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Depopulation of the Ag(111) Surface State Assigned to Strain in Epitaxial Films
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Photoemission spectra from epitaxial Ag(111) films on Si(171)(7) show that thel surface state
in Ag(111) is depopulated in films deposited on the silicon surface when compared with ideal Ag(111)
surfaces. This is interpreted as a shift of the surface state up in energy, beyond the Fermi level, since
it can be partly reversed by a lowering of the work function, in accordance with phase-accumulation
model calculations. This shift is ascribed, through band structure calculations, to the strain in the Ag
layers induced by film growth. [S0031-9007(97)02408-3]

PACS numbers: 73.20.At, 61.72.Hh, 79.60.—i

Shockley-type surface states on noble metals havehich have the properties of ideal Ag(111) surfaces [2].
received considerable attention in the past. They aris&heir LEED pattern consisted of sharp rings similar to the
from special boundary conditions introduced by the metalfings generated by the rotationally disordered substrate.
vacuum interface. The surface states on the (111) faces In order to compare the electronic structure of an ideal
have been the subject of photoemission studies after thefg(111) surface and that of Ag(111) films on Si(111)-
discovery on Cu(111) by Gartland and Slagsvold [1].(7 X 7), consider the spectra shown in Fig. 1. These
They occur in gaps of the surface-projected bulk band
structure, being trapped, in a one-dimensional model, in
the potential well formed by the crystal edge, where the
energy gap reflects the electrons, and the surface potential AT TxT LEED
barrier. Thus any modification of (a) the substrate band
gap or (b) the surface potential barrier will consequently
have an influence on the surface state energy. Here we
report on the surface energy in Ag(111) epitaxial films . ’
on Si(111)-{ X 7) as determined by photoemission. An
observed depopulation of tHe surface state on Ag(111) &
is interpreted as due to an upward shift of its energy, in
terms of strain-induced movement of tiig band edge
[process (a)]. In order to demonstrate the depopulation of
the surface state by this process, we reduce the vacuum
barrier (by alkali metal adsorption) and effect a gradual
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downshift of the surface state [process (b)]. - W L5 l
The experiments were performed at the BESSY storage . i J
ring in Berlin. Photons with energy of 47 eV were L AgISIIITxT |
obtained from the monochromators TGM4 and TGMS6. % LA Here, i
Electrons were detected by a VG ADES400 spectrometer R N " A
system with a base pressure Iéf ' mbar. The overall %

resolution of 0.1 eV was determined from the width of
the Fermi edge, and, for the work function, the low-
energy cutoff in the photoelectron spectra was used.
Epitaxial layers with a uniform thickness were produced,
resorting to akinetic pathwayduring MBE deposition.
This means cooling the substrate to 130 K, evaporating enargy (gV)

layers of 50 _A thiCkneSS’ and subsequent annealing RiG. 1. Comparison of photoelectron spectra taken at 47 eV
good crystalline quality at temperatures of 300—500 Kphoton energy in normal emission from approximately 50 A
The crystallinity was checked by the observation of cleathick Ag(111) layers on HOPG and Si(11T)-k 7). The

LEED patterns generated by the Ag(111) surfaces. Silvedliagram below the spectra shows the relevant part of the Ag-

- ; X ; band structure. The wave vector is given in fractions of the
films on Si(111)-7 x 7) showed only diffuse spots before Brillouin zone radiugI'L). The inset shows the LEED pattern

and _sharp hexagons aftgr annealin.g, as shown in the insgl, o ated by an Ag(111) film on Si(11T)-K 7) at an energy
of Fig. 1. For comparison, Ag films have also beenof 140 ev. Two additional spots obscured by the sample holder
prepared on highly oriented pyrolytic graphite (HOPG),are indicted by rings.
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were recorded at a photon energy of 47 eV in normafunction. The effect of a decreasing work function on
emission, i.e., with th& vector along thd’-L direction the surface state is shown in Fig. 2. The left side shows
in reciprocal space. The diagram underneath the spectspectra of an ideal Ag(111) surface prepared on HOPG.
shows the relevant part of the silver band structure, whicfThe top trace from a clean surface shows the quantum-
consists of thes-p band leveling off close to the Fermi well peaks and the intense surface state emission close to
level Er, at theL point at the Brillouin zone boundary. Er. With increasing amounts of deposited Cs, the work
From this point a band gap extends up to an energy ofunction decreases as indicated. From the position of the
3.9 eV aboveEr, shown as the cross-hatched region insurface state peak maximum (indicated by gray bars), it
the schematic band structure in the bottom of Fig. 1. Ifis obvious that its energy decreases with the work func-
the Si layer is regarded as a quantum well for its valencéion. This behavior has previously been observed for Cs/
electrons, the wave vectors of stationary states in the weCu(111) [9] and Na/Cu(111) [10]. The intensity decrease

