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We have investigated the dependence of the critical cufgen the value and orientation of an
externally applied magnetic field for interface-engineered YB@u;O,_, ramp-type Josephson
junctions. The results are compared with measurements of Nb ramp-type junctions with a PdAu
interlayer. Thel - versusH dependences are similar to Fraunhofer patterns and their modulation
period changes several orders of magnitude with the orientation of the magnetic field. For both
junction types, the dependence of the modulation period on the orientation of the magnetic field can
be well described by the change of the relevant projection of the junction area and the influence of
flux-focusing. Therefore the features of th€H) curves have to be attributed to the ramp geometry
and not to specific properties of the superconducting material.20@1 American Institute of
Physics. [DOI: 10.1063/1.1406969

I. INTRODUCTION croshorts in the barrier or to large spatial variations of the
barrier properties. Within the last few years, a new technol-
For high temperature superconductbiTS) electronics,  ogy of fabricating ramp-type junctions, called “interface en-
ramp-type Josephson junctions belong to the most widelgineered junctions” (IEJs (Refs. 4-6, and references
used type of Josephson junctions. Since for applicationgherein has become a promising alternative to the technol-
where only a small number of Josephson junctions is neededgy of depositing a nonsuperconducting epitaxial barrier
grain boundary junction€GBJs still play an important role; |ayer on the ramp edge. A treatment of the milled
for more complex electronic circuits, ramp-type junctions areyBa,Cu,0,_, (YBCO) ramp edge by milling with higher
the most promising alternative. energies and a subsequent annealing step results in a barrier
For low temperature superconduct@iTS) electronics,  at the interface between the two superconducting electrodes.
planar tunnel junctions are well established and already alfhe improved homogeneity of the barrier resultsl #{H)
low for the fabrication of complex electronic circuits. In or- modulations up to 100% with-(H) patterns quite similar to
der to increase the density of integration in electronic cirthe Fraunhofer pattern. It has been shown by analyzing the
cuits, ramp-type junctions with normal conducting | .(H) patterns by means of a phase retrieval algorithm that a
interlayers, which have already been fabricated in the earlfjomogeneous current distribution can be obtained in {EJs.
1980s; gain new interest because they are intrinsically  Even if thel ((H) curves of the IEJs are not ideal Fraun-
shunted and possess small junction areas which can easily Rgfer patterns, their shapes are quite regular and allow for
scaled down to the submicron range. the determination of the modulation periods and thereby the
Due to the tilted junction area and the epitaxial film eyaluation of effective magnetic fields and effective junction
growth across step edges, the current distribution as well agreas. The investigation of the modulation period for differ-
the penetration and pinning of magnetic flux may be differ-ent orientations of the magnetic field is interesting because of
ent from planar junction geometries and common for HTSthe special geometry of ramp-type junctions. Whereas in pla-
and LTS ramp-type junctions. Therefore comparative invesnar junctions or bicrystal GBJs the superconducting elec-
tigations of these effects in LTS and HTS junctions are ofirodes, the barrier layer, and the current flow are oriented
general interest. N along the principal axes, and ramp-type junctions have a
~ The dependence of the critical currégtof a Josephson  higher level of geometrical complexity. Investigations of the
junction on the applied magnetic fieltl is a sensitive | (H) curves for different orientations of the magnetic field
method of determining the distribution of the supercurrent i”give insight into the different relevant projections of the
the junction. HTS ramp-type junctions with artificial epitax- junction area and different local magnetic fields.
ial barrier layers often do not exhibit the typical Fraunhofer- |, Refs. 8 and 9, thd c-modulation periods of HTS
like 1¢(H) dependence[lc(x)e|(sinmX)/x|; where x ramp-type junctions were investigated for certain orienta-
=®/®o] which would be expected in the case of a homogeyions of the magnetic field. The modulation period for two
neous current distribution. This can be attributed 0 Mi-gifterent orientations has been calculated by taking into ac-
count the influence of flux focusing. In this article we present
dElectronic mail: r.dittman@fz-juelich.de investigations of the modulation period bf in dependence

0021-8979/2001/90(9)/4623/9/$18.00 4623 © 2001 American Institute of Physics

Downloaded 26 Oct 2001 to 134.94.242.238. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4624 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Heinsohn et al.

TABLE |. Parameters of the junctions.

Parameter HTS junction LTS junction

Thicknessu of the base electrode 120 nm 80 nm

Thicknesst of the counterelectrode 150 nm 100 nm

Thicknessd of the barrier layer 1to2nm 40 nm

Lengthw of the ramp 240 nm 250 nm

Ramp anglex 30° 19°

Junction widthb 3 um 1.3um

Flux-focusing factorf 24 15.6

Critical temperaturd ¢ 74 K 7K

London penetration depth A ap~150nm; N\ ~80nm
ALc~750 nm

Measurement temperature 65 K 5K

Critical current densityj ¢ 1.9xX10* Alem?  2.4x 10°Alcm?

