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We present various concepts and experimental procedures to produce biepitaxi@uyBa , grain-
boundary Josephson junctions. The device properties have an interesting phenomenology, related in part to the
possible influence of # loops.” The performance of our junctions and superconducting quantum interference
devices indicates significant improvement in the biepitaxial technique. Further, we propose methods for fab-
ricating circuits in which 0 andr loops are controllably located on the same chip.

I. INTRODUCTION junctions are usually classified as bicryst&ljepitaxials'*
and step edges, depending on the fabrication procedure.
The possibility of realizing electronic circuits in which the The bicrystal technique typically offers junctions with better
phase differences of selected Josephson junctions are biaseerformances and allows, in principle, the realization of all
by 7 in equilibrium is quite stimulating. The concept of different types of GB’s ranging frorf001] and[100] tilt to
suchr-phase shifts was originally developed in the “extrin- [100] twist boundaries. GB junctions based on the step edge
sic” case for junctions with ferromagnetic barriérand in ~ and biepitaxial techniques offer the advantage, with respect
the “intrinsic” case for junctions exploiting superconductors to the bicrystal technology, of placing the junctions on the
with unconventional order-parameter symmetfidss a re-  substrate without imposing any restrictions on the geometry.
sult of the possiblel,2_,2 order-parameter symmetry of high A comparison between the different GB techniques is far
critical temperature superconductofldTSC’s),* the pres- beyond the aim of this paper. Nevertheless we intend to
ence of intrinsicr loops has also been considered for HTSCshow that significant improvements with respect to the origi-
systems, This has been discussed recently in view of novelnal technique developed by Chet al! are possible for
device concepts, and in particular for the implementation obiepitaxial junctions, and that the resulting devices have po-
a solid state qubit® and for complementary Josephson tential for applications. As a matter of fact, in traditional
junction electronics. In this paper we discuss how biepitaxial junctions, the seed layer used to modify the
YBa,Cu;0,_, (YBCO) structures made by the biepitaxial YBCO crystal orientation on part of the substrate produces
techniqué®*can be successfully employed to produce arbi-an artificial 45°[001] tilt ( c-axis tilt) GB. The nature of such
trary circuit geometries in which both 0 and loops are @ GB seems to be an intrinsic limit for some real applica-
present, and possibly to obtain a doubly degenerate state.tions. A convincing explanation has been given in terms of
Of course, great caution should be used because of stringetfite d-wave nature of the order parameter and more specifi-
requirements on junctions parameters for practical applicacally by the presence af loops* As demonstrated by stud-
tions of such devices. ies on bicrystals, based on the same type of {HY]] tilt
Josephson junctions based on artificially controlled grairGB, the presence af loops reduces thi-Ry values(where
boundarieSGB) have been widely employed for fundamen- | c and Ry are the critical current and the high normal-state
tal studies on the nature of HTSC'$8 The lack of a reliable  resistance, respectivglyproduces a dependence of the criti-
technology based on the traditional trilayer configurationcal currentlc on the magnetic fieldH quite different from
(i.e., a sandwich-type junction with a barrier originating from the Fraunhofer-like pattern, and generates unquantized flux
another material between two superconducting electjodesioise at the grain boundat§.
also enhanced interest in GB Josephson junctions for appli- We will show that the implementation of the biepitaxial
cations. Although the mechanism of hidh- superconduc- techniqué® we developed to obtain 45°100] tilt and twist
tivity and the influence of grain boundaries on the transpor{a-axis tilt and twisj GB’s junctions makes such a technique
properties are not completely determined, reproducible, anihteresting for both applications and fundamental studies.
good quality devices are routinely fabricated. YBCO GBThe phenomenology observed for the junctions based on
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these GB’s and scanning superconducting quantum interfer-
ence devicéSQUID) microscopy investigations demonstrate
the absence ofr loops, as we expect from their microstruc-
ture. As a consequence of the higher values of IthRy
values, a Fraunhofer-like dependencd gfon the magnetic
field and lower values of the low-frequency flux noise, when
compared with 45°c-axis tilt GB's, have been measured.
These features are important tests to employ junctions for
applications. Scanning SQUID microscopy investigations
also gave evidence of spontaneous magnetization in the pres-
ence of impurities. Finally, we extended the biepitaxial pro-
cess to other types of GB by using different seed layers to
obtain junction configurations whereloops can be control- FIG. 1. A schematic representation of the artificial grain-

lably produced. We will not dwell on conceptual prinCiples poyngary structure. The boundary is obtained at the interface be-

and actual feasibility of qubit devices. Instead we discuss thgyeen thg001] oriented YBCO film grown on thg110] MgO seed

importance of the b'epltaX|a|_ techr_llque in having 0 an_d layer and thg103] YBCO film grown on the bar¢110] STO sub-

