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We report on the effects of strong electrical currents (=1 MA/cm? applied at ~300 K to
YBa,Cu;0,_; thin-film microbridges that both do, and do not contain high-angle grain boundaries. In
the grain-aligned microbridges, below a certain threshold level such currents promote a slow improve-
ment of the normal and superconductive properties of the microbridge. This behavior is attributable to
the current-driven increase in basal-plane oxygen order in a manner characteristic of dispersive trans-
port. Above threshold, the effect of the electromigration current is to create rapidly regions of strong
oxygen disorder, which increases the microbridge resistance and decreases the transition temperature
and critical current. This disorder shows a tendency to segregate under electromigration bias and can be
at least partially removed by reversal of the current. The threshold effect permits an estimate of the
atomic force required to promote the creation of oxygen disorder in YBa,Cu;0,_5. The superconduct-
ing properties of the disordered regions have the characteristic of a composite superconductor, consist-
ing of a network of superconducting filaments partially shunted by normal conducting paths. Compar-
ison with the behavior of microbridges containing high-angle grain boundaries indicates that such boun-
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daries consist of more or less random connections of these filaments.

I. INTRODUCTION

Since the discovery of the high-T, cuprates, it has been
well known that oxygen plays a dominant role in deter-
mining their structural and superconductive properties.
More recently, experimental studies of oxygen-deficient
YBa,Cu;0,_; (YBCO) single crystals' ~* and bulk sam-
ples* have focused attention on the importance of under-
standing the oxygen ordering in these materials. The cru-
cial role of this ordering in determining the carrier con-
centration and hence superconductive and normal-state
properties is the subject of vigorous research.’”!° There
is also increasing evidence that vacancies and disorder in
the basal-plane oxygen chain sites may be responsible for
many of the deleterious effects of grain boundaries in
these materials, an unfortunate consequence of the short
coherence length as well as the high oxygen mobility
(~1-eV activation energy for diffusion). Some of the
effects on the properties of these grain boundaries in
YBCO thin films due to the removal and replacement of
oxygen have been detailed.!! It is not yet clear, however,
how this oxygen disorder affects the high-T,. supercon-
ductivity at the microscopic level or, in the case of grain
boundaries, how the resulting weak-link problems can be
overcome when they are unwanted or how the
Josephson-like properties of such weak links can be im-
proved when they are desired for superconductive device
applications.

In this paper we report and discuss the results of an ex-
tensive series of experiments with YBCO thin-film micro-
bridges in which the chain oxygen order has been sub-
stantially and, to a large extent, reversibly altered by the
process of electromigration. The microbridges studied
included those that consisted of grain-aligned material,
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having no high-angle tilt boundaries, as well as micro-
bridges which contained one or two isolated high-angle
(45° or 27°) tilt boundaries. The response of these micro-
bridges to high ( > 1X 10® A/cm?) current biases at ~ 300
K was quite unusual, with a clear threshold being found
for the onset of destructive effects due to the creation of
oxygen disorder. Below this threshold the effect of an ap-
plied current is to slowly improve the normal-state and
superconductive properties of the microbridge. From
these measurements and studies of the properties of the
microbridges subsequent to the imposition of controlled
electromigration biases, some insight has been gained
into the superconductive character of YBCO thin films
that contain regions of strong chain oxygen disorder.
Comparison of the behavior of disordered material with
and without grain boundaries has led to a phenomenolog-
ical model that helps explain the strongly detrimental
effect of grain boundaries in nonideal (i.e., locally oxygen
deficient) YBCO.

Although to our knowledge this work represents the
first controlled and reversible study of oxygen electromi-
gration in YBCO thin-film microbridges with and
without grain boundaries, there are a few related
studies in the literature. Vitta et al. studied the
electromigration-induced failure of YBCO thin films in-
volving the movement of cations.'? Rajan et al. observed
the electromigration of oxygen in bulk sintered rods of
YBCO at very low current densities and elevated temper-
atures.!*> Large reductions in the critical currents of
YBCO thin-film lines by high current pulsing have been
seen by Robbes et al., although the cause of this effect
was not clear.!* And a study of Ag-YBCO point contacts
by Rybal’chenko et al. reports a reversible switching of
the current-voltage characteristics to different levels of
excess current when a high voltage bias is reached.”

400 ©1993 The American Physical Society



47 ELECTROMIGRATION STUDY OF OXYGEN DISORDER AND . .. 401

II. THIN-FILM PREPARATION AND PROPERTIES

A. General characteristics

Our films, which are ~300 nm thick, were deposited
onto single-crystal (001) MgO substrates using the ubiqui-
tous method of pulsed laser ablation. Deposition was
performed at 248 nm and 50 Hz using a laser fluence of
~1 J/cm? The substrates were heated to 670°C in a
400-mTorr oxygen ambient. Targets were either made by
us or obtained from Jupiter Technologies, Inc. The films
are completely c-axis oriented, and we control the in-
plane epitaxy of the YBCO by properly preparing the
surface of the substrate.!® That is, we are able to obtain
films with either no high-angle tilt boundaries or with a
fraction (10-20 %) of 45° or, in some cases, 27° tilt boun-
daries. The films were patterned using inert-ion etching
to form microbridges 1-2 um wide and 2—6 um long. In
this way, we are able to study the properties of both
‘““grain-aligned” microbridges (those containing no high-
angle tilt boundaries and having J.s as high as 5
MA/cm? at 77 K) and microbridges containing high-
angle tilt boundaries and displaying Josephson weak-link
behavior.!6 17

An example of the resistive transition and I-V charac-
teristic of a microbridge patterned in a film that does not
contain high-angle tilt boundaries is shown in Fig. 1. As
is typical for films grown on MgO, the transition, while
reasonably abrupt, is suppressed a few degrees ( ~2-4 K)
below values usually obtained for both the bulk material
and grain-aligned films deposited on lattice-matched sub-
strates. This behavior is generally attributed to the pres-
ence of strain and defects in the film that result from the
~99% lattice mismatch for c-axis normal YBCO films on
MgO. The resistivities p, of our best grain-aligned films
(~60 Q) cm at 100 K) are comparable to the best results
obtained with carefully annealed twinned crystals.!®~2°
These films have the nearly linear temperature depen-
dence of single-crystal YBCO (p, =aT), although extra-
polation to zero temperature sometimes yields a negative
resistance intercept. This result has occasionally been at-
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FIG. 1. The resistive transition and I-V characteristic at 77
K for a microbridge without high-angle tilt boundaries. The J,
at 4.2 K was 5.5X 10" A/cm?.

tributed to the existence of a YBa,Cu,O3_5 phase, al-
though no detectable amount is seen in the x-ray analysis
of our films, and, perhaps more significantly, the negative
intercept is also seen in single crystals of YBCO.!¥~%0

Films containing high-angle tile boundaries, on the
other hand, often display a positive zero-temperature
resistance intercept, and the resistivities of these films are
typically two to three times higher than grain-aligned
films. The zero-temperature resistance offset of these
films is likely due to the temperature-independent resis-
tance of high-angle grain boundaries, but the increased
temperature-dependent resistivity must be accounted for
by an increased defect density in the grains themselves.
Rutherford backscattering spectroscopy (RBS) utilizing
high-energy oxygen resonance scattering?! clearly shows,
in fact, that the Y, values for ion channeling (including
oxygen) are increased significantly in films containing
high-angle tilt boundaries.!® RBS analysis also confirms
that even the best films are not fully oxygenated (§=0).%2
In general we have found that extended oxygen annealing
efforts fail to improve this situation. Despite, or perhaps
because of, this oxygen deficiency, those films which do
not contain high-angle tilt boundaries exhibit very high
critical current densities in both zero and in high magnet-
ic fields (see Fig. 1). These J. values are quite similar to
those typically reported for quasi-single-crystal thin films
grown on LaAlO; and SrTiO;.%

B. Transport properties and oxygen-defect distribution

Following the laser-ablation deposition process our
films are slowly cooled to nearly room temperature in
pure oxygen to allow any oxygen disorder in the film to
have sufficient time to equilibrate with the local thin-film
environment. This equilibration is demonstrated by the
fact that the film properties are stable over extended
times at ~300 K and under limited excursions to higher
temperatures, ~400 K. The significance of the equilibra-
tion process is emphasized by the observation that
these “slow-cooled” films have a distinctly different
temperature-dependent resistance behavior from that ob-
tained by rapid thermal annealing the films in an oxygen
environment for a minute or two at a moderate tempera-
ture (750 K) and then ‘“quenching” to room temperature
(a cooling time of ~2 min). A similar effect may be ob-
tained by a rapid thermal argon anneal for a few seconds
followed by a short rapid thermal oxygen anneal.