Josephson penetration depth 2.12 um 0.83um

FIG. 1. Sketch of a ramp-type junction with the characteristic geometricat
quantities that are important to describe the dependence di.theodula-
tion period on the orientation of the magnetic field. Tlaeb,9 coordinate

system is relative to the crystalline axis of YBCO. It shows the two field . . - .
orientations with the respective angléand . The tilted coordinate system photollthography and Ar-ion-beam m"“ng' The interface en-

(x,y,2 is relative to the ramp surface. gineering consists of a Subsequent 3 min Ar-ion-mi”ing pro-
cedure with increased energy followed by a 30 min anneal-
ing step in the deposition chamber. After the annealing

on the orientation angle for all reasonable orientations of therocedure, the counterelectrode is deposited, and the junc-

magnetic field. We will compare our measurements to Ca'CUtionS are patterned by conventional photo"thography and Ar-
lations for the whole range of measured angles and drawon-beam milling. Finally, a 200 nm thick gold layer is

conclusions to the influence of flux focusing and the penetragvaporated and patterned by a lift-off process to provide
tion of magnetic fields in the ramp-type junctions. electrical contacts. The relevant parameters of the IEJ stud-

When dealing with HTS ramp-type junctions, possibly jed in this article are summarized in Table I.
some specific HTS properties have to be taken into account. We believe that the interface treatment leads to the for-
These are the anisotropy of the unit cell and characteristignation of a YBCO interface layer where strong cation disor-
quantities like coherence length and penetration depth anger is present, which can be described by a series connection
the d-wave symmetry of the order parameter. Technologicabf a superconductor with reduced critical temperature and an
difficulties in HTS materials arise, for example, from the insulator containing microshortsonstrictiong and localized
irregular, faceted, epitaxial film growth over the ramp. Forstated The use of La-doped YBCO leads to junctions with
this reason we compare the measurements on our IEJs Witicreased normal resistances and decreased critical current
measurements on LTS ramp-type Josephson junctions with@nsities which are in the short junction linfit/\ ;<4; with
PdAu interlayer in order to investigate especially the ianu—)\J= Vhi2epod’jc and d’=d+2\,) for temperatures be-
ence of the ramp geometry on the(H) modulation. tween 77 and 50 K.

This article is structured as follows: After a brief de- The fabrication of the Nb ramp-type junctions with a
scription of the preparation processes and the typical propepdAu interlayer is described in detail in Ref. 3. Briefly, in a
ties of our junctions and the measurement setup in the neXfrst step, a 30 nm ADj; layer is sputtered on the whole
section, thd c(H) curves of the IEJs are discussed for vari- wafer subsequently serving as an etch stop. An 80 nm thick
ous field orientations in Sec. Ill. In the fOIIOWing SeCtionS, Nb |ayer is deposited by dc-magnetron Sputtering followed
the corresponding dependence of the modulation periods afy an rf-sputtered 50 nm thick SiOlayer. In the
the orientation of the magnetic field are discussed and eXAl,0,/Nb/SiO, sandwich assembly, the base electrodes are
plained by a theoretical model. Section VI summarizes theyatterned first by wet etching of the Si@olation layer with

results. an ammonium fluoride etch mixture. Thereby, the photoresist
edges are underetched in the order of the length of the ramp
Il. EXPERIMENTAL DETAILS to be formed. Subsequently, the Nb ramp is produced by

reactive ion etching with CGFand an admixture of ©in
order to cause a draw back of the resist during the etching of
In this section the preparation process and typical propthe ramp. Before sputtering of the PdAu—Nb bilayer, the
erties of the 1EJs will be briefly described. A detailed de-syrface is sputter cleaned with Ar. The junctions are pat-
scription of the preparation process with a study of the sigterned by reactive ion etching of Nb and Ar-beam etching of
nificant process parameters can be found in Ref. 5. Figure pdAu. The relevant dimensions and parameters of the LTS

shows a sketch of a ramp-type junction in which the relevanfunction studied in this article are listed in Table | as well.
geometrical parameters are noted.

First, a bilayer consisting of a 120 nm thick
YBa, gslag oC W07 film and a 220 nm thick SrTiQfilm is
deposited on a SrTiQor LaAlO; substratén situ by pulsed We investigated thd(H) curves of several hundred
laser deposition. The ramps are fabricated by conventiondEJs and choose two chips with typical junctions to measure

A. Junction preparation and properties

B. Junction characterization
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the dependence of thie(H) curves of seven junctions on
the orientation in detail. Though thie-(H) curves of our
IEJs often do not exhibit the symmetry and the clear second
maxima of the junction presented in this article, a clear cen-
tral maximum with an almost total suppression of the critical
current in the minima is observed for the majority of the
junctions. For this reason, the investigations of the modula-
tion period, which are presented in the next section, are rep-
resentative for all our IEJs.

