RAPID COMMUNICATIONS

Phase-breaking effects in superconducting heterostructures

PHYSICAL REVIEW B 67, 100503R) (2003

Mikhail Belogolovskii
Donetsk Physical and Technical Institute, National Academy of Sciences of Ukraine, Donetsk 83114, Ukraine
(Received 3 December 2002; published 19 March 2003

We present a theoretical analysis of a zero-temperature charge transport in a double-barrier structure formed
by normal and superconducting electrodes with a partially dephasing mesoscopic region between two insulat-
ing layers. A scattering theory approach permits us to investigate a crossover from phase-coherent to sequential
carrier transmission caused by inelastic phase-randomizing events. For a weakly transmitting junction, we
derive a simple expression describing their effect on the superconducting tunneling density of states. For
moderate-strength barriers, numerically simulated conductance-versus-voltage spectra exhibit a double-peaked
structure in the case afwave superconductors and a dramatic reduction of a zero-bias maximutwiave
pairing.

DOI: 10.1103/PhysRevB.67.100503 PACS nuniber74.78.Fk, 73.23-b, 72.10--d, 03.65.Yz

Because of the gapped energy spectrum of a supercon- What we want to study, in fact, is a continuous transition
ductor S, currentl versus voltage/ characteristics of meso- between limiting regimes of completely coherent charge
scopic devices formed by normal, and S regions are transmission and pure macroscopic sequential transport in a
strongly nonlinear and their measurement is one of the mogteterogeneous double-barrier structure with a superconduct-
high-resolution probes for analyzing quasiparticle spectra inng electrode. In order to bridge between the two extreme
Selectroded. At the same time, the method is known to be cases, we refer to the paper bytgker® where such a cross-
an extremely interface-sensitive technique, with curvegVver was discussed for a nornfat ;-n-1,-N device with a
strongly governed by the nature of a transition region bethin n interlayer with inelastic phase-destroying processes
tweenN and S electrodes. Most of the theoretical results in @nd two barriers; andl, (the effect of incoherent scattering
this field have been obtained under the assumption of" transport and noise in other normal structures was studied

quantum-coherent transpdrivhat is less established is the N Ref. 9 and papers cited in this workn the following, we
effect of incoherent scattering events. After the work ofSNOW how the results of Ref. 8 can be extended for a two-

Dyneset al.? it is usually considered by introducing a damp- terminal device where one &f electrodes is replaced with a

ing parametei” into the normalized quasiparticle density of superconductor. The main new issues introduced in the

. . . - schem@are (i) Andreev reflection events when electrons in-
statesNr(z). This paper is motivated by recent findings thatcident from the normal side are rejected back by the pairing

caqnot be described by the Dyne_s formula obtained from aBotentiaI as time-reversed particlésoles with phases re-
entirely ad hocprocedure anq valid only for asswave SU= Jated through the macroscopic phase of a supercondtictor,
perconductor very close to its gap valde. The experi-  anq (ji) a three-dimensional generalization important for
ments were carried out for contacts with doped copper andpisotropicS electrodes, in particular, those withdawave
manganese perovskites, where a weak Cu-O or Mn-O bongrder parameter symmetry. It should be noted that an ef-
oxygen easily outdiffuses from the surface reducing the oxyfect of phase-breaking events on the charge transport in a
gen stoichiometry near the intrinsic metal oxide surfaés.  one-dimensional junction with as-wave superconductor

it was argued in Ref. 5, it should result in an enhancement ofvas studied in the paper of Mortensehal!* but only for
antiferromagnetic spin fluctuations. Strong inelastic scattera zero-bias conductance whereas for our purposes just fi-
ings of transferring carriers from excitations located innite voltages are important. Concerning the three-
and/or near the insulating layer in a tunnel device not onlydimensional generalization, up to our knowledge, it has not
modify the background characteristic and smNafe), but  been done yet.

