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Quasiparticle interference scattering of spin-polarized Shockley-like surface state electrons: Ni(111)
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We report on a detailed quasiparticle interference (QPI) scattering study of the Ni(111) surface by low-
temperature scanning tunneling spectroscopy (LT-STS). While conventional constant-separation STS shows two
broad features, which are interpreted as the Aj; bulk band and sp-like Shockley-type surface state (sp-SS),
energy-dependent Fourier-transformed QPI maps reveal the band dispersion of the underlying surface electronic
features. We find two electronlike branches in the sp-SS dispersion, which are interpreted as the exchange-split
minority and majority spin part. The exchange splitting is determined to AE, = 100 £ 8 meV. In addition,
a holelike d-derived surface resonance is found. Band onsets and effective electron masses are determined by
fitting the band dispersion with a parabola at small k values. Hybridization effects with bulk electronic states
are observed towards larger k values. Prominent quantum confinement phenomena of the sp-SS are observed in
STS data obtained within vacancy islands. The results can be interpreted within a one-dimensional quantum-well

model.
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I. INTRODUCTION

As a consequence of the particle-wave duality [1], the
elastic scattering of a nearly free two-dimensional electron
gas (2DEG) through surface defects, vacancies, step edges, or
impurities leads to quantum interference patterns, which can
directly be visualized in real space by scanning tunneling mi-
croscopy (STM) [2-5]. Such interference phenomena originate
from the superposition of coherently scattered waves, which
results in a spatial modulation of the surface electron local
density of states (LDOS). Recently, such LDOS oscillations
have been intensively utilized in energy-resolved differential
conductance measurements with the scanning tunneling mi-
croscope (STM), so-called quasiparticle interference (QPI)
mapping. This QPI mapping has the advantage that by Fourier
transformation it permits access to the wave vector, i.e., k
sensitivity, to the otherwise k-averaging scanning tunneling
spectroscopy technique.

In particular, these waves have been reported for sp-derived
Shockley-type surface states (sp-SS), which are found on
various face-center cubic (fcc) noble metal (111) surfaces,
including Cu, Ag, and Au [6-8]. In these materials delocalized
sp-SS electrons are confined to the surface by the vacuum
barrier on one side and a projected bulk L gap on the other side.
The resulting electronic structure can be regarded as a model
system for a quasi-two-dimensional electron gas (2DEG) that
leads to characteristic surface properties, which have been
investigated in numerous studies [9—12].

Owing to the electron’s spin degree of freedom, the
exchange energy in ferromagnetic materials results in an
exchange splitting AFE. of the electronic structure into
majority (spin-up) and minority (spin-down) bands. Since the
exchange splitting also affects Shockley-type surface states, in
addition to the above-mentioned modulation of the LDOS,
a spatial variation of the spin polarization could also be
observed in several publications [13—15]. To the best of our
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knowledge, however, the direct observation of the 2DEG
dispersion relation of exchange-split Shockley-type sp-SS
through an energy-dependent investigation of QPI maps has
only been reported for the (111) surface of the 3d transition
metal nickel (Ni) [16,17].

Surprisingly, these experimental QPI results are quite
contradictory [16,17] and do not agree well with earlier results
obtained theoretically by density functional theory (DFT)
[18-20] or experimentally by photoemission spectroscopy
(PES) [19,21,22] or inverse PES (IPES) [23-25]. Summarizing
the available DFT and (I)PES data [16-25] it seems to be
consensus that the electronic structure of Ni(111) around the
Fermi level is dominated by an exchange-split Shockley-type
sp-SS and a minority d-derived surface resonance (d-SR). But
even though the qualitative band dispersion is unanimously
agreed on, the exact parameters of the respective band onsets,
effective masses, and the exchange splitting of the sp-SS have
been discussed controversially. In the QPI study by Braun
et al. [16] two isotropic wave vectors forming two rings in the
Fourier-transformed QPI patterns are reported for the partially
occupied, upwards dispersing sp-SS (also called S1), which
are ascribed to an exchange splitting AE¢ = 60 &= 15 meV
between the majority and the minority part of sp-SS, S| s and
S1.min, respectively. However, this observation was only made
after the deposition of Au atoms onto the Ni(111) surface, but
not on pristine Ni(111) surface or close to step edges, as they
reportedly result in stronger scattering than intrinsic defects.

