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Interaction of Stark-shifted image potential states with quantum well states in ultrathin Ag(111)
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We studied the thickness-dependent shift of quantum well state (QWS) peaks and their interaction with
Stark-shifted image potential states (IPSs) in the dz/dV spectrum of ultrathin Ag(111) islands on a Si(111)-
/3 x +/3-B substrate. The transmission resonance peaks for the QWSs were shifted to lower energy as the Ag
island thickness increased. The shift was quantitatively explained by the quantization of the electrons in the island
with the specific I'-L dispersion of Ag. In addition, two split peaks appeared around the original IPS position
when the QWS and IPS had the same energy. The split peaks were attributed to the avoidance of the QWS and IPS

crossing.
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I. INTRODUCTION

Electrons at surfaces were shown theoretically to be trapped
by the image potential to form Rydberg-like bound states on
the vacuum side [1,2]. These image potential states (IPSs)
have been detected as peaks experimentally by inverse pho-
toemission spectroscopy [3,4] and two-photon photoemission
spectroscopy (2PPE) [5]. The electrons in the IPSs were shown
experimentally to have free-electron-like parabolic surface
dispersion with an effective mass close to the rest mass of
an electron, ~m, [3,6]. IPSs with free-electron-like dispersion
are an ideal simple system for studying the carrier dynamics
at surfaces. The lifetime and scattering of the electrons in
IPSs have been intensively investigated at several surfaces by
time-resolved 2PPE [7-11]. Furthermore, phenomena such as
the quantum beat of coherently excited electrons to IPSs [12]
and spin-dependent relaxation of IPS electrons on magnetic
islands [13] have been investigated using 2PPE in the last
decade.

IPSs have been studied by scanning tunneling microscopy
(STM). IPSs are Stark shifted by the strong electric field
between the tip and sample surface in STM [14]. They manifest
themselves as a series of transmission resonance peaks in
the field emission regime above the vacuum level in the
dz/dV spectrum of STM [15,16]. The peak position of IPSs is
sensitive to the work function, and the spatial distribution of the
work function can be detected with atomic resolution by STM.
The changes in the local work function were detected on var-
ious surfaces with nanoislands [17-19], adsorbed molecules
[20], and periodic long-range reconstruction by using the shift
of the energy position of IPSs in STM [21]. Spatially resolved
IPS measurements have also been used to obtain chemical
contrasts [22,23] and to determine the local adatom density
[24] on surfaces with heterogeneous adatoms. Furthermore, the
confinement and scattering of hot electrons in IPSs have been
observed experimentally on nanoislands [25,26], stacking fault
tetrahedrons [27], and subsurface defects [28]. The dispersion
and momentum-resolved phase relaxation time of the first
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IPS have been measured on the Cu(100) surface by using the
quantum interference patterns in STM [29]. The characteristic
splitting of the first IPS and its sensitivity to layer-stacking
sequences have been demonstrated for monolayer and bilayer
graphene on the SiC substrate [30]. The spatial modulation of
IPSs has been investigated for single-layer islands and moiré
structures of graphene and h-BN on metal substrates [31-33].
Spin-polarized STM has been used to analyze the lifetime of
spin-split IPSs on Fe nanomagnets on a W(110) surface [34].
Interaction with periodic surface potential has been reported
to split the IPSs at the InAs(111)A surface [35].

In addition to the IPS peaks, weak peaks have been reported
to appear in the STM dz/dV spectrum of the ultrathin Ag
islands on Si(111)-7 x 7 surfaces [36-38]. These additional
peaks are shifted with increasing Ag island thickness. The
appearance of the thickness-dependent weak peaks was at-
tributed to simple quantum confinement of free electrons by a
particle-in-a-box potential in the Ag island [36-38].

However, the electrons should not be treated as simple
free electrons in the Ag island. The motion of the electrons
is governed by a specific dispersion relation. The Ag band
disperses from the upper edge of the ~4 eV gap at L
to a higher-energy region in the I'-L orientation (// (111)
direction) in the empty state [39—41]. We should consider
this specific band dispersion to discuss quantum well states
(QWSs) in ultrathin Ag(111) islands [42,43]. Conversely,
the Ag thickness-dependent shift of the additional peaks
is expected to be useful for determining the dispersion
relation experimentally. In this study, we demonstrate that the
theoretically calculated empty-state band dispersion [39—41] is
experimentally reproduced by the shift of the additional peaks.

