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Abstract. Low-index surfaces of copper single crystals were studied by scanning tunneling microscopy
(STM) and spectroscopy (STS). The experiments were performed under ultra-high vacuum conditions at
room- and close to liquid helium- temperatures. At lower temperatures thermal drifts are largely reduced,
a better STM mechanical stability is achieved and improved spectroscopy measurements, with the energy
resolution shifted from meV to peV, are possible. Low-index surfaces of bulk copper single crystals are
unstable at room temperature and show poor atomic resolution with unstable single-atomic steps. In order
to reduce thermal vibrations and improve atomic resolution, such surfaces must be cooled close to liquid
helium temperature. At cryogenic temperatures individual surface defects, adsorbents and electronic
standing waves can be studied. In addition, individual adatoms can be manipulated by STM into desired
nanostructures and analyzed by STS. By measuring d//dU(U), which is proportional to the local density of
states, spectroscopic information with high spatial resolution can be obtained.
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INTRODUCTION

Single crystal surfaces of noble metals are intensively
studied nowadays because of their importance as sub-
strates in surface manipulation and restructuring ex-
periments."* Noble-metal deposits on other noble-
metals™® as well as deposits of magnetic metals on
noble-metals’ ! were intensively studied by scanning
tunneling microscopy (STM) and related methods.
Atomic and molecular adsorption on these substrates is
likewise of great importance for catalysis. Such studies
included adsorption of elements like H, O, N, S and C
on Pt(111)"? and N on Cu(001)," but also deposits of
simple molecules like NO, on Ag(111)," SO, on
Cu(110)® and CO on Ag(111),'* Ag(221)"" and
Cu(111)." Further, STM was intensively employed to
study the behavior of more complicated molecules on
noble-metal surfaces'” " and to investigate hetero-
epitaxial growth of inorganic compounds, like MoO,
on Au(111).*! Reverse combinations, i.e. deposits of
noble-metals on layered inorganic compounds, mostly
transition-metal ~dichalcogenides,”*** with particular
emphasis on postintercalation of the deposits into the

van der Waals (vdW) gaps of the substrates®°

also investigated.

were

STM and scanning tunneling spectroscopy (STS)
were applied to study the metallic surfaces on an atomic
level. While STM reveals the topography of the surface,
STS allows measurement of the local density of states
(LDOS) and the energy gaps, either of the surface itself
or the adsorbates on it. Because of the sharp tip used,
the tunneling current is limited to areas of the order of
0.5 nm?, which makes STS sensitive to several orders of
magnitude smaller regions in comparison with any other
spectroscopic method. Although atomic resolution can
be routinely achieved with STM at room temperature
(RT), cooling the sample and the STM to cryogenic
temperatures results in more stable tunneling and re-
duced thermal drifts. It also enables studies of specific
low temperature phenomena and guaranties, due to
reduced thermal broadening of the linewidths, an im-
proved energy resolution in STS measurements.*’ >’

In the present study the properties of bulk copper
single crystal (111) and (211) surfaces are described.
We are particularly interested in structural aspects of the
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surfaces, like e.g. its stability at room-temperature, but
also in the role of various surface defects, like point
defects with the accompanied -electronic standing
waves, which characterize these surfaces at reduced
temperatures. Further, extraction of individual Cu atoms
and their manipulation into different arrangements is
described and the ability of STS as a spectroscopic
method is demonstrated in case of individual Cu ad-
atoms on the Cu(111) surface.

EXPERIMENTAL

High purity copper single crystal surfaces with (111)
and (211) orientations were purchased from Surface
preparation laboratory, The Netherlands. Electro-
polished samples were cleaned during repeated (3—10)
in-situ heating (7'= 920 K) and ion-beam etching (1 keV
Ar' ions, Ji,,=10 pA/cm?) cycles. The crystallography
and chemistry of the surfaces were controlled by low-
energy electron diffraction (LEED) and Auger spectro-
scopy (AES), respectively. STM constant-current
(CCM) and constant-height mode (CHM) measurements
were performed at RT and close to liquid helium (LHe)
temperature under ultra-high vacuum conditions (10 *—
10 Pa). dI/dU(U) spectra were measured at chosen
surface positions with a digital lock-in amplifier (Stan-
ford Research R830) . The STS measurement was per-
formed by bringing the tip into the required position,
where the feed-back loop was opened and the d7/dU(U)
spectra measured at a constant tip-surface distance.
Sharp and stable tungsten tips for STM and STS were
prepared by electronically controlled electro-chemical
etching in 2 mol dm* KOH. Bias voltages refer to the
sample voltage with respect to the tip. Due to a low
corrugation in some STM images, removal of the low-
frequency noise by means of a low-pass filter, flattening
and contrast enhancement were necessary to show up
features of interest. STS curves are shown as recorded.