After such a quench, the effect of which can be re-
versed by a subsequent anneal and slow cool, the resis-
tance of the film increases by ~50% or more and the R
vs T curve invariably takes on a “bowed” shape as illus-
trated in Fig. 2. This characteristic shape can be seen in
the thin-film data of several authors, yet its origin is nev-
er discussed. We have observed that such curves can be
well fit by a phenomenological model consisting of two
parallel conduction paths, one of which has a resistance
characteristic of clean, fully oxygenated YBa,Cu;0; in
the normal state, while the other has a temperature-
independent resistance. This implies that the quenching
process creates inclusions of disordered material within
the film. These regions reduce the amount of material
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FIG. 2. The resistive transition for a film that has been
thermally “quenched” from 450°C after a 10-s argon anneal fol-
lowed by a 10-s oxygen anneal. The shape of the curve can be fit
by a model consisting of two parallel conduction paths, i.e.,
R, =(aT +c¢)||b, indicating the existence of small inclusions of
disordered material within the film.

which has the characteristic normal-state resistance of
YBa,Cu;0, and provide an additional parallel contribu-
tion to the overall film resistance that is at least approxi-
mately T independent, with a magnitude that depends on
the degree of disorder.

In addition to the increase in the magnitude and the
change in character of the normal-state resistance, the su-
perconductive critical current of a “‘grain-aligned” micro-
bridge following a quench anneal is also significantly re-
duced, typically by about a factor of 3. A direct trans-
port measurement of the critical current I, of a micro-
bridge measures, of course, the weakest section of the mi-
crobridge, while the resistance is a better, but far from
perfect, measure of the average behavior of the entire mi-
crobridge. Keeping that distinction in mind, we find that
if the decrease in I, is attributed to a reduction in the
original volume fraction of superconductive material, the
change is roughly consistent with the increase in the
linear temperature-dependent term in the resistance of
the quenched film which would result from a loss of su-
perconductive material.

The results of these simple experiments offer initial in-
sight into the importance of the distribution of oxygen
defects within the films. It is known that when YBCO is
cooled from the high-temperature tetragonal phase to the
low-temperature orthorhombic phase, the oxygen ions
that formally provided a 50% occupancy of the inter-
chain O(5) lattice sites move to previously vacant O(1)
chain sites, forming, in the ideal case of §=0, the fully
occupied oxygen chains in the b-axis direction. (Our lat-
tice site notation follows that of Ref. 24.) This oxygen
configuration is the Ortho-I phase.” These ordered oxy-
gen chains provide carriers to the conduction planes via
proper coordination of the basal-plane Cu(1) atoms.’'°
This mechanism for hole doping seems to be well estab-
lished. Recent studies! ™* of rapidly quenched bulk and
single-crystal YBCO have shown that in the case of

oxygen-deficient material the degree of chain-site order-
ing that is present can strongly affect the superconductive
properties (T,) of the material. To explain this result
Veal and Paulikas'® argue that placing an oxygen ion on
a vacant site that links two disconnected Cu-O-Cu chain
elements adds two holes to the adjacent conduction
planes, while extending an existing Cu-O-Cu chain by one
unit adds one hole, and creating an isolated Cu-O-Cu unit
adds none. Thus, local rearrangements of the same aver-
age density of oxygen chain vacancies can have a striking
impact on the local transport properties of the material.
The annealing studies of quenched oxygen-deficient
YBCO show that the equilibrium state tends to be that
which maximizes chain order (chain length) and the aver-
age hole concentration. Unfortunately, it appears that
the energy cost for disrupting this order is quite low.

Jorgensen et al.?* suggest that an effect of a chain va-
cancy is to disrupt the structural coherence of the CuO,
conduction planes which could destroy superconductivity
locally in the same manner as other structural defects in
the CuO, plane. If so, a small aggregation of such vacan-
cies in parallel in a given YBCO basal plane should pro-
duce a region through which the transport in the CuO,
conduction plane is severely weakened. A possible conse-
quence is that transport can proceed only by inelastic
tunneling or by ‘“‘detour” transport in the c-axis direction
to adjacent CuO, planes which are bounded by properly
occupied chain sites. Friedmann et al.?* have found that
the c-axis resistivity of very carefully annealed YBCO is
metallic but not strongly temperature dependent. In ei-
ther case the effective resistance of a sufficiently small re-
gion of locally disordered material can be expected to be
at least roughly T independent, in accord with our result.
To investigate further the effect of the oxygen-defect dis-
tribution and to probe these effects on a more local scale,
we undertook the following electromigration experi-
ments.

III. ELECTROMIGRATION
OF GRAIN-ALIGNED MICROBRIDGES

The electromigration experiments described here con-
sisted of examining the consequences of the application
to the microbridges of a high, constant dc current bias
(1-7 MA/cm?) at room temperature in a helium am-
bient. We have studied both quenched and slow-cooled
microbridges. The temperature of the microbridges was,
of course, raised due to self-heating. The actual micro-
bridge temperature during electromigration was deduced
by extrapolation of the temperature-dependent resistance
of the microbridge at the beginning and end of applica-
tion of the current, essentially using the YBCO micro-
bridge as a thermometer. In general, changes in the mi-
crobridge resistance due to electromigration effects oc-
curred over a time scale very long compared to the
thermal equilibration that follows the initial application
of the current, so a reasonably accurate estimate of sam-
ple temperature during the electromigration process
could be made. The device resistance was monitored dur-
ing the application of electromigration bias, which typi-
cally was applied for up to 24 h, and transport measure-
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ments were subsequently used to characterize the
normal-state and superconductive properties of the films.

A. Healing

We will first discuss the behavior of grain-aligned,
slow-cooled microbridges. The bridges studied had initial
J.’s of 2X 10°-6X 10° A/cm? at 77 K. The first effect ob-
served as a result of a high current bias in these films was
a slow ‘“healing” or improvement of both the normal-
state and superconductive properties which took place
gradually over a period of many hours. This process
occurs for a bias current density (Jgy) of 3—-5 MA/cm?
which typically results in self-heating of the microbridge
to a temperature in the range 330-370 K. As a result of
this process the normal-state resistance (R, ) of the mi-
crobridge is decreased by as much as 5-10 %, and J, is
increased by typically 10-20 %. Sometimes a slight in-
crease in T, is observed, but no change or even a slight
decrease is perhaps just as likely. An example of this
healing behavior and its consequences is shown in Fig. 3.

It might be thought that this behavior is the result of a
simple heating effect, since the temperature of the micro-
bridge is indeed raised by ~ 50 K upon application of the
current densities used. While heating certainly increases
thermally activated defect motion, this explanation alone
is insufficient to account for all the observed effects. To
examine this question, we have measured the resistance
vs time and the transport properties for several micro-
bridges that were simply heated to 335-390 K in vacuum
or in an oxygen ambient. The normal-state resistance of
the bridges after these anneals usually remained the same,
although sometimes a slight rise was seen (~2%), with
the time dependence during heating being more or less
linear. We have observed no decrease in R by heating
alone, nor have we observed a time dependence of R dur-
ing heating at all similar to the time dependence (dis-
cussed below) of the current-induced healing effect.