These findings strikingly disagree with STM/STS and
angle-resolved PES (ARPES) measurements by Nishimura
et al. [17]. While Nishimura et al. only find a single circularly
shaped contour in Fourier-transformed (FT) QPI patterns
observed surface defects on Ni(111), they claim to be able
to determine the exchange splitting to AE¢ &~ 190 meV for
the sp-SS by fitting a steplike feature in their STS data. In
other words, their results suggest that only the majority spin
component of sp-SS is observed by QPI and that the minority
part is pushed far above Er by the exchange interaction.
However, they observe an extremely steep band dispersion
(within the error bar same k value for all bias voltages), which
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would result in an unrealistically small effective electron mass
that is completely inconsistent with earlier PES and IPES data.

In this paper, we present a detailed QPI investigation of the
Ni(111) surface. By analyzing Fourier-transformed (FT) QPI
maps obtained over a wide range of bias voltages, not only
the dispersion of the partially occupied, upwards dispersing
Shockley-type sp-SS, but also of an occupied, downwards
dispersing d-like surface resonance (d-SR) could be resolved.
Interestingly, the FT-QPI maps of the sp-SS exhibit charac-
teristic double ringlike features, which are interpreted as the
majority and minority part of the exchange-split band. The
exchange splitting is determined to AE, = 100 & 8 meV.
Quantum confinement phenomena in surface vacancy islands
are employed to highlight and identify resonance peaks of the
sp-SS by high-energy resolution STS spectra. Peak positions
are analyzed within a one-dimensional (1D) quantum well
model.

II. EXPERIMENTAL SETUP AND PROCEDURES

The experiments were performed in an ultrahigh vac-
uum (UHV) chamber with the base pressure of p <5 x
10~ mbar. The clean Ni(111) surface was prepared by cycles
of Art ion sputtering with an ion energy of 500 eV and
subsequent annealing up to 1000 K for several minutes. The
cleanliness and undistorted face-center-cubic (fcc) crystalline
structure were confirmed by Auger-electron spectroscopy
(AES) and low-energy electron diffraction (LEED) [26],
respectively. Vacancy islands were prepared by sputtering
the clean surface at an ion current of 1 uA for a few
seconds followed by 4 min postannealing up to 400 K. After
preparation, the sample was immediately transferred into a
home-built LT-STM (operation temperature 7 = 5.5 K). For
so-called topography images the LT-STM was operated in
the constant-current mode with a bias voltage (V;) applied
to the sample. For scanning tunneling spectroscopy (STS)
measurements a small bias voltage modulation was added to U
(frequency v = 5.777 kHz; amplitude 5 to 15 mV), such that
tunneling differential conductance dI/dU spectra as well as
dI/dU maps can be acquired by detecting the first harmonic
signal with a lock-in amplifier.

III. RESULTS AND DISCUSSION

A typical large-scale STM topography of the clean Ni(111)
surface is shown in Fig. 1(a). Four atomically flat surface
terraces with a width of at least 100 nm can be seen which are
separated by monatomic step edges. Within the field of view
three protruding lines which occasionally cross step edges can
be recognized [arrows in Fig. 1(a)]. We speculate that these
features are caused by dislocations, which are probably pinned
by defects inside the bulk. The inset of Fig. 1(a) displays
a zoomed-in image obtained within the hatched box on top
of an atomically flat terrace without any dislocations. Within
the defect-free region marked by a blue dot in Fig. 1(a) we
have confirmed the cleanliness by acquiring atomic resolution
images [26]. Similar areas have been chosen for acquiring
differential conductance d1/dU maps which will be presented
further below.
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FIG. 1. (Color online) (a) The STM topography of clean Ni(111)
(scan parameters: U = +1.0V, I = 300 pA). Within the field of view
the surface exhibits four atomically flat terraces, which are separated
by three monatomic step edges. The three weakly protruding lines
(arrows) are presumably caused by subsurface dislocations. Typically,
QPI maps were obtained on large atomically flat surface areas, such
as shown in the zoomed-in image in the inset. Constant-separation
tunneling spectra were taken at defect-free regions, as marked by a
solid blue dot in the inset of (a). (b) Typical tunneling spectrum of
Ni(111); two broad maxima representing the A bulk state and the
Shockley-type sp-SS can be recognized (STS set-point parameters:
U=+10V;I=3.0nA).

