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Measurements ofA and v from Andreev reflections and McMillan-Rowell oscillations in edge
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We report measurements of dynamic resistance of high quality oxygen deficient SNS edge junctions with
YBa,Cuz0g 6 (Tc=60 K) as the superconductt®) and YBgCu, s&~&, 450y as the barrie(N). Below the gap
a series of peaks in the dynamic resistance is identified as due to multiple Andreev reflections in the barrier
(Vh,=2A/en), while above the gap, the peaks are attributed to McMillan-Rowell oscillatioh¥ (
=hvi/dedy). Analysis of the subgap series in the 60 K Y%BayOg¢ yields a gap valued, , of 16
+1.5 meV, and a coupling constanAZk T, of 6.2+ 0.5. The McMillan-Rowell series yield the renormalized
Fermi velocity of quasiparticles in the barrief=(1.5+0.1)x 10" cm/sec[S0163-18209)15233-(

Tunneling spectroscopy in NIS or SIS junctions is an im-cess the quasiparticle gains an eneeyy, whereV is the
portant tool in the study of the highe superconductors. It yoltage across the junction. Whenever the total energy
can yield the density of states of the superconductor, thgained by the quasiparticle reaches twice the gap enetgy 2
symmetry of the order parameter, and other physical cont makes an interference process which leads to a peak in the
stants of the superconductor such as the gap energy and thgnamic resistance at,=2A/en, wheren is the number of
Fermi velocity. A model of quasiparticles tunneling based ofyeflections that the quasiparticle has gone thrdtighThe
the Andreev reflection process was introduced by Blondermu|tip|e Andreev phenomenal also called subharmonic gap
Tinkham, and Klapwijk(BTK)." This model has been very structures in the literature, was observed in the past in the
successful in explaining tunneling results in junctions withdynamic resistance of loW. junctions with smooth
low-T, superconductors which have isotropiswave interfaces?>~*® Recently, similar series of peakwith n=1
symmetry? More recently, this model was extended by and 2 have also been observed in hifh-edge junctions
Tanaka and Kashiwaya to include anisotropiewave and attributed to a peculiar SNcNS structtfteQuasiparti-
superconductors? Experimental results of scanning tunnel- cles in the barrier with energies above the gap can also be
ing microscopy(STM) and point contact spectroscopy were reflected from the interfaces and produce interference effects.
found to be consistent with the predictions of this extendedrhis yields series of peak®r resonancesin the dynamic
model®® However, additional important physical properties resistance, which are known as McMillan-Rowell
can be obtained from the investigation of SNS junction. Re0scillations®*” The period of these oscillations is equal to
cently, we observed geometrical resonances in the dynamftvr/4edy, whereve is the renormalized Fermi velocity in
conductance of this kind of junction, which were attributedthe barrier, anddy is the thickness of the barrier. In the
to Tomasch oscillations in one of the superconducting elecPresent study we investigate geometrical resonances in the
trodes(the S layey.” This indicates that the interfaces in our dynamic resistance as described above, in oxygen-deficient
edge junctions are sufficiently smooth to allow for the obser£dge junctions with YB#u;Og6 (Tc=60 K) electrodes.
vation of this kind of interference effect. We observed subharmonic gap structures due to Andreev

In the present study we continued to investigate the dyScattering up tm=5, and found the energy gap and the
namic resistance of our SNS edge junctions with barriers ofPUPling constant 2/kT.. Above the gap, we observed lin-
different thickness and properties. This time, we focus orfar series of peaks in the dynamic resistance up=+d8
geometrical resonances in tharrier of the junctionsithe N which were identified as McMillan-Rowell oscillations that
layen. In these junctions the incoming and reflected quasi@lso yieldvg in the barrier.
particles at each of the NS interfaces, or the bare S surface, We prepared oxygen-deficient edge junctions with
are interfering and producing multiple Andreev reflectionsYBa;ClzOss (T.=60 K) as the superconductor and
below the gap, or McMillan-Rowell and Tomasch oscilla- YBa,Cuy 546, 40y as the barrief. This barrier in the well-
tions above the ga® It should be noted here that gener- oxygenated phase hasTd"**~10 K, while in its oxygen-
ally a junction shows either Tomasch oscillations, multipledeficient phase it shows localization with resistivit¢4 K)
Andreev reflections, or McMillan-Rowell oscillations, de- of about 10m() cm. A schematic diagram of the junction is
pending on its specific parameters such as the barrieshown in Fig. 1. The fabrication process is described in de-
strength and thickness. In the multiple Andreev scatterindail elsewheré€.Briefly, the base electrode and insulator lay-
process, an incoming electronlike quasiparticle is reflecteers were deposited by laser ablation deposition on a 10
from one of the NS interfaces as a holelike quasiparticle withx 10 mn? wafer of (100 SrTiO;. Then using a waterless
an opposite momentum. The holelike quasiparticle can thedeep UV photholigraphy process, the edge was made by Ar
undergo Andreev reflection from the other SN interface as aion milling at an angle otv=36°. After this, a second depo-
electronlike quasiparticle, and so on. In every reflection prosition run was carried out, in which a barrier, a cover elec-
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FIG. 1. A schematic diagram of an edge junction used in the 0.1 02 03 04 05 06 07 08 09 1.0 141
present study. 1/n

