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Electron standing-wave observation in the Pd overlayer on Au„111… and Cu„111… surfaces
by scanning tunneling microscopy
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Electron standing waves in monolayer-high Pd overlayers grown on the Au~111! and the Cu~111! surfaces
were observed by low-temperature ultrahigh vacuum scanning tunneling microscopy. We found that the period
of the oscillation in the Pd overlayers is longer than that of the clean surface of both Au~111! and Cu~111!
substrates. The longer wavelength on the Pd overlayers is explained by an upward shift in energy level of the
two-dimensional surface states.
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It has been known that the~111! surface of noble metals
such as Au, Ag, and Cu, has surface-localized electro
states, which are confined by a projected band gap from
bulk side and an image potential from the vacuum side. T
surface states, having an isotropic and nearly-free-elect
like ~parabolic! energy dispersion, form an ideal two
dimensional~2D! electronic system. Since the states are
calized in a few atomic layers on surfaces, surface defe
such as steps and adsorbates act as a scattering center f
electrons, producing standing wave patterns around th
Through direct observations of the electron standing wa
~ESW’s! using scanning tunneling microscopy~STM!,1,2

various properties of the 2D electronic states3,4 and their in-
teraction with surface steps,5–7 reconstructed structure,8,9 in-
dividual atoms,10–13and molecules14 have been investigated

Many studies have been performed on 2D electron s
tems localized at semiconductor interfaces of AlGaAs/Ga
and SiO2 /Si, and various interesting properties have be
revealed, such as the quantum Hall effect, Wigner solid
mation, electron wave interference effect and peculiar opt
characteristics.15 One advantage 2D electron systems form
at semiconductor interfaces have is that an electron den
in the system can be easily controlled by applying a volta
on a gate electrode and adjusting an electrostatic potenti
the system. On the other hand, the electron density in the
surface states on metals, which is rather large compared
the ones at semiconductor interfaces, are not easily modi
it is basically an intrinsic material property, and thus what
can do is just choosing a proper one among materials
would be particularly interesting if one could easily redu
and control the electron density of the metallic 2D electr
system. Various unique phenomena would be elucidated
ing a local probe technique with an atomic-scale spatial re
lution. So far, however, no established techniques for red
ing the electron density have been reported, except
recently published by Parket al. on the Xe/Cu~111!
system.16 One of the aims of the present study is to find a
establish a method for reducing and controlling the elect
density in order to study characteristics of the 2D surfa
electrons with an electron density as a parameter. Actu
photoemission electron spectroscopy~PES! studies were re-
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ic
he
e
n-

-
ts,

the
m.
s

s-
s
n
r-
al
d
ity
e
of
D
ith
d;

e
It

n
s-
o-
c-
ne

n
e
ly,

ported on the energy-level variation of the surface states
alloy formation and alkali metal adsorption.17 We did not
select these methods, because alloying and alkali meta
sorption would break coherency of electrons in the states
thus limit their mean free path, which is undesired for o
purpose.

Pd~111! surface has surface states similar to those
Au~111! and Cu~111! surfaces but above the Fermi level.18,19

Since the surface states of Pd~111!, as well as those of noble
metals, decay into the bulk within a few monolayers, a
overlayer on the noble-metal surfaces produces surface s
with an intermediate energy level between those of the
elements through interaction of wave functions of the t
surface states. An energy level of surface states is t
shifted up from an original energy level of the substra
resulting in a reduction of an electron density in the states
is reported that palladium grows in a layer-by-layer man
on Cu~111! ~Ref. 21! and Au~111! ~Ref. 22! at the initial
stage of growth~less than a few monolayers!. Therefore, it is
a good candidate for our purpose. In the present paper
discuss standing wave observation and variation in wa
length on Pd overlayers grown on the Au~111! and the
Cu~111! surfaces.

A low-temperature ultrahigh vacuum~LT-UHV ! STM
setup made by Unisoku Co.~USM type! was used in the
present study. The base pressure in the STM chambe
about 231028 Pa. In the STM, a specimen and a tip can
cooled with liquid helium down to 4.2 K. Au~111! samples
were prepared by depositing gold on a cleaved mica at ro
temperature~RT! and successive annealing at about 500 °
The Au deposition was done using a resistively heated tu
sten filament with a thin Au wire. Cu~111! samples were
prepared by cutting from a Cu single crystal. The samp
were electrochemically etched in a cold solution of HNO3
and methanol before introducing into the UHV chamber. T
samples were cleaned in the UHV condition by a repetit
cycle of Ar1 sputtering and annealing at about 500 °C. P
ladium was evaporated on Cu~111! at RT and on Au~111! at
about 200 °C, using a resistively heated tantalum thin
wrapping a Pd wire. Since palladium deposited on Au~111!
surface at RT forms small multilayer islands nucleated at
©2001 The American Physical Society03-1
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elbow site of the herringbone structure as described in a
vious report,22 the substrates were heated during the dep
tion in order to restrict the nucleation and to make lar
islands. All STM observations were carried out at 4.2
with a bias voltage of 10 mV and a tunneling current
0.1 nA.

