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Phase Controlled Superconducting Proximity Effect Probed by Tunneling Spectroscopy
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Using a dual-mode STM-AFM microscope operating below 50 mK we measured the local density of
states along small normal wires connected at both ends to superconductors with different phases. We
observe that a uniform minigap can develop in the whole normal wire and in the superconductors near the
interfaces. The minigap depends periodically on the phase difference. The quasiclassical theory of
superconductivity applied to a simplified 1D model geometry accounts well for the data.
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The proximity effect at the interface between a normal
metal (N) and a superconductor (S) consists in the weak-
ening of electron pair correlations on the S side and in their
appearance on the N side, which can then acquire super-
conductorlike properties (for a review, see [1]). In the case
of diffusive metals, the quasiclassical theory of supercon-
ductivity [2] (and references therein) provides a powerful
framework to describe this proximity effect. It predicts that
if the N region is smaller than the electron phase coherence
length, it then behaves as a genuine superconductor; i.e., it
can carry a supercurrent and there is an energy range
[—8, +8] around the Fermi energy in which there are no
available states for quasiparticles. As o is smaller than the
gap A of the bulk superconductor, it has been dubbed the
“minigap”’ [2]. A remarkable feature is that this minigap is
the same everywhere in the structure, i.e., both in the N and
in the S electrodes. In particular, this implies a nonzero
local density of states (LDOS) in the superconductor be-
tween 6 and A, which can be seen as the evanescent tail of
normal electrons undergoing Andreev reflection [1] at the
NS interface. This additional density of states dies expo-
nentially when moving away from the interface into the
superconductor. These predictions are illustrated in
Fig. 1(a) for the case of a one-dimensional SNS structure
in which 6 is furthermore predicted to depend periodically
on the phase difference ¢ between the order parameters of
the two superconductors [3] and vanishes at ¢ =
7rmod 277, as shown in Fig. 1(b). Although spectral prop-
erties of proximity structures have been partially probed in
spatial measurements of the LDOS [4—-8] and in transport
measurements ([9—12] and references in [1]), neither the
existence of a uniform minigap nor its phase modulation
have been reported. In this Letter we present high resolu-
tion measurements of the phase and space dependence of
the LDOS on both sides of the interfaces of SNS structures,
and compare them to the theoretical predictions.

In a scanning tunneling microscope (STM), the depen-
dence of the tunneling current / on the tip-to-sample
voltage V directly probes the electronic states available
at energy eV in the electrode just underneath the tip.
Variations of the LDOS over small distances can therefore
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be accessed taking advantage of the high spatial resolution
of the STM. In a measurement with a normal metal tip, the
differential conductance dI/dV(V) at small energies is
simply proportional to the LDOS of the electrode, broad-
ened by an instrumental function that is ideally the deriva-
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FIG. 1 (color online). (a) LDOS in a 1D SNS structure, ob-
tained by solving the Usadel equations of the quasiclassical
theory of superconductivity in diffusive metals, taking into
account scattering at interfaces and geometrical parameters
[15]. A is the gap of the superconductor. A uniform minigap
8, defining a range of energy 26 in which the LDOS is exactly
zero, appears across the normal region and in the S electrodes. In
the latter, the finite conductance between 6 and A decreases
exponentially away from the interfaces, and the BCS DOS is
eventually recovered. The color scale was chosen to enhance the
visibility of the minigap. (b) Predicted 27-periodic phase modu-
lation of 8.
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tive of the Fermi distribution function of the electrons in
the tip at temperature 7, [13]. This sets a limit to the energy
resolution of such tunneling spectroscopy at about
3.5kgT,, which can be nevertheless small enough to re-
solve the features due to the proximity effect, provided the
electrons in the tip are cooled well below the temperature
8/kg.

In order to perform such measurements on nanocircuits,
which contain large insulating areas on which STMs can-
not be operated, we have designed and built a cryogenic
dual-mode STM-AFM (atomic force microscope) [14,15],
operating with a single metallic tip. This local probe sensor
consists of an electrochemically sharpened tungsten wire
[16] glued on one prong of a miniature piezoelectric quartz
tuning fork. The latter is a high quality factor electrome-
chanical resonator, which here serves as the AFM trans-
ducer [17]. Other dual-mode instruments are being
developed and used elsewhere [18,19]. The AFM mode
is used to acquire detailed topographic images of the
samples, which later on allow for accurate positioning of
the tip for STM spectroscopy. The microscope is mounted
in a dilution refrigerator with a base temperature of
~35 mK. By itself this is not sufficient to ensure a low
electronic temperature 7, and therefore a high energy
resolution: it is of critical importance to also shield and
filter all the electrical lines needed to operate the micro-
scope and to measure the tunnel current with a low back-
action amplifier. For these purposes, we developed
microfabricated cryogenic filters [20] and a custom low-
noise, differential-sensing current amplifier [21]. After
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FIG. 2 (color online).

