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Impact of Atomic-Scale Contact Geometry on Andreev Reflection
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Charge transport has been examined in junctions comprising the normal-metal tip of a low-temperature
scanning tunneling microscope, the surface of a conventional superconductor, and adsorbed Cg, molecules.
The Bardeen-Cooper-Schrieffer energy gap gradually evolves into a zero-bias peak with decreasing
electrode separation. The peak is assigned to the spectroscopic signature of Andreev reflection. The
conductance due to Andreev reflection is determined by the atomic termination of the tip apex and the
molecular adsorption orientation. Transport calculations unveil the finite temperature and the strong
molecule-electrode hybridization as the origin to the surprisingly good agreement between spectroscopic
data and the Blonder-Tinkham-Klapwijk model that was conceived for macroscopic point contacts.
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Andreev reflection (AR) occurs at the interface of a
superconductor (S) and a normal metal (V) [1]. An electron
incident from N with Fermi wavelength much smaller than
the coherence length of S is retroreflected at the S-N
interface as a phase-conjugated hole while simultaneously
creating a Cooper pair in S. The observation of AR in
S—N and multiple AR in S-S contacts has considerably
influenced our understanding of electron transport through
these kind of junctions. In addition, AR is considered the
microscopic origin to the superconducting proximity effect
[2]. Multiple AR was demonstrated to represent an appro-
priate means of identifying transmission probabilities of
electron transport channels in atomic S-S junctions [3].
Furthermore, AR is at the base of tunable supercurrents
through semiconductor nanowires contacted by S electro-
des [4], electron transport through graphene quantum dots
[5], and correlated spin currents in topological super-
conductors [6].

The majority of AR experiments was performed with
macroscopic point contacts [7], while systematic studies
of AR based on a scanning tunneling microscope (STM)
are scarce. The first STM experiment unveiling AR was
performed on polycrystalline Pb as well as on crystalline
Au surfaces using Au, Pb, and Pt-Rh tips [8]. At junction
resistances of several Ohms, a zero-bias peak was observed
in spectra of the differential conductance (dI/dV) and
interpreted as the signature of AR [8]. The low-Ohmic
contacts resulted from strong tip indentations into the
substrate material, leaving behind deteriorated tip and
surface structure. In a more recent STM experiment, a
W tip and the superconductor V;Si [9] were used. With an
increasing current across the junction, the Bardeen-Cooper-
Schrieffer (BCS) energy gap was reduced, which was
substantiated in terms of AR [9]. Multiple AR was studied
as a function of electrode separation [10] and utilized to
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infer the number of transport channels and their trans-
mission coefficients of Cgp adsorbed on Pb(111) [11].
However, AR in single-atom and single-molecule S-N
junctions with atomic-scale imaging prior to and after
contact formation has not been reported to date. The
pertinent question of how the atomic electrode geometry
and interface structure of such junctions affects AR has thus
far remained open. Moreover, spectroscopy experiments
with an STM enable the unambiguous identification of AR
by tuning the junction from the tunneling to the contact
range [12,13] and therefore, its discrimination from other
zero-bias features [14].

We used a low-temperature STM to fabricate single-
atom and single-molecule junctions [15,16] with a W tip
and a single-crystalline surface of Nb. Spectra of dI/dV
were acquired for junctions comprised of pristine W tips,
single Nb atoms (W —Nb), and single Cgy molecules
(W —Cqp), as well as Cgy-terminated W tips and single
Nb atoms (Cgy — Nb). In the tunneling range, all junctions
exhibited the BCS energy gap with a zero-Kelvin gap width
A and a critical temperature 7' that were virtually identical
to the values of bulk Nb. Upon decreasing the electrode
separation, the BCS energy gap gradually evolved into a
zero-bias peak, which is assigned to AR. Experimental
observations and theoretical modeling evidence the
dependence of the AR-induced conductance on atomic-
scale details of the electrode geometry. Unexpectedly,
the Blonder-Tinkham-Klapwijk (BTK) model [12] that
was originally conceived for macroscopic point contacts
describes the experimental data observed from single-atom
and single-molecule junctions very well. The main origin to
this surprising behavior is the finite temperature and the
coupling of the atoms and molecules to the electrodes.

