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Low-energy quasiparticle transport through Andreev levels
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We measure the resistance of a normal mesoscopic sample with two superconducting mirrors and find two
regimes with qualitatively different behavior. At temperatures below 90 mK peaks in the conductance were
found when the phase difference between the two superconductors is an odd multipl&teé peak heights
increase with decreasing temperature. Above 100 mK the observed peaks give way to dips in the conductance.
While the high-temperature behavior can be explained in terms of the thermal[&ffast Rev. Lett76, 823
(1996], we propose that the low-temperature behavior is a manifestation of resonant transmission of low-
energy quasiparticles through Andreev staf86163-18209)11641-7

Recent experimental and theoretical work on diffusivedue to resonant transmission of quasiparticles through An-
charge transport in mesoscopic normal superconductaireev levels becomes pronounced at low temperatures. Being
(N/S) samples have revealed a strong energy dependence @jid in the diffusive transport regime, the theory is a gener-
an excess quasiparticle contrlbuthn to the Iow—temperaturgnzation of a previously developed theory for ballistic
conductargjcet rO%fA nﬁrmalt patr.ts in close tpbroi(r']m'_t% 10 glectrond It leads to a “giant” resonance effect at tempera-
superconducto characteristic energy 1S Set by the Thou-y, o5 \yell belowE+,, where the thermal effect of Refs. 2
less energ¥E, below which a reentrance to normal conduc- . ! o

ﬁnd 5 is less prominent. The transition between the two re-

tion is seen as the bias voltage or temperature is lowered. | h i | di ied b
samples with twa\/S interfaces the conductance oscillates 9/MeS as the temperature Is lowered Is accompanied by a
phase shift ofr in the conductance oscillations as observed.

as a function of a phase differengebetween the two super- )
conductors. Conductance maxima occur at even multiples of OUr samples consisted of a normal conductor made of
; their magnitude peaks &y, and becomes vanishingly Silver in the shape of a cross to which a superconducting
small at low energies. These oscillations have been explaingdfire was attached at two points, as shown in Fig. 1. The
in Ref. 2 as a “thermal effect.” phase differenceb between theN/S interfaces at point€

In this paper we report on the experimental observatiorand D was created by applying a magnetic figddperpen-
and the theoretical explanation of a low-energy, phasedicular to the structure. Using the four-terminal method, we
modulated transport phenomenon in diffusive Andreev interimeasured the resistance of the normal paBtas a function
ferometers. Several features of the observed conductance a¥- ¢ using measuring leads, I,, U;, andU,. We per-
cillations are significantly different from what has been seerformed dc as well as low-frequency ac measurements using
previously: (i) as a function of energytemperature or bias lock-in and modulation techniques in the frequency range of
voltage the oscillation amplitude has not only a maximum 30—300 Hz in magnetic fields of less than 100 G. The mea-
aroundE+, but another at lower energyij) at low tempera- surements were done at temperatures between 20 mK and 1.7
tures the positions inp of the conductance maxima shift K. The = shift was found in three of four samples. The
from even to odd multiples ofr, (iii) the line shape of the fourth sample had been kept in air; we believe this led to a
low-energy oscillations strongly differs from being sinu- degradation of the Ag and the Al/Ag interfaces, which shows
soidal and has a resonant character, @ndcurrent-voltage the effect to be structure dependent.
characteristics taken at differegt intersect. The technique used to fabricate normal, insulating, and

The experimental results are explained using the theory ofuperconducting layers of the structures was described in
Ref. 3, where it was shown that a strong interference effecRef. 6. The areaS of the N/S interface was about 100
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FIG. 1. Zero bias resistance as a function of the superconducting
phase difference between twds/N interfaces. A magnetic flusb FIG. 3. (a) Semiclassical quasielectrdfull lines) and quasihole
through the rectangular loop formed by the superconducting part ofdashed lingstrajectories giving the main contribution to the phase
the mesoscopic sample determings 27®/dy; ®y=h/2e. sensitive part of the conductance. Thick lines indicate the presence
of “beam splitters” (see text (b) The excess conductanéeeficit
resistancg can be viewed as being due to resonant transmission
through localized states formed in a one-dimensional chain of bar-
riers (filled circles.

X 200 nnt. The distancé y=AB between the normal leads
was 2000 nm withAE=EB=L=1000 nm. The distance
between theN/S interfaces,Lg=CD, was made much

smaller than in structures investigated so far and was 50a(@)\nd bias voltage control the characteristic quasiparticle en-
nm, with CE=ED.’ The diffusion coefficienD of conduc- g q b

X . rgy E, the temperature and voltage dependence are essen-

tion electrons in silver was, as calculated from the measureﬁ o
; jally the same. Below we will discuss the temperature de-

value of the resistance, about 80%m and the coherence endence

length ¢y was 100 nm at 1 K. The phase breaking lenigth P '

o ) . The temperature andp dependence of the resistance
of electrons in silver was estimated to be approximately 150%bove~150 mK are in good agreement with predictions

nm using weak localization measurements in long COBVaPQ, . 1 on the thermal effe2t AR has a minimum at
rated wires. We have found the resistance ofNih8 barriers . 1720 ¢=0
T1,~200 mK, while, as shown in Fig. 24R,,_ , does not

to be of the order of the resistance of the normal wires. With

the above estimates f@ andLg, the Thouless temperature ?nelf eg?]arglé?gagnmtii%p; ;argjtrfuﬂlz (;rzltésvtreigrlnnl]ﬁt;i ?:S Of7T;)
Tr=Emn/kg=%D/kgLZ is 200 mK in agreement with our ’ P

) with a maximum depth whe@~T+,, while as shown in
experiments.

