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The properties of YBa,Cuz0_s dc-SQUIDs (superconducting quantum interference devices) with 0°—45°
grain boundary junctions have been studied. Structures fabricated on two types of bicrystals have been inves-
tigated: The conventional [001]-tilt type and a novel configuration with both [001] and [100] tilt. Measure-
ments have been performed in the temperature range 50 mK—-30 K. We find that the complicated dynamics of
these SQUIDs can be understood if the effects of the predominant d-wave symmetry on the current transport
is taken into account. In particular the presence of a second-harmonic current component in the current phase
relation and the inclusion of mr-facets in the grain boundary are shown to be important effects. We also find that
by increasing the [100] tilt of the grain boundary it is possible to increase the quality factor of the SQUIDs
without reducing the magnitude of the second-harmonic current component. A simple model, which includes
the effects of faceting of the grain boundary and the presence of a second-harmonic current component, is
shown to be in qualitative agreement with our results.
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I. INTRODUCTION

By now it is well established that the predominant d-wave
symmetry of the pairing wave function in high-T, supercon-
ductors can influence the current-phase relation (CPR) of Jo-
sephson junctions.! The four lobes of the pairing wave func-
tion in a pure d-wave superconductor have alternating signs
and are separated by nodes where the superconducting gap
vanishes. Furthermore, the symmetry follows that of the a
and b axes of the crystal lattice which makes it possible to
design interfaces where the tunneling occurs from a node to
a lobe (Fig. 1). In this configuration, the ordinary Josephson
current will be suppressed and ideally zero in a junction with
a perfect interface. In these so-called 0°-45° junctions there
is however another transport channel for the supercurrent,
namely transport mediated by zero-energy Andreev bound
states at the junction interface.> Quasiparticles can be re-
flected from a positive to a negative lobe leading to the net
transfer of a Cooper pair. The resulting Josephson current has
twice the periodicity in phase compared to that of a conven-
tional junction I(¢)=1"sin 2¢.>*

Grain boundary (GB) junctions® have been successfully
used to study these effects® and have largely confirmed the-
oretical predictions. However, due to imperfections in the
interface there are effectively many parallel transport chan-
nels and the exact shape of the CPR in each channel will
depend on local properties such as transparency and the
shape of the tunneling cone. Furthermore, if the local mis-
orientation angle deviates more than a few degrees from 0°
to 45° the symmetry argument outlined above is not valid;
some conduction channels will carry conventional Josephson
current without a 7r-periodic component. Hence, the effective
CPR for the whole junction has the form

I=1"sin ¢—I"'sin 2¢p=I'(sin ¢ — a sin 2¢p), (1)

where a=1"/I'. The negative sign of the second harmonic is
a direct consequence of the symmetry in 0°-45° junctions.
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Other orientations of the electrodes may give a positive sec-
ond harmonic.” Moreover, in principle there are also higher
order terms (sin 3¢),sin4¢, ...) but the relative magnitude
of those will always be very small in real GB junctions
which justifies retaining only the first two terms.

It should be noted that higher harmonics contribute to the
CPR also in conventional junctions.® The contribution is,
however, extremely small unless the transparency is close to
1. The mechanism is also completely different from that in
0° to 45° high-T, junctions where we can have I"'>I', which
is not possible in a conventional junction.

Recently an alternative explanation for the appearance of
a strong second-harmonic current component in 0°-45°
YBCO junctions was proposed.” However, the form of Eq.
(1), and therefore the theory outlined in this work, is inde-
pendent of the details of the microscopic theory.

In order to detect the presence of higher harmonics in the
CPR a phase-sensitive measurement technique is usually
employed.® By carefully studying their dynamics it is pos-
sible to directly see the effect even in single junctions,'® but
direct measurements on phase sensitive devices give more
direct information. We have previously shown'! that a strong
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FIG. 1. (Color online) The shape of the pairing wave function
(a) and the magnitude of the gap (b) in a specular two-dimensional
0°-45° high-T, junction.
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second harmonic in the CPR affects the dynamics of ordi-
nary dc-SQUIDs (superconducting quantum interference de-
vices). Similar results have later been presented by Schneider
et al.'? Gardiner et al. have presented data obtained from
measurements on rf-SQUIDs.!?

The main reason for the interest in 0°-45° dc-SQUIDs is
that it has been suggested that they may potentially be used
as “silent” qubits'# since the ground state energy is double
degenerate at zero field. Realization of this HTS qubit re-
quires junctions with a high quality factor and an unconven-
tional CPR with a well pronounced second-harmonic com-
ponent (note, however, that the effects of a second-harmonic
current component can be clearly visible in the SQUID dy-
namics even for values of « that do not lead to the formation
of a double well’). Recent theoretical work'®!7 has also
shown that “intrinsic” d-wave effects such as quasiparticle
dissipation via zero-energy states are likely to be much less
detrimental than has been previously feared. The demonstra-
tion of macroscopic quantum tunneling!® and resonant
activation'® in 0°-45° biexpitaxial junctions has shown that
it is indeed possible to use these junctions in the quantum
regime.

