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Superconducting Proximity Effect Probed on a Mesoscopic Length Scale
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We have measured by tunneling spectroscopy the electronic density of states in a nonsuperconducting
wire in good contact with a superconductor, at distances of 200, 300, and 800 nm from the interface.
Closest to the interface, the density of states near the Fermi energy is reduced to 55% of its normal
value. At the farthest measurement point, this dip has nearly completely disappeared. We compare our
data to predictions based on the Usadel equations. [S0031-9007(96)01337-3]

PACS numbers: 74.50.+r, 73.40.Gk, 73.50.Bk
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How does superconducting order propagate spatia
This question motivates the renewed interest in cont
between a nonsuperconducting metal and a supercon
tor (NS interface) [1]. In the 1960s, the propagation
superconductivity through an NS interface, a pheno
non called the proximity effect, was analyzed within t
framework of the Ginzburg-Landau (GL) theory bas
on a superconducting order parameterCsxd which is a
function of space only [2]. While the GL theory pr
dicts well macroscopic equilibrium properties near
transition temperature, it makes no prediction atT ­ 0.
Moreover, it does not address the energy dependenc
pair correlations and therefore offers no understandin
transport properties. In the case of an NS interface w
an applied voltage, such an understanding is provide
an extension of the BCS theory [3] but only in the s
cial case of ballistic electrons. The recent observa
of a large modulation in the conductance of a norm
diffusive wire in contact with two superconductors w
different phases appealed for a more thorough unders
ing [4]. It is now believed that all the experiments
NS structures can be understood from a unified poin
view [5–7] based on the theory of “nonequilibrium s
perconductivity” [8]. In this general theory, correlatio
between electrons of opposite spin induced in the nor
metal at equilibrium are described by a complex funct
of both space and energyusx, Ed. The nonequilibrium
superconductivity theory establishes a bridge between
GL theory and the BCS theory. The functionusx, Ed con-
tains the spatial and energy dependence of the dens
states:nsx, Ed ­ Ns0dRefcos usx, Edg, whereNs0d is the
density of states at the Fermi energy for the metal in
normal state. It also gives the GL order parameter via
integral over energy [9]. In this Letter, we report a b
sic test of the theory: We have measured the densit
statesnsx, Ed as a function of energy in a long norm
wire in contact with a superconductor at one end, at
ferent distances from the NS interface, and well below
transition temperature [10].

Tunneling has been used extensively to measure
density of states (DOS) [11]: At zero temperature,
differential conductancedIydV sV d of a tunnel junction
0031-9007y96y77(14)y3025(4)$10.00
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between a normal metal electrode and a metal wit
DOSnsEd is, disregarding single-electron charging effec
[12], proportional tonseV d. In particular, tunneling spec
troscopy has already been applied to the proximity effe
but only in normal metalysuperconductor bilayers [13
In such a confined geometry, the spatial dependenc
pair correlations can be neglected and the results were
plained without the full arsenal of nonequilibrium supe
conductivity [14]. In our experiment, on the contrary, t
lengths of superconductor and normal metal on either s
of the interface are large enough that unperturbed su
conducting and normal states are recovered far from
interface, thus forcing a gradient of pair correlations. F
ure 1 shows a photograph of our sample, which cons
of two similar circuits. On the bottom one, two copp

FIG. 1. SEM photograph of the sample: a normal (copp
wire N, horizontal, is in good contact with a superconducti
(aluminum) wire S, diagonal on the left, at their overlap
Two normal (copper) fingers, vertical, labeledF1 and F3, are
connected to the wire through very opaque tunnel barriers.
density of states in the normal wire is given by the different
conductance of the tunnel junction as a function of volta
On a similar device, a third finger, labeledF2, is placed at an
intermediate distance.
© 1996 The American Physical Society 3025
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electrodes (called “fingers” in the following, and label
F1 and F3), are in contact through very opaque tunn
barriers (resistances in theMV range) with a normal wire
N, whose left end makes an overlapping contact with a
perconductorS. On the top circuit, a single finger, labele
F2, is placed at an intermediate distance from the NS c
tact, betweenF1 and F3. The three fingers, positione
200, 300, and 800 nm from the left end of the norm
wire, constitute the tunneling spectroscopy probes. S
the quality of the NS contact is known to be a critic
parameter in the proximity effect [2], all the layers we
deposited through a suspended mask in a single vac
process [15]. The mask, made of germanium, was
ricated bye-beam lithography with reactive ion etchin
We first evaporated 20 nm of aluminum perpendicula
to the mask in order to obtain theSsuperconducting elec
trode. We then immediately evaporated 25 nm of cop
at an angle to obtain theN normal wire. The angle wa
chosen so as to produce an overlap with the alumin
electrode on the left, presumably making a good cont
The insulating barrier was grown from two 1.4 nm thi
layers of aluminum oxidized in a 80 mbarO2 (10%) Ar
(90%) mixture for 10 min. Lastly, we evaporated 30 n
of copper at an angle to produce the fingersF1,2,3. In or-
der to separate the three shadows of the mask, the M
resist layer carrying the germanium mask was overetc
This was obtained with a low-dose preexposure of
sample around the normal wires and the fingers.
parasitic replicas on both sides of the superconduc
electrode produced by the angle evaporations were li
off in the nonoveretched regions. Two reference str
tures were simultaneously fabricated on the chip: a l
narrow CuyAl sandwich during the first two evaporatio
steps (i.e., without oxidation) and an NS tunnel junct
formed by the first and third layers (with a thick oxid
barrier). The critical temperature of the sandwich is
rectly related to the transparency of the NS contact [1
the tunnel junction was used to measure the unpertu
DOS in theSfilm.

