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Long-Range Coherence in a Mesoscopic Metal near a Superconducting Interface
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We identify the different contributions to quantum interference in a mesoscopic metallic loop
in contact with two superconducting electrodes. At low temperature, a flux-modulated Josephson
coupling is observed with strong damping over the thermal lerigth At higher temperature, the
magnetoresistance exhibitg'2e-periodic oscillations withl /T power law decay. This flux-sensitive
contribution arises from coherence of low-energy quasiparticle states over the phase-breaking length
L,. Mesoscopic fluctuations contribute as a sniglé oscillation, resolved only in the purely normal
state.

PACS numbers: 74.50.+r, 73.20.Fz, 73.50.Jt, 74.80.Fp

In a disordered metal at low temperature, electronidoehavior may be explained by the appearance, despite
coherence persists over the phase-breaking lebgtfil].  the barrier, of a small pair amplitude in N [14]. This
Weak localization, which consists in electron coherensuggests that the proximity effect could explain most of
backscattering along a closed diffusion path, induceshe surprising data on resistive transport in mesoscopic N-
corrections of the conductance of order the quantum o8 devices, even if classical estimates fail to agree with
conductancee?/h. The sensitivity of this process to experimental results.
an Aharonov-Bohm flux leads t@p, = n/2e periodic At present, a clear identification of the different con-
oscillations of the resistance of a mesoscopic loop [2,3]tributions to coherent transport in N-S systems is miss-
Hybrid systems made of normal (N) and superconductingng. In this Letter, we describe new experimental results
(S) materials are the scene for new physics, due toevealing unambiguously the nature of the different con-
the Andreev reflection and the proximity effect. At tributions to the phase-sensitive current in a mesoscopic
low temperaturdkzT < A), incident electrons have an N metal with S electrodes. Our experimental situation is
energy much smaller than the gab of S and are greatly simplified compared to others, since we consider
Andreev reflected at the N-S interface into a coherenbnly the conductivity of the normal metal, the role of the
hole. Spivak and Kmelnitskii investigated the effectinterface being restricted to providing Andreev reflection.
of Andreev reflection on weak localization in a S-N-SWe used a ring geometry similar to that of Ref. [5], in
geometry [4]. The N metal conductance was predictedrder to control the phase by an external magnetic field,
to be sensitive to the phase difference between the twand made a study as a function of temperature. We show
superconductors with a period ef, leading to ak/4e  under which conditions the Josephson coupling, weak lo-
flux periodicity in a loop. Petrashoet al.[5] and calization, and other contributions prevail. One important
de Vegvaret al. [6] measured phase-sensitive transportresult is in the intermediate temperature regime, when the
in mesoscopic N-S metallic systems. The interpretatiorthermal lengthZ; is much smaller thaik, and the sam-
of Ref. [5] results in terms of weak localization is ple size. We find a phase-sensitive contribution with an
not consistent with the large amplitude of the effectamplitude described by B/T power law. This contribu-
[7]. In fact, the proximity effect in such mesoscopic tion, much larger than the weak localization contribution,
systems can lead to a zero-resistance state with a wellesults from the persistence of electron-hole coherence far
defined Josephson current [8] if N-S interfaces haveway from the N-S interface.
high transparency. In a two-dimensional electron gas, The inset of Fig. 1(a) shows a micrograph of a typical
Dimoulas et al.also observed, beyond the Josephsorsample, made of a square Cu loop in contact with
coupling, large effects of quasiparticle interference ontwo Al electrodes. The Cu loop and Al electrodes are
the resistance [9]. Recently, there has been considerabpatterned by conventional lift-ofé-beam lithography in
interest in coherent transport through mesoscopic Ntwo successive steps with repositioning accuracy better
S tunnel junctions [10,11]. Confinement of electronsthan 100 nm. In situ cleaning of the Cu surface by
and holes by disorder in N induces coherent multiple500 eV Ar" ions prior to Al deposition ensures us of
Andreev reflections, which enhance the low-temperatura transparent and reproducible interface. We performed
subgap conductance [12]. This is exemplified by theransport measurements in a Mumetal-shielded dilution
flux modulation of the subgap current in the case of aefrigerator down to 20 mK. Miniature low temperature
fork-shaped S electrode [13]. Volkov showed that thishigh-frequency filters were integrated in the sample holder
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and an upper bound of 230 nm for the barrier-equivalent
lengthL, = 1,/1y [16]. At very low temperaturd? <