cooling down, the tip is moved on the sample substrate
towards the structures of interest, using a 3-axes
capacitance-indexed coarse-positioning system based on
stick-slip motion. During this stage, the microscope is
operated in AFM mode, and recognition of superficial
patterns etched in the substrate is used to locate the struc-
tures. Once a satisfactory AFM image is recorded, spec-
troscopy measurements are performed in STM mode at
several positions along the mapped structure.

AFM pictures of four of the SNS structures that were
measured are shown in Fig. 2. They consist of a loop
formed with a nominally 60 nm-thick, 200 nm-wide,
U-shaped superconducting aluminum (Al) electrode and
a nominally 50 nm-wide, 30 nm-thick normal silver (Ag)
wire. The Al film is designed to overlap the Ag wire at both
ends over nominally 50 nm. Several structures were fab-
ricated simultaneously on the same chip with Ag wire
lengths ranging from 300 nm to 3 wm (for details on the
fabrication see [14,15]). The aspect ratio of the structures
was chosen such that a magnetic flux @ threading the loop
imposes a phase difference ¢ =~ 27®/®P, across the silver
wire [22], with ®, = h/2e the flux quantum. To sink the
tunnel current when performing spectroscopy, the Al elec-
trode is connected to ground on one side. The visible part
of the Ag wires is covered by a fully oxidized 2 nm-thick
aluminum film. By putting the tip in mechanical contact
with this oxide layer, one can obtain nearly drift-free tunnel
contacts with conductance of the order of 1 wS. This
allows one to take reproducible, high resolution spectra,
by measuring the differential conductance as a function of
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Measured (thick lines) differential conductance taken for zero flux through the loop at various positions

(indicated by the arrows and labeled by capital letters) of the four SNS structures shown by the AFM images (taken at 35 mK). The
length of the silver wire is, respectively, (a) 300 nm, (b) 500 nm, (c) 900 nm, (d) 2700 nm. The curves are normalized to 1 at large
voltage and are shifted by integer numbers for clarity. The thin black solid lines correspond to the model based on the quasiclassical
theory of superconductivity introduced in the text and described more in depth in Ref. [15].
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the dc tip-sample bias voltage, using a lock-in amplifier
with typically a 1 wV ac excitation.

When the tip is placed on top of an Al electrode far away
from any contact to the Ag, the differential conductance
[Fig. 2(a) curve A, and Fig. 2(b) curve F] displays the well-
known behavior of a Bardeen—Cooper—Schrieffer (BCS)
superconductor, with an energy gap and its characteristic
singularity at the gap edge. These curves are well fitted
with a BCS DOS, with an energy gap A = 170 weV for
Al, and an effective electronic temperature 7, = 65 mK.
This is higher than the temperature of the refrigerator
during the measurements (35 mK), probably because of a
still insufficient reduction of the electrical noise. The cor-
responding energy resolution of 20 weV is nevertheless, to
our knowledge, the best obtained so far in STM
spectroscopy.

In Fig. 2 we also show the LDOS measured at zero flux
for several positions along each of the four normal wires.
Both in the 300 and in the 500 nm-long Ag wire, the
differential conductance vanishes around zero voltage, on
an energy range independent of position, which is the
signature of a minigap in the DOS. The minigap is larger
for the shorter wire. In the 900 nm-long wire, the conduc-
tance is strongly reduced on a smaller energy range around
zero, but remains always finite. Finally, in the middle of the
2.7 wm-long wire, dI/dV(V) is nearly constant, i.e., un-
affected by the proximity effect. Yet, in this long wire, the
LDOS is strongly affected near the ends of the wire. When
the tip is placed on the Al near a contact to the Ag wire, a
small finite conductance is observed at subgap voltages
(see, e.g., curve G in Fig. 2(b), curve T in Fig. 2(c), curve B
in Fig. 2(a), and the corresponding close-up in the bottom
part of Fig. 4 below). In structures displaying a finite
minigap in the N wire we find that the same minigap is
also present on the S side, despite very different overall
shapes of the LDOS. Correlatively, the order parameter is
slightly reduced close to the interface as shown by a shift in
the position of the peak in the density of states [160 uV at
position B vs 170 wV at position A in Fig. 2(a)]. Farther
from the normal metal (positions A and F in Fig. 2), the
subgap LDOS vanishes.

