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Spatially resolved spectroscopy on superconducting proximity nanostructures

M. Vinet, C. Chapelier, and F. Lefloch
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We investigated the local density of states~LDOS! of a normal metal~N! in good electrical contact with a
superconductor~S! as a function of the distancex to the NS interface. The sample consists of a pattern of
alternate strips of Au and Nb. We used a low-temperature scanning tunneling microscope to record simulta-
neouslydI/dV(V,x) curves and the topographic profilez(x). Nearby theNS interface, all the spectra show a
dip at the Fermi energy but, depending on the geometry, different behaviors can be distinguished. First, when
the characteristic size of the normal metalL is much larger than the coherence lengthjN5A\DN /2D, the
spectral extension of the dip decreases fromD at theNS interface to zero at distancesx@jN . Second, when
L is comparable tojN , the apparent gap in the LDOS is space independent.
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A normal metal~N! in good metallic contact with a su
perconductor~S! can acquire some superconducting prop
ties and reciprocally the superconductivity can be affected
the normal metal vicinity. This proximity effect has bee
first extensively studied in the late 1960s using the Ginzbu
Landau theory which describes macroscopic supercond
ing systems near their transition temperatureTc .1,2 Recent
advances in nanofabrication renewed the interest in this p
nomenon, especially at the mesoscopic scale when the c
acteristic sizeL of the normal metal becomes smaller th
the thermal lengthLT5A\DN/2pkBT (DN is the diffusion
constant in the normal metal!. Simultaneously a more com
prehensive understanding of the proximity effect in the d
fusive regime based on the theory of nonequilibrium sup
conductivity has emerged.3,4 The predictions made on th
local density of states~LDOS! in N depend on the ratio
L/jN , where L is the size of the normal metal andjN

5A\DN/2D its coherence length (D is the superconducting
gap!.4 On the one hand, whenL@jN ~infinite system!, the
superconducting correlations induced inN lead to a depres
sion of the electronic density of states around the Fermi
ergyEF . The energy scale of this dip in the LDOS vanish
to zero at increasing distances from theNS interface. On the
other hand, whenL is comparable tojN ~finite system! the
LDOS shows a space independent minigapEg whose width
is related to the Thouless energyETh5\D/L2. However,
whenL< l N ( l N is the elastic mean free path inN), Eg goes
like L/ l N and eventually vanishes in the pure ballistic cas5

Experimental tests of the theory in the infinite case w
obtained by Gue´ron et al.6 They used nanofabricated tunn
junctions to measure the electronic density of statesn(E,x)
at three distinct positions along a normal wire in contact w
a superconductor. However, because of the size of th
junctions they could not achieve a spatial resolution be
thanjN and the closest spot probed was at about twojN from
the NS interface. On a much smaller scale, scanning tunn
ing microscopy~STM! was used to study the proximity e
fect in ballisticN metals~i.e., L!jN ,l N).7,8 In these experi-
ments the LDOS crucially depends on the thickness of
normal system. The shape of the spectra is explained wi
0163-1829/2001/63~16!/165420~4!/$20.00 63 1654
-
y

-
ct-

e-
ar-

-
r-

n-
s

.
e

se
r

l-

e
in

the de Gennes–Saint James bound-states model.9 Other STM
experiments on smallN wires embedded in anS matrix
showed a healing length of superconductivity on theS side
much larger than the coherence lengthjS .10 But according to
the authors, they could not easily interpret the spatial dep
dence of the LDOS in theN metal because of a complicate
geometry.

We report here measurements of the local electronic d
sity of states by scanning tunneling spectroscopy on Nb
proximity junctions. Since STM allows a high energetic a
spatial resolution in conjunction with sample topography,
are able to spatially resolve the LDOS in the normal meta
a function of the distancex to theNS interface (x can vary
from zero to several coherence lengths with a resolution
few nanometers!. Moreover, we can discriminate betwee
the two situations:L<jN and L@jN within the same
sample.

