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We present a study of the anisotropy of the inductance in (103) YBa,Cu30;_5 (YBCO) films. YBCO
superconducting quantum interference devices (SQUIDs) were fabricated by the biepitaxial technique.
SQUIDs with (001)- and (103)-oriented YBCO electrodes characterized by different grain-boundary angles
were realized on the same chip. Two extrainjection lines were attached to the (103) YBCO electrode. These
devices, when operated in current injection mode, allow us to measure the inductance of the (103) YBCO
electrode. We have found that the inductance L of the (103) YBCO can differ by a factor of 20 in the two
extreme cases: L determined by current transport parallel to the ab planes and L dominated by the transport in
the c-axis direction. The full in-plane angular dependence of the inductance has been obtained by considering
geometrically identical SQUIDs oriented with different angles with respect to the [100] direction of the (103)
film. From these measurements, we have determined the London penetration depths in the ab direction A\, and

the ¢ direction A\, and their temperature dependence.
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I. INTRODUCTION

Josephson junctions (JJs) are considered the main build-
ing block for a host of exciting applications, ranging from
classical electronics! to quantum informatics.> The physical
properties of JJs have been well understood for conventional
low critical temperature superconductors. Here, the resis-
tively and capacitively shunted junction (RCSJ) model**
well describes the dynamics of the system both in the clas-
sical and quantum limits. However, all the knowledge con-
solidated in the past three decades cannot be directly applied
to JJs made of high critical temperature superconductors
(HTS). The dynamics of HTS JJs becomes more intricate.
The complex phenomenology derives both from intrinsic
properties, such as the unconventional d-wave order param-
eter and anisotropic charge transport, and unavoidable struc-
tural material aspects such as faceting of the grain-boundary
line.

Quite recently, experiments performed on a YBa,Cu307_s
(YBCO) IJ realized by the biepitaxial technique on a (110)
SrTiO; (STO) substrate have shown that the classical and
quantum dynamics cannot be described by the conventional
RCSJ model.>”7 Here the grain-boundary junction is formed
at the interface between the (103) YBCO film grown on the
STO substrate and the (001) YBCO film obtained on a (110)
CeO, (CeO) seed layer. For these Josephson junctions, the
RCSJ model has to be extended taking into account the effect
of the environment in close proximity of the grain boundary
(GB).*%° In more detail, the stray capacitance Cg due to the
substrate and the stray inductance Lg of the superconducting
electrodes form an additional LC resonant circuit connected
in parallel to the junction. The implementation of HTS JJs in
classical and quantum electronics does require a proper un-
derstanding of the origin of these stray elements. An impor-
tant example is given by superconducting quantum interfer-
ence devices (SQUIDs) where an additional inductance term
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can strongly affect their functionality.!” At the same time,
HTS junctions have been also suggested for the realization of
high performance quantum bits (two level system) taking
advantage of the intrinsic properties of the d-wave order-
parameter symmetry.!! Under certain circumstances, the
presence of an LC stray circuit will strongly influence the
dynamics and operation of the two level system.%?

In the junctions studied in Ref. 6, the stray capacitance
has its origin in the large value of relative permittivity of the
STO substrate. The stray inductance of the YBCO electrodes,
instead, may have different origins related to the microstruc-
ture of the grain-boundary (filamentary transport'?) intrinsic
Josephson effect between ab planes and/or to the anisotropy
of charge transport.'3 This last point is particularly important
when the current transport has a significant c-axis component
in the (103) electrode. Since YBCO has a large London pen-
etration depth A, in the c-axis direction, Ly may have a quite
significant contribution coming from the kinetic term L;
~\21

Here we report measurements of the full in-plane angular
dependence of the kinetic inductance contribution in biepi-
taxial dc-SQUIDs operated in the current injection mode,
where two extracurrent injection leads are attached to one of
the electrodes. With this configuration, one can get a direct
measure of the inductance of the electrode connected to the
injection lines and in certain conditions of the London pen-
etration depth.