Experiments were performed with a STM operated at
5.5 K and at 10~ Pa. The Nb(110) surface was prepared by
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annealing between 2200 and 2650 K [17]. High-purity
(99.95%) W wire was used as the tip material. Cg
molecules were sublimated in an ultrahigh vacuum and
deposited onto the sample at room temperature. The
termination of tip apices with single Cg, molecules was
achieved using standard procedures [22]. STM images
were acquired at constant current with the bias voltage
applied to the sample. Spectra of dI/dV were recorded by a
lock-in technique.

The surface of the Nb(110) crystal imaged with a W tip
[Fig. 1(a)] exhibits a characteristic pattern of parallel atomic
chains [Fig. 1(b)]. The individual atoms that are visible as
circular protrusions in the STM image are Nb atoms, which
terminate the NbO(111) monolayer on Nb(110) [18].

Adsorbed Cgy molecules [Fig. 1(c)] appear with a variety
of submolecular patterns [Fig. 1(d)]. Depending on the bias
voltage, these patterns are due to the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) [24,25]. The variety of struc-
tural motifs observed in STM images acquired with a W tip
therefore reflects different Cg, adsorption configurations.
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FIG. 1. (a) Sketch of a W — Nb junction. (b) STM image of Nb
atom chains on NbO(111) (100 mV, 500 nA, scale bar: 1 nm).
The triangle indicates the preferred Cg, adsorption region.
(c) Sketch of a W — Cg junction. (d) STM image of individual
Cgo molecules adsorbed on NbO(111) (100 mV, 50 pA, scale
bar: 3 nm). Cg, molecules appear as circular protrusions with
submolecular structure. (e) Sketch of a Cgy — Nb junction.
(f) STM image of individual Cg, molecules on NbO(111)
acquired with a Cgy-terminated tip (100 mV, 50 pA, scale bar:
2 nm). Inset: STM image of an atomic protrusion on the surface
revealing the Cgq orientation at the tip apex (100 mV, 50 pA, scale
bar: 0.5 nm). (g)—(i) Normalized dI/dV spectra (dots) of W — Nb
(g), W —Cg (h), C4g — ND (i) junctions with decreasing elec-
trode separation (from bottom to top). Junction conductances
range from (g) 0.20 to 1.29 G, (h) 0.11 to 1.35 Gy, (i) 0.34 to
0.97 Gy. Spectra are offset vertically for clarity. Full lines
represent fits according to the BTK model. The color of the
data sets reflects the magnitude of the BTK transmission 7 (green:
7=0,red: 7=1).

The controlled termination of the W tip apex with a
single Cq, molecule [Fig. 1(e)] was routinely performed
[22]. STM images of the Cgy-covered surface acquired with
the Cgp-terminated tip [Fig. 1(f)] gave rise to even more
complex structural motifs of adsorbed Cg4y, which are in
agreement with a recent study [25]. Following earlier
reports [26,27], the tip apex was imaged by an atomic
defect on the surface [inset to Fig. 1(f)], which enables the
determination of the Cg orientation at the tip [28]. In the
case of the inset to Fig. 1(f), the Cg at the tip apex gave rise
to a cloverlike pattern in STM images, which is indicative
of a C hexagon exposed to the surface.

For all junctions dI/dV spectroscopy was performed as a
function of the tip—sample separation [Figs. 1(g)-1(3)].
The resulting junction conductances cover tunneling and
contact ranges [29]. In the tunneling range, all junctions
exhibit a depletion of dI/dV around 0 mV, flanked by
symmetrically positioned peaks at =~ +3 mV. This
feature is assigned to the broadened BCS energy gap.
Tunneling spectroscopic data were fit by the BCS expres-
sion for the quasiparticle density of states (DOS),
0(E) = gy|E|/VE?* — A% (E: energy of the quasiparticle
state, A: half width of the BCS energy gap), considering
the finite temperature as well as the broadening due to the
voltage modulation [38]. The fits are shown as the full lines
in the bottom spectra of Figs. 1(g)-1(1).