“m" loops on the same chip. This makes the biepitaxialstrate. In contrast with the 49001] tilt bicrystal junctions, in this

technique more versatile and promising for circuit design. case the order-parameter orientations do not produce an additional
7 phase shift.

A

U :
45° twist GB

Grain boundary line

Il. DEVICES: CONCEPTS AND FABRICATION
PROCEDURE Fig. 2(b), = loops should occur in analogy with the tradi-

. S _ tional biepitaxial junctions based on 48axis tilt GB’s. In
As mentioned above, the biepitaxial technique allows theOoth Figs. 1 and 2 we display the possilile_,.-wave
. -y

fabrication of various GB’s by growing different seed layersorder-parameter symmetry in the junction configuration.

and using substrates with different orientations. We hav%unctions were typically 4um wide. We also performed

used MgO, Ceg and SrTiQ as seed layers. The MgO and s : ,
. . ; ystematic measurements on SQUID’s based on the structure
CeQ, layers are deposited di10) SrTiO; substrates, while employing MgO as a seed layer and SrTi a substrate. dc

SITIO; layers are deposited dd10) MgO substrates; in all - g1 in different configurations and with loop induc-

these cases the seed Iaygrs grow alo.ng[m@] direction. tance typically ranging from 10 to 100 pH have been inves-
lon milling is used to define the required geometry of the

seed layer and of the YBCO thin film, respectively, by

means of photoresist masks. YBCO films, typically 120 nm 'l".'.'.

in thickness, are deposited by inverted cylindrical magnetron i::.%'.'"'
sputtering at a temperature of 780°C. YBCO grows along the '.{,,;/l.:.
[001] direction on MgQO(substrates or seed laygend on the v, "'#50

Ce(, (seed layens while it grows along th¢103}/[013] di-
rection on SrTiQ (substrates or seed laygrdn order to
select thg 103] or [ 103] growth and to ensure a better struc-

tural uniformity of the GB interface, we have also success-  45° silt around c-axis and g: ZZ “"’""3 c-axis and
fully employed vicinal substrates. However, most of the 45° tilt around a-axis around a-axis
transport properties presented in this paper refer to .sanjples 45° tilt around c-xis and
not using vicinal substrates. Detailed structural investigations BN 450 st around a-axis with

2

on these GB'’s, including transmission electron microscopy
(TEM) analyses, have been performed and the results have
been presented elsewhéfe®

Depending on the patterning of the seed layer and the
YBCO thin film, different types of GB’s ranging from the
two ideal limiting cases of 45%-axis tilt and 45°a-axis

Grain boundary
facets

twist have been obtaing@ee Fig. 1 The intermediate situ- 45° tilt around c-axis with
ation occurs when the junction interface is tilted at an angle Grain boundary

«a different from O or#/2 with respect to the or b axis of facels A g e arenreens

the [001] YBCO thin film. In all cases, the order-parameter Macroscopic

orientations do not produce an additioraphase shift along grain

our junction, in contrast with the 45° asymmetfa01] tilt boundaty

junctions. As a consequence, moloops should occur inde-

pendently of the details of the interface orientation. In Fig. 1

we consider ideal interfaces and neglect meandering of the giG. 2. The Ce@ seed layer produces an artificial GB that can
GB'’s or interface anomalies that will be considered belOW.be seen as a result of two rotations: a 4500] tilt or twist fol-
The CeQ seed layer may produce a more complicated GBowed by a 45° tilt around the axis of the(001) film. For this
structure, in which a 45%-axis tilt accompanies the 45° junction configuration al-wave order-parameter symmetry would
a-axis tilt or twist[see Fig. 2a)].X° In this case, as shown in produces loops.



