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a phase change also in the sample wave function, as shown
schematically in Fig. 3(b). With this argument, we can
understand the local maxima measured at the position of
the orbital nodal planes [Fig. 2(b)].

In Fig. 3(c), we examine the tip position above the
crossing of two nodal planes. In this case, the orbital
locally exhibits ! character and opposing orbital lobes
show no phase change. The phase change in the tip px;y

waves across these lobes then gives rise to vanishing
tunneling matrix elements and currents. With this third
argument we can now understand the contrast of the
HOMO [Fig. 2(a)] showing depressions at the crossings
of nodal planes. It is interesting to note that a dxy tip state
would lead to a maximum in this case and to minima in
both the previous cases.

Differences between experimental images using a CO
tip [Figs. 2(a) and 2(b)] and calculated images using a
p-wave tip [Figs. 2(e) and 2(f)] mainly show up above
the ends of the molecule, at the positions of the outer lobes
of the LUMO and HOMO, where only the calculations
exhibit local minima. Contributions from other tip states,
for example, from the pz-wave character 5" orbital of CO,
cannot be ruled out [17] and can enhance tunneling at the
ends of the molecule. Note that a pz-wave tip, due to the
absence of nodal planes perpendicular to the surface, will
generate contrast that is qualitatively similar to that of an
s-wave tip [25]. We have taken s-wave tip contributions
into account by calculating images from a simple super-
position of the s-wave and p-wave tips defined by a mixed-
tip amplitude

Amixðx; yÞ ¼
Asðx; yÞ þ Apðx; yÞ

2
: (3)

The resulting images are displayed in Figs. 2(g) and 2(h).
For this mixed sp-wave tip, we obtain good qualitative
agreement with the experiment, reproducing, in particular,
the observed behavior at the ends of the molecule.

Note that for the pentacene molecule, the nodal planes
can be resolved using an s-wave tip and that a p-wave tip
gives no additional information. However, in the case of a
naphthalocyanine molecule adsorbed on the same sub-
strate, the nodal planes are closely spaced and are chal-
lenging to resolve using an s-wave tip [11] [Fig. 4(a)]. A
p-wave tip, such as the CO tip, enhances the contrast and
reveals additional information about the orbital structure
also in the central region, as demonstrated in both the
constant-current [Fig. 4(b)] and the constant-height images
[Fig. 4(c)].

Calculated images for an s-wave tip [Fig. 4(d)] show
qualitative agreement with the experimental data using a
Cu tip [Fig. 4(a)], whereas the images calculated for a
p-wave tip [Fig. 4(e)] show only partial agreement with
images observed using a CO tip [Fig. 4(b)]. For a more
direct comparison with our calculations, we measured
STM images in constant-height mode [Fig. 4(c)] using a

CO tip. Similarly to pentacene, we observe differences
between experimental CO-tip images [Figs. 4(b) and 4(c)]
and calculated p-wave tip images [Fig. 4(e)] above the
outer lobes of the molecular orbitals, where we see local
minima only in the calculations. Again we calculated
images for the mixed tip with Eq. (3), reproduced in
Fig. 4(f), which show excellent agreement with the
constant-height images measured with a CO tip [Fig. 4(c)].
By comparing the calculated s-wave and p-wave tip

images with the mixed-tip images, we find that the relative
contributions of s- and p-wave character not only depend
on the tip but also on the lateral tip position. On the one
hand, the relative p-wave contribution of a CO tip is
increased in regions where the lateral gradient of the orbital
becomes large, e.g., in the central part of the molecule
showing closely spaced nodal planes. On the other hand,
the influence of the s-wave tip is enhanced at outspread
maxima of the orbital, where the amplitude is large but the
gradient is small, e.g., above the outermost lobes of the
orbitals. For this reason, we abstain from any quantification
of the s- and p-wave contributions. However, from the
excellent agreement of the images calculated for the mixed
tip with the experimental data, we can conclude that

FIG. 4. Naphthalocyanine on NaCl(2 ML) on Cu(111) mea-
sured using a Cu tip (a) and a CO tip (b) in constant-current
mode, and with a CO tip in constant-height mode (c). The PIR
(1st row) is measured at V ¼ % 1:65 V and the NIR (2nd row) at
V ¼ 0:60 V. Calculated images at z0 ¼ 5:0 !A of the HOMO
(3rd row) and LUMO (4th row) with an s-wave tip (d), a p-wave
tip (e), and with a mixed tip (f). The molecule is oriented as
depicted in Fig. 1(b). All images: 27 !A & 27 !A.
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Individual pentacene and naphthalocyanine molecules adsorbed on a bilayer of NaCl grown on Cu(111)

were investigated by means of scanning tunneling microscopy using CO-functionalized tips. The images

of the frontier molecular orbitals show an increased lateral resolution compared with those of the bare tip

and reflect the modulus squared of the lateral gradient of the wave functions. The contrast is explained by

tunneling through the p-wave orbitals of the CO molecule. Comparison with calculations using a Tersoff-

Hamann approach, including s- and p-wave tip states, demonstrates the significant contribution of p-wave
tip states.

DOI: 10.1103/PhysRevLett.107.086101 PACS numbers: 68.37.Ef, 71.15.Mb, 73.20.Hb, 73.61.Ng

The role of the tip wave function in scanning tunneling
microscopy (STM) has been discussed in great detail in
several theoretical studies and is of fundamental impor-
tance for the interpretation of STM images [1,2]. It was
shown early on by Tersoff and Hamann [1] that for s-wave
tip states, STM images approximately resemble the local
density of states, which is given by the modulus squared of
sample wave functions evaluated at the Fermi energy. In
contrast, for p-wave tip states, STM images are expected to
show spatial derivatives of the sample wave functions, as
pointed out by Chen in his derivative rule [2–4].

The character of tip states could in principle be modified
by functionalizing the tip by picking up single atoms and
molecules. Several groups have shown that a tip termina-
tion using either metal atoms, CO,H2 or organic molecules
leads to an enhanced resolution of STM images compared
to the bare tip [5–16]. In particular, the lobes of frontier
molecular orbitals of planar organic molecules could be
resolved with increased resolution using pentacene-
terminated tips [9–11]. In the latter case the increased
resolution is explained by a decrease of the effective tip-
sample distance compared with bare tips [9]. CO-
terminated tips could give rise to tunneling through the
2!! orbitals of CO and exhibit p-wave character [17].
However, to date no p-wave contributions have been iden-
tified in any images recorded using CO tips or any other
functionalized tips.

By imaging molecular orbitals with a CO-functionalized
tip at 5 K, we demonstrate in this Letter that the STM
images represent the lateral gradient of the wave function,
in agreement with Chen’s derivative rule. A comparison
with theory corroborates the significant contribution of
p-wave tip states. A key finding with wide ramifications
for the imaging of individual molecules is the observation
that orbitals with closely spaced nodal planes can be
imaged with high contrast because of a large lateral gra-
dient of the wave function.

As model systems we investigated pentacene and naph-
thalocyanine. For each model system, the structure, highest

occupied molecular orbital (HOMO), and lowest unoccu-
pied molecular orbital (LUMO) are shown schematically
in Fig. 1. To decouple the molecules electronically from
the substrate and to suppress direct tunneling into the metal
substrate, we used a two-monolayer (ML) thick NaCl film
deposited on Cu(111). As shown by Repp et al. [9], two
distinct molecular resonances are observable for pentacene
on NaClð2 MLÞ=Cu ð111Þ in the dI=dV spectra, centered at
V ¼ % 2:4 V and at V ¼ 1:7 V, corresponding to the posi-
tive ion resonance (PIR) and negative ion resonance (NIR),
respectively. At these voltages, electrons predominantly
tunnel through the HOMO and through the LUMO, re-
spectively, and STM images acquired at these voltages
resemble the shape of their orbital densities when using
s-wave tips [9]. We created a Cu tip, i.e., an s-wave tip, by
bringing a PtIr tip, cut by focused ion beam, into controlled
contact with the Cu(111) surface. Finally, to create a CO
tip, a single CO molecule was picked up as described
previously [5,18]. Compared with images obtained with
s-wave tips, the orbital images change drastically when
using a CO tip as shown in Figs. 2(a) and 2(b).
Calculated constant-height images of the HOMO and

LUMO using the Tersoff-Hamann [1] approach with an

FIG. 1 (color online). Structure model and molecular
frontier orbitals HOMO and LUMO of (a) pentacene and
(b) naphthalocyanine. The colors of the atoms correspond to
carbon (gray), hydrogen (white) and nitrogen (blue [medium-
light gray]). Images were calculated with ArgusLab [31].
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10 Other Instrumental Approaches for Vibrational Spectroscopy

wavelength of the tunneling electron relative to an IR or
Raman photon.

The first focused experimental study of selection
preferences was the high resolution tunneling study of
anthracene in Al-Al2O3-Pb junctions.61 Anthracene has
66 fundamentals and 37 of these were observed in the
IETS below 1600 cm!1. The normal mode analysis for
anthracene gives 12A1g C 5A1u C 11B1g C 6B1u C 4B2g C
11B2u C 6B3g C 11B3u modes. Of these, 33 are Raman
active (A1g, B1g, B2g, B3g), 28 are IR active (B1, B2u, B3u),
and 5 are optically inactive out of plane motions (A1u).
Kirtley and Hansma61 concluded that band positions in
IETS are in good agreement with Raman and IR, and that
Raman and IR active modes appear with roughly the same
intensity, no conclusions could be drawn about orientation
selection rules, and anthracene’s optically inactive modes
have very small intensity.

Hall and Hansma55 measured and assigned the IETS
spectra of methanesulfonate (CH3SO3

!) and trifluoro-
methanesulfonate. Assuming C3v symmetry for the ad-
sorbed CH3SO3

!, 0vib D 5A1 C A2 C 6E. Both A1 and E
modes are IR and Raman active while the A2 mode is
optically inactive (forbidden). The A2 mode could not be
observed since it occurs below the spectral window used
in the reported study. All the other fundamentals were
observed. The tunneling intensities were not a simple lin-
ear combination of IR and Raman spectra. The authors say,
“In fact, no measured tunneling intensities have ever been
reproduced as a simple linear combination of infrared and
Raman intensities.”

A graphical comparison of the results obtained from IR,
Raman, and IETS studies of the same species is shown in
Figure 9. IETS, Raman, and Fourier transform infrared (FT-
IR) of the pentacyanopropenide ion (PCP!) all compare
favorably in terms of peak positions but have significantly
different intensity distributions.57 PCP! has C2v symmetry
and is shown as an insert in Figure 9. The IETS has a
similar number of bands to that of the Raman, but the IETS
bands are more uniform in intensity. The IR spectrum, on
the other hand, has fewer strong bands than the tunneling
spectrum. The line widths in IETS taken at 4 K are very
similar to those in the IR, and broader than the Raman lines.
When narrower lines are needed, a reduction in line width
(by about a factor of 2) of the IETS bands can often be
achieved by simply attaching a mechanical vacuum pump
to the helium dewar and using the heat of vaporization of
the helium to cool it to below 2 K.

Another point to note in Figure 9 is the strong broad
feature near 900 cm!1 in the tunneling spectrum. This
band is due to Al–O motion in the oxide barrier and is
present in every tunneling spectrum obtained from an Al-
Al2O3-M0 tunnel diode. It is especially prominent in this
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Figure 9. (a) IETS, (b) Raman (powder), and (c) IR (in KBr)
spectra obtained from the cesium salt of pentacyanopropenide,
CsPCP. [Reproduced by permission of the American Chemical
Society from K.W. Hipps and U. Mazur, J. Phys. Chem., 97 , 7803
(1993).]

particular spectrum because the PCP! tunneling spectrum
is a weak one.

The tricyanomethanide ion, C(CN)3
!, is a planar D3h

symmetry ion that behaves chemically like a halide. The
vibrational analysis gives, 0vib D 2A0

1 C A0
2 C 4E0 C 2A00

2 C
E00. Of these, the A0

1 and E00 modes are only Raman active,
the E0 modes are both IR and Raman active, the A00

2 modes
are IR active only, and the A0

2 mode is inactive in both IR
and Raman.22 Since the inactive mode is a bending motion,
it is expected to occur in the region below 800 cm!1. This
region of the IR, Raman, and tunneling spectrum is shown
in Figure 10.22 Note that the low frequency A00

2 mode is
observed in the tunneling spectrum. This band could be
seen because the superconductivity of the Pb electrode was
quenched by a static magnetic field providing an appropriate
“window”.