trode, and gold contact layers were prepared. The sample FIG- 3.V, of thedV/dl peaks &4 K of seven junctions as a
was then cooled down in oxygen flow ambient of 40 mTorrunction of 1.

to obtain the 60 K phase. Finally, the sample was pattemed the results from all the seven junctions are shown in Fig.
into ten junctions, each of wm width. The thicknesses of 3 This figure shows that,, is linear in 1h as expected from

the base, barrier, and cover layers were 70, 15, and 70 Nffe simple theoretical expression for the subharmonic gap
respectively. Our junctions have a full epitaxial structure,gtrctyred

with good coupling along th@-b plane. We have already

observed geometrical resonances in this kind of junction, 2A

and demonstrated our ability to control their geometry and Vn:g, (1)
conductance properties.

The dynamic resistanakVv/d| of the junctions 84 K was ~ Wheren is an integer. Fitting of the data in Fig. 3 to H@)
measured bylirect differentiation of thel-V curves using ac  Yields A,_,=16=1.5 meV and a coupling constant
current modulatiord| and a lock-in amplifier for the detec- 2A/kT. of 6.2+0.5. Previously, gap values in the range of
tion of dV. A typical result is shown in Fig. 2. One can easily 15—18 meV with a coupling constant of 6.1-7.0 were mea-
see that the junction has a weak link behavior of the SNSured in SIS break junctions in single crystals of
type with resonant peaks superposed on it. We note that i¥Ba;ClsOg ¢ (Tc=57-63 K)®'°Our results of the energy
this figure the intensities of the odd number peaks are highedap value and the coupling constant measured from multiple
than those of the even number peaks, and also that there a?@dreev reflections are therefore in full agreement with the
steplike structures in this spectrum. These effects, howeveralues found in the SIS break junctions in the tunneling re-
are coincidental since in other junctions they are absent. F&ime. Our energy gap value is also consistent with the An-
the peaks nea¥=0 we could not obtain a systematic pic- dreev gap measured by the point contact method in an un-
ture, and possibly these peaks can be attributed to variouerdoped YBsCuOg ¢ film (T;~66 K andA=13 meV)®
bound states. The inset to Fig. 2 shows that the voltage valt is, however, in complete disagreement with the tunneling
uesV, of these peaks are proportional tmlivheren is the  results of the same group in NIS junctions where a gap value
peak number and, is half the distance between the plus Of 50 meV (T;~60 K) was found:*
and minusnth peaks. We observed similar series of subhar- In some of our junctions with steeper edge slope (

monics peaks in seven out of ten junctions on the same wafer 50°) and voltages above the gap, we found series of peaks
in the dynamic resistance that have a constant periodicity.

This is expected to occur if these peaks are due to either

100 _' o n:1' '_ Tomasch oscillations at energies significantly higher than the
I gap or McMillan-Rowell oscillations. The voltages of the
80 peaks due to the Tomasch oscillations are givett by
2
5 L o ; nhvig
s 60| - eVy= \/(ZA)2+ 2dg ) : 2
>
el L
whereA is the gapy g is the renormalized Fermi velocity in
40 - the superconductor, ard; is the thickness of the supercon-
r ductor. The voltage spacing between the peaks of the
20 | McMillan-Rowel oscillations i&°
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wherevr,, is the renormalized Fermi velocity in the barrier,