Several methods have been used to measure the magnetic
penetration depth X in YBCO. Muon spin relaxation,'* mag-
netically modulated microwave absorption in thin-film
samples,'> susceptibility measurements of magnetically
aligned powders,'®!” measurements of the magnetic field
patterns in single junctions,'®!° or measurements of the op-
tical conductivity at 7> T, (Ref. 20) are some important ex-
amples. For bulk samples, the penetration depth in the ab
plane X\, is 130—140 nm;'®!7 whereas in the c-axis direction,
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FIG. 1. (Color online) (a) Sketch of YBCO GB structure with
different interface orientation. In the (001) YBCO electrode, which
is grown on the CeO, seed layer, the CuO planes are parallel to the
(110) substrate surface with a 45° rotation around the ¢ axis. In the
(103) electrode, which is grown on the (110) STO substrate, the
CuO planes are slanted by 45° with respect to the substrate surface.
The big arrows indicate the current path in the (103) electrode par-
allel to the grain boundary. (b) Normalized current components in
the CuO planes i;(bB and in the c-axis direction iim for the charge
transport parallel to the GB in the (103) electrode as a function of
angle 6.

N, is 1 um or less for optimally doped YBCO.!®!720 The
penetration depth is highly dependent on the doping level.
Values as large as 550 nm for A\, (Ref. 21) and 7.80 wm for
\. (Ref. 20) have been reported for thin-film samples with
critical temperatures of 42 and 53 K, respectively.

However, a complete study of the dependence of the Lon-
don penetration depth as a function of the direction of charge
transport with respect to the YBCO ¢ axis is still missing.
Our experiment initiated by the need to clarify the dynamics
of HTS Josephson junctions provides a unique opportunity to
investigate the anisotropic properties of HTS in a wide range
of temperatures.

II. EXPERIMENTAL

The geometry of the GB structure and the orientation of
the d-wave order parameter are sketched in Fig. 1. Here, 6 is
the angle between the grain-boundary line and the [001] in-
plane direction of the STO substrate. In the (103) YBCO
electrode, the charge transport parallel to the GB will have
both components in the CuO planes (ab planes) and ¢ axis
direction [see Fig. 1(a)]. As a function of the angle 6, we can
write for the normalized current components in the ab planes
13=[(1/2)sin? 0+ cos? 6)]"2 and for the c-axis component

"Gha—

i,”=(1/2)"*sin 6. The two current components are shown
in Fig. 1(b). In the (103) YBCO electrode at #=0°, the
charge transport parallel to the GB will be fully in the ab
plane. For 6=90°, the transport parallel to the GB will have

equal components in the ab and c-axis direction of the crys-
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FIG. 2. (Color online) (a) Optical micrograph of a SQUID with
rotation angle #=30°. The grain boundary is indicated by a dashed
line. The lower part is (103)-oriented YBCO grown on (110) STO
and the upper part is (001) oriented YBCO grown on a seed layer of
CeO. The distance between the JJs is /=24 um and the width of
the (103) electrode is w=11 um. (b) Schematic sketch of the mea-
surement setup. The JJs are indicated by the crosses. (c) Schematic
sketch of the orientation of the CuO planes (ab planes) in the (103)
and (001) electrodes for this SQUID geometry. In the (001) elec-
trode, the CuO planes are parallel to the substrate surface; whereas
in the (103) electrode the CuO planes are slanted by 45° with re-
spect to the substrate surface. For §=0°, the control current flows in
the ab planes, while for §=90° it has equal components in ¢ and a
directions of the (103) electrode. Depending on the current path, the
kinetic inductance of the (103) electrode changes.

tal. Since the YBCO film thickness is smaller than the Lon-
don penetration depth, for charge transport parallel to the GB
the kinetic inductance in the (103) electrode is proportional
to L~ IN%;," where [ is the distance between the two Joseph-
son junctions [see Fig. 2(a)]. The effective London penetra-
tion depth A is defined by considering the current flow
contribution in the ab planes and in the c-axis direction. This
results in an expression for A,

1
e =2, cos® 6+ 5()\3 +\y)sin’ 6. (1)

To enhance the inductance of the (103) YBCO electrode,
we used a specific SQUID geometry elongated in direction
parallel to the GB [see Fig. 2(a)]. The SQUID hole was kept
24X 1 um?; the width of the JJs and the (001) electrode
were 2.7 um. The width of the (103) electrode w was
11 wm. Additionally, the (103) electrode was equipped with
two current injection leads at both ends.

A set of SQUIDs with 6 ranging from 0° to 90° with 10°
spacing was patterned on the same chip. In Fig. 2(c), the
orientation of the CuO planes in the (103) electrode is shown
for #=0° and 90°.