In Figure 10 the IETS lines are clearly broader than the
IR or Raman bands, but this is an instrumental artifact.
The IETS spectrum was recorded at 4.2 K and 2 mV (rms)
modulation. The line width is therefore almost completely
determined by the modulation voltage (equation 7). The
assignments in Figure 10 were made based upon data
acquired by all three spectroscopic methods. Moreover,
the peak positions from three different isotopomers (the



Isotope effect 
B.C. Stipe, M.A. Rezaei, and W. Ho, Science 280, 1732 (1998). 
 
56 x 56 Å2 STM image and STM-IETS spectra of acetylene isotopes on 
Cu(001), 8 K. 



and spin-polarized tunneling (16). We demon-
strate a technique for measuring the spin
excitation spectra of individual atoms adsorbed
on a surface using inelastic electron tunneling
spectroscopy (IETS) with a STM. Combined
with the STM_s capability to fabricate, image,
and modify atomically precise structures, this
technique provides a powerful new tool for
studying and engineering the local magnetic
properties of nanometer-scale systems.

IETS measures excitation energies, such as
vibrational energies, of atoms or molecules
within tunnel junctions (17, 18). Above a
threshold voltage, electrons are able to transfer
energy to these excitations during the tunneling
process. This additional tunneling channel
results in an upward step in conductance at
the threshold voltage. For the measurements
reported here, tunneling electrons lose energy
to spin-flip excitations of singleMn atoms. The
signature of Zeeman splitting in spin-flip IETS
is a step up in conductance at an energy
proportional to the applied magnetic field.

We used a home-built, ultrahigh-vacuum
STM that reaches a base temperature of 0.6 K
by means of a single-shot pumped 3He
refrigerator. The STM is vibrationally isolated
and at the same time thermally coupled to the
3He liquid by suspending the STM chamber
directly above the liquid. We liquefied the
3He using the Joule-Thomson effect, obviat-
ing the need for a pumped 4He reservoir.
Magnetic fields up to B 0 7 T were applied in
the plane of the sample. NiAl(110) samples
were prepared in vacuum by repeated sputter/
anneal cycles. Samples were then exposed to
È10 Langmuir of O2 at È500 K and further
annealed at 1200 K. This resulted in the
growth of patches of Al2O3 two layers thick
(0.5 nm) interspersed with regions of bare
NiAl (19). Samples were then transferred into
the STM, and Mn atoms were subsequently
evaporated onto the cold surface. Mn has
partially filled d-orbitals, and the free atom
has a total spin of S 0 5/2. The differential
conductance, dI/dV, was measured using lock-
in detection of the tunnel current I by adding a
50-6V root mean square modulation at 829
Hz to the sample bias voltage V.

A topograph of the partially oxidized NiAl
surface (Fig. 1A) shows that the bare metal
and the Al2O3 oxide regions are atomically
flat. Contrast on the metal is caused by
standing waves in surface-state electrons
(20). The oxide has a nearly rectangular unit
cell 1.06 nm by 1.79 nm, which yields a
complex but nearly periodic pattern in the
STM topograph (21). The cold sample was
subsequently dosed with a small amount of
Mn, and the same area was imaged again (Fig.
1B). Single Mn atoms are seen as protrusions
with an apparent height of 0.13 nm on the bare
metal surface and 0.16 nm on the oxide. The
density of Mn atoms on the oxide is signifi-
cantly smaller than on the metal, presumably

due to a lower sticking probability and motion
along the oxide surface during adsorption (22).

The upper set of spectra in Fig. 1C shows
the marked magnetic-field dependence of the
conductance when the tip is positioned over a
Mn atom on the oxide. At B 0 7 T, the con-
ductance is reduced near zero bias, with sym-
metric steps up to a È20% higher conductance
at an energy of k%k È 0.8 meV. These con-
ductance steps are absent at B 0 0. Further-

more, no conductance steps are observed when
the tip is positioned over the bare oxide surface,
over the bare metal surface, or over a Mn atom
on the metal surface (Fig. 1, C and D). We
verified that these conductance spectra are
characteristic for single Mn atoms on oxide
terraces and on bare NiAl(110) by measuring
many Mn atoms with different atomic arrange-
ments at the STM tip apex. The spatial extent
of the conductance step can be visualized by
measuring dI/dV while imaging the Mn atom
(Fig. 1, E and F). We find that the dI/dV signal
is localized to an area 1 nm in diameter,
comparable to the atom_s apparent lateral
extent in the corresponding STM topograph.

The characteristic signature of spin-flip
IETS is a step up in the differential conduct-
ance dI/dV at a bias voltage corresponding to
the Zeeman energy % 0 g6BB, where 6B 0
57.9 6eV/T is the Bohr magneton and g 0
2.0023 for a free electron. Figure 2A shows
that the conductance step shifts to higher
energy with increased field. Broadening of this
step is due mainly to the effect of temperature,
with contributions from the ac voltage modu-
lation, spin lifetime, and instrumental noise.
The thermal broadening of tip and sample
densities of states can be calculated by twice
convolving an intrinsically sharp step with the
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Fig. 1. Comparison of Mn atoms on oxide and
on metal. (A) STM constant-current topograph
of a NiAl (110) surface partially covered with
Al2O3 (upper right). Image: 20 nm by 10 nm; V 0
100 mV, I 0 50 pA. (B) Same area after dosing
with Mn. (C) Conductance spectra at T 0 0.6 K
on the Mn atom on oxide (upper curves)
measured at B 0 7 T (black) and B 0 0 T
(red). The lower curves (shifted for clarity)
were measured over the bare oxide surface.
(D) Conductance spectra on a Mn atom on
NiAl (upper curves) and on the bare NiAl
surface (lower curves). All spectra in (C) and
(D) were acquired with a nominal conductance
of 10 nA/V (I 0 50 pA at V 0 5 mV) and
normalized to unity for kV k 9 2 mV to em-
phasize differences in low-bias features. (E)
Topograph of the Mn atom on oxide. Image:
2.8 nm by 2.8 nm; B 0 7 T, T 0 0.6 K, V 0 2 mV,
I 0 20 pA, VAC 0 0.5 mVrms. (F) Spatial map of
dI/dV acquired concurrently; an increased
signal (light area) maps the spatial extent of
the spin-flip conductance step.
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Fig. 2. Shift of the spin-flip conductance step
with magnetic field. (A) Conductance spectra
(points) for an isolated Mn atom on oxide at
different magnetic fields. Solid lines show fits to
the temperature-broadened step model (see
text). The data fit well to a step height of
20.5% for all fits except the highest field, where
a slight tip modification changed the step
height to 21.5%. The effective temperature in
all curves was T 0 0.85 K. All spectra were
acquired with a nominal conductance of 10 nA/
V (I 0 50 pA at V 0 5 mV) and normalized to
unity for large kV k (see text). (B) Magnetic field
dependence of the Zeeman energy %. Black
points are extracted from the fits in (A), and red
points were taken on a Mn atom near the edge
of an oxide patch. Linear fits (black and red
lines) constrained to % 0 0 at B 0 0 yield g
values of 1.88 and 2.01, respectively.
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and spin-polarized tunneling (16). We demon-
strate a technique for measuring the spin
excitation spectra of individual atoms adsorbed
on a surface using inelastic electron tunneling
spectroscopy (IETS) with a STM. Combined
with the STM_s capability to fabricate, image,
and modify atomically precise structures, this
technique provides a powerful new tool for
studying and engineering the local magnetic
properties of nanometer-scale systems.

IETS measures excitation energies, such as
vibrational energies, of atoms or molecules
within tunnel junctions (17, 18). Above a
threshold voltage, electrons are able to transfer
energy to these excitations during the tunneling
process. This additional tunneling channel
results in an upward step in conductance at
the threshold voltage. For the measurements
reported here, tunneling electrons lose energy
to spin-flip excitations of singleMn atoms. The
signature of Zeeman splitting in spin-flip IETS
is a step up in conductance at an energy
proportional to the applied magnetic field.

We used a home-built, ultrahigh-vacuum
STM that reaches a base temperature of 0.6 K
by means of a single-shot pumped 3He
refrigerator. The STM is vibrationally isolated
and at the same time thermally coupled to the
3He liquid by suspending the STM chamber
directly above the liquid. We liquefied the
3He using the Joule-Thomson effect, obviat-
ing the need for a pumped 4He reservoir.
Magnetic fields up to B 0 7 T were applied in
the plane of the sample. NiAl(110) samples
were prepared in vacuum by repeated sputter/
anneal cycles. Samples were then exposed to
È10 Langmuir of O2 at È500 K and further
annealed at 1200 K. This resulted in the
growth of patches of Al2O3 two layers thick
(0.5 nm) interspersed with regions of bare
NiAl (19). Samples were then transferred into
the STM, and Mn atoms were subsequently
evaporated onto the cold surface. Mn has
partially filled d-orbitals, and the free atom
has a total spin of S 0 5/2. The differential
conductance, dI/dV, was measured using lock-
in detection of the tunnel current I by adding a
50-6V root mean square modulation at 829
Hz to the sample bias voltage V.

A topograph of the partially oxidized NiAl
surface (Fig. 1A) shows that the bare metal
and the Al2O3 oxide regions are atomically
flat. Contrast on the metal is caused by
standing waves in surface-state electrons
(20). The oxide has a nearly rectangular unit
cell 1.06 nm by 1.79 nm, which yields a
complex but nearly periodic pattern in the
STM topograph (21). The cold sample was
subsequently dosed with a small amount of
Mn, and the same area was imaged again (Fig.
1B). Single Mn atoms are seen as protrusions
with an apparent height of 0.13 nm on the bare
metal surface and 0.16 nm on the oxide. The
density of Mn atoms on the oxide is signifi-
cantly smaller than on the metal, presumably

due to a lower sticking probability and motion
along the oxide surface during adsorption (22).

The upper set of spectra in Fig. 1C shows
the marked magnetic-field dependence of the
conductance when the tip is positioned over a
Mn atom on the oxide. At B 0 7 T, the con-
ductance is reduced near zero bias, with sym-
metric steps up to a È20% higher conductance
at an energy of k%k È 0.8 meV. These con-
ductance steps are absent at B 0 0. Further-

more, no conductance steps are observed when
the tip is positioned over the bare oxide surface,
over the bare metal surface, or over a Mn atom
on the metal surface (Fig. 1, C and D). We
verified that these conductance spectra are
characteristic for single Mn atoms on oxide
terraces and on bare NiAl(110) by measuring
many Mn atoms with different atomic arrange-
ments at the STM tip apex. The spatial extent
of the conductance step can be visualized by
measuring dI/dV while imaging the Mn atom
(Fig. 1, E and F). We find that the dI/dV signal
is localized to an area 1 nm in diameter,
comparable to the atom_s apparent lateral
extent in the corresponding STM topograph.