250 mK), the sample resistance drops to a constant value
of 16 (). The suppression of this drop by a large bias
current suggests a Josephson coupling between the two
S electrodes. The fraction of residual resistance (31%)
can be related to the resistance of the normal metal
between each voltage contact and the neighboring S island
(23%), with an extra contribution due to the current
conversion. Anticipating the discussion of the results, we
show in Fig. 1(b) the temperature dependence of the two
main contributions to transport. The Josephson current
vanishes rapidly above 250 mK, revealing the exponential
decay overLr. The amplitude of the observell/2e
magnetoresistance oscillations is plotted on the same
graph. It represents more than 1% of the loop resistance
and can be reasonably fitted byl AT power law. Let us
now discuss these observations in more detail.

Figure 2 shows the current—differential-resistance char-
acteristics for different temperatures between 42 and
225 mK. A sharply peaked feature indicates the switch-
ing of the loop into a resistive state. An unexplained
additional structure can be seen at higher current. At
the highest temperatures, a thermal rounding of the char-
acteristic is visible. The shape of these curves can be
gualitatively accounted for in a resistively shunted junc-

FIG. 1. (a) Temperature dependence of the resistanchon (RSJ) model with thermal fluctuations [17]. Solving

with a measurement curreff,.., = 12 nA and 1 uA.
Micrograph of a typical sample made of a Cu squardorward to calculate the pair curred{ between the two

set:

In-

the linearized Ginzburg-Landau equations, it is straight-

loop with four-wire measurement contacts, in contact Withgo-dephased S electrodes. If the lengtof N metal be-

two Al islands (vertical).
width 50 nm, thickness 25 nm.

scale:

from Fig. 2 data with a25 () differential resistance criteria.
Dashed line is a guide to the eye. Right scale:
dependence of the amplitude of the magnetoresistance oscille

tions, I,eas = 60 NA. Dashed line is d/T fit.

[15].

Diameter of the loop is 500 nm,
Center-to-center distanc
between the 150 nm wide Al islands isgm. The length

L of the N part of the S-N-S junction is 1.36m. (b) Left

Temperature dependence of the critical current derivec 200 Fr—r——

Temperature | mK

We focus here on the experimental results of 100

Jween the two S electrodes is large compared.9 we

T 42 160 40
I (nA) |
150}

dv/dr |
Q)

one sample representative of others. Bhe) normal-
state resistance gives an elastic mean free patlof

16 nm and a diffusion constar® of 81 cn?/s. The
amplitude of theh/e oscillation in the normal state
(see below) provided, = 1.9 um, so that the whole
structure is coherent. The much smaller decay lengtt
of the pair amplitude in N isLy = JiD/2mwkgT = 0_1'50'
99 nm/+/T(K). Figure 1 summarizes our results. Below

the superconducting transition of Al @ ~ 1.4 K, the  F|G. 2. Current—differential resistance characteristic at tem-
resistance of the sample decreases [Fig. 1(a)] by aperaturesT = 42, 60, 80, 100, 125, 150, 175, and 225 mK,
amount corresponding to the coverage ratio of the Cumes = 3 NA. Inset: Magnetic field dependence of the criti-

wire by Al islands(=20%). This behavior has already cal current a” = 150 mK of the low temperature, low current
: R = 16 Q resistance plateau. Differential resistance criteria

bee’? met in prevjous experiments [8,] and takgs placgre 35 Q and I,e.s = 3 nA. The 8.25 mT periodicity of the
provided the N-S interface resistance is low. This givesscillations corresponds to a quantum of fiix = //2e in the
us a lower bound of 7% for the interface transparency 0.25um?loop area.
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find a sinusoidal current-phase relation [18]: —

Js = Joexd—L/Lr]codm ¢ /po)sing. (1)

where Jy is a constant. The modulation of the maxi- A
mum pair current by the magnetic flux with a period R}
¢o is reminiscent of a superconducting quantum interfer-  4g|
ence device (SQUID), although our mesoscopic geometn I
differs strongly from the classical design. Figure 2 inset
shows the magnetic field dependence of the critical curr 46
rent at 150 mK. The 8.25 mT periodicity giveshd2e I
flux periodicity in the0.25 uwm? loop area, in agreement
with (1). The observation of a Josephson coupling not
found in Ref. [5] is attributed to the high transparency of
our N-S interfaces. 10l

