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Decay of Shockley surface state by randomly adsorbed Bi atoms at Ag(111) surfaces
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The decay of the Shockley surface state by randomly adsorbed Bi atoms at Ag(111) surfaces was investigated.
As the Bi coverage (6p;) increased, the energy dispersion E(k) was observed to deviate from the intrinsic
downward parabolic dispersion of the Ag(111) Shockley surface state at the low-energy side in scanning tunneling
microscopy dl/dV images. Meanwhile, scanning tunneling spectroscopy revealed that the bottom of the parabolic
dispersion was broadened but still persistent. The criterion for the occurrence of the E(k) deviation was found
to be given by the condition where the coherent length L, of the surface electrons becomes shorter than the

wavelength of the Shockley surface-state electron.
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I. INTRODUCTION

Impurity scattering plays a key role in carrier dynamics
and localization in two-dimensional electron gas (2DEG)
systems.'™!> A surface state with 2DEG characteristics is the
paradigm for these studies because the number of impurity
atoms can be precisely controlled. The resulting change in
the electronic states is directly accessible using scanning
tunneling microscopy (STM), angle-resolved photoelectron
spectroscopy (ARPES), and two-photon photoemission spec-
troscopy (2PPE).!"® Impurity scattering has been extensively
and directly addressed using STM for single adatoms on
surfaces. A resonance was reported to appear just below
the Shockley surface-state band edge on Cu, Ag, Co, and
Cs single adatom sites on Cu and Ag(111) surfaces.'6""°
Theoretical studies have revealed that the bound state is
originated by an adatom-derived attractive potential in the
two-dimensional systems.'®!7-20 However, the adatom-derived
state is completely changed if the adatom is embedded in
the surface layer.?! The transition to the adatom-derived
antibonding state was also reported to induce long-life unoc-
cupied resonance for alkali-metal adatoms on Cu and Ag(111)
surfaces, as determined by 2PPE and scanning tunneling
spectroscopy (STS) studies.'®?>2 Lossy scattering at the
boundary was evidenced to be the dominant life-limiting
process for electrons confined by adatom corrals at Ag(111)
surfaces.”®?

At Cu(111) and (100) surfaces with a certain amount of K,
Na, and Co adatoms, the lifetime of a hole in the Shockley
surface state has also been reported to be substantially
decreased.’!! The adsorbate-induced scattering and resulting
decrease in lifetime have been theoretically investigated for
surface-state quasiparticles.'*!> However, the surface impurity
coverage was very small and the Shockley surface state was
maintained intact in these studies. At larger impurity coverage,
the holes and electrons lose their coherence and their lifetime is
reduced considerably, which results in the decay of the intrinsic
surface band dispersion. In this case, it is of significant interest
to correlate the reduction of lifetime to the decay of the surface-
state dispersion with increasing impurity atoms at the surface.
The (111) surface of a Cu-Al alloy has been previously studied
using ARPES.?-3" Here, the random distribution of a large
amount of Al atoms is expected to decay the intrinsic Shockley
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surface state of the Cu(111) surface. However, the surfaces
revealed long-range ordered reconstructions that had similar
band dispersions to the intrinsic state. The adatom-induced
surface structure was recently reported to enhance elastic
scattering by the backfolding of the surface band at p(2 x 2)
Cs and Na ordered overlayers on Cu(111) surfaces.>' However,
the adatoms were arranged with long-range ordering, as in the
case of the Cu-Al alloy surface. The change of the Shockley
surface state has also been investigated for randomly adsorbed
Ag atoms on a Au(l11) surface for a wide range of Ag
coverage.’”* However, the Ag atoms merely caused a shift
of the parabolic surface-state dispersion due to their electronic
similarity with Au. Thus, the effect of randomly arranged
impurity atoms on the surface-state dispersion has yet to be
clarified.