The characteristic signature of spin-flip
IETS is a step up in the differential conduct-
ance dI/dV at a bias voltage corresponding to
the Zeeman energy % 0 g6BB, where 6B 0
57.9 6eV/T is the Bohr magneton and g 0
2.0023 for a free electron. Figure 2A shows
that the conductance step shifts to higher
energy with increased field. Broadening of this
step is due mainly to the effect of temperature,
with contributions from the ac voltage modu-
lation, spin lifetime, and instrumental noise.
The thermal broadening of tip and sample
densities of states can be calculated by twice
convolving an intrinsically sharp step with the
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Fig. 1. Comparison of Mn atoms on oxide and
on metal. (A) STM constant-current topograph
of a NiAl (110) surface partially covered with
Al2O3 (upper right). Image: 20 nm by 10 nm; V 0
100 mV, I 0 50 pA. (B) Same area after dosing
with Mn. (C) Conductance spectra at T 0 0.6 K
on the Mn atom on oxide (upper curves)
measured at B 0 7 T (black) and B 0 0 T
(red). The lower curves (shifted for clarity)
were measured over the bare oxide surface.
(D) Conductance spectra on a Mn atom on
NiAl (upper curves) and on the bare NiAl
surface (lower curves). All spectra in (C) and
(D) were acquired with a nominal conductance
of 10 nA/V (I 0 50 pA at V 0 5 mV) and
normalized to unity for kV k 9 2 mV to em-
phasize differences in low-bias features. (E)
Topograph of the Mn atom on oxide. Image:
2.8 nm by 2.8 nm; B 0 7 T, T 0 0.6 K, V 0 2 mV,
I 0 20 pA, VAC 0 0.5 mVrms. (F) Spatial map of
dI/dV acquired concurrently; an increased
signal (light area) maps the spatial extent of
the spin-flip conductance step.
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Fig. 2. Shift of the spin-flip conductance step
with magnetic field. (A) Conductance spectra
(points) for an isolated Mn atom on oxide at
different magnetic fields. Solid lines show fits to
the temperature-broadened step model (see
text). The data fit well to a step height of
20.5% for all fits except the highest field, where
a slight tip modification changed the step
height to 21.5%. The effective temperature in
all curves was T 0 0.85 K. All spectra were
acquired with a nominal conductance of 10 nA/
V (I 0 50 pA at V 0 5 mV) and normalized to
unity for large kV k (see text). (B) Magnetic field
dependence of the Zeeman energy %. Black
points are extracted from the fits in (A), and red
points were taken on a Mn atom near the edge
of an oxide patch. Linear fits (black and red
lines) constrained to % 0 0 at B 0 0 yield g
values of 1.88 and 2.01, respectively.

R E P O R T S

www.sciencemag.org SCIENCE VOL 306 15 OCTOBER 2004 467

on M
arch 6, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

Single-atom spin-flip 
A.J. Heinrich, et al. , Science (2004). 
Mn atoms on NiAl (partially 
covered with Al2O3) 



detailed in [20]. Differential conductance spectra were
acquiredforafixedtip-sampledistanceusinglock-indetection
(RMS amplitude¼10mV, modulationfrequency¼740Hz).
We start by discussing the procedure used to suspend an

individual polythiophene wire [Fig. 1(a)] in the junction.
The STM tip is first located atop one extremity of the
polymer deposited on a Au(111) surface [20], then
approached to the wire up to the formation of a contact,
and retracted to its initial position while constantly record-
ing the current traversing the junction. The success of the
procedure is attested by the substantially changed slope
upon retraction [Fig. 1(b)]. Periodic current “umps” occur-
ring during the lifting procedure are associated to the
successive detachments of thiophene units from the surface.
Despite these abrupt conductance changes, the overall
conductance traces can be fitted as GðzÞ ∝ Gc expð−βzÞ,
where Gc is the conductance at contact, z is the tip-sample
distance, and β reflects the ability of the wire to transport
current [21]. For a sample voltage V ¼ 0.1 V, we find
β ¼ 0.40 $ 0.08 Å−1, in good agreement with predictions
[22]. At higher voltages, a lowering of β is observed

[Fig. 1(b)]. dI=dV spectra recorded for different suspended
polymer lengths [Fig. 1(c)] reveal a first resonance at
V ≈ −0.8 V, another at ≈1.25 V which progressively
disappears when the tip is retracted because of the weaker
current [see also Sec. S1 of the Supplemental Material
(SM) [23] ], and a more intense resonance around 2 V. At
this stage, it is impossible to assign a LUMO or HOMO
origin to these resonances. Indeed, both extremities of the
wire are directly coupled to the electrodes [Fig. 1(e)] and
the voltage partially drops at each interface (assuming no
voltage drop along the wire itself [24]) causing a displace-
ment of the HOMO and LUMO states in the dI=dV spectra
with respect to their positions at V ¼ 0. As reported for
graphene nanoribbons [21], we can see that the reduction of
β with V occurs when the voltage reaches a dI=dV
resonance [dots in Fig. 1(c)]. This effect results from
the crossover from nonresonant to resonant transport
regime [21,25].
We now turn to the electroluminescent properties of the

suspended polymer. In Fig. 2(a), we display optical spectra
acquired at different voltages for the molecular wire probed
in Fig. 1(c). For V ¼ 1.4 eV, the quantum yield of the
emission process is in the order of 10−7 photon=electron
and gradually rises to ≈10−5 at higher voltage [Fig. 1(d)]
due to the larger emission bandwidth. For the opposite
polarity (V ¼ −1.4 V and V ¼ −1.6 V) and the same
tip-sample distances, an extremely weak emission
(≈10−9 photon=electron) is detected. As demonstrated
below, this strong variation of the emission efficiency with
polarity indicates that the wire states are involved in the
luminescence process.
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FIG. 1 (color online). (a) STM image (9.0 × 10.8 nm2,
I ¼ 2 nA, V ¼ 0.1 V) of a polythiophene wire (inset) polymer-
ized on a Au(111) sample. (b) Normalized conductance G=G0 vs
tip-sample distance z for a polythiophene wire suspended in the
junction for different voltages. The black curve corresponds to
the initial approach of the clean STM tip to a wire extremity.
The point of contact defines the origin of the abscissa. (c) Con-
ductance dI=dV spectra (lines) acquired at different tip-sample
distances and inverse decay length β (circles) as a function of V,
for a given suspended wire. The spectra acquired at z ¼ 4 nm
and z ¼ 3 nm are offset by 3 and 6 nS, respectively. (d) Light
emission efficiency (squares) as a function of V. (e) Artistic view
of a fluorescent polythiophene junction.
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FIG. 2 (color online). (a) Raw and (b) plasmon-corrected
spectra of the light emitted by a polythiophene wire suspended
in the STM junction for different voltages (1 nA < I < 5 nA). To
prevent damages to the wire due to an increased current at
elevated voltages, the spectra were acquired at z ¼ 3 nm
(V ¼ 1.4 V and V ¼ 1.6 V), z ¼ 4 nm (V ¼ 1.8 V and
V ¼ 1.9 V), and z ¼ 5 nm (V ¼ 2 V and V ¼ 2.2 V). The
corresponding plasmon amplification function ΓðhνÞ is shown
(dots) in (a). The spectrum at V ¼ 1.4 V was scaled by a factor
of 5 in (a). As expected for electroluminescent processes [10],
the energy of the photons does not exceed the energy of the
electrons (hν < eV), explaining the cutoff (vertical dashes) at the
high-energy edge of the spectra.
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In STM-induced light emission from noble-metal elec-
trodes, plasmons localized at the tip-sample junction [15]
strongly amplify any radiative transition. The energy
dependence of this amplification [ΓðhνÞ in Fig. 2(a)]
can be deduced from optical spectra of the pristine junction
(Sec. S2 of the SM [23]). Assuming that ΓðhνÞ does not
significantly change with tip-sample distance (see Sec. S2
of the SM [23]), the impact of the plasmons on the shape of
the spectra can be corrected by normalizing each spectrum
by ΓðhνÞ [26]. For the polythiophene junctions, the
corrected spectra [Fig. 2(b)] reveal the progressive appa-
rition with voltage of a broad resonance centred at 1.8 eV.
Interestingly, this resonance does not shift with voltage for
V > 2 V. Mechanisms where electrons decay from the
wire states directly to states of the electrodes, or vice versa,
cannot account for this observation (see Sec. S4 of the SM
[23]). This observation rather suggests an emission asso-
ciated to electrons decaying from one molecular state to
another [5]. To confirm this assertion, we build up a two
Gaussian level model whose parameters at V ¼ 0 , given in
Fig. 3(a), are justified below. In Figs. 3(b) and 3(c) (see
Sec. S5 of the SM [23]), we see how the electronic
properties of this junction evolve as a function of voltage.
For a high enough positive voltage [Fig. 3(b)], and an
appropriate voltage drop at the wire-substrate (Vds) and
wire-tip (Vdt) interfaces, electrons injected in the LUMO
may recombine with holes injected in the HOMO [27]. In a
simple approximation where the number of emitted pho-
tons (N) scales with the available inelastic transitions
between two partially occupied states [case of Fig. 3(b)],
the spectral and voltage dependencies of this emission
follow

Nðhν; eVÞ ∝
Z

eV

hν
fLðEÞfHðE − hνÞdE; for V > 0 ;

(1)

where fL and fH are Gaussian functions representing the
LUMO and HOMO states

fiðEÞ ¼
1

σ
ffiffiffiffiffiffi
2π

p exp
"
− ½E − ðEi þ eVdsÞ&2

2σ2

#
;

i¼ H or L; (2)

where σ ¼ W=ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
Þ, W ¼ 0 .155 eV is the width of

the molecular orbitals as deduced from the experimental
dI=dV spectra [Fig. 1(c)], and Ei the energy of the state
i at V ¼ 0 . For Vdt=Vds ¼ 1.5, EH ¼ −0 .6 eV, and
EL ¼ 1.2 eV, the simulated optical spectra [Fig. 3(d)]
are in very good agreement with the experimental data
[Fig. 2(b)]. Our model further explains the absence of
emission at negative voltages [Fig. 3(c)]. Indeed, in this
case, a high negative voltage (≈ − 3 V) is required to shift
the LUMO below the Fermi level of the sample (see Sec. S5
of the SM [23]). For sake of consistency, we compare for

the same parameters a calculated (see Sec. S6 of the SM
[23]) and an experimental dI=dV spectrum acquired with
the same suspended wire [Fig. 3(e)]. The good match
between these spectra enables the assignment of the
HOMO and LUMO orbitals [Fig. 3(e)] and further validates
the electrofluorescence model. These parameters are also
consistent with simulations based on density functional
theory (see Sec. S7 of the SM [23]) which support our
interpretation. As theoretically predicted [17,18], these
results show that the asymmetric position of the HOMO-
LUMO gap with respect to EF at V ¼ 0 and the asymmetric
voltage drop repartition at the interfaces are decisive for the
emission properties of the junction.
At a first glance, our model looks similar to what has

been reported for double tunneling junction experiments
where the molecular emitter is separated from the two
electrodes by thin insulating layers [5,7,9]. Indeed, in both
cases, the voltage drops partially on each side of the
molecule which provides the adapted energy configuration
[Fig. 3(b)] for fluorescence. However, the direct connection
between the molecule and the electrodes in our experiment
broadens the orbitals of the conjugated wire. This explains

(b)

(e)

(d)(a)

(c)

FIG. 3 (color online). (a) Sketch of the polymer junction
representing the energies of the HOMO (EH) and LUMO (EL)
states at zero voltage. For sufficiently high positive sample
voltage (b) the HOMO is above the Fermi level of the sample
(taken as reference) and the LUMO below the Fermi level of the
tip. In this condition, both states can be either occupied or
unoccupied at a given time, and electrons injected from the tip in
the LUMO can radiatively decay in the partially emptied HOMO.
For the opposite polarity (c) the LUMO remains above the Fermi
level of the sample and no intramolecular radiative transition
occurs. (d) Simulations of the light emission spectra as a function
of the applied voltage. (e) Comparison between simulated (black
line) and experimental (red line) dI=dV spectra for a suspended
wire.
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detailed in [20]. Differential conductance spectra were
acquiredforafixedtip-sampledistanceusinglock-indetection
(RMS amplitude¼10mV, modulationfrequency¼740Hz).
We start by discussing the procedure used to suspend an

individual polythiophene wire [Fig. 1(a)] in the junction.
The STM tip is first located atop one extremity of the
polymer deposited on a Au(111) surface [20], then
approached to the wire up to the formation of a contact,
and retracted to its initial position while constantly record-
ing the current traversing the junction. The success of the
procedure is attested by the substantially changed slope
upon retraction [Fig. 1(b)]. Periodic current “umps” occur-
ring during the lifting procedure are associated to the
successive detachments of thiophene units from the surface.
Despite these abrupt conductance changes, the overall
conductance traces can be fitted as GðzÞ ∝ Gc expð−βzÞ,
where Gc is the conductance at contact, z is the tip-sample
distance, and β reflects the ability of the wire to transport
current [21]. For a sample voltage V ¼ 0.1 V, we find
β ¼ 0.40 $ 0.08 Å−1, in good agreement with predictions
[22]. At higher voltages, a lowering of β is observed

