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Three types of bulk impurity induced interference patterns on the (100) and (111) faces
of Ne- and Ar-doped silver
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Scanning tunneling microscopy and dI/dV mapping reveal three types of interference patterns on Ag(100)
and Ag(111) after implantation of argon or neon. These patterns originate from the scattering of bulk electrons
between subsurface impurities and the surface. Above nanocavities, the interference pattern develop a rich
internal structure. Above point impurities, two types of simpler patterns develop that differ in corrugation,
shape, and energy dependence. Low corrugated patterns show a strong dependence on energy, while more
corrugated patterns hardly vary with energy. In addition, only the high corrugated patterns reflect the symmetry
of the surfaces, while the low corrugated patterns are circular.
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I. INTRODUCTION

The electronic structure of the surface determines its in-
teraction with molecules and thus the reactivity of a sample.
This electronic structure is homogeneous on a perfect surface
but disturbed at point defects or at line defects as step edges
or dislocations. Quite recently, it has been shown that sub-
surface defects also alter the electronic structure of the sur-
face because of the scattering of bulk electrons between them
and the surface.!

The interference patterns that develop on the surface,
when electrons in bulk states are reflected between a subsur-
face defect and the surface, were measured by scanning tun-
neling microscopy (STM). These oscillations in the local
density-of-states (LDOS) were originally named quantum
well states in analogy to the thoroughly investigated quan-
tum well states that develop in thin films.> The periodic
variation in the density of state at the Fermi level because of
a periodic crossing by quantum well states at different film
thicknesses was shown indeed to effect a multitude of sur-
face properties, such as chemical reactivity, diffusivity, and
thermal stability.? A similar influence is also expected for the
interference patterns with a similar periodicity as for quan-
tum well states discussed in Refs. 1 and 3-8 and here.

The first observation reported hexagonal interference pat-
terns resulting from argon bubbles below the Al(111)
surface.’ The energy dependence of these Friedel-like oscil-
lations was used by Schmid et al. to determine the depth of
the bubbles below the surface. On semiconductors, Wittn-
even et al.* used the size of circular patterns that develop
above ionized dopants to estimate the depth of the dopants.
In combination with theory, Schmid et al.’ investigated the
Ar related patterns in more detail on both Cu(111) and
Cu(100). They could explain those on the former surface by
focusing of electron waves in certain crystallographic direc-
tions. The almost ringlike features on Cu(100) remained un-
explained. In contrast, argon-filled nanocavities below
Cu(100) investigated by Kurnosikov et al.®’ showed pro-
nounced angular variations, which reflected both the shape of
the nanocavity as well as an anisotropy of the band structure.
Schmid and Kurnosikov established that the Ar filled nano-
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cavities are three dimensional and are limited by low-
indexed surfaces by comparing their data to calculations.>”’
Also above pointlike cobalt impurities angular variations
were observed and interpreted by focusing of electron waves
in certain crystallographic directions.! Again the shape of the
interference patterns reflects the underlying band structure of
the (111) and (100) faces of copper.! The absence of certain
features as observed in Refs. 6 and 7 could be explained by
different tip-sample distances and/or different tip sharpness.®

In this paper, we study interference patterns on Ag(111)
and Ag(100). We investigate by scanning tunneling micros-
copy and scanning tunneling spectroscopy (STS) mapping
the electronic signature of interference patterns of different
corrugations induced by Ne or Ar implanted below the sur-
face. Three types of patterns are revealed. Patterns above
nanocavities reflect the shape of the nanocavities and show a
corrugation of up to 20 pm. Patterns above pointlike impu-
rities are either circular with a corrugation of 0.5 pm only or
they reflect the symmetry of the surface with a corrugation
below 5 pm. The latter patterns can be explained by interfer-
ence patterns enhanced by focusing effects of the electrons in
specific crystallographic directions, while the former are in-
terference patterns without focusing. Our study shows sys-
tematically that each of the different patterns discussed in
literature within the past decade'-® can be observed on the
same surface.