In this paper we present results that address three topics
relevant for the understanding of 0°-45° SQUIDs and the
usability of such systems in the quantum limit.

(1) What determines the quality factor of a bicrystal Jo-
sephson junction? From studies of biepitaxial junctions'? it is
known that a strong c-axis component in the tunneling often
results in underdamped junctions which make them ideal for
studies and applications in the quantum limit. Here we study
in more detail the effect of the c-axis tunneling component
on the quality factor of SQUIDs. Results obtained from de-
vices fabricated on conventional [001]-tilt bicrystals are
compared to those from SQUIDs fabricated on a novel type
of bicrystal with both [001] and [100] tilt. Junctions with
only [100] tilt have been studied previously?**! and were
shown to exhibit good properties.

(2) What is the temperature dependence of the second
harmonic in the CPR? The onset temperature of the second-
harmonic component in the CPR is predicted to depend on
the barrier transparency of the Josephson junction or
SQUID.! Here we study the effect of the second-harmonic
component on the magnetic diffraction pattern of SQUIDs
with various barrier transparencies at various temperatures.

(3) Is it possible to determine the second-harmonic com-
ponents in the CPR of the two junctions in a SQUID from
magnetic diffraction patterns? From the magnetic diffraction
pattern of a SQUID it is not possible to determine a univocal
set of second-harmonic components without using special
phase retrieval algorithms but by measuring the critical cur-
rents of the two junctions of the SQUID independently we
are able to unambiguously determine the second-harmonic
components in a SQUID.

This paper is divided into five parts. In Sec. II we describe
a general theory for the Josephson dynamics of 0°-45° dc-
SQUIDs. Section IIT describes the fabrication methods used.
In Sec. IV we investigate how the properties of 0°-45° junc-
tions and SQUIDs change with increasing [100] tilt. Section
V describes an experiment performed on a dc-SQUID with
three electrodes where we show that junction parameters ex-
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FIG. 2. Plots of I, vs ¢ patterns that can result from the addition
of a second harmonic to the CPR. The patterns have been normal-
ized to have the same maximum /.. We have used 7'=I4/I},
=yl 1}, and ap g=1I} p/1} 4.

tracted from the SQUID dynamics are consistent with mea-
surements on the individual junctions. Finally, in Sec. VI
experiments on the temperature dependence of the SQUID
dynamics in the range 50 mK to 30 K are presented

II. THEORY

In this section we will outline a qualitative theory that
captures the essential physics of the complex dynamics of
high angle GB Josephson junctions and SQUIDs. The model
is in agreement with measurements and incorporates the ef-
fects of faceting of the GB and a sin 2¢ current component
in the CPR.

When two junctions with a CPR given by Eq. (1) are
integrated in a loop, the resulting dc-SQUID has properties
that differ significantly from what is found in conventional
devices. Assuming the inductance of the SQUID loop can be
neglected, the expression for the total current through the
SQUID, I(¢, ¢,), can be written

I(¢, ) = L. (sin ¢ — a; sin(2))
+ I(sin(¢p+ ¢,) — ag sin 2(d+ ¢,),  (2)

where the subscripts L and R denote the left and right arms
of the SQUID, respectively, and ¢, is the phase difference
between the junctions that is caused by the magnetic flux
threading the SQUID loop. The critical current of the SQUID
can then be calculated from Eq. (2) using

I($,) = . n<13)>i I(o,d,). (3)

These simple equations can give rise to a wide variety of
1. vs ¢ patterns, as shown in Fig. 2.

The most obvious effect of the sin 2¢ term is the appear-
ance of m-periodic features in the patterns. However, unless
the SQUID is asymmetric, the effects are quite subtle with

014503-2



JOSEPHSON DYNAMICS OF BICRYSTAL d-WAVE...

U+ + + P 4
AN O”ﬁ o —
@Xw X X %X © %

7'y A i

4 [TTTT]

FIG. 3. Schematic representation of the grain boundary and its
current distribution. (a) A so called zig-zag junction treated in ex-
ample d. (b) A stochastic interface and the corresponding current
distribution.
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the exception for the periodicity which changes [Fig. 2(a)].
In the extreme case where there is no first harmonic in the
CPR (corresponding to junctions with perfect interfaces) the
SQUID modulation becomes purely m-periodic. Other com-
binations of parameters result in a reduced modulation depth
and a maximum at nonzero field. The latter can, however, be
difficult to distinguish from the effect of the inductance, L, of
the SQUID-loop unless special precautions are taken to en-
sure that LI./®,<<1. The effects are more evident if the
SQUID is asymmetric, i.e., the left and right junctions have
different values of /. and/or «. Note that the maximum of the
extra “hump” is not generally located at ®(/2. Regardless of
the parameters, the patterns are always point symmetric with
respect to zero field.