also produce gradual changes of the gap features in conduc- In a two-terminal three-dimensionb-l ;-n-I ,-S structure
tance spectra. It follows, in particular, from our experimentwith a partially dephasing interlayer the current is a sum

for a cuprate LaBgCu;0;_, (Ref. 6 that was designed to of two noninterfering contributions arisen from phase-
directly address the issue of environment-induced decohesoherent and incoherent transferring chanriélg. 1). We
ence. Another nonconventional finding is a double-peakeguppose that a carrier entering the interlayer has a certain
structure in the lead gap region in conductance spectra fgerobability £ to undergo phase-destroying scatterings deter-
contacts between a manganite and a superconductifith®b mining a finite valud, of the carrier inelastic mean free path
inset (a) in Fig. 5 of Ref. 7. As it will be clarified below, in ann electrode of a thickneds whereas with a probability
such anomalies can arise as an effect of a near-interface dé— ¢ a charge transfers it without any interaction with a
cohering mechanism on the carrier transmission across a sphase-randomizing agent. The first effect is modeled by
perconductng heterojunction. The aim of this work is toconsidering the interlayer as consisting of two parts with
present a theoretical analysis of the impact of inelastic sca@an inelastic phase-randomizing source between them. Then
terings, stressing the way where and how they can revedhe charge sequential transmission consists of three stages:
themselves. it transfers the barried,; crossing theN-I;-n junction,
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FIG. 1. A sketch of a two-probe heterostructure considered il- eV/As

lustrating the Bttiker approach(Ref. 8§ to dephasing effects in a . . . .
double-barrier device. The upper scheme corresponds to the case of FIG. 2. Tunneling density 9f states of a one-dimensicnatve
charge coherent transmission acrossrtliterlayer(with the prob- superconductor for a dephasing pe}ramg“taqual to_O, 025, 0.5,
ability 1—¢). The bottom one illustrates sequential transmission of>-7° (curves 1, 2, 3, and 4, respe(?tlvbt;pmpgreg with the.Dynes
a charge losing its phase in the interlayer center shown by a darformula (Ref. 3 Nr(e)=Re(e—il)/y(e—il)"—A] with a
ened circle. damping parametdr =0.25, 0.5, 0.75curves 1, 2’, and 3, re-

spectively. The inset: scattering processes in a tunneling junction
consisting of a normal injector, low-transparent barrier, a hormal-

“forgets” its phase in a conductor connecting two interme- _ A )
metal interlayer of a vanishing thickness, and a superconductor.

diate regiond(it is shown in Fig. 1 with a darkened cirgle
and transmits then-1,-S interface. The three-step process
allows the leakage of current carriers into the energy regio
eV<Ageven ifitis forbidden for a charge in a purely phase-
coherent channel. To proceed with a scatteringlike techniquﬁ
we introduce two auxiliary leads 3 and 4 shown in Fig. 1 an
a steplike nonequilibrium distribution function with a chemi- Y — _ Ipee 2 he 2
cal potentialu™ in the interface regiofisee the bottom curve Gnn(#,0) = Omn~ [Rm(e,0)|"+ [Rm(e,0)[%. (2)
in Fig. 4 in Ref. 9. In the general casgy™ is a function of Rﬁ’]en(‘g,@) and Rrr}]en(sl) are angle-dependent probability
the applied bia¥/=(u,— u,)/e and should be found from a  amplitudes for an electron entering the lemdo be scattered
natural condition of coincidence of currents incoming andinto thenth lead as an electron and as a hole, respectively. In
outcoming from the interlayei;=1,.° In the following, we  Eq. (1), we do not write an explicit expression for the coef-
limit ourselves to a zero-temperature case because thermgdient const as it will be canceled in the normalized conduc-
dephasing cannot be accounted for by this mddek the tance spectra equal to the ratio @f;(V)/dV in S and N
discussion in Ref. Dland to a planar structure in a quasi- sates.
one-dimensional geometry with theaxis as the interface | et us now take into the account possible incoherent scat-
normal. . _ . tering events that are happened with a probabijit®)=1

To calculate a current,, in anm lead in t_he normaI_S|de —exy —1/(1;,cos®)] supposed to be energy independent.
(m=1, 3, and 4, we use the Landauer-fiiker formalism  For a superconducting order parameter the usual step-

