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Electron standing waves on the il11)- \/3x \/3-Ag surface
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Electron standing waves have been observed near step edges and out-of-phase domain boundaries on the
Si(111)-/3x \/3-Ag surface using scanning tunneling microscopy at 6 K. This means that this surface has a
two-dimensional free-electron-like surface electronic state. Their wavelengths change with the bias voltages, so
that the dispersion relations between energy and wave number have been obtained. We have found two types
of out-of-phase domain boundaries of t{i@x y/3-Ag structure, one of which acts as a potential barrier for the
surface-state electrons to make the standing waves, while the other type ddex0t68-182€09)00203-9

Electron standing waves on surfaces are oscillatory spatialafer with 0.01Q) cm resistivity at RT and about ten times
modulations of local density of states caused by localizedhigher at 6 K. Its dimension was ¥2X0.4mn?. It was
scattering potentials such as atomic step edges and adsorbeddmped to a holder with Mo plates. An electrochemically
foreign atoms. These waves are observed by scanning tuetched polycrystalline W tip was used.
neling microscopySTM) on noble metal surfacés?®and Be A clear S{111)-7x7 RHEED pattern was produced by
surface! where free-electron-like surface electronic statesflashing the sample at 1200°C several times. The
exist. That is, parabolic surface-state bands crossing thg3x \3-Ag structure was prepared by depositing about 1
Fermi level Eg) exist, meaning also a metallic nature. So ML of Ag with a rate of 0.014 ML/sec on the>77 surface
the wavelength of the standing waves with low-bias voltagekept at 500 °C. The surface structure was always monitored
(probing only the states nekg) is equal to half of the Fermi by RHEED during Ag deposition. After this preparation, the
wavelength. These waves are also called energy-resolveshmple was cooled dow 6 K on the STMstage.

Friedel oscillations. Adding to these measurements in two- A typical image taken in constant-height mode is shown
dimensional surface states, Friedel oscillations in bulk state Fig. 1 (650 Ax610 A). In our constant-height mode, slow
caused by substances in the subsurface region have been alsed back with a large time constant was applied. So, on flat
observed on Al surfaceand GaAs surfac®. terraces, the image is almost the same as a true constant-

On the other hand, for the @iL1)-\3X \/3-Ag surface, a height-mode STM image without feed back. But at the steps
honeycomb-chained-triméHCT) model is now widely ac- or domain boundaries, the height difference is stressed. The
cepted as its atomic arrangeméfitBased on this model, sample bias voltage is 0.75 V, probing the empty states. A
surface electronic states are calculated, which shows &x7 domain is seen at the upper-right corner in the image.
I'-centered free-electron-like bafdictually, this band has The rest of the surface is thg3x \/3-Ag structure, where
been detected by photoemission spectroscop¥?. fine periodic corrugations are seen. One can also see the

In this paper, we present STM observations of electrorstanding wave patterns superimposed near step edges in the
standing waves formed on th¢3x \/3-Ag surface at 6 K \/3x \/3-Ag area. Its wavelength is about 25 A. On the cir-
using ultrahigh vacuum scanning tunneling microscopy. Ascular domain in the upper part of the image, a complicated
far as we know, this is the first time that electron standingnterference pattern is observed. Near the step edges at the
waves due to a surface-state band on the semiconductor witbwer left, standing wave patterns are parallel to the step
superlattice structures have been observed. The standirgige. In the filled-state images, we could not obtain any
waves were found at particular out-of-phase domain boundstanding wave patterns.
aries of the \3x \[3-Ag superstructures as well as step Figure Xb) is a Fourier transformed pattern of a square
edges. Their wavelengths were also found to change witArea indicated in Fig.(&). Hexagonal spoténdicated byA)
bias voltages, so that the dispersion relations between energy this pattern correspond to thé3x /3 periodicity in the
and wave number were extracted from those images. real-space image of Fig(d. We have a ringindicated by