The samples were prepared by the biepitaxial technique
described in detail in Refs. 22 and 23. Briefly, a 20-nm-thick
seed layer of CeO, was deposited on a (110)-oriented STO
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substrate, having a vicinal cut of 6°, by the pulsed laser
deposition (PLD). The seed layer was patterned using the
direct electron-beam (e-beam) lithography and Ar*-ion etch-
ing through an amorphous carbon (a carbon) mask. The re-
sidual a carbon was removed by low power oxygen plasma
etching and a 100-nm-thick layer of YBCO was deposited by
the PLD. On the STO substrate, the YBCO grows (103) ori-
ented and on the CeO seed-layer (001) oriented. At the
boundary of the seed layer, an artificial GB is formed. Gold
contact pads were made in another lithography step and fi-
nally the YBCO is patterned using the direct e-beam lithog-
raphy and Ar*-ion etching through an a-carbon mask. It is
important to point out that the vicinal cut of the (110) STO
substrate ensures a single domain (103) YBCO growth?® and
consequently a homogeneous current flow across the whole
film thickness.?* On the contrary, on exact (110) substrates

because of a mixture of (103) and (103) YBCO growth, the
charge transport is no longer homogeneous. In this case, the
current flows in a helical manner along 90° twist boundaries
between (103) and (—103) grains.?

All measurements were done in an Oxford Heliox VL *He
refrigerator. The cryostat is magnetically shielded and lo-
cated in an electromagnetically shielded environment. The
switching currents of the SQUIDs were measured by ramp-
ing the current and detecting the transition from the 0 voltage
state to the finite voltage state. A voltage threshold of typi-
cally 5-20 wV was used depending on the noise level.

The measurements of the (103) electrode inductance L3
were done by operating the SQUIDs in the direct current
injection mode?® [see Fig. 2(b)]. A known current I ,; was
sent via the control lines through the (103) electrode of the
SQUID while the switching currents of the device were re-
corded. The induced phase difference between the two junc-
tions equals I L3 (see the Appendix). The switching cur-
rent of the SQUID is a 27 periodic function of the phase
difference between the two JJs.2’ Thus, the electrode induc-
tance can be extracted from the period of the switching cur-
rent pattern: L;g3=®Py/ Al y, where Al is the period of the
switching current pattern and @ is the superconducting flux
quantum.?’

Figure 3 shows the switching current pattern of two
SQUIDs as a function of the control current through the
(103) electrode measured at T=280 mK. One can clearly see
the difference in periodicity Al related to the larger com-
ponent of transport along the YBCO c¢ axis in the case 6
=90° compared to §=40°.

The inductance values extracted from the current injection
measurements are presented in Fig. 4 for various angles 6.
An increase by a factor of 20 is observed between the two
extreme angles #=0° and 90°.

The total inductance of the (103) electrode can be ex-
pressed as

/
L103 :Lgeo+ Lkngeo+ MOE)\gff’ (2)

where Ly, is the geometric inductance of the electrode,
which is related to the magnetic flux threading the SQUID
loop due to the injection current, / is the distance between the
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FIG. 3. Magnetic diffraction pattern as a function of control
current /., for two SQUIDs with rotation angles #=40° and 90° at
T=280 mK. The inductance of the bottom electrode can be ex-
tracted from the modulation period Al.

two JJs, w is the width, and t is the thickness of the (103)
electrode [see Fig. 2(a)].

It is worth pointing out that Egs. (1) and (2) are only valid
for a homogeneous current flow along the length [/ of the
(103) electrode; that is, the current flow is parallel to the GB
and a homogeneous current injection along the whole width
w of the electrode. For our SQUID geometry, this is a good
approximation for angles 6>40°. For §<40°, the current
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FIG. 4. (Color online) Measured inductance of the lower (103)
electrode of the SQUIDs Ljo3=Lge,+Ly as a function of the angle ¢
at 7=280 mK (closed circles). The measurements were done by
operating the SQUIDs in current injection mode. For 6=0°, L g3
=13 pH; whereas for #=90° the inductance increases by a factor of
20-265 pH. The solid line is a fit of the inductance with respect to
the angle 6 which is obtained by numerically calculating the current
distribution in the (103) electrode. From the fit, one obtains A\,
=270 nm and A\,=4.4 um. The dashed line is the inductance cal-
culated from the analytical expression [Eq. (2)]. The inset shows the
extracted values of the effective penetration depth A from the
experimental data of L,o3 as a function of angle  for 6=40° (solid
circles). The solid line is the analytical expression of the effective
penetration depth [Eq. (1)].

