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and can be described by the generic formula [25],

Jc!Q" ! Cie2Q#Qi , (1)

where Ci $ 4.4 3 107 A#cm2 and Qi % 5± for hole-
doped superconductors, and Ci $ 1.8 3 106A#cm2 and
Qi % 2± for electron-doped superconductors. Despite
a similar angular dependence, the Jc values can differ
widely between electron- and hole-doped cuprates, espe-
cially for high-Q grain boundary junctions. The original
tricrystal configuration [Fig. 1(a)] [24], requires [001]
tilt grain boundary junctions with 30± misorientation.
According to Eq. (1), Jc for Q ! 30± should be about
0.5 A#cm2 for NCCO, 5 orders of magnitude smaller
than for YBCO [24]. Although this disadvantage can be
partially offset by making thicker films, care must be
taken to avoid film inhomogeneity and retain film epitaxy.
With these constraints in mind, we have deposited c-axis-
oriented epitaxial films (thickness $6000 10 000 Å) of
NCCO and PCCO on various tricrystal [100] SrTiO3
substrates. The electron-doped cuprate films were grown
epitaxially on the substrate at T ! 750 ±C using pulsed
laser deposition from a stoichiometric target of NCCO or
PCCO in 300 mTorr of nitrous oxide. The film deposition
is followed by a vaccum annealing at 750 ±C for 5 minutes
followed by a slow cooling to room temperature. This
achieves a full oxygenation during film growth, followed
by a controlled reduction to remove the excess oxygen at
the apical site (i.e., in Nd1.85Ce0.15CuO42y , y & 0.04).

FIG. 1. (a) Geometry of the frustrated tricrystal geometry, with
polar plots of the pairing orbital wave functions (white and black
indicating opposite signs) for a dx22y2 superconductor. (b), (c)
SSM images of a NCCO thin film epitaxially grown on the
STO substrate (a), cooled in nominal zero field and imaged
at 4.2 K with a square pickup loop 7.5 mm in diameter, with
fields of 10.2 mG (b) and 20.2 mG (c) applied. (d) A three-
dimensional rendering of the image '!b" 2 !c"(#2.

A judicious control of the oxygen content is crucial for
maximizing Tc, and to control other superconducting and
normal-state properties in the bulk and at the junction
interface [26].
Our films have a Tc of 22–25 K for NCCO, and 22–

23 K for PCCO. The 10%–90% resistive transition width
is 0.6 K or less. The in-plane normal-state resistivity is
$300 mV cm at room temperature, with a quadratic tem-
perature variation [6]. The room temperature to Tc resistiv-
ity ratio is 5 to 6. The critical current of an NCCO bicrystal
grain boundary junction !Q ! 30±" at 4.2 K and ambient
magnetic field is Jc ! 6 6 2 A#cm2, about a factor of 10
larger than predicted by Eq. (1), indicating better sample
quality.
As in the previous tricrystal experiments [1,24], we use

a scanning SQUID microscope (SSM) [27] to measure
the magnetic fields near the tricrystal point of a c-axis-
oriented epitaxial cuprate film deposited on a tricrystal
(100) SrTiO3 type orbital (STO) substrate [Fig. 1(a)]. The
crystallographic orientations of the tricrystal were chosen
to form an energetically frustrated state at the tricrystal
point for a superconductor with dx22y2 pairing symmetry,
regardless of whether the grain boundary junction interface
is in the clean or dirty limit [24]. This frustration is relaxed
by the spontaneous generation of a magnetic vortex with
total flux F being half of the conventional superconductor
flux quantum !F ! F0#2 ! hc#4e". Direct observation
of this half-flux quantum effect serves as conclusive evi-
dence for d-wave symmetry. Shown in Figs. 1(b) and 1(c)
are SSM images for an NCCO film deposited on an STO
substrate with the geometry of Fig. 1(a). These images
are of Josephson vortices with fields either pointing out of
(b) or into (c) the sample, centered at the tricrystal point
and extending along the grain boundaries. The images
are complicated by smooth variations in the background
signal, inductive interactions between the SQUID and the
sample, and dipolar features (often observed in SSM im-
ages of cuprate superconductors [28]), presumably due to
roughness and/or magnetic inhomogeneities at the surface.
Figure 1(d) shows a three-dimensional rendering of an im-
age obtained by subtracting (c) from (b) (and dividing by
2). This largely removes the extraneous features. There are
several evidences that the magnetic signals at the tricrys-
tal point are due to half-flux quantum Josephson vortices.
First, although the vortices can switch signs, the field mag-
nitude is the same after these changes, and there is always
a vortex with this general appearance at the tricrystal point,
under any conditions of cooldown and externally applied
magnetic field. Further, the observed magnetic fields agree
with those expected for the half-flux quantum Joseph-
son vortex. The normal component of the magnetic field
from such a vortex at the superconducting surface is given
by [29]
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