In the high temperature regim@00 mK <7 < T.) i
the pair current is thermally suppressed. Calculating the
thermal fluctuations of the pair current in the RSJ model
[19], one expects exponentially small magnetoresistanc
oscillations:

AR/Ry = —(1/8) (hJ/eksT)?, 2 5099
which extrapolates ta0~% at 1 K. In contrast, the mag- I Ml
netoresistance measured at various temperatures in thR €2 ¢

regime [see Fig. 3(a)] shows pronounced oscillations of
h/2e periodicity, which is consistent with Ref. [9]. With

50}

ul

50.98} I IR (- _

a sample resistance between the two S electr@les 0.5 e¥/h

29 ), the relative amplitude reaches about 1.4% at 1 K. ‘ e |
No structure of half periodicity was met when measur- 59 97| ]
ing current amplitude was changed [20]. The amplitude 160' — '12'5' 0 '17'5' — '2(‘)0' :

of the low-field oscillations plotted in Fig. 1(b) shows a H (mT)
gooq ggreement with a plaity 7 fltt.mg law. The slight FIG. 3. (a); Low-field magnetoresistance for T =
deviation of the data from thé&/T fit near T, should be 07.08,09.1,1.1,12, and 1.3K with I, = 60 nA.
related to the depletion of the gap in S. This power-lawr = 0.7 and 0.8 K curves have been shifted down by 1 and
dependence is a new result, in clear contrast with the exX:.5 ), respectively, for clarity. Oscillations of periodicity
ponential damping ovel; of the Josephson current. The //2¢ I:Tin% f%’%p”glr?; 1(:60-2122/ hue%il Tnzr?ﬁi IKst ;;e qui;ibrllzi ore
characteristic features Of.th? observed magne_tor_e;lstané%ancegOf the same samp(?e Bt=y 0.2 K, Ieas = 600 %A.
oscillations are the following: (i) precise/2e periodicity  conguctance fluctuations appear, with a main component of
with a resistance minimum at zero field, (i) survival be- periodicity #/e and magnitude of orded.34¢2/h, which gives
yond the cutoffL; of the Josephson effect, (iii) vanishing L, =~ 1.9 um.
when the superconductivity of Al is destroyed abdve
or above critical magnetic field, (iv) same effect observed
in samples with only one S island [17], and (v) a cleardue to the long-range coherence of low-energy electron-
difference from mesoscopic fluctuations (periot) and  hole pairs. Indeed, the decay length = /AD /e for
weak localizatior(1/2¢) effects, both of amplitude?/4.  the pair-amplitude wave functiof (e, x) diverges near
For comparison, Fig. 3(b) shows the high-field magnethe Fermi levele = 0 [16]. Let us propose a simple
toresistance of the same sample when Al supercondugicture for this effect. At the N-S interface, an incident
tivity is destroyed. We observe conductance fluctuationseglectron is reflected into a hole of the same energigut
with a i/e periodicity and a much smaller amplitude of with a change in wave vectaik = ¢/hvy due to the
0.34¢?/h, which givesL, = 1.9 um. branch crossing. After diffusion to a distanEdrom the
Our observations appear to be consistent with recerinterface, this induces a phase shiitt = dokvgL?/D =
work from Zhou, Spivak, and Zyuzin [16] and previous &/, between the electron and the hole. This means that
work by Zaitsev [21] and Volkov and co-workers [14,22]. at a distancd. > Ly electron-hole coherence is restricted
Zhou, Spivak, and Zyuzin showed that, beyond theto an energy window of width the Thouless energy=
expected strong suppression of the electric field in N oveiD/L?, which is small compared to the wid#T of the
a lengthL7 from the N-S interface, corrections to resistive thermal distribution.
transport survive over distances upfig > Ly. These Resistive measurements in mesoscopic systems are
corrections follow a power-law temperature dependencstrongly sensitive to the nature of electrical probes and the
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location of electron reservoirs, so that a quantitative de- *Present address: Institut de Physique, Université de
scription of the resistance behavior requires consideration  Neuchatel, 2000 Neuchatel, Switzerland.
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