Our STM hangs inside a sealed tube by a 1-m-long spr
to decouple it from external vibrations. This tube is im
mersed in a He4 cryostat and cooling is achieved by intro
ducing high purity helium exchange gas into the tube. T
temperature is then reduced to 1.5 K by pumping on
helium bath. Tunneling spectra are obtained by a lock
detection technique with a 77-mV peak-to-peak modulation
voltage of the bias at 1 kHz. We measure the differen
conductancedI/dV versusV while holding the STM tip at a
fixed height above each positionr . This provides a local
probe of the LDOSn(eV,r ). The energetic resolution is de
termined by the thermal broadening at 1.5 K. Each curve
single acquisition process with no additional averaging. T
dI/dV curves and the topography are measured during
same line scan allowing us to correlate them precisely. D
are normalized to the conductance at high voltage (V.D).
The samenormalization coefficient has been used for all t
curves. The typical tunneling resistance is 107V.

We have chosen Au as a normal metal because i
chemically inert. The Au film has been previously charact
ized by measuring the temperature dependence of the r
tivity, R(T), which gives a mean free pathl N.22 nm and a
diffusion coefficientDN.1.031022 m2 s21 leading tojN
.53 nm. Nb is used as a superconductor because of its
©2001 The American Physical Society20-1
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critical temperature. Our 50-nm-thick Nb film undergoes
BCS transition at 8.1 K and shows an energy gapD
.1.15 meV at 1.5 K. Its coherence length isjS

5A\DS/2D.27 nm and the mean free path isl S.6 nm
given byR(T) measurements. The ratiol S /jS,1 is charac-
teristic of a dirty superconductor.

Our sample consists of a 50-nm-thick pattern of jux
posed strips, 1mm wide and 250mm long, of Au and Nb
in good electrical contact, see Figs. 1~a! and 1~b!. The Nb
was first uniformly deposited by dc sputtering on a therma
oxidized Si wafer. We used uv lithography and subsequ
reactive ion etching~RIE! to produce the Nb strips. 10% o
oxygen was introduced in the SF6 plasma during RIE in
order to remove all organic residues and to give some in
nation to the edges of the Nb strips@see Fig. 1~b! where this
inclination has been quite exaggerated#. This ensures aNS
interface over the full height of the layers. We then sputte
2-nm Ti and 50-nm Au to fill up the grooves between the
strips and lifted-off the remaining resist. Prior to the Ti/A
sputtering the Nb surface has been cleaned and the n
oxide removed by anin situ inverse plasma shallow etchin
to ensure a good metallic contact. As seen in Figs. 1~a! and
1~c!, Au forms ridges on each side of the Nb strips. The s
of these ridges has been measured both by STM and s
ning electron microscopy. Their lateral dimensions va
from 50 to 200 nm and their heights from 10 to 50 nm. Th
are in electrical contact with Nb but poorly connected to
rest of Au. Indeed we observe BCS-likedI/dV(V) curves in
between the Au ridges and the Au strips which indicates
presence of bare Nb~see the lower curve of Fig. 2!. The solid
line represents the convolution of the BCS density of sta
with a Fermi-Dirac distribution at the measured temperat
T51.5 K. We introduce a phenomenological parameterG to
define a complex energyE* 5E2 iG.11 This parameter re-
flects the broadening of the energy levels due to the fi
lifetime of the quasiparticles. The calculation provides a
perconducting gapD51.15 meV andG50.07D. In contrast
spectra taken above Au either over the ridges or the st
cannot be fitted using this model. As an illustration, the u
per part of Fig. 2 shows calculated curves with different s
of the parametersD and G. The transition from these two
types of spectra allows us to infer theNS interface.