PRB 62 FEASIBILITY OF BIEPITAXIAL YBa,CuO,_, . .. 14 433

10* A/em®

o T=42K (103) YBCO

5x10* A/em?®

3x10? A/cm?

—1(001) YBCO

45° tilt GB

(a) 2x10° Alem®
o] 0=45° 251 a=60°
20
vuy) 1 ?1'5
FIG. 3. Current vs voltagel {V) characteristics of the biepi- :QM :1'0
taxial junction for temperature close to the critical temperature. In 2x10° A/em? 0.5 10* A/em?
the inset thd -V curve atT=4.2 K is shown. 04 s ~ %0-90:0 ol 02 03 o4
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tigated. The typical loop size leading to the 1000 pH 5
inductance is approximately 10um? (10* um?). 0=30° 4 TILT
m o
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IIl. EXPERIMENTAL RESULTS 210 =2
A. Biepitaxial junctions employing MgO seed layers 5x10% A/em? . 3x10” A/em’
In this section we attempt to cover most of the phenom- 00 02 V(O.{fw 06 08 0.0 0'2v<m ‘3.4 0.6
enology of the transport properties of 4&%axis tilt and twist (b)

biepitaxial junctions. In Fig. 3, current vs voltage V) char-

acteristics of a typical biepitaxial junction are given for vari-  FIG. 4. (8) Scheme of the seed layer patterning, which allows
ous temperatures close to the critical temperature. In the insété measuremment on the same chip of the properties of a tilt junc-
the correspondintrV characteristic at =4.2 K is reported. tion ar:d of iunctlons :/vhgse interface is tilted in plane of an angle
They are closely described by the resistively-shunted®=30°, 45°, and 60° with respect to tleor b axis of the(001)
junction (RSJ model in terms of the curve shape and theirYBCO thin film, respec_:tlvely_(b) Thel-V char_actgnsncémeasured
temperature dependence. No excess current is observel].T =42 K) of the microbridges reported in Figia

Nominal critical current densitiedc of 5X10* A/cm? at junctions do not present any clear modulation of the critical
T=77 K, and of 9<10° Alcm® at T=4.2 K have been current as a function of the magnetic field.

measured respectively. THey value (3.2 Q) is roughly A demonstration of the possibility of tailoring the critical
independent of the temperature far<Tc, providing a current density and of the different transport regimes occur-
normal-state specific conductancey=70 (uQ cn?) L. ring in the tilt and twist cases has been given by measuring
The maximum working temperatufig; of this device was 82 the properties of junctions with different orientations of the
K. In this caselcRy is 1.3 mV atT=4.2 K. These values GB barrier on the same chip. By patterning the seed layer as
typically ranged from 1 to 2 mV af=4.2 K. They are shown in Fig. 4a), we could measure the properties of a tilt
larger for the correspondingc values than those provided junction and of junctions whose interface is tilted in plane by
by conventional biepitaxials, and are of the same order o&n anglea=30°, 45°, and 60° with respect to theor b axis
magnitude as in GB bicrystal and step-edge junctiSns. of the [001] YBCO thin film, respectively. In all cases the
While the values of critical current density and normal-stateorder-parameter orientations do not produce an additienal
specific conductance in the tilt case are quite different fronphase shift along our junction, in contrast with the 4601]

the twist case, thécRy values are approximately the same tilt junctions, and nor loops should occur. We measured the
for both. Moreover,|cRy does not scale with the critical expected increase of the critical current density with increas-
current density’ In the tilt cases Jc~(0.5- ing angle, which corresponds on average to an increase of
10)x10* A/lcm? and oy~(1-10)(uQ cn?)~! are mea- the twist current component. The values measuredr at
sured atT=4.2 K, respectively. Twist GB junctions are =4.2 K are reported in Fig.(d) and range from the mini-
typically characterized by higher values &f in the range  mum valueJo=3x10? A/cm? in the tilt case to the maxi-
(0.1-4.0<10° A/lcm? and of oy in the range (20— mumJc=10" Alcm? corresponding to an angle of 60°, for
120)(uQ cn?) "1 (at T=4.2 K). For the twist case devia- which the twist component is higher. The consistency of this
tions from the RSJ model are more marked as a result ofesult has been confirmed by the values of normal-state re-
higher critical current densities. For high valuesJef GB  sistances, which are higher in the tilt case and decrease with