Increasing the sample temperature led to a gradual
reduction of the width and depth of the dI/dV depletion
[38]. The experimentally inferred temperature dependence
of A is in agreement with predictions by BCS theory.
From the fit of experimental data, A, and 7, were
extracted. Tunneling into single Nb atoms (Cg, molecules)
resulted in Ag = 1.52 £0.01 meV, T, =921+0.05K
(Ag =1.54£0.02meV, T.=9.2040.12 K). Within
the uncertainty margins, the Cg, junctions do not differ
from W —Nb junctions with respect to A, and T,.
Moreover, A, and T, obtained for all junctions are in
agreement with A, and 7', that were previously observed in
tunneling experiments with pristine Nb samples [39].

In a next step, dI/dV spectra of the junctions were
acquired at decreasing electrode distances. All junctions
exhibited similar behavior. The BCS energy gap gradually
evolved into a zero-bias peak for junction conductances
well in the contact range. Importantly, the contact regions
were imaged prior to and after contact in order to identify
atomic-scale modifications of the electrode geometry. Only
those dI/dV data entered the subsequent analysis that
corresponded to junctions with no changes due to contact.
Experiments at 10 K, i.e., at a temperature larger than T,
of Nb, revealed the absence of the BCS gap and of the
zero-bias peak. These experimental results further support
the interpretation of the zero-bias peak as the spectroscopic
signature of AR.

Unexpectedly, dI/dV data acquired for junctions with
various geometries and tip-sample separations ranging
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from tunneling to contact ranges are well described by the
BTK model [full lines in Figs. 1(g)-1(i)]. In the BTK
model, the tunneling barrier separating the two electrodes is
modeled as a Dirac ¢ function of weight Z. The S-N
junction is characterized by its normal-state transmission,
7= 1/(1 + Z?), and the effective area, A. Z — oo (Z = 0)
mimics the tunneling (contact) range. In the limit of infinite
barrier strength, BTK theory reproduces the BCS energy
gap. For multiple AR observed from Cg, contacts on
Pb(111) with a Nb tip, the Landauer-Biittiker approach
[45,46] was used to describe the subharmonic gap structure
in current-voltage characteristics [11].

The spectroscopic data [Figs. 1(g)-1(i)] evidence the
impact of the specific junction geometry on AR. To see
this effect, = was plotted as a function of the normal-state
differential conductance, dI/dV, [Figs. 2(a)-2(c)], which
reflects the junction dI/dV evaluated at sample voltages
V > Ay/e. All junctions exhibited a linear variation of 7
with dI/dV,, in line with the BTK model. Figures 2(a)-2(c)
evidence that the data grouped around linear variations with
distinct slopes. In the BTK model, different slopes of z may
hint at different effective contact areas .A. For single-atom
and single-molecule junctions, the different slopes may
result from different numbers of transport channels and/or
transmission probabilities of each channel [45,46].

For W — Nb junctions, the data presented in Fig. 2(a)
were best described by linear fits, = = y,,dI/dV,,
with y; = 0.86 £ 0.02 G, (upper line, G, = 2¢?/h is the
quantum of conductance with e the elementary charge and
h the Planck constant) and y, = 0.44 £ 0.03 G;' (bottom
line); i.e., for a given 7, the differential conductance,
dl/dv,, differed by a factor of nearly 2. Consequently,
the different slopes in Fig. 2(a) are assigned to the
termination of the tip with a single (y;) and with two
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FIG. 2. Variation of 7 as a function of dI/dV, evaluated at
+10 mV for (a) W — Nb, (b) Cqg — Nb, (c) W — C¢, junctions.
Depending on the junction geometry, experimental data grouped
around linear 7 variations with different slopes. In (a) the variation
with the higher (lower) slope reflects data acquisition with a W tip
terminated by a single atom (two atoms). In (b) the higher (lower)
slope was obtained for the tip approaching a single Nb atom (the
region between two Nb atom rows). In (c) different slopes were
obtained for 6, 5, 6:6 C, orientations.

