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Electron standing-wave observation in the Pd overlayer on A(111) and Cu(111) surfaces
by scanning tunneling microscopy
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Electron standing waves in monolayer-high Pd overlayers grown on tfiElAuand the Cul1l) 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 béthand Ciy111)
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 thd11) surface of noble metals, ported on the energy-level variation of the surface states by
such as Au, Ag, and Cu, has surface-localized electronialloy formation and alkali metal adsorptiohWe did not
states, which are confined by a projected band gap from theelect these methods, because alloying and alkali metal ad-
bulk side and an image potential from the vacuum side. Thesorption would break coherency of electrons in the states and
surface states, having an isotropic and nearly-free-electrorthus limit their mean free path, which is undesired for our
like (paraboli¢ energy dispersion, form an ideal two- purpose.
dimensional(2D) electronic system. Since the states are lo- Pd111) surface has surface states similar to those of
calized in a few atomic layers on surfaces, surface defects\u(111) and C111) surfaces but above the Fermi lev&L®
such as steps and adsorbates act as a scattering center for 8iece the surface states of (Rdll), as well as those of noble
electrons, producing standing wave patterns around thenmetals, decay into the bulk within a few monolayers, a Pd
Through direct observations of the electron standing wavesverlayer on the noble-metal surfaces produces surface states
(ESW'9) using scanning tunneling microscop§TM),%2  with an intermediate energy level between those of the two
various properties of the 2D electronic stittand their in-  elements through interaction of wave functions of the two
teraction with surface steps! reconstructed structufe in-  surface states. An energy level of surface states is thus
dividual atoms'°~*3and molecule¥ have been investigated. shifted up from an original energy level of the substrate,

Many studies have been performed on 2D electron sysresulting in a reduction of an electron density in the states. It
tems localized at semiconductor interfaces of AlGaAs/GaAss reported that palladium grows in a layer-by-layer manner
and SiQ/Si, and various interesting properties have beeron Cu11ll) (Ref. 23 and Au1ll) (Ref. 22 at the initial
revealed, such as the quantum Hall effect, Wigner solid forstage of growtt{less than a few monolayerdherefore, it is
mation, electron wave interference effect and peculiar opticaft good candidate for our purpose. In the present paper, we
characteristic$® One advantage 2D electron systems formeddiscuss standing wave observation and variation in wave-
at semiconductor interfaces have is that an electron densitgngth on Pd overlayers grown on the (A1) and the
in the system can be easily controlled by applying a voltagecu(111) surfaces.
on a gate electrode and adjusting an electrostatic potential of A low-temperature ultrahigh vacuunLT-UHV) STM
the system. On the other hand, the electron density in the 2Betup made by Unisoku CqUSM type) was used in the
surface states on metals, which is rather large compared withresent study. The base pressure in the STM chamber is
the ones at semiconductor interfaces, are not easily modifie@bout 2< 108 Pa. In the STM, a specimen and a tip can be
it is basically an intrinsic material property, and thus what wecooled with liquid helium down to 4.2 K. Ad11) samples
can do is just choosing a proper one among materials. lvere prepared by depositing gold on a cleaved mica at room
would be particularly interesting if one could easily reducetemperaturdRT) and successive annealing at about 500 °C.
and control the electron density of the metallic 2D electronThe Au deposition was done using a resistively heated tung-
system. Various unique phenomena would be elucidated usten filament with a thin Au wire. G@1l) samples were
ing a local probe technique with an atomic-scale spatial resgprepared by cutting from a Cu single crystal. The samples
lution. So far, however, no established techniques for reducwere electrochemically etched in a cold solution of HNO
ing the electron density have been reported, except onand methanol before introducing into the UHV chamber. The
recently published by Parketal. on the Xe/C@lll)  samples were cleaned in the UHV condition by a repetitive
system:® One of the aims of the present study is to find andcycle of Ar" sputtering and annealing at about 500 °C. Pal-
establish a method for reducing and controlling the electrotadium was evaporated on Cil1l) at RT and on A(l1l) at
density in order to study characteristics of the 2D surfaceabout 200 °C, using a resistively heated tantalum thin foil
electrons with an electron density as a parameter. Actuallyrapping a Pd wire. Since palladium deposited or(144d)
photoemission electron spectroscdRES studies were re- surface at RT forms small multilayer islands nucleated at the
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FIG. 2. An STM image of the A@11) surface after Pd deposi-
tion (70 nmx63 nm, a bias voltage: 10 mV, a tunneling current:
0.1 nA, 4.2 K). Contrast of the image is adjusted so that fine
structures on both Au substrate and monolayer-high Pd island are
clearly resolved. Electron standing waves are clearly visible on the
Pd island. The period of the waves is measured to be 3.5

+0.4 nm.