FIG. 1. ~a! Scanning electron microscope photography of
sample displaying the small ridges on each side of the Au strip.~b!
Schematic cross section of the sample. It consists of a 50-nm-t
pattern of self-aligned strips 1mm wide and 250mm long of Au
and Nb.~c! A 1403140340 nm3 topographic STM picture of a
Au ridge.
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In order to describe our results we need to take into
count the coherence effects of the quasiparticles inside
normal metal. In the framework of the quasiclassical Gree
function formalism, induced correlations between electro
of opposite spin in the normal metal are described by a co
plex angleu(E,r ).4,12 The LDOS of the quasiparticlesn is
related tou by n(E,r )5n0 Re@cosu(E,r )#. In the dirty limit
and in zero magnetic field,u(E,r ) obeys the one-
dimensional~1D! diffusion Usadel equation:13

\D

2

]2u

]x2
1@ iE2G in22Gs f cosu#sinu1D~x!cosu50,

~1!

whereGs f andG in are the spin-flip and the inelastic scatte
ing rates, respectively, andD(x) is the pair potential. The
order parameter is space dependent and obeys a
consistent equation.3,4 However, for the sake of simplicity
we assume no pair potential in the normal metal (DN50)
whereas we takeD equals to its bulk value everywhere in th
superconductor. Conditions of continuity,ux5025ux501,
and spectral current conservationsS(]u/]x)x502

5sN(]u/]x)x501 are imposed at theNS interface which is
valid in the case of a perfect electrical contact. This assum
tion is justified by the careful cleaning of the Nb surfa
prior to the normal films deposition. However, the presen
of Ti and the possible alloying of the different metals com
plicates a lot of the actual interface description. We theref
choose to introduce an effective conductivitysNe f f instead
of the gold onesN .

When L@jN , the normal metal can be considered
semi-infinite and one recovers theN density of states far
away from the superconductor. The boundary condition

ck

FIG. 2. Two spectra taken above either Au or Nb. Above the
film ~lower curve! the spectrum is fitted within a BCS model wit
D51.15 meV andG50.07D ~solid line!. In contrast this model
cannot describe simultaneously the wings and the zero-bias con
tance of the spectra taken above Au~upper curve!. The dotted line
is a fit with D51.1 meV, G50.12D whereas the solid one is fo
D51.1 meV, G50.40D.
0-2
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Eq. ~1! on theN side is thenu(E,`)5uN50. This situation
corresponds to the 1-mm-wide strip of Au. In the first set of
experiments we scanned above its surface and measure
LDOS as a function of the distancex to the NS interface,
located within65 nm. The spectra were taken along t
same line perpendicular to the interface. The spa
dependent LDOS is plotted in Fig. 3 for differentx. Because
of the uncertainty about piezoelectric coefficients of t
scanning tube at low temperature, we estimate an accu
on x of the order of 20%.

We observe a peak inGV(x)5dI/dV(V,x) at an energy
«max which decreases as we move away from the superc
ductor. Figure 4~d! displays«max ~solid squares! and Fig.
4~c! the normalized zero-bias conductanceg
5GV50 /GV54 mV ~open circles! as a function ofx. A zero
density of states at the Fermi level is never observed du
pair-breaking mechanisms such as spin-flip and inela
scattering that cannot be neglected at 1.5 K. The fluctuat
of g and «max are not due to experimental noise but a
correlated to changes in the Au-film morphology related
different grains. A slight dispersion of the properties of the
grains may explain such nonmonotic evolutions.8 We com-
pare our measurements to the convolution of the LDOS
culated from Eq.~1! with a Fermi-Dirac distribution. For the
superconducting part, we used the value ofD andG in given
by the BCS fit above Nb. For the normal part, the ra
G in , Gs f , the coherence lengthjN , and the ratiosS /sNe f f
are taken as adjustable parameters. The solid lines in F
4~c! and 4~d! represent, respectively, the computed values
g and «max. As can be seen in Figs. 4~a! and 4~b!, the ex-
perimental spectra obtained at distancesx520, 75, and 195
nm are very similar to the calculated ones at distances 20
and 160 nm withsS /sNe f f54 andjN570 nm. This latter
value is slightly bigger than the coherence length evalua
from the conductance of the bulk film. This discrepan