increasinga. Thel Ry values are about the same for all the
junctions independently of the angte In Fig. 4(b) thel-V
characteristics measured B&4.2 K, corresponding to the
junctions of Fig. 4a), are shown for approximately the same
voltage range. Deviations from RSJ behavior appear for
higher values of the critical current density € 60°). These
results demonstrate that the grain boundary acts as a tunable
barrier. This possibility of modifying the GB macroscopic
interface plane by controlling the orientation of the seed lay-
er's edge is somehow equivalent to the degree of freedom
offered by bicrystal technology to create symmetric or asym-
metric GB’s, with the advantage of placing all the junctions
on the same substrate. The 4baxis tilt and twist GB's and
the intermediate situations can represent ideal structures to g
-

===
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investigate the junction physics in a wide range of configu-

rations. The anisotropy of thg 03 films and the possibility

to select the orientation of the junction interface by suitably

patterning the seed layer, and eventually the use of other
seed layers which produce different YBCO in plane orienta-

0 0 L L

tions, allow the fabrication of different types of junctions and 1.0 05 0.0 0.5 1.0

the investigation of different aspects of HTSC junction phe- H(G)

nomenology. In particular we refer to the possibility of

changing the tunneling matrix elemenfisy selecting the FIG. 5. Magnetic-field dependence of the critical current of a

anglea) and to use the anisotropy of the layered structure of100] tilt biepitaxial dc SQUID. The absolute maximum is observed

YBCO properties and of the order-parameter symmetry.  for zero field. A double-period modulation is observed. The longer
The study of the junction properties in the presence of ameriod modulation is the diffraction pattern due to the magnetic

external magnetic fieltl is a fundamental tool for the inves- field sensed by a single junction, while the shorter period SQUID

tigation of the Josephson effect in the various junctions, ashodulation is shown more clearly in the ingaj. In the inset(b)

well as a test of junction quality, We observe modulations |-V curves are shown as a function of an externally applied mag-

of the critical current ¢ following the usual Fraunhofer-like netic field atT=4.2 K. A typical Fraunhofer-like dependence is

dependence. Thé. (H) patterns are mostly symmetric evident.

around zero magnetic field, and in all samples the absolute

maximum ofl ¢ occurs atH=0. The presence of the current  B. Scanning SQUID microscopy on biepitaxial junctions

maximum at zero magnetic field is consistent with the fact with MgO seed layer

that in our junction configuration the order-parameter orien-

tations do not produce an additiomalphase shift, in contrast Figure 6 isza scanning SQUID. microscébémage of_a
with the 45°[001] tilt GB junctions*1°Some examples are 200X200 um" area along a grain boundary separating a

given in Fig. 5, where the magnetic pattern relative to a(00 region from a(103) region(as labeled in the figujeof
SQUID and a single junction a&f=4.2 K are shown, re- @ thin YBCO biepitaxial film grown as described above. The
spectively. In the former case we can also distinguish &0sition of the grain boundary is indicated by the dashed
smaller field modu]auomwuh a period of 8 mG which cor- line. The image was taken at 4.2 K in ||qU|d helium with an
responds to the SQUID modulatigimset a. In the latter
case thel-V characteristics are reported for different mag-
netic fields (inset . Despite the Fraunhofer-like depen-
dence, some deviations are evident, in agreement with most
of the data available in literature.

For the sake of completeness we also acknowledge some
work we carried out by investigating Fiske steps as a func-
tion of H in other junctions, giving some evidence of a di-
electriclike behavidf of some of the layers at the junction
interface. We already reported about this work elsewlere.
The Fiske steps do not depend on the use of a particular
substrate, since they have been observed in junctions based
both on SrTiQ and MgO substrates. Typical values of the
ratio between the barrier thicknesand the relative dielec-
tric constante, range from 0.2—0.7 nm. These values are .
derived by considering the-axis penetration depth inferred C.B.
from SSM measurements. Considerations on the dependence 'W'
of |- on the temperatur€l) can be also found in Ref. 19. In
junctions characterized by lower critical current densitigs, FIG. 6. Scanning SQUID microscope image of a
tends to saturate at low temperatures, in contrast to thosEox 200 um? area along a grain boundary separatin@@d) re-
characterized by higher critical currents, for which there is agion from a(103) region of a thin YBCO biepitaxial film grown.
linear increasé®?° The position of the grain boundary is indicated by the dashed line.
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octagonal SQUID pickup loop 4um in diameter after cool- 60