We used a commercial ultrahigh vacuum low-temperaturé3) near the center spot which comes from the standing
STM (UNISOKU USM501 type equipped with reflection waves. Its radius, which is equal to twice the wave number
high-energy electron diffractiotRHEED) system for prepar- of the standing wave pattern, is about 0.26'A
ing sample surfaces. This STM can operate at low tempera- The same area was scanned with different bias voltages.
tures down to 6 K. The base pressure in the chambers wda Fig. 2, as the positive sample bias voltage was decreased,
less than X 10 1°Torr. The substrate wasgtype S{111)  the wavelength of the standing waves became longer. From
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I(b)

FIG. 2. Empty-state STM image®65 Ax330 A) on the same
surface as Fig. (h) with different bias voltage<a) 0.6 V, (b) 0.5V,
(c) 0.4V, and(d) 0.3 V with a constant tunneling current of 0.5 nA.

the bias voltage, which are shown in Figb#with closed
squares.

The dispersion relation at the circular domain in Fig. 2 is
also shown in Fig. @) with closed triangles. The data set in
Fig. 4(b) with closed circles is obtained near another OPB.

Though the theoretical calculatibshows that the bands
are anisotropi¢shown in Fig. 4b) with dashed curvgdswe
assumed isotropic bands within the error of the ring in Fig.
1(b). A parabola E= #2%k?/2m* +const, where# is
Planck’s constantn* an electron effective mapsvas fitted
to the experimental data. The validity of this fit by using the
constant-height STM images will be discussed later. The bot-
tom of the fitted paraboléobtained from the data set with
closed trianglesat thel” point is(0.06-0.08 eV aboveE .

m* is (0.10=0.049m,, wherem, is the free-electron mass.
The effective massesn* obtained from the standing
waves near the straight out-of-phase boundaries were fairly

reproducible, (0.13+0.03m, and (0.13+0.04m, (whose

FIG. 1. (8 An STM image with electron standing wave patterns data sets are shown in Fig(b} with closed squares and

on Si111)-y3x +/3-Ag surface. The size is 6504610 A. The

closed circles, respectively which deviates substantially

tunneling current is 0.5 nA with sample bias voltage of 0.75 V. Thefrom the experimental data of photoemission spectroscopy

defective areas in the center of the image may be amorphous Sin* =0.25m, [closed diamonds in Fig. (81,*° while the
which was made by repeating the flash heating around the tempera-

ture as high as the melting point of $b) A two-dimensional fast
Fourier transformed pattern of the square &80 Ax160 A) in-

dicated in(a). The distance between the center spot and the hex- #

agonal spots\ (corresponding to the/3x /3 diffraction spots is
1.1A

these images, we got the dispersion relations between energ'

E and wave numbek as described below.

We observed standing waves also near out- of-phasem \

boundaries(OPB’s) of the 3x\3-Ag domain&®16

shown in Fig. 3. The difference of two types of OPB’s seen R
in Fig. 3 will be discussed later. The wavelength of the |
standing waves near the straight OPB also changed depend,
ing on the bias voltage. Some of the profiles of the waves as
a function of the distance away from the OPB along the :
direction perpendicular to the OPB are shown in Fi)4

By laterally averaging such profiles at each bias voltage and ™
measuring the distance of the peak positions, the wave- FIG. 3. An empty-state STM imag@85 Ax645 A) with the
lengths of the standing waves were obtained as a function afinneling current of 0.18 nA, and the sample bias voltage 1.0 V.
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(a) types of OPB'’s as indicated by arroW&) and(B) in Fig. 3,
1 where the empty states were probed with the bias 1.0 V.
- Standing wave patterns can be seen near the protruded OPB
indicated by(A) while the waves cannot be seen near the
hollowed OPB indicated b{B). The protruded one works as
a potential barrier for electrons in the surface state; electrons
are reflected by it, which contributes to making the standing
waves. But the hollowed OPB does not work as a barrier.
Electrons can pass through this type of boundary without
reflection, and there are no observable standing waves.
Since our image corresponds to the empty states of the
surface, the protruded OP®) is identical to type-I OPB in
Ref. 13, but the hollowed on@) is not. Considering that the
hollowed one(B) is aligned along thé112) directions, and
always straight, it is not type-lIl OPB in Ref. 13 either. We
made sure that the scanning direction of the STM tip did not
matter for the difference of the protruded and hollowed ones.
To clarify the difference of the two OPB’s, we scanned
- y — T smaller regions, and investigated the arrangement of the
0 10 2 .30 40 %060 70 bright spots near the boundaries in detail. There are two
Distance (A) ways to shift the phase of the superstructure between the
adjacent out-of-phase domains. An OPB along(thE? di-