: : . ;
Measured values of the zero-bias resistaRage shown Fig. 1 the peak h_e|ghts wheh= = (odd multiples of)
in Fig. 1 for temperatures between U4, and 3.9¢,. The are temperature independent.
9. 1 X P . Th = The As we lower the temperature, we observe, starting from
deficit resistanceAR as a function of temperature at zero _

bias and as a function of bias voltage at about 20 mK isl 140 mK, a drop AR, to a rather deep minimum at
shown in Fig. 2 forg—0 ande— . Since both temperature 00 mK (Fig. 2). This contradicts the theoAwhich does not

predict any minimum iMAR,_ (T). A related unexpected
drop of the peak heights iR at ¢= =+ 7 can be seen in Fig.

0.04 pa— 1. It is interesting to note also that the width of these peaks
0.00} 4000600000 & © 6 o o o o first decreases when the temperature is lowered in agreement
-0.041 ’ ] with theony but then it eventually saturates-a0.27 around
- . et 120 mK. We believe that this behavior is due to a variation
@x 008, vee® o of the condensate phage along theN/S boundarie$. One
X o12p “, SRy = S 1 can estimate from Fig. 3 of Ref. 2 that an uncertaintyiof
016 =0 g_gﬁogw- order 0.2r would result in a resistance minimum in
012t AR,-(T) consistent with our experiment. The effect of an
-0.20+ 0 20 40 60 80| . . . .
, , v, V) uncertainty ing on AR,,_ is very small sinceAR does not
0 200 400 600 800 vary much with¢ in the vicinity of even multiples ofr.

FIG. 2. Temperature dependence of the deficit resistarige

T (mK)

Below 140 mK the height of the peaks Rat ¢p=*
continues to decrease as the temperature is lowered. When

=R-Ry, for =1 and$=0. The sample is the same as in Fig. 1 T—~90 mK they have disappeared completely and ¢hes-

andRy=[(2€?/h)N, ] %, N, =S/\Z (A is the Fermi wavelengjh

cillations of R have vanished. With a further decrease of

The dependence of the deficit resistance on bias voltage is shown tfemperatureAR ,_ .(T) dips belowAR_o(T) (Fig. 2) and

the inset.

minimain R develop at¢= = (Fig. 1). In terms of con-
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ductance we hence observerashift of the maxima in the
conductance oscillations witth from even to odd multiples
of 7 as we decrease the temperatUfthe amplitude of the
mr-shifted conductance oscillations increases from zerd at
=90 mK and seems to saturate at the lowest temperatures
(see Fig. 21°

The 7 shift of the oscillations and the change in the tem-
perature dependence of the oscillation amplitude indicate dif-
ferent physical origins of the oscillation phenomena ob-
served below and abovie~90 mK. While the thermal effect
clearly can explain the high-temperature results we believe
that resonant quasiparticle transport through Andreev levels
is responsible for the observed low-temperature behavior of e
the conductance oscillations.For the case of aN part 01 02 03 04 05 06 07
sepz_;\rated from the reservoirs by I_ovv_-transpare_ncy potential £ 4. (a) Phase dependence of the conductanc=a0.1T+,
barriers, such resonant transmission has indeed beenyg mk. Fitting was done using Eq1) with |r(’|=0.4, |r?)|
predicted to lead to am shift (recently observed although  =0.1, andp=1/120. (b) Temperature dependence of the oscillation
its temperature dependence beldw, was not measuréd amplitude. Experimental datkcircles for G(¢=m)>G(4=0),
Below we show that the potential barriers of Ref. 3 may notand squares foG(¢=m)<G(¢=0)] are compared with theory
be necessary for this effect to occur if isolated, extendedsolid line).
defects such as grain boundaries or twin boundaries are
present. Such defects serve as “beam splittetsh the There is an analogy between the above problem and the
sense that they split the semiclassical quasiparticle trajectogne presented in Fig.(8). The latter corresponds to the
by “quantum” Scattering providing low transparencyr transmission of a quaSipartiCK@"IjeCted as an electron at
<1, for trajectories oriented nearly parallel to the defééts. Point | and exiting as a hole at point)Ithrough a one-
A low concentration of such splitters will lead to a coexist- dimensional1D) chain. Each scattering at #7S boundary
ence of the two mechanisms for conductance oscillations did$ represented in the chain by a dot where two-chatvel

cussed in Refs. 2 and 5 and 4 and 3 and, hence, to @eeV and normalscattering takes place; is the length of
temperature-induced shift. the quasiparticle path between successive scatteringsSat