FIG. 3. Spectra taken at different positions above the wide s
of Au. The curves have been evenly shifted for clarity. T
pseudogap decreases fromD at theNS interface~lower curve! to 0
at distances larger than 220 nm~upper curve!.
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might be due either to local fluctuations ofDN or to the crude
1D approximation of the theoretical model. Nevertheless
reproduces well both the shapes of the spectra and their
tial evolution. Moreover, the fits are sensitive in differe
ways to the two scattering rates. However, this difference
blurred by the temperature and we cannot exclude a poss
mixture of the two mechanisms from our calculations. Y
we are able to deduce a spin-flip timets f5\/Gs f54 ps in
good agreement with recent experiments.14

In the second step of experiments, we have investiga
the LDOS over two small ridges of Au. They are lying ov
Nb and theNS interface is now horizontal. Due to the initia
slope of their edges, when moving the STM tip horizonta
we can change the distance to theNS interface~see the inset

FIG. 4. ~a! Measured spectra at 20, 75, and 195 nm from
interface.~b! Calculated spectra at 20, 80, and 160 nm.~c! and ~d!
represent, respectively, the normalized zero-bias conductanceg and
the energy of the peak«max, as a function of the distancex to the
NS interface. The solid lines correspond to the fit.

FIG. 5. Spectra taken at different positions above a ridge 20
high. The curves have been evenly shifted for clarity. The low
curve has been taken at the bottom of the ridge and the upper o
the top of it. The inset is a STM profile of the ridge.
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of Fig. 5!. Similarly to the work of Tessmeret al.7 but unlike
experiments where the proximity effect was probed onNS
bilayers with different thicknesses,8 we do not change the
overall size of the normal system between different spe
but only the distance to theNS interface. Therefore we ob
tain the actual spatial dependence of the LDOSn(E,x) of a
normal system with a fixed dimensionL.

In this configuration we find that the position of the pea
in dI/dV(V,x) does not depend on the distance to theNS
interface in striking contrast to the preceding case~see Fig.
5!. For a ridge of 20-nm height, we observe that the ma
mum is located at 1.5 meV whereas in a ridge of height
nm, the position of the peak is 0.95 meV. Theoretically, in
finite diffusive geometry, i.e., whenL.jN@ l N , the N side
boundary condition of Eq.~1! is (]u/]x)(E,x5L)50 and a
minigap Eg is predicted to appear in the LDOS.4 Eg is re-
lated to the Thouless energyETh5\DN /L2 through Eg
5D(11L/2.1jN)22. In the small ridge,ETh518 meV@D,
the minigap is limited by the superconducting one. On
contrary, in the bigger ridge,ETh52.8 meV that yields to a
e
n
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minigapEg50.53 meV. Although we measure the positio
of the peaks and notEg , our results are consistent with
size-dependent minigap. However, because of the unc
trolled fabrication of the Au ridges fluctuations of theNS
interface transparency might also affect the value ofEg .

In conclusion, we have probed the proximity effect in tw
different systems. First, we have investigated the LDOS o
semi-infinite normal metal and found space-dependent
ergy spectra as a function of the distance to theNS interface.
This behavior is qualitatively and quantitatively in very goo
agreement with the pseudogap model predicted by the th
of nonequilibrium superconductivity. We have also inves
gated the local density of states in a confined geometry
this case we have found a spectral structure that does
vary in space and which can be related to the Thouless
ergy.

We wish to acknowledge beneficial discussions with
Sanquer and the valuable help of J. C. Toussaint for num
cal calculations.
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12D. Estève, H. Potier, S. Gue´ron, Norman O. Birge, and M. De
voret, inCorrelated Fermions and Transport in Mesoscopic S
tems, edited by T. Martinet al. ~Éditions Frontières, Paris,
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