[Fig. 1(b)]. dI=dV spectra recorded for different suspended
polymer lengths [Fig. 1(c)] reveal a first resonance at
V ≈ −0.8 V, another at ≈1.25 V which progressively
disappears when the tip is retracted because of the weaker
current [see also Sec. S1 of the Supplemental Material
(SM) [23] ], and a more intense resonance around 2 V. At
this stage, it is impossible to assign a LUMO or HOMO
origin to these resonances. Indeed, both extremities of the
wire are directly coupled to the electrodes [Fig. 1(e)] and
the voltage partially drops at each interface (assuming no
voltage drop along the wire itself [24]) causing a displace-
ment of the HOMO and LUMO states in the dI=dV spectra
with respect to their positions at V ¼ 0. As reported for
graphene nanoribbons [21], we can see that the reduction of
β with V occurs when the voltage reaches a dI=dV
resonance [dots in Fig. 1(c)]. This effect results from
the crossover from nonresonant to resonant transport
regime [21,25].
We now turn to the electroluminescent properties of the

suspended polymer. In Fig. 2(a), we display optical spectra
acquired at different voltages for the molecular wire probed
in Fig. 1(c). For V ¼ 1.4 eV, the quantum yield of the
emission process is in the order of 10−7 photon=electron
and gradually rises to ≈10−5 at higher voltage [Fig. 1(d)]
due to the larger emission bandwidth. For the opposite
polarity (V ¼ −1.4 V and V ¼ −1.6 V) and the same
tip-sample distances, an extremely weak emission
(≈10−9 photon=electron) is detected. As demonstrated
below, this strong variation of the emission efficiency with
polarity indicates that the wire states are involved in the
luminescence process.
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FIG. 1 (color online). (a) STM image (9.0 × 10.8 nm2,
I ¼ 2 nA, V ¼ 0.1 V) of a polythiophene wire (inset) polymer-
ized on a Au(111) sample. (b) Normalized conductance G=G0 vs
tip-sample distance z for a polythiophene wire suspended in the
junction for different voltages. The black curve corresponds to
the initial approach of the clean STM tip to a wire extremity.
The point of contact defines the origin of the abscissa. (c) Con-
ductance dI=dV spectra (lines) acquired at different tip-sample
distances and inverse decay length β (circles) as a function of V,
for a given suspended wire. The spectra acquired at z ¼ 4 nm
and z ¼ 3 nm are offset by 3 and 6 nS, respectively. (d) Light
emission efficiency (squares) as a function of V. (e) Artistic view
of a fluorescent polythiophene junction.
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FIG. 2 (color online). (a) Raw and (b) plasmon-corrected
spectra of the light emitted by a polythiophene wire suspended
in the STM junction for different voltages (1 nA < I < 5 nA). To
prevent damages to the wire due to an increased current at
elevated voltages, the spectra were acquired at z ¼ 3 nm
(V ¼ 1.4 V and V ¼ 1.6 V), z ¼ 4 nm (V ¼ 1.8 V and
V ¼ 1.9 V), and z ¼ 5 nm (V ¼ 2 V and V ¼ 2.2 V). The
corresponding plasmon amplification function ΓðhνÞ is shown
(dots) in (a). The spectrum at V ¼ 1.4 V was scaled by a factor
of 5 in (a). As expected for electroluminescent processes [10],
the energy of the photons does not exceed the energy of the
electrons (hν < eV), explaining the cutoff (vertical dashes) at the
high-energy edge of the spectra.
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In STM-induced light emission from noble-metal elec-
trodes, plasmons localized at the tip-sample junction [15]
strongly amplify any radiative transition. The energy
dependence of this amplification [ΓðhνÞ in Fig. 2(a)]
can be deduced from optical spectra of the pristine junction
(Sec. S2 of the SM [23]). Assuming that ΓðhνÞ does not
significantly change with tip-sample distance (see Sec. S2
of the SM [23]), the impact of the plasmons on the shape of
the spectra can be corrected by normalizing each spectrum
by ΓðhνÞ [26]. For the polythiophene junctions, the
corrected spectra [Fig. 2(b)] reveal the progressive appa-
rition with voltage of a broad resonance centred at 1.8 eV.
Interestingly, this resonance does not shift with voltage for
V > 2 V. Mechanisms where electrons decay from the
wire states directly to states of the electrodes, or vice versa,
cannot account for this observation (see Sec. S4 of the SM
[23]). This observation rather suggests an emission asso-
ciated to electrons decaying from one molecular state to
another [5]. To confirm this assertion, we build up a two
Gaussian level model whose parameters at V ¼ 0 , given in
Fig. 3(a), are justified below. In Figs. 3(b) and 3(c) (see
Sec. S5 of the SM [23]), we see how the electronic
properties of this junction evolve as a function of voltage.
For a high enough positive voltage [Fig. 3(b)], and an
appropriate voltage drop at the wire-substrate (Vds) and
wire-tip (Vdt) interfaces, electrons injected in the LUMO
may recombine with holes injected in the HOMO [27]. In a
simple approximation where the number of emitted pho-
tons (N) scales with the available inelastic transitions
between two partially occupied states [case of Fig. 3(b)],
the spectral and voltage dependencies of this emission
follow

Nðhν; eVÞ ∝
Z

eV

hν
fLðEÞfHðE − hνÞdE; for V > 0 ;

(1)

where fL and fH are Gaussian functions representing the
LUMO and HOMO states
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i¼ H or L; (2)

where σ ¼ W=ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
Þ, W ¼ 0 .155 eV is the width of

the molecular orbitals as deduced from the experimental
dI=dV spectra [Fig. 1(c)], and Ei the energy of the state
i at V ¼ 0 . For Vdt=Vds ¼ 1.5, EH ¼ −0 .6 eV, and
EL ¼ 1.2 eV, the simulated optical spectra [Fig. 3(d)]
are in very good agreement with the experimental data
[Fig. 2(b)]. Our model further explains the absence of
emission at negative voltages [Fig. 3(c)]. Indeed, in this
case, a high negative voltage (≈ − 3 V) is required to shift
the LUMO below the Fermi level of the sample (see Sec. S5
of the SM [23]). For sake of consistency, we compare for

the same parameters a calculated (see Sec. S6 of the SM
[23]) and an experimental dI=dV spectrum acquired with
the same suspended wire [Fig. 3(e)]. The good match
between these spectra enables the assignment of the
HOMO and LUMO orbitals [Fig. 3(e)] and further validates
the electrofluorescence model. These parameters are also
consistent with simulations based on density functional
theory (see Sec. S7 of the SM [23]) which support our
interpretation. As theoretically predicted [17,18], these
results show that the asymmetric position of the HOMO-
LUMO gap with respect to EF at V ¼ 0 and the asymmetric
voltage drop repartition at the interfaces are decisive for the
emission properties of the junction.
At a first glance, our model looks similar to what has

been reported for double tunneling junction experiments
where the molecular emitter is separated from the two
electrodes by thin insulating layers [5,7,9]. Indeed, in both
cases, the voltage drops partially on each side of the
molecule which provides the adapted energy configuration
[Fig. 3(b)] for fluorescence. However, the direct connection
between the molecule and the electrodes in our experiment
broadens the orbitals of the conjugated wire. This explains
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(c)

FIG. 3 (color online). (a) Sketch of the polymer junction
representing the energies of the HOMO (EH) and LUMO (EL)
states at zero voltage. For sufficiently high positive sample
voltage (b) the HOMO is above the Fermi level of the sample
(taken as reference) and the LUMO below the Fermi level of the
tip. In this condition, both states can be either occupied or
unoccupied at a given time, and electrons injected from the tip in
the LUMO can radiatively decay in the partially emptied HOMO.
For the opposite polarity (c) the LUMO remains above the Fermi
level of the sample and no intramolecular radiative transition
occurs. (d) Simulations of the light emission spectra as a function
of the applied voltage. (e) Comparison between simulated (black
line) and experimental (red line) dI=dV spectra for a suspended
wire.

PRL 112, 047403 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 JANUARY 2014

047403-3

Single-molecule light 
emitting diode 
G. Reecht, et al. , Phys. Rev. Lett. 
(2014). 
Electroluminescence of 
polythiophene 



Microwave-driven 
tunneling processes 
O. Peters, et al., arXiv (2020). 

Tien-Gordon model 
 
 
T=1.6 K 
Vac= 20 µV 



The Abrikosov vortex lattice 

 
 
H.F. Hess et al.,  
Phys. Rev. Lett. 62, 214 (1989).

are simply scaled to lower energies as Tc is approached.
The temperature dependence of the two peaks in
dðLDOSÞ=dE is shown in Fig. 3(b). Both of them disap-
pear at Tc ¼ 5:7 K. Moreover, the value of the gap ex-
pected within the single gap s-wave BCS model
[1:76kB Tc ¼ 0:87 meV; the solid line in Fig. 3(b) gives
its temperature dependence] is between the values of the
two peaks on dðLDOSÞ=dE at all temperatures [Fig. 3(b)].
This gives strong evidence that two different superconduct-
ing gaps [$ð0:97$ 0:03Þ and $ð0:53$ 0:03Þ meV] open
at different parts of the Fermi surface of 2H-NbS2.

The situation resembles the results found previously in
MgB2 [30–35] and in 2H-NbSe2 [6–9,20,24,36], which
gave evidence of the appearance of two band supercon-
ductivity in these materials [37]. In 2H-NbS2, the gap
values appear to be much closer to each other than in the
case of MgB2, where the two gaps differ by more than a
factor of 3, but the two gap nature seems better developed
than in 2H-NbSe2, where similar features in the density of
states are less clearly resolved [7,11,20].

Under a magnetic field, we observe an ordered hexago-
nal vortex lattice in atomically flat regions for different
values of the applied field. A STS image of the vortex
lattice at 0.1 K and 0.15 T built from the conductance
curves at zero bias voltage is shown in Fig. 4(a) and
compared to results at the same field and temperature in
2H-NbSe2 [Fig. 4(b)] [10–12]. The vortex core shapes, as
observed with STS, are dramatically different in both
compounds. First, the star shape of 2H-NbSe2 is fully
absent in 2H-NbS2. When making STS images at different
energies, vortex cores in 2H-NbS2 appear to be round at all
energies. The LDOS follows in-plane circular symmetry.
2H-NbSe2, by contrast, has a rich phenomenology, which
includes the formation of complex angular patterns, dis-
cussed in detail in previous works [10–12]. On the other
hand, the energy dependence of the LDOS at the center of
the vortex core in 2H-NbS2 is very similar to the one found
in 2H-NbSe2. There is a high peak at the Fermi level, due to
the lowest level of bound localized states inside the vortex
core wells [13], which splits when going out to the vortex
core, exactly as in 2H-NbSe2. The difference between both
compounds lies only in the angular dependence of these

∆

a.

b.
2H-NbS

FIG. 3 (color online). (a) Temperature scan of tunneling con-
ductance spectra (left, ! ¼ 0:65 "S at 4 mV) and superconduct-
ing LDOS (right). The LDOS is obtained by deconvolution from
tunneling conductance curves. The data are, from bottom to top,
taken at 0.1, 0.9, 1.5, 2, 2.5, 3, 3.5, 4, 4.25, 4.5, 4.75, 5, 5.2, 5.4,
and 5.6 K. Red lines in the left panel are the fits obtained from
convoluting the LDOS shown in the right panel with tempera-
ture. (b) Temperature dependence of the two peaks in
dðLDOSÞ=dE (gray and black points, corresponding to the
features marked by gray and black arrows in Fig. 2; dashed
lines are guides to the eye). The solid line is the BCS expression
taking ! ¼ 1:76kB Tc ¼ 0:87 meV, with Tc ¼ 5:7 K.