The variations with the phase difference ¢ of the LDOS
in the middle of the shortest wire (position D) are shown in
Fig. 3. As ¢ is increased, dI/dV (V) gradually deforms and
6 diminishes. Around ¢ = 77, the minigap vanishes, and
the LDOS approaches that of the normal state: supercon-
ductivity is then maximally frustrated in the wire. This
behavior is @ periodic with the applied flux [15], which
provides the phase calibration for each structure. The left
quadrants of Fig. 4 show the measured variations of the
subgap conductance on both the S and the N sides (posi-
tions B and C, respectively), establishing further that for all
values of ¢, the minigap is the same in both the S and N
parts of the structure. A similar phase modulation is ob-
served in the 500 and 900 nm-long wires.

The above measurements can be compared with the
predictions of the quasiclassical theory of superconductiv-
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FIG. 3 (color online). Differential conductance dI/dV (V) ver-
sus voltage measured in the middle of the 300 nm-long Ag wire
(position D) for different values of the phase difference across it
as shown by the phase clocks (¢/7 = 0.06, 0.32, 0.57, 0.83;
0.96, 1.00, 1.08; 1.21, 1.34, 1.46, 1.59).

ity in diffusive metals. This theory is based on the evalu-
ation of the quasiclassical retarded Green function that, for
a superconductor, is a 2 X 2 matrix of disorder-averaged
correlation functions in electron-hole (or Nambu) space.
This matrix depends on position and energy and obeys a
diffusion equation, known as the Usadel equation, with
boundary conditions at the interfaces [2,23]. Finding the
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FIG. 4 (color online). Differential conductance versus voltage,
for different values of the phase difference ¢ across the 300 nm-
long Ag wire. Left quadrants: measured. Right quadrants: calcu-
lated. Top: on the N side (position C); Bottom: on the S side,
close to the interface (position B: note that the scale is linear up
to 0.02 and logarithmic above, to magnify the variation for small
subgap conductance). This shows that the minigap is also present
on the superconductor side with the same value as on the N side.
Dashed lines are guides to the eye.
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LDOS in our structures requires, in principle, that we
specify their full 3D geometry (including the interfaces
and their properties), a complex task that, as far as we
know, has never been done. For simplicity, we restrict here
to solving a crude one-dimensional SNS model involving
geometrical and material parameters common to all struc-
tures (as they are fabricated simultaneously), and per
structure parameters characterizing the NS interfaces
[15]. Because of the finite extent of the overlap interfaces
of N and S in the samples, one cannot define exactly the
tip-to-interface distance. Hence, for simplicity, in the
model the effective position of the tip along the effective
N wire length is crudely mapped to the apparent position of
the tip on the AFM image, with an offset roughly equal to
half the overlap length (see [15] for further details).
Finally, in order to account for the effective temperature
of the tip, we compare the measurements with the outcome
of this model convolved with the derivative of Fermi
function at 65 mK. In spite of the simplifying assumptions
of the model, an overall agreement is obtained for the
phase, space, wire length, and energy dependence of all
the conductance curves, as shown in Figs. 2 and 4.
Deviations are most pronounced in the shortest wire at
positions near the wire ends (e.g., positions C and E), for
which the 1D approximation neglecting the finite extent of
the overlap junction geometry is relatively more important.
Also, a narrow dip in the conductance predicted near V =
0 at the middle of the 2.7 wm-long wire is not observed
[see Fig. 2(d)], which may point to some uncontrolled
depairing mechanism not taken into account in the model.

In conclusion, we have measured with unprecedented
energy resolution the spatial and phase dependence of the
superconducting proximity effect in a series of diffusive
structures. In particular, we have shown that an identical
phase-dependent minigap is present in both the N and S
electrodes. This work complements our understanding of
the proximity effect and supports its description by the
quasiclassical theory. These findings are a first illustration
of what can be achieved with this low temperature AFM-
STM. There is a large variety of hybrid nanocircuits, which
combine, for example, magnetic materials, semiconduc-
tors, or even molecules such as carbon nanotubes, that
should also give rise to a number of interesting short range
“proximity effects” at interfaces. In addition, the capabil-
ities of this new instrument can be extended in various
ways. For instance, a superconducting tip would allow
probing the superconducting condensate [24] or the elec-
tronic distribution functions in nanocircuits driven out of
equilibrium, providing insight on local electron dynamics
in the samples [25]. One could also use spin-polarized tips
[26] to resolve spin order, or use the sensor for local gating
or electrostatic force measurements [27] on the circuit.
This combined AFM-STM cryogenic microscope is thus
a versatile tool that opens broad perspectives in meso-
scopic physics.
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