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Mapping the superconducting condensate surrounding a vortex in superconducting V;Si
using a superconducting MgB, tip in a scanning tunneling microscope
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As shown recently [Proslier et al., Europhys. Lett. 73, 962 (2006)], it is possible to map the superconducting
(SC) condensate by measuring locally the Josephson tunneling current. We apply this technique to image the
vortex lattice in V3Si which is used as the simplest example of a spatially varying quantum condensate. The
Josephson scanning tunneling microscope (JSTM) maps revealed the vortex lattice with the Josephson effect
being present outside the vortices and disappearing progressively toward the vortex core. The characteristic
length scales of a vortex observed in the Josephson regime are compared to the ones obtained in the quasi-
particle regime. We demonstrate that the JSTM allows a nanometer scale resolution of the SC condensate that
may be applied to inhomogeneous phases such as high-7, superconductors.
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Scanning tunneling microscopy (STM) and spectroscopy
(STS) have been key techniques to probe the superconduct-
ing (SC) state on a nanometer scale. Applied to conventional
superconductors, STM has allowed, among numerous ex-
amples, the study of the vortex lattice.! In high-7,. supercon-
ductors, it revealed (i) a nanometer variation in the SC gap
and (ii) the presence of pseudogap regions above and below
the SC transition temperature.” One hypothesis explaining
the pseudogap is the existence of noncondensed Cooper pairs
in these regions.?> Unfortunately, STS probes the SC conden-
sate indirectly through the quasiparticle (QP) excitations of
the SC condensate, and thus is not a proof of the existence of
coherent Cooper pairs.

A straightforward manner to probe the SC condensate di-
rectly would be to measure locally the Josephson current
(JC) between a surface and a tip, both superconducting.* In-
deed, if the barrier is sufficiently narrow, the overlap be-
tween macroscopic SC wave functions of the tip and the
sample may result in a measurable current of Cooper pairs.
The JC is therefore a direct consequence of the existence of
SC condensates in both tunneling electrodes. The relevant
energy scale governing the pair tunneling is the Josephson
energy E;. At zero temperature, for identical tip and sample
superconductors, the Josephson coupling energy is E;
:%, where Ry is the tunneling resistance in the normal
state and A is the SC gap. Such a local JC was first observed
on Pb film and NbSe, crystal using Ag-Pb tips by Dynes et
al.® Later, a detailed analysis of SC-SC local tunneling junc-
tions was done by Rodrigo et al.” In the former experiments,®
the thermal energy was comparable to E; and the current was
well described by the model of Ivanchenko et al.® for the JC
in the fluctuation regime. Finally, the first spatial JC maps on
inhomogeneous SC thin films of MgB, were realized.’

In this Rapid Communication we present a JSTM of vor-
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tices in the conventional superconductor V;Si. We first prove
the existence of a JC by measuring its dependence on the
tip-sample distance. In the second part, we demonstrate that
the Josephson effect diminishes progressively toward the
vortex core over the scale of ~5—10 nm and becomes zero
inside it, concording with the vanishing of the SC order pa-
rameter. While this result might appear somewhat trivial in
the case of a conventional SC, it represents an important step
before achieving JSTM in nonconventional superconductors.

The SC tips were made using freshly cut Pt/Ir wires with
MgB, grains glued on their extremity with silver epoxy.'’
The SC tips were hence constituted by a small MgB, grain
with unknown orientation. One may expect two contribu-
tions to the density of states of such a MgB, tip in the SC
state: the main one from the three-dimensional (3D) 7 band,
with its characteristic SC gap of 2-3 meV, and a smaller one
from the two-dimensional o band, with a gap of about 7
meV, 10,11

V;Si appears to be a good candidate for Josephson scan-
ning tunneling microscopy. Indeed, as a member of the A15
family,'? it has one of the highest 7. (17.1 K) among the
conventional superconductors and hence has one of the larg-
est SC gaps ~2.4-2.8 meV.!3 The bulk magnetic penetra-
tion depth and the coherence length reported for this high «
material are, respectively, N(T=0) = 106—-230 nm (Refs. 14
and 15) and &7=0)~3.8—6.8 nm.'*! Contrary to layered
materials such as 2H-NbSe,, it is a hard but brittle material.
Its cubic structure allows one to bring the tip very close to
the surface, in order to reduce Ry, without damaging the
sample surface or the tip. On the other hand, this material
cannot be cleaved and hence requires a careful surface prepa-
ration. This explains why this “old” superconductor has only
rarely been studied by STM. To our knowledge, the only
STM study in V3Si concerns the hexagonal-to-square vortex
lattice transition.!’
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The samples were prepared from (001) and (111) small
single crystals of V3Si (~2X2X 0.5 mm?) characterized by
a sharp SC transition at 7.=17 K, as measured by supercon-
ducting quantum interference device (SQUID) magnetom-
etry. They were mechanically polished using a 1 wm dia-
mond powder and annealed at 600 °C under UHV for 1 h.
To remove a damaged surface layer, the samples were chemi-
cally etched which yielded a bright metallic surface.'® In
order to best avoid the oxidation of the V3Si surface after
etching, the samples were immersed in pure ethanol and
loaded wet into the fast load-lock UHV chamber of the STM.

