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In the present work, we report the growth of fully untwinned high quality a-axis oriented
YBa2Cu3O7−δ films on (100) SrLaGaO4 substrates using PrBa2Cu3O7−δ as a buffer layer. We
have also fabricated nanowires at different angles γ with respect to the [0,1,0] direction of the sub-
strate and studied the in-plane anisotropy of the critical current density, which we explained by
considering the anisotropy in the coherence length ξ and London penetration depth λL. Finally,
half-integer Shapiro-like steps measured in slightly underdoped c-axis oriented (γ = 90◦) nanowires
point towards a different transport regime, which could shed light on intriguing issues of high critical
temperature superconductors (HTS).

I. INTRODUCTION

a-axis thin films of High critical Temperature Su-
perconductors (HTS) are very interesting systems
which give direct access to the study of the anisotropy
of the superconducting transport properties in these
compounds. At the beginning of the 90’s, a-axis YBCO
films attracted much attention because of the possibility
to employ the longer a-b planes coherence length,
ξab, for the realization of multilayer based Josephson
devices [1, 2]. Nowadays, with the advancement of the
nanotechnologies applied to HTS, YBCO a-axis films
would represent the natural choice for the realization of
superconducting proximity based hybrid systems such
as superconductor-normal conductor-superconductor
(SNS) junctions. The direct contact of the a-b plane
with the normal conductor would allow a stronger
induced superconductivity in proximity based devices,
due to the high value of the superconducting gap. This
is of particular relevance in devices where the normal
conductor is an exotic material characterized for example
by a Dirac dispersion. In such hybrids the d-wave order
parameter and the high critical field of HTS could be
instrumental to get devices with new functionalities [3, 4].

However, the growth of high quality epitaxial a-axis
YBCO thin films has resulted to be more complicated
than the c-axis counterpart. This is mostly due to the
lower deposition temperature, involved in the nucleation
of a-axis grains, compared to c-axis ones [5], which
leads to films with a generally lower critical transition
temperature and poorer crystallinity [6]. While (110)
NdGaO3 substrates [7] have been successfully employed
to grow a-axis films, the most reproducible results have
been obtained by using a buffer layer technique. YBCO
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buffer layers deposited at lower temperature on (100)
SrTiO3 and LaAlO3 substrates [8, 9] resulted in good
quality but twinned a-axis films. The best reports refer
instead to a-axis films grown on PrBa2Cu3O7−δ (PBCO)
buffer layer on (100) SrLaGaO4 (SLGO) substrates [10–
17], that are also untwinned. Moreover a-axis films
have much smaller grains than c-axis films [2], which
can give rise to rougher surfaces and complications in
the realization of multilayer structures. As a matter
of fact the nanopatterning of a-axis films has also
resulted quite challenging. At present YBCO nanowires
fabricated on c-axis films [18, 19], show properties
close to the as grown films, while there are no reports
on nanodevices fabricated starting from a-axis thin films.

In this paper we present the first measurements on
nanowires and nano superconducting quantum interfer-
ence devices (nanoSQUIDs) patterned on untwinned a-
axis YBCO films with width down to 65 nm and oriented
at different in-plane angles γ with respect to the [0,1,0] di-
rection of the SLGO substrate. From the measurements
of the resistive transition as a function of temperature,
of the critical current density of the nanowires and of
the critical current modulation of the nanoSQUIDs as a
function of an externally applied magnetic field, we get
information about the anisotropy of the coherence length,
ξ, and of the London penetration length, λL, of YBCO
when the dimensionality of the systems is strongly re-
duced. For example nanowires oriented along the YBCO
c-axis direction (γ = 90◦) are characterized by a series
of confined a-b planes with nanoscale dimensions: these
systems act as an array of rather weakly coupled super-
conducting nanodots, of relevance for a number of appli-
cations [20–22]. At the same time, such kind of structure
can inspire future work aimed at studying the effect of
the confinement of the a-b planes on the appearance of
the recent discovered charge density wave order [23–25]
and its interplay with high critical temperature super-
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FIG. 1: a) 2θ-ω XRD scan of a 50 nm thick a-axis
YBCO film grown on a (100) SLGO substrate, by using
a 200 nm thick, a-axis oriented, PBCO layer as a buffer.
Only the (`00) reflections related to a a-axis orientation
of the YBCO unit cell are present, as highlighted in the

inset. b) XRD φ-scan of the YBCO (102) reflections:
only two peaks, at 90◦ and 270◦, are observed,

confirming the untwinned nature of our a-axis YBCO
films.

conductivity.

