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Modification of surface electronic properties on alloy surfaces:
Standing waves on a Cu-9 at. % Al(111) surface observed by STM
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A direct and real-space study of the surface electronic structure on Cu-9 at. % Al(111) alloy surfaces was
performed using low-temperature scanning tunneling microscopy. The standing waves on
Cu-9 at. % Al(111)-(1 X 1) and (\f§>< \e‘g)RSO" surfaces, which were obtained by controlling annealing tem-
perature, were observed by differential-conductance mapping. Surface imperfection caused by segregation of
aluminum atoms acted as static scattering centers in order to sustain the standing-wave formation. An analysis
of the standing waves revealed a significant downward energy shift of the Shockley surface states on both

surfaces. This shift is explained in terms of the strong redistribution of the surface electrons.
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I. INTRODUCTION

The so-called Shockley surface state with isotropic and
parabolic energy dispersions on Cu(111), Ag(111), and
Au(111) has been widely studied in the past years by angle-
resolved photoemission electron spectroscopy (ARPES) and
scanning tunneling microscopy (STM).!-® Among these stud-
ies, one of interesting aspects is the observation of standing
waves (namely, an oscillation of local density of states in the
Shockley surface state) by STM. The energy dispersion of
the Shockley surface states is clarified by analyzing the
standing-wave images, thereby, the effective mass m, of the
surface electrons [e.g., 0.39m, for Cu(111),"? where m, is
the free-electron mass] is obtained by fitting the observed
dispersion relation with a parabolic curve given by

E(k) = Ep+ Eg + 52k;/2m,, (1)

where E is the Fermi energy and E| is the surface-state band
edge [e.g., —0.44 eV for Cu(111) (Ref. 2)].

In addition to the case of homogeneous metal surfaces,
the modified Shockley surface states on binary metal alloys,
such as Cu-Pd,” Cu-AL%° and Cu-Au,'® were observed by
ARPES. As for the copper-aluminum alloy system, while
aluminum atoms are substituted randomly with copper atoms
in the bulk, segregated aluminum atoms on the top layer can
form an ordered (y3 X \3)R30° superstructure. The Shockley
surface state on the (111) face of copper-aluminum alloy is
located at the center of the surface Brillouin zone with the
band-edge energy of about —0.8 eV for (1X 1) and about
~1.2 eV for (\3 X V3)R30°.89 This surface state is probably
localized in the surface band gap (L gap) because alloying
lowers the sp band levels of bulk copper by approximately 1
eV with respect to the Fermi level.” Therefore, the formation
of surface standing waves in the Shockley state on the alloy
is naturally anticipated. Moreover, in contrast to homoge-
neous surface potentials on metals,>® random surface poten-
tials induced by the aluminum atoms are expected to influ-
ence the standing-wave formation. However, to the best of
our knowledge, relevant STM data on the copper-aluminum
alloy have not yet been reported. Furthermore, while ARPES
typically gives information about an electronic structure in-
tegrated over a large surface area (typically 102—10° um),
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Fourier-transform (FT) STM yields both real- and reciprocal-
space images related to the surface electronic structure of a
very small (nanometer scale) and selected surface area.

In this current work, we used FT-STM to study the sur-
face electronic structure of a-phase Cu-9 at. % Al(111) ob-
serve by differential conductance (dI/dV) mapping. We ob-
served that the alloy surface has two types of structures [as
already observed by low-ener; gy electron diffraction
(LEED)], i.e., (1 X 1) and (\3 X y3)R30° that possess differ-
ent surface aluminum concentrations.!'"'® The obtained
dl/dV images show that the standing waves are formed on
both structures. The imperfections on the surfaces induced
by aluminum atoms in copper acted as scattering centers that
sustain the standing-wave formation. By analysis of the
dl/dV images obtained at different bias voltages, we ob-
served significant downward shifts of the Shockley surface
state on both structures in strong contrast with that on pris-
tine Cu(111). The observed electronic structures revealed
parabolic energy dispersions of the surface electrons with
isotropic effective masses and high electron densities.