II. EXPERIMENTAL SECTION

The experiments were performed with a custom-built
high-resolution low-temperature STM housed in an
ultrahigh-vacuum chamber with a base pressure of
~107!° mbar.® The STM facilitates measurements with a
noise level below 0.5 pm.!° The single crystalline Ag(111)
and Ag(100) surfaces are cleaned by repeated cycles of Ne*
sputtering with 550 eV and 3 A for 25 min and annealing
at 900 K for 5 min. This is followed by a short cycle of
sputtering for 3 min and an annealing for 1.5 min at 800 K.

The surfaces were treated subsequently to different de-
grees by the following methods. In order to enhance the pat-
tern density, Ne or Ar are implanted into the surface by a
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mild sputter pulse (0.4 keV, 1<0.01 wA, 3 s) with the sur-
face at 100 K, i.e., below the desorption temperature of the
noble atoms from the surface (as determined by thermal de-
sorption spectroscopy).

The temperature of sputtering is chosen based on the fol-
lowing reasoning. lons at the chosen energies are expected to
deposit energy into the target via the linear cascade mode.!!
Along the path of the ion through the crystal, vacancy-
adatom pairs are produced. Frenkel pairs consist of volume
vacancies and interstitials and Schottky pairs consist of vol-
ume vacancies and adatoms. Because of material loss into
the vacuum some vacancies are unpaired. Only the point
defects on the surface can be directly observed by STM. The
damage in the bulk has mostly been studied by resistivity
measurements on thin foils. These showed that for noble
metals as silver, the efficiencies depend rather on the ion
energy than on its chemical identity.'> At the appropriate
temperature interstitials migrate.'> The migration energy is
quite low, 70 meV for Ag.'* Above a threshold temperature,
migration increases the number of adatoms observed by
STM. This temperature is quite low, e.g., 22 K for platinum
for a migration energy of 50 meV."> Furthermore, the im-
planted noble gases migrate and accumulate in agglomera-
tion of vacancies. These structures are called nanocavities® as
they are limited by low index surfaces.’ Such nanocavities
might thus be filled by the noble gases. Some of them might
also be empty as suggested by growth experiment of silver
films on Ag(100) at 150 K.'¢ Their scattering properties are
not expected to be changed measurably by the filling.

Next, the sample is flashed to room temperature or above
in order to remove surface adatoms and surface vacancies
induced by the sputter pulse. During annealing desorption of
the nobel gases is detected by mass spectrometry.

Finally, oxygen molecules, Cu atoms, or Cr atoms are
deposited on the sample in order to underline the bulk origin
of the patterns. For oxygen deposition, an oxygen pressure of
1X 1077 mbar is established in a separately pumped cham-
ber. Molecules are deposited onto the sample by positioning
the sample in front of the gate-through valve to this chamber.
The valve is opened for 10 s onto the sample mounted on the
manipulator and cooled by LN, to 110 K. Cr or Cu atoms are
deposited from a Knudsen cell onto the sample within the
He-cooled shields at 5 K.!”

STM images are recorded in constant current mode be-
tween 5 and 7 K. They are represented in gray scale,
whereby brighter corresponds to higher conductivity. STS
spectra are taken in open feed-back loop conditions with a
sinusoidal modulation voltage of 1 to 4 meV superimposed
over the bias voltage and recorded in lock-in technique.
dl/dV and d?I/dV* maps are recorded with the same lock-in
technique either tuned to the first or second harmonic for
dl/dV and d*I/dV? maps, respectively. The height is set by
the feed back in the I/V STM image at each pixel of the
image. Note that a single map is typically recorded within 80
min not permitting open feed-back conditions during map-
ping.