214513-3



JOHANSSON et al.

coming from the injection leads will redistribute along the
(103) electrode having components both parallel and perpen-
dicular to the GB line, giving rise to corrections to the ana-
lytical expression of the inductance given by Eq. (2). There-
fore, we calculated numerically the current distribution in the
(103) electrode taking into account the anisotropy of the
London penetration depth and the finite width of the current
injection leads.?®?° From the current distribution, we can ex-
tract both the geometric and kinetic components of the in-
ductance. We obtain the best fit of the measured inductance
values as a function of 6 for \,,=270 nm and \.=4.4 um,
which is shown as a solid line in Fig. 4. For comparison, the
inductance as a function of € calculated from the expression
given by Eq. (2) is shown as a dashed line in Fig. 4(a) using
the same values for A\, and \.. For the geometric inductance,
we used Lg,=6.3 pH, which we determined from the nu-
merical calculation of the current distribution in the (103)
electrode for #=0°. One can clearly see that the analytic
expression of the inductance as a function of angle 6 agrees
well with the numerically determined L;y3(6) for 6>40°,
while it deviates for §<<40° due to the redistribution of the
injection current in the (103) electrode. With Egs. (1) and
(2), one can extract from the experimentally measured
L,03(0) the effective penetration depth Ag for 6>40°, which
is shown in the inset of Fig. 4.

The extracted values of \,;,=270 nm and A\.=4.4 um are
both larger than what is reported for optimal-doped
YBCO.!%1720 Since the postprocessed film had a transition
temperature 7, of 71 K, we believe that our results are due to
the oxygen depletion. If the reduced T.. is taken into account,
Nu» and A, are in good agreement with the values reported in
Ref. 30 \,,=220 nm for 7,=70 K and in Ref. 20 which
reports A.=3.42 and 5.05 wum for films with 7, of 78 and 58
K, respectively.

The temperature dependence of the London penetration
depth is directly correlated with the superconductive order
parameter. In the past years, numerous experimental investi-
gations have used this tool to reveal the unconventional sym-
metry of the order parameter in HTS. In our sample, we have
the unique possibility to simultaneously measure the tem-
perature dependence of A\, and A\, and, in principle, to get
insights into the properties of YBCO.

The (103) electrode inductance was measured with re-
spect to temperature for three SQUIDs #=0°, 40°, and 50°.
The results are presented in Fig. 5. We use the Gorter-
Casimir two fluid approximation with an arbitrary exponent
n to fit our data,

NT) =\ (0) (3)

_ 1

<T)n'
1=(=
T,

From Egs. (1) and (3), we derive the expression for the tem-
perature dependence of A ¢ with respect to 6,
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FIG. 5. Normalized temperature dependence of No(T)/ AT
=0) for #=0°, 40°, and 50°. The data (open symbols) follow the
Gorter-Casimir two fluid dependence (solid line) with exponent n,.
equal to 2.15+0.5 for N, (#=40° and 50°) and n,,=1.5*+0.2 for
Nap(0=0°) (see text for details). (Inset) log {1 —[Neg(0)/ Nege(T) ]}
is plotted versus log;o(7/T,) for 6=0°, 40°, and 50°. From the slope
of the curves, the exponents n,, and n. are determined.

A2, 1 +cos® 6

)\i sin” 6

A2y 1+cos? 61 —r%’
)\_f sin” ¢ 1= b

1+
\2(6,0)

\2(6.T)

= (1~ 1) (4)

1+

where t=T/T, and n,, and n. are the exponents for the tem-
perature dependence of the London penetration depth in ab
and ¢ directions, respectively [see Eq. (3)].

For 6=0°, where the current transport in the (103) elec-
trode is parallel to the ab planes, we get from Egs. (1) and
A3).