II. EXPERIMENTS

The observations of the copper-aluminum alloy surface
were carried out in a low-temperature STM system
(Unisoku) with a base pressure of <5.0% 107 Pa. The
sample was a mechanically polished (111) face of a-phase
copper-aluminum alloy containing 9 at. % randomly substi-
tutional aluminum impurities in the bulk. The surface was
cleaned by several cycles of argon sputtering and annealing.
The annealing temperature was controlled at about 530 K to
obtain the (1X1) surface and at about 850 K the (\3
X \3)R30° surface. The dI/dV images were recorded by a
lock-in technique with a closed feedback loop. Sinusoidal-
bias modulation voltage (peak to peak) was 10-20 mV at a
frequency of 4.0-9.0 kHz. All STM images were acquired at
about 79 K with electrochemically etched tungsten tips. In
the power spectrum of the Fourier-transformed dI/dV im-
ages, lighter colors correspond to larger Fourier components.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the topographic image of a pristine
Cu(111) surface with a low defect density. A simultaneously
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FIG. 1. Topographies and dI/dV maps on a Cu(111) surface at
79 K. (a) and (b) the surface with a low density of point defects
(image size: 62X 62 nm?), (c) and (d) the surface with a high den-
sity of point defects (image size: 51X 51 nm?). V,=—0.20 V and
1,=1.0 nA for all STM images. The insets in (b) and (d) show the
Fourier-transform power spectra of the dI/dV maps.

observed dI/dV image [Fig. 1(b)] detects standing waves
that are induced by a step and several point defects. Each
point defect causes concentric patterns of the standing waves
around it while the step causes line-shaped patterns running
parallel to it. These features are consistent with previous
STM observations.? The topography in Fig. 1(c) shows an-
other Cu(111) surface but with many point defects near a
step, which were created by controlling the sputtering and
annealing conditions. Auger-electron spectroscopy (AES)
identified these defects as mainly carbon and oxygen. The
feature of the standing-wave formation on the defective sur-
face differs from that on the clean surface. The existence of
many point defects not only makes the patterns of the stand-
ing waves intricate but also suppresses the formation of the
line-shape patterns around the step, as observed in Fig. 1(d).

As already known from LEED and AES,'"'6 there are
two types of surface structures, (1 X 1) and (\'3 X \3)R30°
on the Cu-Al(111) surface. Figure 2 shows topographic and
dl/dV images observed on the Cu-9 at. % AI(111)-(1X1)
[(a) and (b)] and (\3>< \r3)R30° [(c) and (d)] surfaces. On
both surfaces, the two terraces separated by a step look to-
pographically inhomogeneous [Figs. 2(a) and 2(c)]. The spa-
tial resolution of the images in Fig. 2 was limited because
comparatively large sample bias (-0.2 V) and low tunneling
current (1.0 nA) were used. However, the atomically re-
solved images in Ref. 17 reveal that this fluctuation on the
surface arises from the short-range ordering of the excess
aluminum atoms and dislocations in the top layer. Mean-
while, the dI/dV images in Figs. 2(b) and 2(d) show compli-
cated patterns different from the topographic images in Figs.
2(a) and 2(c). The periodicity of the spatial distributions of
the observed patterns increases with sample bias voltages.
This bias-dependent feature is consistent with that of the
standing waves on noble-metal surfaces.2® Moreover, the
previous ARPES observations revealed a Shockley surface
state with nearly free electrons on copper-aluminum alloy
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FIG. 2. Topographies and dI/dV maps on Cu-9 at. % Al(111)
surfaces at 79 K (a) and (b) (1 X 1) (image size: 30 X 30 nm?), (c)
and (d) (V3X3)R30° (image size: 25X 25 nm?). I,=1.0 nA. V,

=-0.20 V for all STM images. The insets in (b) and (d) show the
Fourier-transform power spectra of the dI/dV maps.

surfaces.®® We therefore conclude that the dI/dV maps in
Figs. 2(b) and 2(d) reveal the standing waves formed in the
Shockley state on the alloy.