FIG. 4 (color online). (a) STS image of the vortex lattice in
2H-NbS2 taken at 0.1 K and 0.15 T (360 nm % 360 nm). In (b),
we show, for comparison, a STS image of the same size area
obtained in 2H-NbSe2 under similar conditions (in both cases,
! ¼ 4:2 "S at 5 mV). In (c), we present tunneling conductance
curves in 2H-NbS2 along a line of about 65 nm that goes from
the middle point between vortices into the vortex core [using a
similar color scheme as in (a) and (b)], following the line shown
in (a).
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peaks, labelled as Eh;p
n (n¼ 1, 2, 3, 4, 5) in Fig. 2d. We

attribute these pairs of peaks to five Shiba states with excitation
energies E1¼±1.1 meV, E2¼±0.9 meV, E3¼±0.62 meV,
E4¼±0.45 meV and E5¼±0.125 meV. The additional pair of
peaks, denoted Vh

6 and Vp
6 in the dI/dV spectrum of Fig. 2d,

appears at bias voltages ±(D" E5)/e and, thus, corresponds to a
thermal replica of the Shiba pair Eh

5/Ep
5 (ref. 8). Shiba multiplets

arise naturally as different angular momentum components in
isotropic exchange fields. However, the resolution of a fivefold
Shiba multiplet achieved here enables us to reinterpret
their origin in terms of atomic properties of the impurity11,16.

Spatial shape of Shiba states. To probe the orbital origin of the
Shiba bound states, we map their intensity in a small region
around the Cr impurity. Figure 2d shows dI/dV maps obtained
for the same Cr atom at the voltages of all twelve peaks found
inside the SC gap (Methods section). In contrast to the featureless
protrusion in topography (inset of Fig. 2d), the conductance maps
reveal various features around the Cr impurity. Each Shiba state
appears with a different shape, which is smoother for the first
two, and shows specially marked intra-atomic features for states
E3 and E4, and E5. Interestingly, the maps show a clear dependence

with polarity, signalling a particle-hole asymmetry in the wave-
function of the corresponding Shiba states. This is particularly
clear for states Ep

3 and Ep
4, and Ep

5, which are markedly different
than their corresponding hole states. Such spatial asymmetry is
also observed in the thermal replicas at Vh

6¼"ðD" Ep
5Þ=e and

Vp
6¼ðD" Eh

5Þ=e, which show the shapes of their mirror states Ep
5

and Eh
5, respectively. The different shape of particle and hole

components of every state explains their different peak amplitude
in point spectra like in Fig. 2b. In fact, dI/dV spectra averaged
over the whole extension around the Cr impurity levels their
intensity at both polarities (Supplementary Fig. 4).

To find out the origin of the number and shape of the Shiba
states, we simulated with DFT (Methods section) the scattering
channels of the embedded Cr impurity and modelled their effect
in producing Shiba bound states. The channels are very sensitive
to atomic-scale details of the Cr atom and its environment. We
employed the most stable Cr site in the subsurface plane
described in Fig. 1b, and found that this site produced results
compatible with the experiment.

The identification of Cr-derived scattering channels is difficult;
the embedded atom does not lie in a fully symmetric position
inside the Pb FCC crystal, while it induces a significant
displacement on its first Pb neighbours. Consequently, the Cr d
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Figure 2 | Spectrum and Shiba maps of Cr atoms. Differential conductance spectra measured with a superconducting (Pb-covered7,24) tip (a) on the bare
Pb(111) surface and (b) on the Cr adatom, where intra-gap states are easily recognized. (c) DOS of the Cr impurity obtained by deconvoluting the tip
contribution in a from spectrum b, as described in Supplementary Note 5. Five positive- and five negative-bias states are observed inside the
superconducting gap, at opposed bias-polarity values, in agreement with five pairs of Shiba excitations with different intensities. Most of the differences in
peak intensity are due to their inhomogeneous spatial distribution. (d) dI/dV maps over the Cr impurity at the energy of the intra-gap states in the
spectrum (b) (expanded here for clarity). The maps represent the amplitude of each spectral peak obtained from a 52 % 52 matrix of dI/dV spectra
acquired in an area of 2.2 nm % 2.2 nm over the chromium atom (all with set point V¼4 mV and I¼0.35 nA of the corresponding STM image shown in the

inset). Intra-gap peaks are labelled according to their position and hole(h)/particle(p) character. Peaks vh
6/vp

6 correspond, respectively, to injection of

holes/electrons into states Ep
5/Eh

5, which are thermally populated by particles/holes due to their proximity to the Fermi level. Therefore, states Ep
5 and Eh

5 are
imaged twice. Scale bar, 0.5 nm.
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Yu-Shiba-Rusinov (Shiba) states1–3 are identified in
scanning tunnelling spectra as pairs of intra-gap reso-
nances symmetrically positioned around zero-bias4–9.

Each resonance corresponds to the injection of an electron or
hole into the bound state8, thus representing the particle or hole
components of the quasiparticle (QP) wavefunction. Since Shiba
excitations lie inside the superconducting gap, their lifetime
considerably exceed that of other QPs. This anticipates that Shiba
peaks behave as a robust probe of scattering phenomena in
superconductors, revealing intrinsic properties such as the
distribution of the order parameter5, the QP band structure10,
the effect of dimensionality9 or Andreev tunnelling processes8.
Owing to their long lifetime, Shiba excitations exhibit narrow
lineshapes, which enables the study of magnetic phenomena in
impurities with high energy resolution, such as magnetic
anisotropy11,12 and magnetic coupling6,13.

Theoretical models using classical spins with isotropic
exchange fields have predicted multiple Shiba bound states,
labelled by an angular momentum quantum number l (ref. 3). In
fact, magnetic transition metal (TM) atoms in a superconductor
show a varying number of Shiba bound states depending on the
nature of both element and superconductor5,6,8,9,14,15. However,
the exchange fields of atomic scatterers are not isotropic. Due to
the orbital character of the scattering channels, the spin can only
be exchange scattered by spin-polarized atomic states, which for
3d-TM atoms are those defined by the angular momentum l¼ 2.
The symmetry reduction by crystal fields, and hybridization with
the host atomic lattice lift the degeneracy of the l¼ 2 subshell.
In this scenario, Shiba multiplets are predicted to appear,
thus reflecting the occupation level of the atomic shell16.
The resolution of their orbital character would render them as
the ideal probe for identifying the magnetic ground state of a
single impurity in a superconductor. Furthermore, the spatial
extension of Shiba states also provides precise access to the
coupling between impurities6 and to basic properties of the
superconducting host5,9,15,17.

Here we explore possible orbital components in Shiba states.
We compare the QP local density of states (LDOS) of chromium
atoms deposited on Pb(111), mapped with a low-temperature
scanning tunnelling microscope (STM), with atomistic

simulations based on density functional theory (DFT). We find
that the atoms are embedded under the first Pb layer and show
five intra-gap states due to QP scattering with the five d orbitals of
Cr. The spectral maps of the Shiba states are very localized on the
impurity and show a characteristic particle-hole asymmetry.
Based on theoretical maps of particle and hole components we
interpret their orbital origin and obtain hints on the interaction
strength for each channel.

Results
Multiple Shiba states of Cr atoms. We deposited Cr atoms on a
Pb(111) film grown on SiC(0001) (thickness \100 nm) at 15 K.
The atoms appear in STM images (measured at a base
temperature of 1.2 K) as protrusions with a small apparent height
of B50 pm (Fig. 1a). DFT calculations reveal that the most stable
configuration corresponds to the Cr atom underneath the
uppermost Pb layer, as sketched in Fig. 1b,c (Methods section and
Supplementary Note 2). The barrier for reaching this state is as
low as 21 meV, which is smaller than, for example, the surface
lateral diffusion barriers (Supplementary Table 1). Since the Cr
atoms arrive hot to the Pb(111) surface, they can easily access the
embedded site before they thermalize to the substrate tempera-
ture. The simulated STM topography agrees with the small
experimental height of the STM images.

The QP LDOS associated to subsurface Cr impurities was
obtained from differential tunnelling conductance (dI/dV) spectra
using superconducting Pb-terminated tips to increase the energy
resolution beyond the thermal limit7. Figure 2a shows a typical
dI/dV spectrum acquired on bare Pb(111) that exhibits a doubled
superconducting (SC) gap of Pb with sharp coherence peaks at
±2D¼±2.7 meV (Methods section). The dI/dV curve taken
on a Cr atom in Fig. 2b reveals a rich spectral structure inside the
superconducting gap, with six intra-gap peaks at each polarity
(that is, six peak pairs), in addition to the original Pb coherence
peaks. To obtain the QP LDOS, we deconvoluted the
experimental dI/dV spectrum on chromium (Fig. 2b) using
the superconducting DOS of a Pb-tip, estimated from Fig. 2a
(as described in Supplementary Note 5). The deconvoluted
spectrum, Fig. 2c, shows just five energy-symmetric pairs of
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Figure 1 | Chromium atoms in Pb(111). (a) Constant-current STM image of three Cr atoms in the Pb(111) surface (V¼4 mV, I¼ 10 pA, 12" 12 nm2).
The atom apparent height is 50 pm for these imaging conditions. (b) Result of a full DFT relaxation showing that the most stable position of a Cr atom
(blue) is at a subsurface site (Pb atoms in yellow). (c) Top view of the local atomic surroundings of the embedded Cr atom, composed by seven Pb atoms
all at a distance of B3±0.2 Å. The four largest Pb atoms are surface atoms. The relaxed Cr atom lies in a pseudo-FCC position, displaced towards two Pb
atoms, which are slightly lifted above the surface plane. The resulting cluster resembles a distorted octahedron with an extra atom at one vertex.
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peaks, labelled as Eh;p
n (n¼ 1, 2, 3, 4, 5) in Fig. 2d. We

attribute these pairs of peaks to five Shiba states with excitation
energies E1¼±1.1 meV, E2¼±0.9 meV, E3¼±0.62 meV,
E4¼±0.45 meV and E5¼±0.125 meV. The additional pair of
peaks, denoted Vh

6 and Vp
6 in the dI/dV spectrum of Fig. 2d,

appears at bias voltages ±(D" E5)/e and, thus, corresponds to a
thermal replica of the Shiba pair Eh

5/Ep
5 (ref. 8). Shiba multiplets

arise naturally as different angular momentum components in
isotropic exchange fields. However, the resolution of a fivefold
Shiba multiplet achieved here enables us to reinterpret
their origin in terms of atomic properties of the impurity11,16.

Spatial shape of Shiba states. To probe the orbital origin of the
Shiba bound states, we map their intensity in a small region
around the Cr impurity. Figure 2d shows dI/dV maps obtained
for the same Cr atom at the voltages of all twelve peaks found
inside the SC gap (Methods section). In contrast to the featureless
protrusion in topography (inset of Fig. 2d), the conductance maps
reveal various features around the Cr impurity. Each Shiba state
appears with a different shape, which is smoother for the first
two, and shows specially marked intra-atomic features for states
E3 and E4, and E5. Interestingly, the maps show a clear dependence

with polarity, signalling a particle-hole asymmetry in the wave-
function of the corresponding Shiba states. This is particularly
clear for states Ep

3 and Ep
4, and Ep

5, which are markedly different
than their corresponding hole states. Such spatial asymmetry is
also observed in the thermal replicas at Vh

6¼"ðD" Ep
5Þ=e and

Vp
6¼ðD" Eh

5Þ=e, which show the shapes of their mirror states Ep
5

and Eh
5, respectively. The different shape of particle and hole

components of every state explains their different peak amplitude
in point spectra like in Fig. 2b. In fact, dI/dV spectra averaged
over the whole extension around the Cr impurity levels their
intensity at both polarities (Supplementary Fig. 4).

To find out the origin of the number and shape of the Shiba
states, we simulated with DFT (Methods section) the scattering
channels of the embedded Cr impurity and modelled their effect
in producing Shiba bound states. The channels are very sensitive
to atomic-scale details of the Cr atom and its environment. We
employed the most stable Cr site in the subsurface plane
described in Fig. 1b, and found that this site produced results
compatible with the experiment.

