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Observation of a geometrical resonance effect in Bsr,CaCu,Og,, break junctions
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A periodic structure has been observed in the tunneling characteristics, 8f,BaCu,0g,, break junc-
tions. The observed structure is explained by the electron-hole interference effect in the surface layer, which
produces a periodic structure in the tunneling characteristics. Good qualitative agreement has been obtained
between measured data and calculated with Arnold’s proximity model characteristics. The observed effect
indicates an important role of the proximity effect on surface sensitive properties ofrhighperconductors,
and explains the reported discrepancy of energy-gap values §8rfaCu,0g_ , . [S0163-182896)02033-4

INTRODUCTION First, the proximity effect was considered to explain the
tunneling spectra of BiSr,CaCu,Og., (Ref. 5 based on
Since the discovery of higli, superconductordHTSC’'s)  the McMillan “tunneling” proximity model with weakly
many attempts have been made to obtain information abowoupledN andsS layers and the coherence lengtlh compa-
the energy spectra of these materials. Traditionally, tunneling@ble to the thickness of the normal surface layer
spectroscopy is one of the most powerful tools for solvingdn(dy=~éy).° Here, we have used the limit of strongly
this problemt However, many tunneling experiments real- coupledN and S layers withdy=¢y and I>dy (1 is the
ized with different techniques gave controversial resiitis ~ mean free path’ In this case the electron-hole interference
a review see Ref.]2In particular, a wide range of energy- effect becomes important, which essentially modifies the lo-
gap values &2A/kT.<12 has been reported both for cal density of state¢DOS) at the interface between normal
YBa,Cuz0,_, (YBaCuO and for Bi,Sr,CaCu,0g4,, and insulating layer8.In particular, for relatively large val-
(BiSrCaCuQ HTSC's. ues ofdy equally spaced bound states appear in the super-
As will be shown below, one possible reason for this largeconducting energy gap, which produce current steps in
spread is a spatial inhomogeneity of HTSC’s near the surt(U) and a peaked structure @ (U)/dU characteristics.
face. The very short coherence length in HTSC's, which is of
the order of magnitude of the unit cell, leads to a reduced
pair potential at surfaces and to the formation of a surface
layer with reduced superconducting properfigs. addition, The details of the BjiSr,CaCuw,0Og,, single-crystal
a natural Schottky-type barrier can form at the surface, modipreparation were described in Ref. 9. The presented data are
fying the surface rang&Finally, poor surface properties and based on the measurements of the more than 50 “as-grown”
defects are expected from atmospheric surface degradatigingle crystals, split from one large matrix with many thin
of HTSC’s and/or reaction/diffusion between the HTSC andcrystals attached to it.
the barrier layer in artificial junctions. The formation of such  Tunnel junctions were formed as the result of a mechani-
a complex surface structure requires to consider the proximeal contact between two cryogenic fracture surfageeak
ity effect, which would be directly reflected on the tunneling junctions.'° The current and potential contacts to the four
characteristics, since they are probing the electronic propeeorners of the rectangular crystals were prepared from fresh
ties at the surface. indium-gallium solder, which is liquid at room temperature.
In this paper we report observationldl) characteristics This prevented the crystals from being damaged. The crys-
of Bi,Sr,CaCuwOg, break junctions with current steps, tals were mounted on a working platform made of copper
and, consequently, a sharp structure in the conductancéeil-coated fiberglass with a stress concentrdtogroove in
voltage characteristics. The observation of such features irthe central part of the platform. The platform itself was glued
dicates on the formation of a compl&N-I structure Sis  to a beryllium bronze spring. A crack in the crystals was
for superconductom\ is for normal metal, andl is for insu-  produced at liquid-helium temperature by deforming the
lator) at the surface, and the presence of bound states in th#atform which a micrometer screw. Before being placed in
excitation spectrum of thl layer. the cryostat, the platform was slightly deformed. As a result,
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FIG. 1. Typical temperature dependences of the resistance along (b)
ab (a) andc directions(b) of the Bi,Sr,CaCw,0y4. 4 single crys- 30+ 11

tals. The inset shows the method of the break-junction preparation
with the steplike shape of the crack.

after cool down, it was possible not only to produce a crack
in the crystal but also to release it. It should be noted that the
break-junction technique allows one to investigate the un-
contaminated surface properties of materials.