(r») W atoms. This assignment is corroborated by STM
images of the contact area. While tips leading to 7 traces
with the larger slope gave rise to atomically resolved STM
images of Nb chains, STM images acquired with the other
kind of tips appeared rather blurred. This blurred appear-
ance of STM images is indicative of tips that are not
terminated by a single atom. In addition, the concomitant
doubling of the junction conductance was reported by
changing contacts from monatomic to diatomic clusters on
metal surfaces [27].

In similar experiments, Cgy, — Nb junctions were
explored [Fig. 2(b)]. Contacts to a single Nb atom
embedded in a monatomic chain and contacts to the trench
between two adjacent Nb chains led to linear variations of =
with a slope of 0.914+0.19 G;' and 0.46 £0.10 Gy,
respectively. Consequently, Cgy — Nb junctions comprising
Nb atoms of adjacent chains exhibited conductances
being a factor ~ 2 larger than conductances obtained from
single-Nb junctions.

W —Cqy junctions showed linear 7z evolutions with
less distinct slopes [Fig. 2(c)]. The different slopes were
related to different orientations of adsorbed Cg, molecules.
While a variety of structural motifs were observed from
adsorbed Cgy molecules, we concentrate here on the most
frequently observed patterns, that is, 6, S, 6:6 exposing
a C hexagon, a C pentagon, a C—C bond between two
adjacent C hexagons to the vacuum, respectively [24].
The lowest differential conductance at any given 7 was
observed for 6 with a slope of ys =0.48 +0.04 G;',
followed by 5 with x5 = 0.40 £0.02 G;' and 6:6, with
X6:6 = 0.37£0.02 Gy I, Previously, conductances beyond
the point of contact varied in the same way with the Cg,
orientation [30] as reported here for the transmission in the
presence of AR.

Before entering into the modeling of the experimental
data, a few general statements on electron transport through
S—N contacts are noteworthy. For a single-channel S-N
contact, the junction conductance may be decomposed into
contributions from AR and conventional electron transport.
In the generic case of several contributing transport
channels, the disentanglement of AR requires the knowl-
edge of all transmission coefficients. However, the present
situation is fortunate. The size of the HOMO-LUMO gap
and the smooth bias voltage dependence of dI/dV data [47]
imply that the DOS is essentially independent of the energy
at the Fermi level, E.. Therefore, a general expression
relates the S—N junction conductance to the transmission of
transport channels [13]. Further simplifications arise for a
point contact with a high number of transport channels.
In this case, the BTK model proved the systematic
disentanglement of AR from the total conductance of a
S—N junction [12,54].

In the present case where only a small number of
transport channels participate, neither the single-channel
result nor the BTK expression for the conductance are
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per se applicable. Moreover, the general results of Ref. [13]
and their extension to finite bias voltage would require
knowledge of all channel transmissions. This would seem
to require an ab initio modeling of the junction. However,
Figs. 1(g)-1(f) evidence the accordance between dI/dV
data and the BTK model.

In the following, we first rationalize the surprisingly
good quality of BTK fits to experimental data and then
explore the impact of the atomic-scale electrode geometry
on AR by comparison with transport calculations. The
simulations are similar to previously reported methods [13].
The Hamiltonian, H = Hg+ Hy + Hy + Hys + Hyy,s
considers the contribution of the superconducting (Hy)
and normal-metal (Hy) electrodes, the molecule (H,,), as
well as its coupling to the superconductor (Hg) and the
normal metal (H,y) to the total energy. The molecule (M)
is characterized by a single-particle energy level &; with
respect to Ey of the leads at zero voltage. The coupling
of M to the electrodes is described by the hybridization
energies I'g = 1%, and 'y = 7120, [0y (0p): DOS of
S (N) in the nonsuperconducting phase at Ey, 7 (f): hopping
amplitude from M to S (N)]. Electron transport through
the junction was then obtained by solving the equation of
motion for the nonequilibrium Green function on the
Keldysh contour in Nambu space [38].

