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Spatially Resolved Observation of Supercurrents
Across Grain Boundaries in YBaCuO Films

J. MANNHART, R. Gross, K. HIpLER, R. P. HUEBENER, C. C. TSUEIL,

D. Dimos, P. CHAUDHARI

Spatially resolved resistivity measurements of current transport across individual grain
boundaries have been made on superconducting YBa,Cu;30,. These experiments were
done by low-temperature scanning electron microscopy with a resolution of 1 to 2
micrometers, and they show directly the limitation of the critical current density
caused by grain boundaries in YBa,Cu;0;. Furthermore, complex spatial patterns of
the current transport across grain boundaries were observed. These patterns reflect
self-excited resonances of the grain boundaries and are closely correlated to the
unexplained “sub—gap structure” in the current-voltage characteristics of polycrystal-

line YBa,Cu;30,.

DETAILED UNDERSTANDING OF THE
Aelcctronic properties of the grain
boundaries in  superconducting
YBa,Cu;30; is important both for funda-
mental reasons and for possible applications
of this superconductor. The fact that the
critical current density of polycrystalline
YBa,Cu305 is limited by the grain bound-
aries (1) represents a particularly crucial
point. In past experimental studies of indi-
vidual grain boundaries, only the spatially
averaged behavior of the grain boundaries
has been investigated, leaving important
questions unresolved. For this reason, we
have studied the spatial behavior of super-
currents flowing across grain boundaries in
YBa,Cu305 films by low-temperature scan-
ning electron microscopy (LTSEM) (2).
This work has confirmed the limitation of
the critical current density of polycrystalline
YBa,Cu;0; films caused by the grain
boundaries. Further, two-dimensional struc-
tures caused by the supercurrent flowing
across the grain boundaries have been
found; these structures are closely linked to
the so far unexplained “sub—gap structures”
(1, 3, 4) in the current-voltage characteristics
(IVC) of the boundaries. We conclude that
these sub—gap structures are caused by self-
induced, electronic resonances and do not
reflect any feature of the quasi-particle spec-
trum of the superconductor.
The sample investigated by LTSEM was a
thin film bicrystal of YBa,Cu307. In other
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words, it consisted of two grains that
formed one grain boundary. The film,
which was 0.5 pm thick and oriented with
the surface normal to the ¢ axis, had a
nominally symmetric grain boundary with a
tilt of 38° and was grown epitaxially on a
SrTiO; bicrystal as previously described (5).
Superconducting lines, about 20 wm wide
and 100 pm long, were patterned into the
film by ablation with a focused laser beam
(6). Two of these lines straddled the grain
boundary, four lines were located in the
grain. The transport properties of this sam-
ple were typical within a set of about 30
samples. For the LTSEM studies, the sam-
ple was mounted onto a temperature-con-
trolled cooling stage and biased with a con-
stant current ], as shown schematically in
Fig. 1. As the pulsed electron beam (ener-
gy = 26 keV, current = 107° A, repetition
rate = 10 kHz) was scanned over the sur-
face of the superconducting sample, the
beam-induced voltage change 31V of the
voltage V' across the sample was measured
with a phase-sensitive detection (lock-in)
technique as a function of the position of the
electron beam focus. The beam-induced
voltage signal 81 was then used to control
the brightness of the SEM video screen.
Figure 2 shows the result of such a mea-
surement for a superconducting line strad-
dling the grain boundary. The measure-
ments shown in Fig. 2, b through d, were
taken at 86.3 K for three different bias
currents. Dark regions represent areas where
3V was zero. In the bright areas, 81 was
about 1 pV. If the sample was biased with a
current I < 50 A, no voltage signal was
detected for any location of the electron
beam. However, if I was increased above 50

1A, a finite voltage signal was obtained for a
narrow region along the grain boundary
(Fig. 2b). For currents I > 0.8 mA and > 3
mA the right and the left grain produced a
voltage signal, respectively (Fig. 2, c and d).

The results shown in Fig. 2 can be inter-
preted as follows. A nonzero voltage V
along a superconducting line is obtained
only if a complete cross section A of the
line is in the resistive state. If the electron
beam is focused on a spot within A, it
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Fig. 1. Sketch of the LTSEM setup.
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Fig. 2. LTSEM measurement of a YBaCuO line
straddling one grain boundary; T = 86.3 K. (a)
An optical micrograph of the line. The location of
the grain boundary is marked by the triangles.
The dark regions at the top and at the bottom are
the laser-ablated areas. (b—d) The voltage re-
sponse 3V (bright = 8 > 0) of the line for three
different bias currents: (b) 0.56 mA, (c) 1.9 mA,
and (d) 32 mA.
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Fig. 3. Voltage image 3V(x,y) of the grain
boundary taken with a bias current of 39 mA at
14 K.