We conclude that the healing effect, which will occur
for either direction of applied bias, is a consequence of
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FIG. 3. The resistive transition for a grain-aligned micro-
bridge that has been improved by application of a current bias
of 5 MA/cm? for over 6 h. R, has been decreased by 10% and
J. has been increased by 15%.

the bias current driving a beneficial redistribution of
chain oxygen vacancies within the microbridge. This hy-
pothesis is, of course, consistent with the slight oxygen
deficiency of our films, so that oxygen vacancies certainly
exist, allowing changes to be effected in the oxygen order-
ing. The result may either be an overall increase in the
degree to which the O(1) oxygens are ordered into the ex-
tended chains of the ideal Ortho-I phase of YBCO, in-
creasing the overall carrier concentration, or simply the
development of a more uniform distribution of the vacan-
cies throughout the microbridge so as to reduce their im-
pact on the transport properties, or a combination of
these two processes.

In the standard semiclassical model of electromigra-
tion, the effect of an applied bias is to influence the net
displacement of mobile atomic species in a direction ei-
ther parallel or antiparallel to the direction of the applied
current, depending on the effective valence of the mobile
ion. The driving force is a combination of the effects of
the “‘electron wind” and the applied electric field in alter-
ing the local atomic potential for thermally activated
diffusion. Experiment has indicated that the direction of
chain oxygen anion movement in YBCO in response to
an applied bias is towards the cathode,'? indicating that
the momentum transfer from the hole wind dominates
the electromigration force in this system. But in typical
electromigration experiments even at current levels as
high as 107 A/cm?, the changes in the activation energy
for diffusion in the preferential direction are <<kT.
Thus, as in any activated diffusion process in the presence
of a weak driving force, only ions that have sufficiently
low activation energies that they can fluctuate rapidly on
the experimental time scale will respond to the electromi-
gration bias.

Experimental measurement of oxygen tracer diffusion
in the a-b plane of single-crystal YBCO yields a value of
0.97+0.03 eV for the activation energy;?® independent
measurements of oxygen ordering in quenched crystals
appear to confirm this value.? The resulting in-plane oxy-
gen diffusion constant has been measured to be
D, =1.4X10 “*xp(—0.97 eV/kT)cm?/s.?® Therefore,
the oxygen mobility is expected to be relatively low at
300-350 K, and application of the electromigration force
should only result in net displacements of the chain oxy-
gen ions over near-atomic distances, =1 nm, during the
time scale of the experiment. However, recent measure-
ments have indicated that the diffusion constant D, for
oxygen motion in the b direction is at least 100 times
greater than the diffusion constant in the a direction
D,.”” A possible explanation for this result is found in
the calculation of Ronay and Nordlander,?® who find a
zero-value activation energy for movement parallel to the
b axis in the region between the CuO chains [along the
normally unoccupied O(5) sites]. It has been suggested?’
that oxygen diffusion in the b direction occurs by a pro-
cess whereby an oxygen ion at the end of a string of occu-
pied O(1) sites jumps to an adjacent, normally unoccu-
pied O(5) site and then moves along the O(5) sites until it
is adjacent to another unoccupied O(1) site, which it oc-
cupies. If the activation energy for the O(1) to O(5) dis-
placement is ~ 1.0 eV while the activation energy for ox-
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ygen diffusion from O(5) to O(5) sites is indeed consider-
ably lower, then the O(1) to O(5) jump is the rate-limiting
step. Thus, there may be a longer-range displacement of
oxygen ions during room-temperature annealing and in
the present electromigration experiments than that which
the measured activation energy for oxygen diffusion
would otherwise suggest.

As shown in Fig. 4, the time dependence of our
current-induced healing process invariably follows a
“stretched-exponential” functional form,

R(t)=R()—[R(0)—R(0)]exp[—(t/7)"], (1)

where we find that » =3 can generally fit the data, but
that other values of n, 0.3-0.7, often provide better fits.
This stretched-exponential or Kohlrausch behavior is a
general characteristic of relaxation in complex sys-
tems.? 73! It is perhaps most simply attributable to the
thermally activated relaxation of an array of elements
which have a distribution of activation energies. The be-
havior is often taken to be indicative of an overall relaxa-
tion process which is governed by dispersive transport of
defects3? or by strong interactions between elements of
the relaxing system.

A closer examination of the time-dependent resistance
often reveals small transient departures from the func-
tional form of Eq. (1), suggesting that series kinetics are
indeed involved in this time-dependent current-induced
process. In Fig. 5 we show the relaxation in R that was
seen during two consecutive current biases, the first at 3.8
MA/cm? and the following one at 5 MA/cm? The na-
ture of this transient behavior is evident principally as a
fairly sudden onset of an increasing R followed by a less
abrupt return to a decreasing R at a rate that gradually
approaches that predicted by the overall stretched ex-
ponential fit. As can be seen in the figure, this behavior
was remarkably reproducible from the first to second run,
although the time scale for the occurrence of the tran-
sients is lengthened in the case of the second, higher bias
measurement. It appears that the resistance relaxation
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FIG. 4. The resistance of a grain-aligned microbridge vs time
during a healing electromigration. The time dependence of this
current-induced healing process is well fit by a stretched-
exponential functional form [Eq. (1)]. The current bias in this
case was 3.5 MA/cm?.

Resistance (Q)
® ™ @ @
N N @ @
) o o >

3
I
o3

Resistance ()
Q2
)

o] 3 6 9 12 15 18
Time (h)

FIG. 5. The time-dependent resistance during an electromi-
gration process often reveals small transient departures from a
strict functional form. Both curves are taken from the same de-
vice for two current biases. The bias was applied in the same
direction in both cases and had a magnitude of 3.8 MA/cm? in
(a) and 5 MA/cm? in (b).

process is indeed quite complex, with an initial reduction
in R (decrease in net oxygen disorder) opening a conduit
whereby the driving force results in a brief increase in R
(increase in net oxygen disorder) which is then followed
by a further reduction in R (additional decrease in oxygen
disorder).

Jorgensen et al.* and Veal et al.? have found that the
same stretched-exponential function (with n =1) can de-
scribe the time dependence of the rise in T, of quenched,
oxygen-deficient bulk polycrystalline and single-crystal
YBCO upon room-temperature annealing. This indicates
that this time dependence is a general consequence of the
complex nature of the local ordering process in YBCO
and is not necessarily a result of the thin-film form of the
material being studied here.

Other functional forms,

R($)=R (0 )—[R(0)—R(0)][7/(t +7)] (2)
and
R(t)—R(o0)~t™ ™, (3)

have also been proposed to describe the increase in T, of
quenched YBCO single-crystal and ceramic samples.
Equation (2) is an empirical relation that has been suc-
cessful in describing the dynamics of some phase transi-
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tions, while Eq. (3) (with m =1) is derived from a scaling
dynamics model calculation of oxygen ordering in the a-b
plane of YBCO.3> While the data of Jorgensen et al.*
and Veal et al.!'? are not sufficient to determine whether
Eq. (1), (2), or (3) provides the best description of their re-
sults, in our case neither of the latter two functions pro-
vides a good description of the current-induced relaxa-
tion of the microbridge resistance. Of course, the agree-
ment with one of the time-dependent models proposed by
Jorgensen may be fortuitous. And while healing does ap-
pear to be attributable to a redistribution of oxygen va-
cancies, it is not clear how the presence of a driving force
should affect any model that is concerned with the
growth of ordered domains.