The LTS ramp-type junctions have been characterized G-8.0 -40 0.0 8.0
using a large number of samples. This has been published magnetic field (mT)
elsewheré:*°We investigated thé(H) curves of one junc- 80 (b) ' ‘ . .
tion in dependence of the orientation in detail. Since the {;‘ _ 0
junction can be fabricated in a very reproducible way, the 60" I‘ 0=-4 |
results presented in this article are typical for all 1dw / : AH=0.51mT
samples fabricated in the PTB. 21 40 .’ H

The samples were measured in a He-flow cryostat. Tem- 5 ,' H
peratures between room temperaturel @K could be ad- — 20 i \ 1
justed by varying the He flow. For the HTS junctions, which .-\I\/V V\M‘
were measured at 650.5K, the temperature fluctuations : : ' : : :
had no influence on their critical current. For the LTS junc- %'0 1'9na5hoeﬁg}-?e|d4('gﬂ-)5'o 6.0
tions, which were measured at 5 K, temperature changes of (C)
about 0.1 K already influenced the critical current signifi- 700
cantly. Therefore the exact measurement temperature had to 60l ©=-30°
be recorded during the measurement of the LTS junctions. 50[AH = 0. 059"”(

The measurement temperatures were chosen so that the —~ 40 § ]
short-junction limit was valid. In this case, thg(H) curves <§_ PR
are expected to be Fraunhofer-like. :;30 g )

Thel(H) curves are measured automatically. Thas 20 " i ]
determined by sweeping tHe-V curve until a certain volt- \..-u"'u' ,.,; ‘-."..'-._,..--..
age crlterlon is obtained. In the case of.the LTS ramp junc- 0 0 01 O 2 03 04 05
tions, which have a very low normal resistance of (D3a magnetic field (mT)

1 wV criterion yieldsl .= 33 1A even at total suppression of
the critical current by the external magnetic field. FIG. 2. I¢(H) curves of the HTS junction at 65 K in perpendicular orien-

tation at different angle# of the magnetic field(a) —1°, (b) —4°, and(c)
The cryostat was located in the center of a Helmholtz” ;.
coil. The magnetic field could be varied from25 to 25 mT.
It was adjusted automatically by a programmable current

source which was controlled by a computer. plane (“parallel orientation”). In the perpendicular orienta-
The orientation of the magnetic field relative to the tion the magnetic field is always perpendicular to the current

sample could be adjusted by rotating the probe in the magdow. In the parallel orientation the magnetic field has a com-

netic field of the Helmholtz coil. The samples were measureghonent parallel to the current flow. The cage90° in the

in two steps. First, the samples were mounted with their parallel orientation is identical to the case=90° in

axis parallel to the rotatable axis of the probe and measureahe perpendicular orientatioiisee the coordinate system

ments with field orientations parallel to theaxis were per- in Fig. 1).

formed. In the second step, the samples were mounted with

their b axis parallel to the axis of the prObe, and field Orien-m_ DEPENDENCE OF THE CRITICAL CURRENT ON

tations parallel to the axis were performed. THE MAGNETIC EIELD OF RAMP-TYPE
The relative position of the probe to the magnetic field JUNCTIONS

can be adjusted within a certainty of 1°. The accuracy of the HTS-
absolute angle between ramp and magnetic field also de ramp-type junctions
pends on the misadjustments of the sample on the chip car- Figure 2 shows a series d&(H) curves for different
rier, of the probe in the cryostat, or of the junctions on theanglesé of the magnetic field in perpendicular orientation at
substrate during the microstructuring. Therefore the uncerT~65K. The shapes of the curves are quite similar to the
tainty of the absolute angle can be estimated to be 5°-8°. Fraunhofer pattern, but the central maximum generally does
In the following sections we shall describe the depen-not appear at zero magnetic field. This shift of the maximum
dence of thd -(H) modulation period on the orientation of is caused by trapped magnetic flux. Since the offset magnetic
the applied magnetic fielt. We discriminate between the field does not exhibit a systematic distribution we conclude
orientation ofH in the bc plane (in the following called that the vortices are neither trapped predominantly at one
“perpendicular orientation) and the orientation in thec  special position in the junction, nor is a fixed number of
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FIG. 3. 1¢(H) curves of the HTS junction at 65 K in parallel orientation at FIG. 4. 1|