The identification of Cr-derived scattering channels is difficult;
the embedded atom does not lie in a fully symmetric position
inside the Pb FCC crystal, while it induces a significant
displacement on its first Pb neighbours. Consequently, the Cr d
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Figure 2 | Spectrum and Shiba maps of Cr atoms. Differential conductance spectra measured with a superconducting (Pb-covered7,24) tip (a) on the bare
Pb(111) surface and (b) on the Cr adatom, where intra-gap states are easily recognized. (c) DOS of the Cr impurity obtained by deconvoluting the tip
contribution in a from spectrum b, as described in Supplementary Note 5. Five positive- and five negative-bias states are observed inside the
superconducting gap, at opposed bias-polarity values, in agreement with five pairs of Shiba excitations with different intensities. Most of the differences in
peak intensity are due to their inhomogeneous spatial distribution. (d) dI/dV maps over the Cr impurity at the energy of the intra-gap states in the
spectrum (b) (expanded here for clarity). The maps represent the amplitude of each spectral peak obtained from a 52 % 52 matrix of dI/dV spectra
acquired in an area of 2.2 nm % 2.2 nm over the chromium atom (all with set point V¼4 mV and I¼0.35 nA of the corresponding STM image shown in the

inset). Intra-gap peaks are labelled according to their position and hole(h)/particle(p) character. Peaks vh
6/vp

6 correspond, respectively, to injection of

holes/electrons into states Ep
5/Eh

5, which are thermally populated by particles/holes due to their proximity to the Fermi level. Therefore, states Ep
5 and Eh

5 are
imaged twice. Scale bar, 0.5 nm.
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Yu-Shiba-Rusinov (Shiba) states1–3 are identified in
scanning tunnelling spectra as pairs of intra-gap reso-
nances symmetrically positioned around zero-bias4–9.

Each resonance corresponds to the injection of an electron or
hole into the bound state8, thus representing the particle or hole
components of the quasiparticle (QP) wavefunction. Since Shiba
excitations lie inside the superconducting gap, their lifetime
considerably exceed that of other QPs. This anticipates that Shiba
peaks behave as a robust probe of scattering phenomena in
superconductors, revealing intrinsic properties such as the
distribution of the order parameter5, the QP band structure10,
the effect of dimensionality9 or Andreev tunnelling processes8.
Owing to their long lifetime, Shiba excitations exhibit narrow
lineshapes, which enables the study of magnetic phenomena in
impurities with high energy resolution, such as magnetic
anisotropy11,12 and magnetic coupling6,13.

Theoretical models using classical spins with isotropic
exchange fields have predicted multiple Shiba bound states,
labelled by an angular momentum quantum number l (ref. 3). In
fact, magnetic transition metal (TM) atoms in a superconductor
show a varying number of Shiba bound states depending on the
nature of both element and superconductor5,6,8,9,14,15. However,
the exchange fields of atomic scatterers are not isotropic. Due to
the orbital character of the scattering channels, the spin can only
be exchange scattered by spin-polarized atomic states, which for
3d-TM atoms are those defined by the angular momentum l¼ 2.
The symmetry reduction by crystal fields, and hybridization with
the host atomic lattice lift the degeneracy of the l¼ 2 subshell.
In this scenario, Shiba multiplets are predicted to appear,
thus reflecting the occupation level of the atomic shell16.
The resolution of their orbital character would render them as
the ideal probe for identifying the magnetic ground state of a
single impurity in a superconductor. Furthermore, the spatial
extension of Shiba states also provides precise access to the
coupling between impurities6 and to basic properties of the
superconducting host5,9,15,17.

Here we explore possible orbital components in Shiba states.
We compare the QP local density of states (LDOS) of chromium
atoms deposited on Pb(111), mapped with a low-temperature
scanning tunnelling microscope (STM), with atomistic

simulations based on density functional theory (DFT). We find
that the atoms are embedded under the first Pb layer and show
five intra-gap states due to QP scattering with the five d orbitals of
Cr. The spectral maps of the Shiba states are very localized on the
impurity and show a characteristic particle-hole asymmetry.
Based on theoretical maps of particle and hole components we
interpret their orbital origin and obtain hints on the interaction
strength for each channel.

Results
Multiple Shiba states of Cr atoms. We deposited Cr atoms on a
Pb(111) film grown on SiC(0001) (thickness \100 nm) at 15 K.
The atoms appear in STM images (measured at a base
temperature of 1.2 K) as protrusions with a small apparent height
of B50 pm (Fig. 1a). DFT calculations reveal that the most stable
configuration corresponds to the Cr atom underneath the
uppermost Pb layer, as sketched in Fig. 1b,c (Methods section and
Supplementary Note 2). The barrier for reaching this state is as
low as 21 meV, which is smaller than, for example, the surface
lateral diffusion barriers (Supplementary Table 1). Since the Cr
atoms arrive hot to the Pb(111) surface, they can easily access the
embedded site before they thermalize to the substrate tempera-
ture. The simulated STM topography agrees with the small
experimental height of the STM images.

The QP LDOS associated to subsurface Cr impurities was
obtained from differential tunnelling conductance (dI/dV) spectra
using superconducting Pb-terminated tips to increase the energy
resolution beyond the thermal limit7. Figure 2a shows a typical
dI/dV spectrum acquired on bare Pb(111) that exhibits a doubled
superconducting (SC) gap of Pb with sharp coherence peaks at
±2D¼±2.7 meV (Methods section). The dI/dV curve taken
on a Cr atom in Fig. 2b reveals a rich spectral structure inside the
superconducting gap, with six intra-gap peaks at each polarity
(that is, six peak pairs), in addition to the original Pb coherence
peaks. To obtain the QP LDOS, we deconvoluted the
experimental dI/dV spectrum on chromium (Fig. 2b) using
the superconducting DOS of a Pb-tip, estimated from Fig. 2a
(as described in Supplementary Note 5). The deconvoluted
spectrum, Fig. 2c, shows just five energy-symmetric pairs of
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Figure 1 | Chromium atoms in Pb(111). (a) Constant-current STM image of three Cr atoms in the Pb(111) surface (V¼4 mV, I¼ 10 pA, 12" 12 nm2).
The atom apparent height is 50 pm for these imaging conditions. (b) Result of a full DFT relaxation showing that the most stable position of a Cr atom
(blue) is at a subsurface site (Pb atoms in yellow). (c) Top view of the local atomic surroundings of the embedded Cr atom, composed by seven Pb atoms
all at a distance of B3±0.2 Å. The four largest Pb atoms are surface atoms. The relaxed Cr atom lies in a pseudo-FCC position, displaced towards two Pb
atoms, which are slightly lifted above the surface plane. The resulting cluster resembles a distorted octahedron with an extra atom at one vertex.
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FIG. 1. Experimental plots for several values of
magnetic field of the superconducting conductance (dI/
dV)~ divided by the normal-state conductance (dI/
dV)„.
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In order to determine the energy separation of
the two spin states it was found useful to resolve
the measured conductance curves into two identi-
cal curves which when displaced in voltage and
added gave the original curve. Such a resolution
of one curve is shown in Fig. 3(a), the dashed
curves being a trial density of states for spin up
and spin down. The curve resulting from the ad-
dition of these trial curves (open circles) agrees
well with the measured (solid) curve over the en-
tire energy range. This method of graphical res-
olution allowed an objective determination of the
splitting even for small fields. In addition, this
graphical method gave the density-of-states
curve for each spin direction with little ambigui-
ty. Figure 3(b) shows such density-of-states
curves for four values of the magnetic field,
placed in each case midway between the two re-
solved curves. It should be noted that the peaks
of these curves do not change with field within
the accuracy of the measurements and the analy-
sis. Each of the curves with the exception of that
at the highest field (No. 9 at H =0.93H,) approxi-
mates a somewhat broadened BCS density-of-
states curve, the broadening increasing slightly
with magnetic field. Curve (9) resembles more
closely a density of states with considerable de-
pairing. ' '
The Al films used in this investigation were

about 50 A thick and were formed by evaporation
through a mask onto a liquid-nitrogen —cooled
substrate. The transition temperature T, was
2.4 K and 2h/kT, was 3.7. The critical field, ex-
trapolated to 0 K, was about 48 kOe. The normal
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FIG. 3. (a) The experimental curve 8 of Fig. 1 (solid
line) has been resolved into two identical trial curves
(dashed lines) of the density of states for spin-up and
spin-down particles. The sum of the two trial curves
is shown by the open circles and agrees well with the
experimental curve. The energy separation deter-
mined by this graphical procedure is equal to 2pII.
(b) Normalized density of states for one direction of
spin if it were not affected by H. The numbering of
the curves corresponds to that in Fig. 1.

FIG. 2. Voltage corresponding to the maxima of the
spin-up and spin-down density-of-states curves deter-
mined from Fig. 1 by the graphical method illustrated
in Fig. 3. The lines represent the theoretically ex-
pected result that eV = (e +4 ) ~ +p,H.

1271

Meservey and Tederow,  
Phys. Rev. Lett. (1970) 



324 MESERVEYp. M. TEDROW A» H

-IO
(IQ 4 V)

2 0 2
Ai

IO

O 4-8 4
F'

for a typicald conductance vs v
Al-Al O3-Fe junction a
fie].d H (kOe~

d conductance vs vol glta e for anFIG. 7. Measure con
ion for severa va1 lues of the-Al 0 -¹itunnel junctio

magnetic field H (kOe .

onstant for fields above 15 kOe.
tenc of the polariza ion

b t 'd f therhaps the bes evi
correctness o ef the tunneling mo e e
(8) and (9).

t f' lds where the sat-i p o t at lower ie s
ferromagnet is incomp e e

iete) there is a de-g mains is incomple e
measured polariza ion.crease in the mea
ds where the sp i ingi'tt' of the spin den-these low fields w

11 the maxima forsity of states in the Al was sma
olved and the valuetates were not reso vethe two spin sta

on the details of e rth rapidly changing
f'elds here therves. At higher ieconductance cu

olved the values omaxima are reso ve,
n in Fig. 4 (at x,axima, as shown in i

+ ~ t' ely insensitive+h, are compara ive—x, x —A', , —x+
t r analysis. Ins of measuremen orto small errors o
tion the situationat f'elds below saturationaddition, a

t d because the fringingbecomes more comp ' t ecalie ate

es the polarization obtain'ned in the
fh hpresen et xperiments with the results o

50

Fe
+ + ++/—+-+-~—+-+—,+-t—g

~00

Co(I)

0— Co (2)30—
O
I—
N
~ 20—
O
CL

incompletely aligned domains pro-i i
' i (

' indicular field on t evide a perpendi
e depairing. Anand cause some e

le of this effec is sextreme examp e
t all increases fromnce maximum ac u y

'

7 kOe before it star sH=O to H=7.
d effect of splitting ofe of the combine e ecagain because

because of thethe spin sta es ant and the depairing
parallel magnetic field.

V. DISCUSSION

I0— 0 g8 ~~

-I0
I I-6 -2 0
Vc —

VA I
( IO 4 V )

l0

sured conductance vs voltagee for a typical
Al-A1203-Co junction at severa va ue
field H (kOe).

Gd

l

40 50
I

0 I 0 20 30
H (kOe}

olarization for four
ld

t electron-spin pola ur
tais as a function oferromagnetic me a s

Tederow and Meservey, 
Phys. Rev. B (1973) 



Pietzsch et al., 
Phys. Rev. Lett. (2004) 
 
Meier et al.,  
Science (2008) 

types of relative orientation of tip and island magnetiza-
tion !parallel or antiparallel". In order to discriminate
between the structure-related electronic contrast and
the magnetization-dependent spin contrast, the so-called
structural asymmetry defined by

Astruct!eU" =
dI/dUfcc!U" − dI/dUhcp!U"
dI/dUfcc!U" + dI/dUhcp!U"

!39"

and the spin asymmetry defined by

Aspin!eU" =
dI/dU↑↑!U" − dI/dU↑↓!U"
dI/dU↑↑!U" + dI/dU↑↓!U"

!40"

have to be calculated as functions of bias voltage, i.e., as
functions of energy #Fig. 41!b"$. A pure and clear mag-
netic contrast is obtained if the applied bias voltage is
chosen such that the structural asymmetry vanishes
while the spin asymmetry reaches a high absolute value
!see Sec. III.B.2". This is illustrated in Fig. 41!c" showing
a spin-resolved STS image of the Co nanoislands on
Cu!111" obtained with an appropriately chosen bias volt-
age. In this case, the spectroscopic contrast is related to
the different magnetization states of the Co islands and
is no longer correlated with the orientation of the Co
islands relative to the Cu!111" substrate.