Some of the patterns investigated here have a corrugation,
which is close to the vertical resolution of the STM of 0.5
pm. Removal of low-frequency noise via fast Fourier trans-
form (FFT) filtering is used on some images to increase the
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FIG. 1. (Color online) dI/dV spectra; two spectra are superim-
posed for a larger voltage range: (a) Ag(111); solid symbols: bulk
state sensitive tip; open symbols: regular tip; V,,,,=4 mV at ap-
proximately 360 Hz; « and B see text; (b) Ag(100); V,,,q=1 mV at
approximately 380 Hz.

visibility of the features of interest. Apparent heights are de-
termined on the unprocessed images.

III. RESULTS AND DISCUSSION
A. Details of bulk sensitive tip

We start by explaining shortly the electronic features of a
“bulk sensitive” tip. This type of tip is used for the investi-
gation of the interference patterns caused by bulk impurities.
The electronic structure of the tip is measured in STS
(dI/dV). STS spectra reflect predominantly the local density
of states.

The features of the bulk sensitive tip are best explained
for a surface that shows an occupied surface state and thus a
strong increase in conductivity close to the Fermi energy as
does Ag(111). Figure 1(a) shows the dI/dV spectra of the
clean Ag(111) surface recorded with a bulk sensitive tip (top
spectrum) and a “regular” tip (bottom spectrum). For the
regular tip, the most prominent feature is the onset of the
surface state at —65 meV. Electrons occupying this surface
state and scattered off defects lead to the well-known
standing-wave interference patterns observed at bias voltages
above the surface state onset,'’®2° also investigated on
Ag(111) with the same setup and tip processing as used
here.”*> An example is shown in Fig. 2(a). The surface state
related interference patterns display a typical corrugation of
(7=1) pm of the first and 3 pm of the second maximum,
when imaged at around 100 meV [Fig. 2(b)]. As these inter-
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FIG. 2. Surface state related interference patterns on Ag(111):
(a) standing wave patterns with a wavelength of 3.8 nm caused by
two step edges and five surface impurities, 60 mV, 0.94 nA; (b) line
scan as indicated in (a); and (c) STM image with coadsorbed Cu
atoms measured below the onset of the surface state; =200 mV, 2
nA.

ference patterns are related to the surface state, they disap-
pear below its onset, even when many impurities are present
[Fig. 2(c)].?? “Regular tips” thus show perfectly flat surfaces
on terraces at the same tunneling parameters used below for
the investigation of the bulk impurity induced patterns, but
surface state standing waves near surface defects above the
surface state onset.

Bulk sensitive tips show additional features at larger
negative energies (upper spectrum in Fig. 1). This spectrum
shows a depression at =725 meV (denoted «), which agrees
with a decrease in the density of states in the projected bulk
states of Ag(111).2® Furthermore, the bulk band edge mini-

mum from the L point of silver projected onto the (111)
surface is observable in this spectrum at =-300 meV(p).
Also the spectrum of Ag(100) measured with a bulk sensitive
tip shows a bulk feature at negative energy [Fig. 1(b)]. The
increase in intensity at negative voltage can be related to the

pseudo gap of Ag(100) at the X point of the surface Brillouin
zone that reaches to —400 meV below the Fermi level.>*
The sensitivity to features of the bulk band structure can
be explained by the fact that sharper tips probe a larger re-
gion in k space, while blunter tips probe the k space mainly

at the " point. As imaging is influenced by the ky dependent
decay into the vacuum, STM images of less sharp tips are
expected to give more smeared out patterns or do not show
them at all, while sharper tips are sensitive to the bulk inter-
ference patterns presented below.

Enhancement in sensitivity to molecular features was
achieved before by picking up individual molecules from a
surface® or by tracking a molecule underneath a tip.?® This
might indicate that not only the shape but also the chemical
nature of our bulk sensitive tips is altered. Though the exact
nature of the tip is not yet established, we stress that the
procedure is very reproducible.