Figure 1 gives an example of the tunneling characteristics
of such V;Si-MgB, tunneling junctions. Panel (a) shows a
typical dI/dV tunneling spectrum obtained in the QP tunnel-
ing regime. Two pairs of peaks are found to be at A,
=*+57 meV and A,==*10.2 meV [see red and blue ar-
rows, respectively, in Fig. 1, panel (a)]. Considering a
superconductor-insulator-superconductor (SIS) junction with
a two-gap SC on one side, these peaks can be attributed to
A1=A]7\T,[gBZ+AV3Si and A2=A&gBZ+AV3Si. Taking for MgB,
(Ref. 19) Afj,p,=2.8 meV and Af,z =74 meV, one ob-
tains a rough but still reasonable estimate for the SC gap of
V3Si Ay 5i=2.8%0.2 meV. In panel (b) we focus on the low
energy part of the spectra and show their evolution as the SC
tip is brought closer and closer to the sample surface. When
the tunneling resistance becomes of the order of 2 X 10° ()
or lower, an additional peak appears at zero bias. The ampli-
tude of the peak increases significantly when the tunneling
resistance and/or the temperature is lowered. Thus, this peak
cannot be interpreted as the thermal one seen conventionally
in SC-SC junctions at A;-A, since the latter is independent
of the tunneling resistance and has an opposite temperature
dependence.

To prove that the observed effect is due to the Josephson
tunneling, we have followed Dynes et al.® and compared the
height of the peak to the prediction of a model in the fluc-
tuation regime.® To achieve this, each I(V) spectrum was
fitted around zero bias using the following formula:

\%
[(V)=A—F——, (1)
Vit v,

where A and V), are the two fitting parameters of the model

which predicts a linear dependence on the variation in

V4e?A/1V, as a function of 1/Ry. This linear dependence is
clearly found in the experimental data presented in Fig. 1(c).
The vortex imaging was achieved in a magnetic field of
1.15 T. Two complete conductance maps were measured: one
in the QP regime, at Ry=6.25 M(), where the contribution
of the Cooper pairs in the tunneling current is negligible, and
the other, at Ry=60 k(), corresponding to the Josephson re-
gime. In order to avoid tip crashes, a special mapping mode
was developed: the tip scans the surface at RY™
~10°-10° Q as in an ordinary STM. At each map point the
scan is interrupted and the tip is made to approach a higher
current set point; the spectroscopy curve I(V) is acquired at
this tunneling resistance; and the tip is then retracted back to
the scan position prior to moving to the next map point.”
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FIG. 1. (Color online) SC-SC tunneling spectra at various tip-
sample distances. In panel (a): the tunneling conductance spectrum
(points) measured at Ry=2.27 M{). At this condition, only the QP
tunneling occurs. In panel (b): as the tip-sample distance is dimin-
ished the JC appears as a zero-bias peak in the conductance curve.
Panel (c): the height of the JC peak (dots) was fitted using the
model (Ref. 8) (line). The ratio (4e*%A/V,)""> was plotted as a
function of the inverse normal resistance 1/Ry.

Figure 2(a) presents a zero-bias conductance map ob-
tained in the QP regime. The image reveals the hexagonal
vortex lattice with the unit-cell parameter a=56 nm.?’ In the
Josephson regime, zero-bias conductance maps also reveal
the vortices [Fig. 2(b)]. These maps, however, are more com-
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MAPPING THE SUPERCONDUCTING CONDENSATE...
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FIG. 2. (Color online) Panel (a): a 125X 125 nm? zero-bias
conductance map obtained in QP configuration (B=1.15 T) reveals
triangular vortex lattice. Panel (b): a 8 X8 nm? vortex map in Jo-
sephson regime. Panels (c) and (d) are 3D plots of the tunneling
conductance as a function of distance r from the vortex center for
QP and Josephson regimes, respectively. The spectra are normalized
to dI/dV 8 mV in (c), and to dI/dV 4 mV in (d). The black lines in
(c) and (d) are examples of the spectra obtained by averaging over
the dashed circles in panels (a) and (b), respectively.

plex to analyze since the zero-bias conductance in the JC
regime depends on both QP and JC contributions. Far from
the vortex cores, the SC gap in the QP spectrum is fully
opened and the QP contribution into the zero-bias conduc-
tance is small [Fig. 2(c)]. At the same time, the JC peak has
its maximum value and, thus, dominates the total signal at
zero bias [Fig. 2(d)]. Toward the vortex core, however, the
situation changes dramatically: the number of states in the
QP spectrum rapidly increases due to gap filling and closing
[Fig. 2(c)], and the JC peak disappears [Fig. 2(d)]. Finally,
inside the vortex core, the tunneling conductance at zero bias
is dominated by the QP term.