Nei(0=0°,0)  A2,(0)
N(0=0°.T)  \2(T)
For 6>0°, since \,,<<\., we get from Eq. (4),
Nei(0>0°.0)

\{(6>0°.T)

=(1- '), (5)

(I =1"%). (6)

The temperature dependence for finite angles, where A g
is dominated by the c-axis component (#=40° and 50°), is
well described by the Gorter-Casimir approximation (6) with
an exponent n,=2.15+0.05 (see Fig. 5). This result is in
good agreement with the one reported in Refs. 31 and 32
(and confirms that the temperature behavior is doping inde-
pendent). A, which is equivalent to A{0=0°), has a much
steeper temperature dependence as one can clearly see form
Fig. 5. A fit with Eq. (5) yields n,,=1.5+0.2. The different
behavior in temperature of A, and A, can be due to various
origins and it is still under investigation.

III. CONCLUSION

We have measured the full in-plane angular dependence
of the inductance of (103)-oriented YBCO films using dc-
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FIG. 6. Circuit diagram of a current-biased SQUID operated in
the current injection mode (see text for details).

SQUIDs in current injection mode. We found that the induc-
tance varies by a factor of 20 which is due to the large
anisotropy of the London penetration depth in YBCO. From
the measured inductance values, we determined A\,
=270 nm and A.=4.4 pum. Moreover, the temperature de-
pendence for A, is well described by the Gorter-Casimir ap-
proximation. The findings are of great importance for the
design of electrical circuits which implement (103) YBCO
films, both in the classical and quantum regimes.
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APPENDIX

In the following, we discuss how the critical current of a
current-biased SQUID operated in the current injection mode
is affected by the control current. Here we consider the
current-biased SQUID depicted in Fig. 6. The upper elec-
trode contains two inductances LY in the left and LY in the
right SQUID arm. The inductances in the left and right arms
of the lower electrode are given by Lf and Lé, respectively.
The dc currents across the two Josephson junctions I, and I,
are given by the first Josephson relation,?’

Iy=1, sin ¢y, (A1)

I=1 sin @, (A2)

where 1., and I, are the critical currents of the two Joseph-
son junctions. ¢; and ¢, are the phase differences across the
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two junctions. According to Kirchhoff’s law, we can write
for the bias current

Ib=11+12‘ (A3)

From the fluxoid quantization around the SQUID loop, we
get!

2

Or— =Dy,

o, (A4)

where the total magnetic flux is given by @ =D+ Py
Here, @, is the externally applied magnetic flux and @ is
the flux generated by the currents I, /,, If, and Ié flowing in
the left and right SQUID arms, which contain both geometric
and kinetic inductances (see Fig. 6). Equations (A1)—(A4)
fully determine the critical current of the SQUID.! Moreover,
from these equations, one can see that the critical current will
be a @ periodic function with respect to the total magnetic
flux.

The control current /., is injected into the left side of the
lower electrode (see Fig. 6). The output of the control current
is on the right side of the lower electrode. For the total mag-
netic flux, we can write

D= Do+ LY + ELE - LLY - ELE. (A5)

Using Kirchhoff’s law, the currents flowing in the lower
electrode can be expressed as follows:

E=Tg+1, (A6)

Iéz_lctrl+12' (A7)

Inserting Egs. (A6) and (A7) into the expression for the total
magnetic flux, we get

Doy = P+ 1Ly = LLy + I yL", (A8)

where L;=LV+L" and L,=LY+L% are the inductances of the
left and right SQUID arms, respectively. The inductance of
the lower electrode is given by Lr=L}+L5. From Eq. (A8),
we see that the term I,,L" has the same effect as an exter-
nally applied magnetic flux ®.,,. The phase difference ¢,
—¢; between the two Josephson junctions [see Eq. (A4)],
which is induced by the control current, is therefore solely
determined by the inductance of the lower electrode L-. Con-
sequently, the control current periodicity Al of the critical
current of the SQUID will be given by Al,,=®,/LL. Here
we want to point out that the control current does split up
between the upper and lower electrodes. The amount of con-
trol current flowing through the upper electrode is given by
the circulating current around the SQUID loop, which is de-
fined as (I,—1,)/2. This circulating current is induced by the
term I yL" in Eq. (A8) for ®.,=0. The same circulating
current is induced in the SQUID loop when an external mag-
netic flux with a value ®,, =Ll is applied to the SQUID
loop without injecting a control current.
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