We showed in a previous letter!! that this simple theory
can be used to explain the properties of 0°-45° dc-SQUIDs
as long as the field modulation of the junctions themselves
can be neglected. If this is not the case, the situation becomes
more complicated. Faceting of the GB plays an important
role and happens at two length scales: Meandering creates
facets that are typically 100-200 nm long and there is also
microfaceting which is related to the lattice structure and has
a typical length scale of 1-2 nm.?? Due to the d-wave sym-
metry the local properties of the GB depend strongly on the
misorientation angle.??

An important consequence of the meandering is the pres-
ence of so-called m-facets in the GB. Ideally, the 0°-45°
misorientation should result in a node-lobe arrangement of
the order parameter in the electrodes (Fig. 1) but since the
GB meanders, the exact arrangement varies. In some of these
facets the arrangement will be, e.g., plus-plus and in some
plus-minus. This means that the phase difference across the
GB due to the d-wave symmetry will be shifted by 7 in some
places resulting in a negative Josephson current density. Note
that this does not necessarily imply a circulating current
along the GB as long as the junction width d is much smaller
than the Josephson penetration depth ;. This is of course a
simplified picture but it captures the essential physics of the
current transport in a d-wave GB junction. A more realistic
model would also need to take into account, e.g., the shape
of the tunneling cone and local variations of the interface
properties.>* But regardless of the details of the model, J.
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varies both in amplitude and sign as we move along the GB.
This results in very complex dynamics.

To summarize, the meandering of the grain boundary re-
sults in a number of phenomena that need to be taken into
account.

* Conventional Josephson currents, presumably due to
tunneling via low-angle facets.

 Transport via bound Andreev states, resulting in a large
second-harmonic component in the CPR.

* Negative currents due to the inclusion of 7r-facets in the
grain boundary.

It is possible to extend the conventional model of Joseph-
son junctions to include both the effects of faceting—
including m-facets—and a second-harmonic component in
the CPR. The meandering of the bicrystal is stochastic and,
hence, it is difficult to directly extract detailed information
about the GB from the properties of a real SQUID. Never-
theless, this simple model can be used to reach a qualitative
understanding. A similar model has been presented by Kor-
nev et al.”> Multichannel models of GB have also been dis-
cussed by, e.g., Neils?® and Lazarides,?’ but without taking
into account the possibility of a second-harmonic in the
CPR.

Following the usual method of deriving the equation that
governs the behavior of a magnetically short junction in a
perpendicular magnetic field B> we introduce

2\B 2\B
Sp=2m——0— Pp(2) =2m——2+ ¢hy. (4)
D, @,
We also introduce J;_; x(z), JiL; g(z), the current densities
for the first and second harmonics as we move along the GB
in the left and right SQUID arm. The thickness w of the
junction is assumed negligible compared to the London pen-
etration depth \. We can write the field dependent critical
current of a dc-SQUID as

dr,
I($,) = mgx WJ J}(2)sin ¢(z) - J}'(z)sin 2¢(z)dz
—m<¢y<m 0

dg
+ Wf ]}e(z)Sln((ﬁ(Z) + ¢x)

0
— J(z)sin 2((z) + py)dz ( (5)

where ¢, is the normalized external flux 27wBA/®,, A being
the area of the SQUID-loop and d  is the width of the left
and right junction, respectively.

In SQUIDs with distributed junctions the resulting /.. vs ¢
pattern is a combination of the SQUID and junction response
to the applied field. The simplest case in the absence of any
interface inhomogeneities is when the SQUID response is
modulated by the junction envelope but the general result is
more complicated. Here we will give a few examples.

a. Ji_; p(2)=J%, Ji; p(2)=0. Equation (5) reduces to the
familiar expression for the magnetic diffraction pattern of a
conventional junction modulated by the SQUID response
21, o|sin(7D/ Dy)| /| 7D/ Dy|-|cos(p,/2)|.

