PHYSICAL REVIEW B, VOLUME 65, 134526

Local and macroscopic tunneling spectroscopy of,;_,Ca,Ba,Cu;0,_ 5 films:
Evidence for a doping-dependents or id,, component in the order parameter
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Tunneling spectroscopy of epitaxid10 Y,_,CaBaCu;0;_ s films reveals a doping-dependent transition
from a pured,2_,2 to dy2_y2+is or d,2_y2+id,, order parameter. The subdominai 6r id,,) component
manifests itself in a splitting of the zero-bias conductance peak and the appearance of subgap structures. The
splitting is seen in the overdoped samples, increases systematically with doping, and is found to be an inherent
property of the overdoped films. It was observed in both local tunnel junctions, using scanning tunneling
microscopy(STM), and in macroscopic planar junctions, for films prepared by either sputtering or laser
ablation. The STM measurements exhibit a fairly uniform splitting siZe.i®] oriented areas on the order of
10 nn? but vary from area to area, indicating some doping inhomogeneity. U- and V-shaped gaps were also
observed, with good correspondence to the local faceting, a manifestation of the dodiimawé order

parameter.
DOI: 10.1103/PhysRevB.65.134526 PACS nuni®er74.50-+r, 74.72.Bk, 74.80-g
[. INTRODUCTION netic field (both magnitude and directipis better explained

by ad+id’ OP®?42% Sharoniet al. also noted that ZBCP
While it is well established by now that the order param-splitting is not observed for underdoped YBCO filfi€Evi-

eter (OP) of YBa,Cu0_ 5 (YBCO) (and other highF, su-  dence for ad+s OP in the overdoped regime was claimed
perconductors has a dominantd,._,2 (hereafter, d) by _Yeh et al, based orc-axis t_unnellng data. However, tun-
component-3the existence and nature of a subdominant OP*eling along the noddl110] direction was not reported for
component is still under debate. Thwave nature of ©verdoped samples in their WO%&-, , .
YBCO, as well as the appearance of a subdominant compo- /e have performed an extensive tunneling study of opti-
nent, should be clearly reflected in directional-dependenf!ly doped and Ca-overdopé#il0) YBCO films prepared

; ; : - ; : using two different deposition techniques, radio frequenc
tunnellng_ spgctroscopy, which yields direct information on(RF)gsputtering and Iager ablation ar?d WO types ofqtunne){
the quaS|part|cIe densny_ of stal"eﬁ'.hg hallmark OT a Pure i nctions macroscopi¢planay and’ local [using scanning
;:i—wave oP 'gg:f tlénnellndg fspt:[:‘ctra 'f thelzero-blgls Contdhucjfunneling microscopySTM)]. We find, irrespective of tun-
ance peaKZ_ ).O gf_elive or tunneling along and near eneling junction type or film deposition method, a clear cor-
nodal[110] direction; ™" reflecting the existence of surface

 |olsLo e relation between the hole doping and the spontaneous split-
Andreev bound states at the Fermi levet.”In addition, U ing of the ZBCP, with the splitting increasing linearly with

and V-shaped 98filesiscgn1§’e seen, respectively, ifl®® and  goping in the overdoped regime. Furthermore, the values of

(001] d.|re.ct|ons.' Y ] the splits obtained by the two distinct tunneling methods are
Deviations from a purel-wave behavior were found ex- in good agreement with each other. These data confirm those

perimentally and predicted theoretically by various groupsof Dagan and Deutscher obtained on oxygen-overdoped

is or idyy (hereafterid’) components, proposed by Fogel- (110 YBCO,** as well as the preliminary results obtained by
stroemet al*® and Laughlir’® respectively, both remove the Deutscheet al? and Koheret al?? on Ca-doped films. Evi-

nodes of the dominard-wave OP and manifest themselves dence for ad+is (or d+id’) OP is found not only if110]

by splitting the ZBCP. On the other hand, a subdominantunneling, but also in tunneling spectra that we have mea-
swave OP that was also proposatbes not removéonly  sured in off-nodal directions. Thus, our data strongly indicate
shifts) the nodes, and therefore has only little effect on thethat ad+is (ord-+id’) OP is an intrinsic property of YBCO
ZBCP. Spontaneous splitting of the ZBGOR zero magnetic i the overdoped regime. Yet, our zero-field tunneling experi-

field) was observed by a few groupsh**~**This splitting  ments cannot distinguish, by themselves, betweerisher
was observed only below some critical temperatt® K,  id’ scenarios.

