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Tunneling spectra for individual atoms and dimers of Mn and Cr adsorbed on superconducting Pb thin
films were measured by a low temperature scanning tunneling microscope. Multiple-resonance structures
within the superconducting gap on the adsorbates were resolved and interpreted as the magnetic impurity-
induced bound states associated with different scattering channels. The experiment demonstrates a
spectroscopic approach to characterizing the spin states of magnetic structures and exploring the
competition between superconductivity and magnetism at the nanometer scale.
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A magnetic impurity in a superconductor breaks the
time-reversal symmetry and induces low energy bound
states in the superconducting gap [1-3]. Probing the re-
sponse of superconductors to magnetic impurities has been
one of the important methods for revealing the nature of the
superconducting pairing [4]. On the other hand, the intra-
gap states offer a sensitive mechanism to detect the spin
states of the magnetic impurities. The magnetic impurity-
induced bound states in a conventional superconductor
were previously observed in a scanning tunneling micros-
copy (STM) study by Yazdani et al. [5]. The tunneling
spectra in their experiments reveal an enhancement of the
density of the excitations within the superconductor’s gap
near the magnetic adsorbates. However, it remains chal-
lenging to make use of these intragap resonances in ana-
lyzing the spin states of adsorbates, in part because of the
insufficient energy resolution. For example, the splitting of
the intragap states induced by magnetic coupling between
impurities is typically 1 order of magnitude smaller than
the superconducting gap and thereby cannot be easily
resolved by an STM. Here we report a scanning tunneling
spectroscopic (STS) study of the magnetic atom-induced
bound states in a superconducting Pb thin film, which can
explicitly resolve the multiple scattering channels and in-
troduces a novel approach for extracting the spin informa-
tion of impurities at the single atomic level [6—10].

Our experiments were conducted with a Unisoku UHV
SHe STM system [11]. Pb (with purity of 99.999%) was
deposited on the clean Si(111) — 7 X 7 surface at room
temperature and further annealed for 30 min to form atomi-
cally flat films [12] with a lateral extension of 200 nm,
which is much larger than the superconducting coherence
length ( ~ 30 nm) [13]. In the present experiment, a film
with a thickness of 20 monolayers (ML) was chosen as the
substrate whose averaged superconducting gap A,y Was
1.30 meV determined by STS measurement [14].

Several measures have been taken to achieve enhanced
tunneling junction stability and high spectroscopic resolu-
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tion, which include: (a) elaborate grounding and shielding
scheme to minimize the electrical noises; (b) 0.4 K base
temperature by means of a single-shot He cryostat to
reduce the thermal broadening and drift; and (c) a super-
conductive Nb STM tip to improve the energy resolution
by utilizing the sharp change in the density of states at the
superconducting gap edges. As a result, the energy resolu-
tion of STS reaches ~0.1 meV at 0.4 K. Nearly ideal dif-
ferential conductance was obtained for the superconductor-
superconductor (S-S) tunneling junction formed by the Nb
tip and the Pb film [illustrated in Fig. 1(a)] via lock-in
detection of the first harmonic in the tunneling current.
Figure 1(b) clearly reveals the characteristic S-S tunneling
peaks at = (A, + Agmpie). The superconducting gap Ay,
of the tip was found to be 1.52 meV by fitting the con-
ductance using the BCS density of states for Pb and Nb
with Agmpe = 1.30 meV and 7' = 0.4 K [solid curve in
Fig. 1(b)]. Depending on the tips, Ay, may vary between
1.44 and 1.52 meV [15], and was determined individually
by measuring the tunneling conductance of the S-S junc-
tion on bare Pb film.

The transition metal (Mn and Cr) atoms were deposited
on the Pb film (111) surface at about 30 K. At a coverage of
0.0006 ML, the well-isolated metal atoms of both Mn and
Cr are imaged as round protrusions [Fig. 1(c) for Mn, and
Fig. 1(e) for Cr]. The STS from —2.8 meV to +2.8 meV
(between the two S-S tunneling peaks) on the adatoms
exhibit the well-defined resonance structures [Figs. 1(d)
and 1(f)] due to the formation of the bound states. Four
peaks for Mn and six for Cr are explicitly resolved, re-
spectively. The spectra, as the “fingerprints’ of the spin
states, involve two groups of resonances, i.e., the electron-
like states seen at the positive bias and the holelike states
seen at the negative bias [5,16—18]. Whereas the positions
of the electronlike and the holelike resonances are sym-
metric with respect to the zero bias, their amplitudes are
asymmetric as a result of the broken symmetry under the
particle-hole transformation. Evidently, these peaks origi-
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FIG. 1 (color online). Single magnetic atom-induced bound
states in the superconducting gap of Pb thin films.
(a) Schematic and (b) differential conductance of the S-S tun-
neling junction. The tunneling junction was set at Vi, =
10 mV, I = 0.4 nA. The bias modulation was 0.05 mV (rms)
at 1.991 kHz. (c)-(f) Topographic images and normalized
dl/dV spectra of single Mn and Cr atoms at 0.4 K. For a Mn
atom (c), the four peaks at energies of —2.35 meV, —1.84 meV,
+1.86 meV, and +2.47 meV correspond to the first two angular
momentum channels, respectively. For a Cr atom (e), six peaks
(f) were detected at energies of —2.44 meV, —1.92 meV,
—1.49 meV, +1.49 meV, +1.89 meV, and +2.38 meV, respec-
tively. The plus and minus signs correspond to the electronlike
and holelike excitations. Suppressing of the coherence peaks of
superconductor by the magnetic atoms is noted.