Ix{vhere the injection angl® between an electron wave vector
ke and thex axis is shown in Fig. 2, the reference potential of

superconductng side is put to zerg*(V) is a
-independent quantity, and

applied to superconducting structues function approximation will be assumed and the self-
consistency of its spatial variation will be ignored that is

I,(V)=const| d cos® JMlel(Sﬂ)dS valid for ans-wave pa_ir_ing and_for biases nedr=0 in the

0 ’ d-wave case. Probability amplitudes for,n=1, 3, and 4

can be found by summarizing all possible charge paths in-
(1) cluding Andreev transformation(as it was done for a phase-

w5 (V)
+ G ,0)+G ,0)id AR
fo {Cmd(2,:0)+ Cmale,0)ide coherent contribution in Ref. 13
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Ran(®)=sm(0)+

s, (0)"(@)sh (7+0)

Rhe — .
1-s5(7m—@)r"(@)sh(7+@)reh(— @)

mn—

3

100503-2



RAPID COMMUNICATIONS

PHASE-BREAKING EFFECTS IN SUPERCONDUCTING . .. PHYSICAL REVIEW&, 100503R) (2003

Here the energy dependencies of all quantities are omitted,
rhe andre" are scattering characteristics for an electron ret-
roreflected into a hole and vice vet3a

S_Sgr(S) \/82_|A(®)|ze;i¢(®)
|A(0)] '

-
()]

en(@) = (4
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o

where ¢(0) is the order parameter phask(®) is a con-
stantA for ans-wave superconductor and foidawvave pair-
ing A(®)=A,4c042(0—0)] with the misorientation angle
0, between the surface normal and the crystalline axis along 0.0
which the order parameter reaches maximum. Probability
amplitudes for scatterings betweerandn leads in the junc-
tion driven into a normal statg,,, can be found by the same
scattering procedure as in Ref. 8. To show how they can b
derived in an informal way, we present an examplesfr

Normalized conductance
—
o

o
o

FIG. 3. Decoherence effect on the normalized differential con-
ductance versus voltage of a double-barrier junction wits-exave
guperconductor and two identical barriers of a strerfythl.0 for
completely coherent charge transmissidashed curve incoherent
transport(solid ling), and intermediate cases witH;, equal to 0.5

sy,=ri+tjarsati+tfarsariarsati+ - - and 1.0(dotted and dash-dotted curves, respectivelgset: the
same characteristics for @10 oriented d-wave superconductor
. atgrsts (©o=l4).
Tt T s e e (5)