A characteristic tunneling spectrum of Ni(111) is shown in
the Fig. 1(b). It exhibits two broad maxima peaked at about
—530 meV below and +300 meV above the Fermi level EFf,
i.e., in the occupied and unoccupied states, respectively. This
spectrum is in good agreement with previous observations
published in Refs. [16,20], but differs significantly from the
results of Pons et al. [12]. While Braun and Rieder [16] discuss
the peaks as Ni 3d bands with purely minority spin character
above but mixed spin below Ep, Dzemiantsova et al. [20]
interpreted them as a minority spin surface resonance below
and Shockley surface state with both spin characters above
Er based on density functional theory (DFT) calculations.
The latter interpretation is also consistent with ARPES
measurements, where the A3 bulk state is responsible for the
maximum in the occupied states while another maximum in the
unoccupied states most likely originates from a Shockley-type
surface state sp-SS, which is partially occupied with the
band onset close to the Er [19,21,22]. The peaks are labeled
accordingly in Fig. 1(b).
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FIG. 2. (Color online) (a)—(f) QPI maps taken at energies indicated in the upper right and their respective FT (insets). Obviously, the real
space QPI scattering wavelength continuously increases (corresponding to the reduction of the reciprocal scattering vector in the insets) as the
energy is lowered from +375 meV (a) down to —125 meV (d). Note that the FT-QPI maps in (a) and (b) reveal two scattering wave vectors, as
indicated by double-ring features in the reciprocal space. This double ring cannot only be resolved on flat terraces, but also close to step edges
of the pristine Ni(111) surface. No particular pattern is detected at —200 meV (e). Below —275 meV another pattern with a specific wavelength
and a related ring in the FT appears in (f). All the QPI maps were taken at the constant tunneling resistance of 0.1 GS2.

It is a severe limitation of simple constant-separation tun-
neling spectroscopy measurements that details of the surface
electronic structures, such as the energy band dispersions,
exact band onsets, or effective electron masses cannot be
obtained. In order to overcome this limitation we have taken
differential conductance d//dU maps with the bias voltage
range —500 meV < U < +500 meV. This technique, for
which the term quasiparticle interference (QPI) mapping has
been coined, images the standing electron waves of surface
electronic states that result from coherent backscattering at
impurities or other defects. Since electrons that reside in a
specific state possess a unique energy—wavelength relation,
the dispersion in reciprocal k space can be obtained through
Fourier-transformed (FT) QPI maps.

Figures 2(a)-2(f) presents a series of energy-dependent
QPI maps taken between E—Er = +375 meV (empty states)
and —275 meV (occupied states). The respective Fourier-
transformed (FT) images are shown in the insets. At this
point we would like to emphasize that—in contrast to earlier
experiments where a scattering pattern on flat terraces could
only be seen upon the deposition of Au atoms [16]—our
data were obtained on the pristine Ni(111) surface. In this
case the interference of coherent electronic states is caused
by reflection at the much weaker scattering potentials of the
few remaining impurities present on the surface. The nature
of these defects is unknown and their concentration amounts
to about 0.3% of surface atoms only. Thereby we are able to
avoid any potential Au- or adsorbates-induced modifications of
the Ni(111) surface electronic structures, which is chronically

susceptible even to minute amounts of surface contaminants
[16,19,23].

Close inspection of the FT-QPI patterns (insets) in the
unoccupied energy range between +250 and +500 meV
reveals double-ring-like features, i.e., the coexistence of two
wave vectors, which are both isotropic (as indicated by their
circular shape) but exhibit different length (radius of the circle).
Both, the inner and outer rings show a clear dispersion of the
wave vector with energy [cf. Figs. 2(a) and 2(b)]. We also
denote that—in contrast to Ref. [16]—the presence of double-
ring-like feature cannot only be observed on large, atomically
flat terraces but also close to step edge [26]. In fact, within our
measurement accuracy the electronic properties in the middle
of a terrace, i.e., at a distance >50 nm from a step edge,
are identical to those measured in close proximity (10 nm)
to the step edge. Since the experiments presented here were
performed on clean Ni(111) and since our results are, as we
will describe below, largely consistent with earlier ARPES and
IPES measurements, we believe that our observations are more
intimate related to the intrinsic properties on Ni(111) surface,
whereas the results of Ref. [16] are probably representative for
Au-covered Ni(111).