The bulk-sensitive spectrum differs from those usually
presented in investigations of surface state properties be-
cause in many experiments the tip states are changed by
gently bringing tip and surface into contact till all features
apart from the surface state onset disappear. A tip modified in
this way is usually called a “structure less tip” but should be

better named a tip with mainly surface state or I sensitivity
(regular tip). In our experiment, we employ the opposite
strategy. The tip is changed until it is also sensitive to bulk

features, i.e., features away from . We identify a bulk sen-
sitive tip by feature 3, which differentiates it clearly from the
surface state sensitive tip and is often visible without the fine
structure of the spectrum presented in Fig. 1(a). Though not

PHYSICAL REVIEW B 82, 165444 (2010)

FIG. 3. Overview STM image of Ag(100) after short sputter
pulse at 100 K: (a) =195 mV, 1 nA; Al: adatom island, VI: vacancy
island, Ne: Neon adatom, BI: bulk interference patterns; (b) 300
mV, 1 nA; inset: atomic resolution image showing the surface ori-
entation, —8 mV, 2.8 nA; (c) =397 mV, 0.96 nA; inset is magni-
fication by a factor of 2 with enhanced contrast; and (d) 195 mV,
0.96 nA with magnification by a factor of 2 with enhanced contrast.

mentioned explicitly, we believe that similar tips were used
to investigate the bulk induced interference patterns in the
works cited in the Introduction.

B. Formation of bulk related interference patterns

We now demonstrate that implantation of noble gases
leads to interference patterns also on silver surfaces. After
the short sputter pulse at 100 K there are four different fea-
tures observed on the Ag(100) surface [Fig. 3(a)]. Clusters of
Ag adatoms (white, AI) are found close to impact points of
the Ne ion (black, VI) [cf. sputtering defects on Pt(111) (Ref.
15)]. Manipulation experiments show that each of the protru-
sions contains several adatoms and each of the depressions is
a vacancy island consisting of several vacancies. The som-
brero shaped protrusions are attributed to single implanted
Ne adatoms.?’

In this paper, we are interested in the more shallow fea-
tures of much larger diameter [BI in Figs. 3(a) and 3(b)] with
a significant radial anisotropy. The same patterns were found
after sputtering with argon or neon. They are quadratic with
the side of the square along the closed packed direction of
the surface [inset in Fig. 3(b)] and a side length between 5
and 8 nm in Fig. 3. They show an apparent height of up to 20
pm. The patterns thus resemble the bulk interference patterns
above subsurface nanocavities discussed in  the
introduction.*’ From the short wavelength and the charac-
teristic symmetry of the observed patterns we conclude that
the patterns result from the scattering of bulk electrons at
noble atom nanovacancies. Their bulk origin is corroborated
by the fact that the patterns are undisturbed by the adatom
clusters and the vacancy islands.

Some further examples are shown in Figs. 3(c) and 3(d).
The rings might have a bright or a dark center [cf. Figs. 3(c)
and 3(d)] indicative of different depths below the surface.!
Different patterns are observed at one voltage [Fig. 3(d)]
because the nanocavities are neither uniformly sized nor at a
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FIG. 4. (Color online) Voltage dependence of interference pat-
terns: (a) 490 mV, 1 nA; (b) —460 mV, 1 nA; and (c) line scans as
indicated in (a).

constant depth below the surface.* The appearance of the
patterns is strongly voltage dependent as demonstrated in
Fig. 4. In this particular case the pattern inverses contrast at
opposite polarity [Fig. 4(c)]. At +490 mV [Fig. 4(a)] a de-
pression is surrounded by a protruding ring with an apparent
height of =9 pm followed by another depression and pro-
trusion that are too shallow to be detected in a single line
scan. At =460 mV [Fig. 4(b)] a protrusion with an apparent
height of =7 pm is surrounded by a dark ring followed by
another protruding ring of only =4 pm in apparent height.