H f the LTS j i ~5K i icul
different anglesy of the magnetic field(a) —1°, (b) 5°, and(c) 40°. o(H) curves of the LTS junction al~5K in perpendicular

orientation at different angle# of the magnetic field:(a) 8°, (b) 15°,
and(c) 90°.

vortices trapped in every measurement. Trapped vortices also

lead to different maximum critical currenfe.g., 75uA in anglesy of the magnetic field in parallel orientation &t

Fig. 2b) and 60uA in Fig. 2(c)]. This is because a homo- ~g5K. Again, the central maxima of the curves are shifted
geneous external magnetic field cannot totally compensaigye to trapped magnetic flux. Trapped vortices are also re-
the inhomogeneous field of trapped Abrikosov vortices.  sponsible for the asymmetry of some curves as can be seen

The modulation pel’iod is determined by tak|ng the d|f'|n F|gs ab) and Kc), where the second maximum on the

ference between the magnetic fields for the central maXimUrﬂght_hand side is h|gher than the one on the left-hand side.
and the first minimum. Differences between higher-order  gimijlar to the observations in the case of the perpendicu-
minima were not taken because for field orientations yieldingar orientation, the modulation period of the(H) curves

the largest modulation periods the maximum magnetic fielthanges about two orders of magnitude fobetween—1°
sometimes was not sufficient to suppress the critical currerdnd 40°[see Figs. G)—3(c)].

twice or more, especially when the central maximum was
strongly shifted due to trapped flux. Whether the minimum
for the negative or the positive polarity of the field was
taken, was decided individually depending on the similarity =~ Figure 4 shows a series ¢g(H) curves for different
to the Fraunhofer pattern of the respective part of the curveanglesé of the magnetic field in perpendicular orientation at
The most important result of these measurements, whicli~5 K. Due to the limited available magnetic field, for the
can be seen in Figs(®-2(c) and will be discussed in detail angles which yield the highest modulation periods the criti-
later, is that the modulation period of tig(H) patterns cal current could not even be totally suppressed once. In
changes about two orders of magnitude for the angles frorthese cases, the first minimum was evaluated by a linear
—1° to —30°. extrapolation of the o(H) curve as depicted, e.g., in Fig.
Figure 3 shows a series of(H) curves for different 4(a). The residual ¢ of 30 pA in the minima of the curves in

B. LTS-ramp-type junctions
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FIG. 5. Temperature dependence of the maximum critical current of the
measurements of the LTS junction in perpendicular orientation. The dashed
lines are a guide to the eye.

Figs. 4b) and 4c) originates from the .V criterion in the

automated determination of the critical current as already oL— ' : . '
mentioned in Sec. 11 B. -10 -snetic(%ield (?n'l’) 10
The common features of thede(H) curves are the () meg

asymmetry of some curvégsee Fig. 4c)] and the shift of the .
maximum of the curve. Like in the HTS junctions, the shift 250; e
of the maximum can be explained by trapped magnetic flux. 200} 1=-82 |
Since trapped magnetic flux results also in a suppression of §150_ AH =1.3mT ]
the maximum of the critical current we compared this value =
for the different measurements. Figure 5 shows the maxi- 100
mum critical current in dependence of the exact measure- 50;

0

ment temperature which varied between 4.7 and 5.5 K. In
this small temperature interval, one could expect the critical
current to depend roughly linearly on the temperature. In Fig.
5 can be seen two distinct linear branches, which areiG. 6.1.(H) curves of the LTS junctio™~5 K in parallel orientation at
sketched by the dashed lines, of which the lower brancllifferent anglesy of the magnetic field(a) 15°, (b) —12°, and(c) —82°.
corresponds to the asymmettig(H) curves. The occurrence

of two branches suggests that the vortices are trapped pre-

dominantly at the same position. However, a systematic dea  Theoretical considerations

pendence of the possibility of flux trapping on the orientation

864202 46 8
magnetic field (mT)

angle of the magnetic field was not observed. For the evaluation of the modulation period it is useful to
In Fig. 6 a series of<(H) curves for different angles of SPIit the magnetic field into different componentsi
the magnetic fieldy in the parallel orientationtas K is = (Ha,Hpb,Hc). This splitting makes sense due to the fol-

shown. Again, the features discussed above are observdgWing reasons: First, the relevant projections of the junction
Furthermore, for both orientations, the period of théH) area are different for the different field directions sirnces
patterns changes about two orders of magnitude betweedPOut an order of magnitude greater than(see Fig. 1
—90° and 90{see Figs. é)—4(c) and Figs. 63)—6(c)]. This Second, due to the anisotropy of the YBCO crystal, the pen-

effect, which was also observed for the HTS junctions, isEtration depths\,, and A, are different in the HTS case.
analyzed in more detail in the next section. Third, the component, of the magnetic field, which is