Tunneling current (aribtary unit)

(b) 3.04 rection can have a phase-shift vectodgf= (a—b)/3 (which
25_‘ we call type-lA hereaftgror a phase-shift vector adiz=
~ o —(a—hb)/3 (which we call type-1B, wherea andb are the
2 Lol surface unit vectors of th¢3x /3 structure. In the previous
erj” | reports performed at room temperatuteé$**%only type-1A
o 15 is considered, which is the most stable OPB. The protruded
§ . boundary (A) in our image corresponds to the type-IA
® 1.04 boundary, and the hollowed bounddB) corresponds to the
= 1 type-1B boundary.
2 054 Though the two types of boundaries are classified cor-
Q 00.’ rectly, it is still unknown why the difference in making the
| standing waves occurs. Considering that the protrusion of
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 022 0.24. type-IA boundary in STM image does not come from topog-

raphy but some electronic state, it is possible that some par-
ticular electronic state, which is inherent only in the type-1A
FIG. 4. (a) Profiles of the standing-wave pattern at different boundary is important for scattering and reflecting the
sample bias voltages as a function of the distance along the diregurface-state electrons. But this is just an inference, and more
tion perpendicular to the straight OPB. The raw déigpically  investigations are required.
shown with the dotted curve superimposed on the solid curve at the We should discuss here several other points about our
bias voltage 1.6 Y are low-pass filtered and smoothed to get thestanding wave observations; why can we obtain the wave
solid curve. The arrows show the first peaks and second peaks usgftterns in conventional STM mode with bias voltages as
to estimate the wavelengths at each voltzig)eDispersion relati.ons. high as around 1 V? Do the standing waves mean a metallic
between wave number and energy of the standing waves with fittefl 1,6 of the surface? And why are the dispersion relations
pgrabolas. Solid squares, circles, and triangles are data taken fro(r)nbtained from the standing waves different from photoemis-
different samples cut from the same wafer. Dashed curves are the
first-principle calculations taken from Ref. 9, and the thin solid ston measurgments? . . .
curve with closed diamonds is obtained by the photoemission mea- When a bias voltag¥ is applied across the tunneling gap,
surement taken from Ref. 10. all the density of StateéDOS) betWeerEF and E,:—I—eV con-
____ tribute to the tunneling current superimposed with the
first-principle calculationsindicatem* = 0.4m, for the I'-K weighted barrier-transmission coefficient. The wavelength of
direction, andm* =0.3m, for the T-M direction. Further- the standing wave should be different from energy to energy,
more, the bottoms of the parabola totally changed fron$0 the smaller energy range of the superimposition of the
sample to sample in our STM measurements, though they atgcal DOS is, the larger the amplitude of the standing wave
always located abovg . Their values arél.2+0.1) eV and observed in STM mode becomes, because one can avoid
(0.21+0.04 eV aboveEr for the curves with squares and Smearing out of different wavelengths. In previous
circles, respectively, in Fig.(8). These reasons will be dis- reportst™ low bias voltages(less than about 0.1 \were
cussed later. actually applied to get the wave patterns clearly in conven-
In our STM observations, we obtained the images of twational STM mode. To get théenergy-resolvedwave pat-