and was attributed to a transition to a state of broken time-

reversal symmetry with al+is or d+id’ OP. However, Il. EXPERIMENTAL
other groups did not find any splitting of the ZBEM:X°
Deutscher and collaborators have shown that such splitting
takes place only beyond some critical doping level, close to Epitaxial thin (110 orientedY,_,CaBa,Cu;0;_s (Ca-
optimal?%?*2°and the dependence of the split on the mag-YBCO) films, with different hole doping levels, were grown

A. Film growth
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FIG. 1. (a) 15x12 um? SEM image of an RF sputtered film, revealing craters and nanocrémkand (c) 1.5X1.5 um? AFM images
of RF sputtered samples, focusing on nanocracks and craters, respeiv@l$x 0.3 wm? AFM image of a film prepared by laser ablation.

by either RF sputtering or laser ablation. The hole dopingperature of 800 °C. The samples were annealed in 0.5 atm of
level was controlled by varying the Ca content and for theoxygen and cooled down at a rate of 300 °C/h, with a dwell
films prepared by laser ablation also via postgrowth oxygemf 15 h at 420 °C before cooling down to room temperature.
annealing. The surface topography was governed by features similar to
The sputtered films were grown 0110 SrTiO; sub-  those of the sputtered films, as depicted by the AFM image
strates using off-axis RF sputtering. A\BB,CusOg— 5 tem-  of side 0.3um in Fig. 1(d).
plate was used in order to reduce misorientations, as de- Figure 2 shows the temperature dependence of the resis-
scribed in Ref. 27. The films were examined using x-rayiance for films with different Ca doping. As one can sBg,
diffraction, which showed only peaks corresponding 0 th&eqyces with increased doping, indicating an increase in the
desired(110 orientation. Both optimally dopedt=0) and e doping of the samples. Another effect of increasing the
overdoped films(5% and 10% C)a'were studled.'Atomlc Ca doping is a broadening of the transition width, indicating
force microscopy(AFM) and scanning electron micrascopy ?nhanced spatial fluctuations in the hole doping across the

(SEM) measurements of these films reveal a high density o . .
craters, cracks, and nanocracks on the surface, as shown slﬁmple. In th(.a. opt_lmally _doped samplg is aro_und 90 K
Fig. 1. Figure 1a) is a SEM image, 1512 un? in size, and the transition is relatively shafp-2 K), while for the

exhibiting a well-defined orientation of these cracks, runnin 0% Ca-YBCO sample the transition onset is around 70 K

in the [001] direction (this was confirmed by directional re- @nd the width is as high as 15 K.
sistance measurement&?’ One can also observe larger sur-
face defects, but these are well separated from each other
(much more than the typical scan range in our STM mea-
surements A more detailed view of the surface morphology ~ Tunneling spectradl/dV vs V characteristigswere ac-
is given by the 1.5 1.5 um? AFM images of Figs. (b) and  quired using either local or macroscopic planar tunnel junc-
1(c), where well oriented nanocrackBig. 1(b)] and craters tions. In cases where both techniques were appledthe
[Fig. 1(c)] are observed. sputtered filmg for the purpose of comparison, two films
The second type of film was prepared with 30% Ca dop-were prepared in the same run, thus having identical proper-
ing by laser ablation on 4110 SrTiO; substrate at a tem- ties.