perpendicular to the film, is enhanced due to the so-called
flux focusind? which can be understood in the following

way.
IV. DEPENDENCE OF THE MODULATION PERIOD ON A magnetic field which is applied perpendicular to a su-
THE MAGNETIC FIELD ORIENTATION perconducting film of thicknedsis screened by the Meissner

currents inside the film. If the film has a finite width, the field
In this section the strong dependence of the modulatiof the Meissner currents adds with the external field, thus
period on the angle of the magnetic field is analyzed for thgesulting in an edge-field enhancement. This effect was cal-
two series of orientations. A theoretical model will be devel-culated in Ref. 12 for a planar grain boundary junction. In
oped and compared with the experimental data obtained fahe “thick-film limit,” bt>\2, the demagnetization effects
the HTS and LTS samples. See Fig. 1 for the geometricai the barrier region are modeled by an infinitely long ellip-
quantities used in this section. soid of thicknesd and widthb. This geometry leads to an
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enhancement of the magnetic field of the fadter1.2 b/t.
The value of the flux-focusing factofg€alculated for the two

Heinsohn et al.

In the case of the parallel orientation, the vector of the
magnetic field is oriented parallel to thez plane, H

types of junctions can be found in Table I. Since the effects=(H,,0,H,). Since theH, component does not contribute to
of sharp edges and corners are not taken into account in theiee modulation of the critical current, only tlecomponent

calculations, this formula is valid only within a factor of-3.

of the flux has to be regarded. We expressthemponent in

The more complicated ramp geometry will probably lead toterms ofH, andH_ to take into account flux focusing acting
an even greater uncertainty. As there exist no calculations ain H.. Corresponding to Fig. 1 the following expressions
flux-focusing effects for the ramp geometry, we use this for-are valid:

mula, like other authors dt®° To account for the uncer-
tainty of the flux-focusing-correction factor we introduce an
additional correction factok: f’=kf. This leads to

HE"=KkfH sing. (1)

To analyze the modulation of critical current by the mag-

H,=Hcosy, H"=H sinykf,

Hy,=H,cosa—Hsina (6)

=H cosy cosa—kfH siny sina.

The resulting flux component for th& direction is

netic field, it is useful to introduce a second coordinate sysy (2), +d)b. Due to Eq.(6), the expression of the modu-

tem (x,y,2 which is depicted in Fig. 1. The axis is oriented
parallel to the ramp, thg axis is equal to the former axis,

and thez axis lies perpendicular to the ramp surface. The

advantage of this coordinate system is thatZle@mponent

of H does not modulate the critical current because it is
perpendicular to the junction area, and thus does not induce

any flux-induced phase shift inside the junction.

In the perpendicular orientation, the vector of the mag-

netic field H is oriented parallel to théc plane H,=0).
The components dfl which contribute to the modulation of
Ic, taking into account Eq(1), can be expressed in the
following way:

@)
)

A field H which has nonzera andy components leads

H,=H"sina=kfH sindsina,

Hy=H,=H cosé.

lation period in the parallel orientatiod\H,(x) is

@
(2N +d)b|cosy cosa—kf siny sina|”

AH(x)= (7)
Without flux focussing, we would have a singularity at
Y¥=90°— « because, as already mentioned above, a field per-
pendicular to the ramp area will not influence the critical
current and therefore result ihnH,=<. Due to the flux fo-
cusing, the position of the singularity will be shifted towards
x=0 depending on the flux focusing factdds This can be
explained by the fact that flux focusing rotates the effective
magnetic field relative to the external magnetic field direc-
tion.

B. Comparison of the experimental data of the HTS

to alc(H) dependence which is given by a product of two junctions with the theoretical model

Fraunhofer patternS. In our case, the periods of the two

Fraunhofer patterns are related to the flux components

Hy(2\+d)b and Hy(2\y+d)w, respectively, where the

parametera, and\, denote the penetration depths when the

magnetic field is applied in the direction or in they direc-
tion, respectively. The first minimum of the resulting Fraun-
hofer pattern is obtained at the valdeH of the field at
which one of the two flux components reachikg. Taking
into account Eqs(2) and (3), we obtain

AH,(6)

D D
(2\y+d)b|sin@sinalkf’ (2, +d)w| cosd]| )

=min

The symbols in Fig. 7 show the experimentally mea-
sured dependences of the modulation period on the
anglesy and 6 of the magnetic field. For both parallel and
perpendicular orientations there is a sharp maximuny at
~0 and#~0: At larger anglesAH becomes two orders of
magnitude lower than g¢=0 and 6~0.