Furthermore, we clarify that the interaction of the QWSs
with IPSs is observed in the dz/dV spectrum. It has been
reported that the IPSs were shifted to higher energy in
the dz/dV spectrum by the additional peaks in ultrathin
Ag islands on a Si(111)-7 x 7 substrate [36—38]. Similar
behavior was also reported in the Si(11 1)—\/5 X \/§-Sn system
[44]. However, the origin of this phenomenon has not been
addressed. We reveal that the shift of the IPSs is due to avoiding
crossing in the interaction with QWSs when the QWS energy
approaches the IPS.

©2017 American Physical Society
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FIG. 1. (a) STM image of Ag islands on a Si(111)-v/3 x +/3-B
substrate surface. The numbers indicate the height of the islands as
the number of MLs. V, = +2.0 V, I, = 0.1 nA. (b) Cross-sectional
profile along the white line in (a).

II. EXPERIMENTS

Experiments were conducted in an ultrahigh-vacuum
(UHV) apparatus with a Ag Knudsen cell and a low-
temperature STM system [45,46]. The surface of the Si(111)-
/3 x +/3-B substrate was prepared by thermal treatment of
a highly boron doped Si(111) wafer (o = 0.09 Q cm~3). The
Si(111) sample was outgassed at 873 K for 10 h by resistive
heating in a UHV. The sample was flashed at 1523 K for
several seconds and kept for 30 min at 1223 and 1173 K,
respectively. A Si(111)-v/3 x +/3-B surface with less than 3%
atomic defects was obtained after cooling the sample slowly
at arate of 1.5 K/s. Ag islands were grown by depositing 6.7
monolayers (MLs) of Ag atoms at a rate of 0.67 ML/min on
the Si(111)-v/3 x +/3-B surface at room temperature. STM
images and dz/dV spectra were taken at the temperature
of supercooled liquid nitrogen (65 K). The bias voltage was
applied to the sample in the STM. The dz/dV spectra were
obtained with a lock-in amplifier at a modulation voltage of
25 meV at 1080 Hz. The feedback loop was kept closed in the
dz/dV spectrum measurements.

III. RESULTS AND DISCUSSION

Figure 1(a) shows an STM image of the Ag islands on the
Si(11 1)-\/5 X \/§—B substrate. The islands nucleated directly
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FIG. 2. Thedz/dV spectraofa7-ML-thick Ag(111)island on the
Si(111)-4/3 x +/3-B substrate. The I, = 0.1, 0.5, and 2.5 nA spectra
are displayed from top to bottom. Peak positions are indicated by
short bars. Dotted curves are guides for the eye.

on the substrate because the dark area between the islands
shows the characteristics of the +/3 x +/3 reconstruction of
the substrate. The islands were atomically flat, as shown in
the cross section in Fig. 1(b). The thicknesses of the islands
were multiples of the distance between the Ag(111) planes
(0.24 nm), indicating that they were Ag(111) islands. The
thicknesses of some islands are shown as the number of
Ag(111) MLs in Fig. 1(a). Islands that were 6 to 13 MLs
thick nucleated on the substrate after deposition of Ag atoms
sufficient to form 6.7 MLs.

The dz/dV spectrum for a 7-ML-thick Ag island is shown
in Fig. 2. Four distinct peaks were observed at 4.4, 5.8, 6.4,
and 7.3 eV in the top spectrum, with a tunneling current of
I; = 0.1 nA. The peaks at 4.4, 6.4, and 7.3 eV shifted to
higher energy when I, was increased to 0.5 (middle) and 2.5 nA
(bottom). The peak at 5.8 eV did not show a major shift with
increasing /I;, and its position was almost independent of the
increase. The increase in I, reduces the tip-sample distance and
increases the electric field in the confinement potential of IPSs
[14]. The IPSs should thus be Stark shifted to higher energies
with increasing I;. Consequently, the three I;-dependent
peaks were assigned as transmission resonance peaks
for IPSs. The I,-dependent shift was larger for the IPS peak at
higher energy. This is also reasonable because the Stark shift
increases for the IPS at higher energy in the electric-field-
induced quasitriangular confinement potential. However, the
electrons in the Ag island resided outside of the electric field
and were not affected by the change in /,. Thus, the peak that
was not dependent on I; was assigned as the resonance with
the QWS in the Ag island.