B. Tunneling spectroscopy
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FIG. 2. Normalizedto R at T=100 K) transport measurements 0.5
of optimally doped and Ca-doped YBCO films, as denoted in the 0.0 2 .
to_p left corner of the image._ Hole doping increases beyond optimal -0-5t S 30 0 o 1925 37 "0 30 20 10 0 10 20 30 40
with Ca content, thus reducinfy,. The 30% Ca-doped sample was Sample bias (mV) Sample bias (mV)
prepared by laser ablation, whereas the other three were prepared
by off-axis RF sputtering. The inset shows a larger temperature FIG. 3. Correlation between surface morphology of a RF sput-
range for theR(T) of the 30% Ca-doped sample, with a positive tered 5% Ca-YBC@110) film and the local tunneling spectria) A
curvature, typical of overdoped filnfall overdoped samples exhib- 0.4x0.4 um? STM topographic image focusing on a crack running
ited similar behavior in the [001] direction. The full minimum to maximungblack to

white) height scale is 20 nm. The spectra showr{bp taken on a

The macroscobic tunnel iunctions were prepared as f0|£L0>< 10 nn? area around position 1, exhibit a reproducible split
P J prep ZBCP structure, a manifestation ofda-is (d+id’) OP. The two

'QWS- Immedl{?\tely after the f||m grovyth, we press.ed an In-yower curves(dashed and fullwere taken sequentially at the same
dium pad against the cuprate film, with an approximate conpgint, showing the reproducibility of our data. All curves were nor-
tact area of 1 mm This process results in junctions with malized to the same peak height and shifted vertically for clay.
typical resistance ranging from a few ohms to a few tens oSpectra taken along the crack edge, in a range of 10 nm around
ohmes, yielding reproducible tunneling spectra. The junctiongosition 2.(d) A V-shaped gagfull line) measured near the end of
are stable on the scale of a few weeks and can undergo the crack(point 3), where a(001) facet is expected to exist. Inside
number of thermal cycles with no significant change in tun-cracks, on(100 sidewalls, U-shaped gaps were found, e.g., the
neling characteristics.(V) curves were measured digitally dotted curve. The spectra were acquired with tunneling resistance
using a current source, and were differentiated numericall"ound 200 M2.

to obtain thedl/dV-V spectra. Each measurement was com-
prised of two successive cycles, to check the absence of
heating-hysteresis effects. A. Morphology and local tunneling spectra correlation

The local tunneling measurements were performed using |, 5 previous work, Sharort al. found good correlation
a cryogenic homemade scanning tunneling microscope, Prseqween the local tunneling spectra and the surface morphol-
viding spatial resolution of less than 1 nm for the tunnelmg(_.,gy for (001) YBCO films grown by laser ablatiol. Here,
spectra. The samples were transferred directly from th@ye demonstrate that such a correlation holds also Taf)
growth chamber into a dry oxygen ambient in an overpresca-YBCO films prepared by both laser ablation and RF sput-
sured chamber, then mounted within a few hours into oukering, focusing on features manifestirgy(or idy,) compo-
scanning tunneling microscope and cooled to 4.2 K via Henents in the OP. This is presented in Fig. 3 for a Ca-YBCO
exchange gas. The tunneling spectra were acquired eith@®F sputtered film and in Fig. 4 for a Ca-YBCO laser ablated
directly by the use of a conventional lock-in technique, or byfilm.
numerical differentiation of the measuréeV curves, with Figure 3a) shows a STM image taken on a sputtered 5%
similar results obtained by both methods. We have confirmea-YBCO sample with £110) nominal surface, focusing on
that the measured gaps and ZBCP features were independentrack. The crack runs along th@01] direction, meaning
of the STM voltage and current settifigefore disconnecting that the sidewalls expose most likely tiE00 plane or a
momentarily the feedback circlitThis rules out the possi- vicinal (1n0) surface, while the nanocrack most probably
bility that the gap features are due to the tunneling conditiorends in a(001) plane. Far from the crack, on tf{&10) sur-
(e.g., tip-sample distangesuch as in the case of the Cou- face, split ZBCP’s are typically observed, characteristic of an
lomb blockade€® STM morphology images were taken be- is orid’ subdominant OP. In Fig.(B) we plot ten tunneling
fore and after acquiring the local tunneling spectra to confirnspectra(solid lineg measured at locations covering a region
the exact position of spectra acquisition. All the spectra anaf 10X 10 nn? around position 1 in the STM image. The two
topographic images were obtained with a set bias well aboviewer curvegdashed and solid lingsvere measured sequen-
the superconductor gap-25—-50 me\), and the(norma) tially at the same position, manifesting the reproducibility of
tunneling resistance varied between 100 nd 1 Q). our measurements. It is evident that the split ZBCP structure