RESULTS

In case of low-index single crystal copper surfaces,
STM images recorded at RT show atomic resolution on
clean and completely flat surfaces only. If present,
atomic steps are unstable and change their shapes during
subsequent scans. By cooling the specimen close to the
LHe temperature the surface is thermodinamically stabi-
lized and the resolution is accordingly improved. Con-
trary to the Cu(111) surfaces (Figures 1 and 2) the cor-
rugated Cu(211) surfaces show elongated atomic steps,
with periodic ridges and groves along the [0-11] direc-
tion of the exposed surface layer (Figure 3). Individual
copper atoms are often displaced from their equilibrium
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Figure 1. Low-magnification STM image of a Cu(111) sur-
face, recorded at 9 K. The line profile reveals single-atom
surface step, 0.21 nm high (CCM, 500 nm?, I, = 0.47 nA, U, =
100 mV, T=10 K).
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Figure 2. High-resolution STM image of an ideal Cu(111)
surface with a line-profile revealing the 0.25 nm periodicity
between individual Cu atoms (CCM, 6.3 nm?, I, = 2.6 nA, U, =
170 mV, T'=9 K).
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Figure 3. STM image of a Cu (211) corrugated surface, char-
acterized by (111) nanofacets with ridges and groves along the
[0-11] direction (38 nm?, CCM, I, = 0.7 nA, U, = 805 mV, T'=
7 K). Single Cu atoms, displaced from their equilibrium posi-
tions in the topmost atom chains can be seen in the inset.

positions in the uppermost copper chains, as shown in
the inset of Figure 3. These are probably a result of ion
etching and insufficient annealing during the cleaning
procedure. In addition to atomic resolution, the atomi-
cally flat Cu(111) surfaces often show at reduced tem-
peratures structures, formed of different adsorbates, CO
molecules adsorbed from residual gases (Figures 4a and
4b), agglomerates of adatoms at atomic steps, groups of
atomic vacancies, and electronic standing waves at
surface and subsurface point defects. The W tips used
were for two reasons on purpose intruded in a controlled
manner into the clean Cu surfaces. In this way the apex
of the tip was preconditioned until it was terminated by
a single Cu atom. Second, single Cu ad-atoms were
produced in this way on the substrate surface (Figure 5).

487

Single atoms can be distinguished from their agglome-
rates, as shown in the inset of Figure 5. While individual
atoms are always the smallest round shaped species,
doublets are unstable and appear slightly blurred due to
their permanent rotation,*” while triplets are considera-
bly larger. Individual Cu atoms produced in this way
can be manipulated at low tempe-ratures by the same
STM tip by precisely controlling the quantum mechani-
cal interactions. The constant height mode lateral mani-
pulation procedure involves exact positioning of the tip
over the adatom, reduction of the distance between the
tip and the adatom (resulting in stronger attractive
forces), displacement of the tip (and the adatom) along a
chosen path in a constant height mode, and finally re-
traction of the tip to the initial imaging height.*** An
example is shown in Figures 6a and 6b, where the "1JS"
initials and a “smiley” are shown. Electronic standing
waves of small amplitudes are clearly visible in Figure
6b. At a low bias voltage U, the constant current image
can be interpreted as an image of the LDOS at an ener-
gy eU, above the Fermi level (£f). For a simple free
electron like surface state, standing waves with a wave
vector 2k can be observed (Figure 7a). Since the STM
is sensitive to the square of the wavefunction y the
wavelength of the wave vector appears half shorter. The
wave vector kp is extracted from the 2D Fourier-
transform of the corresponding STM image (Figure 7b).
A wavelenght /¢ of 1.4 nm was measured for the surface
state electrons at Er, which is in accord with previously
published data.*’

STS measurements were performed on clean Cu
(111) surfaces as well as on individual Cu adatoms. In
Figure 8 a high-resolution STM image of an individual
Cu atom on a Cu(111) surface is shown with two series
of STS spectra recorded at the indicated positions. The
spectra recorded on a clean and flat surface are in ac-

Figure 4. CO molecules on a Cu(111) surface. The molecules appear black in case of a clean Cu tip (a) (CCM, 62.5 nm?, 1, = 1.0
nA, U =211 mV, T=25 K) or white, if the tip is terminated by a CO molecule (b) (CCM, 75 nmz, L=1.1nA, U=211mV, T=