Before the crack formation, the temperature dependence
of the sample resistance was measured. The zero resistance
temperature of the uncleaved samples was highly reproduc-
ible in the range 82—83 K with a transition width of 1-2 K U (mv)

(Fig. 1). A computer-controlled bridge compensation circuit

was used' fqr recordlng(U)z di(U)/dU, andd?I(U)/du? FIG. 2. Current-voltag¢a) and conductance-voltagb) charac-
characteristics. The formation of a crack was controlled by .cii-c of different BjST,CaC,0y, , (To=83 K) break junc-
observing _the changes ®{U) characteristics on the com- tions atT=4.2 K. Characteristics Nos. 1.1-1.4 were observed with
puter monitor. the same single crystal.

dI/dU (arb.units)

tip. The current-voltage characteristics of such contacts dis-
play equally spaced current stef@oulomb staircagewhen

In Fig. 2(a) severall (U) characteristics are shown for two conditions are satisfied: (1) the charging energy
different break junctions, produced with the same singIeEQ=e2/2C is much larger the thermal energyT; (2) the
crystal by a slight variation of the bending screw. The charjunction resistanceR exceedsRqo= h/4e?~6.45 K). The
acteristics reveal a structure with a different number of curdata in the present publication has been measured on junc-
rent steps at different voltages. The current stepd (&h) tions with normal resistance in the range from several Ohms
curves correspond to a peaked structure in the conductance several hundreds Ohnisee Fig. 2, which is much lower
voltage characteristics as shown in Figb)2 The number than the quantum resistance valRg . It should also be
and the periodicity of the peaks in tl#(U)/dU character- noted, that the voltage period for the Coulomb staircase
istics vary from contact to contact, but with general behav-AV, is determined only by the junction capacitance
ior: the largest number of peaks occurs with the smalleshV,=e/C, which, in turn, is defined by the geometry of the
period and with the first peak at the lowest voltages. As théarrier. Therefore, it is difficult to expect any reproducibility
first peak shifts to higher voltages the distance between thef characteristics, in contrast to what has been fo(sek
peaks increases, and the number of the peaks decreases, ubilow). Thus, the charging-energy effect seems unimportant
only one conductance peak can be obsef¥éd. 2(b)]. for our junctions. In order to explain the measured charac-

The observed characteristics are essentially different fronteristics the formation of a compleS-N-I structure (N de-
the tunneling spectra of a homogene&ls:S junction struc-  notes the normal metaht the surface range has been as-
ture (S is for superconductor ant is for insulatoy.! The  sumed.
periodic structure has been observed before in the tunneling As shown on Al-AlO-Cu/Pb by Bellangest all® and on
characteristics of high-, superconductors using scanning Pb/Zn-I-Pb by Rowelf* artificial junctions, the presence of a
tunneling microscopySTM).!* The explanation, which has clean normal layer changes essentially the tunneling spectra
been proposed in terms of the charging effect, assumes tlend leads to the observation of current stepg ith) charac-
formation of S-1-S’(N’)-I-N junctions with ultrasmall junc- teristics, similar to those observed in our measurements. The
tion areas(typically 10 °-10 % um?). S'(N’) denotes a current steps are related to the appearance of bound states in
small superconductin@horma) grain separating the bulk su- the excitation spectrum of thi layer. Bound levels in the
perconducting electrod® and normal conducting scanning potential well, which is formed by the insulating barrier and