ing the sample in a few tenths of @T externally applied

magnetic field normal to the plane of the sample. The gray

scaling in the image corresponds to a total variation of N 0 W
0.13b, of flux through the SQUID pickup loop. Visible in 2 %VVA‘W
this image are elongated interlayer Josephson vortices in the 2 20 N%\N/WV\\/\/\
(103 area to the right, and spontaneous magnetization in the Y, \\7 A AVA
(001 area to the left, of the grain boundary. Fits to the in- ToTTK
terlayer vortices give a value for tleeaxis penetration depth 0 ; : .

of about 4 um. Apparently localized regions of magnetic 0 20 H("mG) 20 4

flux with random magnitudes and orientations are spontane-

ously generated in th@0)) film, regardless of the value of  FIG. 7. Magnetic-field dependence of the voltage ¢1@0] tilt
external field applied® We briefly note that it has been biepitaxial dc SQUID at 77 K for different values of the bias cur-
shown theoretically that broken time-reversal symmetryrent.

(BTRS) could occur locally in ady2_,2 superconductor at
certain surfaces and interfaces, or in the presence of nonm
netic and magnetic impuriti€4:?® The predicted BTRS
should manifest itself in many effects, including spontaneou
currents, possible fractional flux quanta and phase $fips.

Ar applications, these performances are important for the
study of the transport properties of HTSC Josephson junc-
?ions. In Fig. 7 we show the magnetic-field dependence of

Temperature-dependent scanning SQUID microscope imaéhe voltage at 77 K for different values of the bia§ current for
ing shows that this spontaneous magnetization, which ag? d¢-SQUID with an inductance of 13 pH. At this tempera-
pears to be associated with defects in the film, arises whefre lcRn is about 20 .V. The corresponding value of the
the film becomes superconductifif Although it is difficult ~ Screening parametg#=2LIc/®g is 0.03. In general lows

to assign precise values of total flux to the apparently localvalues are mandatory to avoid the influence of asymmetric
ized vortices, since they are not well separated from eachiductances in SQUID properties, and this has been crucial
other, fits imply that they have less thdn, of the total flux ~ for experiments designed to study the order-parameter
in them, an indication of broken time-reversal symmetry,symmetry? The presented curves are quite typical. These
Although there is apparently some flux generated in theSQUID’s usually work in a wide temperature range from low
grain-boundary region, the fact that these SQUID’s haveemperature$4.2 K) up to temperatures above 77 K. The
relatively low noise seems to indicate that this flux is well maximum working temperature was in this case 82 K. The
pinned at the temperatures at which the noise measuremenighieved magnetic flux-to-voltage transfer functiows
were made. These results are consistent with the absence efyv/sd, whereV and® are the voltage across the device

m loops along the grain boundary. and the applied magnetic flux in the SQUID loop, respec-
tively, are suitable for applications. For instance ht
C. Biepitaxial junctions employing CeO, seed layers =77 Kan experimental value of the SQUID amplitude volt-

age modulatiomV of 10.4 uwV was measured, correspond-
ing to Vy=36.9 uV/d,.% Steps of a different nature have
een recurrently observed in theV characteristics in the
washer and hole configurations and characterized also in
terms of the magnetic-field dependence of the voltage at dif-

The CeQ seed layer, as anticipated in Sec. Il, may pro-
duce an artificial GB that can be seen as a result of tw
rotations: a 45{100] tilt or twist followed by a 45°7001] tilt
around thec axis of the(002) film. For this junction configu-
ration ad-wave order-parameter symmetry would produce ferent values of the bias current
loops, as shown in Fig. 2. We notice that sueHoops are . e
structurally different from those usually obtained by the 45° The noise spectral densities of the same _dC'SQUID have
[001] tilt GB junctions based on the traditional biepitaxial P€€N measured dt=4.2 K andT=77 K using standard
and bicrystal techniques. Due to the microstructure we exfluX-locked-loop modulated electronics. The energy resolu-
pect especially in thE100] tilt case low critical current den- 10N €=Sq/2L (with Sy, being the magnetic-flux-noise spec-
sities and high normal-state resistances. We found that thigal density atT=4.2 K andT=77 Kis reported in Fig. 8.
deposition conditions to select the uniform growth of YBCO At T=4.2 K and 10 kHz, a value @;=3 u®,/\Hz has
45° tilted around thec axis of the (001) film are critical. been measured, corresponding to an energy resolwion
Preliminary measurements realized on tilt-type junctions=1.6x10 3° J/Hz. This value is the lowest reported in the
with a CeQ seed layer gave evidence of Josephson couplingjterature for YBCO biepitaxial SQUID’s. Moreover, the
in these GB’s. The measurddRy values are in the range low-frequency 1f flux noise spectral density at 1 Hz is more
(200-750) wV and are typical of GB Josephson junctions. than one order of magnitude lower than the one reported for
traditional biepitaxials, as is also evident from the compari-
son with data af=4.2 K of Ref. 26. The lower values of
low-frequency noise are consistent with the absencer of