nate from the interaction between the magnetic atoms and
the superconducting host since they disappeared com-
pletely when a 3 T magnetic field was applied perpendic-
ularly to quench the superconductivity of the Pb film.

The multiple-peak structure has its origin in the different
angular momentum channels (I = 0, 1, 2, etc.) in scatter-
ing, and is directly related to the magnetic moment of the
impurity. In the limit of classical spin, the binding energy
[3] for a localized bound state is

E; = Agcos(8; — 8;), (1

where A is the superconducting gap and &;" are the phase
shifts for the scattering of spin up (+) and spin down (—)
quasiparticles off a magnetic impurity in the /™-angular
momentum channel. The partial waves beyond / = 0 have
been essential to obtain an accurate description of the
magnetic impurities in a superconducting host [19,20].

Further comparison with theory would require a thorough
electronic structure calculation.

The order-parameter relaxation also provides a local
attractive potential for quasiparticles and produces bound
states in the superconducting gap at the energy

QO = Ao\/l - CV2, (2)

where « is a parameter related to the suppression of the gap
function 6A and the Coulomb potential of the impurity
[18]. However, weak gap function suppression (6A < A)
is indicated by comparing STS measured on the bare Pb
surface and those on the isolated magnetic impurities in
Fig. 1, refuting the possibility of attributing the observed
resonances to order-parameter relaxation. The suppression
of gap function at the impurity sites is negligible in the
weak coupling limit where the ground state of the super-
conductor is still a paired state of the time-reversed single-
particle states [18]. Nevertheless, the lower coherence
peaks in the spectra on a magnetic atom indicate that the
lifetime of the quasiparticles is distinctly decreased by the
magnetic impurities.

The spectra in Fig. 1 are the convolution of the density of
states of the superconducting tip with that of the substrate.
The gap function of the Nb tip can be determined by the
BCS density of states of the Pb film together with the STS
on the bare Pb surface with the same tip. Numerical
deconvolution was performed to find the energies of the
bound states induced by singe Mn and Cr atoms, as well as
the Mn dimer discussed later. The results are summarized
in Table L.

The significance of the experiments is best demonstrated
by characterizing the local electronic properties of Mn and
Cr dimers via the intragap bound states. Dimers of both Mn
and Cr could be easily obtained by increasing the coverage
of the atoms deposited. Because of the higher concentra-
tion of magnetic impurities, the discrete bound states de-
velop into impurity bands [20-22] inside the super-
conducting gap. The formation of the impurity bands is
evident in the STS taken on the bare Pb surface far away
from the adatoms, as indicated by the arrows in Figs. 2(c)
and 4(c).

Figures 2(a) and 2(b) show two different Mn dimer
configurations. The interatomic distances and the height
difference between the neighboring Mn atoms in the topo-
graphic images imply nonequivalent adsorption sites for
the two atoms in a dimer. It has been predicted theoreti-
cally [23-25] that the atomlike bound states of the two
impurities in a dimer will hybridize and split into bonding
and antibonding states if the magnetic moments of the
impurities are parallel. The effect of interaction between
the two Mn atoms in a dimer is clearly revealed by the
dI/dV spectra [Fig. 2(c)] and the spatial mappings (Fig. 3)
of the resonances. Both / = 0 and / = 1 peaks split in Mn
dimer II, indicating a ferromagnetic coupling between the
two Mn atoms at 4.2 A. In the case of a dimer at larger
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TABLE L.

Binding energies for the intragap states. The energies are the peak positions in the

spectral density of the superconducting Pb with respect to the chemical potential. Plus and minus
signs outside the parenthesis correspond to the electronlike and the holelike states, respectively.