increases the resistance R¢ of the supercon-
ductor within a volume A¢ with radius r
around the beam focus. This resistance in-
crease is caused by thermal effects of the
electron beam; therefore, r is given by the
thermal properties of the sample and is
estimated to be =1 pm (7). The electron
beam-induced increase of Ry leads to a
reduction 3I of the current I across Ag.
Because the sample is current-biased, 31 is
diverted to the unirradiated part of A that
has the differenual resistance dV/dI(I). This
leads to a signal 3V = &I dV/dI(I). On the
other hand, if Ay is in the zero resistance
state, no voltage signal can be obtained, if I
is smaller than the critical current of
Ap — As. In short, an electron beam—in-
duced voltage is generally expected only if
the electron beam is focused on a resistive
area of the sample. A detailed discussion of
the signal generation in this type of experi-
ments has been published (7).

Figure 2 demonstrates that, with increas-
ing current density, first the grain boundary
becomes resistive; that is, the critical current
density of the grain boundary is lower than
that of the grains. This result directly con-
firms earlier measurements (1), in which the
critical currents of lines straddling a grain
boundary have been compared to the critical
currents of lines inside grains.

For quantitative studies, observations re-
corded by y modulation are more useful (2)
than brightness-modulated measurements
like the one shown in Fig. 2. Therefore, in
Fig. 3 a y-modulated measurement of the
same grain boundary is shown. Here, for a
series of horizontal line scans, 81 has been
added in the y direction to the position of
the electron beam. The apparent width of
the signal-generating area in Fig. 3 (along
the x direction) corresponds to the spatial
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resolution of the imaging technique, limited
by the thermal healing length r. This tech-
nique gives an upper limit for the effective
grain boundary width of about 2 pm. The
region in the middle of the bridge with a
small signal 31 is an area where a precipitate
can be optically observed on the film sur-
face. The small value of 3 I at this coordinate
may be a consequence of the reduction of
the film thickness by the precipitate, which
leads to a reduced 8I and thereby to a
smaller 3V.

The LTSEM technique was also applied
to the study of the so far unexplained sub-
gap structures in the IVC of grain bound-
aries. These features have been suspected of
reflecting intrinsic properties of high-tem-
perature (T.) superconductors and have
generated considerable interest (1, 3, 4).
These sub—gap structures can be seen clearly
in the dV/dI(V) characteristics of the 38°-tilt
boundary for voltages below 500 wV (Fig.
4a). Such features have been found at all
grain boundaries that we have investigated,
however only rarely with such periodicity.
Similar features have also been reported
from transport measurements of polycrystal-
line YBa,Cu30O samples (3). We have found
that these sub—gap features correspond di-
rectly to complex spatial patterns of the
current flow across the boundary. The peaks
in the dV/dI(V) characteristic correlate with
spatial modes of 8V (Fig. 4, b and ¢). A
close connection between the sub—gap
structures and the spatial structures was
demonstrated by a magnetic field pulse (100
G, 5 s) oriented perpendicular to the film
surface, which dramatically changed both
the sub—gap structure and the spatial pat-
terns but did not affect the overall IVC.
After the pulse, the dV/dI(V) characteristic
was flattened out, a substantial peak was
observed only at 50 wV, and for all voltages
a rather weak and uniform voltage response
was obtained.

These results show that the sub-gap
structure is not related to intrinsic properties
of the superconductor such as the quasi-
particle spectrum but is most likely a result
of spatial electronic excitations of the grain
boundaries. These excitations might consist
of self-excited resonances between the high-
frequency resonance mode of the grain
boundary region and the Josephson fre-
quency resulting from the voltage across the
boundary. Such resonances are expected at
voltages (8)
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where ¢ is the vacuum speed of light, & is
Planck’s constant, ¢ is the charge of the
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Fig. 4. (a and b) I(V) and dV/dI(V) characteris-
tics of the grain boundary. (¢) Voltage image of
the grain boundary area taken at the bias points
shown in (b).

Cooper pairs, b is the length of the reso-
nance cavity, d is the thickness of the bound-
ary layer, and € = d + 2\, where A, is the
London penetration depth. Although these
parameters are well known [d = 10 AS,
Ae = 1500 A (9), b =4 pm], the effective
dielectric constant € of the YBa,Cu;O,
grain boundary on SrTiO; can only be
roughly estimated. Using for the dielectric
constant of SrTiO; €, (2 K) = 20,000 (10),
we estimate € to be =5000 for the grain
boundary. If we use these values, Eq. 1
yields a resonance voltage Vies = 100 pV,
which indeed lies in the range of the sub—
gap structures.
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Prediction of New Low Compressibility Solids

AMy Y. L1u AND MARVIN L. COHEN

An empirical model and an ab initio calculation of the bulk moduli for covalent solids
are used to suggest possible new hard materials. The empirical model indicates that
hypothetical covalent solids formed between carbon and nitrogen are good candidates
for extreme hardness. A prototype system is chosen and a first principles pseudopoten-
tial total energy calculation on the system is performed. The results are consistent with
the empirical model and show that materials like the prototype can have bulk moduli
comparable to or greater than diamond. It may be possible to synthesize such materials

in the laboratory.

