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Spatially Resolved Observation of Static Magnetic 
Flux States in YBa,Cu,O, Grain Boundary 

Josephson Junctions 

G. M. Fischer,* B. Mayer, R. Gross, T. Nissel, K.-D. Husemann, 
R. P. Huebener, T. Freltoft, Y. Shen, P. Vase 

Wih low-temperature scanning electron microscopy, the magnetic flux states in high critical 
temperature Josephson junctions have been imaged. The experiments were performed 
with YBa&u30, thin-film grain boundary Josephson junctions fabricated on [001] tilt 
SrTiO, bicrystals. For applied magnetic fields parallel to the grain boundary plane, which 
correspond to local maxima of the magnetic field dependence of the critical current, the 
images clearly show the corresponding magnetic flux states in the grain boundary junction. 
The spatial modulation of the Josephson current density by the external magnetic field is 
imaged directly with a spatial resolution of about 1 micrometer. 

Grain boundaries in the high temperature 
superconductors are known to act as weak 
links limiting the transport-critical current 
density of polycrystalline materials (1 ) . 
Whereas the weak links of grain boundaries 
are certainly disappointing with respect to 
high current applications of the cuprate 
superconductors, the same weak link be- 
havior of grain boundaries can be used for 
the fabrication of reliable Josephson ele- 
ments required for microelectronics appli- 
cations. Recently, artificially generated, 
"engineered" grain boundary Josephson 
junctions (GBJs) have been fabricated in a 
controllable and reproducible way by differ- 
ent techniques [for a recent review see (2)] 
and shown to be useful for numerous appli- 
cations. However, despite considerable re- 
cent research effort, the physics of GBJs in 
the high temperature superconductors is 
not completely understood. 

Weakly coupled superconductors such as 
grain boundary junctions show phase coher- 
ence phenomena on macroscopic length 
scales (3, 4). For example, magnetic flux 
penetrating the grain boundary results in a 
spatial variation of the phase difference 
between the grains. This difference, in 
turn, causes a spatial modulation of the 
supercurrent density across the grain 
boundary. In typical electrical transport 
experiments, only the spatially integrated 
quantities such as the critical current I, and 
its dependence on an applied magnetic field 
B are measured. For a spatially homoge- 
neous Josephson junction with spatial di- 
mensions that are small compared to the 
Josephson penetration depth AJ, the I,(B) 
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dependence follows the well-known Fraun- 
hofer di&action pattern (3). The integral 
transport properties of GBJs suggest that 
they are almost ideal overdamped Josephson 
junctions (2). Unfortunately, the interpre- 
tation of the intern1 auantities is often - .  
ambiguous. A more crucial test for the Jo- 
sephson nature of grain boundaries would be 
the direct measurement of the spatial varia- 
tion of the phase difference due to magnetic 
flux penetrating the grain boundary. We 
have used low temperature scanning elec- 
tron microscopy (LTSEM) (5-7) to image 
directly the Josephson current density of 
Y B ~ , C U , O ~ ~  GBJs with a spatial resolution 
of about 1 pm. Our experiments clearly 
show the spatial oscillation of the Josephson 
current density in the presence of an applied 
magnetic field. In particular, regions where 
the supercurrent flows in the same or oppo- 
site direction of the applied bias current are 
seen. When the applied magnetic field was 
varied, different magnetic flux states with up 
to 10 Josephson vortices could be imaged. 
Here, by Josephson vortex we mean a com- 
plete oscillation of the Josephson current 
density corresponding to a shift of the phase 
difference of 2 ~ r  (3). 

The GBls used in our ex~eriments were 
fabricated by depositing epitaxial, c axis- 
oriented YBa2Cu307, films on symmetrical 
[001] tilt SrTi03 bicrystal substrates by 
pulsed laser deposition. The bicrystal sub- 
strate consists of two single crystals that 
were fused together with a misorientation 
angle of 24". The thickness d of the film was 
about 300 nm. The GBJs are obtained by 
the patterning of narrow lines of width W 
ranging between 2 and 50 km across the 
grain boundary, with the use of electron 
beam lithography and argon ion beam etch- 
ing (8). For the LTSEM measurements, the 
sam~le was mounted onto a temDerature- 
conkdlled cooling stage (9) in suih a way 
that the surface of the sample could be 
scanned directly by the focused electron 