We report a STM study on the decay of the downward
parabolic dispersion by the adsorption of Bi atoms at Ag(111)
surfaces for Bi coverage 6g; from O to 1/3 ML. Bi atoms are
randomly adsorbed and take substitutional sites at the top layer
of the Ag(111) surface for g; < ~ 0.3 ML.* Furthermore, Bi
is electronically unlike Ag. Thus, the decay of the Ag(111)
Shockley surface state is expected to be observed by the ran-
dom adsorption of Bi atoms in this system. The E (k) relation
deduced from STM dI/dV images gradually deviated from
the intrinsic downward parabolic dispersion of the Ag(111)
Shockley surface state at the low-energy side with increasing
Ogi. However, the bottom of the parabolic dispersion was still
preserved in the STS spectrum, although the onset became
broader. The deviation of E(k) was also observed during
completion of the Bi/Ag(111) /3 x 4/3 reconstruction with
the upward parabolic dispersion atfg; ~ 1/3 ML. The deviated
E (k) relation approached the upward parabolic dispersion of
the Bi /3 surface at the high-energy side with increasing 6g;.
These deviations in E(k) are observed in the region where
the coherent length L, of the surface electrons becomes
shorter than the wavelength of the Shockley surface-state
dispersion.

II. EXPERIMENT

Experiments were conducted in an ultra-high-vacuum
(UHV) apparatus.>® Ag(111) surfaces were prepared by
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depositing 20-ML-thick Ag epitaxial films on Si(111)
substrates.* Bi atoms were deposited onto the Ag(111) surface
at 460 K at a rate of 0.0015 ML/s. The Bi deposition
rate was evaluated by observing the extinction of the 7x7
superspots in a reflection high-energy electron diffraction
(RHEED) pattern during Bi deposition onto the Si(111) 7 x 7
surface. The accuracy of the estimated rate was confirmed by
observing the completion of the perfect Bi-induced /3 x /3
reconstruction on the Ag(111) surface at a Bi coverage of
1/3 ML. To estimate the Bi coverage more accurately, the Bi
coverage 0g; was determined by counting the number of Bi
atoms in STM images of various locations for 6g; < 0.1 ML.
The Bi-induced change in the surface structure and elec-
tronic state was followed by further deposition of a small
amount of Bi atoms and subsequent STM observation at
0 < 6g; < 0.333 ML. A bias voltage V; was applied to the
sample at the temperature of supercooled liquid N, (65 K)
during STM observations. dI/dV images and STS spectra
were acquired using the conventional lock-in technique.’’
dl/dV images were obtained in the constant-height mode. The
modulation voltage V,, for STS was 5 meV.

III. RESULTS AND DISCUSSION

Figure 1 shows STM and dI/dV images of the Ag(111)
surfaces with adsorbed Bi. The standing-wave patterns for
the pristine Ag(111) surface (fg; = 0 ML) are evolved from
the step edge and misfit dislocations in the dI/dV images
[Figs. 1(b) and 1(c)]. The wavelength becomes shorter with
increasing electron energy E, as expected for the downward
parabolic dispersion of the Ag(111) Shockley surface state.
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FIG. 1. (Color online) STM images (left) and dI/dV images
(right) of the Ag(111) surfaces with adsorbed Bi. The STM image
sizeis 15 x 15nm? and that for the dI/dV images is 30 x 30 nm?. The
STM images were obtained at V, = —0.4 V and I, = 0.3 nA. The
I, used for the dI/dV images was 0.5 nA. Examples of fast Fourier
transform (FFT) patterns of the dI/dV images are given as insets in
(h) and (1).
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Bi atoms are located at substitutional sites on the Ag(111)
surface, but are displaced upward by ~0.02 nm due to their
atomic size, which is larger than that of the substrate Ag atoms.
Thus, the Bi atoms are observed as protrusions in the STM
images.*> During the initial stage of adsorption, the Bi atoms
are adsorbed randomly, as shown in Figs. 1(e) and 1(i). At
Og; < ~0.005 ML, circular standing-wave patterns are evolved
from randomly adsorbed Bi atoms, in addition to standing
waves due to the step edges and misfit dislocations (not shown).
At larger 6p;, scattering by Bi atoms becomes frequent, and
the standing-wave patterns become more intricate, as shown
in Figs. 1(f)-1(h). However, the pattern still becomes finer,
i.e., the wavelength becomes shorter, with increasing E, as
shown in the dI/dV images at 6p; = 0.0265 ML. Finally,
the wavelength became insensitive to the change in E with
further increase in 6g; over ~0.08 ML, as demonstrated in
Figs. 1G)-1(D).