The energy positions of the QWSs depended on Ag island
thickness. Figure 3 shows the Ag island thickness dependence
of the dz/dV spectrum for islands with thicknesses of 4
to 13 MLs. The spectrum of the 11-ML-thick island is not
included because it was barely visible by STM. All the spectra
were taken at I, = 0.1 nA. We classified the peaks as QWS or
IPS by examining the shift with increasing 7, in each spectrum.
The QWS peaks are indicated by short bars.

The QWS peaks were shifted to lower energy as the Ag
island thickness increased [Fig. 3(a)]. Because the spectra
in the figure were taken at the same I; (0.1 nA), the Stark
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FIG. 3. (a) Dependence on Ag island thickness of the dz/dV
spectrum of a Ag(111) ultrathin island on surface of a Si(111)-
/3 x +/3-B substrate. The Ag island thickness is indicated on the left
side for each spectrum. The spectra were taken at I, = 0.1 nA. The
short bars indicate the QWS peaks that did not show a Stark shift.
Dotted curves are guides for the eye. Vertical dotted lines indicate
the numerically calculated positions of the first, second, third, and
fourth IPS peaks. (b) Relation between Ag island thickness and
QWS peak energies. Dots denote experimental data. Solid curves
indicate polynomial fitting of the Ag island thickness dependence of
the second, third, and fourth QWSs. Dotted horizontal lines indicate
numerically calculated energies of the first, second, third, and fourth
IPSs.

effect did not cause the shift. The peak shift was caused by
only the change in the Ag island thickness. The electron band
dispersion of Ag extended from the upper edge of the band
gap at ~4 eV above the Fermi level to higher energies along
the L-I" direction in the Brillouin zone (curves in Fig. 4)
[39—41]. The electrons in this energy range contributed to
QWS formation. Wave vector k from the L point determined
the envelope of the wave function of the confined electron,
whereas wave vector k from the I" point caused oscillation
in the envelope in the quantum confinement of the electrons
with this dispersion (inset in Fig. 4) [42,43]. k and k are
functions of energy E in the dispersion relation, and the
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FIG. 4. Comparison of experimentally obtained and theoretically
calculated dispersion E (k) of Ag from the L (left side) to I (right side)
orientations. Experimental data were obtained from the differences
between QWS1 and QWS2 (diamonds), QWS2 and QWS3 (circles),
QWS2 and QWS4 (triangles), and QWS3 and QWS4 (squares). The
dotted line (Eckardt) is the theoretical dispersion using the Kohn-
Sham equation with a local exchange-correlation potential [39,40].
Dashed (Yi 1) and dash-dotted (Yi 2) lines are theoretical dispersions
using LDA and the GW approximation [41], respectively. The inset
shows a schematic of the wave function of QWS1.

quantized condition of the electrons is given by the phase
accumulation model 2k(E)w,d + ¢pin(E) + ¢surt(E) = 2n7.
Here, d is the thickness of 1 ML, w,, is the number of MLs in the
Ag(111) islands, ¢in(E) and ¢, (E) are the phase shifts at the
interface and surface of the Agisland at energy E, respectively,
and n is the quantum number that determines the shape of
the envelope function of the confined electrons [47]. The
thickness-dependent peaks in Fig. 3(a) were assigned as the n
=1, 2, 3, and 4 QWSs, respectively. Their thickness depen-
dence is plotted by dots along with polynomial fitting curves in
Fig. 3(b). The phase shifts ¢i,(E) and ¢, (E) are E dependent
and not known, respectively. Therefore, we canceled out the
phase shifts by subtracting the phase accumulation models for
quantum numbers m and n at the same energy, E, to obtain
the equation 2k(E)(w,, — w,)d = 2(m — n)mr [47]. With this
equation, we evaluated the relation between k and E for
(m,n) = (1,2),(2,3),(2,4), and (3,4) at several energies. The
experimental results (symbols) were compared with previously
reported theoretical dispersions of Ag along the I'-L direction
(curves in Fig. 4). The dotted line represents the theoretical
dispersions obtained by solving the relativistic Kohn-Sham
equation with a local exchange-correlation potential [39,40].
However, the local-density approximation (LDA) tends to
underestimate the band gap. This drawback is improved by
the GW approximation. Thus, we reproduced the theoretically
calculated dispersion using density-functional theory and
the GW approximation by Yi et al. [41], as shown by
the dashed and dash-dotted lines in Fig. 4. The theoretical
dispersions do not agree perfectly. However, the experimental
results (symbols) and the theoretically calculated dispersions
(curves) [39—41] agreed well on the whole (Fig. 4). Thus, the
thickness-dependent peaks were unambiguously assigned as
the transmission resonance peaks for the QWSs in the ultrathin
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Ag(111) islands. The high-energy empty-state dispersion of
ultrathin islands has been detected using the electron reflection
with a low-energy electron microscope [48-50]. The present
results demonstrate that dz/dV spectroscopy is another useful
method for evaluating the high-energy empty-state dispersion
relation of ultrathin islands with an atomic spatial resolution.