As it has been recently shown,?! the conductance maps
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FIG. 3. (Color online) In panel (a), we plot the peak-to-peak
distance and the peak height shown in QP tunneling. Using these
curves, we find the vortex size seen in the QP tunneling to be dqp
=5 nm and the Doppler length dpgppier=12 nm. Panel (b): Joseph-
son peak amplitude Ajc as a function of r. It vanishes over a char-
acteristic distance of djc=10 nm. Solid line—a polynomial fit
curve; dashed line: the same curve but recalculated using corrected
values for Ry: Ajceorect(r). Inset: 3D plot of the JC peak after sub-
traction of the background.

acquired with a SC tip in the QP regime contain information
about both the coherence length & and the penetration depth
\. Indeed, toward the vortex core, the SC order parameter
(and, consequently, the SC gap in the QP spectrum) vanishes
on the scale of &! Far from the vortex cores, however, the
excitation spectrum is slightly affected by the local screening
currents through the Doppler effect.?! This allows one to map
the supercurrents surrounding vortices and extraction of A.
It is interesting to compare quantitatively the spatial evo-
lution of the JC peak Ajc near the vortex to the variations in
the QP spectra. As it has been recently shown, the variation
in the QP peak height gives an additional length dpqppier
which is related to the screening currents. Experimentally,
one observes the decrease in the distance separating QP
peaks and the gap filling over the scale dop [Fig. 2(c)]. Far
from the vortex cores, however, the main observable effect is
a decrease in the QP peak height over the scale dpgppier ~ A
due to the Doppler shift.?! In Fig. 3 we plot the QP peak-to-
peak separation A, the QP peak height, and the JC peak
amplitude Ajc as a function of distance from the vortex cen-
ter 7. In order to substantially improve the signal-to-noise
ratio, the conductance spectra were azimuthally averaged
over circles centered on the vortex core [dashed circles in
Figs. 2(a) and 2(b)]. Note that such an averaging makes
sense only for small r as it washes out angular features in the
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vortex lattice. All plotted curves manifest a very similar be-
havior: low values in the vortex cores, then a rise, and, fi-
nally, saturation at large distances. Thus, the simplest way to
characterize each of them is to estimate the distance corre-
sponding to the half amplitude of the total variation. The two
curves in Fig. 3(a) clearly evolve on two different scales:
dop=5 nm for the peak-to-peak separation energy and about
dpoppler=10 nm for peak height variation. The first one is
clearly associated with & of V;Si.'*!1% The second one char-
acterizes the spatial variation in the intensity of screening
currents.’!

At first glance, the dynamics of dc [Fig. 3(b)] takes place
on the same scale as the Doppler effect djc= dpppier- At this
point, a particular feature of our JSTM experiment must be
taken into account. In fact, in order to avoid the preamplifier
saturation, the regulation bias was chosen inside the SC gap.
As a result, the tip-to-sample distance, and therefore the real
Ry, was not kept constant but continuously increased ap-
proaching the vortex core. Since in the fluctuation regime the
JC peak amplitude varies as 1/R%,% the variations Ry(r) lead
to an additional reduction in Aj- when approaching the vor-
tex core. To correct Ay we proceeded as follows: (i) The
ratio Ratio(r) between dI/dV (2.5 mV) in the QP regime
[Fig. 2(c)] and in the Josephson regime [Fig. 2(d)] was ex-
tracted. Note that at this bias, the Josephson term in the tun-
neling conductance is negligible in both regimes and the sig-
nal is dominated by QPs. Since Ry in the QP regime was
kept constant (the regulation bias was taken well beyond the
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gap energies), the variation Ratio(r) reflects the spatial evo-
lution of Ry in the Josephson regime. (ii) The corrected value
for the amplitude of the JC peak was evaluated as Ajccomrect
=A;c X Ratio(r)%. The Ajceomec(r) is presented as a dashed
line in Fig. 3(b). Its characteristic scale djceopeet™=35 NM is
very close to dgp~ & This could suggest the JC peak to be
insensitive to the intensity of local supercurrents. Note, how-
ever, that A jceomec i Obtained using the model® where valid-
ity near the vortex is unclear.

In conclusion, we have reported a Josephson STM experi-
ment of the conventional superconductor V;Si. It was first
shown that the JC amplitude follows the Josephson fluctua-
tion regime. The vortex lattice was used as the simplest situ-
ation where the SC order parameter varies spatially. The JC
vanishes when entering the vortex over a characteristic dis-
tance of ~5—10 nm. This distance is found to be very close
to the vortex size seen in the QP tunneling spectra. It would
be interesting to substantiate our conclusions with both the-
oretical insight, by the consideration of the fluctuating JC
near a vortex, and future JSTM experiments on such sys-
tems.
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