To summarize this part, neon and argon implantation into
the surface of Ag(100) leads to interference patterns of up to
20 pm in apparent height due to the formation of nanocavi-
ties as observed before for AI(111), Cu(111), and
Cu(100).>*7 In the previous work it has been firmly estab-
lished that the symmetry of these patterns reflect the shape of
the nanocavities below the surface that in turn are deter-
mined by the symmetry of the planes parallel to the surface.
It is thus fourfold symmetric on Ag(100).

C. d*1/dV* maps

As an add-on we propose to investigate these bulk nano-
cavity related electronic features in future by recording
d*I/dV* maps, which reveal further fine structure. Usually
d*I/dV? maps are used to show the spatial distribution of
molecular vibrations.® There, the second derivative of the
current enhances the visibility of the small change in con-
ductivity (dI/dV) due to the vibration. Here, the signal is
also weak (corrugation of the patterns of 20 pm at most). The
second derivative map enhances changes in the conductivity
instead of measuring the conductivities as demonstrated in
Fig. 5. In the example shown, an additional pattern “B” is
observed that is not visible in the //V images. For this paper
it is important that a change of 0.1 V only leads already to
visual changes in the patterns observed above nanocavities,
e.g., the pattern “C” develops an additional ring at
—353 mV.

D. Interference patterns after annealing

Returning to the major topic of this paper, different types
of bulk impurity related patterns, we show in Fig. 6(a) that
the interference patterns are more uniform after flashing the
sample to room temperature or above. Ringlike structures,
consisting of a combination of depressions and protrusions,
are imaged. The inner circle of varying width is surrounded
by at most three maxima/minima, i.e., the patterns exhibit
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FIG. 5. d’I/dV? maps (bottom row) taken simultaneously with
IV images (top row); 3 mV, 632.7 Hz, 1 nA: (a) =453 mV and (b)
—353 mV; diagonal stripes in maps are an artifact.

1.5 oscillations. The patterns consist thus of a similar series
of depressions and protrusions as the nanocavity related pat-
terns discussed above, but they differ from those in the lack
of internal structure and in a lower apparent height of
<5 pm. Note that these ringlike patterns are also observed
before annealing but are not visible at a contrast that shows
the more corrugated patterns.

We observe the same type of ringlike interference patterns
on Ag(111) [Fig. 6(b), arrows, and Fig. 6(c)] as on Ag(100).
The patterns are presented at a voltage of —200 meV, at
which the contribution of the surface state electrons to the
formation of the image is small. The corrugation of these
patterns is likewise at most 5 pm; the faintest rings visible
have a corrugation of less than 0.5 pm at the limit of vertical
STM resolution.

The patterns after annealing are more reminiscent of cir-
cular features on n-InAs(110) originating from subsurface
ionized dopants,4 i.e., pointlike scatterers, than of those ob-
served above the nanocavities on Cu(100) (Ref. 6) in Figs. 3
and 4. At a specific energy, the inner diameter for a pointlike
scatterer is indicative of its depth below the surface and thus
variable, while the wavelength should be similar for impuri-
ties of different depths.4 In agreement, we observe that the
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FIG. 6. (Color online) Interference patterns after annealing: (a)
STM image of Ag(100); Vyus=—45 mV, I,,,,;=0.1 nA; a building
vibration of a few Hz superimposed over the image was removed
by FFT filtering still leading to some “stripes;” (b) STM image of
Ag(111), =200 mV, 0.73 nA; arrows point to middle of bulk related
interference patterns; white dots are chromium atoms; (¢) STM im-
age of Ag(111) for region with more subsurface impurities, but less
chromium, =212 mV, 0.56 nA; (d) distance d of black rim mea-
sured from center of pattern 5 in (c) in dependence of angle ¢
showing threefold periodicity; and (e) average line scans into 18
different directions from middle of patterns marked by 1 to 6 in (c)
with increasing depth below the surface.
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FIG. 7. Interference patterns of different corrugation on
Ag(100), white protrusions are coadsorbed oxygen molecules: (a)
-28 mV, 7.8 nA; (b) =312 mV, 0.1 nA; (c) =73 mV, 0.1 nA; and
(d) zoom-in by factor of 3 on (c) with atomic grid.