b. J1(2)=J%y, J(2)==Jg, JiL; p(2)=0. This is a model of
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FIG. 4. (Color online) Examples of simulated I, vs ¢ patterns showing the effects of m-facets and the addition of a second-harmonic
current component to the CPR. To each I, vs ¢ pattern four insets are attached. The left insets present the corresponding /.. vs ¢ pattern for
the SQUIDs/junctions and the ones to the right the current distributions J.(z) for the first- (full lines) and second- (dashed lines) harmonic
current components of each junction, respectively. Jl-o was set to 1 kA/cm? in all four cases except for (d) where the average of ]f-o equals
1 kA/cm?. In (c) and (d) JICIO and the average Jf,IO are set to 80 A/cm?. In (a) a m-SQUID is modeled. In the right inset one can see that the
sign of J, for the two junctions differs. The /. vs ¢ pattern has a minima at zero field but the envelope of the SQUID and its junctions has
a conventional shape. (b) The I.. vs ¢ pattern for a so-called zig-zag junction. The GB is modeled by letting every second facet be a m7-facet,
which causes the resulting current distribution to alternate between +J, and —J,4. In (c) a second-harmonic current component is added to
the zig-zag model described above. The current distribution for the second harmonic is constant and the /.. vs ¢ pattern for the SQUID show
mr-periodic features. In (d) the results for a SQUID with stochastic current distribution are shown. The meandering of the GB causes Ji and
J? to fluctuate. The pattern is highly asymmetric and in qualitative agreement with experimental data. We are able to see how the first
harmonic and second harmonic via Eq. (1) add up to an envelope. This methodology can be transferred to the more complex I, vs ¢ pattern
of the SQUID. The effects of the second harmonic are most visible at zero magnetic field where it has its global maxima, but are manifested

at higher fields as well.

a so-called 7-SQUID,? i.e., a dc-SQUID with a conven-
tional CPR and one conventional (“0”) junction and one
ar-junction. The resulting pattern shown in Fig. 4(a) has a
minimum at zero field but a junction envelope with a con-
ventional shape.

. S q@=T[Sh_2(=1M0(—a-m)-1], JiL, x(z)=0,
where O(z) is the Heaviside step function, N,y z denotes the
number of facets, and a the typical length of each facet so
that d=a-N. This is the so-called zig-zag model of a GB
discussed by Smilde et al.>

The net effect of the faceting is modeled by incorporating
a phase shift of 7 for every second facet, i.e., J.>0 for the

O-facets and J. <0 for the m-facets. For a SQUID possessing
identical junctions with even number of facets I is given by

Jrowd

I[(P)= max

—T<y<m

N2
2> {(— nm cos(zwq)ﬂ”
m=0

®, N
D,

—1—cos(§) (cos(dy) + cos(do+ b)), (6)

0
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TABLE I. The parameters for the dc-SQUIDs used in this work.
All parameters are at 4.2 K and zero magnetic field.

Junction 1. Area L

Sample width (um) uA um?> pH g, Type
SQ1 2 47 15X15 41 0.19 0°-45°
SQ2 4 18 5X5 11 020 0°-45°%10°
SQ3 1 1.5 7X7 19 0.03 0°-45°+45°
SQ4 4 29 10X10 24 0.70 0°-45°+45°
SQ5 2 10 10X10 26 0.26 0°-45°+45°
SQ6 2 1.5 5X5 12 0.02 0°-45°+10°

Note that I, vanishes at zero field (since the N/2+1 ele-
ments in the sum equals +2 at zero field and the remaining
two terms equal —2), and that its maximum occurs at nonzero
field. One should also note that the magnetic diffraction pat-
tern is a superposition of cosine terms with frequencies
Q2mad/dy)n/N, n=0,1,...,N/2. Thus the behavior in a
magnetic field acts at many different length scales simulta-
neously. When incorporated in a SQUID, the result is as
shown in Fig. 4(b). Note that this special case can only be
realized using hybrid sd junctions (in the work by Smilde er
al. a Nb-YBCO junction was used). There is no second-
harmonic current component since it is assumed that only
lobe-to-lobe tunneling is involved.

d. Ji:L’R(z)=J£O[E%:02(—1”)®(z—a-m)— 1], J]ICI:L,R(Z)=J£I()~
This is the simplest model for the behavior of asymmetric
high-angle GB junctions with faceting and a second-
harmonic component in the CPR. An illustration of the ge-
ometry and corresponding current distribution can be seen in
Fig. 3(a). In the example shown in Fig. 4(c) calculated for a
symmetric SQUID the faceting causes the first harmonic to
alternate sign and behave as in the previous example, the
difference being that we now assume that the angle of the
facets deviates slightly from 45° leaving a nonzero first-
harmonic component. Since the second harmonic is
m-periodic Ji; p(z)=constant, the second harmonic will
form a Fraunhofer pattern with periodicity 27®/®,,. Thus,
the effect on the SQUID pattern will be evident at low field

but also at higher field where I''/ ' is sufficiently large.
e. J IIc:L,R(Z) =J z-o,k:L,RX (Di=r.rs E:L,R(Z) =J ?O,k:L,Rﬂ(Z)IFL,R'