Wave number K @A&hH
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terns at higher bias voltages, ST&anning tunneling spec- to a voltage drop along the Si crystal between the observed
troscopy mode was adoptedmapping the differential area and an electrode at the end cla@pout 5 mm lony
conductancall/dV). with currents of nA range, because our Si wafer was a highly
However, we could actually observe standing waves aB-doped one so that it did not become insulating even at 6 K.
bias voltages as high as araud V in conventional STM  So, we need other reasons why small bias voltage did not
mode(not in STS modg and furthermore, their wavelengths work and why the minimum bias voltage to get the images
actually changed depending on the bias voltages. This is bejiffered from sample to sample at 6 K. It might be caused by
cause the oscillations of the standing waves in conventiong{ Schottky barrier at the end clanfpetween the Si crystal

STMimages are determined by the particular wavelengths ag,q \q electrodeor some kind of charging-up effect due to
described below. When the bottom of the energy dispersio oy transfer rate of electrons from the surface state to the
curve is located abovEg, only the wave numbek, corre- o ciotes in Si at low temperature

sponding to the energy levek:+ eV determines the form of We also considered tip-induced band bending as another

the oscillation. In case .Of a single straight step on an eXieason for this uncertainty in bias voltages. The surface states
tended surface, the oscillating part of the tunneling curren

can be approximated by a sum of the two terms of the Bess%l?n work .to screen the elgctrpnic field from the tip to reduce
functions, J; (2kox)/ (koX) andJa(2kex)/(keX)2 with appro- e electrlc. flelq penetrating mtq the bulk, and deqrease the
priate coefficients, where is a distance away from the step °2nd bending induced by the tip. In order to estimate the
[see Eqs(31) and (32) in Ref. 17). Because enough of the upper_l|m|t of the tlp-lnduceq band bending, we assumed the
smaller coefficient of the latter term compared with that of Metal-insulataivacuum-semiconductor  structure  without
the first term and the faster decaying factor?, the term surfacg(mterfa_ce) states, a_nd calculat(_ed the band bending
Jo(2kox)/(Kox)2 can be neglected, and only the term numencqlly using a model in Ref. 20 with parameters for our
J1(2kox)/(kox) remains. We also calculated the tunneling P-type Si wafer. When the sample was negatively biased, the
current by the integral of the density of states weighted bydegree of the induced band bending was severe, almost equal
the barrier-transmission coefficiefq. (20) in Ref. 17 nu-  to the bias voltage. On the other hand, when positively bi-
merically, and checked this validity. So, we can say that theased, there was little band bending, less than 0.015 V. This is
wavelengths of the observed standing waves in conventiondlecause the concentration of holes in the bulk is large
STM images directly correspond only to the energy levelenough while that of electrons is nearly zero. Thus there is
Er+eV determined by the bias voltagé But the oscilla- little effect of tip-induced band bending in empty-state im-
tion J;(2kox)/(kox) in tunneling current decays faster than aging, and we can safely say that the value of the effective
that of the differential conductance, which is given by themassm*, about (0.130.04)m,, obtained from the disper-
zeroth-order Bessel function. The wavelengths observed igjon curve in Fig. &) is not affected by the tip-induced band
the circular domain in Fig. (&) are almost equal to those pending, though there is an uncertainty in respect of the bot-
near the straight steps shown in Figa)l Moreover, there tom energy of the curves.