II. CHARACTERIZATION OF THE A-AXIS
YBCO FILMS

To promote the growth of a-axis YBCO films, we have
used a 200 nm thick PBCO buffer layer, deposited by
rf sputtering (rf power = 50 W, T = 830 ◦C, pO2 = 0.1
mbar) on top of a SLGO(100) substrate. The sample is
then transferred in situ to the pulsed laser deposition
(PLD) chamber, where a YBCO film (thickness t = 50
nm) is deposited at a temperature of 790 ◦C, in a 0.82
mbar O2 atmosphere. While the sample is heated to
reach the deposition temperature, the O2 pressure is
kept at 300 Torr, to avoid oxygen out diffusion from the
PBCO layer which could favor the nucleation of c-axis
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FIG. 2: a) SEM picture of an a-axis YBCO film. b) The
R(T ) of a film, measured both along the [0,1,0] (blue

squares) and [0,0,1] (red circles) YBCO direction. The
critical temperature TC , calculated as the maximum of

dR/dT , is ≈ 88 K, as highlighted in the inset.

domains in the YBCO layer.
The structural properties of the films have been analyzed
by X-ray diffraction (XRD). In the symmetrical 2θ-ω
scans, only the (`00) reflections of YBCO - in addition
to the (`00) reflections of the PBCO buffer layer - are
observed (see Fig. 1(a) and inset therein), confirming
that the films are highly crystalline, and purely a-axis
oriented. To explore the in-plane texture of these films,
φ scans of the (102) YBCO reflections have been per-
formed. Only two peaks are present, with a symmetry
of 180◦ (see Fig. 1(b)): this evidence confirms that the
b-axis and the c-axis of the YBCO are totally detwinned,
in agreement with the best results on a-axis YBCO films
previously reported in literature [26, 27].
The morphology of the films has been analyzed by
means of scanning electron microscopy (see Fig 2(a)): a
granular structure is visible, characterized by elongated
domains, typical of a-axis films [28], oriented along the
[0, 1, 0] YBCO direction (b-axis).

The resistance versus temperature R(T ) of a typical
thin a-axis film is shown in Fig. 2(b), both along the
b-axis (blue squares) and the c-axis (red squares) direc-
tion. In the normal state, a strong anisotropy is present:
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the resistance in the c-axis direction is ≈100 times larger
than in the the b-axis direction just above the supercon-
ducting transition, in agreement with earlier reports on
untwinned YBCO single crystals [29, 30]. The behavior
of the resistance with the temperature is also anisotropic:
along the b-axis, the resistance shows a linear tempera-
ture dependence from 300 K down to the superconduct-
ing transition, which is typical of optimally doped films
[31]; along the c-axis, the range of linearity decreases,
and a downward bending of the resistance with the tem-
perature, resembling that of an underdoped YBCO c-
axis film, develops at low temperatures. Finally, we have
recorded a critical temperature TC ≈ 88 K along both
the YBCO in plane directions, calculated as the temper-
ature where the derivative dR/dT is maximum, and a
transition broadening ∆TC ≈ 3 K.