beam of a scanning electron microscope. 
Small magnetic fields on the order of afew 
microTeslas applied parallel to the grain 
boundary are generated by a normal con- 
ductine coil. A sketch of the ex~erimental w 

setup is shown schematically in Fig. 1. 
During the scanning process, the GBJ was 
biased at a constant current Ib slightly 
above the critical current I,, and the elec- 
tron beam-induced change SV(%, yo) of 
the GBJ voltage V was recorded as a func- 
tion of the beam coordinates (x,,, yo). A 
pulsed electron beam (energy = 15 keV, 
beam current = 10 to 100 PA, repetition 
rate = 20 kHz) was used, and SV(%, yo) 
was detected by a lock-in technique. The 
effect of electron beam irradiation can be 
considered as a local heating effect resulting 
in an increase (STo) of the local sample 
temperature at the position of the beam 
focus. The diameter of the perturbed area, 
which determines the spatial resolution, is 
about 1 pm. In our experiments the beam 
power was kept small ( ~ 0 . 5  kW) so that 
the electron beam could be considered as an 
almost passive probe. 

The GBJ can be treated as a quasi-one- 
dimensional Josephson junction, because 
the film thickness of about 300 nm is less 
than the Josephson penetration depth AJ of 
the GBJ (3). We consider a quasi-one- 
dimensional Josephson junction extending 
in the y direction with a sinusoidal current- 
phase relationJ,(y) = J,b) .sin~(y). That is, 
the supercurrent density J, is given by the 
product of the maximum Josephson current 
density J, and the sine of the phase differ- 
ence Q between the superconducting elec- 
trodes. For the case of a narrow junction (W 
5 AJ), shielding effects can be neglected and 
the junction is penetrated homogeneously by 
an external magnetic field applied in the 7 
direction. The external magnetic field causes 
a linear increase of the phase difference 901) 
= qy along the junction, where 

Here d, denotes the effective magnetic 
thickness of the junction and Qo represents 
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Fig. 1. Sketch of the sample configuration and 
the LTSEM setup. 
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the magnetic flux quantum. Hence, for an 
ideal junction with a constant jc(y), the 
supercurrent density is sinusoidally modulat- 
ed U,(y) a sin(qy)] along the junction. The 
spatial variation of the phase Merence and 
the supercurrent density of such an ideal 
Josephson junction are shown in Fig. 2, A 
and B, respectively. The magnetic flux pen- 
etrating the junction along the extension of 
a complete oscillation of the Josephson cur- 
rent, called a Josephson vortex, is one mag- 
netic flux quantum. We schematically 
sketched the location of the corresponding 
Josephson vortices (Fig. 2C). For larger Jo- 
sephson junctions, self-field effects due to 
the current flowing through the junction can 
no longer be neglected. These effects result 
in a nonlinear increase of the phase di6er- 
ence along the junction and consequently in 
a more complex, nonsinusoidal modulation 
of the supercurrent density (3, 4). 

In the case of small electron beam per- 
turbation, the electron beam-induced 
change of the junction voltage can be 
expressed as 

av 
Sv(Y0) a -11 = ~b~~s(Y0) ar 

where the electron beam-induced change 
of the supercurrent SIS(yo) is the sum of a 
local [S1~(yo)] and a nodocal [SIf(yo)] sig- 
nal contribution (1 0, 1 1). For narrow Jo- 
sephson junctions (W s A,), the nonlocal 
signal contribution usually can .be neglect- 
ed. The same is true for wide Josephson 
junctions, if the electron beam perturbation 
is small and if the applied magnetic field 
corresponds to that of a maximum of the 
Ic(B) dependence. These conditions agply 
for most of our experiments. A good ap- 
proximation of the local signal contribution 
is given by SI!(yo) a sincp(yo) (1 0). That is, 
the electron beam-induced voltage change 
is proportional to the Josephson current 
density at the beam position. Scanning the 
current-biased GBJ and measuring 6V(yo) 

I 
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Flg. 2. Variation of (A) the phase difference 
Q&,) and (B) the normalized supercurrent den- 
sity J,O/,IJ, along an ideal narrow Josephson 
junction. The location of the Josephson vortices 
is schematically sketched in (C) (GB, grain 
boundary). 

as a function of the beam coordinates, we 
obtain a voltage image showing the distri- 
bution of the Josephson current density. 

