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Observation of McMillan-Rowell like oscillations in underdoped YBa,Cu3;0, junctions oriented
along the node of thed-wave order parameter
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Dynamic resistance spectra of ramp type junctions made of underdope¥f& (YBCO) electrodes and
Ga-doped YBCO barrier are reported. Series of equidistant peaks were observed in these spectra in junctions
oriented along the node direction. Junctions with different barrier thickdgsshowed that the distance
between adjacent peaks scales inversely @jth The peaks were thus identified as due to McMillan-Rowell
like oscillations in the barrier. Analysis of the series of peaks yields an upper limit of about 3.7 meV on the
value of the energy gap along the node. We attribute this small gap te ttenponent of the order parameter
of underdoped YBCO near the interface of the junctions.
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Several experiments show that the dominant componerthe inset of Fig. 1. All the YBCO and doped YBCO layers
of the order parameter in the high-temperature superconducére epitaxial with thec axis normal to the wafer. The two
ors (HTS) has ad,z_2-wave symmetry.Other experiments superconducting YBCO electrodes are coupled in dhe
are consistent with the existence of an additional subdomiplane via a thin barrier layer of the Ga-doped YBCO film.
nant component on the surface of the HTS,i®for id,, Thels[nulystep junction preparation process was deSCFIQEd
wave naturé® It should be stressed though that bulk mea-before.” Briefly, we first prepared by laser ablation deposi-
surements such as thermal conductivity and specific hedion the base electrode, which was composed of a bilayer of
show no sign of a subdominant component in the order pa>1© on YBCO on(100 STO wafer. Patterning of the base
rameter of the cupraté€ Tunneling measurements of under- €/éctrode was done by photolithography and Ar ion beam
doped junctions show that in addition to ttig_2+is gap, m|II|ng..The. ramps of the junctions were patterned anng the
a large gap which can be attributed to the pseudogap is algbOde direction of the YBCO film. After a.thorou.gh. cleaning

resenf-11The magnitude of this component was found to process, the cover electrode was deposited. This included the
Ee uité small. in the range of 1-3 M3V Recent self- barrier layer, a second YBCO film, and an Au layer on top.

q o 9 ) ' The cover electrode was then patterned to produce the final

consistent calculations using Bogoliubov—De Gennes typ

: ) X nction layout, as well as the four gold pads for each junc-
equations led to a good fit of the data assuming a pur§on Al junctions in the present study had the same 90 nm

d-wave symmetry in the bulk, and coexistenced@f_y2 and  hick YBCO electrodegbase as well as coverthe same

is order parameters near the interfd€ethe magnitude of |ateral width of 5um, and varying barrier thickness. The
the is gap resulting from these simulations is 2.6 resistance versus temperature of the junctions was measured
0.1 meV. In the present experiment we observed series Qfsing the standard four probe technique, and the dynamic

geometrical resonances in the dynamic resistance spectra @sistance was measured using a standard ac modulation
node junctions. From these series, we find an upper limit ofechnique.

3.7 meV on the energy of the subdominaawave compo- Figure 2 shows the measured resistance as a function of
nent of the gap, which is consistent with the simulationstemperature of three node junctions with 10.5, 21, and 32 nm
results. thick barriers. The corresponding normal state resistance of

In the present study we used ramp type junctions with ghese junctions is typical of underdoped YBa,O, with y
Ga-doped YBgCu;0, (YBCO) barrier instead of the Fe-

doped YBCO barrier used befot&+13This was done in
order to check if the appearance ofiargap depends on the
nature of the barrier. In particular, magnetic effects in the
barrier are not likely to be the source of this gap, if found in
both types of junctions. Figure 1 shows the resistivity versus
temperature of a blanket YB&@a, ,Cu, O, film deposited

on (100 SrTiO; (STO wafer, annealedn situ under the
same annealing conditions as for obtaining YBCO films with
T.=60 K. This barrier material behaves like a Mott insula-
tor (MI) with variable range hoppingVRH) in three-
dimensions with Ing)<T-Y* for the whole temperature
range. The resistivity valuet& K is of about 0.6(2 cm, FIG. 1. Resistivity vs temperature of a Ga-doped YBCO film.
which is more than an order of magnitude higher than that ofrhe resistivity values were obtained by averaging over six micro-
YBayFey 45CU, 550, used previously as the barrier layér. bridges which were patterned in an 80 nm thick film. The inset
The geometry of the junction is described schematically inshows a schematic cross section of a ramp type junction.

p (Qcm)
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. . FIG. 4. (Color onling Dynamic resistance spectra of the junc-
. FI,G' 2. (_Color onling Resistance V_S temperature of three no_detion in Fig. 2 with the 10.5 nm thick barrigthree traces, main
junct_lons _W'th _10‘5’ 21, and 32 nm th'ck Ga-doped YBCO bam_er'panel, peak no- 3 is missing. In the inset, the results of another
The Junctl_on with the 10.5_nm thick barrier had longer leads which 4. junction on the same wafer are shaitwo traces, peak no. 1
led to a higher normal resistance. is missing.