Below we fit the experimental dependenceld (y) and
AH(6) using Eq.(7) for parallel orientation and using Eq.
(4) for perpendicular orientation. While fitting we choose a
set of parameters to obtain the best fit for both parallel and
perpendicular orientations simultaneously.

At first, with the flux focusing factof =1.2 b/t=24 and
without any additional correctionk&1), using the typical
values for the penetration depths,,=150nm and A,

For Nb junctions, the penetration depth is a well-known= 750 nm, we get the dashed curves shown in Figs. and
parameter and is identical for the two directions. For YBCO7(b). The flux focusing factof ~24 is large enough to shift
junctions, the question is which values have to be taken fothe maximum of theAH(x) dependence towardg~4° in

the penetration depths, and\, . For the field component
H,, the screening currents flow in thedirection and\, can
be taken equal ta,,. For the field componertl,, screen-

accordance with Eq(7). This fits the peak position within
the accuracy of the angle determination of our experimental
setup, mentioned in Sec. Il B. For the perpendicular orienta-

ing currents flow along the ramp and have to flow partly intion, according to our theory, the maximum is alwaysfat

theab direction and partly in the direction. Therefore,, is

=0 and in agreement with our measurements. At the same

a superposition of the penetration depths in the two directime, the dashed curves do not fit the data very well, espe-

tions:

Ay=AZsir? a+22, cod a. (5)

cially at larger angles. In fact, the calculated values\éf
are about one order of magnitude higher than the experimen-
tal ones.
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FIG. 7. (a) Angle dependence of the modulation peribH of the interface-

engineered HTS junction in perpendicular orientation. Together with theFlG. 8. (@) Angle dependence of the modulation periaéi of the LTS
experimental data three theoretical curves according toBeare plotted.  jnction in perpendicular orientation. Together with the experimental data

Dotted line: Azp=150 nm, k=1. Dashed line:A,,=150nm, k=5.8. iy 00 theoretical curves according to @) are plotted. Dashed lingk

Straight line:\ ,, =600 nm,k=1.5. (b) Angle dependence of the modulation _¢ g3 straight linek= 1.6. (b) Angle dependence of the modulation period
periodAH of the interface-engineered HTS junction in parallel orientation. s iy of the LTS junction in parallel orientation. Together with the experi-

Together with the experimental data three theoretical curves according t§,antal data two theoretical curves according to @y are plotted. Dashed
Eqg. (4) are plotted. Dotted linei,,=150 nm, k=1. Dashed line:\,, line: k=0.83. Straight linek=1.6.

=150 nm, k=5.8. Straight line\ 5,=600 nm,k=1.5.

~ decrease with the distance from the barfi@iherefore we
As a second approach we have chosen the flux-focusingse ), as a second fitting parameter and investigate its in-

correction factork as a free parameter and tried to get theflyence on the calculations. All other valu@s w, anda) in
best fitting of the experimental data. The best fitting takeq;qsl(4) and(7) are determined with the accuracy of at least
place fork=5.8. The corresponding curves are shown N30, and cannot explain the deviations. The solid lines in
Figs. 1@ and qb) as dotted lines. One can see that thesq:igs_ 7a) and 7b) show the calculations wittk=1.5 and
curves fit the experimental data very well, but the value ofy | =600 nm. The calculated curves fit the experimental data

the correction factor exceeds the uncertainty three times agyite well for both parallel and perpendicular orientations.
stated in Ref. 12 and, therefotes=5.8 cannot be considered

as a reasonable value. ) )