diameter of the inner minimum varies largely in Fig. 6(c)
between 1 and 3 nm [see Fig. 6(e)], while the distance be-
tween the first and the second minimum is with
(1.1+0.2) nm almost constant. Similar to Cu(111),® the in-
terference patterns on Ag(111) are the larger in their diameter
the deeper the defect is buried below the surface because of
the pseudo—band-gap in L direction.® We thus attribute these
interference patterns to standing waves originating from bulk
electrons being scattered by a very small subsurface reflector,
probably just a point defect similar to the ones observed by
Schmid et al. also on Cu(100).°> The bulk origin of these
patterns is underlined by the insensitivity of the patterns to-
ward adparticles [chromium on Ag(111), Figs. 6(b) and 6(c)]
or molecules [O, on Ag(100), Fig. 7(b)]. Note that we are
unable to decide, whether these pointlike scatterers are re-
maining implanted noble gas atoms, Ag atoms at nonlattice
sites or single Ag vacancies, or native impurities. The
smaller number of these pointlike scatters at higher anneal-
ing temperatures rather point against native impurities.

We note that some of the patterns show a considerably
stronger corrugation than others, both in Fig. 6(a) on
Ag(100) and in Fig. 6(c) on Ag(111), even at a similar size
[middle of Fig. 6(a)]. Thereby, the corrugation does not con-
tinuously decrease with size as demonstrated in Fig. 7(a).
The two quadratically shaped patterns marked “1” and “2”
have a side length of 1.64 X 1.62 nm?, which corresponds to
4 atoms by 4 atoms. Pattern “3” corresponds to a single atom
imaged as a central protrusion and a rim of 8 atoms imaged
as depressions. However, pattern “4” is in between these two
sizes, but has a lower corrugation of 2 pm than both the
larger and the smaller pattern with a corrugation of approxi-
mately 4 and 3.5 pm, respectively.

The simultaneous atomic resolution achieved by scanning
at low voltage reveals a difference between the rings with
different corrugation [Fig. 7(c)]. Three patterns on the right-
hand side of the image show much lower corrugation than
the one close to the oxygen molecule (white protrusion). For
the more corrugated patterns the bright ring coincides with a
square of 8 protruding atoms around a single atom and sur-
rounded by 12 atoms of lower apparent height. This pattern
is thus fourfold symmetric similar to the ones observed be-
fore on Cu(100)." In contrast, the other rings are more circu-
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lar [Fig. 7(b)] and do not show this coincidence, but each
ring (depressions or protrusions) is smeared over more than
one atomic row.

Also on Ag(111) the more corrugated patterns show de-
viations from circular symmetry, while the weaker patterns
do not. In the STM images this difference is not immediate
obvious, so we measured the distance of the rim from the
center of the pattern and display one example in Fig. 6(d).
The threefold periodicity is then obvious in the sinosoidal
distance oscillation with 120. We point out that in Ref. 3 the
hexagonal patterns on Al(111) were discussed, but nonhex-
agonal patterns of much weaker corrugation are visible in
Fig. 1 of Ref. 3, though these were not mentioned in the text.
The phenomenon is thus not restricted to silver surfaces.

To summarize this part, two different types of patterns are
observed after annealing that are attributed to standing waves
above pointlike impurities. These patterns differ in corruga-
tion and symmetry.

We now investigate the voltage dependence of the pat-
terns in more detail starting with those of lower corrugation.
We concentrate on Ag(100) because of the surface state re-
lated patterns superimposed on Ag(111).