III. NANOSTRUCTURES TO STUDY THE
IN-PLANE LONDON ANISOTROPY

To study the in-plane anisotropy of the critical cur-
rent density in a-axis oriented YBCO films, at dimen-
sions comparable with the fundamental superconduct-
ing lengths (λL, and ξ), we have patterned, on the
same chip, nanostructures (nanowires and Dayem bridge
nanoSQUIDs) at different in-plane angles γ with respect
to the [0,1,0] direction of the substrate.
The patterning has been done by using a diamond like
carbon mask in combination with electron beam lithog-
raphy and a very gentle ion-beam etching. More details
on the nanofabrication can be found elsewhere [18, 19].
We have fabricated nanowires, protected by a Au cap-
ping layer, with widths w down to 65 nm and lengths
l = 1.5w (see SEM image in Fig. 3(a)). The transport
properties of the nanowires have been investigated via
current-voltage (IV) characteristics at T = 4 K and resis-
tance versus temperature R(T ) measurements. In our 4-
point measurement setup, the current and voltage probes
are located at the far ends of the two wide and long elec-
trodes, connected in series to each nanowire. The super-
current in nanowires aligned along the b-axis direction
(which in our convention corresponds to γ = 0◦) is car-
ried by the a-b planes as illustrated in Fig. 3(b), while for
those patterned along the c-axis direction (γ = 90◦) the
current flows through an array of weakly coupled nano-
sized CuO2 planes (see Fig. 3(c)).

Fig.4(a) shows the extracted critical current density,
JC = IC/(w·t) for 65 nm and 140 nm wide nanowires pat-
terned at different in-plane angles γ. An anisotropy of the
critical current density is clearly visible, with a maximum
for γ = 0◦, and a reduction by one order of magnitude
approaching γ = 90◦ where the current flows entirely
along the c-axis. We shall show that this dependence of
the JC values on γ is a consequence of the anisotropy
of the coherence length and of the London penetration
depth in the a-b plane and in the c-axis direction. For
thin (t < λL) and narrow wires (4.4ξ ≤ w < λ2L/t) the

critical current density is limited by Abrikosov vortices
overcoming the vortex entry edge barrier [32, 33]. Con-
sidering an anisotropic thin superconductor and applying
the approach discussed in Ref. [32], one can calculate the
critical current densities for such a wire oriented along
the b-axis (γ = 0◦)

JbC ∝
Φ0

λbλcξc
, (1)

and for a wire oriented along the c-axis (γ = 90◦)

JcC ∝
Φ0

λbλcξb
, (2)

with a ratio
Jc
C

Jb
C

=
λb
L

λc
L

, where we used the property

ξc/ξb = λbL/λ
c
L [34]. Here, the product λb · λc in the

dominator of Eqs. (1) and (2) reflects the fact that the
circulating screening current of the Abrikosov vortex is
flowing in the [1 0 0] planes of the crystal. i.e. along the
b- and c-axis. In Eqs. (1) and (2), the relevant coherence
length is along the direction of the vortex entry path
which is perpendicular to the current flow.

In the case of our nanostructures one can easily show
that the JC(γ) follows the relation [34, 35]:

JC(γ) =
JbC√

(cos2 γ + (
λc
L

λb
L

)2 sin2 γ)
(3)

where JbC is the critical current density for γ = 0◦, and
λcL and λbL are the London penetration depths along
c-axis and b-axis, respectively.

The in-plane London anisotropy ratio λcL/λbL can be
estimated from the magnetic field response of Dayem
bridge nanoSQUIDs implementing nanowires oriented ei-
ther along b-axis or along c-axis (see Fig.4(c)). In this
configuration, the nanoSQUID loop is formed by two
65 nm wide nanowires connecting two micron-sized elec-
trodes. For such geometry, the total loop inductance
Lloop is mainly dominated by the kinetic contribution,
depending on both λbL and λcL. From the critical current
IC modulation as a function of the externally applied
magnetic field B measured at T = 4 K, the total loop
inductance Lloop can be experimentally determined as
Lexploop = Φ0/∆IC , where Φ0 is the magnetic flux quan-
tum and ∆IC is the difference between the maximum
ImaxC and the minimum IminC values of the critical cur-
rent. Therefore we have determined the in-plane London
anisotropy by comparing the experimentally obtained
Lexploop with the total loop inductance Lnumloop , which is nu-
merically calculated by solving the Maxwell and London
equations for each of the two SQUID geometries [36–38],
and using λbL and λcL as the only two fitting parameters.
We have obtained a very good agreement between Lexploop

and Lnumloop in both the geometries assuming that λbL = 280

nm and λcL = 4.2 µm. In particular, the λbL value is very



4

(a) (c)(b)

