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Shuai-Hua Ji,"? Tong Zhang,1'2 Ying-Shuang Fu,"? Xi Chen,? Jin-Feng Jia,? Qi-Kun Xue,"?

and Xu-Cun Ma'?

Unstitute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
2Departmenl of Physics, Tsinghua University, Beijing 100084, People’s Republic of China

(Received 4 December 2009; accepted 24 January 2010; published online 18 February 2010)

Elemental identification at single atom level has been achieved with a low temperature scanning
tunneling microscope. Magnetic atoms (Mn or Cr) adsorbed on a superconducting Pb substrate
induce a set of well-defined resonance states inside the superconductor gap in scanning tunneling
spectroscopy. We show that these localized characteristic bound states could serve as fingerprint
for chemical identification of the corresponding atoms, similar to atomic/molecular spectra widely
used in optical spectrometry. The experiment demonstrates a technique for element-resolved
spectroscopy with simultaneous atomic-level spatial resolution. The influence of magnetic impurity
concentration on the bound states has also been investigated. © 2010 American Institute of Physics.

[doi:10.1063/1.3318404]

Elemental identification at single atomic/molecular
level'™ is one of the ultimate goals in developing various
microscopic techniques including scanning tunneling micros-
copy (STM). STM can resolve surface structure with real-
space atomic resolution but cannot directly offer the chemi-
cal identity of an atom or molecule without additional inputs
from scanning tunneling spectroscopy (STS). A major
breakthrough in this field is the development of inelastic
electron tunneling spectroscopy,1 by which one can simulta-
neously image and identify a single molecule on a surface
through measurement of the vibrational excitation of chemi-
cal bonds in the molecule. However, similar capability re-
mains to be developed for obtaining explicit “fingerprint” of
single atoms.

The obstacle to elemental identification of an atom by
STM lies in the fact that chemical sensitivity could not be
readily reached by the primitive electronic structure mea-
surement, which covers only a few electron volt in energy
around the Fermi level. Upon adsorption, the outermost s or
p electrons of an atom are highly hybridized with the con-
duction band of the substrate. The resulting electronic struc-
ture, which can be probed by STS when the STM tip is
above the adsorbed atom, is more or less featureless and
provides no chemical identification capability. The less hy-
bridized d or f orbitals of a metal atom, which carry element
specific information, are either too localized or too far below
the Fermi level to be resolved in STS. These difficulties lead
us to consider another degree of freedom of an atom, i.e., the
spin of electrons.

In this letter, we report on STM identification of indi-
vidual transition metal (Mn and Cr) atoms adsorbed on the
surface of superconducting Pb films by using their character-
istic resonance states induced by the coupling between the
localized spin and the superconducting electrons.®™ The low
energy bound states induced by single Mn or Cr atoms have
been reported in a previous study.10 Here we shows that these
spatially well-localized bound states can be used as the fin-
gerprints to spectroscopically identify single atoms.
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Our experiments were conducted with a Unisoku UHV
He3-STM system with the base pressure of 1 X 107'* Torr.
The energy resolution of STS in this system is better than 0.1
meV.'" Pb (99.999%) was deposited on the clean Si(111)-7
X7 reconstruction surface at room temperature with addi-
tional annealing for 30 min at the same temperature to form
uniform Pb film. In this study, we used the 20 ML film as the
substrate. The thickness was determined by the characteristic
quantum well states.'' ™" The superconducting gap Ag,mpie Of
the film is 1.30 meV compared with 1.55 meV for bulk Pb.
Mn (99.98%) or Cr (99.999%) atoms were deposited on the
Pb substrate at a temperature of 30 K. To enhance the sensi-
tivity and signal-to-noise ratio of STS, a superconducting Nb
tip with a gap of Ay,=1.52 meV was used. Therefore, the
differential conduction dI/dV is the convolution of two BCS-
type density of states. In the experiments, dI/dV was mea-
sured by lock-in technique with a modulation voltage of 0.05
mV at 1.991 KHz.

Figures 1(a) and 1(b) show the topographic image of a
single Mn atom on the Pb film and the differential conduc-
tance dI/dV measured at various locations. The electronlike
and holelike bound states are clearly resolved.'” With in-
creasing distance from the atom, the bound states fade away
rapidly. After numerical deconvolution of each curve in Fig.
1(b) to remove the density of states of the tip, we obtained
the spatial distribution [Fig. 1(c)] of the bound states as a
function of the distance to the center of Mn atom. The bound
states are highly localized around the Mn atom. Similar be-
havior has been observed for Cr atoms deposited on Pb,
whose bound states appear at different energies than those
of Mn.