4 04r

0.0 oo m——— 100 200  30Q| o g ~ I (c') 1 12f [C))
50 60 70 80 90 100 110 120 3 200 TR
T (K) - 1os}
\/\/\—' ] 0.6} x
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FIG. 5. Tunneling spectrum measured on an optimally doped RF

FIG. 4. Correlation between surface morphology of 30% Ca- X ) o h )
YBCO film prepared by laser ablation and local tunneling spectraSPuttered YBCO film, using an indium pressed planar junct@n

The 120<120 nnf topography image with full height scale of and three spectra acquired with the scanning tunneling microscope

3 nm (a) reveals nanocracks running in tfi601] direction, as at different locations on a nominally identical filth)—(d).

marked. (b) Spectrum measured at point 1 on tl€0 surface, ) ) ) o

showing the largest ZBCP split we have observed for this sampleWith no in-gap peaks, corresponding to tunneling in[tt@0]

with 8,="5.4 meV. The spectra were acquired with tunneling resis-direction(dashed curve consistent with the wall orientation.
tance of around 200 KA. In (c) and(d) we present manifestations ~ The 30% Ca-doped laser ablated YBCO film also depicted
of the is (id") subdominant OP in directional tunneling spectra @ rich variety of tunneling spectra, showing good correlation
other than thg¢110] (see text Curve(c) is best explained by tun- with surface morphology and clearly exhibiting a significant
neling into the(120) plane, as shown in the left inset. The right inset contribution of anis (id') OP. The STM image in Fig.(4)
shows, for comparison, simulation faraxis tunneling with ad ~ shows nanocracks running mainly from right to left, along

+s OP. Curve(d), taken at position 3, can be fit relatively well to a
d+is OP assuming either tunneling into ti&20) plane (dotted
curve or [001] tunneling (left insed. The right inset shows, for

the[001] direction, as marked by the arrow, as well as some
small craters. The spectrum in Figb#was measured on the
flat (110 surface, at point 1, showing a split ZBCP structure.

comparison, pure-wave c-axis tunneling. We note that this split, with peak-to-peak separatién

=5.4 meV, is the largest we have measured, in good corre-
is well reproduced over this area, with the split sizg,  spondence with the high doping levekee below
varying between 3 and 3.3 meV. Other regions have shown

similar behavior, although the average lodalwas in some b N

cases smaller. There were also regions, mainly close to th mactoseopie 1 foeal
cracks, where splitting was not found, for example, the spec- ™[ 12|

tra displayed in Fig. @), taken along the crack around po-

sition 2 in Fig. 3a). This may be due to local oxygen defi- . 1o} 08t

ciency, reducing the local doping beneath the critical value; @ o ®

for the onset of a broken time-reversal symmetry state. The§ sl . . O2meV] o4y 8:=3.2 meV]
gap-edge structures at higher bias, in particular their sharpz ., % w0 W 20 M0 0 0 2
ness, as well as their relative height with respect to the ZBCFZ local | 16} local
and to one another, also exhibit significant spatial variations.  1.0f 1 141