This is the most realistic model of a real GB. The interface
structure is depicted in Fig. 3(b). The meandering of the GB
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causes J,. to fluctuate and so does the relative magnitudes of
the harmonics. —1 <y, x<<1 and 0<¥;_; x<<1 are sto-
chastic variables. Assuming that the properties change appre-
ciably on a scale set by the length of a facet ~100 nm, this
would mean that the dynamics of a SQUID with 4 wm junc-
tions is described by 80 independent variables. In general,
these SQUIDs are asymmetric also with respect to the aver-
age (J,) and the effective value of « in each junction. In the
example shown in Fig. 4(d) the influence of the second har-
monic is manifested at low field and the m-faceting causes
the maximum /.. to be shifted to nonzero fields. This example
also demonstrates that the effects of the second harmonic are
only visible through the lack of B symmetry and through
small modulations at certain fields that sometimes disappear
altogether when the field strength is increased.

Due to the complex nature of the GB, it is difficult to
extract reliable values for each current component from ex-
perimental /. vs ¢ patterns. We have previously shown that it
is indeed possible to mimic the behavior numerically by us-
ing a curve fitting procedure with good result.'' One should
be aware, though, that since there are many free parameters it
is possible to obtain a solution which is not necessarily the
true one. Another tempting method would be to use a Fourier
transform. However, the nature of the Fourier transform re-
quires a SQUID with identical junctions in order to extract
the current components accurately. Furthermore, since the
current is proportional to the maximum of the CPR the spec-
trum is very complex. Even in the case of a SQUID with a
conventional CPR we have o |sin({)¢)| resulting in a spec-
trum which consists of a set of frequency peaks. Thus, in
general it is not possible to extract anything more than quali-
tative information about the presence of a second harmonic
from the spectrum without the use of special phase retrieval
algorithms.3!32

Note also that the model outlined here does not include
the effects of thermal noise. Since 0°—45° junctions always
have relatively low critical currents (of the order of a few
#A) thermal smearing of the I-V characteristics is an issue
even at 4.2 K. Hence, this effect needs to be taken into ac-
count when interpreting temperature-dependent data.

III. SAMPLE FABRICATION AND MEASUREMENT
TECHNIQUES

All samples used in this work were fabricated on SrTiO5
bicrystals using our standard amorphous carbon process.?33*
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FIG. 5. (Color online) Geometry, I-V curve, and modulation of SQ1 which is a dc-SQUID fabricated on an ordinary 0°-45° [001]-

bicrystal and measured at 4.2 K.
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FIG. 6. (Color online) Geometry, I-V curve, and modulation of the device denoted SQ2, a 0°-45°+10° SQUID, measured at 50 mK.
This device was made with 4-um-wide junctions resulting in the junction modulation being visible on the same field scale as the SQUID

modulation.

Three different types of bicrystals were used: 45° [001] tilt
and 45° [001] tilt with an additional 45° or 10° [100] tilt. The
latter will be referred to as tilt-tilt. In Table I we use the
notation a— B+ vy for a bicrystal formed by an - misori-
entation angle with respect to the [001] axis and an addi-
tional tilt -y with respect to the [100] axis.

The main idea behind fabricating such new bicrystal sub-
strates is that in a tilt-tilt GB the direction of current flow is
potentially in the c-axis direction, this has been shown to
lead to highly hysteretic junctions.'® The geometry of the
samples used in this work can be seen in Figs. 5(a), 6(a), and
7(a).

The fabrication starts by the deposition of a 250 nm
YBCO film using pulsed laser deposition. The film is capped
in situ with a 20 nm layer of gold. Another layer of 30 nm of
gold is then deposited ex sifu.

Contact pads and alignment marks are first patterned in a
200 nm Au film using an e-beam lithography lift-off process.
Fine rulers (0.5 wm pitch) are also defined in the same step
to enable the optical localization of the GB. The design of
the chip is adjusted according to the actual GB position on
the chip thus allowing a 0.2 um positioning accuracy of the
pattern with respect to the GB. We then deposit an amor-
phous carbon layer (120 nm) by e-beam evaporation. The
chip design is patterned onto a Cr mask by lift-off. The pat-
tern is then transferred to the a-C mask by oxygen plasma
etching through the Cr mask. The YBCO film is then ready
to be etched by Ar ion milling through the positive a-C
mask. The final stage involves stripping the residual a-C

a) b)

mask and Au layer covering the YBCO, rendering devices
ready for measurement.

The loop sizes and junction widths were effectively deter-
mined by the requirement that the junctions should not
modulate appreciably in the same field range as the SQUID
response. Moreover, all devices were designed to have a
junction width d<<\; in order to avoid complications due to
self-generated flux,?> which is known to affect the dynamics
of long junctions.®

The samples were measured using two different measure-
ment setups. Both systems are magnetically shielded and lo-
cated in EMI-shielded rooms. For measurements in the tem-
perature range 0.3—30 K we used an Oxford Instruments
Heliox VL *He system. An Oxford Model 200 dilution re-
frigerator was used for measurements down to 15 mK. The
critical current was measured by ramping the current and
detecting when the voltage exceeded a voltage criterium, the
latter being determined by the noise level and the shape of
the I-V curve; usually a value of 5—-15 uwV was used.