spectroscopy(PES (Ref. 26§ and

FIG. 1. () STM image of A111) surface. The size of observed
area is 54 nx49 nm. It was taken with a bias voltage of 10 mV
and a tunneling current of 0.1 nA. The temperature of the sampl

with a value ofk; (1.7 nmi'l) measured by photoemission

the results of previous

STM observations of ESW on this surfat®®

Figure 2 shows an STM image of the @Adl) surface
after Pd deposition (70 nm63 nm). The amount of Pd on
dhe surface is estimated to be around 0.2ML from STM ob-

was 4.2 K.(b) Fourier-transformedFT) pattern of the(a). A ring servati_on. There i_s a monolayer-high Pd island in_the middle
structure due to the electron standing waves and spots due to tfd the image, as indicated by an arrow labeled with Pd. The

22x+/3 reconstructed structure are observed. ESW pattern is visible on the 2D

Pd island, as well as two

bright paired lines due to misfit dislocations. On the Au sub-
elbow site of the herringbone structure as described in a prestrate, the ESW pattern is very weak because of the small
vious report? the substrates were heated during the deposireflection coefficient at the lower terrat@he period of the
tion in order to restrict the nucleation and to make largeESW on the Pd island is measured to bex3064 nm from
islands. All STM observations were carried out at 4.2 Kthe FT pattern, longer than that of Mi11) surface.

with a bias voltage of 10 mV and a tunneling current of
0.1 nA.

A typical STM image of a clean Ad11) surface is shown
in Fig. (@ (54 nmx49 nm). A characteristic double-strip
pattern due to the 22/3 reconstructed structufe”>?>was
observed on the terrace as indicated by large arrows in the
lower left side of the image. There is a step on the right-hand
side of the image, and electron standing wal{lEESW'’s) due
to scattering by the step are observed around it as indicatec
by small arrows in the lower right side of the image. Figure
1(b) shows a Fourier-transformg@T) pattern of Fig. 1a).
Spots and a ring due to the reconstructed structure and the
ESW were clearly seen as indicated by arrows and arrow-
heads, respectively. A period due to the ESW oscillation is
measured to be 1:80.1 nm from the FT pattern while a
period of the reconstructed structure is 6.4 nm. Since the
applied bias voltage is small (10 mV), the ESW's in the F|G. 3. An STM image(horizontal
image correspond to those formed with surface states at th&irface after Pd deposition (54 1

height (arb. unit)

/\{n\éj\sﬁastrate
on Pd island

0 1 2 3 4
distance (nm)

derivative of the Cu111)

nm, bias voltage: 10 mV,

Fermi energy level. The period should thus be equal to theunneling current: 0.1 nA, 4.2 K). Inset: apparant height profiles
value of w/ks, wherek; is the wave number of the surface measured around an upper step edge of the Cu substrate and Pd

states at the Fermi energy. Our measurement is consisteoterlayer.
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wave number (nni) FIG. 5. Results of the first-principles total-energy calculations
FIG. 4. An energy-dispersion curve of fil) (bold dotted for Cu(11l), monolayer Pd on Qall), and two layer Pd on

line) and Cy111) (bold solid line surfaces states. The measured Cu(11l) systems. Dotted lines are calculated energy-dispersion

values of Fermi wave number on Pd/Adl) (squar¢ and Pd/  curves of surface states. This figure demonstrates that energy level

Cu(111) (circle) are also plotted. The thin lines are an energy-Of the surface states is shifted upwards with Pd thickness on

dispersion curve crossing the data point of Fermi wave number ofU(111) substrate.

Pd/Au111) (dotted ling and Pd/C(111) (solid line) surfaces with

the same an effective mass as that of the substrate surface stateé"flyers’ decay”?g into the b ulk gap; the deqay length esti-
mated from a simple one-dimensional scattering mfod@ls

. o about 0.9, 0.9, and 1.2 nm for the &11), Cu111), and

Our observations on the Pd/(l1) system were similar  py117) surfaces, respectively. Since these values are several
to Pd/Au11]). Figure 3 shows an STM image of the @U1)  {imes onger than monolayer thicknesses of these materials
surface after Pd deposition (54 @1 nm). In addition to (0.236, 0.208, and 0.225 nm for the @d1), Cu111), and
several surface defects and small Pd clusters, a monolaygsy111), respectively, wave function of the surface states
high Pd island in the lower middle of the image is observethenetrate into a few layers from the surface. In a growth of
as indicated by an arrow labeled with Pd. On the Cu subpgy overlayer on Au or Qd11) surface, one can thus expect
strate the ESW pattern is clearly seen around the defects apgat energy levels of surface states on Pd overlayer changes
the adsorbates. Its period is measured to be 1.4 nm, which {§i, its thickness from a level around that of the substrate at
nearly the same as the previously reported value by PEgn jnitial stage to the intrinsic unoccupied level after a
(Ref. 26 and STM(Ref. 2 (1.5 nm). The ESW is also seen growth of layers thicker than the decay length.
on the Pd island. The period on the Pd island is measured to According to the phase analysis mo@&the energy level
be 2.3-0.3 nm, obviously larger than that observed on thep Shockley surface states of noble metals is determined by