B. Degradation

At only slightly higher current densities (Jgy~5-7
MA/cm?) the effect of electromigration is invariably to
degrade rapidly the electrical properties of the micro-
bridge. The severity of the change is determined by the
magnitude of Jgy; and by the amount of time the current
is applied. R, of the microbridges is almost always in-
creased in this process. In limited duration (~ 60 s) elec-
tromigrations at a bias just above ( =<20%) the threshold,
we have obtained increases in R, of up to 80%; with an
extended bias period of several minutes R, has been in-
creased by about a factor of 3. The critical current densi-
ty is typically reduced by an order of magnitude by such
destructive electromigrations. As we show below, this
degradation, if limited, is at least partially reversible by
subsequent electromigrations at lower biases and opposite
sign. A larger Jgy (=7 MA/cm?) or a more extended
period of destructive electromigration may cause J, to be
reduced by more than a factor of 10*. In addition, T.
may be reduced to just a few degrees or the sample may
be made insulating or semiconducting. An illustration of
this behavior is given in Fig. 6. However, following such
a result the original properties of the microbridge can be
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FIG. 6. High current biases can cause significant oxygen dis-
order in the YBCO microbridge; 7. may be reduced to very low
temperatures or the sample may display semiconducting or in-
sulating behavior. This curve was the result of an electromigra-
tion bias of ~7 MA/cm?. Note the high normal-state resis-
tance; the bulk transition, however, remains clearly defined.

completely recovered by a brief oxygen anneal at 450 °C.
The usual outcome of a destructive electromigration of
limited duration is the creation of one or more localized
regions of disorder within the microbridge. This is indi-
cated by the fact that a limited duration electromigration
typically results in an R vs T curve that extrapolates to a
positive resistance intercept at T =0, where previously
there was a zero intercept. This is illustrated in Fig. 7(a).
A slightly stronger, or more extended, electromigration
bias often results in the appearance of a “foot” in the
resistive transition as shown in Fig. 7(b). The resistance
of the microbridge between the bulk of the transition and
the foot is roughly temperature independent and if the
foot resistance is subtracted, the normal-state R vs T data
would extrapolate fairly closely to R =0 at T'=0. Both
of these phenomena (positive residual resistivities and
feet) are regularly seen in samples containing high-angle
tilt boundaries and generally are indicative of the pres-
ence of one or more “weak links” in the sample. (See Sec.
IV A.) Other evidence indicating the formation of weak-
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FIG. 7. Resistive transitions before and after destructive
electromigration processes. In (a), a bias of 6 MA/cm? was ap-
plied to the microbridge for 30 s. R, was increased substantial-
ly, J. was reduced by more than an order of magnitude, and a
positive residual resistivity was created, indicating the existence
of an area of disordered material. The transition in (b) was ob-
tained from a different microbridge by applying a bias of 6
MA/cm? for a few seconds. Similar behavior to that in (a) is
seen. In addition, a “foot” is created in the transition, indicat-
ing the formation of a localized region of weakened supercon-
ductivity.
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ened regions is obtained from the magnetic field data and
the functional form of the change in resistance with time
during subsequent electromigrations, which will be dis-
cussed below. An important point is that the degree of
the degradation must be relatively uniform across the
length of the disordered region of the microbridge, other-
wise the final transition to zero R would be spread out
over a wide temperature range.

Figure 8 further illustrates this creation of ‘“uniformly
disordered” regions by the destructive electromigration.
The data are from a microbridge which initially had a
high J. and a flux-creep I-V characteristic. The figure
shows the behavior after a series of electromigrations. J,
has been reduced by 3 orders of magnitude and a large
foot in the resistive transition has developed. Notice the
shape of the I-V curve: the onset of dissipation is reason-
ably sharp and continues quickly to an ohmic line whose
resistance is close to that displayed by the microbridge in
the temperature region between the bulk of the transition
and that of the foot. This I-V characteristic is reminis-
cent of the behavior predicted by the resistively shunted
junction (RSJ) model and indicates the existence of a
somewhat localized region of weakened, but uniform, su-
perconductivity. The response of this microbridge to mi-
crowave radiation, however, was quite poor; Shapiro
steps were not readily observed. Thus, the region of dis-
order, while localized, is still largely extended on the
scale of the superconductive coherence length.

Since the electromigration biases are sufficient to
significantly self-heat the microbridge, it is important to
establish that the observed degradation is due predom-
inantly to the electromigration force and not to the ohm-
ic heating. Simply heating unmigrated samples to 100°C
had no significant effect on their properties, as discussed
previously. We have also not observed damage to a local-
ized region, reductions in J,, or large increases in R, by
simple heating. These effects, as described above, occur
only with the presence of a high current.
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FIG. 8. The behavior after several electromigrations of a
grain-aligned microbridge which originally had a J. of 3X 10’
A/cm? at 4.2 K. The shape of the resulting I-V characteristic is
reminiscent of RSJ behavior.

C. Reversibility

One of the remarkable aspects of this destructive elec-
tromigration behavior is that the effects are to a large de-
gree reversible. This is achieved by reversing the direc-
tion of current flow. In fact, a change of current direc-
tion is required to reverse the effects of electromigration
damage. If we have a microbridge that has been degrad-
ed by a large Jg\ as, for example, in Fig. 7, the applica-
tion of a lesser current in the same direction as the origi-
nal current has no effect. If, however, the current is re-
versed and has a magnitude in the 3—5 MA/cm? range,
the microbridge is healed in much the same way as dis-
cussed above: the normal-state resistance is decreased to
nearly its original value, J, is increased close to the origi-
nal value, and the foot in the transition disappears. An
example of the effect is shown in Fig. 9, which illustrates
the reversal of the damage done to the microbridge of
Fig. 7(b).

After reversal of electromigration-induced damage, an
increase in the current will again cause degradation
effects as before, which can be reversed by changing the
current direction. J, and 1/R, can be raised and
lowered in this manner, and the foot in the resistance
transition can be raised or lowered, at will, by 20 K or
more. The reversibility remains after several cycles of
current direction. It is difficult, however, to return to
100% of the original properties after severe damage has
been done. Also, after a severe electromigration or
several cyclings, the restorative effects are less dramatic.

The effects associated with the direction of current flow
strongly demonstrate the necessity of a directed particle
flux. A change in the temperature gradient over a region
on the order of a micron due to a simple change in direc-
tion of the current is unlikely. To test the effect of heat-
ing, samples that had been degraded were also heated to
350-390 K without applying a bias. Heating in these mi-
crobridges was found to cause an increase in J, and an in-
crease in T, of the weakened region. The foot on the
transition could be reduced and a rise in J, could be con-
tinued by subsequently higher-temperature anneals. Al-
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FIG. 9. This figure shows the reversal of the damage done to
the microbridge shown in Fig. 7(b) by applying a current bias of
5 MA/cm? for 11 h in a direction opposite to the previous bias.
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though weakened or damaged regions of the microbridge
could be improved, decreases in R, and restoration to a
previous J. could not be accomplished by heating alone.
Again, a large bias is required to produce these effects.
We have also observed small changes of the properties
of damaged microbridges with extended storage (several
months) at room temperature. Initial observations indi-
cate that J, and R, both increase very slowly over time
for microbridges that had been degraded by electromigra-
tion. This behavior is very similar to the effect of heat-
ing. These latter observations indicate that the regions of
oxygen disorder created by electromigration are slowly
reordering with time and/or temperature. Increases in
T, of the disordered region with time during extended
storage at 300 K have not been observed, however.

D. Quenched films

The transport properties of microbridges fabricated in
films that have been thermally quenched are not im-
proved by the application of an electromigration current
at a level which usually promotes healing. Rather, the
properties are rapidly degraded as illustrated in Fig. 10;
R, is increased, a foot develops in the transition, and J,
is reduced. There is some indication in the R vs T data,
however, that the transport properties of the bulk of the
microbridge are actually being improved: the curvature
in the temperature dependence above T, is diminished,
and if the contribution of the foot to the overall resis-
tance is subtracted, the microbridge resistance is actually
less than before. This indicates that the electromigration
force is segregating the disorder created by the quench
into separate regions of higher and lower defect density.

