-
ing the above picture is to take the dynamical jellium
reflectivity [R| with the R, and R, contribution from
Egs. (4) and (5) in the form?*

IRle=I|R,le" +|R, e |e*=|R,,|e"*» . (12)

Notice that because R, from Eq. (4) for incoming elec-
tron states between the Fermi energy E and the vacuum
level Ey, is very close to —1 (d;=0), in the case discussed
here [rc( gep)=0 in Eq. (2)], the energy dependence of
[R| for the unpolarized light is the same as for p-
polarized beam; only the intensities will drastically
change.

The effect of the surface scattering is seen from Eq. (12)
explicitly—when the response function d(w) is zero we
recover the standard Fresnel formulas and the effect of
the dielectric surface response is negligible—only the
LEED reflectivity rc should be taken into account. The
numerical verification of this static effect—for 7. in Eq.
(2) calculated from the two-band nearly-free-electron
model>®—is presented in Fig. 1(b) [in all calculations
presented in Fig. 1 the static (0=0), shifted image-
potential barrier with a smooth transition to its bulk
value U, is used with the parameters appropriate for
aluminium,? U,=0.54 a.u., the distance over which the
image potential saturates A=1.0 a.u. and the static image
plane z;(w=0)=2.95 a.u.]. In Fig. 1(a) the LEED
reflectivity - as well as the surface dielectric response
discussed here IRSPI are equal to zero (static jellium). It
is easy to see that although the electronic band structure
with the band gap at ~7 eV for the proper r-(E) depen-
dence is created [Fig. 1(b)], the local density of states
(LDOS) above the Fermi level E (> 11 eV) characterizes
delocalized states like at the jellium surface [Fig. 1(a)].
Oscillations of LDOS curves arise due to the barrier
phase shift ¢z(E) which describes the surface barrier
shape (see Ref. 5).

The effect of the dynamical screening of the moving
electron (10 eV above the vacuum level) toward a jellium
surface along its normal was calculated from Egs. (3)-(5),
(12), and (2). The calculations have been performed for
w,=15 eV, d;=0; Re[d,(w)] was determined from Eq.
(7) for z;(w=0)=2.95 a.u. as an input parameter, and
Im[d,(w)] from Eq. (8) for ® from O at E up to the vac-
uum level E, (15.21 eV). The results of calculations are
presented in Fig. 1(c), where rC(LEED)el%( =0) in Eq. (2)
was added to |R|e’® from Eq. (12). In contrast to the
LDOS picture from Figs. 1(a) and 1(b), it is clear now
how different LDOS build up the image-induced surface
resonances at Al(111) surface.
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FIG. 1. The static [(a) and (b)] and dynamic (c) local density
of states calculated from Eq. (2) for (a) the jellium model:
rc(E)=0; (b) the proper rc(E) (LEED) dependence obtained
from the two-band nearly-free-electron model (Refs. 5 and 6); (c)
the same rc(E) dependence as in (b) with the dynamic surface
corrections; n=1,2 denotes the image-barrier-induced surface
resonances. Presented calculations are performed for z=0.01,
0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 a.u. and, the JJJ surface barrier
model [parameters appropriate for A1(111)—Ref. 25].
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The experimentally measured value of the image-
induced resonant state at Al(111) is 0.39 eV below E,.” It
is clear from our results that such binding energy is
relevant to image states numbered by n=2 (—0.37 eV).
The image state numbered n=1 (—1.92 eV), probably
due to the smallness of the phase space for the electron-
hole excitation [Eq. (8)], is evidently to broaden (very
short life time) to be resolved in an IPES experiment. Al-
though without an analysis concerning damping effects
(Rc=1), a very similar energy distribution for
n=1,2,3, ... image states has been discussed by Gies.®

We conclude with several comments. The first is that
because in the low-energy scattering on charged particles
from surfaces the gradient of a scalar potential always
has a significant component along the surface normal, the
surface dielectric behavior should be considered in any
surface scattering calculations [see Egs. (4), (5), and (12)
and Refs. 13, 23, and 20].