As we move to the energy range between +75 and
—125 meV, the signal responsible for the inner ring of the
FT-QPI pattern vanishes and only the outer ring remains
detectable while continuously reducing the reciprocal lattice
vector, corresponding to an increasing wavelength in the
real-space d1/dU maps. Eventually, this ringlike feature also
disappears as the energy is lowered below about —150 meV.
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FIG. 3. (Color online) (a) Constant-current topograph of Ni(111)
and (b) the simultaneously recorded QPI map at 300 meV (tunneling
resistance: 0.1 G2). The corresponding FT-QPI pattern is shown in
(c). The radial average of the double-ring feature is displayed in (d).
The data can nicely be fitted with two Gaussian peaks. Inverse FT-QPI
patterns within a narrow range of frequencies around the inner red
and the outer blue circle, k ;, and k; ou, are presented in (e) and (f),
respectively.

No specific wavelength is detected between about —150 and
—240 meV. Surprisingly, another feature the wave vector of
which rapidly increases appears at even lower energy.

The ringlike shape of FT-QPI patterns in Fig. 2 indicates
that the dispersion relations of the electronic states detected
here are highly isotropic within the surface plane. Therefore,
a better signal-to-noise ratio can be obtained by analyzing
the radial average of the ringlike feature at different energies.
This is illustrated in Fig. 3, which shows a constant-current
topograph [Fig. 3(a)] of the clean Ni(111) surface taken at
4300 meV and the simultaneously recorded d1/dU or QPI
map [Fig. 3(b)]. The FT-QPI map is presented in Fig. 3(c). The
double-ring feature mentioned above has been emphasized by
red and blue semicircles. The corresponding radially averaged
line profile is displayed in Fig. 3(d). For quantitative analysis
the two peaks were fitted with two Gaussians, whereby the
peak position and the full width at half maximum (FWHM)
have been independently optimized. In order to exclude that
the two peaks are caused by noise or other artifacts, the
inverse FT-QPI pattern within a narrow range of frequencies
around the inner red and the outer blue circle, k) ;n and &y out,
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FIG. 4. (Color online) (a) Energy dispersion relation extracted
from FT-QPI patterns. The two electronlike upward dispersing bands,
which correspond to the double-ring FT-QPI features discussed in
detail in Fig. 3, are interpreted as an sp-like Shockley surface state,
sp-SS. This surface state is exchange split into a minority (red) and a
majority (blue) spin part. The exchange splitting amounts to AE, =
(100 = 8) meV (black arrows). For the majority part, a parabolic
dispersion (light blue line) persists up to +100 meV. The holelike
downward dispersion (black triangles) corresponds to a d-like surface
resonance (d-SR). The fit (orange line) gives a band onset and the
effective mass of (—235+5) meV and m* = (—0.36 £ 0.05)m,,
respectively. Schematics of the majority and minority bands are
shown in (b) and (c), respectively (see text for details).

are presented in Figs. 3(e) and 3(f), respectively. Indeed, the
spatial distribution of both signals closely correspond to the
topography of Fig. 3(a), thereby confirming the existence of
two distinct coherent electronic features in the band structure
of Ni(111).

Figure 4(a) summarizes the results of the QPI maps we have
taken within the energy range of 500 meV around the Fermi
level. This dispersion relations was obtained by fitting radially
averaged profiles of FT-QPI maps, such as the one shown in
Fig. 3(d), with up to two Gaussian functions (also see Fig. S4
for further data). The horizontal error bars correspond to the
FWHM width of the fitted peaks. Three dispersing branches
can clearly be recognized in Fig. 4(a). First, we take a close
look at the two electronlike upward dispersing bands, which
correspond to the double-ring FT-QPI features discussed in
detail in Fig. 3. Although their dispersion extends far into
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the unoccupied energy region the band onset of the lower
band (blue open circles) is energetically located below the
Fermi level. Since the curvature of this lower electronlike band
significantly changes at about 4100 meV we have limited the
fitting procedure to the energy range below that threshold. A
parabolic fit results in a band onset at (—160 &= 5) meV and an
effective mass m* = (4+0.14 £ 0.04)m,.