ARDNESS (1) IS A COMPLEX PROP-
H erty related to the extent to which

solids resist both elastic and plastic
deformation. For materials with defects,
hardness can be limited by many factors
including point defects, dislocations, and
macroscopic defects. On the microscopic
level, for ideal systems, hardness is deter-
mined by the bulk modulus, which in turn
depends on the nature of the chemical bond-
ing. It is the strength and compressibility of
the bond that plays the primary role in a
solid’s ability to resist deformation. The
largest bulk moduli are found in covalently
bonded materials. Diamond, which has the
largest bulk modulus (4.43 Mbar), is also
the hardest known solid. A theory of the
bulk moduli of covalent solids is therefore
useful for suggesting schemes to increase
hardness.

An empirical model for the bulk moduli
of covalent solids was developed (2) with
scaling arguments based on the Phillips—
Van Vechten scheme (3) for characterizing
the covalent and ionic nature of tetrahedral
solids by means of their spectral properties.
For purely covalent solids such as C and Si,
the bulk modulus scales as the average ho-
mopolar energy gap in the reflectivity spec-
trum divided by the volume of the bond
charge. This leads to the bulk modulus
varying as d~3-%, where d is the bond length.
For the zinc blendes, an additional empirical
term is added to account for the depletion of
bond charge with increasing ionicity. The
resulting scaling relation is

19.71 — 2.20\
poUezi 2oy

where B is the bulk modulus in megabars, d
is in angstroms, and X is a measure of the
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ionicity of the compound. For the homopo-
lar semiconductors (group IV), A = 0,
while for the heteropolar III-V and II-VI
zinc blende solids, A = 1 and 2, respectively.
Similar analytic relations between the bulk
modulus and lattice constant have been ob-
tained for the group IV and III-V semicon-
ductors by means of first principles methods
based on a pseudopotential scheme (4).
The scaling law given by Eq. 1 successful-
ly describes the diamond and zinc blende
semiconductors, giving results for the bulk
moduli within a few percent. This is compa-
rable in accuracy to first principles calcula-
tions (5) that require extensive supercom-
puter time. Equation 1 is also useful for
illustrating trends in these materials. For
example, to achieve a large bulk modulus,
two properties are needed: low ionicity and
short bond length. In the past, there was
speculation that cubic BN might be harder
than diamond. Interpolation of empirical
relations for the elastic constants (6) led to
an estimate of the bulk modulus of BN in

Fig. 1. Structure of -C;Ny in the a-b plane. The
c-axis is normal to the page. Half the atoms
illustrated are located in the z = —¢/4 plane, the
other half are in the z = ¢/4 plane. The structure
consists of these buckled planes stacked in
AAA. . . sequence. The parallelogram shows the
unit cell.

Fig. 2. Valence charge density of B-C;N, in the
[0001] plane. The contours are in units of elec-
trons per cell. The contour interval is 20 electrons
per cell.

the range of 4.65 Mbar. In contrast, because
both the bond length and ionicity are larger
in BN than in diamond, Eq. 1 predicts that
BN should have a smaller bulk modulus
than diamond. With A = 1 and d = 1.56 A,
the scaling law yields B = 3.67 Mbar for
BN. A recent measurement (7) of the bulk
modulus of BN yields 3.69 Mbar. The good
quantitative agreement of the results of the
empirical model and experiment demon-
strates the predictive power of the model.
Based on this model, it was suggested (2)
that a covalent solid formed between C and
N could have a larger bulk modulus than
diamond. In this work, we investigate the
structural and electronic properties of a solid
of this type using first principles pseudopo-
tential calculations (5). In choosing a candi-
date structure that can be used as a proto-
type for a covalent C-N solid, the simple
zinc blende structure is ruled out because in
a hypothetical zinc blende compound the
first antibonding band would be occupied.
This would distribute charge in antibonding
regions and it is doubtful that such a struc-
ture would be stable. Instead, a more com-
plex structure for a C-N solid, based on the
known B-Si3Nj structure with C substituted
for Si, is considered. The octet rule for
covalent bonding is satisfied in this struc-
ture, and no antibonding states are occu-
pied. In Fig. 1, the structure is shown to
consist of buckled layers stacked in an
AAA. . . sequence (8). The unit cell is hexag-
onal and contains two formula units (14
atoms) with local order such that C atoms
occupy slightly distorted tetrahedral sites
while N atoms sit in nearly planar triply
coordinated sites. This structure can be
thought of as a complex network of CNy4
tetrahedra that are linked at the corners. The
atomic coordination suggests sp* hybrids on
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