Energy (meV) Mn atom Cr atom Mn dimer 11
E(l=0) +(0.38 £0.02) *(0.17 £ 0.04) +(0.06 = 0.03)
E(l=1) +(1.02 = 0.03) +(0.53 = 0.03) +(0.39 = 0.02)
E(l=2) i +(1.03 = 0.03) +(0.88 = 0.03)
E(l=13) cee +(1.22 = 0.02)

distance (Mn dimer I), only the / = 0 peak splits, which
may result from different alignment other than purely
ferromagnetic.

Although both Mn dimer I and II show explicit interfer-
ence feature in the dI/dV mappings, their patterns are
qualitatively different (Fig. 3). More specifically, while
the local density of electronic states (LDOS) of the Mn
dimer at6.1 A appears to be the even and odd combinations
of the unhybridized bound states [Figs. 3(d)—3(g)], the
split states for each scattering channel of the 4.2 A dimer
consist of two roughly complementary components in the
spatial distribution [Figs. 3(h)-3(k) for electronlike and
3(1)-3(o) for holelike states], i.e., the LDOS of one state is
high in the region where that of the other is low, and vice
versa. The intriguing mapping for Mn dimer II may arise
from the stronger coupling between Mn atoms at shorter
interatomic distance, where the picture based on simple
hybridization is no longer applicable.

The situation for Cr is strikingly different (Fig. 4). While
the spectrum of a dimer at 6.6 A (Cr dimer I) is similar to

26 [ T T T T T T T T T ]
241 C 1
22+ g
. ¢ Pb L 4
[ Mn ]
= atom g
[ Mn ]
F dimer | 8

[ Mn |
i »J’\\w\/\/h_
Mn dimer Il r 1

5 -4-3-2-101 23 465
Bias (mV)

HI . LO

FIG. 2 (color online). (a) The topographic image of Mn dimer
I with 6.1 A interatomic distance. (b) The topographic image of
Mn dimer II with 4.2 A interatomic distance. (c) Typical dI/dV
spectra taken on Pb (away from adsorbates), an isolated Mn
atom, Mn dimer I, and Mn dimer II. The curves in (c) are offset
vertically for clarity. All STS were acquired at a set point of V =
10 mV and I = 0.2 nA at 04 K.

that of a single Cr atom, no intragap resonance has been
observed for a dimer at 3.0 A (Cr dimer II); the spectra of
dimer II and the background (the Pb surface) are identical.
The disappearance of the bound states is attributed to the
antiferromagnetic coupling between the two Cr atoms in a
dimer [26,27], which behaves like a nonmagnetic impurity
with the total spin of zero. The bound state induced by a
nonmagnetic impurity on a conventional s-wave supercon-
ductor such as Pb lies essentially at the gap edge with much
smaller magnitude [4] and cannot be resolved by STS.

In conclusion, we have probed the intragap bound states
induced by magnetic impurities in a superconductor using
STS with high energy resolution. The study provides a
novel approach to characterizing the development of im-
purity bands from individual bound states, and can con-
ceivably lead to deeper understanding of the interplay
between magnetism and superconductivity at the atomic

-1.46 meV

-1.79 meV -2.23 meV

FIG. 3 (color online). (a)—(c) The dI/dV mappings for an
isolated Mn atom at various energies. The holelike / = 1 state
(not shown) is not strong enough for clear dI/dV imaging. (d)—
(g) dI/dV mappings of Mn dimer I. (h)—(0) dI/dV mappings of
Mn dimer II. The black dots indicate the centers of the atoms.
Imaging conditions: V = 10 mV and / = 0.15 nA.

226801-3



PRL 100, 226801 (2008)

PHYSICAL REVIEW LETTERS

week ending
6 JUNE 2008

26 — T T—T— T
oul C ]
2ol ]
20t N4y Py L
18] ]
\16: Cr ]
Cr dimer | pSEVAS atom .
12} ]
10; Cr ]
8r dimer | b
ol ]
4_" Cr 1
2+ dimer I .
crdimer |1 [
Heossmmmo ©° 43200 12345

FIG. 4 (color online). (a) The topographic image of Cr dimer I
with 6.6 A interatomic distance. (b) The topographic image of Cr
dimer II with 3.0 A interatomic distance. (c) Typical dI/dV
spectra taken on Pb (away from adsorbates), an isolated Cr atom,
Cr dimer I and Cr dimer II. The curves in (c) are offset vertically
for clarity. All STS were acquired at a set point of V = 10 mV
and / = 0.2 nA at 04 K.

scale. The present method can be applied to various mag-
netic adatoms on a superconductor, which is not neces-
sarily to be Pb. We expect that the experiments will also
motivate further theoretical studies and stimulate more
measurements, such as on the quantum phase transitions
associated with multiple impurities [25].
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