In this section we report on the characterization of dcloops on the scale of the faceting for these types of GB’s, as
SQUID’s which are to our knowledge the first employing the clearly shown by scanning SQUID microscopy results. The
GB'’s discussed aboveé.These SQUID’s exhibit very good 7 loops produce some types of spontaneous magnetic flux in
properties, and noise levels which are among the lowest evehe GB region, which among other effects tend to degrade
reported for biepitaxial junctior’s. Apart from implications the SQUID’s noise level¥*

D. Biepitaxial SQUID’s employing MgO seed layers
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FIG. 8. Magnetic flux noise spectral densities of10Q] tilt
biepitaxial SQUID atT=77 K andT=4.2 K. The SQUID, with
an inductanceL=13 pH, was modulated with a standard flux-
locked-loop electronics. The right axis shows the energy resolution.
Data atT=4.2 K are compared with results on SQUID’s based on
[001] tilt biepitaxial junctions from Ref. 25.

IV. BIEPITAXIAL JUNCTIONS FOR EXPERIMENTS
ON THE SYMMETRY OF THE ORDER PARAMETER
AND FOR A DEVELOPMENT OF CONCEPTS

FOR QUBITS

The particular junction configurations investigated in this
work allow some consideration of the possible impact of
these types of junctions on the study of the Josephson effect
and the order-parameter symmetry in YBCO and on the de-
velopment of concepts for devicé8®’ We first recall that
the biepitaxial technique can provide circuits composed com-
pletely of junctions without anyr loops[see Fig. €a)]. By
varying the interface orientation with respect to fH®3]
electrode orientation, the junction properties can be adjusted.
On the other hand the traditional biepitaxial technigtiero-
ducing 45°[001] tilt GB’s [see Fig. ®)] or the types of
junctions described in the previous section by using £eO
[see Fig. &)], can controllably generate loops on macro- YOIFYF
scopic scales. In these schemes we use a corner geometry Ce0;seed layer[
with a 90° angle. This angle can be obviously tuned to \ -
enhance the effects related to the phase gbeéfé dashed line el iy substrate \[
in Fig. 9b)] and this change is particularly easy to realize by
using the biepitaxial technique.

In this section we focus our attention mainly on the fea-
sibility of the biepitaxial junctions to obtain the doubly de-
generate state required for a qubit. In ReB)the design is
based on quenching the lowest order coupling by arranging a
junction with its normal aligned with the node of tdevave ()
order parameter, thus producing a doubly periodic current-

phase relation. It has been shown that the user gfhase [100] tilt and twist GB's; nor loops should occui(b) Top view of

shifts i,n a superc_onducting phase quit_also prOVideS_ a naty SQUID based on 45F001] tilt GB’s. (c) Three-dimensional view
rally bistable device and does not require external bias curgs 5 - SQUID based on GB's resulting from two rotations: a 45°

rents and magnetic field§) The direct consequence is the [100] tilt or twist followed by a 45°[001] tilt.

quietness of the device over other designsarAjunction

provides the required doubly degenerate fundamental state,

which also manifests itself in a doubly periodic function of vantages in terms of fabrication ease and performance.
the critical current density as a function of the ph&dhis  HTSC’s may represent a natural solution for the realization
principle has been used in a small inductance five junctiorof the requiredr-phase shift due to the pairing symmetry of
loop frustrated by ar-phase shift® This design provides a the order parameter and, therefore, due to the possibility of
perfectly degenerate two-level system and offers some agroducing phase shifts. Experimental evidence of YBCO