After some algebra, we obtain the normalized tunneling con-
where each transfer across thenterlayer without loss of ductance spectrum that for one-dimensional geometry looks
phase memory contributes with an amplituda @S
=1-expx®), x*=kl cos® is the phase shift acquired
by an electron traveling between two interlayer boundaries, 1@ rteren
tf, andrs, are transmission and reflection amplitudes for Nr(e)=R 1—(1-¢)rhereh|’
insulating layerd ; andl,, respectively. In numerical simu-
lations the barriers are modeled by repulsive potentialRefer now to the work of Schopdfilwho showed that the
U, (x) that are characterized by their dimensionlessiocal density of states of a superconductor is simply a ratio-
strength$® Z, ,=kefU; X)dX/ep, with Fermi energysr  nal function of solutions of modified quasiclassical Eilen-
and wave numbekeg. berger equations. Combining Eqd.2) and (68) from Ref.
Before to go to a common case of a double-barrier struci6, we get the same resui8) but for =0. Our simulation
ture, let us discuss a more simple tunnelinglike problem. It islata for/#0 are presented in Fig. 2, where they are com-
widely accepted now that zero-bias conductance peaks ipared with the behavior predicted by the Dynes equation.
high-T. superconductors arise from the formation of midgapWwe emphasize again that the latter formula was obtained
surface statés as a result of a sign change of tdewave  from anad hocprocedure and was proposed to describe the
pair potential. We will show that tunneling characteristics ofimpact of inelastic scatterings inside a superconductor. It re-
an s-wave superconductor can be also interpreted as a susults in a gradual smearing df(e) with a shift of a maxi-
face effect. We introducésee the inset in Fig.)2a normal  mum to higher biases, whereas in the case of phase-
auxiliary interlayern with a vanishing thickness into a two- randomizing effects inside a normal transferring region the
terminal N-1-s-wave S junction with a potential barrier of a main effect is the spectrum suppression without any shift of
very low transparency, i.e., with a very great strength.  the conductance peak. This difference can serve as an indi-
For a zero-temperature phase-coherent contribution, we hawation of where the dephasing agent is located.
a region of vanishing conductivity up t¥d=Ag/e with a Let us return to a three-dimensional case of arbitrary
huge peak at the gap edge. But it is not so if a significaninoderate-strength barriers and present results of numerical
amount of incoherent scatterings is present in thiayer.  simulations. In this communication we assume that the inter-
Then the three-step process described above allows the ledkyer thicknesd is vanishing but the ratid/l;,, that serves
age of carriers into the energy regidi<Ag/e. A charge us as a parameter characterizing an impact of dephasing ef-
sequentially transfers thé-1-n junction without any restric- fects is finite. Figure 3 shows the data for two identical bar-
tions and after that the/S interface(the latter process con- riers of a strengtlz=1.0. Without any decoherence, for an
tains no barrier and the transmission is always able by cors-wave superconductor we obtain a well known, from the
verting a normal current into the superconducting)oie  Blonder-Tinkham-Klapwijk pape? curve with a peak aV
the weak-transmittingtunneling limit, the ratio of then/S  =A/e (a dashed curve in the main pan&Vvhen the impact
interface resistance to that of the all-norm\al -n device is  of incoherent-scattering events increases, a second peak ap-
vanishing and only terms of the orderdshould be retained pears at high biases and for a completely sequential tunnel-
in all quantities. We pui* to zero and;=—1 in Eq.(5) to  ing only a shifted maximum remains in the spectrum. It is
consider only one-particle transmissions across the badrrier interesting that the position of a high-voltage peak depends

(6)
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two sets of data differ in a principal way. If the right barrier
10l / | is absent(the main panel of Fig. ¥ we have a tunnellike
~l.4 Z2,=0.52=0 maximum at the superconducting gap superposed on a con-

’,
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MIKHAIL BELOGOLOVSKII PHYSICAL REVIEW B 67, 100503R) (2003
© i ' nounced for®,= /4. The inset in Fig. 3 demonstrates
e 16 e how this feature is suppressed with increasing decoherence
3 [ impact.
3 g Figure 4 shows spectra of awave superconductor for
5 14 £k two nonidentical barriers. The initial characteristic for a
g 00 0 Tt phase-coherent transmission is the samempare dashed
2 12 e curves in the main panel and in the insett for finite I/1;,
2
E
o
Z

ductance step, a feature of a direct normal-superconducting
contact. But in contrast to ideal Andreev measurements
where it occurs af\;/e and the suppression factor is 2, the
FIG. 4. Decoherence effect on the normalized differential con-St€P 1S shifted to h'Qher ,Vo'tages,a”,d_ the ratio of conduc-
ductance versus voltage of a double-barrier heterostructure with aﬁmce_s at _Zero and high biases is Slgnlflqantly less than 2. The
swave superconductor and two barriers of strengths0.5 and  INSet in Fig. 4 shows the effect of an inverse sequence of
Z,=0 for completely coherent charge transmissidashed curye ~ barriers when the principal behavior of conductance spectra
incoherent transportsolid line), and intermediate cases with;,, IS similar to that depicted in the main panel of Fig. 3.
equal to 0.5 and 1.0dotted and dash-dotted curves, respectively ~ The phenomenological approach developed here can be
Inset; the same characteristics =0 andZ,=0.5. extended to treat decoherence phenomena in all-
superconducting junction8vithout delving into details of

] ) ) carrier interactions Besides of a pure scientific interest, it
on the dephasing strength and for intermediate rafilgsa  can pe useful for designing quantum circuits relied on prin-
local maximum appears even at higher voltages than for th@iples of quantum superpositiohs.

incoherent transmission. Switching on incoherent scatterings
destroys interference effects forming dawave supercon- The author acknowledges M. Grajcar, V. Gokhfeld, and P.
ductor zero-bias conductance peak that is especially praSeidel for helpful suggestions and useful discussions.
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