can only take quantized values given by of the surface state with Cs deposition is due to a re-
n distribution of its charge in energy/momentum space [11]
k= A + C, (1)  such that the unperturbed wave function is only found on

a

a reduced area, and to the fact that, as the surface state
where Na is the layer thickness expressed by the layempproaches and crosses ftieband edge at 0.3 eV below
distancea and the number of layer§. The correction Ep, its wave function extends further into the bulk, and
C arises from the finite height of the walls forming electrons accommodated in this state are less efficiently
the well. This quantity can be treated theoretically anddetected by surface sensitive photoemission.
varies only little in this energy range [3,4]. Therefore, In order to quantitatively evaluate the shift of the sur-
Eq. (1) describes the condition for quantizéevalues face state energy with work function change, both the sur-
which, by virtue of the monotonous band structure, lead$ace state peak and the quantum-well peaks were modeled
to the discrete energy levels first observed in photoby Voigt peaks over a constant background enveloped by
electron spectroscopy by Wacésal. [5]. The energetic a Fermi function with experimentally determined parame-
position of the quantum-well peaks in thep-band ters. On the left of Fig. 3 the results of such an analysis
and their distances via Eq. (1) depend strongly on théor the spectra of Ag(111) on HOPG are shown as circles.
layer thickness, giving an independent measure of thigncluded are the confidence intervals of the least-squares-
guantity. Thus, it can be inferred that the two silverfitting procedure as error bars. For most points the sym-
layers compared in Fig. 1 have approximately the saméol size exceeds the error. The solid line shown represents
thickness of 50 A. For Ag/HOPG this means that thethe prediction of the surface state energy from the phase-
layer consists of islands with a very narrow heightaccumulation model, where we assume that the only effect
distribution [2], while for Ag/Si(111) extremely flat of the adsorption of Cs is to change the work function [3].
closed films are observed [6]. Evidently, the simple model well describes the behavior of
In the band gap along thE-L direction (cross-hatched the surface state.
region at the bottom of Fig. 1) a Shockley-type surface
state exists, which gives rise to the prominent peak near
Er in the Ag/HOPG spectrum in Fig. 1. Its energy BOA AGHOPG + Cs i S4h AgSIT11) 4+ C8 o= 478V
is about 50 meV belowEy at a temperature of 130 K I
[7]. Clearly, this peak is missing in the Ag(111) layer |

on Si(111)-¢ X 7) prepared under identical conditions. = somapel o

We use the so-called phase-accumulation model for an & Wil et N A o SR
explanation of the difference in the spectra in Fig. 1. In € e —0
this model the surface state is a stationary state in the [~ " ~"//I| P P aVAVNI
one-dimensional quantum well comprised of the image é .'I bt 074
potential barrier on the vacuum side and the band gap 7 ﬂ-—fhfv"x.}l."x !'. P N SR

in the crystal on the other [8]. The quantum-mechanical | P | —-0s2 s ——
solutions are found by calculating the phase shifts for the & | P A VAV

N 120 |

reflection of the electron wave functions at these barriers oo/
[3,4]. Itis simple to show that the energy of the Shockley e b | o " ;
surface state, which is the lowest eigenstate of this well, ””““"“*’“w%_m AR h“‘“"«».\w:'z'”
depends on the height of the vacuum barrier, i.e., the work P ... ... ..
function [3], and the energies of the band edges adjacent #% &0 15 10 & 00 &8 80 16 10 08 00

to the gap [7].

We have verified the dependence of the s:urface St{.ﬂFg films on HOPG (left) and Si(111) (right) substrates covered
energy on the ma_gnltude of the work functlpp experl-by submonolayer quantities of Cs. The gray bars indicate the
mentally. Adsorption of submonolayer quantities of al-position of the peak maxima, clearly showing the decrease in
kali metals leads to a considerable lowering of the workenergy of the emission by the lowering of the work function.
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with Work Function with Strain Several effects can cause a shift of the surface state.
. In very thin epitaxial Ag layers the Ag(111)-surface state
shows substantial shifts, which are explained in terms
of the interaction of the weakly decaying surface state
wave function with the substrate [12]. Thicknesses on
the order of 50 A, such as used here, exceed the decay
length of 28 A [13] by far, rendering this explanation of
our above observations implausible. Lateral localization
of the surface state wave function on top of islands, as
R . reported for image states on Ag islands [14], is equally
0 1 2 05 0 05 10 15 unlikely since the island size required to introduce a
—A® (eV) Aain-plane (%) significant shift is far below the lateral coherence length
FIG. 3. Shift of the surface state with the change of Work_mc our LI_EED system. Since the Ag/SI(llID-K 7)
function and with strain. Shown at left are the surface statdnterface is incommensurate [15], this should lead to a
energies extracted from the spectra of Fig. 2 as compared to theanishing of the LEED pattern; the sharp LEED spots
energies from the phase-accumulation model (solid line). Oninset of Fig. 1) demonstrate that the localization of the