c-ax
is

b-ax
is

c
a

b

a

a

500 nm

V+

I+

V-

I-

FIG. 3: a) SEM picture of a 65 nm wide a-axis YBa2Cu3O7−δ nanowire covered by a 50 nm thick Au layer. b)
Schematic representation of a b-axis aligned YBCO nanowire, where the current flowing from one electrode to the

other is in the a-b planes. c) Schematic representation of a c-axis aligned YBCO nanowire in which the current flows
perpendicularly to the weakly coupled a-b planes.
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FIG. 4: a) Average critical current density JC vs the angle γ for the 65 nm and 140 nm wide YBCO nanowires
before (gray triangles) and after (orange circles) the ozone treatment. For each angle, the error bar, related to the

broadening of the distribution of the JC values measured on identical nanowires, is equal to 2σ. The theoretical JλC
related to a London anisotropy λc/λb = 15 is shown as a dotted line. b) Critical current modulation as a function of

an externally applied magnetic field for b-axis aligned (blue circles) and c-axis aligned (red squares) 65 nm wide
Dayem bridge nanoSQUIDs at T = 4.2 K. The loop inductances Lbloop and Lcloop, extracted from the critical current

modulation depth, are 0.3 nH and 1.7 nH. c) Resistance versus temperature measurement of 65 nm wide nanowires,
oriented along the b-axis (blue circles) and the c-axis (red squares) direction. The solid lines are the fits, considering

a thermally activated vortex-entry model.

close to the one of the YBCO in-plane London penetra-
tion depth λabL extracted in nanostructures patterned on
c-axis films [33, 37, 39].

Given the London anisotropy ratio λcL/λ
b
L ≈ 15

from the IC(B) modulations, we have evaluated the
expected JC(γ) through equation (3)(see the dashed
line in Fig.4(a)). The expected dependence of JC on γ
is in good agreement with the measured behavior up to
γ = 40◦ [40]. Above this value the observed deviation
could be indicative of the oxygen out-diffusion from
the oxygen chains along the b-axis. This effect starts
to play a crucial role as soon as a substantial number
of CuO chains, included in the nanostructure, become
exposed to the environment on one lateral side of the
nanowires (while the Au capping minimizes the oxygen
out-diffusion from the top of the nanostructures). Obvi-
ously the oxygen loss becomes more dramatic for c-axis
oriented nanowires when the CuO chains along b-axis
are equally exposed on both sides of the nanowire. One

can therefore expect that these structures (nanowires at
γ = 90◦) can have a different doping level.

To strengthen our findings of a strong role of the in-
plane anisotropy of the London penetration depth in the
transport properties of nanostructures, we have measured
the R(T ) of 65 nm wide nanowires, patterned at γ = 0◦

and γ = 90◦ (see Fig. 4(c)). As a consequence of the
chosen geometry (see Fig. 3(a)), the first, sharper, drop
of resistance at higher temperatures represents the tran-
sition of the wide electrodes, while the second, broader,
transition is attributed to the nanowire. The broadening
of the nanowire resistive transition as a function of tem-
perature, R(T ), can be analyzed, both along the b-axis
and the c-axis, in terms of a thermally activated vortex-
entry model [32, 33, 41], valid for structures having width
much larger than the superconducting coherence length
(w � 4.4ξ(T ) up to T ≈ TC). According to this model,
the broadening of the superconducting transition, which
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is a consequence of the Abrikosov vortices, perpendic-
ular to the bias current, crossing the nanowire, can be
expressed as [33, 42]

Rv(T ) = 7.1R�
lξ(T )

w2

(
ε0(T )

kBT

)3/2
exp

[
−ε0(T )

kBT
ln

1.47w

πξ(T )

]
(4)

where R� is the sheet resistance of the wire, kB is the
Boltzmann constant, and ε0(T ) = Φ2