A definite proof of the magnetic origin of the ob-
served spectroscopic contrast in SP-STS is given by
studying the response of the system to external magnetic
fields of different magnitude and orientation. Such field-
dependent SP-STS data for Co nanoislands on Cu!111",
obtained with an out-of-plane-sensitive Cr-coated W tip
and an appropriately chosen sample bias voltage, are
presented in Fig. 42. At zero applied field an equal num-
ber of bright !upward-magnetized" and dark !downward-
magnetized" Co islands exists. As the external field is

increased in the +z direction perpendicular to the
sample surface plane, more and more Co islands switch
their magnetization state to become bright, i.e., their
magnetization direction is becoming aligned with the ex-
ternal field direction. When the direction of the external
field is reversed to the −z direction, the spin-resolved
spectroscopic contrast of the Co islands is reversed. The
system becomes magnetically saturated in an external
field of about 1.8 T. A large remanence-to-saturation ra-
tio Mr /Ms%1 and a high coercive field of 1!"0Hc
!1.5 T is observed for this particular system !Pietzsch et
al., 2004a". It should be emphasized that the use of an
antiferromagnetically coated probe tip was essential for
this experiment in order to exclude field-induced
changes of the tip’s magnetic state. If a ferromagnetically
coated probe tip is chosen, the observed contrast on the
islands is always bright in a high external field, indepen-
dent of its direction, because both tip and sample mag-
netizations are aligned parallel !either in the +z or in the
−z direction".

4. Spin-dependent quantum confinement states in nanoislands

For sufficiently small islands with a lateral size com-
parable to the electron wavelength, the quantum me-
chanical confinement of the electrons can lead to an
energy-dependent oscillatory LDOS distribution at the
islands’ surfaces. This is illustrated by the spin-averaged
STS data for nanoscale Co islands on the Cu!111" sur-
face presented in Fig. 43. While similar STS observa-
tions have been made for many different types of nano-
scale island system !see, e.g., Li et al., 1998; Diekhöner et
al., 2003", SP-STS additionally allows questions related
to the magnetic state of such islands to be addressed. In

FIG. 40. !Color" Stacking-dependent spectroscopic contrast on Co nanoislands. !a" Spin-averaged dI /dU map !60# 60 nm2" of
nanoscale Co islands #two layers high relative to the Cu!111" substrate$ as measured with a nonmagnetic W tip. The strong
spectroscopic contrast between different islands originates from a different stacking of the Co islands and is a pure electronic
structure effect. It is not related to a different magnetization state of the Co islands. !b" Local !spin-averaged" differential
tunneling conductance spectra obtained with a nonmagnetic W tip above differently stacked Co islands. While a dz2-like surface
state related peak is found at a sample bias voltage of −0.35 V for fcc-stacked Co islands, this peak is shifted to −0.28 V for
hcp-stacked Co islands. This difference gives rise to a stacking-dependent contrast in spatially resolved spectroscopic images. The
third spectrum shown was measured above the Cu!111" substrate. It shows a conductance rise at −0.46 V which is related to the
onset of the free-electron-like sp -type surface state of the Cu!111" substrate. From Pietzsch et al., 2004a.
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investigated by x-ray magnetic circular dichroism
!XMCD" !Gambardella et al., 2003". Alternatively, the
occurrence of a sharp resonance close to the Fermi level,
as observed in local tunneling spectra measured above
individual magnetic adatoms !Li et al., 1998; Madhavan
et al., 1998", has been exploited to determine the cou-
pling between a magnetic adatom and a metal substrate
!Knorr et al., 2002; Wahl et al., 2004" as well as the cou-
pling between two magnetic adatoms mediated by the
substrate !Wahl et al., 2007". Since the sharp resonance is
usually assigned to the Kondo effect, which originates
from the screening of the spin of a magnetic impurity by
the surrounding conduction band electrons, it is a rather
indirect way of determining the magnetic properties of
individual magnetic adatoms. In general, detailed infor-
mation about the magnetic system under investigation
cannot be extracted on the basis of a single parameter
!the resonance width, which is related to a characteristic
energy scale—the Kondo temperature TK of the impu-
rity system" extracted from the observation of a Kondo
resonance peak. It is therefore a great challenge to per-
form spin-resolved spectroscopic studies on individual
magnetic adatoms by SP-STM and SP-STS.

Application of SP-STM and SP-STS to individual
magnetic adatoms brings one into a new regime of sen-
sitivity for spin-resolved microscopy and spectroscopy
!Meier et al., 2008". Therefore, it is desirable to have a
sample system which allows a calibration of the tip prop-
erties by simultaneous observation of the magnetic state
of a previously investigated magnetic nanostructure. An
example in Fig. 52 shows a SP-STS image of submono-
layer Co on a Pt!111" substrate. In a two-stage Co depo-
sition process, nanoscale Co stripes were first prepared
by step-flow growth on the stepped Pt!111" substrate,
while individual Co adatoms were subsequently depos-
ited at low temperatures, thereby preventing Co adatom

diffusion on the Pt surface. Since the system of Co on
Pt!111" is known to exhibit out-of-plane magnetic aniso-
tropy, an out-of-plane-sensitive Cr-coated W tip was
used for studying the magnetic state of the sample. In-
deed, with such tips, the Co monolayer stripes reveal a
magnetic domain structure with lateral constrictions act-
ing as pinning sites for domain walls !Fig. 52". The ulti-
mate proof of the magnetic origin of the observed con-
trast is given by observing the response of the sample to
an external magnetic field applied perpendicular to the
surface plane !Fig. 31". Once the out-of-plane magnetic
contrast on the Co nanostripes is proven, spin-resolved
STS measurements can be performed on the simulta-
neously observed individual Co adatoms using the same
Cr-coated tip. Figure 53!a" shows the spin-resolved local
differential tunneling conductance spectra measured
above Co adatoms adsorbed either on fcc or on hcp sites
of the Pt!111" substrate. The spectra depend on the rela-
tive alignment of the magnetic moments of the Co ada-
toms, controlled by the direction of the externally ap-

FIG. 52. !Color" SP-STS image showing Co monolayer stripes
prepared by step-flow growth on a stepped Pt!111" substrate as
well as individual Co adatoms on the bare Pt!111" terraces.
Out-of-plane spin contrast of a Cr-coated W tip was verified by
revealing the magnetic structure of the out-of-plane magne-
tized Co nanostripes and the response of the sample to an
external magnetic field !see Fig. 31". From Meier et al., 2008.

FIG. 53. !Color" SP-STS applied to individual magnetic ada-
toms. !a" Spin-resolved local differential tunneling conduc-
tance spectra measured with an out-of-plane-sensitive Cr-
coated tip above individual Co adatoms adsorbed either on fcc
or on hcp sites of the Pt!111" substrate. Depending on the
relative alignment of the magnetic moments of the tip apex
atom and the Co adatoms, different spin-resolved tunneling
conductance curves are obtained !red spectra for the parallel
case and green spectra for the antiparallel case". !b" The
energy-dependent spin asymmetry curves calculated from the
spin-resolved tunneling spectra in !a" show quite similar behav-
ior for Co-adatoms adsorbed on fcc and on hcp sites, except
for the energy range between −0.2 eV and the Fermi level.
From Meier et al., 2008.
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plied magnetic field and the tip apex atom. The resulting
energy-dependent spin asymmetry curves for the two in-
equivalent Co adsorption sites, calculated according to
Eq. !40", are shown in Fig. 53!b". Both the magnitude
and sign of the spin asymmetry change with energy. A
major difference between the two inequivalent adsorp-
tion sites can be noticed only in a small energy window
between −0.2 eV and the Fermi energy, for which elec-
tronic contrast effects are expected to dominate over
spin-related contrast effects. Indeed, when SP-STS im-
ages are recorded at a sample bias voltage of −0.1 V, the
electronic contrast difference between Co atoms ad-
sorbed on fcc and hcp sites is much larger than the mag-
netic contrast originating from the difference between
spin-dependent tunneling from a Co adatom with its
magnetic moment pointing parallel or antiparallel to the
magnetic moment of the tip apex atom !Fig. 54". On the
other hand, for a sample bias voltage of +0.3 V, the elec-
tronic contrast between Co atoms adsorbed on fcc and
hcp sites vanishes and a clear spin-dependent contrast
can be observed in SP-STS images of Co adatoms polar-
ized either in the downward or in the upward direction
!Fig. 55". The experimental data presented in Fig. 55
prove that the sensitivity of SP-STM and SP-STS is suf-
ficient to reveal the spin state of an individual magnetic
atom adsorbed on a nonmagnetic substrate, thereby di-
rectly proving the existence of the tunneling magnetore-
sistance effect for a magnetic single-atom tunnel junc-
tion.

Based on the abitilty to measure the spin-resolved dif-
ferential tunneling conductance above an individual
magnetic adatom, a magnetization curve of a single ada-
tom is obtained by plotting the spin-dependent dI /dU
signal as a function of the externally applied field !Fig.
56". In this case, the measured quantity is not related to

an ensemble-averaged magnetization, as in conventional
magnetometry, but rather to a time-averaged magnetiza-
tion of an individual adatom. The time-averaged compo-
nent of the magnetization of adatoms #MA$ in the exter-
nal magnetic field direction can be calculated according
to

FIG. 54. !Color" SP-STM images of four Co adatoms on
Pt!111" obtained with a parallel !left" or antiparallel !right"
alignment of the magnetic moments of tip apex atom and Co
adatoms. In this case, a sample bias voltage of −0.1 V was
chosen for which the electronic contrast, arising from the two
inequivalent Co adsorption sites !fcc and hcp", is much stron-
ger than the magnetic contrast arising from the different ori-
entation of the Co moments in the left and in the right image.
From Meier et al., 2008.

FIG. 55. !Color" Set of two SP-STM images showing several
Co adatoms on Pt!111" with their spins aligned either parallel
!left" or antiparallel !right" with respect to the spin orientation
of the tip apex atom. In this case, a sample bias voltage of
+0.3 V was chosen for which the observed contrast difference
between the left and the right image is primarily dominated by
the different magnetic states of the Co adatoms, while the in-
equivalent Co adsorption sites cannot be distinguished. From
Meier et al., 2008.

FIG. 56. !Color" Determination of atom-resolved magnetiza-
tion curves by SP-STS. !a" Experimentally determined magne-
tization curves for individual Co adatoms on a Pt!111" sub-
strate for two different temperatures: By recording the spin-
resolved differential tunneling conductance signal above single
Co adatoms as a function of the externally applied magnetic
field and by fitting the experimental data according to Eq. !41",
the magnetic moment of the Co adatoms can be extracted. !b"
Magnetization curves measured at 0.3 K for Co adatoms ad-
sorbed on fcc and on hcp sites. The inset shows the histograms
of the extracted magnetic moments of 38 hcp adatoms and 46
fcc adatoms. The significant variation of the extracted mag-
netic moments is not caused by the difference in the adsorp-
tion sites, but must be related with a spin-dependent interac-
tion among the Co adatoms mediated via the Pt substrate in
combination with the statistical distribution of the Co adatoms
on the substrate. From Meier et al., 2008.
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investigated by x-ray magnetic circular dichroism
!XMCD" !Gambardella et al., 2003". Alternatively, the
occurrence of a sharp resonance close to the Fermi level,
as observed in local tunneling spectra measured above
individual magnetic adatoms !Li et al., 1998; Madhavan
et al., 1998", has been exploited to determine the cou-
pling between a magnetic adatom and a metal substrate
!Knorr et al., 2002; Wahl et al., 2004" as well as the cou-
pling between two magnetic adatoms mediated by the
substrate !Wahl et al., 2007". Since the sharp resonance is
usually assigned to the Kondo effect, which originates
from the screening of the spin of a magnetic impurity by
the surrounding conduction band electrons, it is a rather
indirect way of determining the magnetic properties of
individual magnetic adatoms. In general, detailed infor-
mation about the magnetic system under investigation
cannot be extracted on the basis of a single parameter
!the resonance width, which is related to a characteristic
energy scale—the Kondo temperature TK of the impu-
rity system" extracted from the observation of a Kondo
resonance peak. It is therefore a great challenge to per-
form spin-resolved spectroscopic studies on individual
magnetic adatoms by SP-STM and SP-STS.