The formation of the standing waves is sustained by
electron-wave scatterers such as a defect and a step. As seen
on the clean Cu(111) surface in Fig. 1(b), the existence of a
step usually causes the line-shape patterns running parallel to
the step while a point defect causes concentric patterns
around it. In contrast, the surface with high defect density
(6.3 10'® m™2) in Fig. 1(d) displays a different feature, that
is, superposition of concentric standing-wave patterns makes
more complicated patterns across the surface. As a result, the
line-shape patterns of standing waves near the step are hardly
seen. Similarly, standing waves on the copper-aluminum sur-
face are characterized as intricate circular shapes. On the
alloy surface, the dominant scatterer is the fluctuation of the
local aluminum density and dislocations as seen in Ref. 17.
From our AES analysis,'*> we estimated the aluminum con-
centration in our sample surface to be approximatel;
16 at % for the (1X 1) surface and 36 at. % for the (V3
X \,3) surface. These values can be converted to the average
density of aluminum atoms, namely, 2.8 X 1018 m‘2 for the
(1 X 1) surface and 6.3 X 10'® m™2 for the (\'3 X \3) surface.
Since the valence electronic structure of aluminum (3s23p')
is different from copper (3d'%s"), it is conceivable that the
local surface potential near aluminum atoms is modulated
across the alloy surface. On our Cu-Al(111)-(1X 1) surface,
the aluminum concentration was 16 at. %; accordmﬁly, the
surface should include a small amount of local (\3>< V3
patches besides the (1 X 1) domains with randomly d1str1b—
uted aluminum atoms. Such surface features should act as
static scattering centers for the standlng waves in Fig. 2(b).
Furthermore, even on the (3 X \/3) surface, there are many
aluminum vacancies and dislocations caused by the improper
aluminum stacking.!” These defects, separated by several na-
nometers, create the standing waves on the (v 3% \ 3) surface
[Fig. 2(d)]. In case of both alloy surfaces, similar to the case
on the Cu(111) surface in Fig. 1(d), the existence of many
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FIG. 3. Energy dispersion of the surface states on Cu(111),
Cu-9 at. % AI(111)-(1Xx1), and (V3 X3)R30° surfaces. The
solid curves are fitted by using a parabolic function Eq. (1).

scattering centers screens the role of steps in creating the
line-shaped standing waves near the step.

The insets in the dI/dV images of Figs. 1 and 2 are the
corresponding FT images. A ring pattern is observed around
the image center indicative of a free electron-like surface
state with isotropic effective mass>~ while the low-k features
seen within the ring is derived from the step.!® In a simple
“hard-wall” model,'>?° the wave number k; of the surface
states parallel to the surface at the applied bias voltage V,
[e.g., 0.28 A~! for the (1X 1) surface in Fig. 2(b)] can be
obtained directly from half of the radius of the ring in the FT
images originating from the standing waves. Plotting k; ob-
tained by the FT analysis of dI/dV images for different bias
voltages provides the dispersion relation of the surface states
on Cu(111) and Cu-9 at. % Al(111) as shown in Fig. 3. The
dispersion relation is well fitted by a parabolic function of
Eq. (1) with a fitting parameter m, (the effective mass of the
surface electrons). The bottom energy of the surface states,
i.e., the surface-state band edge E,, appears when kj is zero.
The fitting curves of the surface-state dispersion intersect the
Fermi level Ep giving the Fermi wave number ky. The ob-
tained E,, kg, and m, are listed in Table 1. The dispersion
relation for Cu(111) is consistent with the previous results
observed by ARPES (Ref. 1) and STM.?>® On the other hand,
the dispersion curves for Cu-9 at. % Al(111) are signifi-
cantly shifted to lower energies compared to that of the pris-
tine Cu(111). As seen in Table I, the band edges on
Cu-9 at. % Al(111) are shifted by about 0.52 eV for (1
X 1) and by about 0.87 eV for (v3 X V3). Correspondingly,

PHYSICAL REVIEW B 79, 235427 (2009)

m, and kg on (1x1) (0.39m, and 0.31 A1) and (V3 x\3)
(0 37my and 0.37 A~') are dlfferent in comparison with
those on Cu(111) (0. 40m0 and 0.21 A~!). Furthermore, the
electron density at £ (kF/ 21) is calculated as 1.5 X 10'® and
22x 10" m=2 for (1X1) and (y3X13), respectively, in
contrast to the value for Cu(111) (about 7.0X 10" m™2).
These results indicate that alloying strongly shifts downward
the Shockley surface states on Cu-9 at. % Al(111). In addi-
tion, the observation of clear standing waves implies that the
shifted Shockley surface state of the alloy is still situated in
the surface band gap, which is consistent with the previous
ARPES results that detected a downward shift of the sp
bands of a bulk Cu-Al alloy by approximately 1 eV.’

The surface bond lengths of a bimetallic alloy are typi-
cally different from those of the parent metals giving rise to
“strain effects” that modify the electronic structure of the
metal through changes in orbital overlap. Moreover, the pres-
ence of aluminum atoms changes the electronic environment
of neighboring copper atoms resulting in modifications of the
electronic structure termed “ligand effects.” It has been
proved theoretically and experimentally that both effects
generally change the energies of Tamm-type surface states (d
electron related).?!~2> However, this effect on surface states
is generally weak (<0.2 eV), in other words, it does not
agree with our observation on the significant modification of
the Shockley surface states (sp electron related).