A typical LTSEM voltage image of the 
Josephson current-density distribution in a 
23-pm-wide Y B ~ , C U , O ~ ~  GBJ recorded at 
T = 83 K is shown in Fig. 3. The applied 
magnetic field corresponds to the fifth local 
maximum of the I,(B) dependence. For the 
measurement, the junction was biased close 
to the critical current at Ib = 0.8 mA, 
resulting in a junction voltage of 3 pV. In 
Fig. 3A, bright and dark regions corre- 
spond, respectively, to SV > 0 and SV < 0, 
with maximum voltage signals of about 30 
and -15 nV. That is, in the bright and 
dark regions the local supercurrent and the 
applied bias current are parallel and anti- 
parallel, respectively. The LTSEM signals 
are restricted to a strip about 1 pm wide 
along the grain boundary. This width is 
determined by the finite spatial resolution 
of the LTSEM technique (- 1 pm). No 
voltage signal was detected either by scan- 
ning of the superwnducting electrodes on 
both sides of the grain boundary or by 
scanning of the substrate adjoining the 
superconducting film. Furthermore, for bias 
currents less than the critical current, the 
voltage response of the GBJ disappears. To 
compare the LTSEM measurement directly 
to the behavior of a spatially homogeneous, 
narrow Josephson junction (Fig. 2), a single 
line scan along the grain boundary is plot- 
ted in Fig. 3B. In this representation, the 
voltage signal is plotted vertically during 
the horizontal scan. The spatial modulation 
of the critical current density is clearly 
visible. Deviations from the ideal sinusoidal 
oscillation shown in Fig. 2B are caused by 

Fig. 3. (A) LTSEM voltage image of the 4-5 
vortex state in a 23-pm-wide Vea,Cu,O, GBJ 
at T = 83 K. The edges of the GBJ are indicated 
by the arrows. The position of the grain bound- 
ary is marked by the broken line. Bright and 
dark regions correspond to sample regions 
yielding a positive and negative voltage signal, 
respectively. (6) Single line scan along the 
grain boundary with the voltage signal plotted 
vertically during the horizontal scan. 

spatial inhomogeneities of the maximum 
Josephson current density of the GBJ and 
by the fact that the measured sample is not 
small (WA - 20). 

The LTUM images of a series of succes- 
sive vortex states recorded for an increasing 
applied magnetic field at T = 86.5 K are 
shown in Fig. 4. The images were obtained 
with a 10-pm-wide YBa2Cu3074 GBJ (W/ 
A, - 10). Again, bright and dark regions 
correspond to sample regions yielding posi- 
tive and negative voltage signals, respec- 
tively. Fig. 3A shows the voltage image for 
the zero vortex state obtained for the zero- 
applied magnetic field. Along the whole 
junction, only positive voltage signals are 
detected. The spatially inhomogeneous sig- 
nal is mainly caused by a spatially inhomo- 
geneous maximum Josephson current den- 
sity and by nonlocal signal contributions. 
These contributions are obtained if the 
junction is not biased exactly at the abso- 
lute maximum of the I,(B) dependence. In 
Fig. 3, B to G, the applied magnetic fields 
correspond to the 1-2, 2-3, . . . 6-7 
vortex states, respectively. In the experi- 
ment, one vortex after the other could be 
introduced into the sample by increasing 
the magnetic field. As expected theoretical- 
ly, the spacing between the vortices be- 
wmes smaller for the higher vortex states, 
and the position of the vortex changes from 
each state to the other. The small devia- 
tions from a perfectly symmetrical signal 

Flg. 4. LTSEM voltage images of a series of 
vortex states in a 10-pm-wide Vea,Cu,O, 
GBJ recorded at T = 86.5 K. The applied 
magnetic fields correspond to the 0, 1-2, 2-3, 
. . . 6-7 vortex states in (A to G), respectively. 
Bright and dark regions correspond to sample 
regions yielding a positive and negative voltage 
signal, respectively. 
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distribution aeain are caused bv the nonlo- tions of the Josephson Effect (Wiley New York, 

cal effect. 
We have directly imaged static magnet- 

ic flux states in high temperature GBJs. 
Our experiments clearly show that the 
behavior of the high critical temperature 
junctions is close to that expected for ideal 
Josephson junctions. In particular, the 
maximum Josephson current density is 
quite homogeneous on a micrometer scale, 
and there are well-defined static magnetic 
flux states in the presence of an applied 
magnetic field. 
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Making Ceramics "Ductile" 