One complication in designing and characterizing these
devices is that in order to unambiguously say that the dy-
namics is affected by a second-harmonic current component,
the SQUID should be asymmetric both with respect to I.g ..
and a; . Due to the meandering of the GB, there is usually
a relatively large spread in critical current between junctions
fabricated on 0°-45° bicrystal substrates; the total critical
current can vary by as much as a factor of 2-3 even between
two nominally identical junctions. Therefore, even though
the samples are symmetric by design, there is usually enough
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FIG. 7. (Color online) Geometry, I-V curve, and modulation of SQ3 at 50 mK. Due to the 45° [100] tilt the SQUID is underdamped. The
shape of the SQUID modulation indicates the presence of a strong second-harmonic component in the CPR of the junctions.
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26

FIG. 8. Measurements at large
field of sample SQ4 at 4.2 K.
The insets show the behavior
around zero field as well as at el-
evated fields. At around 1.1 mT
the mr-periodic feature is no longer
visible but it reappears again at
1.7 and 2.5 mT, these values
correspond to maxima of the sec-
ond harmonic. Shown for com-
parison is also the pattern one
would expect from a SQUID with
uniform junctions and a CPR with
no first-harmonic  component,
I=1"sin 2.

2 -1 0 1 2
Magnetic field (mT)

parameter spread to clearly show the effects we are inter-
ested in.

IV. MEASUREMENTS

We have performed measurement on a wide variety of
samples. Here we will present data from six SQUIDs with
different geometries fabricated on three different bicrystals.
The samples are denoted SQ1-SQ6 and the parameters can
be found in Table 1.

The properties of SQUIDs fabricated on ordinary [001]-
tilt bicrystals were discussed in our previous work!! and the
results shown in Fig. 5 are very similar to those already
presented there. The current-voltage (I-V) characteristics and
the modulation shows that the SQUID is overdamped and
exhibits an anomalous current modulation with a clear
second-harmonic component. The shape of the modulation,
similar to the numeric result shown in Fig. 2, also shows that
the SQUID is asymmetric with respect to the properties of
the junctions despite having a geometry where the junctions
are nominally identical.

The main difference between the samples fabricated on
ordinary bicrystals and the novel tilt-tilt type is that the latter
exhibits hysteretic current-voltage characteristics. This can

be seen in Fig. 6, which shows a measurement of a SQUID
fabricated on a bicrystal with a =10 [100] tilt added in addi-
tion to the 45° [001] tilt. The change in current voltage char-
acteristics is presumably due to the c-axis transport. A small
amount of doubling is present in the field modulation.
When the [100] tilt is increased even further to 45° as in
Fig. 7 the SQUIDs generally become highly hysteretic and
have a relatively large Q value.’” Using the Zappe approxi-
mation for the Stuart-MacCumber parameter®® we get

2 (m-2/L)
Wi

Whereas hysteretic SQUIDs fabricated on conventional
[001] bicrystals exhibit ordinary modulation'> we now retain
the same type of analogous modulation as in Fig. 5. This
demonstrates that the presence of a strong second-harmonic
component does not preclude devices with high Q values.
By applying higher fields it is possible to examine the
field dependence of the junctions. Figure 8 shows a measure-
ment of the SQUID denoted SQ4 at large fields where the
modulation due to the junctions is visible. The fact that we
only have a local minimum (as opposed to a global maxi-
mum) in the center implies that m-facets are indeed present

B. 74.
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in the GB. Without the contribution of negative currents,
there is always a global maximum at zero field. m-periodic
features are only visible at certain values of the applied field
where the I''/1' ratio is large enough. As pointed out in Sec.
IT this is most likely to happen when the second harmonic
has a maximum.

The insets of Fig. 8 show the SQUID modulation in dif-
ferent field ranges. A m-periodic feature is visible near zero
field, but the SQUID modulation has a conventional shape at
slightly higher fields. This behavior is similar to the numeri-
cal result shown in Fig. 4(d). When the field strength is in-
creased to 1.5 mT mr-periodic features are again visible since
the second maximum of the second-harmonic current com-
ponent is reached.

V. COMPARISON BETWEEN SQUID AND INDIVIDUAL
JUNCTION DATA

As has already been pointed out it is very difficult to
extract any quantitative information about the properties of
the junctions from studying the SQUID response. This is due
to the large number of free variables involved which means
that there are several sets of parameters that fit the data
equally well. In order to verify that the anomalous modula-
tion we see in our experiments can indeed be attributed to
properties of the junctions themselves, we fabricated
SQUIDs where one electrode was split into two branches.
This made it possible to first characterize the SQUID and
then separate the junctions by cutting the loop into two using
a focused ion beam (FIB), so that both junctions could be
measured independently. This drastically reduces the number
of free variables and we are left to determine «; and aj by
fitting the data to Eq. (2).