The great modification of the Shockley surface state may
be explained in terms of a strong redistribution of the surface
electrons. Our AES investigation,!® as well as others,!
shows a feature referred as “splitting” of the Al LVV Auger
lines with energies of about 64 and 68 eV on copper-
aluminum alloy surface, indicating that sp bands of alumi-
num impurities hybridized with the d bands of copper.?*?> As
a result of the hybridization, strong redistributions of the sp
surface electrons occur and form bonding and antibonding
orbitals near the d band edges (about 2.0 eV below Fermi
level).?6 The antibonding orbital filled with sp electrons
shows a nearly free-electronlike feature and, thus, forms the
Shockley surface states on Cu-9 at. % Al(111). Moreover,
in the periodic table aluminum is located in a column with
two more valence electrons than noble metals. By introduc-
ing the substitutional aluminum impurities in copper, the
electrons of aluminum can transfer to neighboring copper
atoms.”” Consequently, the sp band (the Shockley surface
state) should be significantly redistributed and lowered to
accommodate the additional electrons from aluminum.
Downward energy shifts and the higher electron densities are
therefore observed on the Shockley surface states of
Cu-9 at. % Al(111) compared with those of Cu(111). In

TABLE 1. Surface-state b and edges Ey, Fermi wave number kr, and the effective mass m, of the surface
electrons on Cu(111), Cu-9 at. % AI(111)(1 X 1), and (3 X V3)R30° surfaces. The values in parentheses are

quoted from Refs. 8 and 9.

Metal surfaces E, (eV) kp (A1) m,(mg)
Cu-9 at. % Al(111)-(1X1) —-0.95(-0.80) 0.31 (0.29) 0.39 (0.40)
Cu-9 at. % Al(111)-(v3 X y3)R30° -1.30(-1.18) 0.37 (0.35) 0.37 (0.39)
Cu(111) -0.43 0.21 0.40
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fact, the amount of the surface-state shift depends on the
concentration of alummum A greater amount of aluminum is
segregated on the (13X 13) surface than on the (1 X 1) sur-
face, consequently, a stronger I¢ redistribution of the surface
electrons occurs on the (Y3 X \,3) surface. In turn, a greater
energy shift of the surface states is observed on the (\3
X 3) surface to accommodate the greater amount of elec-
trons from aluminum as suggested by a theoretical
calculation.?®

The current study on the surface-state dispersions of the
Cu-9 at. % Al(111) surface resulted in larger downward
shifts compared to the ARPES measurements performed by
Asonen et al.®? (see Table I). Our Cu-Al(111)-(1 X 1) sur-
face was mildly annealed to about 530 K after sputtering.
The concentration of aluminum atoms on the surface con-
firmed by AES was 16 at. %, which indicates that aluminum
atoms were slightly segregated to the surface. On the other
hand, Asonen et al.3? prepared their surface by sputtering
without annealing. The concentration of aluminum on their
surface remained the same as in the bulk (10%). As dis-
cussed above, the higher concentration of aluminum atoms
induces greater shift of surface states. This should be the
reason for the inconsistency regarding the (1X 1) surface
between the present and previous studies. If we apply the
same dlscussmn to the disagreement of band shift on the
(V3 X \'3) surface, we see that our (\3 Xy 3) surface contains
more aluminum atoms than that in the previous study. We
confirmed the saturation of aluminum segregation on our
(\3 X \3) surface using AES before STM observatlons but
the concentration of aluminum on the (y 3% v 3) surface used
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in the ARPES experiment is not known Furthermore, the
ARPES measurement on the (+/ 3% \,3) surface showed broad
spectra, possibly due to the limited device resolution and the
measurement performed at room temperature. These limita-
tions may have influenced their analysis to determine the
surface-state dispersion.

IV. SUMMARY

Low-temperature STM was applied to observe the stand-
in&wa\gs on the Cu(111), Cu-9 at. % Al(111)-(1X 1), and
(V3 X y3)R30° surfaces. The standing-wave patterns on the
alloy surfaces were more complicated than those on the
Cu(111) surface because of the existence of a number of
scattering centers. The energy dispersion of the Shockley
surface states was also examined through Fourier analysis of
the dI/dV maps. It was observed that significant shifts of the
energy levels occurring on the alloy surface coincide with
the modification of the effective mass of surface electrons,
the Fermi wave number, and the surface electron density.
Such a modification of the surface electronic properties on
the alloy surfaces is attributed to the strong redistribution of
the surface electrons.
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