E. Magnetic field results

The dependence of the critical current of the micro-
bridge on magnetic field H as determined from the I-V
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FIG. 10. Shown here is the behavior after a quench anneal at
450°C for 60 s of the microbridge shown in Fig. 3. The proper-
ties are degraded somewhat by the quench, and these properties
are further degraded by application of a current bias of 5
MA /cm?, the same bias level that originally improved the prop-
erties of the microbridge.

characteristic was measured repeatedly between elec-
tromigrations at high bias for several of our micro-
bridges. We note again that this type of measurement
determines the critical current of the weakest cross-
sectional region of the microbridge. The field was ap-
plied parallel to the YBCO c axis. Figure 11 presents J,
data measured at 4.2 K for one such microbridge where
J. is the average value as determined by the measured
critical current and cross-sectional area of the micro-
bridge. The data shown encompass electromigration-
induced variations in J, of 3 orders of magnitude and
zero resistance T,.’s between 31 and 90 K. The
differences, which are not particularly pronounced, in the
scaled J, behavior at low H are attributed to spatial inho-
mogeneities across the weakest cross section of the mi-
crobridge, i.e., that part of the microbridge which is re-
sponsible for the foot in the transition. If this cross sec-
tion contains spatial variations in J, (arising from oxygen
disorder) which have an average correlation length &, the
result, due to the limited size of the sample, would be
variations in the suppression of the critical current by H
until the mean fluxoid spacing is <§. The scaled J, vs H
curves converge at about H =0.5 T, which is typical of
all the microbridges examined in this study, yielding
£=60 nm.

For H 20.5 T the functional dependence of J. on H is
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FIG. 11. The magnetic field behavior was studied for a single
microbridge as a function of changes brought about by elec-
tromigration. 16 data sets are shown here. The dependence of
J. on H is nearly invariant over a very wide range of I, (75 uA
to 65 mA) and 7, (31-90 K) values.
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nearly invariant despite the wide variation in the magni-
tude of J, and the significant variation in T,. The
differences in the low- and high-field behaviors suggest
that the high-field result is indicative of the “intrinsic”
properties of the weakened region. Thus, the redistribu-
tion, or disordering, of the chain oxygen and the major
changes in T, brought about by the electromigration does
not represent a pronounced change in the local pinning
strength or indicate a major change in other local super-
conductive properties. Instead, as we discuss below, the
magnetic field data indicate that the dominant effect of
electromigration is to produce a wide variation ( > 10*) in
the amount of superconductive material effectively
present in the disordered region of the film.

F. A model of the superconductive character
of disordered regions

In Fig. 12 we show the variation in J, with T, as
determined by the microbridge zero resistance, that was
obtained with one microbridge during the course of an
extensive series of electromigration-induced changes.
The data, which include cases where J, and T, were both
increased and decreased by electromigration currents,
show a rather remarkable exponential variation of J,
with the transition temperature of the disordered region
of the microbridge. Similar results were obtained with
other electromigrated microbridges. This is a much
stronger variation than would be expected to result from
a simple reduction in 7T, due to a change in carrier densi-
ty with increasing chain disorder. If, for example, J, was
determined by the ideal depairing limit,3* reductions in
T, should only suppress the low temperature J, more or
less linearly. Alternatively, formation of local regions of
material well ordered into the Ortho-II phase should not
so strongly depress J,.

The experimental evidence indicates that the disor-
dered material is a composite system consisting of a net-
work of superconductive filaments imbedded in a nonsu-
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FIG. 12. The solid circles show the critical current density at
4.2 K vs zero-resistance T, (the T, of the “foot”) for a single
uniform microbridge that was migrated several times. The open
circles show similar data for several different (unmigrated) tilt-
boundary weak links.

perconductive matrix. As the degree of oxygen disorder
increases, the fractional cross-sectional area of the ma-
terial that is bridged by continuous superconductive fila-
ments drops rapidly. The decrease in the effective T, of
the filaments does not appear to be the major factor in
the decrease of J, but simply a less strong indicator of the
overall increase in oxygen disorder. The rapid decrease
in J, is instead a consequence of the tendency for chain
vacancies to locally segregate, which, with increasing dis-
order, rapidly diminishes the probability of maintaining
continuous superconductive paths through the material.
As determined from the magnetic field dependence of J,,
the average lateral dimension d of these individual fila-
ments is somewhere in the range §,, <d <¢, where £, is
the superconductive coherence length.

This filamentary model can account for the resistive
behavior of the highly disordered material. If, as the
quenched film data suggests, in small localized regions
where oxygen disorder has disrupted the normal trans-
port in the a-b plane, the conductivity is determined by
in-plane incoherent tunneling or by c-axis transport, then
as more and more of the superconductive connections are
disrupted this conductivity will begin to dominate, result-
ing in the T independent resistance of a strongly disor-
dered region. As this disorder increases, this shunting
conductance that bridges superconductive filaments be-
comes less effective as the average separation between
these filaments grows. Thus, the temperature-inde-
pendent resistance increases until eventually, when all but
a very few superconductive connections are broken, the
conductivity of the composite system begins to be dom-
inated by hopping transport.

G. Discussion of the response to electromigration bias

Perhaps the most striking feature of the electromigra-
tion experiments is the sudden change with increasing
bias current from slow improvement to rapid degrada-
tion. The degradation appears to be clearly attributable
to the disordering of the chain oxygen by the electromi-
gration force. The somewhat higher temperature ( ~380
K) to which the microbridge is self-heated by the in-
creased bias level can partially account for the much fast-
er rate of change of the electromigration effect, but the
change in character from healing to degradation can only
be explained in terms of the electromigration force reach-
ing some critical threshold. We tentatively conclude that
below this threshold the net rearrangement of the basal-
plane oxygen is dominated by the free-energy gain associ-
ated with increased Ortho-I order. The electromigration
force appears to effectively give the less-ordered (less
strongly bound) O(5) ions a drift mobility so that the in-
creased order can be attained. But above the degradation
threshold the electromigration force is sufficiently strong
that it overpowers the preference of the chain oxygen
ions to order and begins to promote the displacement of
all of the O(1) ions. The movement may proceed by the
mechanism proposed by Rothman ez al.?” A calculation
of the electromigration forces on chain oxygen ions with
different nearest-neighbor configurations would be very
helpful in quantifying this interpretation of our results.
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The existence of the electromigration threshold allows
us to employ the semiclassical theory of electromigration
to estimate the atomic force necessary to overcome the
favorable thermodynamical tendency of the basal-plane
oxygen ions to order in YBCO. If we assume that the
electron-wind contribution dominates, the electromigra-
tion force on the oxygen ions is

szszFJEMU/e s (4)

where o is the oxygen ion scattering cross section, m is
the mass of the YBCO charge carrier, and vy is the Fermi
velocity. Assuming simply for the purpose of obtaining a
numerical estimate that o ~10"" cm?, vp=~2.2X10’
cm/s,> and using the free-electron value for m, we find
F,~ 10~° dyn. While this number is at best only a rough
estimate, it does indicate that a very low driving force
can rapidly disorder the basal-plane oxygen in slightly
oxygen-deficient YBCO.

The tendency of a microbridge to develop two distinct
and fairly sharp resistive transitions (i.e., to exhibit a
foot) following the application of a strong electromigra-
tion bias is indicative both of the ability of rather weak
atomic forces to create chain site disorder in YBCO and
of the tendency of this disorder to subsequently segregate
or localize under the imposition of such a force. This
suggests first that the chain oxygen mobility may be
sufficient to permit longer-range motion than the 0.97-eV
activation energy would otherwise indicate, and also
demonstrates that the activation energy for the chain ox-
ygen diffusion is very much a function of the local envi-
ronment. This conclusion is emphasized by the ability to
very significantly and reversibly change the T, of the foot
transition by electromigration without substantially
affecting the “bulk” transition, as illustrated in Fig. 13.
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FIG. 13. Electromigration-induced damage and its reversal is
illustrated again here. The reduction in J, by 2 orders of magni-
tude is fully recovered by the subsequent current bias. EM(1)
was done at a bias of 4.2 MA/cm? for 4 min and the subsequent
electromigration EM(2) was performed with a bias of 3.5
MA/cm? in the opposite direction for 12 h. Note that the initial
microbridge had a J. about an order of magnitude lower than
the best; this illustrates that regions that are not optimally or-
dered are relatively easily affected.