These parameters are in almost perfect agreement with
earlier experimental [21,25] and theoretical data [18,25] of the
majority part of sp-SS [18,21,25]. Consistently, the second
dispersion with slightly smaller k£ values observed above
electron energies above 4250 meV can be attributed to the
minority part of sp-SS [23-25]. The corresponding strength
of magnetic exchange splitting can be extrapolated to a value
of AE, = 100 & 8 meV, which is in a better agreement with
IPES results (AEs =~ 100 meV) [23] than the earlier claim
made on the basis of STS spectra measurements [17]. Based on
aparabolic fit of the downward dispersing band (black open tri-
angles), which can be found below the Fermi level in Fig. 4(a),
the band onset has been determined to (—235 4+ 5) meV and
the effective mass m* = (—0.36 £ 0.05)m,. These parameters
of the downward dispersing band are in excellent agreement
with a surface resonance (d-SR) reported by Kutzner et al.
[21].

In this context we would like to briefly discuss our
observation that parabolic fitting procedures result in an
excellent agreement for relatively small k values, i.e., ex-
perimental data close to the T' point, but significantly differ
as we move further away from the center of the surface
Brillouin zone. We attribute this observation to the previously
reported considerable hybridization between surface states or
resonances and d-like bulk bands [21,23,25]. Recently, similar
deviations from a simple parabolic dispersion expected for a
quasifree 2DEG have been reported not only the noble, but
also for transition metal surfaces [27,28].

Based on a comparison with earlier theoretical predictions
and experimental results, Figs. 4(b) and 4(c) summarize our
results in the energy range around Ep within schematic
majority and minority band structures showing details of
dispersion relations [18,19,25]. We note that the electrons of
the sp-like Shockley surface state, sp-SS, presumably have
the same effective mass for majority and minority spins,
thereby producing the same curvature in energy dispersion
relations. Close to the T point of the surface Brillouin zone
the majority part of this surface state is located well inside
the projected bulk band gap [see Fig. 4(b)]. Accordingly, the
QPI map is dominated by the scattering of quasifree majority
surface electrons in this energy regime and both the band
onset as well as the effective electron mass obtained from
fitting the dispersion relation are in good agreement with
earlier photoemission results [21]. As we move to higher
energies above about +100 meV a change of curvature can be
recognized which we interpret as a result of hybridization with
bulk states. Qualitatively, a similar picture has been described
in an early spin-resolved inverse photoemission study (see
Fig. 4 in Ref. [25]) and in a combined STS with multiphoton
photoemission study [28]. In the latter it was observed that the
surface state is bending towards the edge of the projected bulk
bands as soon as their separation in k (at a certain E) is getting
too small.

PHYSICAL REVIEW B 89, 155413 (2014)

As can be seen in the Fig. 4(a), the situation is markedly
different for the minority part of sp-SS. In this case we cannot
detect the onset of the band, i.e., the long wavelength part of the
QPI pattern. Only above about 4220 meV the band dispersion
can clearly be resolved [see red squares in Fig. 4(a)]. As
schematically represented in Fig. 4(c), we interpret the absence
of a QPI pattern as a consequence of the strong hybridization
with bulk states close to I'. Obviously, the minority part
of sp-SS is well inside the gap of the projected bulk band
structure only for relatively large k values, but merges into
bulk electronic states close to the band onset. Moreover, we
are able to detect a d-derived surface resonance (d-SR) which
exhibits a holelike downward dispersion in Fig. 4(a). Both the
band onset and the effective mass of this occupied d-SR are
consistent with previous studies as mentioned in the above
paragraph [25,32]. These earlier studies also reveal a strong
hybridization of this surface electronic feature with d-like bulk
states, clearly distinguishing it from a surface state which is
located within a projected bulk band gap.

So far we are left with the situation that the information
obtained from constant-separation tunneling spectroscopy
on one hand and through Fourier-transformed quasiparticle
interference mapping on the other hand shows very little
overlap. In order to investigate if signatures of the surface
state and surface resonance bands described in Fig. 4 can
also be detected in constant-separation STS, we have prepared
vacancy islands with various sizes. A topographic image
of those vacancy islands is shown in Fig. 5(a). As has
been shown on several other surfaces [29-31], the quantum
confinement of Shockley-like surface states surface states into
nanoscale environments, such as islands or holes, may leads
to pronounced peaks in the tunneling spectra.