Brian R. Lawn,* Nitin P. Padture,? Hongda Cai,? 
Fernando GuiberteauS 

Distributed irreversible deformation in otherwise brittle ceramics (specifically, in silicon 
carbide and micaceous glass-ceramic) has been observed in Hertzian contacts. The 
deformation takes the form of an expanding microcrack damage zone below the contact 
circle, in place of the usual single propagating macrocrack (the Hertzian "cone fracture") 
outside. An important manifestation of this deformation is an effective "ductility" in the 
indentation stress-strain response. Control of the associated brittle-ductile transition is 
readily effected by appropriate design of weak interfaces, large and elongate grains, and 
high internal stresses in the ceramic microstructure. 

Ceramics have been cited as the "materials 
of the future." However, ceramics are also 
notoriously brittle and are subject to cata- 
strophic failure from the growth of a single 
dominant crack (1). They are limited in 
their use as load-bearing materials by a low 
intrinsic toughness and, correspondingly, a 
lack of ductilitv to absorb mechanical ener- 
gy. Of the vaiious mechanisms that have 
been advocated for imparting toughness to 
ceramics ( l ) ,  the most widespread and 
practical is that of "bridging," in which 
frictional pullout of interlocking grains and 
second-phase particles retards crack-wall 
separation (2, 3). Toughness then becomes 
a rising function of crack size [so-called 
toughness-curve, or resistance-curve, be- 
havior ( l)] .  A most important element in 

the enhancement of bridging is the con- 
trolled introduction of weak interfaces on 
the microstructural scale, to deflect the 
primary crack and thereby generate a more 
effective interlocking structure. One can 
also enhance bridging by coarsening and 
elongating the grain structure and by incor- 
porating internal mismatch stresses (1, 4, 
5). Thus to gain toughness in ceramics, one 
builds in microstructural heterogeneity. 
However, there is a price to pay. Toughness 
is improved, but only in the "long-crack" 
region. In the "short-crack" region, built-in 
weakness can enhance fracture at the mi- 
crostructural level, reducing laboratory 
strength (6) and increasing the susceptibil- 
ity to wear and erosion (7, 8). 

In view of this tendency toward coun- 
tervailing interrelations in toughness prop- 
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moderately tough, coarse-grain alumina 
(9). Our test uses the classical Hertzian 
configuration of an indenting sphere on a 
flat specimen surface (1 0). A rich literature 
exists for Hertzian tests on homogeneous 
brittle solids, notably glass, in which a 
cone-shaped crack (the Hertzian fracture) 
forms in a region of weak surface tensile 
stress outside the contact circle (1 1-1 6). 
No such literature exists for analogous tests - 
on heterogeneous tough ceramics. In our 
study on coarse alumina, we found no 
well-defined cone crack but rather a damage 
zone of distributed intergranular microfrac- 
tures in a region of high shear stress below 
the contact circle. Stress-induced intra- 
grain twins appeared to act as essential 
crack precursors in the alumina by concen- 
trating stresses at the weak grain bound- 
aries. The subsurface microfracture damage " 
zone expanded with repeat loading, indicat- 
ing a pronounced "fatigue" characteristic. 

We have performed Hertzian tests on 
ceramic svstems whose microstructural het- 
erogeneity was tailored by heat treatments. 
In their base homogeneous forms, these 
ceramics are classically brittle and exhibit 
the familiar cone fractures. In their heter- 
ogeneous forms, however, these same ce- 
ramics are subject instead to subsurface 
microfracture, leading to an effective "duc- 
tile" response in the contact behavior. The 
results have orofound imolications concern- 
ing the capacity of brittle solids to sustain 
mechanical damage and absorb energy. 
Most important, the results suggest ways in 
which such radical "brittle-ductile transi- 
tions" in the mechanical response of ceram- 
ics may be effected by controlled micro- 
structural modifications. 

In our Hertzian test, a hard sphere of 
radius r was loaded onto a flat soecimen 
surface. From the load P and contact radius 
a, we plot indentation stress po = P/.rra2 
versus indentation strain alr (1 7) to pro- 
duce an indentation stress-strain curve. A 
special specimen configuration, consisting 
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Fig. 1. Indentation stress-strain curve for silicon 
carbide in homogeneous fine-grain and heter- 
ogeneous coarse-grain forms. Data taken with 
tungsten carbide spheres In the radius range r 
from 1.58 to 12 7 m m .  
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