RESULTS AND DISCUSSIONS
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the superconducting energy gap, are the result of electrorthe number of peaks in the conductance-voltage characteris-
hole interferences in thH layer, as predicted by de Gennes tic is expected to increase, and the periods to decrease. In the
and Saint-Jame'S. The energy and the number of the boundlimit dy—0, only the first bound statg; is present in the
states are determined by the thickness and the electroni@OS at the energfe~Ag (Ag is the order parameter in the
properties of theN layer. A finite probability for Andreev  Slayer). Thus, the presence ofi\ilayer at the surface of the
reflection at energieB> A g results in additional geometrical break junctions can qualitatively explain the observed char-
resonances and the formation of virtual bound levels withacteristics and, in particular, the periodic structure.
amplitudes essentially smaller than those of deGennes— In order to extract the important information about the
Saint-James bound stats. surface properties, the experimental data have been com-
For the formation of the bound state in the consideredpared with Arnold’s proximity modél. The model was de-
junction geometry it is necessary that electrons cross the noxeloped for the case of strongly coupléttS sandwiches
mal layer four times to be twice Andreev and normal re-assuming thin, clealN layers, and thickS layers with iden-
flected. In this case, the resulting resonance energy levels atieal Fermi velocities. Following this model, the tunneling
spaced byE,,;— E,~hvg/4dy (Refs. 13-15 (herevg is  density of states is given in the limit of specular tunneling of
the Fermi velocity. With increasing thickness of thé layer,  electrons with wave vectors normal to the barrier by

. (E/Q)[iF (E)cog AKNdy) +sin(AKNdy) ]+ (Ay Q) G(E)

Nr(E)= [iF (E)sin(AKNdy) —cog AKNdy) ] ' @
(E?—AsAy) E(As—Ap) ——
F(E)—W, G(E)—Q—SQN, Qsn=VE*—ASy .
2Z\dy 2Z\dy
N = = = —
AKNdy Fiog Qn=RQy, R Fiog
|
whereE is the energyAy is the order parameter in thé hug

layer andZy is the renormalization coefficient, which is as- I'= I (2

sumed to beZy~1 (weak-coupling limij. For simplicity

scattering effects have been taken into accouonUsing expressionél) and(2), I(U) anddI(U)/d(U) char-
phenomenologicalf/by adding to the energy a finite imagi- acteristics have been calculated, assuming symmsthiz
nary part of magnitude: I-N-S junctions.

Examples of fitting the calculated characteristics to the
experimental data are presented in Figs. 3—5. The tunneling
density of states used for the calculations is shown in the

10 — insets of corresponding figures. The numerical fits show poor

it DOS . . .

: guantitative, but very good qualitative agreement between
measured and calculated characteristics. In particular, sharp
singularities can be well described.

g The fits have been obtained by adjusting the four vari-
6L I ablesAg, Ay, R, andI’, which were taken energy indepen-
dent for simplicity. The bound-states energies were found to
be very sensitive to the first three parameters, whereas the
I' parameter mainly describes the broadening of resonance
levels. For the well-defined peak periodicity in the
conductance-voltage characteristics, the paranietean be
found separately from the peak internvaVp, R=2/AV,.
T Then, only two variables remain adjustable. The set of pa-
0=""720 40 60 80 100 rameters evaluated from the fits are collected in Table I.
U @mv) Remarkable reproducibility can be seen for the energy gap in
the S layer.

FIG. 3. Conductance-voltage characteristc of a [N terms of the assumed proximity model, the observed
Bi,Sr,CaCu,0g., (Tc=83 K) break junction af=4.2 K (solid ~ characteristic of Fig. 3 corresponds to the case of the thickest
line) and the calculation using Arnold’s proximity mod@lashed N layer with the largest number of bound states. At energies
line) with the DOS as illustrated in the inset. The fitting parametersabove 2Ag peaks corresponding to virtual bound states can
are Ag=28 meV, Ay=3 meV, R=0.129 meV'!, andI'=1.55 be resolved on the calculated characteristic. Such a singular-
meV. ity is not well pronounced on the measured cu(iag. 3).

R (dI/dU)
(=]

E [meV]
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TABLE I. The set of parameters evaluated from the fits.

’ E, As Ay R dy | vE
. (meV) (meV) (meV) (mev'Y) (A) (A) (10" cm/seq
29 29 10 0.003 3 577 3.30
§ 3 23.2 29 7 0.039 18 116 1.38
@ 11.4 28 3 0.129 33 165 0.77
& 21 E [meV]
1L reflection and, in turn, reduces the amplitude of the
McMillan-Rowell oscillations. The same effect on the ampli-
NI I A tude both deGennes—Saint-James and McMillan-Rowell os-
0 20 40 60 380 100 120 140 cillations gives the mismatch of electronic properties, which
U [mV] is not included in the model. Another possible reason may be