The wavelength X of the surface-state electron was deduced
by fast Fourier transform (FFT) of the dI/dV images. . was
then transformed to the wave vector k = 2 /A. Figure 2 shows
the E(k) relation obtained from the dI/dV images. At Og; =
0 ML, the downward parabolic dispersion of the intrinsic
Shockley surface state is reproduced, as shown by the black
solid line in Fig. 2. The estimated bottom from the parabolic
dispersion is located at E = ~0 eV, which is consistent with
previous studies that reported an upward shift of the intrinsic
Ag(111) surface states at —65 me V> at the surface of ultrathin
epitaxial Ag films grown on Si(111) substrates due to the misfit
strain.3>* The surface state is depopulated® and is located at
E ~ 0eV for 20-ML-thick Ag films.*’ E(k) deviated from the
parabolic dispersion at the low-energy side with increasing
Ogi, as evidenced by the blue (fg; = 0.0215 ML) and red
(6gi = 0.0406 ML) solid lines in Fig. 2. The Bi-induced change
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FIG. 2. (Color online) E(k) relation for Ag(111) surfaces with
adsorbed Bi atoms deduced by FFT of dI/dV images with 6g; = 0,
0.0215, and 0.0406 ML. The black solid line is the parabolic fit of
the data for 6g; = 0 ML. The blue and red solid lines indicate the
trend of the data plots. The dotted lines are the numerically estimated
boundaries, below which the wavy nature of the surface electron is
not well defined.
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FIG. 3. (Color online) (a) STS spectra of Ag(111) surfaces with
adsorbed Bi atoms for 0g; is 0, 0.015, and 0.0406 ML. (b) Self-energy
Y vs Og;, where X was estimated from the width of the surface-state
onset (A) in the STS spectrum using the equation given by Li et al.!

in E(k) may appear to be the result of the downward shift
of the parabolic surface dispersion. However, STS spectra
revealed that the bottom of the surface state is still located
above the Fermi level. Thus, E(k), which was deduced from
the dI/dV images, is regarded to be actually deviated from
the parabolic dispersion at the low-energy side. The deviation
became significant with 6g;. Finally, k became completely
insensitive to the E deviation at g; > 0.08 ML.

Figure 3(a) shows the change of the STS spectra with 6g;.
The pristine ultrathin Ag(111) film surface reveals a sharp
onset at the bottom of the Shockley surface state around
the Fermi level, as expected for the dispersion (black solid
line in Fig. 2) from the dI/dV images. However, the onset
becomes broader and shifts toward the higher-energy side with
increasing fg;. Finally, the onset disappears at 6g; ~ 0.1 ML
(not shown). The broadening of the onset (A) is a measure of
the reduction in the lifetime () of the surface-state electrons.'
Bi atoms scatter the surface-state electrons randomly, and
the electronic state |k) is merged with the |k’) state upon
scattering. This gives |k) an ill-defined quantum number
and reduces its lifetime, t. Thus, it is reasonable that A
increases with 6g;. However, the persistence of the onset
is inconsistent with E(k) for the Bi-covered surfaces (blue
and red solid lines in Fig. 2). The steplike onset originates
from the two-dimensional free-electron-like dispersion at the
surface. Thus, the results in Fig. 3 strongly suggest that
the Bi-covered surfaces intrinsically preserve the parabolic
dispersion of the Ag(111) surface for 6g; < ~0.1 ML. In this
respect, we regard the Bi-covered surface as having a parabolic
dispersion, although E(k), which was deduced from dI/dV
images, showed an apparent deviation at the low-energy side
for some reason.

A possible cause for the E(k) deviation is the disturbance
of the standing-wave formation by the decrease in the nearest-
neighbor Bi-Bi atom distance, dpi_pij. A increases in the
downward parabolic dispersion and could become longer than
dgi_g; at low energy. In this case, the standing-wave formation
between neighboring Bi atoms would be disturbed. Thus,
the dI/dV images are expected to reveal the deviation in
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E(k), although the surface state still preserves the downward
parabolic dispersion. However, dgi_p; is ~1 nm, even at
small 6g;, such as 0.02 ML. Therefore, E(k) should deviate
for k < 27 /dgi_g; ~ 6 nm~', and thus, the deviation should
be observed in the entire region shown in Fig. 2. However,
this does not agree with the experimental results, in which
E(k) is only partially deviated in the low-energy region at
Opi = 0.0215 and 0.0406 ML. Therefore, we suggest that
dgi_g;i is not the direct criterion that determines the deviation
in E(k).