Indeed, comparison of the three topmost high-energy-
resolution tunneling spectra of Fig. 5(b), which have been
taken with the tip positioned above the center of the three
vacancy islands marked by correspondingly colored dots in
the inset of Fig. 5(a), with the spectrum of the Ni(111) surface
[bottom of Fig. 5(b)] reveals the appearance of additional
peaks at characteristic quantization energies (see arrows).
These peaks can be interpreted within a 1D quantum well
model by the resonant formation of standing waves within
the confinement potential of the vacancy islands. We have
verified that an excellent agreement within the error bar of our
experimental data is also achieved for states that exhibit the so-
called A; symmetry within an existing two-dimensional (2D)
model [7]. Since the 1D approach allows an easier intuitive
understanding we will restrict the following discussion to this
model.

As schematically shown in Fig. 5(c) an STS peak is
expected whenever the electron wave lengths A matches the
diameter of a vacancy island D and the density of states peaks
at the tip position, i.e., the vacancy island center, or, in other
words, if D/A, = (n + 1)/2, withn = 0,2,4,6. . .. In contrast,
odd numbers of n would result in a node of the wave function
in the island center and are therefore not expected to result in
a resonant enhancement of the spectroscopic d1/dU signal.
As an example Fig. 5(d) shows the topography (top panel)
and dI/dU maps taken at three outstanding bias voltages
(indicated on the right of the bottom three panels) of the
vacancy island with an effective lateral boundary length of
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FIG. 5. (Color online) (a) Topographic STM image of a Ni(111) surface, which has been Ar* bombarded and annealed to intentionally
create vacancy islands (scan parameters: U = +1.0 V, I = 300 pA). (b) STS spectra taken at the center of vacancy islands with different
sizes and on the flat Ni(111) surface, as marked by differently colored solid dots in (a) (STS set-point parameters: U = —0.3 V, [ = 1.0 nA).
The arrows in (b) indicate peaks that originate from energy levels due to quantum confinement of the unoccupied sp-SS. The wavelengths
of the resonances can be estimated on the basis of a simple quantum-mechanical model as illustrated in (c) with A, = (n + 1)/2, where
n =0,2,4,6.... The analysis of k,(E,) with size dependence have been arranged into the Fig. 4(a) together with the dispersion relations, i.e.,
colored triangular, circular, and square dots. (d) Topography (top panel) and differential conductance d1/dU maps (bottom three panels) taken
at the 9.2 nm vacancy within the area indicated by a black rectangle in (a) at bias voltages that correspond to quantum states with n = 2, 3, and
4, respectively. Only those states with an antinode of the d1/dU signal in the center of the vacancy island, i.e., with even n, show up as peaks

in the respective spectra shown in (b).

9.2 nm. While the states withn =2 (U = 110 mV)andn = 4
(U = 330 mV) exhibit clear maxima in the island center, the
wave function of the state with n = 3 (U = 230 mV) leads to
a minimum of the density of states.

Based on the relation k, = 27 /A, the quantized wave
vectors k,, can be extracted. These k,(E,) values have been
arranged into the dispersion relation of Fig. 4(a). Please note
that the values obtained from three vacancy holes of Figs. 5(a)
and 5(b) are shown as correspondingly colored triangular (D =
13.3 nm), circular (D = 9.2 nm) and square (D = 6.3 nm)
dots. They agree well with the band dispersion of sp-SS.
This directly indicates that the main contributions to quantum
confinement phenomena of surface electrons originate from
the unoccupied part of the Shockley-type sp-SS.

IV. SUMMARY

In conclusion, we have carried out a systematic quasiparti-
cle interference (QPI) study of energy dispersion relations of
surface electronic states on pristine Ni(111) surface. Our data
show two states, an upward dispersing Shockley-type sp-SS

with an effective electron mass m* = (4+0.14 4+ 0.04)m, and
a downward dispersing d-SR with m* = (—0.36 £ 0.05)m,.
The data also reveal that the sp-SS is exchange-split into
a majority and a minority spin part, as indicated by the
appearance of two intraband scattering features in Fourier-
transformed QPI maps. We find a significant deviation from
parabolic band dispersion at energies far away from the onset
of the respective band onsets. This is interpreted as a result
of hybridization between surface and bulk states. Based on a
comparison of these effects in minority and majority bands
we obtain a better understandings of spin-resolved surface
electronic structures close to Eg. We employ vacancy islands
with different diameters to examine quantum confinement
phenomena of the sp-SS by high-resolution STS spectra.
We find that the quantization of wave vectors k,(E,) can be
understood within a 1D quantum well model, which agrees
well with the dispersion relations of the unoccupied part of the
sp-SS.
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