a reduced mean free path in this energy range due to, for
FIG. 4. Conductance-voltage characteristics of aéxample, phonon emission, when the energy of the electronic
Bi,Sr,CaCw,0g,, (Tc=83 K) break junction aff=4.2 K (solid  excitation is of the order of the phonon enefgyinally, the
line) and the calculation using Arnold’s proximity mod@ashed model assumes a thicR layer with BCS density of states.
line) with the DOS as illustrated in the inset. The fitting parametersSince BiSrCaCuO is a quasi-two-dimensional multilayered
are Ag=29 meV, Ay=7 meV, R=0.039 meV !, andI'=3.97  system, the DOS can be essentially different from the BCS,
meV. especially along the-axis directior?*2’
Statistical information on energi,; of the first bound
The discrepancy between data and calculations may be coBtate is displayed in Fig. 6. While the range of values is very
nected with the following reasons. The model assumes thgroad, remarkably well-defined positions can be identified.
presence of a high insulating barriefg>E, with Ug the  For junctions 0fS-N-1-N-S geometry, such a discreteness of
height of the insulating barrier. According to the optical mi- £, values should be related to the discrete change of the
croscopy of the cracks performed after the measurementgickness of theN layer. Such a behavior can be understood
which verified the steplike shape of the cracks as shown ifirom the break-junction geometry. As discussed above, the
along thec axis. For this direction the formation of the crack axis with two adjacent Sp“t BiO |ayers acting as a barrier
in BiSrCaCuO occurs most likely at the BiO planes, where(see Fig. 7. Furthermore, it is well known, that the Cooper
the plane bounding is weakest. From STRefs. 17-19and  pairs are concentrated in the CuO planes. If the double CuO
tunneling® measurements it is well known, that the top BiO planes, which are closet to the BIiO barrier, have the same

ergy gapUg being about 100-200 meV. This value is com- separated from the barrier by atidiiA . According to the
parable with the virtual bound-states energies. The low-

energy barrier decreases the probability of electrons 16

141 B
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FIG. 6. Histogram of the energies of the first bound state. The
U [mV] peakA with energy 2X E;,=58.4 meV corresponds to the contact

with geometryS/3 A/1/3A -S; peakB corresponds to  E;5=48
FIG. 5. Conductance-voltage  characteristic  of ameV (518 A/I/18 A/S); peakC corresponds to 2 E;=20 meV
Bi,Sr,CaCw0g, 4 (Tc=83 K) break junction af=4.2 K (solid  (S/33 A/I/33 A/S); peak D corresponds tdE;,+E =53 meV
line) and the calculation using Arnold’s proximity mod@lashed (S/3 A/1/18 A/S); peak E corresponds tcEjp+E;c=39 meV
line) with the DOS as illustrated in the insert. The fitting parameters(S/3 A/1/33 A/S); peak F corresponds tcE;g+E;c=34 meV
are Ag=29 meV, Ay=10 meV,R=0.003 meV !, andI'=1.73 (518 A/I/33 A/S). PeakG is interpreted as a result of a contact in
meV. the ab plane at the energy2E,5=2A,,=70 meV.
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FIG. 9. Variation of the Fermi velocity with the thickness of the
N layer, as deduced from the data in Table | and Fig. 6.

FIG. 7. The crystalline unit cell of BSr,CaCu,Og, . . .
ystafiine unt BT, P8 face, which can be expected for “as-grown” single crystals,