25 K).
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Figure 5. Low-temperature STM image of a Cu(111) surface
acquired after a W tip was dipped into it. Scattered individual
Cu adatoms around the crash site can be seen in the inset.
(CCM, 160 nm?, I, = 0.30 nA, U, = 96 mV , T=9 K, inset 30
nm?).

cord with some recent measurements and show a clear
depletion in the LDOS spectra at about 450 mV below
the Fermi energy (Ef), which was interpreted as the
band edge of the copper surface state.* In case the meas-
urements are performed in a wider range, i.e. between
-3 V and +3 V, more such depletions are clearly de-
tected at different energies. It was shown previously that
the width 4 of the onset in Figure 7 is directly related to
the lifetime of the holes at the surface state band-edge.*’
The measured width 4 of 37 mV and the calculated
lifetime 7 of 22 fs are in good agreement with previous
measurements.*® The spectra recorded on isolated
copper adatom exhibit a clear peak at 490 mV below Ef
with a full-width at half-maximum (FWHM) of 150
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mV, which shows the presence of an adatom induced
localization of the surface state.*’

In addition to spectra measured on the Cu(111)
surface and on the individual Cu adatom STS was also
performed along the 15 points marked in the inset of
Figure 9. The characteristic resonance peak in the spec-
tra vanishes rapidly in a continuous manner with the
increasing distance from the Cu adatom. At about 2.5
nm from the adatom only the characteristic edge of the
Cu(111) surface states is detected.

DISCUSSION

Contrary to all other up-to-date microscopic methods,
including high-resolution transmission electron micro-
scopy, various scanning probe microscopies represents
the only methods able to reveal single atoms and mole-
cules in real space and real time. Stability and mobility
of the surface Cu atoms are strongly influenced by the
tip-sample interaction. While the tunneling currents
used in STM and STS experiments are as low as nA and
below, they are spatially limited to areas of the order of
single atoms, which results in huge current densities.
The imaging resolution is also limited by thermal vibra-
tions and mechanical drifts, caused by temperature gra-
dients. To improve the spatial and energy resolution the
experiments are to be performed at temperatures as low
as possible. Close to the LHe temperature STM clearly
reveals in addition to the periodic surface structure a
variety of adsorbates, impurities, point defects and re-
lated phenomena, like electronic standing waves. If the
experiments are performed in an extremely clean en-
vironment and at sufficient low temperatures, the men-
tioned structural imperfections are routinely detected.

(b)

Figure 6. Initials "1JS" (a) (CCM, 15 x 9 nm, /;= 0.8 nA, U;= 96 mV , T=9 K) and "smiley" (b) (CCM, 11 nm? I, = 0.8 nA, U, =
96 mV , T'=9 K) formed of manipulated individual Cu adatoms on a Cu(111) surface.
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Figure 7. (a) Constant current image of a Cu(111) surface with point defects and low amplitude standing electron waves with a
wave vector 2kg (CCM, 37 x 37 nm, [, = 1.5 nA, U; =50 mV , T'=9 K). (b) The power spectrum of the 2D Fourier transform of

(a) provides a direct image of the Fermi contour.

The different modes of STM operation and the varia-
bility of the parameters used, make a few local spectro-
scopies possible. The STS spectra, based on the depend-
ence of the tunneling current on the gap voltage at a
constant tip-surface separation, show an excellent re-
producibility, which can be followed into the finest
details of the spectra recorded. However, there is also a
disadvantage, which makes these measurements tedious.
These spectra depend on both, the shape and the chemi-
stry of the particular tip used and the wave functions
involved. Unfortunately, the actual shape of the tip is
not known on an atomic scale. Thus, certain precautions

/9 Cud Cu(111)

dr/av
5
1

800 -600 -400 -200 O 200 400
Bias / mV

Figure 8. Two series of differential conductance spectra d/ /
dV, measured on a clean Cu(111) surface (blue) and on an
isolated Cu adatom on Cu(111) surface (red). The circles in
the inset mark the respective tip positions during the meas-
urements. The width 4 of the onset is directly related to the
lifetime of the electronic states.

are to be undertaken before unknown spectra are meas-
ured. In the present case, the tip was repeatedly in-
truded into the Cu surface in a controlled way, until the
STS spectra measured on the Cu(111) surface verifies
characteristic features such as the surface state band
edge and no sharp peaks around zero bias.”” That was
the only assurance that the apex of the tip was covered
by Cu atoms and approximately round-shaped. Only
with such a tip measurements on single Cu adatoms
were undertaken. The measured spectra show a charac-
teristic small peak at about 50 mV below the deep edge
at =450 mV, attributed to the Cu(111) surface states.
This peak vanishes rapidly with distance and is com-
pletely lost at about 2.5 nm from the centre of the ad-

d7/dv

T T T T T
-600 -400 -200 0 200 400
Bias / mV

Figure 9. Differential conductance spectra d/ / dV, measured
on the 15 marked points, displaced by 0.2 nm. With increasing
lateral tip displacement from the adatom the localization peak
at —490 mV rapidly decays in intensity and the copper surface
state band edge at a sample bias at —-440 mV evolves.