The next is that a large part of the literature about the
image states is devoted to the search for improved surface
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potential barrier models for the binding-energy calcula-
tion of the hydrogenlike series—E,=(n +8) 2, where
n=1,2,... and § is level and barrier model-dependent
quantum defect.®!>2727 We want to point out that we
were mainly interested here in the possibility of resolving
the Rydberg series at free-electron metal surfaces
(R-="7) and not in the actual binding (¢5 =?). However,
after Tamura and Feder?’ we can state that because the
dynamic effects on the surface potential barrier shape are
small for the image states numbered n > 1, the static sur-
face barrier model is good enough even for the quantita-
tive IPES Al(111) data analysis. On the other hand, a
better model would be taken into account for the solid-
vacuum interface by taking, for example, a more ade-
quate dielectric function for such a system.!* We were,
however, more concerned here with the mechanism in-
volved which already appears in this simple treatment.
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Grant No. 201239101.

*Present address: Department of Physics, The University of
Newcastle, Callaghan, Newcastle, N.S.W. 2308, Australia.
Electronic address: PHMWR @ CC.NEWCASTLE.EDU.AU.

13. E. Inglesfield and B. W. Holland, in The Chemical Physics of
Solid Surfaces and Heterogeneous Catalysis, edited by D. A.
King and D. P. Woodruff (Elsevier, New York, 1981).

2P. M. Echenique and J. B. Pendry, J. Phys. C 11, 2065 (1978).

3p. M. Echenique and J. B. Pendry, Prog. Surf. Sci. 32, 111
(1990).

4M. Radny, J. Phys. Condens. Matter 2, 4661 (1990).

SM. Radny, J. Phys. Condens. Matter 3, 5525 (1991).

6M. Radny, Surf. Sci. 247, 143 (1991).

’D. Heskett, K.-H. Frank, K. Horn, E. E. Koch, H.-J. Freund,
A. Baddorf, K.-D. Tsuei, and E. W. Plummer, Phys. Rev. B
37, 10387 (1988); K. H. Frank, H. J. Sanger, and D. Heskett,
ibid. 40, 2767 (1989).

8P. Gies, J. Phys. C 19, 1209 (1986).

90. Millo, Y. Goldstein, A. Many, and J. I. Gersten, Phys. Rev.
B 39, 9937 (1989).

10F, Finocchi, C. M. Bertoni, and S. Ossicini, Vacuum 41, 535
(1990); S. A. Lindgren and L. Wallden, Phys. Rev. B 40,
11546 (1989); S. Papadia, W. R. Person, and L. A. Salmi,
ibid. 41, 10237 (1990).

1IM. Radny, Prog. Surf. Sci. 36, 67 (1990).

12w, L. Schaich and J. T. Lee, Phys. Rev. B 44, 5973 (1991).

3P, J. Feibelmann, Prog. Surf. Sci. 12, 287 (1982).

143 Inkson, Surf. Sci. 28, 69 (1971).

I5A. G. Eguiluz, Phys. Rev. B 23, 1542 (1991).

16G. D. Palazzi, Rev. Mod. Phys. 40, 611 (1968).

17D, C. Langreth, Phys. Rev. B 39, 10020 (1989).

18A . Liebsch, Phys. Rev. B 36, 7378 (1987).

19K . D. Tsuei, E. W. Plummer, A. Liebsch, E. Pehlke, K. Kem-
pa, and P. Bakshi, Surf. Sci. 247, 302 (1991).

20B. H. Hell and D. L. Mills, Phys. Rev. B 44, 1202 (1991).

21w-K. Paik and J. O’M. Bockri, Surf. Sci. 28, 63 (1971).

22B. Trnini¢-Radja and M. Sunji¢, Phys. Rev. B 42, 7409 (1990).

23p. J. Feibelman, Phys. Rev. B 40, 2752 (1989).

24We calculate the total reflectivity by adding each contribution
from the s- and p-polarized wave before squaring it. They
then interfere. For discussion see Refs. 13 and 23.

25R. O. Jones, R. J. Jennings, and O. Jepsen, Phys. Rev. B 29,
6474 (1984); R. J. Jennings, R. O. Jones, and M. Weinert,
ibid. 37, 6113 (1988).

265, R. Manson and R. H. Ritchie, Phys. Rev. B 24, 4867 (1981);
W. Eckhardt, ibid. 26, 536 (1982); P. M. Echenique and J. B.
Pendry, J. Phys. C 19, 5437 (1986); J. Rundgren and G.
Malmstrom, ibid. 10, 4671 (1977); X.-Y. Zheng, R. H.
Ritchie, and J. R. Manson, Phys. Status Solidi B 157, K87
(1990); X.-Y. Zheng and R. H. Ritchie, Phys. Rev. B 43, 4002
(1991).

27E. Tamura and R. Feder, Z. Phys. B 81, 425 (1990).