FIG. 2. Dynamic resistancedV/dl at 4 K of an anddy is the thickness of the normal barriesee Fig. 1 In
YBa,CuyOg 6/ YBa,Cly s 480, / YBa,CyOg ¢ €dge junction. In order to distinguish between the Tomasch and McMillan-
the inset,V, of the peaks at 4 K are plotted as a function af.1/  Rowell oscillations, we had prepared two kind of junctions



PRB 60 BRIEF REPORTS 9289

18 qgazat P ' N s inset (b) to Fig. 4 yieldsAV as in Eq.(3) from which the
80 H "7"5‘ | | | renormalized Fermi velocity of the Fe-doped YBCO barrier
can be calculated. Using these data and alsoversusn
from the data of insefa) to Fig. 4 (not shown, we find that
VEy=(1.5+0.1)x 10" cm/sec. Previously, we measured in
similar edge junctions the renormalized Fermi velocity in
YBa,Cu;O5 5 junctions from Tomasch oscillations, and
found vis=(4.4+0.2)x 10’ cm/sec which is quite reason-
able for the pure materidlThus, in our junctions, the ratio
between the Fermi velocities in S and N is about 3. In prin-
ciple,r can be calculated for different values of the effective
S barrier strengttZ.¢; in the junctions from the relatiozgff
ol o . v =72+ (1-r)?/4r whereZ is the actual barrier strengthin
-100 -80 -60 -40 -20 0 20 40 60 80 100 order to estimaté&.; we use our results in similar junctions
V (mV) with thicker barriers. In these junctions, tunneling behavior
was observed in the dynamic conductance such as in SIS
FIG. 4. Dynamic resistancedV/dl at 4 K of an junctions. This conductance was found to be consistent with
YBa,Cu; O 6/ YBa,Cly s & 450y / YBa,ClsOs s €dge  junction,  the extended BTK model fal-wave superconductors,and
with a barrier thicknessly=30 nm. In inset(a), dy is 15 nm. In  from preliminary fits to this model we found that the effec-
inset (b), V,, (squaresand \V2—(2A/e)? (triangles of the peaks tive barrier strengttZ.¢ is about 1 in these SIS junctions.
in the main panel are plotted as a functionnof For the SNS-type junctions in the present stodith thinner
barriers we shall assumé&.;~0.5. If we also take the ac-

with different barrier thickness of 30 and 15 nm on two tualZ value as 0.Xclose to zerp we find thatr ~2.6, which
wafers. On each wafer we had ten junctions' and typicais in reasonable agreement with the experimentally measured
dynamic resistance spectra of two representative edge jun¥alue of about 3.
tions one from each wafer are shown in the main panel and In summary, our results show clearly the different series
in inset (a) of Fig. 4. Equationg2) and (3) show different of geometrical resonances, mainly because of the well-
scaling of the periodicity of oscillations with the thicknessesdefined geometry and the smooth interfaces in our edge junc-
dy andds. The voltage spacindV between the peaks in the tions. The dynamic resistance of our edge junctions showed
main panel is 5 mV dy=30 nm), which is about half that SNS-type .characteristics with sharp series of peaks super-
seen in inseta) to Fig. 4, 10 mV (=15 nm). From Eq. Posed on it. Below the gap, these resonant peaks were iden-
(2) one can see thmcxn, while from Eq.(3) it tified as subharmonic Andreev scattering, Wh_lch yield a gap
follows thatV,<n. In inset(b) to Fig. 4 we plot these two Valué of A;_,=16=1.5 meV and a coupling constant
depencencesusing o catdafitom heman panlof s 205518200 % Ak oo e onened et
fégure andA=16 meV which V\2/e had allready.found before. ity in the barrier of (1.5-0.1)x 10/ cm/sec.

ne can see tha{/Vzn—(ZA/e) is not linear inn as pre-

dicted by Eq.(2) and this result rules out the possibility that ~ We are grateful to E. Polturak for useful discussions. We
the observed resonances are due to Tomasch oscillatiorslso wish to thank S. Hoida and M. Ayalon for technical
Clearly,V,<n as can be seen from the straight line in insetassistance. This research was supported in part by the Hein-
(b) to Fig. 4. Thus Eq(3) describes our results best, and rich Hertz Minerva center for high temperature superconduc-
therefore the observed resonances are due to McMillartivity, the Israel Science Foundation, and the Fund for the
Rowell oscillations in the barrier. The slope of the line in Promotion of Research at the Technion.
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