The sample was mounted in a copper box therm
anchored to the mixing chamber of a dilution refrigerat
Measurements were performed through properly filte
coaxial lines [17]. Using lock-in detection, we measur
the differential conductancedIydV of each of the three
probe junctions as a function of the voltageV applied
between the finger and the right end of the normal w
The differential conductance displayed aV-shaped groove
at low voltages, which became less pronounced at la
distances from the interface. This behavior is shown
Fig. 2, where we plot thedIydV sV d characteristic of the
F1, F2, and F3 junctions, taken at 20 mK. We hav
normalized each trace by the conductanceGi ­ R21

i ­
dIydV measured atV ­ 0.3 meV .

The differential conductance of the reference NS tun
junction (inset of Fig. 2) is well fitted by a BCS densi
3026
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FIG. 2. Top panel: differential conductance of the tunn
junctions atF1, F2, andF3 as a function of the applied voltag
V , taken at 20 mK. The ac voltage modulation was ke
below 2 mV . The data were normalized by the differenti
conductance of each junction atV ­ 0.3 mV : G1 ­ 0.19 mS,
G2 ­ 0.38 mS, G3 ­ 0.27 mS. Inset, differential conductance
of the reference NS tunnel junction. Bottom panel: predic
differential conductance at the three distances to the
contact obtained from the convolution of the density of sta
calculated from the Usadel equation [Eq. (1)] with the functi
PsEd which describes the Coulomb blockade at the junctio
We used D ­ 0.212 meV for the gap of aluminum,D ­
70 3 1024 m2ys for the diffusion constant of copper, an
gsf ­ 1.5 3 1010 s21 for the spin-flip scattering rate.

of states for the superconducting electrode [18] and yie
the energy gapD ­ 0.212 meV .

We repeated the differential conductance measurem
of the three fingers with an external magnetic field perp
dicular to the chip. In Fig. 3 we present theF1 data taken
at T ­ 30 mK for H ­ 0, 0.06, and 0.1 T. As the field
is increased, the groove structure progressively disappe
as shown in the inset of Fig. 3. Above0.1 T, only a weak,
broad-winged, field-independent structure remains (cu
c). This structure, which extends to 3 mV, is the sam
for the three fingers. We attribute it, as explained belo
to single-electron charging effects. When the temperat
was increased (data not shown), theV-shaped low-voltage
groove structure was progressively washed out, wher
the weak broad-winged structure was unaffected.

We now present the theoretical predictions tested
the experiment. In the theory of nonequilibrium supe
conductivity, the complex angleusx, Ed describing pair
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FIG. 3. Differential conductance as a function of the volta
V measured at 30 mK and in a magnetic fieldH ­ 0 (curve
a), 0.06 T (curveb), and 0.1 T (curvec). The thin solid
line is a fit of curve c using Eq. (4), in which the DOS
nsx, Ed was taken constant. It accounts for the influen
of single-electron charging effects on the conductance o
tunnel junction between normal electrodes. Inset: zero-vol
conductance ofF1 as a function of the field.

correlations, supplemented with the superconducting ph
w, parametrizes the retarded2 3 2 matrix Green func-
tion GR ­

°
tx cosw 1 ty sinw

¢
sinu 1 tz cosu, where

tx,y,z are the Pauli matrices. At zero energy,u is real and
the superconducting order can be represented as a
on the unit sphere with polar coordinatesu andw [6]. In
this representation, the normal state is at the north p
(u ­ 0), and the BCS superconducting state is on the eq
tor (u ­ py2) at longitudew. At finite energy,u ­ 0
in the normal state, whereas tanuBCS ­ iDyE. At zero
magnetic field, and in an experiment such as ours wh
the normal metal is in contact with a single supercond
tor, w is constant andusx, Ed obeys the Usadel equatio
[8]:

h̄D
2

≠2u

≠x2 1 siE 2 h̄gsf cosud sinu 1 Dsxd cosu ­ 0 .