While in most spectra the shoulder at negative bias is founc 12}

to be higher than that at positive bigas observed in the o8y 1 10l

macroscopic tunnel junctions, see Figs. 5 andtl@is is not 06 1 o8|

always the case. These variations at high bias may resul © d=2mev | b @ =33 meV |
from local nanofacetifg and local roughness and O e 5

disordert%2930

Further manifestation of the spectroscopy-morphology
correlation is provided by the V-shaped gap structures mea- g, 6. Spiitting of the ZBCP in 5% Ca-YBCO filn{a) Mac-
sured at the edge of the nanocrdekg., solid curve in Fig. roscopic(indium presseptunnel junction with a 3.2 meV split peak
3(d) taken at position B consistent withc-axis tunneling.  inside a gap(b)—(d) Local (STM) spectra measured on nominally
This is in agreement with the nanocracks running in thedentical films, with 8, denoted in the images. Spectruby has a
[001] direction, see above. There were also measurementsmilar split and structure as the macroscopic dat@pf(c) and(d)
taken inside the nanocracks that displayed U-shaped gajpepict smallest and largest obsené@gdvalues, respectively.

Sample bias (mV)
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In addition to the splitting of the ZBCP, the (id') sub-  time-reversal symmetry. The most pronounced evidence for
dominant OP can influence also the gap structures, as showhe existence of this subdominant OP is the splitting of the
by the spectrum in Fig.(4), and in a more subtle way by ZBCP in the[110] directional tunneling spectra, where the
Fig. 4(d), each acquired within and near an edge of a nanosplitting increases with this subdominant component. We
crack in positions 2 and 3, respectively. The dominant feawill also compare data obtained from the “macroscopic”
ture in the spectrum in Fig.(d) is the sharp subgap peak planar tunnel junctionsprepared by indium presswith
structure. This spectrum can be well reprodufdett inset of  those acquired locally using STM, focusing on the shape and
Fig. 4(c)] using the extended Blonder-Tinkham-Klapwijk spiit size of the ZBCP.
model}***assuming al+is OP and tunneling into theL20) Typical results are presented fénominally) optimally
plane. Recall that120) facets may well exist on the side- doped YBCO and 5% Ca-YBCO RF sputtered films in Figs.
walls of a nanocrack. The parameters used in this fittare 5 and 6, respectively. The data for the 10% Ca-doped
=17 meV, A;=0.1404, and a small lifetime broadening samples were similar to those of the 5% ones, with typically
(Dynes paramete?, I'=0.02A 4. We note that equally good |arger split values. In both Figs(& and &a) the spectrum
fits to our datdfor all curves were obtained assuming either was measured on the “macroscopic” junction, while Figs.
anis orid’ subdominant OP, so we cannot distinguish heres(b)—5(d) and &b)—6(d) are local(STM) tunneling spectra.
between these two options. (Note again that for each doping level, the films used for

A similar subgap peak structure was observed by Yelhoth measurements were prepared together in the same run,
et al, for tunneling(nominally) in the [001] direction on an  hence they were nominally identicaln all measurements
overdoped film, and was attributed toda-s OP? We find  performed on the indium pressed macroscopic junction, the
this interpretation less likely in our case, since in order to fitzZBCP appears inside a pronounced gap structure. This was
the positions of the subgap peaksound 1.8 meY, a very  also the case in many, but not in all, of our STM spectra. In
large contribution of the subdominastcomponent, more particular, we could findi1/dV-V characteristics that appear
than 0.8, is neededassuming) 4 retains its average value very similar to those measured on the corresponding planar
observed for this sample;15 me\). This would also push junction[see Figs. &) and &b)]. However, the peak-to-gap-
the shoulders of the outémain) measured gap much further edge ratio and the general asymmetry of the cufirest vary
out as compared to our experimental observafsge right  spatially, as discussed abouesually differ from the “mac-
inset of Fig. 4¢)]. roscopic” featuresge.g., the curves in Figs(& and 5d) and

The spectrum in Fig. @) (taken at position Bexhibits, at  6(c) and &d) as well as Figs. ®) and 3c)]. Our STM to-
first sight, a simple V-shaped gap. However, a closer lookyographic measurements support this conjecture, exhibiting
reveals a smeared kink structure at low energdiesset unit-step size surface roughness on large parts of the films.
around 5 mV, which is not expected for tunneling into a Note that we have shown previously that even a single unit-
pure d-wave superconductdrsee, e.g., right inset of Fig. cell step affects the local tunneling specita.