A typical STM image of a clean Au~111! surface is shown
in Fig. 1~a! (54 nm349 nm). A characteristic double-stri
pattern due to the 223A3 reconstructed structure24,23,25was
observed on the terrace as indicated by large arrows in
lower left side of the image. There is a step on the right-ha
side of the image, and electron standing waves~ESW’s! due
to scattering by the step are observed around it as indic
by small arrows in the lower right side of the image. Figu
1~b! shows a Fourier-transformed~FT! pattern of Fig. 1~a!.
Spots and a ring due to the reconstructed structure and
ESW were clearly seen as indicated by arrows and arr
heads, respectively. A period due to the ESW oscillation
measured to be 1.860.1 nm from the FT pattern while a
period of the reconstructed structure is 6.4 nm. Since
applied bias voltage is small (10 mV), the ESW’s in t
image correspond to those formed with surface states a
Fermi energy level. The period should thus be equal to
value ofp/kf , wherekf is the wave number of the surfac
states at the Fermi energy. Our measurement is consi

FIG. 1. ~a! STM image of Au~111! surface. The size of observe
area is 54 nm349 nm. It was taken with a bias voltage of 10 m
and a tunneling current of 0.1 nA. The temperature of the sam
was 4.2 K.~b! Fourier-transformed~FT! pattern of the~a!. A ring
structure due to the electron standing waves and spots due t
223A3 reconstructed structure are observed.
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with a value ofkf (1.7 nm21) measured by photoemissio
spectroscopy~PES! ~Ref. 26! and the results of previou
STM observations of ESW on this surface.1,8,9

Figure 2 shows an STM image of the Au~111! surface
after Pd deposition (70 nm363 nm). The amount of Pd on
the surface is estimated to be around 0.2ML from STM o
servation. There is a monolayer-high Pd island in the mid
of the image, as indicated by an arrow labeled with Pd. T
ESW pattern is visible on the 2D Pd island, as well as t
bright paired lines due to misfit dislocations. On the Au su
strate, the ESW pattern is very weak because of the sm
reflection coefficient at the lower terrace.1 The period of the
ESW on the Pd island is measured to be 3.560.4 nm from
the FT pattern, longer than that of Au~111! surface.

le

the

FIG. 2. An STM image of the Au~111! surface after Pd deposi
tion (70 nm363 nm, a bias voltage: 10 mV, a tunneling curren
0.1 nA, 4.2 K). Contrast of the image is adjusted so that fi
structures on both Au substrate and monolayer-high Pd island
clearly resolved. Electron standing waves are clearly visible on
Pd island. The period of the waves is measured to be
60.4 nm.

FIG. 3. An STM image~horizontal derivative! of the Cu~111!
surface after Pd deposition (54 nm341 nm, bias voltage: 10 mV,
tunneling current: 0.1 nA, 4.2 K). Inset: apparant height profi
measured around an upper step edge of the Cu substrate an
overlayer.
3-2
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Our observations on the Pd/Cu~111! system were similar
to Pd/Au~111!. Figure 3 shows an STM image of the Cu~111!
surface after Pd deposition (54 nm341 nm). In addition to
several surface defects and small Pd clusters, a monola
high Pd island in the lower middle of the image is observ
as indicated by an arrow labeled with Pd. On the Cu s
strate the ESW pattern is clearly seen around the defects
the adsorbates. Its period is measured to be 1.4 nm, whic
nearly the same as the previously reported value by P
~Ref. 26! and STM~Ref. 2! (1.5 nm). The ESW is also see
on the Pd island. The period on the Pd island is measure
be 2.360.3 nm, obviously larger than that observed on
Cu substrate.

In both cases, Pd/Au~111! and Pd/Cu~111! systems, Pd
overlayer exhibits ESW with a larger period than those of
substrate, indicating it has surface states with a smaller w
number at the Fermi level. The measured wave numbe
plotted with the energy dispersion curve of Au~111! and
Cu~111! surface states in Fig. 4. As is indicated with a fi
line in the figure, the longer wavelength on Pd layers can
interpreted by an upward shift of energy level of surfa
states on the Pd overlayers. By assuming the same effe
mass on the Pd overlayer as that of the substrate, the en
shift of the surface states is evaluated to be about 0.30
0.24 eV for the Au~111! and the Cu~111! surfaces, respec
tively.