Alternatively, the deviation of E (k) could be caused by the
reduced coherent length, Ly. Ly is given by the product of
the group velocity v,, and the lifetime 7, of surface electrons.
The STS spectra suggest that the parabolic dispersion, and
thus v,, do not exhibit a sensitive change to 6g;. However, the
electron scattering at Bi atoms decreases 7. Therefore, Ly is
reduced with 6Og;, as well as dp;_pi. However, there is plenty
of free space between Bi atoms, so that Ly is reasonably
expected to be longer than dg;_p;. Thus, the criterion for
the occurrence of the deviation in E(k) could possibly be
explained in terms of Ly < A. For Ly < A, the dI/dV pattern
will lose a clear signature of the standing waves and the
resulting E (k) relation will show a deviation from the intrinsic
surface dispersion. In the following, we discuss whether the
criterion for the occurrence of the deviation in E(k) is given
by the condition Ly < A. However, it is beyond the scope
of this paper to theoretically reproduce the experimentally
observed E(k) curves in the region of Ly < A, in which
the dI/dV pattern is constructed by the complex scattering
and mixing of surface-state electrons. It should be noted
that a trend of the k independence of E was also observed
for 15% Co on an InAs(110) surface.*! At the surface with
strong disorder induced by impurities, the dominating A of
the intrinsic surface dispersion*? was suppressed in the dI/dV
patterns. The FFT patterns showed filled circles due to the
impurity scattering-induced mixing of the surface waves, and
the radius was barely dependent on the energy, as observed in
the Bi/Ag(111) system at 6 > 0.08 ML.

L4 was evaluated to elucidate a quantitative explanation of
the criterion for the occurrence of the E (k) deviation. As a first
step, the self-energy ¥ was estimated from the STS spectra
to obtain T =1 /2X for the surface electrons.** However, Vg
was difficult to estimate experimentally because E (k) from the
dI/dV images was regarded to deviate from the true dispersion.
However, the STS spectra suggested that the Bi-covered
surfaces almost preserved the intrinsic parabolic dispersion
of the Ag(111) surfaces for small 6g;. Thus, in the following,
v, was roughly estimated under the assumption that the surface
electrons have a downward parabolic dispersion with the
same effective mass as the Ag(111) Shockley surface state,
even for the Bi-adsorbed surface. k.i; = 27/ Ly was evaluated
using the estimated T and v, values to define the region
where E (k) deviates from the intrinsic Shockley surface-state
dispersion.

¥ is related to the broadening A of the onset in the STS

~ TVa 1 T2 1
spectraby A >~ —= = + O(5)” at the band bottom.

> s

The STS spectra were fitted using an arctangent-type step
function to deduce A, and ¥ was estimated using the above
equation.** The obtained ¥ is plotted as a function of 6g; in
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Fig. 3(b). ¥ increases from 8 to 70 meV with increasing 0g;
from O to 0.1 ML. The increase is approximately proportional
to \/0g;.** T typically consists of three components: electron-
electron scattering (X,—. ), electron-phonon scattering (X,—pn ),
and impurity/defect scattering (Xjnp). Among the three com-
ponents, ¥,_, has previously been reported to govern X for
defect-free Ag(111) wide terraces at 5 K.! However, Ye—ph
is also expected to be activated at the present measurement
temperature (7 = 65 K). In addition, the Ag(111) surfaces
of ultrathin films include misfit dislocations,*® and Bi atoms
are adsorbed randomly on the surfaces. These factors increase
Yimp considerably; therefore, all three components contribute
to X in the present system.

For defect-free Ag(111) terraces at 5 K, where ¥ is
dominated by X,_., T was reported to reveal an almost Fermi-
liquid-like dependence on E [i.e., (E — Ep)~2].>* Therefore,
we adopted the correct coefficient 5.2 fseV? fort = h/2%,_,
(Refs. 46 and 47) to evaluate X._.(FE) as a function of E. The
resulting ¥, _, is increased from O to 16 meV with increasing
E from 0 to 0.5 eV. It should be noted that we are not aware of
any previous studies on the £ dependence for X,_p, and Zipp
at Ag(111) surfaces; therefore, the E dependence is neglected
as a crude approximation. However, for the electron-phonon
contribution, I' = 2%,_p, was reported to increase linearly
with T at the Cu(111) surface.® The electron-phonon coupling
constant was estimated to be A = 0.14 at the Cu(111) surface
from the linear coefficient (0.0704 meV/K) of I' (=2AkT).
A = 0.13 was adopted for the Ag(111) surface,' and Xe—ph
was estimated to be ~2 meV at T = 65 K. Finally, ¥,_, and
X._pn were subtracted from X at the band bottom [Fig. 3(b)],
and assigned the difference as Xiyp. Xe—pn and X._. are
less than 20 meV, which indicates that X is dominated
by Eimp~