We present data from the device denoted SQI in Fig. 9.
The SQUID had a maximum critical current of 4.6 ©A and a
normal resistance 17 ) at 4.2 K. The measured periodicity
of the SQUID deviates 37% from what one would expect
from the hole area, we attribute this to a flux-focusing effect
(the effective area of the SQUID corresponds to 16.8
X 16.8 um?, which is in good agreement with numerical
simulations®).

To avoid gallium poisoning of the GB during the etching,
a dual-beam FIB was used to cut the loop. All imaging was
then done using the integrated scanning electron microscope
and the total dose to the GB was minimal. The junctions
were located approximately 10 um from the point where the
cut was made. The junctions were characterized at 4.2 K and
were found to have critical currents of 3.1 and 1.1 uA, re-
spectively. These values did not change appreciably in the
magnetic field range used here. The normal resistances were
about 40 and 37 (), consistent with the resistance of the
SQUID.

In order to fit the data we assume that the SQUID has a
field-dependent CPR of the form given by Eq. (2) and that
the critical current of each junction is given by
max 4{/' sin ¢p— 1" sin 2¢b}.

The solid lines in Fig. 9 show the result of a fit to Eq. (2).
In order to fit the data we have used I.,=3.5 uA, I
=1.1 uA, a;=4.2, and ax=0.72. Using these parameters fit
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FIG. 9. Measurements of a three-electrode device before and
after the loop was cut using a FIB at 4.2 K. The SQUID modulation
as well as the I-V curves of the junctions of the left and right
arms are shown. The full lines in the left figure are fitted using
ap=0.72 and a;=4.2, respectively. A background field of approxi-
mately 2.2 uT is assumed in order to fit the data. The /-V charac-
teristics of the junctions under 5 GHz microwave irradiation are
also shown. Shapiro steps are easily distinguished.

to calculate the critical currents of the junctions we get val-
ues of the critical currents that are about 10% higher than
those actually measured. Note that the maximum current of
the modulation is given by the usual expression I, =I.
+1.x and is not related to the values of a; g. No excess cur-
rent was used to fit the data. This is consistent with the fact
that the supercurrent in both junctions could be almost com-
pletely suppressed using microwave irradiation. Several Sha-
piro steps were seen in the /-V characteristics of both junc-
tions.

VI. TEMPERATURE DEPENDENCE OF THE CURRENT
MODULATION

Since the first and second harmonics in Eq. (1) are carried
via different transport mechanisms, they have different tem-
perature dependencies.*>® The channels that carry the sin 2¢
component will have a negligible J. at temperatures kgzT
>D|A|, A being the superconducting gap and D the trans-
parency of the junction, but can dominate the transport
through the junction at low temperatures. This results in a
strong temperature dependence of the effective CPR (see,
e.g., Refs. 41 and 1). The exact behavior is difficult to predict
since it depends on the local properties of the GB and these
are not directly accessible in experiments. The distribution of
misorientation angles and local transparency, the presence of
impurities/vacancies in the GB, the shape of the tunneling
cone, vary over the length of the junction. Thus, the exact
temperature dependence will be sample dependent.

In Fig. 10 we show data from the SQUID denoted SQS5.
As expected the SQUID has a conventional modulation at
high temperatures but as the temperature is lowered below
15 K the m-periodic feature starts to be clearly visible. As the
temperature is decreased even further this feature grows until
a well developed “hump” becomes visible. As was noted
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FIG. 10. Temperature dependence of the /.-B pattern for sample
SQS. At 30 K the modulation is close to a conventional shape, but
as the temperature is lowered a 7-periodic component becomes
visible and is clearly seen at temperature below 15 K.

above it is hard to extract the current components from the
modulation meaning it is difficult to quantify the temperature
dependence. However, the temperature range where the fea-
ture becomes significant, 15-20 K, is consistent with previ-
ous results by I’ichev et al.®

When both junctions and the SQUID modulate in the
same magnetic field range, the temperature-dependent data
will look like in Fig. 11. It shows critical current measure-
ments on the SQUID denoted SQ6 between 50 mK and
11.5 K. When the temperature is decreased, new features
appear at fields corresponding to twice the usual frequency.
The pattern becomes highly irregular since the dynamics of
both the junctions and the SQUID are affected by the second
harmonic.