4(d)]. This feature appeared many times in our measure- The tunneling characteristics of tilgominally) optimally
ments of overdoped samples, with abundance increasingoped films(Fig. 5 showed no splitting of the ZBCP, for
with doping. This spectrum also conforms well with the pic- both types of tunnel junctions. However, some otiremi-
ture above, of @l +is (d+id’) OP and tunneling to 8120  nally) optimally doped YBCO films prepared by laser
plane, as depicted by the good fibtted ling, obtained with  ablatiort* did show splitting with small peak-to-peak separa-
Ag=16 meV,A;=0.1A4, andl'=0.15A4. The main differ-  tions, up tods=1.2 meV. It seems thus that a transition to a
ence between this spectrum and the one presented in Figtate of broken time-reversal symmetry takes pléteeast
4(c) is the larger(yet still reasonablebroadening parameter at 4.2 K) at a critical doping around optimal, in agreement
needed to account for the data. This broadening, which mayith previous resulté*2°

be due to larger local disorder, results in smearing of the The spectrum in Fig. @), measured on a sputtered 5%
subgap peak structure. Another possible way to account faCa-YBCO using a planar junction, shows a clear splitting of
the spectrum in Fig. @) is by consideringc-axis tunneling  the ZBCP with 5;=3.2 meV. The STM data exhibit splits
and, again, al+is OP. This is a reasonable scenario, sincewith &, ranging between 2 meV and 3.3 méWigs §c) and
tunneling may have taken place to @1 facet at the end  6(d), respectively with many in the vicinity of 3.2 meV, as
of the nanocracKthe tip was positioned a few nanometersin Figs. 6b) and 3b). These results demonstrate that the
from there. A simulated spectrum for this case, calculatediocal and the macroscopic tunnel junctions yield similar re-
with Ay=14 meV, A;=0.084, andI'=0.05, is given  sults, thus the splitting of the ZBCP is not a property of the
in the left inset of Fig. 4d). Although this curve well repro-  type of tunnel junction. We do find a distribution 8§ values
duces the low-energy kink, it does not fit the experimentain the local tunneling measurements, around the “macro-
data as accurately as the one obtained assumingl2@  scopic” value, probably due to spatial fluctuations of the
tunneling(note, however, that smallérandA 4 values were  doping® The macroscopic tunnel junction thus provides
used in the fit for thee-axis tunneling,. some kind of a mean split size, averaging over the local
doping fluctuations to which the STM is sensitive. The dop-
ing fluctuations are also reflected in tR€T) measurements
(Fig. 2), where the transition width is expected to increase

We now turn to discuss the doping dependence of thevith the magnitude of the fluctuations across the film. In-
subdominanis (id’) OP, associated with a state of broken deed, theds variation in the 5% Ca-YBCO fiimg2—3.3

B. Doping dependence of ZBCP split
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hole doping was controlled by different procedures, all data
points fall on the same line. Results shown in Fig. 7 are in
agreement with previous results of Dagan and Deutséher,
obtained for(110) YBCO films (not Ca dopef] and support
their interpretation in terms of a quantum critical point for
the onset of a broken time-reversal symmetry state.