In a third approach we considered possible deviation&: Comparison of the experimental data of the LTS
from the parameters used in Eqd) and (7) for the IEJs. Junctions with the theoretical model
One possible deviation is that the current does not flow ho- The symbols in Figs. @) and &b) show the experimen-
mogeneously over the whole widthof the junction. Gause- tally measured dependences of the modulation pekiddon
pohl et al®® introduced and calculated the “effective mag- the anglesy and @ for LTS Nb junctions. The dependences
netic widths” of their junctions. But the reduced effective look very similar to the ones of HTS junctiofisee Figs. @)
magnetic width of the junction would only further increase and 7b)]. For both orientations there is a sharp maximum at
the modulation period and would explain our data eversmall angles and a reduction of thdd period by more than
worse. On the other hand, the values for the London penetrawo orders of magnitude for larger angles.
tion depths can vary strongly because they depend on the For the Nb junctions, the London penetration depth is
structure of YBCO and on the temperature. Since the Londowell known to be about 80 nm. Therefore we use the value of
penetration depth strongly increases n&ar, a layer with  the flux-focusing factorf =15.6 and the flux-focusing cor-
reducedT. at the interface would result in ®,, which is  rection factork was used as the only fitting parameter. The
actually higher than the,;, in a usual undamaged YBCO. In different lines in Figs. &) and 8b) show theAH(y) and
the case of the IEJs, the existence of such an interface laye&vH () dependences calculated using E(B. and (4), re-
is reasonable because the ion-induced defects will graduallgpectively. Similar to the case of the HTS junctions we tried
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to fit both AH(x) and AH( ) dependences using the same geometry itself is problematic with respect to flux trapping.
value of the parametde The value ok influences the value The observation of two distinct branches in the tempera-
for AH for the large and for the parallel orientation, and ture dependence of the critical current shown in Fig. 5 sug-
additionally the position of the peak. For the perpendiculargests that vortices in LTS junctions are pinned predominantly
orientation, the height of the maximum AfH(6) does not at a certain position. Discrete branches of Lh€T) depen-
depend ork and fits the experimental data very well. Since dences were not observed for the IEJs. Nevertheless, more
the maximum ofAH(y) is at y=13°, we would needk  thorough investigations would have to be conducted in order
=0.83 to fit the position of the peak. The curvebi(y) and  to show whether the pinning centers are at random positions
AH(6) calculated for this value ok are shown by dashed or at specific places due to the ramp geometry.
lines in Fig. 8. On the other hand, f&=0.83 the value at This general tendency of the ramp geometry to trap mag-
high angles is about a factor of 2 higher than the experimennetic flux makes it difficult to use ramp-type junctions in
tal data. Since there is some error in the determination of thelectronic circuits. Therefore one has to think about using
absolute angle we can allow some deviations of the peakrtificial pinning centers near the ramp area to prevent the
position. Therefore we will take the value &fH at high  flux from being pinned in the junction or using a supercon-
angles as criterion. This gives the optimal valuekef1.6.  ducting groundplane to shield magnetic fields.
The solid lines in Fig. 8 show the calculatédH(y) and The dependence of the modulation period of the Fraun-
AH(6) dependences fdt=1.6. Since for the parallel orien- hofer patterns on the orientation of the magnetic field looks
tation, AH(x) has a singularity af=arctaficot(a/kf)], the  very similar for HTS and LTS junctions and can be described
experimental values cH(y) near the peak depend on the with the same model. Flux focusing strongly influences the
density of measurement points. Therefore it is not reasonabl@odulation depth of both types of junctions. Due to the geo-
to discuss the deviation of the experimental data from thenetrical dimensions of the junctions, the field enhancement
theoretical curve near the peak in FigaB8 The maximum of in ¢ direction due to flux focusing is stronger for the HTS
the calculated curve fdk=1.6 for the parallel orientation is junctions than for the LTS junctions. Since the flux-focusing
at y=7° [see Fig. 8)]. The deviation of 6° from the ex- correction factok which is needed to fit the data is similar
perimental peak at 13° can be explained by the uncertainty dbr both junctions(k=1.5 for HTS andk=1.6 for LTS it
the experimental determination gf as well as by the fact can be concluded that this correction can mainly be attrib-
that # may not be equal to zero precisely as well. uted to the ramp junction geometry itself and not to specific
For the perpendicular orientation, the maximum of thefield enhancement effects in the faceted HTS ramp-type
experimental data is &8=8°. This is according to the the- junction.
oretical peak ap=0°, about the same deviation of the po- The only significant difference between HTS and LTS
sition as in the case of the parallel orientation. Therefore it igunctions is that we have to assumg,=600 nm to receive a
reasonable to attribute this deviation to the systematic exreasonable fit of the experimental data which is a strong de-
perimental error during the adjustment of the LTS sample asyiation from its usual literature value of 150 nm. In the case
for example, a misalignment of the sample in the samplef the IEJs, this assumption can be justified by the existence
holder. of a layer of reduced; near the interface because the ion
induced defects will gradually decrease with the distance
from the barrier. For the LTS junction, it can be assumed that
V. DISCUSSION the Nb film is not degraded near the Pd—Au interface and no

The comparison of the dependences of the critical curCorrection of the penetration depth is necessary.