due to the much higher normal resistance of the first junction
[Ry (3 K)~200Q]. A third junction with a 32 nm thick
barrier was annealed in a higher oxygen pressure of 27

~6.55 for the 8 mTorr oxygen annealed ones §nd6.85
for the 27 mTorr oxygen annealled junctibhOne can ob-

serve two distinct transitions in the resistance of each junc Torr in order t id higRe (5 K). The d .
tion. In the two oxygen deficient junctio8 mTorr anneal- ?(l,siosrt::cgrsggc?r:\(l)?lthg\J'/Srrliti (;%Dthﬁowrg 'Wasesir)rllrillgmlc():
ing), the transition temperatuik, of the electrodes occurs at : .

9 b E: that of Fig. 3, but with a ZBCP and a more closely spaced

approximately 55 K, while in the third oxygen rich junction . ) . S
(27 mTorr annealingthe electrodes become superconductingse”es of peaks. In all three junctions, the peaks bias in the

already at 80 K. The transitions seen at 40 and 25 K in thélynamic resistance spectra seem to be almost independent of
first two junctions, and at 60 K in the third one, result pre-the oxygen content, or the presence of a ZBCP. It was, how-

sumably from an apparent proximity effect in the barrier. AtEVer, strongly d'ependent on'the thickness of the barriers. It is
generally nontrivial to associate a peak number to each peak

low temperatures, the junction with the 10.5 nm thick barrier; _
shows a critical current of about 0.5 mA at 5 K which yields in the series because not all of them are present or have the

a critical current density of-1.1x 10* A/lcm?. The other same_intensity. By comparison, however, with data of other
two junctions with the 21 and 32 nm thick barriers are resis—ncide jugc.tlolr;s, vg/e coulldtdt(ra]termlne the sgak nlftmbers F|>f0p-
tive at low temperatures and have resistance values at lo Y, and n Fig. > we piot the corresponding voitage values
bias of about 200 and(2, respectively. of_ four series versus the peak number mcluc_ilng the data of
The dynamic resistance spectra of the two oxygen defiF'gs' 3 a_md 4. Figure 5 shows th_at each series of pea_ks ap-
cient node junctions with 21 and 10.5 nm thick barriers ardP€ars with a constant voltag.e difference betwgen adjacent
shown in Figs. 3 and 4, respectively. The different behavio eaks, and mcIudgs Ilnea_r fits of the data.. F|g_ure 5 also
shows that the ratio of adjacent peaks spacing in the three

at low bias, namely, tunneling like in Fig. 3, and critical . ; PR .
current and zero-bias conductance p&aRCP) in Fig. 4, is types of junctions 10.1-12:6.5:4.5 is approximately equal to
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120 ' _éo ' 4{0 ' (') ' 4'0 ' 8'0 ' 150 FIG. 5. (Color onling Peak voltages of the series in Figs. 3 and
V (mV) 4 vs the peak number, together with the series of peaks of the