In contrast to the QWSs, the IPS peaks did not shift with
changing Ag island thickness. However, the IPS peaks were
slightly shifted to reveal two split peaks when the QWS peaks
approached their original position. The split peaks occurred at
the crossing point of 7 MLs for IPS2 and QWS2, about 9 MLs
for IPS3 and QWS3, and 12-13 MLs for IPS2 and QWS3 in
Fig. 3(a). For IPS2, IPS3, and IPS4, the IPS peak was shifted
to lower energy when the QWS peak approached from higher
energy, whereas it was shifted to higher energy when QWS
shifted to lower energy in the continuous shift of the QWS
peaks.

This behavior was not observed for IPS1. IPS1 showed a
gradual shift to lower energy from 4 to about 9 MLs. This may
have resulted from a change in the spectral weight caused by
the approaching QWS1. However, no split peaks occurred at
larger heights for IPS1 because IPS1 was almost at the vacuum
level. The Ag(111) surface has a work function of 4.46 eV
[51]. The transmission resonance does not occur for peaks
at an energy below the vacuum level. Thus, the peak would
hardly be visible below the transmission resonance energy if
the shift and split occurred for IPS1.

To understand the shift around the intersection, we nu-
merically evaluated the intrinsic energy positions of the IPSs.
Figure 5(a) shows the model potential for the numerical
calculation of IPSs. We used the sum of the image potential at
the Ag island surface (green dashed line) and the tip-sample
electric field potential (blue dashed line) as the total potential
(red solid line) that binds the IPSs. The electric field potential
was determined by the bias voltage V, over the tip-sample
distance. In dz/dV spectroscopy, the tip-surface distance is
increased stepwise when Vi coincides with the bound state
and a new transmission resonant channel is opened. The
absolute tip-surface distance was defined by adding an offset
to the experimentally observed relative z increment of the
STM tip position. The Ag surface was assumed to be an
infinite potential wall. The Schottky effect [52] at the tip
surface was neglected for simplicity. The energy levels of
the bound states Ep were obtained by numerically solving
the Shroédinger equation under the quasitriangular potentials
as a function of V. The IPS transmission resonance peak
in the spectrum was determined as the specific V; (Fermi
level of the tip), which coincided with Ep. The initial offset
of the tip-surface distance was chosen to reproduce the
experimentally observed IPS3 (7.30 eV) for the 10-ML-thick
Ag(111) island in the calculation because IPS3 was separate
enough from the adjacent QWS peaks at 10 MLs to suppress
their extrinsic effect on the energy position of IPS3. The
calculated energies of the IPS peak positions are shown
in Fig. 5(b). The calculation reproduced the experimentally
observed transmission resonances with the first, second, and
fourth IPSs satisfactorily.