Application of SP-STM and SP-STS to individual
magnetic adatoms brings one into a new regime of sen-
sitivity for spin-resolved microscopy and spectroscopy
!Meier et al., 2008". Therefore, it is desirable to have a
sample system which allows a calibration of the tip prop-
erties by simultaneous observation of the magnetic state
of a previously investigated magnetic nanostructure. An
example in Fig. 52 shows a SP-STS image of submono-
layer Co on a Pt!111" substrate. In a two-stage Co depo-
sition process, nanoscale Co stripes were first prepared
by step-flow growth on the stepped Pt!111" substrate,
while individual Co adatoms were subsequently depos-
ited at low temperatures, thereby preventing Co adatom

diffusion on the Pt surface. Since the system of Co on
Pt!111" is known to exhibit out-of-plane magnetic aniso-
tropy, an out-of-plane-sensitive Cr-coated W tip was
used for studying the magnetic state of the sample. In-
deed, with such tips, the Co monolayer stripes reveal a
magnetic domain structure with lateral constrictions act-
ing as pinning sites for domain walls !Fig. 52". The ulti-
mate proof of the magnetic origin of the observed con-
trast is given by observing the response of the sample to
an external magnetic field applied perpendicular to the
surface plane !Fig. 31". Once the out-of-plane magnetic
contrast on the Co nanostripes is proven, spin-resolved
STS measurements can be performed on the simulta-
neously observed individual Co adatoms using the same
Cr-coated tip. Figure 53!a" shows the spin-resolved local
differential tunneling conductance spectra measured
above Co adatoms adsorbed either on fcc or on hcp sites
of the Pt!111" substrate. The spectra depend on the rela-
tive alignment of the magnetic moments of the Co ada-
toms, controlled by the direction of the externally ap-

FIG. 52. !Color" SP-STS image showing Co monolayer stripes
prepared by step-flow growth on a stepped Pt!111" substrate as
well as individual Co adatoms on the bare Pt!111" terraces.
Out-of-plane spin contrast of a Cr-coated W tip was verified by
revealing the magnetic structure of the out-of-plane magne-
tized Co nanostripes and the response of the sample to an
external magnetic field !see Fig. 31". From Meier et al., 2008.

FIG. 53. !Color" SP-STS applied to individual magnetic ada-
toms. !a" Spin-resolved local differential tunneling conduc-
tance spectra measured with an out-of-plane-sensitive Cr-
coated tip above individual Co adatoms adsorbed either on fcc
or on hcp sites of the Pt!111" substrate. Depending on the
relative alignment of the magnetic moments of the tip apex
atom and the Co adatoms, different spin-resolved tunneling
conductance curves are obtained !red spectra for the parallel
case and green spectra for the antiparallel case". !b" The
energy-dependent spin asymmetry curves calculated from the
spin-resolved tunneling spectra in !a" show quite similar behav-
ior for Co-adatoms adsorbed on fcc and on hcp sites, except
for the energy range between −0.2 eV and the Fermi level.
From Meier et al., 2008.
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FIG. 4. (Color online) (a) Sample-bias dependence of a 2qE ring at K point in the FT-LDOS maps, obtained from a series of 50 × 50 nm2

dI/dV images (not shown). Each image of (a) has a size 5 × 5 nm−2. (b) Dispersion relation E(qE) extracted from the radial average of the
rings shown in (a). A linear fit is displayed in plain lines, yielding to an estimation of the Fermi velocity vF and of the Dirac energy ED . (c)
A typical dI/dV (V ) spectrum obtained at fixed tip position, with open feedback loop. The arrow points towards a shallow minimum of the
conductance curve at sample bias corresponding to the Dirac energy ED derived in (b). Stabilization parameters: Sample bias, + 350 mV;
tunneling current, 0.15 nA.

the associated wavelength is too large with respect to the
image size. However, a linear fit gives a Dirac point located at
−0.39 ± 0.01 eV, and a Fermi velocity vF = (1.18 ± 0.04) ×
106 m/s. The Fermi wave vector is qF = 0.53 ± 0.06 nm−1.
These values, obtained here with high accuracy, are very close
to those derived from ARPES measurements.50,51 In Ref. 28, a
similar dispersion was obtained from STM measurements, but
with a much larger k uncertainty with respect to this study. Note
that in the dI/dV (V ) spectra measured at fixed tip position
[Fig. 4(c)], a shallow minimum shows up at sample bias close
to −0.4V , i.e., at the Dirac energy derived in Fig. 4(b). For
ML graphene on SiC(0001), it is however difficult to extract
properly the value of ED from such spectra, due to the strong
contribution of the interface states28,65,77 to the conductance
signal at voltages V < −0.2 eV.

In the next section of this paper, we will focus on the
two major hallmarks found on the FT-LDOS maps in ML
graphene: the absence of central 2qF ring and the intensity
anisotropy of the 2qF rings at Kp, K ′

p points. As shown in
Sec. VI, these features are not observed for BL graphene,
although the FS is roughly the same as for ML graphene.
They are thus characteristic of the specific electronic properties
of ML graphene. As we already stated in Ref. 29, thanks
to T -matrix calculations,18,20 the quasiparticle wave-function
symmetry (in other words the pseudospin) is the key ingredient
for understanding such unique features in the FT-LDOS
map. In the following, we introduce a simple model based
on interferences between eigenstates of graphene obtained

in the tight-binding approximation, which gives a simple
demonstration of the impact of pseudospin on the quasiparticle
interference framework. Our results will be discussed in
the light of full theoretical predictions performed by other
groups.18– 22

V. DISCUSSION: ROLE OF PSEUDOSPIN ON QUANTUM
INTERFERENCES IN MONOLAYER GRAPHENE

We present in this section a simple and intuitive model
to address the problem of single-particle scattering off static
impurities, and our purpose is to highlight the dramatic effect
of the pseudospin in pristine graphene on the scattering
mechanisms. In the presence of defects, elastic scattering
mixes eigenstates of the pristine system with the same energy,
i.e., states that have different k⃗ wave vector located on
the quasiparticle constant-energy contour.66– 68 Thus, when
computing the LDOS (which is proportional to the square
modulus of the eigenstates of the disordered system) in
the vicinity of the impurities, one shall include terms of
interference nature ψ∗

k⃗
(r⃗) ψk⃗′ (r⃗) (and its complex conjugate).

Such terms correspond to scattering between arbitrary initial
ψk⃗ (r⃗) and final states ψk⃗′ (r⃗). A complete calculation of the
LDOS should take into account the matrix elements which
characterize the coupling for states (k⃗, k⃗′) as well as the
boundary conditions at the defect sites, both being intimately
linked to the nature, the symmetry, and the strength of the
impurities.
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rings shown in (a). A linear fit is displayed in plain lines, yielding to an estimation of the Fermi velocity vF and of the Dirac energy ED . (c)
A typical dI/dV (V ) spectrum obtained at fixed tip position, with open feedback loop. The arrow points towards a shallow minimum of the
conductance curve at sample bias corresponding to the Dirac energy ED derived in (b). Stabilization parameters: Sample bias, + 350 mV;
tunneling current, 0.15 nA.

the associated wavelength is too large with respect to the
image size. However, a linear fit gives a Dirac point located at
−0.39 ± 0.01 eV, and a Fermi velocity vF = (1.18 ± 0.04) ×
106 m/s. The Fermi wave vector is qF = 0.53 ± 0.06 nm−1.
These values, obtained here with high accuracy, are very close
to those derived from ARPES measurements.50,51 In Ref. 28, a
similar dispersion was obtained from STM measurements, but
with a much larger k uncertainty with respect to this study. Note
that in the dI/dV (V ) spectra measured at fixed tip position
[Fig. 4(c)], a shallow minimum shows up at sample bias close
to −0.4V , i.e., at the Dirac energy derived in Fig. 4(b). For
ML graphene on SiC(0001), it is however difficult to extract
properly the value of ED from such spectra, due to the strong
contribution of the interface states28,65,77 to the conductance
signal at voltages V < −0.2 eV.

In the next section of this paper, we will focus on the
two major hallmarks found on the FT-LDOS maps in ML
graphene: the absence of central 2qF ring and the intensity
anisotropy of the 2qF rings at Kp, K ′

p points. As shown in
Sec. VI, these features are not observed for BL graphene,
although the FS is roughly the same as for ML graphene.
They are thus characteristic of the specific electronic properties
of ML graphene. As we already stated in Ref. 29, thanks
to T -matrix calculations,18,20 the quasiparticle wave-function
symmetry (in other words the pseudospin) is the key ingredient
for understanding such unique features in the FT-LDOS
map. In the following, we introduce a simple model based
on interferences between eigenstates of graphene obtained

in the tight-binding approximation, which gives a simple
demonstration of the impact of pseudospin on the quasiparticle
interference framework. Our results will be discussed in
the light of full theoretical predictions performed by other
groups.18– 22

V. DISCUSSION: ROLE OF PSEUDOSPIN ON QUANTUM
INTERFERENCES IN MONOLAYER GRAPHENE

We present in this section a simple and intuitive model
to address the problem of single-particle scattering off static
impurities, and our purpose is to highlight the dramatic effect
of the pseudospin in pristine graphene on the scattering
mechanisms. In the presence of defects, elastic scattering
mixes eigenstates of the pristine system with the same energy,
i.e., states that have different k⃗ wave vector located on
the quasiparticle constant-energy contour.66– 68 Thus, when
computing the LDOS (which is proportional to the square
modulus of the eigenstates of the disordered system) in
the vicinity of the impurities, one shall include terms of
interference nature ψ∗

k⃗
(r⃗) ψk⃗′ (r⃗) (and its complex conjugate).

Such terms correspond to scattering between arbitrary initial
ψk⃗ (r⃗) and final states ψk⃗′ (r⃗). A complete calculation of the
LDOS should take into account the matrix elements which
characterize the coupling for states (k⃗, k⃗′) as well as the
boundary conditions at the defect sites, both being intimately
linked to the nature, the symmetry, and the strength of the
impurities.
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FIG. 3. (Color online) (a)–(f) G(r,E) maps for E = −185, 15, 125, 345, 555, and 700 meV, respectively. The color scale is set to cover
fluctuations of ± 25% with respect to the average G at a given E. As the Dirac point is approached, the islands size can no longer be resolved.
(g) Power spectral density from angular averaging of Fourier transform of (b) (blue) and (c) (green). The inset shows the Fourier transform of
(b). The scale bar is 0.5 nm−1. (h) Energy–wave-vector relation extracted from Fourier analysis of the density of states maps at energy E. The
dashed lines are fits to the linear dispersion relation of graphene, yielding vF = 0.90 ± 0.04×106 m/s and E0

D = 0.32 eV.

small k intravalley scatterings have been observed by this
technique [28]. For intravalley scattering, the wave-vector
transfer q links two points of the circle resulting from the
intersection of a given Dirac cone and a constant energy plane.
A particular characteristic of graphene is the suppression
of low-energy backscattering [29]. One therefore expects a
smooth distribution of q between 0 and 2kF for intravalley
scattering, seen as a disk in reciprocal space.

In our data, the LDOS maps at energies far from E0
D

display clearly resolved structures at length scales smaller
than the typical puddle size [Figs. 3(a)–3(f)]. Further, the size
of the observed features decreases with increasing |E − E0

D|.
The Fourier transform maps display a disklike structure
[Fig. 3(g)] from which we extract k = qmax/2 at each energy
[Fig. 3(h)]. The radius qmax/2 of the interference patterns is
defined as the inflection point of the angular averaged Fourier
intensity, that is, the minimum of its smoothed derivative. This

criterion produces the k(E) dispersion with least noise but also
slightly overestimates the wave vectors involved by adding a
constant shift [2] to the detected values of q, which results in
the linear dispersion bands crossing at k > 0 in Fig. 3(h).

The experimental dispersion relation at small k has the
features of graphene close to the Dirac point, thus evidencing
the scattering mechanism at work as intravalley. A fit by
the linear dispersion relation of graphene E = E0

D ± !vF k
[Fig. 3(h)] yields vF = 0.90 ± 0.04×106 m/s. In unhybridized
graphene, vF is a sensitive probe of the strength of electron-
electron interactions [3,30], which can be screened by a large
dielectric constant ϵ environment. While a Fermi velocity
vF = 2.5×106 m/s has been reported on a low-ϵ quartz
substrate [31], it decreases to about 1.1–1.4×106 m/s on
SiO2 [2,22], with a limiting value of about 0.85×106 m/s
expected for infinite screening [31,32]. The present system
can actually be envisaged as graphene on a dielectric substrate
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