E. Voltage dependence of patterns with low corrugation

The quoted apparent heights of the weaker patterns fur-
thermore decrease for larger voltages and are thus too shal-
low to be quantitatively followed in dependence of their volt-
age in regular STM images. We therefore present the first
derivative, i.e., dI/dV, images. dI/dV maps increase the cor-
rugation because in //V images all energies from the Fermi
energy to the tunneling voltage contribute to the image. In
contrast, dI/dV maps record the spatial dependence of the
LDOS of the sample within the range of the modulation
voltage (typically a few mV to tens of mV).?

We present a series of dI/dV maps acquired in the range
of occupied states in Fig. 8. In its center, the pattern changes
from maximum to minimum and back through this series.
The surrounding rings change position in dependence of
voltage as best observed in the line scans [Fig. 8(c)]. The
most prominent maximum in all of the spectra is found at 0.4
nm at —250 mV and gradually shifts away from the center to
1.2 nm at -850 and —750 mV [Fig. 8(d)]. At =950 mV a
maximum is found at 0.8 nm from the center.

A series of dI/dV maps above ionized dopants in
InAs(110) in the voltage range from 50 to 175 meV showed
a monotonous decrease in the rings with increasing voltage.
This does not contradict our result in view of the different
voltage ranges.

The position of the maxima at different energies can be
explained by the fact that electrons of different energies form
standing waves at different distances between the subsurface
impurity and the surface. As the vertical distance is fixed by
the position of the subsurface impurity, the standing waves
are observed at different angles. The maximum at —950 mV
at lower distance than those at —850 or —750 mV might
indicate a phase flip induced by a resonance. We thus sum-
marize that the circular patterns of low corrugation show a
considerable change in position of the maxima and minima
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FIG. 8. (Color online) dI/dV maps on interference patterns at
indicated voltage: (a) I/V image at 350 mV, 1 nA; (b) dI/dV map at
indicated voltages, V,,,,=2 mV, 383.3 Hz; (c) line scans of dI/dV
map; average of 16 line scans from middle of structure in 16 dif-
ferent angular directions; shifted by 2 in y; horizontal line represent
average signal on surface for indicated voltage; and (d) position of
first maximum from center in dependence of voltage as extracted
from (b).

by several tenths of nanometer within a voltage range of
several 100 mV.

F. Current and voltage dependence of more
corrugated patterns

The patterns with higher corrugation show a much
smaller, if any, dependence on voltage. The pattern in Fig.
9(a) shows a decrease in corrugation but no other visual
change within two orders of magnitude in voltage. Measure-
ment of the size of the white and black ring, respectively,
show a change of 0.2 nm only within this voltage range [Fig.
9(b)].

A larger ring of high corrugation is investigated in the
hundred mV range. A line scan of the quadratically shaped
rings in Fig. 7 is shown in Fig. 9(c). The average size of its
inner protruding ring is approximately 1.7 nm in [100] and
the corrugation of less than 3 pm at —16 mV and 0.5 nA.
The diameter of the white ring does not change measurably
in the voltage range down to =300 mV. Note that during this
type of measurement the tip-sample distance is not constant.
In general the patterns are expected to change with tip dis-
tance to the surface because of the different k-parallel selec-
tions, i.e., the different exponential decay of different elec-
tronic states into the vacuum. Up to =8 nA, only the
corrugation decreases with smaller currents and the lateral
dimension of the protrusion does not change [within the ex-
perimental uncertainty, Fig. 9(e)]. However, it should be kept
in mind that a change in the current by one decade corre-
sponds to a change in tip-sample distance by approximately
0.1 nm only.