Croat. Chem. Acta 82 (2009) 485-491
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atom. The surface-state lifetime in combination with the
velocity determines the mean free path of the surface-
state electrons and hence the effective excitation range.
An advantage of measuring lifetimes with STM is the
ability to verify surface quality before taking spectro-
scopy measurements and thus avoid effects from differ-
ent defects. The lifetime 7 for the states at the surface-
state band edge on Cu(111) was measured to be 22 fs.

The described experiments represent a clear proof
that STM and STS are two related methods, sufficiently
accurate and sensitive to allow microscopic and spec-
troscopic measurements on an atomic scale and below.
It is expected that characteristic spectra, measured on a
variety of surface species, will gain importance in future
nanotechnological processes and will enable identifi-
cation of individual species, important for the local
surface properties.

CONCLUSIONS

The quality of the STM images and the STS spectra
depend largely on the shape of the tip. While STM re-
quires as sharp as possible tips, best STS measurements
are performed with slightly blunt tips, which show less
sharp peaks in tip DOS and ensure a better reproduci-
bility of the spectra measured.

Cu(111) and (211) single crystal surfaces are unst-
able during scanning at room temperature. Reduced
temperatures reduce thermal vibrations and largely
improve the STM resolution.

Single crystal Cu(111) surfaces, recorded at LHe
temperature and under UHV conditions, are characte-
rized by impurities, adsorbed CO molecules, and elec-
tronic standing waves localized at surface and sub-
surface point defects. The wavelenght Ar of the surface
state electrons at £r was measured to be 1.4 nm.

Cu(211) single crystal surfaces reveal irregular
atomic steps, elongated along the periodic surface ridges
and groves and often reveal single Cu atoms, displaced
from their equilibrium positions in the uppermost Cu
chains.

STS performed on a clean and flat Cu(111) sur-
face reveals a large depletion in LDOS at 450 mV be-
low Eg, which is attributed in accord with literature to
the edge of the electronic surface state band structure.
The lifetime 7 for the holes at the surface state band-
edge was measured to be 22 fs.

STS of single Cu adatoms reveals a characteristic
peak in LDOS some 50 mV below the edge of the sur-
face electronic states with a FWHM of 150 mV, attri-
buted to localization of the Cu(111) surface state. The

Croat. Chem. Acta 82 (2009) 485-491
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peak vanishes rapidly with the distance from the ad-
atom.
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SAZETAK

Niskotemperaturna pretrazna tuneliraju¢a mikroskopija
i spektroskopija ploha plemenitih kovina

Erik Zupani¢,* Rok Zitko,” Herman J. P. van Midden,” Igor Mikugevi¢*” i Albert

Prodan®

“Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
°F aculty of Mathematics and Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia

Niskotemperaturnom pretraznom tuneliraju¢om mikroskopijom (STM) i spektroskopijom (STS) istrazivane su
plohe monokristala bakra malih indeksa. Mjerenja su izvedena u uvjetima vrlo visokog vakuuma pri sobnoj tem-
peraturi i blizu temperature tekuceg helija. Na niskim su temperaturama znatno smanjene termicke smetnje, te je
ostvarena bolja mehanicka stabilnost STM slike, odnosno poboljSana su spekroskopska mjerenja uz povecanje
energijskog razlucivanja od meV prema peV. Plohe masivnih monokristala bakra malih indeksa su nestabilne na
sobnoj temperaturi i pokazuju slabo razluéivanje na atomskoj ljestvici. U svrhu smanjenja termickog titranja i
poboljsanja razlu€ivanja na atomskoj ljestvici, takve se plohe moraju hladiti na temperature blizu onima tekuceg
helija. Na tim je temperaturama moguce proucavati pojedine povrsinske defekte, adsorbense i stojne valove elek-
trona. Uz to je, pomo¢u STM moguée micati dodatne pojedinacne atome, stvarati zeljene nanostrukture i analizira-
ti ih pomoc¢u STS. Mjerenjem vrijednosti d//dU(U), koja je razmjerna lokalnoj gusto¢i stanja, mogu se dobiti

spektroskopijske informacije visokog prostornog razlucivanja.
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