FIG. 9. (&) Three-dimensional view of a SQUID based on 45°
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7-SQUID’s has been given by employing the bicrystal tech-
nique on special tetracrystal substrat@he biepitaxial tech-
nique, beyond providing junctions with opportune properties,
would guarantee the versatility necessary for the implemen-
tation of a real device, as shown below. As a matter of fact,
we notice that our technique allows the realization of circuits
where 7 loops can be controllably located in part of the
substrate and separated from the rest of the circuit based on 0
loops, i.e., junctions where no additionalphase shifts arise.
This can be easily made by depositing the MgO and £eO
seed layers on different parts of the substrate, which will be
also partly not covered by any seed layer.

To show how the biepitaxial junctions could be consid-
ered for preliminary tests and device implementation for
guantum computing without the topological restriction im-
posed by the bicrystal technique, we refer to the structures
proposed in Ref. 1 as exemplary circuits.

The first is composed of aswave (S)—d-wave
(D)-s-wave (§') double junction connected with a capaci-
tor and an ordinary 0 Josephson junction baseds-arave
superconductorgthe S-D’-S junction generates the doubly
degenerate stateThe second consists of a five-junction loop b)
with a 7 junction. Our technique would combine the possi- =
bility of placing the ordinary O junctions corresponding to t
the MgO seed layer and to exploit the possible doubly de- Ce03
generate state of asymmetric 45° GB junctions correspond-
ing to the CeQ seed layer to replace tt&D-S' system or
the 7 junction, respectively. Our structure would be obvi-
ously composed only of HTSC's. In Figs. (D and 1@b) we C)
show how devices, for instance, such as those proposed in
Ref. 1, could be obtained by employing the biepitaxial tech- _—
nique, respectively. The application to the five-junction loop
is straightforward[Fig. 10b)] and the advantages of this ‘
structure have been already discussed in R&j. The biepi- ‘=\°
taxial technique can offer possible alternatives for the real- Ce0, MgO
ization of the structures above. In particular the double junc-
tions of the originalS-D-S’ system can be also replaced by a
D'-D-D” structurdfor instance Fig. 1@)] by exploiting our
technique, in contrast to the bicrystal technology which FiG. 10. Scheme of the qubit structure proposed in Ref. 1 de-
could not give this possibility. Such a configuration could signed using the biepitaxial grain boundaries proposed in the paper.
offer some advantages, if we consider that asymmetric 45The double junctions of the origin®-D-S’ system can be also
bicrystal GB Josephson junctions did not give systematiceplaced byD’-D-D”.
evidence of the doubly degenerate state. The doubly degen-
erate state seems to occur only in high-quality low transpar-
ency GB junction$?” and it is known thatS-1-D junctions
do not have double periodicity of the critical current as a
function of the phasé’ A consequence of a possible node-
less order parameft? at theD-D’ GB interface could be a
closer similarity with aS-1-D junction with loss of the dou-
bly deggnergte state. If this is the case, we speculate that the V. CONCLUSIONS
double junctions structure for symmetry reasons would pro-
duce a leading term in the Josephson coupling energy of the The performance of the presented junctions and SQUID’s
form E4 cos ¥ (double periodit and that the possible dipo- demonstrates that significant improvements in the biepitaxial
lar component of the magnetic field would be almost com-technique are possible, and the resulting devices have the
pletely compensated in this configurati™. This can be potential for applications. We have presented a phenomenol-
considered as an attempt to construct a “microscopi@’ 2 ogy that is consistent with the expected absence ddops
junction. We finally notice that the topological advantagesin 45° [100] tilt and twist grain boundaries junctions. The
offered by the biepitaxial junctions would therefore be cru-use of a Ce@rather than a MgO seed layer can produce
cial in both the cases considered for the realization of thdoops in the same junction configurations. The versatility of
structure in Fig. 10, and important to reduce decoherencthe biepitaxial technique has been recently used to obtain
effects. Bicrystal substrates would in fact impose on the cirdifferent types of grain boundaries. The advantage of placing

/'/

/'l
-
4+

/B/

cuit additional junctions required by the circuit design and,
as a consequence, generate additional noise and decoherence
in the device.
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