oxygen rich junction in Fig. 2 with the 32 nm thick barrier. The

FIG. 3. Dynamic resistance spectra of the junction in Fig. 2 withstraight lines are linear fits to the data. Scaling of all series with the
the 21 nm thick barrier. barrier thickness is demonstrated in the inset.
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the inverse ratio of the corresponding barrier thicknessés hven
10.5:(1/21):(1/32). Since the superconducting electrodes in AV= Zed.’ 2
all our junctions have the same 90 nm thickness, the above N
result seems to indicate that the series of peaks in the dywherev gy is the Fermi velocity in the normal metal, adg
namic resistance spectra originate in geometrical resonancgsthe N layer thickness. Thus both Tomasch and McMillan-
in the barrier layer. Next we discussed this result in the conRowell like oscillations can yield a linear behavior of the
text of the nature of the present S/MI/S junctiod8l is a  peak voltage versus peak number as seen in Fig. 5. For SNS
Mott insulator with VRH. junctions Egs.(1) and (2) should be modified because of
It has already been demonstrated in the past #haxis  Andreev scattering at both interfaces. The oscillation periods
YBCO/PrBgCu;0; s/ YBCO junctions which are basically should thus be twice as largev gg/dg for the Tomasch os-
S/MI/S junctions as we have here, carry significant criticalcillations andhv gy/2dy for the MRO case.
currentsl . at low temperatures even when the barriers are up  The voltage difference between adjacent peaks in the dy-
to 100 nm thick!® Surprisingly for this kind of junctions, it namic resistance spectra, depends on either the thickness of
was found that(T) behaves as ekpaT??], whereais a  the superconducting electrode in the Tomasch scenario as
constant, which is exactly the expected behavior for SNSeen in Eq(1), or on the barrier thicknesses in the MRO case
type junctions with a normal metal barrier in the dirty limit. as seen in Eq2). Since the thicknesses of the superconduct-
In ramp type junctions with PrB&u,_,Ga0;_; barrier,  ing base and cover electrodes #ne samefor all our junc-
however, no such temperature dependence was fulmd. tions, and the observed series of peaks depend on the thick-
this case, the transport results point to tunneling, but thi;iess of the barrier as seen in Fig. 5, it seems that these series
seems to be due to the much higher resistivity of the barrieare due to MRO. Moreover, Fig. 5 shows scaling with the
at low temperatures 10° Qcm) as compared with barrier thicknessly as depicted by Eq2). The fact that all
0.5Q cm in Ref. 16 which is closer to the resistivity value in data points in the inset of Fig. 5 fall on a single straight line
the present study. There are many more reports on observhirther supports the identification of the observed resonances
tions of a long-range proximity effect and Andreev reflec-as due to MRO. We stress that this result is independent of
tions in similar type of junctions with insulating VRH either the barrier strength or the different oxygen content of
barriers'*'#-2°The puzzling question is why such barrier the junctions. Using Eq(2) we find an effective Fermi ve-
materials with a resistivity of two to three orders of magni-locity of electrons in the barrier vpy=1.2+0.2
tude higher than~1 mQ) cm the maximum resistivity a x 10’ cm/sec, which compares well with a previous result of
metal can have, when in contact with a superconducton.5x 10" cm/sec measured in the same kind of junction with
should behave like normal metals? This is a complicatecy Fe-doped YBCO barriéf. The latter has a much lower
problem to deal with theoretically, and only sketchy reportsresistivity value at low temperatures, of the order of
on this issue exist: We shall not attempt to speculate what is 10—20 nf) cm, thus being much closer to a normal metal
the reason for this normal metal-like behavior of the VRHthan the present Ga-doped YBC® priori the Fermi veloc-
barriers in the S/MI/S junctions, but simply take it as given,ity is not well defined here since there is no Fermi surface at
and use the formulas derived for SNS junctions. all in isolated VRH materials. When the thin VRH layer,
Geometrical resonances in NS bilayers can lead to serigsowever, is in contact with a superconductor like in the
of peaks in the dynamic resistance spectra. Subgap seriggesent junctions, it is possible that the Fermi surface is re-
involve subharmonic resonances, which are caused by mutovered, and the Fermi velocity is thus well defined. The fact
tiple Andreev reflections, and de Gennes—Saint James bounilat similar numbers were obtained fogy of the Fe- and
states:"**?* Both result in series of peaks which are not Ga-doped YBCO barriers which have very different resistiv-
equally spaced, and therefore cannot account for the presemy values, further supports the notion that the barrier in
observations. Above gap resonances involve Tomasch arg/MI/S junctions havéN-like features. Our effectivegy val-
McMillan-Rowell oscillations** Tomasch oscillations are yes are quite smaller than the valug~2.5x 10’ cm/sec
due to resonances in the superconducting electrode, of whicsbtained by angle-resolved phtoemission spectroscopy along
peak energies are given by the node direction in differently doped .aSr,CuO,
(LSCO) crystals?® This ARPES study, however, shows that
there is no direct link between the measured Fermi velocity
' (1) in the cuprates and the magnitude of the resistivity. A serious
theoretical analysis of these issues is thus needed.
whereA is the gap energy g is the Fermi velocity in th& The voltage values at=0 in Fig. 5 constitute an upper
electrode ds is the S electrode thickness, andis the peak limit on the energy gap value. Previous MRO results yielded
number. These resonances are not equally spaced, but foma n=0 value of 16 mV along the main crystallographic
small node gap value the deviation from equal spacing igxis, which is an upper limit on the value of the dominant
quite small, and generally cannot be observed due to thd-wave component of the gap in the 55 K phase of YBEO.
experimental error. McMillan-Rowell oscillation&MRO), In the present study, on the contrary, the junctions are aligned
(Ref. 25 are also seen as series of equidistant peaks in thaelong the node direction where the dominalwave gap
dynamic resistance spectra, and are caused by geometricalnishes. We can thus measure an upper limit on the energy
resonances in the normal metal. The voltage difference begap of the subdominant component by taking the average
tween adjacent peaks in this case is value of the intercepts at=0 of the four straight lines in
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Fig. 5. This yields an upper limit of 3.7 mV on the energy of show geometrical resonances in the barrier which behave
thesgap near the interface, which is in reasonable agreemetike McMillan-Rowell oscillations above the gap. From these
with the measured gap values of 2.6.5 meV found we find an upper limit of 3.7 meV on the magnitude of the

previously> component of the gap near the interface.
In summary, the present study shows that the experimen-

tal properties of S/MI/S junctions made of underdoped This research was supported in part by the Israel Science
YBCO have several common features with conventionaFoundation, the Heinrich Hertz Minerva Center for HTSC,
SNS junctions. Measurements of dynamic resistance spectthe Karl Stoll Chair in advanced materials, and by the Fund
in underdoped YBCO junctions along the node directionfor the Promotion of Research at the Technion.
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