Once areas of high defect density (regions with a low T)
are created, they are easily affected by lower currents,
while regions of lower defect density (“good” regions
with a high T,) remain relatively unaffected.

To summarize, these electromigration experiments on
grain-aligned YBCO films have demonstrated that the
weak atomic forces that arise from a bias current density
of ~5 MA/cm? are sufficient to quickly disorder the
basal-plane oxygen at 350 K. This suggests that a rather
small elastic strain gradient in a YBCO film, such as that
found in the vicinity of a coherent grain boundary, could
also be sufficient to locally suppress the superconductive
state as a consequence of this disordering process, thus
accounting for the very high sensitivity of the transport
properties of YBCO to the presence of structural defects.
To further examine this point we now turn to a discus-
sion of electromigration effects in microbridges contain-
ing high-angle tilt boundaries.

IV. MICROBRIDGES CONTAINING
HIGH-ANGLE TILT BOUNDARIES

A. On the character of high-angle tilt boundaries

The highly deleterious effects of high-angle tilt boun-
daries on the superconductive transport properties of the
cuprate superconductors were clearly established very
shortly after the discovery of high-T, superconductivity.
The pioneering work of Chaudhari et al.3¢ that examined
the critical current, I-¥ characteristic, and magnetic field
dependence of small cross-sectional area tilt boundaries
formed by epitaxial growth on SrTiO; bicrystals was the
first attempt to quantify this grain-boundary effect. We
have studied the structural’’—3° and transport!!!740
properties of isolated, high-angle tilt boundaries in
YBCO microbridges in considerable detail, and we now
give a summary of the relevant results.

The strong attenuation of the bulk or intracrystal J,
that is observed for transport across a tilt boundary has
been attributed to the formation of a normal, or insulat-
ing, barrier at the boundary.*"*> While impurity phases
in poor high-7, material can certainly result in such
effects, examination of the grain boundaries in good thin
films generally does not support this interpretation.
High-resolution scanning transmission electron micros-
copy (STEM) and conventional transmission electron mi-
croscopy (TEM) have revealed no boundary layer or
segregation of secondary phase within a few nm of the tilt
boundary.’’ 3° And energy dispersive X-ray (EDX)
studies with a 2-nm spatial resolution indicate no local
change in stoichiometry (including oxygen content to a
level of 3 parts per 70) across the boundary.3” ~3° In this
latter case, some recent microscopy studies have focused
on attributing the grain-boundary effect to the conse-
quence of the dislocation network at the boundary in lo-
cally suppressing the superconductivity by elastic
strain.

The electrical evidence for the existence of a “Joseph-
son grain-boundary junction” in thin-film microbridges
containing a tilt boundary is generally taken from the
temperature dependence of the intergrain I,, from the I-
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V characteristic, including the effects of thermal noise
rounding'”* and rf radiation,!” and, for samples which
are narrower than the effective (Josephson) penetration
depth, from the magnetic field dependence of I, all of
which generally exhibit behavior that is reminiscent of
that expected from a resistively shunted Josephson junc-
tion. However, the evidence is not conclusive, as we now
discuss.

The intergrain J, temperature dependence is generally
very similar to that measured for the intragrain J_, except
perhaps near T, where the effects of a small spread in T,
for the material along the grain boundary can readily
produce a T dependence for I, that could otherwise be in-
terpreted as indicating the presence of a normal layer.!’
The usual observation of a foot in the resistive transition
of such a microbridge, which is correlated with the pres-
ence of the grain boundary, can be attributed to a
normal-metal proximity effect locally suppressing T..
This is illustrated in Fig. 14 for one of our tilt-boundary
weak links. As we have shown above, however, such a
foot can equally well be caused by a local suppression of
T, by chain oxygen disorder. Moreover, examination of
tilt boundary I-V characteristics generally show some
significant departure from the detailed prediction of the
RSJ model, as do careful measurements of the ac Joseph-
son response (Shapiro steps) to microwave radiation.!’

Measurements of the dependence of the Shapiro step
amplitude on rf power for tilt boundary weak links that
exhibit RSJ-like I-V’s with no discernible excess current
have found significant quantitative deviations from the
driven RSJ model.!” The behavior is quite similar to that
found much earlier*>*® in the rf response of low-T, thin-
film two-dimensional mirobridges where the length of the
microbridge was of the order of the superconductive
coherence length &. The two-dimensional nature and
finite length of those microbridge structures contributed
to the fact that the suppression of the superconductive
state by the very high bias current density was not
sufficiently localized to yield a weak-link effect with ideal
Josephson-like behavior,*’ unlike the behavior which is
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FIG. 14. The transition and I-V characteristic for a tilt-
boundary weak link. The foot in the transition is characteristic
of all well-behaved YBCO weak links, i.e., those displaying
nearly ideal RSJ behavior, as seen in the I-V curve.

regularly found when a tunnel barrier or proximity effect
from a normal-metal-layer provides the weak-link effect.

While I, for low-J, boundaries, generally varies quasi-
periodically with H, close agreement of I.(H) with the
Josephson prediction has yet to be reported for a grain-
boundary weak link. Further analysis of the magnetic
field behavior of I, generally indicates a strong nonuni-
formity in J, across the breadth of the boundary, with
the maximum variation in J, being at least a factor of
10.17 Since the average J, in these high-angle (27° and
45°) boundaries is typically >5X10* A/cm? at 4.2 K, this
implies that the maximum J, is much higher. As a par-
ticularly strong example of this effect, in Fig. 15 we show
the RSJ-like I-V characteristic of a ~ 1-um-wide tilt-
boundary weak link taken with zero H and with H =3 T.
For low applied fields (H ~0.01 T), the critical current
varies quasiperiodically with H, but persists with a
significant value up to very high H. If we assume a typi-
cal value for the penetration depth of A=0.2 pum, this im-
plies that the scale { of the lateral inhomogeneities in J,
of this tilt boundary is { <10 nm.

Finally, examination of recent measurements*® 0 of
the 1/f noise of YBCO tilt-boundary weak links reveals
that there are two, apparently independent, contributions
to this noise. One noise component arises from the fluc-
tuations SR of the weak-link resistance, the other from
critical current fluctuations 8I.. A compilation of results
from a number of devices indicate that these components
do not scale with the cross-sectional area of the device, as
is the case for tunnel junctions,51 but rather that
8R /R ~R°%5 and 8I./I,~I7%". The resistance noise
result is as expected if the 1/f noise arises from indepen-
dent fluctuations of a parallel array of normal conductive
connections and if changes in grain-boundary resistance
arise simply from changes in the number of these parallel
connections. The general dependence of the critical
current 1/f noise on I, is consistent with the noise aris-
ing from independent fluctuations of the critical currents
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FIG. 15. The critical current of this weak link at the high
field of 3 T was found to still be oscillating with small changes
in the magnetic field. The local maximum shown here exhibited
a critical current which was 7% of the zero-field value. This
implies that the scale of lateral inhomogeneities along the grain
boundary is on the order of 10 nm or less.



47 ELECTROMIGRATION STUDY OF OXYGEN DISORDER AND. .. 411

of a parallel array of superconductive connections. The
somewhat stronger than I, %3 variation of the scaled
noise indicates, however, that the number of fluctuators
responsible for the critical current noise grows less rapid-
ly than does the area of superconductive connections
when the critical current density of grain boundaries in-
creases.