The element-dependent localized bound states offer an
opportunity to identify the species of single atoms by STM.
To demonstrate this, we simultaneously deposited Mn and Cr
atoms on the Pb film. The adsorbed Mn and Cr atoms dis-
tribute randomly on the surface, as shown in the STM image
in Fig. 2(a) and the schematic in Fig. 2(b). In the usual
constant-current topographic image, the seven atoms in Fig.
2(a) exhibit similar contrast and are not distinguishable.
When the spatial distribution of dI/dV at fixed bias of 1.77
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FIG. 1. (Color online) (a) STM image (2.5X2.5 nm?) of an Mn atom
showing eight points where the dI/dV spectra in (b) were recorded. Tunnel-
ing conditions: V=20 mV and /=0.1 nA. (b) Normalized dI/dV spectra at
eight different locations around the Mn atom. Tunneling conditions: V
=10 mV and I=0.2 nA. The curves were offset for clarity. (c) The intensity
of each component of the bound states as a function of the distance from the
atom. The intensities were obtained by the numerical deconvolution of
dl/dV curves in (b).

mV (corresponding to one of the electronlike bound state
induced by Mn) and —2.39 mV (corresponding to one of the
holelike bound state induced by Cr) were recorded, respec-
tively, for the same area as in Fig. 2(a), the locations of the
Mn atoms [Fig. 2(c)] and those of the Cr atoms [Fig. 2(e)]
were clearly revealed. The spatial extent of the gap states
appears to be as narrow as the constant-current atomic im-
ages. We further note that the spectra from the same type of
atom are very reproducible [see the different curves in Fig.
2(d) for Mn, and those in Fig. 2(f) for Cr], suggesting that
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FIG. 2. (Color online) (a) Topographic image of an area with codeposited
Mn and Cr atoms at a total coverage of 0.001 ML on the Pb film. The seven
atoms were seen as round protrusions. Imaging conditions: 2.0 V bias and
0.1 nA tunneling current. (b) The schematic of (a). (c) dI/dV mapping of the
same area as in (a). It was acquired with 1.77 mV bias voltage which is the
position of one of the electronlike bound states for Mn atoms. The mapping
exclusively shows the locations of Mn out of the seven atoms. (d) dI/dV
spectra obtained on atom 1, 2, 4, and 7. (e) dI/dV mapping acquired with
2.10 mV bias voltage which is the position of one of the holelike bound
states of Cr atoms. Only Cr atoms show up in the mapping. (f) dI/dV
spectra obtained on atom 3, 5, and 6. The curves in [(d) and (f)] were offset
vertically for clear display. The open circles in [(c) and (e)] indicate the
positions of the invisible Cr or Mn atoms in each mapping.
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FIG. 3. (Color online) [(a)-(c)] Topographic images of Pb film surface with
different Mn impurity density. [(d)—(f)] The corresponding dI/dV spectra on
the top of Mn atoms (red curves) and the Pb film (blue curves). [(g)—(i)] The
normalized dI/dV after removing the tip effect on the spectra. The red
curves are on the top of Mn atoms and the blue curves on the Pb film.

these bound states and their unique energies are indeed the
fingerprint of a magnetic atom, in a similar way as the vibra-
tional frequencies which are intrinsic to a molecule.'

In the above approach, the capability of STS to resolve
elements depends on both the energy resolution of the
instrument and the peak width of the bound states. Usually,
the peak width is much less than the typical separation
(~0.1 meV) between two bound states. Thus different
bound states can be clearly resolved by STS. However, if the
coverage of magnetic atoms is increased, the bound states of
different atoms will sopatially overlap and eventually form the
impurity bands.”'*"*" Therefore, at higher coverage the STS
loses the capability to identify the species of individual at-
oms by the spin-induced bound states in superconducting
gap. Figures 3(a)-3(c) show the STM images obtained on the
Pb film surface covered with different densities of Mn atoms.
While most adsorbates in Fig. 3(a) (~0.000 82 ML cover-
age) and Fig. 3(b) (0.0026 ML) remain as single atoms; clus-
ters of different sizes are formed when the Mn coverage
increases to 0.014 ML [Fig. 3(c)]. The dI/dV spectra in Figs.
3(d)-3(f) are the tunneling conductance at different coverage
measured with a Nb tip at 0.4 K. The density of states of the
surface was extracted from the spectra by numerical decon-
volution as shown in Figs. 3(g)-3(i). The bound states de-
velop into impurity bands with increasing coverage. At the
same time the coherence peaks (also the superconductivity
order parameter) are greatly reduced at high density of mag-
netic impurities. As a result, the capability of chemical iden-
tification by STS is attenuated.

In summary, both elemental identification and atomic
resolution are achieved simultaneously in this study. In addi-
tion to its high sensitivity, this element-resolved single atom
spectroscopy can be applied to various elements, ranging
from transition metals to rare earths. The substrate is not
necessarily to be Pb as long as the local magnetic moment of
the atom is not quenched and can create bound states in the
superconducting gap. Furthermore, a superconductor may in-
duce pairing correlations in a normal metal due to the prox-
imity effect. Therefore, the element-resolved spectroscopy
can be extended to the surface of normal metal films grown
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on a superconductor in order to study coordination chemistry
at the single molecular level.”!
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