the right, the calculated energies of the-band edge.; and _ ; i
the surface state under volume-conserving strain in the (111@1%%%)29f\?ggagﬁe?;?tih?f?nnm contribute significantly to

plane of the Ag crystal are displayed. The circle marks the )
point on the theoretical curve where the surface state energy is 1he influence of the band edges on the energy of
shifted by 150 meV from its equilibrium value, as observed forthe surface state provides a straightforward explanation
Ag(111)/Si(111)-7 X 7). for the shift of the surface state in Ag/Si(117)K 7).
Because of its close vicinity, the lower band edge labeled
L5 has the larger influence. It is therefore sensible to
The effect of Cs adsorption on an Ag(111) surfacesuspect this quantity to be responsible for the observed
of a 54 A film prepared on Si(111) is shown on theshift. This view is corroborated by the observation
right hand side of Fig. 2. Again, the top trace showsthat the highest quantum-well peak, corresponding to a
the spectrum obtained on a clean surface. As in Fig. uantum number = N — 1 [cf. Eq. (1)], has a higher
only the quantum-well peaks in thep band are visible. energy in Ag/Si(111) than in Ag/HOPG. Since the
No sign of a surface state is detected in the vicinitynumber of Ag layers is approximately 21 in both cases,
of the Fermi edge. With the decreasing work functionthis peak should show up in the same position relative
by Cs adsorption, however, there is a clear rise ino the band edge. The observed energy difference then
intensity immediately belovEr. This peak becomes most points to a shift in the band eddg. However, a variation
pronounced in the spectrum &f® = —1.31 eV. With  of the correctionC in Eq. (1) for Ag films on the two
larger decreases in work function the intensity decreasesubstrates may have an influence on the quantum-well
again, as in the case of an ideal Ag(111) film. Afterstate energies.
its first pronounced appearance A = —0.74, the Since strain is a widespread feature in thin film growth
energies of the peak maxima continuously fall with theon lattice-mismatched substrates and has been observed
work function as visualized by the gray bars. Thus it isin epitaxial silver films of the same thickness as those
already evident by inspection that the absence of surfacef the present study [16], its influence on the energy
state emission from clean thin Ag(111) layers preparedf L5 must be considered. We have thus calculated the
on Si(111)-f X 7) is due to a shift of the surface state band structure of Ag for distorted (strained) lattices within
into the unoccupied region. The downshift induced bythe nonlocal empirical pseudopotential method (EPM) as
Cs adsorption causes it to cross the Fermi level, and tdescribed in Ref. [17]. This straightforward scheme is
become accessible to photoelectron spectroscopy. Theifficient to describe the properties of the simple band
surface state energies extracted from the spectra by tleructure of the Ag-p electron. In order to reproduce
procedure described above are displayed as diamondse experimental value of0.3 eV for the energy ofL}
in the left part of Fig. 3. They are consistently found[18] in an unstrained lattice, the bands were rigidly shifted
at higher energies as compared to the correspondingy 225 meV after the calculation. Once the value for
state from Ag(111)/HOPG. In order to model the L) is determined by the EPM, the energy of the surface
spectrum from the clean Ag(111)/Si surface with the sametate follows from the phase-accumulation model. This
restricted parameter set as those from Ag(111)/HOPG, gcheme can be tested using the recent measurement of
is necessary to place the surface state almost 120 meffie temperature dependence of the energy of the surface
aboveEr. The surface states of Ag(111)/Si(11T)X 7) state by Paniaget al. [7]. The coefficient of thermal
are, on average, displaced by 150 meV with respect texpansion links the temperature of the sample to an
the states of Ag(111)/HOPG. This value is sufficientisotropic distortion of the silver lattice. If a value 9 X
to completely depopulate the surface state on the clearD™® K~! [19] is used, a rate df.12 meV/K is calculated
Ag(111) surface at this temperature [7]. for the temperature dependent shift of the surface state by
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the described procedure. This is in good agreement witktructure which depopulate the Ag(111)-surface state.
the experimentally determined rate 017 meV/K [7]. Tensile strains common to thin epitaxial layers provide a
The remaining discrepancy can be due to a narrowing ogblausible explanation for these changes, and band struc-
the L gap by lattice vibrations as calculated by Larssonture calculations for differently strained Ag(111) films
and Pendry [20]. serve to deduce quantitatively the amount of strain in the
Strain exerted on the lattice concomitant with the for-surface layer.
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