Thus, the picture that emerges from this brief review is
that high-angle tilt boundaries are bridged by an array of
superconductive connections and by another array of
normal paths that do not carry supercurrent. The fact
that the amplitude of the scaled resistance fluctuations
SR /R is typically much less than 81, /I, indicates that
the number of superconductive connections is very
significantly less than the number of normal connections,
a result that is consistent with the much lower than ex-
pected IR, value of grain-boundary weak links and that
is also roughly consistent with the general scaling behav-
ior of IR, with weak-link conductance.!! As we discuss
below, the results of electromigration experiments on mi-
crobridges containing tilt-boundary weak links are in ac-
cord with this picture.

B. Electromigration results

The properties of microbridges containing high-angle
tilt boundaries are substantially altered by considerably
lower electromigration current densities (~2 MA/cm?)
than is the case for grain-aligned microbridges. Current
densities at this level readily raise R,, lower J,, and
create large feet in the transitions. Again there is a
threshold, which varies from sample to sample, for the
disordering effect where only somewhat lower values of
Jem Will slowly improve the normal-state resistance and
weak-link properties rather than degrade them. A typi-
cal example of degradation is shown in Fig. 16 where, as
result of a bias of 2.5 MA/cm? for 130 min, R, is more
than doubled, T, is decreased substantially, and J, is de-
creased by about a factor of 10. Note also that the shape
of the I-V characteristic has substantially changed. What
began as a good, RSJ-like I-V has changed to something
with a more rounded onset as might be observed in a long
(I>>£,,) thin wire with some variation in I, along its
length.”>3 This indicates that the effect of the electromi-
gration current is to increase the disorder over a compar-
ably long (>>§,,) distance from the grain boundary,
rather than just to locally increase the grain-boundary
weak-link effect.

As in the case of grain-aligned microbridges, the effects
of electromigration can be reversed to some degree by ap-
plying an electromigration current in the opposite direc-
tion. Figure 17 illustrates this process for the weak link
in Fig. 16. J, is raised to its original value, R, is de-
creased, and T, is raised. The original shape of the I-V
characteristic is not fully recovered, however. This indi-
cates a general healing process throughout the degraded
region, like that seen previously, and not a relocalization
of defects back to the grain boundary.

In Fig. 18 is shown the results of electromigration on a
microbridge that apparently contained two high-angle tilt
boundaries, resulting in two weak links in series with
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FIG. 16. Microbridges containing high-angle tilt boundaries
are easily affected by the application of a current bias, as illus-
trated here. A bias of 2.5 MA/cm? for 2 h results in a large de-
crease in J, (a) and a significant change in the character of the
I-V curve. The resistive transition, R,, and T, are also severely
affected (b).

somewhat different I.’s, which are clearly discernible in
the I-V. Electromigration in this case increased the I,
and decreased R, of one weak link, while it decreased the
I, and increased R, of the other. These two tilt-
boundary weak links appear to be due to a single
misaligned grain in the microbridge which is bordered on
both sides by grains that are in epitaxial alignment with
the substrate. The electromigration behavior can then be
understood in terms of the migration of disorder away
from one tilt boundary and towards the other if the oxy-
gen disorder is greater in the central, misaligned grain
than in the adjoining, aligned grains. This does not imply
that oxygen defects are rapidly moving a distance of ~1
pum under the electromigration force, but simply that
some of the disorder in the central grain that was origi-
nally adjacent to the one boundary is being reduced,
while the disorder is being increased at the other. This is
further evidence for the idea that misoriented grains
grow with more oxygen defects incorporated into them
than do aligned grains. This idea is supported by earlier
work on polycrystalline films.!®>* The higher defect den-
sity may well be due to an increased lattice mismatch
strain of rotated grains. It would be very useful to study
the strain difference between films aligned with the un-
derlying substrate and films grown fully rotated. Indeed,
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FIG. 17. Reversal of the damage done to the weak-link mi-
crobridge in Fig. 16. The bias level in this case was 2 MA/cm?
in a direction opposite to the previous bias. The resistance vs
time during this electromigration again follows the usual func-
tional form of Eq. (1). Note that the RSJ-like shape of the origi-
nal I-V curve (Fig. 16) is not recoverable.
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FIG. 18. This microbridge contains two weak links in series,
attributable to the presence of two high-angle tilt boundaries.
Electromigration at 2 MA/cm? for 12 h increased the I, of one
weak link and decreased the I, of the other. The resistance of
the two weak links also changed, in the opposite manner to the
change in critical current.

Chew et al.>> have seen significantly broadened x-ray
peaks for films which are uniformly rotated about the ¢
axis with respect to MgO. This again indicates a degra-
dation in crystalline quality for rotated films. And there
is already evidence that a reduction in thermal mismatch
stress incorporated in the films forming biepitaxial grain-
boundary weak links improves their superconductive
properties.’¢

The time dependence for the current-driven healing of
the resistance of microbridges that contain tilt boun-
daries is generally fit by the same type of stretched ex-
ponential function as is found for the grain-aligned mi-
crobridges [Eq. (1)]. Above the threshold for degrada-
tion, the rate of resistance change for these tilt-boundary
microbridges is generally sufficiently slow that the time
dependence of the process can be examined. As illustrat-
ed in Fig. 19, the functional form is very similar to the
healing behavior except that now the resistance is in-
creasing with a stretched-exponential time dependence
rather than decreasing.

We interpret the slower rate of increase of R above
threshold as indicating that the change is occurring only
locally, in the vicinity near the tilt boundaries, rather
than more globally throughout the microbridge, as ap-
pears to be the case for the microbridges without tilt
boundaries. The lower threshold indicates that we begin
with a greater degree of disorder, such as a high vacancy
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FIG. 19. The resistance vs time during electromigration of
two microbridges containing high-angle tilt boundaries in which
the properties were degraded. The lines are fits to the
stretched-exponential functional form [Eq. (1)]. The bias
current in the top plot was 2 MA/cm? the level was 2.4
MA /cm? in the lower figure.
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density, near the boundaries since, as discussed above,
the electromigration measurements on microbridges
without tilt boundaries have shown that regions which
had been significantly degraded by high currents can be
subsequently affected by considerably lower currents.
This further suggests that the cause for a foot in the resis-
tive transition of microbridges with tilt boundaries is due
to strong oxygen disorder. The time dependence of the
degradation indicates again that there is a distribution of
activation energies for the oxygen displacement. Taken
together with the lower threshold near the tilt boundaries
we conclude that the more disordered a region, the lower
is the force required for the oxygen displacement that will
increase that disorder.

V. DISCUSSION

In this section we will compare the key results of these
electromigration studies of the effect of oxygen disorder
in YBCO thin-film microbridges with and without high-
angle tilt boundaries. From this comparison and with the
benefit of earlier observations of the electrical properties
of YBCO tilt-boundary weak links we will attempt to de-
velop an improved picture of how such boundaries pro-
foundly affect the normal-state and superconductive
properties of this material.

A. Comparison of grain-aligned
and tilt-boundary microbridge results

The behavior of the grain-aligned microbridges con-
taining local concentrations of high oxygen disorder
caused by electromigration has both similarities and im-
portant differences with the behavior of microbridges
containing tilt-boundary weak links, either before or after
they have undergone electromigration. Both types of mi-
crobridges regularly show resistive transitions consisting
of one transition near the bulk value of T,, which is due
to the transition of the majority of microbridge material,
and a lower transition (the foot) which is attributed to the
suppressed transition of a disordered region or regions.
Typically the sample resistance is approximately 7 in-
dependent between the main transition and the foot; this
result is consistent with the fact that tilt-boundary weak
links generally exhibit a 7-independent normal-state
resistance when biased well above their critical current.
For both types of microbridges we generally find that the
larger the resistance of the foot, the smaller the value of
J. and the greater the suppression of T; we also find that
the greater the suppression of T,, the greater is the
reduction in J,. These are correlations, however, not
strict relations, and considerable variation is found from
sample to sample. The minimum critical currents of both
types of microbridges also have similar dependences on
magnetic field for high values of H.