The IPSs and QWSs are spatially aligned in series along
the surface-normal orientation and are recognized as a double-
quantum-well system. The unusual shift of the IPSs and QW Ss
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FIG. 5. (a) Model potential for the numerical calculation of
IPSs. The image potential at the Ag island surface and tip-surface
electric field potential are indicated by green and blue dashed lines,
respectively. The total potential on the vacuum side (red solid line)
is given by the sum of these two potentials. Distance from the Ag
island surface is indicated on the horizontal axis in nanometers. The
tip-surface distance is 3.0 nm, and the bias voltage is V; = 6.0 eV.
IPSs are calculated as the bound states between the surface and the
red solid line potential on the vacuum side. (b) Comparison of the
numerically calculated energies of the IPSs and experimental values.

around their intersections is the avoided crossing [53,54]
between the two bound states in the double quantum well. In
the simplest picture, the system is described by the following

Hamiltonian:
_( Hips H’
H= (H,* Hows )" (H

Here, Hips and Hgws are the noninteracting Hamiltonians
with eigenenergies Epps and Eqws for the IPSs and QWSs,
respectively. H' describes the interaction between IPS and
QWS. The eigenstates of this Hamiltonian are given by

E (Erps + Eqws) = \/(EIPS — Eqws)? + 4V,

= 5 ,
where Vi, = (IPS | H' | QWS) is the amplitude of the in-
teraction between IPS and QWS. The equation predicts that

the two states split by + Vi, from their nonperturbed energy,
(Ews + Eqws)/2, when Ejps is close enough to Eqws (i.e.,

@)
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FIG. 6. Numerically calculated avoided crossing and experimen-
tal data. Solid curves show interpolation of numerically calculated
peak positions with the avoided crossing with Vi, = 0.3 eV. Solid
circles denote experimentally observed peak positions in Fig. 3(a).
Horizontal dashed lines indicate calculated energy positions of IPSs
shown in Fig. 5(b). Dashed curves indicate polynomial fittings of

the dependence on Ag island thickness of the QWS peaks shown in
Fig. 3(b).

Eps ~ Eqws). E approaches the intrinsic energies of IPS
(Ews) and QWS (Eqws) when Eqws is far from Eps (i.e.,
|Eps — Eqws| > V). Equation (2) explains the specific shift
of the peaks around the intersection of the IPSs and QWSs in
Fig. 3(a). Quantitatively, two peaks were separated by +0.3 eV
at the intersection between IPS2 and QWS1 at 7 MLs and
IPS2 and QWS2 at 12 MLs in the experiment. Therefore, we
assumed Vi, = 0.3 eV. Then, we calculated E in Eq. (2) for
all the intersections between noninteracting Erps and Eqws.
We used the calculated energy in Fig. 5(b) and the polynomial
fitting curves of the experimental data in Fig. 3(b) for Eps and
Eqws, respectively. Erps and Eqws are indicated by horizontal
dashed lines and dashed curves, respectively, in Fig. 6. E
calculated by Eq. (2) at each ML thickness and interpolated
is shown by the solid curves. Solid circles represent the
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experimentally observed peak positions of IPSs and QWSs.
The calculation reproduced the experimentally observed peak
positions satisfactorily. Thus, the avoided crossing caused the
unusual shift of the IPSs and QWSs around the intersections.

The control of the two QWSs in the double quantum well is
an intriguing topic in the implementation of quantum bits [55].
In the coupled-quantum-dot molecular system, an electric field
is applied to the buried coupled dots in semiconductors [56].
However, the electric field shifts the two QWSs in this system.
In contrast, the present system allows for control of the two
QWSs independently. The IPS is controlled by the electric
field via the tip-surface distance, whereas the QWS is shifted
by the Ag island thickness. We suggest that the present system
is unique and advantageous for investigating the control of the
two QWSs in a double quantum well.

IV. SUMMARY

We conducted dz/dV spectroscopy for ultrathin Ag(111)
islands on the surface of a Si(111)-+/3 x +/3-B substrate.
The transmission resonances with the IPSs and QWSs in the
ultrathin Ag islands were observed as peaks in the spectrum.
The IPSs showed a Stark shift as the tip-surface distance
changed, whereas QWSs were shifted as the Ag island thick-
ness increased. The IPS peaks were satisfactorily reproduced
by numerically solving the Shrédinger equation under the
image potential at the surface side and the electric field.
The thickness dependence of the QWS peaks experimentally
reproduced the theoretically calculated band dispersion of
Ag along the I'-L direction in the high-energy empty state.
Furthermore, the IPSs showed a characteristic shift when the
energies of the QWS and IPS aligned. This observation was
explained quantitatively by the avoidance of crossing between
the IPS and QWS.
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