In this sample the effects of the second harmonic were
only visible at very low temperatures. This is consistent with
the low critical current value since this implies a low trans-
parency interface. It is also in agreement with the results
presented in Ref. 10 where the onset temperature was re-
ported to be below 1 K for a junction with an average junc-
tion transparency 1074,

VII. SUMMARY AND CONCLUSION

0°-45° GB dc-SQUIDs are very complex devices. The
critical current of nominally identical junctions can vary by a

PHYSICAL REVIEW B 74, 014503 (2006)
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FIG. 11. Critical current modulation of SQUID SQ6 at four
different temperatures. From top to bottom: 50 mK, 4.2, 7.2, 9.1,
and 11.5 K. Note how the envelope in the inset changes as the
temperature decreases. This change shows that the second harmonic
in the CPR not only affects the SQUID modulation but also the
magnetic diffraction patterns of the junctions.

factor of 2-3 and the amplitude of the second-harmonic Jo-
sephson current component varies by a factor of 4 in our
experiments. This implies different local structures of the GB
which are reflected both in the number of m-facets and the
relative magnitude of the harmonics of the effective CPR of
each junction. Furthermore, low-angle facets can completely
dominate the current transport since the local critical current
density is angle-dependent due to the d-wave symmetry. A
large value of « is only possible where these facets are ab-
sent or the effective magnitude of the conventional Joseph-
son current is reduced due to m-facets. It is therefore not
surprising that the junctions of SQUIDs that show a strong
effect of the second-harmonic Josephson current often have
I, vs ¢ patterns which are asymmetric with respect to zero
field and have a minimum in the center (the pattern is, how-
ever, always point symmetric). The minima can be attributed
to the presence of m-facets and the asymmetry to the second-
harmonic term (assuming flux trapping can be ruled out in
the experiment). It is often the case in both experiments and
simulations that any visible 7r-periodic features of the
SQUID modulation disappears when the strength of the ap-
plied field is increased. This is due to the two current com-
ponents in the junctions having different field dependencies,
essentially the magnetic diffraction patterns of the first- and
second-harmonic currents are different, which is reflected in
the resulting total interference pattern of the SQUID. This is
consistent with the reasoning above and the fact that the
features often reappear as the strength of the field is in-
creased even further. Hence, the stochastic nature of a real
GB means that a high-angle HTS junction incorporates many
different effects; all of which can be attributed to the d-wave
symmetry of the pairing wave function.

The temperature dependence of the modulation is consis-
tent with the first- and second-harmonics of the CPR having
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different temperature dependencies.*> That we see a strong
effect of the second harmonic up to temperatures of 15 K
implies a relatively large transparency D of the junctions
despite the low critical current. However, there is a large
discrepancy between indirect measurements of the effective
D of the junction via the normal resistance and what can be
inferred from the relative magnitude of the harmonics using
microscopic theory. Again, this is probably due to the fact
that most theories do not take the complicated nature of the
GB into account.

In order to utilize the effects of the unconventional CPR
in the quantum regime we need underdamped junctions.
However, in our previous experiments with conventional
[001]-tilt bicrystals, all structures that exhibited strong
second-harmonic behavior were overdamped. On the other
hand, bicrystals with both [001] and [100] tilt seem to be
almost ideal for this type of experiment as has been shown
here. We can only speculate about the reason for the differ-
ence in behavior at this point. Theoretically, a strong second-
harmonic contribution implies junctions with high transpar-
ency, which is at odds with a tunnel-like behavior. It is not
clear how the transport is changed by the additional [100]
tilt, if it simply changes the properties of the interface or if
the effect is related to more fundamental properties such as
the orientation of the tunneling cone with respect to the pair-
ing wave function.

The intrinsic dissipation in this type of junction might not
spell doom for a d-wave qubit. However, it is important to
remember that there are many other sources of dissipation in
a Josephson junction and many of these—such as the pres-
ence of two-level fluctuators in the barrier—are difficult to

PHYSICAL REVIEW B 74, 014503 (2006)

control even when using junctions fabricated from conven-
tional superconductors, despite using well-established fabri-
cation processes. Hence, it is therefore possible that such
effects will also be what ultimately limits the performance of
any real implementation of a HTS qubit. At the time of this
writing we can only conclude that more research is needed
before we can answer these questions.

Although there are still some unanswered questions which
warrant further investigation we now believe we have a good
understanding of the dynamics of 0°-45° GB dc-SQUIDs.
As long as all the relevant effects are properly taken into
account theory is in qualitative agreement with experiment.
Our experimental results are encouraging and indicate that
the tilt-tilt bicrystal is a promising candidate for experiments
with HTS structures in the quantum regime. By increasing
the [100] tilt of the bicrystals we increase the hysteresis of
SQUIDs and we attribute the relatively high Q value to the
c-axis transport. The unconventional CPR can give rise to a
doubly degenerate ground state. These devices are poten-
tially very interesting for qubit applications.
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