8s average

IV. CONCLUSIONS

; : ' ' ' 3 Our experiments demonstrate the importance of correlat-
0o 1 2 3 4 5 8 . . .
(Tom - T.)" ing 'the chal tunneling spectra WIFh surfa'ce morphology for
deciphering the electronic properties of high-temperature su-
FIG. 7. Doping dependendproportional to T, max— Tc)?] of  perconductors, in particular the OP symmetry. Knowing only
the average ZBCP split size, as measured by STM. The straight linhe nominal growth direction of films may not be enough in
is a linear fit to the datdl  is taken at the point of zero resistance, order to understand the local spectra measured on them, un-
and T¢ max IS the value for the optimally doped samples. Full less they are perfectly flat, and this is never the case.
circles: data measured for th{@10 films discussed in this paper; The comparison between spatially resolved STM mea-
empty circles: data measured f@01) YBCO films, discussed in  surements and macroscopic tunneling measurements also
Ref. 11. proves itself to be highly effective in studies of the above

meV) is somewhat smaller than that observed for the 10(%%ssues. While the former yield important information on the
samples(2.2—3.7 meV. Interestingly, the transition for the OC‘.”“ doping anq Ipcal morphology depende'nce of thf tun-
10% Ca-YBCO film starts at a temperature where the sodeling characteristics, the latter clearly manifest the "aver-
sample is in the middle of the transitid83 K) and indeed aged” features as_souated W|th the main tunnell_ng direction.
there is an overlap of thé, values measured for these two Qur d?ta prowdr—;lclear evidence for the existence of a
films. The 30% samples exhibit significantly larg&rvaria- dqpmg-dnven t.rans.mon .from a pur&wave OP. to a state
tions (3.1 to 5.4 meYV, in correspondence with the markedly with a subdominanis or id,, OP in Ca-YBCO films, asso-
broader transition widtliFig. 2). As already mentioned, this cu_ated W't.h. a breaking of tlm_e_-reversz_il symmetry. At 4.2 K
sample was prepared by laser ablation, so we can concludg'S transition occurs at a c_r|t|c_al doping level clo_se to opti-
that the preparation method has no influence on the maiWal’ and the.relauve contrlbu.tlon of the supdomlnant com-
features related to time-reversal symmetry breaking. We notBonem’ ma_mlfested 'by the. size of the split of the ZBCP,
that the value of thei,z_, gap also varied with doping, Increases Ilnea_rly with do_pmg_at the overdop_ed side of the
from values of 17-19 meV for the(nominally optimally Y_BCO phase diagram. This is in agreement with the conclu-
doped films to an even larger spread of-16 meV for the sions of Ref. 2.4’ drawn from experiments performed on
30% Ca-doped films, and the average values ATK2T, oxygen-doped films. This behavior appears to be indepen-

ranged between 4.4 and 5, in general agreement with Refgent of the film deposition methofRF sputtering or laser
33 and 24 ' ' ablation), doping procedurdoxygen treatment or Ca dop-

From what we have presented it is clear thaincreases ing), and nominal film-growth directiof{110] or [001)), as
well as of the type of tunnel junction usgdhacroscopic

with doping. For a more quantitative picture we use the re- . X . . o )
lation (p— pg)2 (T may—T.), Wherep is the oxygen con- indium pressed plangr junction or microscopic_junctions
: : . : . formed by the scanning tunneling mciroscope).tiphere-
tent per unit cellp, is that of optimal doping, andle, max is ore, the OP transition described above is an intrinsic prop-
the transition temperature of the optimally doped samples. ,& ' f | inh f ? h'p
plot of the average split siz@neasured by STMas a func- erty of YBCO, or at least an inherent surface property of this
tion of (Ty max—To) 2 presented in Fig. 7, reveals a clear mat_erlal, and may be due to quantum criticality near optimal
linear depéndence, signifying tha} is proportional to the doping.
doping level. In addition to the data obtained for 140
Ca-YBCO films discussed aboyill circles), we also added
results measurétion (110 facets of(001) grown YBCO This work was supported by the Israel Science Founda-
films (empty circleg. We emphasize that although the datation, Center for Tunneling Phenomena in Nanostructured
presented in Fig. 7 were measured on films prepared by difMaterials and Devices, and the Heinrich Hertz-Minerva Cen-
ferent deposition methods with different orientations, and theer for High Temperature Superconductivity.
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