rent on the value and orientation of the external magnetic
field for HTS and LT_S ramp_-ty_pe junctions gives ins_ight into VI. SUMMARY
the question of which deviations from the behavior of an
ideal Josephson junction are due to the ramp geometry and We investigated thelc(H) curves of interface-
which are due to specific material problems of HTS junc-engineered ramp-type junctions as well as LTS ramp-type
tions. junctions in dependence on the orientation of the magnetic
In the IEJs as well in the LTS junctions, tHe(H) field. Even if the shape of thie,(H) curves is very similar to
curves exhibit significant deviations from the Fraunhofer patthe Fraunhofer pattern, the maximum critical current is al-
tern. Where in IEJs this can at least be partly attributed to amays shifted to nonzero magnetic fields. This effect can be
inhomogeneous current distribution or HTS-specific effectsexplained by trapped Abrikosov vortices. We have seen no
in LTS junctions only flux trapping can be the reason. In thedifference in the probability of flux trapping for HTS and
case of YBCO ramp-type junctions flux trapping can be eastTS junctions, so we conclude that the ramp geometry itself
ily understood, since due to the difficult growth of the coun-is prone to flux trapping.
terelectrode and the formation of facets during the heating For both types of junctions, the dependence of the modu-
prior to its deposition pinning centers are likely to be formed.lation period of thel(H) curves on the direction of the
This was shown in Ref. 13 by low-temperature scanningnagnetic field has a sharp maximum at small angles where
electron microscopy. However, this argument does not holdhe magnetic field is oriented nearly parallel to the substrate
for LTS junctions since we can assume a homogeneouglane. The modulation depth decreases about two orders of
growth of the Pd—Au interlayer and the Nb counterelectrodenagnitude towards high angles where the magnetic field is
across the ramp. This leads to the conclusion that the ramperpendicular to the substrate plane. This dependence can be

Downloaded 26 Oct 2001 to 134.94.242.238. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Heinsohn et al. 4631

well described by the change of the relevant projection of theneinschaft(Si 704/1-1, Ni 253/3-1and the Bundesministe-
junction area and the influence of flux focusing. The mainrium fur Bildung und Forschung13N7534/).
influence of flux focusing is a strong suppression of the
modulation depth for magnetic fields which are nearly per-
pendlcu!ar to the substrate plgng. The. dependence of thel\ll. Hidaka, T. Satoh, H. Terai, and S. Tahara, IEICE Trans. Electron.
r_nodu.latlon' depth can be quantltgtlvely fltte_d by the calc.ula- E80-C, 1226(1997.
tions if we introduce a flux-focusing-correction factor which 2R. F. Broom, A. Oosenbrug, and W. Walter, Appl. Phys. L&, 237
accounts for the deviations from the infinitely long ellipsoid. 3(F;19F8)9- b, Hacedom. T. Wei C . Buchhols. and 3. Ni

. . . . P@el, D. Rnagedorn, [. VWelimann, r.-Im. Buchnolz, an . Niemeyer,
ThIS _correctlon factor is nearly the_ same for HTS apd LTS Supercond. Sci. Techndl3, 148 (2000.
junctions and can therefore be mainly attributed to field en-4g_H. moeckly and K. Char, Appl. Phys. Leff1, 2526(1997).
hancement in the ramp-junction geometry itself. 5J.-K. Heinsohn, R. H. Hadfield, and R. Dittmann, Physicé8Z5-327,

The only significant difference between HTS and LTS 6§5L(132?1.sohn R. Dittmann, J. Roduez Contreras, J. Scherbel, A

. . . . . K. i , R. Di , Jd. z , . , A
junctions is that we have tq assuimg, =600 nm t_O receive a Klushin, M. Siegel, C. L. Jia, S. Golubov, and M. Yu. Kupryanov, J. Appl.
reasonable fit of the experimental data which is a strong de- phys.g9, 3852(2002.
viation from its usual literature value of 150 nm. In the case "M. Carmody, K. L. Merkle, Y. Huang, L. D. Marks, and B. H. Moeckly,

of the IEJs, this assumption can be justified by the existencg!Merface Scis, 231(2000.

f . f | ith red S. C. Gausepohl, M. Lee, and K. Char, Appl. Phys. L&f#.2279(1996.
of an interface layer wit : _re ucet . 9S. C. Gausepohl, M. Lee, S. J. Berkowitz, and W. H. Mallison, J. Appl.
However, most specifics of tHe vs H patterns have to  pnys.82, 2427(1997.

be attributed to the ramp geometry itself and not to specific’R. Pgel, D. Hagedor, F.-Im. Buchholz, and J. Niemeyer, Inst. Phys.

roperties of the superconducting material. Conf. Ser.167, 277(2000. . -
prop P 9 1A, Barone and G. Paterndhysics and Applications of the Josephson
Effect(Wiley New York, 1982.
ACKNOWLEDGMENTS 12p_A. Rosenthal, M. R. Beasely, K. Char, M. S. Colclough, and G. Zaha-
. . . rchuk, Appl. Phys. Lett59, 3482(1991).
We would like to thank R. Gross for helpful discussions. 1sa marx, K.-D. Husemann, B. Mayer, T. Nissel, R. Gross, M. A. J. Ver-

This work was supported by the Deutsche Forschungsge-hoeven, and G. J. Gerritsma, Appl. Phys. Lé#, 241 (1994).

Downloaded 26 Oct 2001 to 134.94.242.238. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