Cu substrate. the condition that the sum of phase shifts from bulk scatter-
In both cases, Pd/Atll) and Pd/Cl1]) systems, Pd g (due to the band gapand from the image potential

overlayer exhibits ESW with a larger period than those of theshoyid be equal to zero. In a case of system with an over-
substrate, indicating it has surface states with a smaller wavgyer, a total phase shift including the one required for a
number at the Fermi level. The measured wave number igynd trip in the overlayer should be equal tar Zmes an
plotted with the energy dispersion curve of Al and  integer® The energy range where the surface states are lo-
Cu(11)) surface states in Fig. 4. As is indicated with a fine cgteq 0.5t0 0 eV with respect to the Fermi eneygpr-

!ine in the figure, the longer wgvelength on Pd layers can b‘?esponds to an energy level just below the lower edgeof
interpreted by an upward shift of energy level of surfaceye pylk pd states, and thus the phase shift due to the
states on the Pd overlayers. By assuming the same effectiygono|ayer-high overlayer is slightly smaller tham2Since
mass on the Pd overlayer as that of the substrate, the energy;y, phase shifts due to the bulk band gap and image poten-

shift of the surface states is evaluated to be about 0.30 ar\qia| increase with an energy, energy level of surface states
0.24 eV for the AU11l) and the Cl1l) surfaces, respec- ghoyld be shifted up in order to compensate the phase loss

tively. . due to the overlayer. Gradual variation of energy level is
As briefly mentioned above, thel1l) surface of noble redicted for both Pd/Ga11) and Au/Cif111) systems based
metals, as well as Pd, have localized electronic states, S@, the model.
called Shockley states, with their center at th@oint in an This prediction is supported theoretically with the first-
inverted L gap of the bulk states. With one less valence elegprinciples total-energy calculations employing ultrasoft
tron than noble metals, the electronic states of Pd are shiftessuedopotentiatd for Cu and Pd systems, as is shown in
upwards relative to those of noble metals. The unoccupiegig. 5. Slabs are used for modeling the surface with 8 bulk
surface states of Pd are thus located at 1.3 eV above thend 5 vacuum layers. The top and bottom atoms in the sur-
Fermi energy® while those of Au and Cu are partially occu- face three layers are allowed to relax while the atoms in the
pied (binding energy: 0.41 and 0.39 eV, respectiyély  center two layers are fixed in the bulk positions. Details of
Wave functions of the surface states are localized in surfacthe calculated method will be published elsewhB8ignergy-
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dispersion curves calculated for @dl) substrate, 1 mono- layer (tensile on Au and compressive on )Cut does not
layer (ML) Pd/Cy111), and 2ML Pd/C(111) are plotted in  seem that the strain has a significant effect on the wavelength
Fig. 5. Dotted lines indicate the states localized on the surer energy level of the surface states in the present cases.
face layers. The results demonstrate that the surface statBsrther studies are, however, obviously required in order to
are formed near the Fermi level for IML Pd/@@1) and  solve this issue.
2ML Pd/Cu11)) systems, as well as C111) and that with a In conclusion, we have observed standing waves in Pd
thickness of Pd layer the energy level of the surface stategionolayers on Gid11) and Au111) surfaces, and found that
shifts to higher energy. The calculated results on 1ML Pd ontheir wavelengths are longer than those of the substrates. It
Cu(111) are qualitatively consistent with the present experi-can be explained by the up-shift in an energy level of the
mental results. Note that an effective mass of PICD surface states in the Pd overlayers. By adjusting the element
surface states does not change from that oflCD surface of material deposited anq its thickness, one can modify and
states although the effective masses of1R#) and Cy111) control ele_:ctron d_en5|ty in the 2D surface states_ to some
surface states are quite differdi2m, for Pd (Ref. 19 and extent. _Thls technique opens a way to el_u0|date unique ch_ar-
0.46 m for Cu (Ref. 26 where ny is a mass of electrdn actepsucs of t_he 2D electron systems in a nanometer size
We thus believe that our assumption of the same effectivép""tIal resolution.
mass of Pd overlayer surface states as substrate is reasonableT, Suzuki and Y.H. acknowledge T. Sasaki, H. Mizuno, K.
Neuhold and Horff reported a variation of energy levels Takeda, and T. Nagamura, Unisoku Co. for technical assis-
in the Ag/S{111) system and explained it with a strain accu- tance and M. Ono for image processing. This work was
mulated on the surface layer. In the present cases, howevgrartly supported by a Grant-in-Aid for Scientific Research
both Pd/Cu and Pd/Au show larger wavelength in spite of théNo. 12450020 from the Ministry of Education, Science,
fact that the opposite sign of strain is expected in the Pd&ports, and Culture of Japan.
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