As a first result, we obtained that for I'g > A, g4, eV or
'y > A, g4, €V, the internal electronic structure of M was
considerably broadened and the BTK expression for the
current was recovered with Z = [['s — ['y|/+/2T sy [38].

In a next step, we addressed the validity of the BTK
model for a junction with a few transport channels. To
capture the basic physics, a model was conceived where M
is adsorbed to S with a hybridization I'g > A, g4, eV
[Fig. 3(a)]. Two parallel transport channels, @ and f, were
included in the calculations. Their different transmissions

were mimicked by different couplings to N, Fg\‘,') and Fg\f).
Figures 3(b),(c) present calculated dI/dV data for a

molecular junction with yy = F%}) /Fgf,l) =02 at T=
0K [Fig. 3(b)] and at T =0.3Ay/ky~53 K (kg:
Boltzmann constant) with Ay = 1.53 meV being the aver-
age of experimentally determined gap widths [Fig. 3(c)].
The dots represent data obtained from the microscopic
model, while the full lines are fits according to the BTK
model. At 0 K, discrepancies between the microscopic
model and the BTK approach became discernible at
elevated 7. However, our calculations revealed that good
agreement between the transport calculations and the BTK
model is achieved for temperatures starting from as low
as 0.057.. Both models were in excellent agreement for
all 7z at finite temperatures > 0.057 .. Similar results were
obtained for yy = 0.1, 0.5 (not shown). These data suggest
that the finite temperature of the junction likewise contrib-
utes to the good BTK fit results exposed in Figs. 1(g)-1(i).

Figure 3(d) shows another important result, which
concerns the applicability of the BTK model to situations

@0 1, =05

1.5 2

FIG. 3.
The molecule is represented by a single electronic level &,. r,‘;’),

(a) Sketch of the model used for transport calculations.

r %}) denote coupling strengths of the two transport channels with
the N electrode. T'g is the hybridization of the single transport
channel to the S electrode. (b) Calculated dI/dV data (dots)
for yy = Fg)/Fﬁ) =0.2 and T =0 K. Full lines are fits to
calculated data on the basis of the BTK model. The color of the
lines encodes the normal-state transmission of 7(®) > (%) (green:
7@ =0, red: 7@ =1). (c) Like (b) for T = 0.3A,/ky with
Ay = 1.53 meV the average of experimentally determined gap
widths. (d) 7 extracted from single-channel BTK fits to calculated
dI/dV data as a function of dI/dV,. The upper (lower) dashed
line represents 7 = 1.0-G' dI/dV, (t = 0.5-Gy' dI/dV,).

where several transport channels with different transmis-
sions are involved. Within the microscopic model dI/dV
data were calculated for yy = 0.1, 0.2, 0.5 and different
temperatures (T = 0 K, T = 0.3A,/kp). These calculated
data were fit on the basis of the single-channel BTK model.
The extracted transmission [symbols in Fig. 3(d)] shows
distinct variations, which depend on y. These variations
are similar to the experimental observations depicted in
Figs. 2(a)-2(c). Therefore, given the maximum conduct-
ance of 1 Gy per transport channel, the minimum number
of channels m may be inferred from the intersection of
7 =1 with linearly extrapolated z-versus-dI/dV, data,
which gives rise to dI/dV, > m G,,.

In conclusion, AR in microscopic S-N junctions
depends on the atomic-scale electrode geometry. The
BTK model is excellently applicable to single-atom and
single-molecule junctions when a finite temperature and a
strong molecule—electrode coupling are present. The phe-
nomenological BTK parameter Z is related to the hybridi-
zation constants. Moreover, the findings represent a new
way of determining the minimum number of transport
channels involved in the charge transport across the S—N
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contact. The results further constitute a necessary first step
in addressing the interplay of AR with spin-flip scattering
at the nanoscale [55] and are anticipated to describe AR
in single-atom and single-molecule junctions on high-7.
superconductors.
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