If the mean free pathl], with respect to scattering by the boundaries. Different .sectio_ns of the chain _have different
beam splitters, exceeds the linear sample kit ~Lg) the  l€ngths; the chain of Fig.(B) is a 1D system with randomly
thermal effect® controls the phase and temperature depen_dlst_rlbuted scattering centers. FB=0 quasiparticle local-
dence of the conductance to zero ordelLiti<1. To first ization does not take place because of the complete compen-
order inL/| the correction to the conductance is due to theSation of the electron and hole phase gains between the scat-
quasiparticle scattering at only a single beam-splitting exlerers. Wherk# 0 this compensation is not complete_and the
tended defect. As will be shown this correction, being of aProblem reduces to the conventional one of a particle with
resonant character, gives the dominant contribution to th€"€rgyE moving in a disordered chain, where localization
phase-sensitive part of the conductance at low temperatur&9€s occur. Be|1°2W we Srl‘%” consider the limit of weak nor-
T<Tq,, where the thermal effect vanish®s. mal scattering ("?<1 (r{? are the probability amplitudes

A typica| classical traiectory relevant to our probiem is for normal reflection aiN/S boundaries 1 and)ZWh|Ch al-
presented in Fig. 3. It starts in one reservoir as an electrolPWs a sharp resonant transmission from point | to point Il
trajectory(solid line), then crosses the splittBrbefore being ~ through the discretéAndreey energy levels corresponding
either normally reflected or Andrev reflected a number ofto quasiparticle states in a disordered 1D chain localized
times atN/S boundaries and finally tunneling through the around the section of injectidirig. 3b)]. Solving the prob-
splitter a second time ending up in the reservoir as a holéém of Fig. 3b) we have found the probability of electron-
trajectory(dashed ling The probability for an electron to be hole resonant transmission through an energy I&ye(Ref.
reflected as a hole in this way determines the abovel6) to be of the Breit-Wigner form,T(E,a)ee//{[(E
mentioned contribution to the phase-sensitive conductance: E,) 7o]%/%2+ 2% const, wherer, is the propagation time
We shall calculate the amplitude of the electron-hole reflecin the section of injection.
tion in the semiclassical approximatigassuming\g to be In order to find the total electron-hole transmission
the shortest length in the problem in between beam splittersT¢(E) one has to sunT(E,«) with respect to the starting
Within such an approach one can find the wave function opoints of the semiclassical trajectories inside the reservoir,
the scattered quasiparticles by propagating the incident wawshich cross all relevant splitters. Classical paths separated
along classical paths determining its phase from the classicély a distance greater thary meet different “random” sets
action S= [pdl along the path. The trajectory in Fig(@8  of impurities, and hence their path lengths as well as the
determines a number of different paths corresponding to difeorresponding propagation times, are randomly distrib-
ferent numbers of successive Andreev reflections.EIf uted. Therefore, the summation over starting points is
<Eq, and ¢ close to an odd multiple ofr, all different  equivalent to averaging the transmission probability with re-
paths interfere constructivéfyleading to resonant transmis- spect to realizations of the times,. The distribution of
sion through Andreev levels. propagation times,, depends on details of the disordered
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potential in the mesoscopic normal region. It is natural tod¢ is the minimal value of¢p—w(21+1)|, 1=0,=1, ...,
assume that propagation times along different sections of theng T=T/T,,. Equation (1) is valid for e<(Ird)]
trajectory are uncorrelated. Under this assumption it can b§r|r§\,2)|)/2<1.

?Tcéwn) t:\?;r ?ﬁghrezgng\rﬁ?r?gr]gyls :f?gzvsdiﬂtatc;u?mimg Comparing theory and experiment we use three free pa-
' a rametersgr ('], |r{?)|, andp, which enable the> dependence

tion only the density of localized states remains. For the
configuration of Fig. @), the summation can be carried out of the conductance and the temperature dependence of the

exactly if we choose a Lorentzian distribution for the propa_gscillation_ amplitlgdt(ej to tble ﬁtt quite V\;e[ksee rl]:ig. % TFhe A
gation times, P(7)= v/ [ (r—7)°+ 2], where 7=Lg/D. ecrease in amplitude at low temperatures shown in Fig. 4 is

_ . due to an asymmetry in the normal scatteringf)+r(?,
Choc_)smg)mr and using the Landauer-Lambert formidla required to reproduce the observed saturation of the ampli-
we find that the resonant part of the conductance can b

fide at 20 mK®
expressed as . _
In conclusion, we have observed conductance oscillations

in anN/S sample of the Andreev interferometer type; as the

o X
G=GN_p — temperature is lowered below the Thouless temperature a
T+2Jo cosif(x/2T) shift of conductance oscillations is observed whose maxima
\/(4x4+e;‘)(4x4+ e§)+e§e§—4x4 12 occur when the superconQuctmg phase d|ffe_re¢ces an
X dx, (1) oddrather than arevenmultiple of . We explain the low-
(4x*+ €5)(4x*+ ) temperature oscillations as resonant transmission of low-

whereGy = (2€2/h)N, andp=e,N/N, is the parameter that energy quasiparticles through Andreev levels.
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