crystal structure of Bi-Sr-Ca-Cu-O, only one SrO layer iSdiffere_nt charact_eristics are 1o be pbser\(Etg. 2)'. T_h_e ob-
present between the CuO plane and the BiO lafég. 7), servation of_a slight temperature rise of the res_lstlvny o_f the
which is expected to act as thelayer. Such junctions, in the Uncleaved single crystals aloag plane and semiconducting
limit dy—0, correspond to the characteristic presented iP€havior alonge axis is supporting this interpretation.
Fig. 5. We have approximated this case by the thickness of The fit parameters did not allow us to extract the thickness
theN layerdy=3 A , which is the half the distance from the Of or the Fermi velocity in th&\ layer, since only the ratio of
barrier. these enters the fitting parame®r Using the proposed in-
Alternatively, double CuO planes near the barrier couldterpretation for the discreteness Bf values, the thickness
display reduced superconducting properties, and only thdy can be defined. Assuming the formation of the symmetric
next double CuO planes would have the volume energy gajSN;IN,S contacts, three characteristig values can be ex-
In this case, the thickness of tié layer, with an average plained in the histogram in Fig. 6. Peak with energy
energy gap\y, has increased by 15 A to a total of 18 A . 2x E,,=58 meV corresponds to the contact with geometry
This procedure can be repeated for the next possible contagt3 A/1/3 A/S, when only one peak @ ~2Ag present on
geometry, andly should increase again b2 . However,  the conductance-voltage characterigfig. 5. PeakB cor-
if the thickness of theN layer will reach the values compa- yesponds with energy 2E,z=48 meV to theS/18 A/l/18
r_ab_le to the mean free path_, then the condltlon for the clean,g (Fig. 4). PeakC corresponds with energy>2E,.= 20
limit W|_II not be anymore fulfilled, and the_mt_erference Struc- mev to theS/33 A/I/33 A/S. These types of contacts show
ture will not be present on the_charactenshcs: the largest number of peakig. 3). Since, in a real situation
Altogether, the discrete variation of the thickness of thethe formation of asymmetri&-N-I-N-S contacts cannot be
N layer is related to the surface BiO layer. The shape and the .
properties of the barrier strongly depend on oxygen doping.eXCIUded' addmonaE-l values can occur. Hence, peak
Since the oxygen doping could vary over the fracture sur—shOUId correspond with enerdya+ ElB=53.meV to the
contact S/3 A/N/18 A/S, peak E with energy
Eia+Ei;c=39 meV to theS/3 A/1/33 A/S, and pealE with
energyE g+ E;c=34 meV to theS/18 A/1/33 A/S.

i The peak irE; values at 70 meV, representing about 10%

4l of all data, cannot be explained by considered above proce-
dUdU dure. Rather, it is related to the contacts with tunneling cur-

2l rent within theab plane. Figure 8 shows the example of

I(U) anddl(U)/dU characteristics with an energy gap of
about A, ,=70 meV, which are typical forab-plane

I (mA); 100 (dV/dU) (S)
o

tunneling®3°
2F Assuming ac-axis-orientedS-N-1-N-S contact geometry
I(U) yielding discretedy values, the Fermi velocity can be de-

1
LN

duced from the datdTable ). As shown in Fig. 9, Fermi
velocity increases with decreasimly,. By simple approxi-
200 100 0 100 200 mation to the limitdy—0, the Fermi velocity in the CuO
U (mV) plane along the axis can be estimated to g ~3.3x 10
cm/s. This value is in remarkable agreement with the ex-
FIG. 8. Current-voltage and conductance-voltage characteristiceected valuevg~3x10’° cm/s, as it was calculated for
of Bi,Sr,CaCu,0g, , (Tc=83 K) break junctions aT=4.2 K. YBaCuO superconductdt. It should be noted that, corre-
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sponding to our data the anisotropy of the energy gap in CuQA./kT.~8.1 (A,~29 meV).
planes is not essentigl=A,,/A.~35/29~1.2. The presented data are important for the explanation of
the reported discrepancy of energy-gap values for Bi-Sr-Ca-
Cu-O. It is important to note that the peak in the
conductance-voltage characteristics is in many cases not re-
CONCLUSIONS lated to the energy gap, but to a bound state.
A broad variation of tunneling spectra has been found in AS mentioned before, the existence of bound states has

BiSrCaCuO single-crystal break junctions. In particular, aPeen demonstrated on artifici&N-1-S (Pb/Zn-I-P sand-
periodic structure has been observed in the conductanciéliches with thick 2-5um normal layers? It is remarkable
voltage characteristics. This behavior was explained by aghat in our measurements bound levels were observed with
suming of the formation of a proximitil layer at the sur- break-junction contact_s between two cryogenically cleaved
face. Electron-hole interferences in tNelayer produce the fractures, where the interference effect takes place in the
oscillations in the tunneling DOS, which, in turn, lead to electrode surface itself and on an essentially smaller thick-
current steps in thé(U) and peaks in thell(U)/dU char-  Ness scale.

acteristics. It is important to note that the presence of a sharp

energy gap in thes layer is an important condition for the ACKNOWLEDGMENTS

interference effect.
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