0t/4πµ0λ
2
L(T ) is the

characteristic energy giving the magnitude of the poten-
tial barrier for the vortex entry. Equation (4) depends
on both the London penetration depth λL and the super-
conducting coherence length ξ. Here we have extended
the model reported in Ref. [33] considering an anisotropic
superconductor. In this case Abrikosov vortices cross-
ing a-axis film nanostructures have an elliptic-like nor-
mal core shape [43]: in Eq. (4) we have therefore defined
an effective London penetration depth λ2L = λb · λc for
the nanowires oriented both along b- and c-axis direction.
The coherence length in Eq. (4) has to be taken perpen-
dicular to the current flow direction in the nanowire. This
means that for b-axis aligned nanowires the coherence
length is given by the one along the c-axis (ξ = ξc) and
for c-axis aligned wires it is given by the one along the
b-axis (ξ = ξb). For the temperature dependencies of the
London penetration depth and of the coherence length
we use the following common approximations λ2L(T ) =
λb(0)λc(0)/(1−T 2/T 2

C) and ξ2b,c(T ) = ξ2b,c(0)/(1−T 2/T 2
C)

[33], where λb(0), λc(0) and ξb,c(0) represent the zero-
temperature values.
We have fitted the broadening of the superconducting
transition of both the γ = 0◦ and γ = 90◦ nanowires as

R(T ) =
[
R−1
v (T ) +R−1

sh (T )
]−1

(5)

including the resistive shunt Rsh of the Au capping layer
in addition to the vortex entry resistance (see solid lines
in Fig. 4(c)). For the fitting procedure, we used the val-
ues λb(0) and λc(0) obtained from the nanoSQUID mea-
surements as fixed parameters. By considering nanowire
dimensions very close to the geometrical ones (see Table
I), we have found a very good agreement of our exper-
imental data with the model. The extracted zero tem-

TABLE I: Summary of the fixed and extracted fit
parameters of the b-axis and c-axis oriented nanowires
shown in Fig. 4(c), using a thermally activated vortex

entry model [eqs. (4) and (5)]

Nanowire
t

(nm)

l

(nm)

w

(nm)

TC

(K)

R�

(Ω)

Rsh

(Ω)

ξb(0)

(nm)

ξc(0)

(nm)

λb(0)

(nm)

λc(0)

(µm)

[0, 1, 0] 45 100 55 80.4 80 8.5 — 0.55 280 4.2

[0, 0, 1] 45 100 45 80.0 250 3.3 2.8 — 280 4.2

perature superconducting coherence length, ξb(0) value
(2.8 nm) is very close (see Table I) to the ones re-
ported in literature and associated to nanostructures pat-
terned on c-axis films [33, 39, 42]. The anisotropy ratio

ξb(0)/ξc(0) ≈ 5 is lower than that of the London pene-
tration depths: this could be due to the uncertainty in
the specific temperature dependence of ξc and λc that
we have assumed to be similar to ξb and λb, and/or to
the oxygen out-diffusion from the exposed oxygen chains,
giving rise to slightly underdoped nanostructures.

IV. HALF-INTEGER SHAPIRO-LIKE STEPS IN
UNDERDOPED A-AXIS NANOWIRES UNDER

MICROWAVE RADIATION

To restore the oxygen content in the more de-
oxygenated nanostructures, we have annealed the sample
for 2 hours at 150 ◦C in a chamber filled with ozone, with
a procedure already successfully used for nanowires pat-
terned on c-axis YBCO films [42, 44]. As a consequence
of this treatment, the critical currents of the nanowires
increase up to a factor 2-3 (see circles in Fig.4(a)).
To get more insights into the transport along the c-axis,

in a regime of strong confinement of the a-b planes, we
have studied the phase dynamics of the c-axis nanowires,
by applying microwave radiation. As a consequence of
the synchronization between the frequency of vortex en-
try and that of the applied microwave fMW , Shapiro-like
steps at Vn = nhfMW

2e appear in the IV characteristics
[45–48].
Here, our focus is on c-axis oriented nanowires, since the
b-axis oriented ones show the expected integer Shapiro-
like steps both before and after ozonation. Fig. 5(a)
shows the logarithmic differential resistance map as a
function of the device bias current and of P