In order to exclude any compensation effects, we deter-
mine the dependence on voltage at (almost) constant tip-
sample distance [Fig. 9] between —500 and +500 mV by
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FIG. 9. (Color online) Current and voltage dependence of more
corrugated interference patterns on Ag(100): (a) STM images at
different voltage as indicated, 43 pA, 6.8 K; (b) voltage dependence
of (a) (large voltage range); (c) line scan across upper square in Fig.
7(a) at =16 mV and 0.5 nA; (d) and (e) average size d (measured in
direction of fast scanning, i.e., [100]) of (c) in dependence of cur-
rent at —18 mV (d) and of voltage V at 6.8 nA; lines are average
values; and (f) average size d in dependence of voltage V at con-
stant tip-sample distance for white rings shown in insets; error bars
are representative.

adjusting the tunneling current at each voltage according to
standard tunneling theory. This experiment confirms that
there is a very weak, if any, voltage dependence of the pat-
terns of higher corrugation. This is clearly different from the
voltage dependence of the two other patterns discussed
above.

The shape, higher corrugation, and weak voltage depen-
dence can be explained by focusing effects.® Electrons scat-
tered at pointlike defects do not propagate in a spherical
wave as in free space but are focused in preferential direc-
tions because of deviations of the silver Fermi surface from a
spherical shape similar to the one of Cu.! This leads to a
preferred propagation of the bulk electrons in narrowly con-
fined directions. The maximum constructive interference oc-
curs in the direction normal to the Fermi surface. In agree-
ment with the symmetry of the fcc Brillouin zone in [111]
direction and in [100] of the surface this deviation is three-
fold for Ag(111) [Fig. 6(b)-6(d)] (Ref. 28) and fourfold for
Ag(100) (Fig. 7).

The focusing cone intersection with the surface is imaged
in STM. The enhanced corrugation of these patterns results
from the fact that focused electrons are hardly damped and
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thus detectable at much larger distances from the source than
nonfocused electrons.® The size of the Fermi surface of Ag is
close to the extension of the first Brillouin zone. In some
directions the Fermi wave vector even reaches the zone
boundary. This implies that the wavelength k—’; of the LDOS
oscillations is only slightly larger than the interatomic dis-
tances. The focused electrons may thus travel (almost) along
low indexed directions of the bulk if the point impurity sub-
stitutes a crystal atom. It thus coincides with atomic rows of
the surface. Whether or not additional effects as e.g., atomic
relaxation due to a changed electronic structure, enhance the
visibility of the patterns in STM could be solved by theoret-
ical calculations, which we hope to induce by this paper.

IV. CONCLUSION

In this paper, we demonstrated that three types of bulk
impurity related interference patterns might be observed by
high-resolution scanning tunneling microscopy with a bulk-
sensitive tip. Above nanocavities the patterns are complex
and change substantially for small changes in the voltage.
Many different shapes are observed as these patterns reflect
also the shape of the nanocavity. The observed dispersion
might indicate that focusing effects are not dominant in for-
mation of this pattern. Focusing might be hindered by the
possible distortion of the lattice close to the nanocavity.
Above pointlike scatterers two less complex patterns are ob-
served consisting of simple rings. Low corrugated patterns of
circular shape show strong dispersion, while higher corru-
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gated ones with distinct symmetry of the surface show little,
if any, dispersion. The low corrugated patterns are explained
as a simply standing wave between the subsurface impurity
and the surface. For the higher corrugated patterns, in addi-
tion focusing of the electrons in specific crystallographic di-
rections as discussed in Refs. 1 and 5 leads to an enhance-
ment of the changes in specific rows of atoms. The three
patterns thus alter the electronic structure at the surface dif-
ferently. A possible explanation for scattering is the position
of the impurity, which might be interstitial or substitutional.

The local variation in electronic structure of the surface
will influence processes on surfaces as nucleation or reactiv-
ity. Nucleation might be influenced by a change in adatom
diffusivity or by providing specific nucleation centers. We
observe, for example, that the three chromium atoms in Fig.
6(c) are adsorbed in the maxima of the interference patterns.
Likewise the reactivity of surface is expected to be altered
locally. As a corollary, we suggest to investigate these type of
low corrugation patterns in dI/dV or even d°I/dV? maps,
which enhances differences at different energies.
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