As briefly mentioned above, the~111! surface of noble
metals, as well as Pd, have localized electronic states,
called Shockley states, with their center at theḠ point in an
inverted L gap of the bulk states. With one less valence e
tron than noble metals, the electronic states of Pd are sh
upwards relative to those of noble metals. The unoccup
surface states of Pd are thus located at 1.3 eV above
Fermi energy,19 while those of Au and Cu are partially occu
pied ~binding energy: 0.41 and 0.39 eV, respectively!.26

Wave functions of the surface states are localized in sur

FIG. 4. An energy-dispersion curve of Au~111! ~bold dotted
line! and Cu~111! ~bold solid line! surfaces states. The measur
values of Fermi wave number on Pd/Au~111! ~square! and Pd/
Cu~111! ~circle! are also plotted. The thin lines are an energ
dispersion curve crossing the data point of Fermi wave numbe
Pd/Au~111! ~dotted line! and Pd/Cu~111! ~solid line! surfaces with
the same an effective mass as that of the substrate surface sta
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layers, decaying into the bulk gap; the decay length e
mated from a simple one-dimensional scattering model27,20is
about 0.9, 0.9, and 1.2 nm for the Au~111!, Cu~111!, and
Pd~111! surfaces, respectively. Since these values are sev
times longer than monolayer thicknesses of these mate
(0.236, 0.208, and 0.225 nm for the Au~111!, Cu~111!, and
Pd~111!, respectively!, wave function of the surface state
penetrate into a few layers from the surface. In a growth
Pd overlayer on Au or Cu~111! surface, one can thus expe
that energy levels of surface states on Pd overlayer cha
with its thickness from a level around that of the substrate
an initial stage to the intrinsic unoccupied level after
growth of layers thicker than the decay length.

According to the phase analysis model,28 the energy level
of Shockley surface states of noble metals is determined
the condition that the sum of phase shifts from bulk scat
ing ~due to the band gap! and from the image potentia
should be equal to zero. In a case of system with an o
layer, a total phase shift including the one required fo
round trip in the overlayer should be equal to 2p times an
integer.28 The energy range where the surface states are
cated (20.5 to 0 eV with respect to the Fermi energy! cor-
responds to an energy level just below the lower edgeL28 of
the bulk Pd states, and thus the phase shift due to
monolayer-high overlayer is slightly smaller than 2p. Since
both phase shifts due to the bulk band gap and image po
tial increase with an energy, energy level of surface sta
should be shifted up in order to compensate the phase
due to the overlayer. Gradual variation of energy level
predicted for both Pd/Cu~111! and Au/Cu~111! systems based
on the model.

This prediction is supported theoretically with the firs
principles total-energy calculations employing ultras
psuedopotentials29 for Cu and Pd systems, as is shown
Fig. 5. Slabs are used for modeling the surface with 8 b
and 5 vacuum layers. The top and bottom atoms in the
face three layers are allowed to relax while the atoms in
center two layers are fixed in the bulk positions. Details
the calculated method will be published elsewhere.30 Energy-

-
n

s.

FIG. 5. Results of the first-principles total-energy calculatio
for Cu~111!, monolayer Pd on Cu~111!, and two layer Pd on
Cu~111! systems. Dotted lines are calculated energy-dispers
curves of surface states. This figure demonstrates that energy
of the surface states is shifted upwards with Pd thickness
Cu~111! substrate.
3-3



u
ta

t
o
ri

tiv
na
ls
u-
v

th
P

ngth
ses.
r to

Pd
t
s. It
the

ent
and
me
har-
size

K.
sis-
as
ch
,

RAPID COMMUNICATIONS

TAKAYUKI SUZUKI et al. PHYSICAL REVIEW B 64 081403~R!
dispersion curves calculated for Cu~111! substrate, 1 mono-
layer ~ML ! Pd/Cu~111!, and 2ML Pd/Cu~111! are plotted in
Fig. 5. Dotted lines indicate the states localized on the s
face layers. The results demonstrate that the surface s
are formed near the Fermi level for 1ML Pd/Cu~111! and
2ML Pd/Cu~111! systems, as well as Cu~111! and that with a
thickness of Pd layer the energy level of the surface sta
shifts to higher energy. The calculated results on 1ML Pd
Cu~111! are qualitatively consistent with the present expe
mental results. Note that an effective mass of Pd/Cu~111!
surface states does not change from that of Cu~111! surface
states although the effective masses of Pd~111! and Cu~111!
surface states are quite different@0.2m0 for Pd ~Ref. 19! and
0.46 m0 for Cu ~Ref. 26! where m0 is a mass of electron#.
We thus believe that our assumption of the same effec
mass of Pd overlayer surface states as substrate is reaso

Neuhold and Horn31 reported a variation of energy leve
in the Ag/Si~111! system and explained it with a strain acc
mulated on the surface layer. In the present cases, howe
both Pd/Cu and Pd/Au show larger wavelength in spite of
fact that the opposite sign of strain is expected in the
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layer ~tensile on Au and compressive on Cu!. It does not
seem that the strain has a significant effect on the wavele
or energy level of the surface states in the present ca
Further studies are, however, obviously required in orde
solve this issue.

In conclusion, we have observed standing waves in
monolayers on Cu~111! and Au~111! surfaces, and found tha
their wavelengths are longer than those of the substrate
can be explained by the up-shift in an energy level of
surface states in the Pd overlayers. By adjusting the elem
of material deposited and its thickness, one can modify
control electron density in the 2D surface states to so
extent. This technique opens a way to elucidate unique c
acteristics of the 2D electron systems in a nanometer
spatial resolution.
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