1
2 (where

P is the applied microwave power at the output of the
microwave source) at fMW = 5.4 GHz, before ozonation.
We observe both the integer and the half-integer Shapiro-
like steps, as shown in the dI

dV vs V plot (Fig. 5(c)).
Interestingly, the half-integer Shapiro-like steps get sig-
nificantly suppressed after the ozone treatment of the
sample (Figs. 5(b) and 5(d)).
The presence of half-integer Shapiro-like steps in the IV
characteristics is rather intriguing. The fact that they
disappear with the ozonation of the nanowire strongly
points towards a different superfluid transport regime in
the underdoped region of the HTS phase diagram. For
underdoped HTS there are several theoretical proposals
[49, 50] predicting the existence of a 4e superfluid com-
ponent in parallel with a conventional 2e one. In this
case the 4e component would give half-integer Shapiro-
like steps caused by half-integer Abrikosov vortices.

However, the confinement of the a-b planes in c-axis
nanowires and low oxygen content could also play a role
possibly reducing the strength of coupling between the
planes. For such a scenario a Josephson coupling between
the planes (in analogy with Bi2Sr2CaCu2O8+x samples)
[51] could explain the appearance of half-integer Shapiro-
like steps. Indeed c-axis nanowires would behave like an
array of high transparent Josephson junctions with high
order harmonics in the current phase relation, leading
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(c)(b)(a)

(d)

FIG. 5: Color maps of differential resistance as a function of junction DC bias and radiated microwave field
amplitude P

1
2 at T = 5 K for a c-axis orientated nanoSQUID a) before ozone treatment and b) after ozone

treatment,c) the conductance plotted as a function of V(Φ0) before the ozone treatment, and d) the same
measurement after the ozone treatment. The half-integer steps vanished after the sample is oxygenated in the ozone

chamber.

to fractional Shapiro steps. After ozonation the cou-
pling between the planes increases and the transport will
be dominated by vortex-entry with a specific frequency
which at the locking with the microwave radiation gives
only integer Shapiro steps (see Fig. 5(d)).

Whatever scenario realizes in our c-axis nanowires, our
study clearly highlight the potentialities of these nanos-
tructures to study fundamental issues of high critical su-
perconductivity.

V. CONCLUSIONS

In conclusion, we have grown 50 nm thick a-axis ori-
ented YBa2Cu3O7−δ films on (100) LaSrGaO4 substrates
using PrBa2Cu3O7−δ as a buffer layer. The crystal struc-
ture and the morphology of our films has been analyzed
by XRD and SEM, from which we conclude that the films
are fully untwinned. The in-plane anisotropy of the prop-
erties, already observed in the normal state from resistiv-
ity measurements on unpatterned films, has been further
studied in the superconducting state in nanostructures,
with widths down to 65 nm, that we have patterned at
different angles γ with respect to the [0,1,0] direction
of the substrate. The in-plane anisotropy of the criti-
cal current density, of about one order of magnitude, has
been explained by considering the anisotropy in the co-
herence length ξ and London penetration depth λL. The
anisotropy ratios λc/λb and ξb/ξc have been consistently
obtained from two independent measurements: critical
current modulation depth of Dayem bridge nanoSQUIDs
as a function of an externally applied magnetic field, and

broadening of the superconducting transition, due to vor-
tex entry. Finally, we have studied the phase dynamics of
our nanowires, by applying microwave radiation. The c-
axis oriented nanowires show half-integer Shapiro steps,
which get suppressed after an ozone treatment, restor-
ing a proper oxygen content into the nanostructures.
Two possible reasons of the presence of the half-integer
Shapiro-like steps in the more de-oxygenated nanowires
are the weak Josephson coupling between adjacent cop-
per oxide planes, and the existence of a 4e superfluid com-
ponent, theoretically predicted in the underdoped region
of HTS, which coexists with the conventional 2e one.

Nanostructures patterned on a-axis YBCO films rep-
resent the ideal choice to realize superconducting prox-
imity based hybrid systems; in addition to this, our ex-
periments also showed that they can lead to a better un-
derstanding of still unresolved phenomena in high critical
temperature superconductors, as the effect of the confine-
ment of the a-b planes or the appearance of the charge
density wave order.
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