%, Ly, and kg = 27 /Ly were calculated as functions of
E and 6; using these X,_.(E), X,_ph, and Xin,. The resulting
keit(E) is indicated by dashed lines for 8g; = 0, 0.0215, and
0.0406 ML in Fig. 2. Under the dashed line, k becomes smaller
than k.. Thus, E(k) from the dI/dV images are expected to
indicate the deviation in the region below the intersection of
kerit (dashed line) and the intrinsic parabolic surface dispersion
(black solid line). The deviation of E (k) did occur in this region
for both 0g; = 0.0215 and 0.0406 ML. Therefore, we consider
the criterion for the deviation of E(k) is quantitatively given
by the relation Ly < A for the Ag(111) surface with randomly
adsorbed Bi atoms.

The entire downward parabolic dispersion enters the com-
plete region below the k. line at g; ~ 0.08 ML (not shown).
We consider that this is the reason why E (k) became insensitive
to E at this coverage. However, the surface state was still
persistent, although the onset was significantly broadened
in the STS spectrum at this coverage (not shown). The
Shockley surface state is regarded to be completely collapsed
atfg; > 0.1 ML from the disappearance of the onset in the STS
spectrum.

The deviation in E(k) was also observed during the course
of completion of the Bi-induced /3 x /3 reconstruction
at the Ag(111) surface. At 0g; ~ 1/3 ML, randomly dis-
tributed Bi atoms possess /3 X 1/3 long-range ordering. The
characteristic upward parabolic dispersion of the Bi/Ag(111)
V3 x /3 surface’” was gradually completed during this stage.
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FIG. 4. (Color online) E (k) relation of the Ag(111) surface with
adsorbed Bi atoms at g; close to 0.33 ML. 0g; is indicated in the key
legend. k was deduced by FFT analysis of the dI/dV images. The
black curve is the parabolic fitting of the data at 0p; = 0.3333 ML.
Other fitting curves indicate the trend of the data plots.

Figure 4 represents the Og;-dependent change of E(k) at
Og; ~ 1/3 ML. Contrary to the decay of the Ag(111) Shockley
surface state in the initial stage, the E(k) relation showed
a deviation at the high-energy side. The deviation became
smaller and E(k) approached the intrinsic upward parabolic
dispersion with 6g;. For the Bi-induced /3 x /3 surface
band electrons, unsubstituted Ag atoms serve as scattering
atoms at 6g; ~ 1/3 ML. Thus, the increase in fg; causes
a decrease in the number of scattering sites for the upward
parabolic surface-state electrons at the Bi/Ag(111) /3 x /3
surface. The high-energy side is close to the edge of the upward
parabolic band dispersion; therefore, by the same reason for
the deviation of E (k) from the Ag(111) Shockley surface-state
dispersion at low 8g;, the k < ki region is expected to appear
at the high-energy side with increasing A and decreasing L.
This k < kg region shrinks with 6g; because the decrease
in the remaining Ag atom impurities increases the lifetime
7. As a result, the deviation is reduced and E (k) approaches
the intrinsic upward parabolic dispersion of the Bi/Ag(111)
/3 x /3 surface with 0g;.

IV. SUMMARY

In summary, the decay of the downward parabolic Shockley
surface-state dispersion by the random adsorption of Bi atoms
on the Ag(111) surface was investigated. The E(k) relation
gradually deviated from the intrinsic dispersion at the low-
energy side with 6g;. However, the onset of the Shockley
surface state became broader, although persistent, for p; <
~0.1 ML. The deviation in E(k) was attributed to a reduction
of Ly with 0g;. The quantitative criterion was given by the
condition Ly < A. This condition is satisfied, specifically at
the low-energy side, due to the decrease in v, and increase in
A near the band edge. The deviation was extended due to the
decrease in T with 6g;. The deviation of E (k) was also observed
in the course of the completion of the Bi/Ag(111) /3 x /3
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reconstruction at fg; ~ 1/3 ML. The deviation appeared at the
high-energy side and was reduced with increasing 6g;. This
deviation of E(k) was also regarded to occur due to Ly < A
near the band edge.
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