seems no indication of quantization in the circular domain. This may also explain why the standing waves were not
So, we assumed that the discussion described above can §§served in filled-state images, even if the bottom of the
applied to the circular domain in Fig(d) as well as straight  free-electron-like surface state assumed to locate b&lew
steps and domain boundaries. The tip-induced band bending is so large in probing the filled
The next point to be discussed is the electronic structurgiates that scanning of the tip may cause local band bending
of the \3x /3-Ag surface itself. The standing waves previ- dynamically, the probed states would be severely disturbed,
ously observed on metal surfaces at very low-biasand small oscillations of the standing waves would be buried
voltages directly mean the existence of the Fermi surface,in the large variation of the band bending, though we have
i.e., a metallic nature of electronic states. So, do our standingot yet confirmed this on-type samples experimentally. Ac-
waves also indicate the metallic character of«;h_ﬁ< \/§-Ag cording to Ref. 21, the bottom of the surface-state band lies
surface? According to photoemission spectrosébpgyand  close to the valence-band maximum of the bulk Si. So, the
STS!® the \3x \/3-Ag surface is known to have an upward electrons tunneled from the bulk states of the sample may
parabolic surface-state band crosslityg, meaning a metallic dominate the electrons from the surface states, which may
nature. But our standing waves were observed in the locakeduce the amplitude of the standing waves in the filled state.
density of empty states well abo¥:-, and the bottoms of This might be another reason for preventing us from imaging
the dispersion curves fitted to the experimental dé&tig. the standing waves in the filled states.
4(b)] seem to locate abov&g. Therefore, our standing Previous reports of photoemission spectros¢bpy and
waves do not necessarily indicate the metallic nature of th&TS(Ref. 18 of this surface were only at room temperature
surface. Theoretical calculations actually showed an energyhere it was suggested that dilute gas phase of Ag adatoms
gap arouncEg in the surface-electronic stated’ on top of the3X\3-Ag surface exist as &metastable
However, we cannot make a definite conclusion at theéhermodynamical state, and that they donate electrons into
moment that the surface is semiconducting, because we surface-state band, resulting in a metallic nattiBut at
could not obtain any STM images with bias voltages smalle6 K, such a doping effect might disappear to return the sur-
than about 0.3 V at 6 K, which prevented us from probingface semiconducting, because the gas phase on top of the
the states nedEp . Furthermore, the minimum bias voltage surface will condense into clusters to diminish the charge
for observing the waves was different from sample totransfer into the substrate. Compared to the rather straight
sample, which caused the uncertainty in the bottom of thesteps in the STM images taken at RTthe steps in the STM
parabola mentioned at Fig(l3). This phenomenon is not due images taken at 70 KRef. 23 or 6 K in the present paper
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seem to be decorated by the condensed Ag clusters. To con- (3) The sample temperatures are different. We have re-
firm this idea, photoemission spectroscopy or STS are regently found that another stable phase of tfi@x \/§-Ag
quired at low temperatures. surface at low temperatures, which seems slightly different
The effective mass (0.130.04)m, estimated from the from the well-known HCT structure at RT. Its details will be
standing waves is different from that obtained from photo-published elsewhere. Therefore, the effective mass obtained
emission spectroscopy 0125 (Ref. 10 as mentioned be- at low temperatures can be different from that at RT.
fore. This discrepancy might come from the following rea- The electron standing waves presented here, which indi-
sons. cate severe carrier scattering at step edges and domain
(1) The measured regions kxspace are different between boundaries, may be expected ones by considering a low-
the two measurements; the photoemission probed a regiararrier mobility estimated from the surface-state conductivity
near the bottom of the bantetween 0.02 and 0.15A& in  on this surfacé?
wave number, while the present STM study probes far from
the bottom(from 0.07 to 0.22 A). Therefore, if the disper- Dr. T. Fukuda of NTT Corporation and Professor S. Wa-
sion curve deviates from a parabola, the two measurementanabe of the University of Tokyo are acknowledged for their
will give different values of the effective mass. valuable discussions. This work has been supported in part
(2) The sizes of probed area on the surface are quite difoy Grants-in-Aid from the Ministry of Education, Science,
ferent between the two measurements. The photoemissidBulture, and Sports of Japan, especially through that for Cre-
gives the values averaged over macroscopic areas on the sative Basic ResearcfiNo. 09NP120}1 conducted by Profes-
face, which inevitably include the effect of carrier scatteringsor K. Yagi of Tokyo Institute of Technology. We have been
at step edges, domain boundaries, and other defects, leadingpported also by Core Research for Evolutional Science and
to larger effective masses obtained. Such masses may Bechnology of the Japan Science and Technology Corpora-
different from those obtained from the standing waves ortion conducted by Professor M. Aono of Osaka University
terraces. and RIKEN.
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