(1)

In this equationgsf is the spin-flip scattering rate an
the inelastic scattering rate is assumed to be zero.
will make the approximation thatgsf ­ 0 in the super-
conductor. In a normal metal with no electron-electr
interaction,D ­ 0, whereas in a superconductor the p
potentialDsxd obeys the self-consistency equation invo
ing the DOSNSs0d of the superconductor in its norm
state, the pairing interaction strengthV , and the Debye
energyh̄vD:

Dsxd ­ NSs0dV
Z h̄vD

0
tanh

µ
E

2kBT

∂
Imfsin ug dE . (2)

Equation (1) is supplemented with boundary conditio
far from the interface,uN ­ 0 in the normal metal, and
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uS ­ uBCS in the superconductor. At the interface,

sN ,S

µ
≠uN ,S

≠x

∂
x­0

­
Gint

A
sinfuSs0, Ed 2 uN s0, Edg , (3)

where sX ­ NXs0de2DX is the conductivity andNXs0d
is the DOS at the Fermi energy in electrodeX and A is
the area of the contact [19]. Although the conducta
of the interfaceGint is not measured, the absence of s
perconductivity in the sandwich down to 18 mK provid
a lower limit: Gint . 2 S [16]. With such a high con-
ductance, a good approximation isuSs0, Ed ­ uN s0, Ed.
The resolution of the Usadel equation is greatly simplifi
if D is assumed to be independent ofx in the supercon-
ductor: Eq. (1) then admits a first integral. The DOS
obtained by a second integration performed numerica
We used the value ofD given by the measurement o
the reference NS tunnel junction and the diffusion c
stantDN ­ 70 3 1024 m2ys in copper deduced from th
conductivity of the wire betweenF1 and F3. The rate
gsf was taken as an adjustable parameter. The 1D th
[Eqs. (1) and (3)] does not account for the overlap reg
of the N andS wires. Nevertheless, the theory produc
good agreement with the data if we take the effective
interface (x ­ 0) to be 20 nm away from the extremity o
the normal wire, in the overlap region. We calculate
DOS at the position of the center of each finger. (Cal
lating the spatially averaged DOS over the width of
finger hardly changes the result.)

For quantitative comparison of the Usadel theory w
the experimental data, we must take into account the
fluence of single-electron charging effects on the cond
tance. At zero temperature, the differential conducta
of the probe tunnel junction at a finger is related to
DOS through

dI
dV

­
1
Rt

Z eV

0
nsx, EdPseV 2 Ed dE , (4)

whereRt is the tunnel resistance of the junction andPsEd
is the probability for the electromagnetic environment
the tunnel junction to absorb an energyE [12]. Finite
but low temperatures can be accounted for by convolv
expression (4) with the derivative of the Fermi functio
For a tunnel junction of capacitanceC in series with
a resistanceR such thata ­ 2Ryshye2d ø 1, PsEd ­
ayE0sEyE0da21 for E smaller thanE0 ­ e2ypaC. The
high field data forF1, F2, andF3 are well fitted by Eq. (4)
with nsx, Ed constant (see fit of curvec in Fig. 3) and
yield a ­ 0.022. The fit corresponds toR ­ 300 V and
C ­ 1 fF, in good agreement with the estimated value

The comparison between the zero field data take
20 mK for the three fingersF1, F2, and F3, and the
prediction of Eq. (4) calculated with the DOSnsx, Ed
previously discussed, is shown in the bottom panel
Fig. 2. The calculation is performed with the valuegsf ­
1.5 3 1010 s21, which provides the best overall agreeme
3027



VOLUME 77, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 30 SEPTEMBER1996

n
el,

the
e-

H.
ys.

9),

,

.

B
er,

m)

d
s

H.

r
f

be

I.

. B
d

and is consistent with values found in previous experiment
on copper films [20]. As seen in the figure, the theoretica
curves reproduce the general features of the experiment
data, especially the evolution of the characteristic energ
scale with distance from the NS interface [21]. The
present theory does not produce maxima as pronounce
as those observed, but the exact resolution of the Usad
equation (1) including the gap self-consistency equation
(2) improves the agreement [22].

In conclusion, we find that the space and energy
dependence of the DOS in a diffusive normal wire in
contact with a superconductor is well accounted for by
the Usadel equation of the theory of nonequilibrium
superconductivity. This DOS is somewhat similar to that
of a gapless superconductor. Moreover, it is well known
that a supercurrent can flow through a short normal meta
wire connected to two superconducting electrodes [23
25]. However, one should not conclude that the proximity
effect induces superconductivity in the usual sense: A
normal metal wire connected to a single superconducto
remains resistive [4,24]. Recent transport calculation
[7,26] also based on the Usadel equation account for th
seemingly paradoxical behavior.
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fruitful discussions and communication of their results
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