The most notable difference between the behavior of
the two types of microbridges is that for a given suppres-
sion of T, the critical current of a tilt boundary weak link
is typically an order of magnitude or more lower than
that of the disordered region of a grain-aligned micro-
bridge. Figure 12 showed J., measured at 4.2 K, plotted

vs T, as determined by the zero resistance point of a
grain-aligned microbridge following a series of electromi-
grations. Also shown in that figure are values of J, (at
4.2 K) and T, for a number of microbridges on MgO con-
taining 45° and 27° high-angle tilt boundaries. Clearly the
effect of the tilt boundary on J, is due to more than the
suppression of the transition temperature due to local ox-
ygen disorder; the tilt boundary J, is much lower, and, al-
though there is considerable spread in the data, there is
some indication that J, decreases more rapidly with T
for the tilt-boundary case.

We have argued that a strongly disordered grain-
aligned microbridge has the characteristics of a compos-
ite consisting of a network of superconductive filaments
where short breaks in the filaments can be bridged by
normal-conductive paths contributing an essentially 7-
independent conductivity. As the oxygen disorder grows,
the volume fraction of the superconductive component
decreases, and the conductivity of the bridging connec-
tions begins to dominate. At a still higher degree of aver-
age oxygen chain disorder the material is effectively insu-
lating although small superconductive inclusions may
remain. The I-V characteristics of strongly disordered
grain-aligned microbridges generally indicate that the
average density of superconductive connections is ‘‘uni-
form” over a characteristic length scale d >>§,,, or that
the microbridge consists of a series of weak links. In con-
trast, the fairly RSJ-like I-V characteristics of many tilt-
boundary weak links indicate that the weak-link extent in
the direction normal to the boundary is =§&,,.

B. A tilt-boundary model

These observations may be explained by a phenomeno-
logical model of how the presence of a tilt boundary can
exacerbate the effect of disorder in the regions adjacent to
the boundary. The initial effect of a grain boundary is to
create an elastic strain gradient which, if it is sufficiently
strong, can result (in the same way as a strong electromi-
gration current) in the local disordering of the chain oxy-
gen and in the segregation of defects to the vicinity of the
boundary. If the effect is sufficient to substantially
depress T,, then we deduce from the measurements of J,
in disordered grain-aligned microbridges that the fraction
of the composite material that is still superconductive in
the cross section next to the grain boundary is much less
than one. In the absence of detailed microscopic insight
we assume that the existing superconductive filaments are
randomly distributed throughout this cross section, with
again the size scale of these filaments being anywhere in
the range from § (60 nm) to &,, (~1 nm). Assume that p
is the probability that an element adjacent to the grain
boundary is superconductive; this element has an area
equal to the average area of the superconductive fila-
ments. Then if the spatial distributions of filaments for
the two adjoining grains are uncorrelated, the likelihood
of a superconductive contact bridging the boundary is
simply the square of the probability p. An ‘“artist’s con-
ception” of a two-dimensional version of this idealized
model is shown in Fig. 20. The nature of the supercon-
ductive contact between the filaments is not fixed in this
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D highly disordered, highly resistive
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FIG. 20. A two-dimensional representation of the phenome-
nological model of a high-angle tilt-boundary weak link in
YBCO. Filaments of superconducting material that are
sufficiently disordered to suppress 7, but with otherwise bulk-
like properties, are distributed on both sides of the grain bound-
ary represented here by a solid line. When two such filaments
abut each other, the result is a contact that supports a super-
current. The highly disordered material provides normal resis-
tance connections between filaments that do not closely align.
The primary features of this model account for an array of ex-
perimental grain-boundary weak-link data.

model. The contact could either be a thin tunnel barrier,
a very abrupt superconductor-normal-metal-super-
conductor (SNS) contact, or an S-c-S “nanobridge” con-
striction. As noted above, the rf Josephson data and
nonideal I-V characteristics of most tilt-boundary weak
links favor the latter possibility. Whatever the exact na-
ture of the contact, we note that it appears to be, in fact,
a rather strong weak link, with the reduction in J, from
that of the immediately adjoining material apparently be-
ing only a factor of order 0.1, indicating that the tunnel
barrier, if it exists, is quite thin indeed compared to con-
ventional tunnel barriers where a very thin barrier results
in a reduction of J, of ~1073.

The supposition that the distribution of superconduc-
tive filaments is uncorrelated from grain to grain is quite
reasonable for the case of high-angle boundaries, particu-
larly if the dominant pathway for oxygen diffusion that
creates these filaments is along the b axis. A high-angle
boundary could act to break this diffusion pathway, as
well as provide a via for oxygen loss from the film by
diffusion along the boundary. Thus, for example, if two
adjoining grains each have a suppressed T, of 80 K for
the material adjacent to the boundary, i.e., within a few
coherence lengths, the low-temperature measurement of
J. for electromigrated microbridges suggests that only
10% of this material is effectively superconductive. This
observation, in the context of our proposed model, sug-
gests that the grain boundary J, at low T should be of the
order of 1% of that of well-ordered single-crystal materi-
al with strong pinning. This is roughly consistent with
our tilt-boundary results.

Of course, the distribution of superconductive elements
or filaments in the material along two sides of the grain
boundary may not be random, due to particular details of
the growth process, extended defects in the epitaxial sub-
strate, and/or nonuniform strain along each side of the
tilt boundary. Then the effect of the boundary in break-

ing superconductive connections will differ in magnitude
from the case of a random distribution. If the average su-
perconductive areal density of the adjacent material is
much less than one, the result would be a stronger
suppression in J, for a given suppression in T,. Such
lower values of J, have sometimes been found in studies
of tilt boundaries formed by thin-film biepitaxial ap-
proaches.>®

C. Scaling behavior and the effect of tilt-boundary angle

Some time ago Russek et al.!! reported the observa-
tion of a scaling behavior for the I R, value of tilt-
boundary weak links. For several weak links it was
found that IR, varied rather closely as J!/%, or
equivalently as o,, where o, is the conductance per unit
area of the weak link. This scaling also described
changes in I, and R, that would occur upon partial oxy-
gen removal by rapid annealing at 500°C in argon. A
similar, but somewhat different, scaling behavior was sub-
sequently reported by Gross et al. %7 for weak links creat-
ed by thin-film growth on SrTiO; bicrystals. Recent mea-
surements by Char et al.’® on 45° tilt boundaries formed
by their biepitaxy process have also demonstrated a scal-
ing behavior, but one that varied depending on the details
of the particular biepitaxial process employed. Figure 21
summarizes much of the available data on this
phenomenon. There is clearly considerable variation
from one class of tilt boundaries to another, but the gen-
eral trend for I.R, to increase with J, (or with o,) is
quite evident.

All values of R, that have been reported for well-
characterized tilt-boundary weak links are quite a bit
lower than the ideal value that would be expected from
an ideal tunnel barrier, a small ideal superconductive
contact, or a thin normal-metal SNS contact. Thus, this
resistance can be presumed to arise from the nonideal
ohmic shunting of the superconductive connection. We
have seen that moderate oxygen disorder in YBCO films
results in what has the character of a normal resistive
shunt in parallel with a network of superconductive fila-
ments. Therefore, a superconductive filament on one side
of a tilt boundary which does not align with another such
filament on the other side is likely to result in an ohmic
shunting of the ideal resistance that would be displayed
by these bridging connections when driven normal. The
conductance o, of the tilt boundary should then scale
with p, and thus we would have I_R, <o, in agreement
with the original observations on 45° tilt boundaries
formed on single-crystal MgO.

Of course, not all tilt boundaries are necessarily bound-
ed by the same degree of oxygen disorder in each of the
two adjacent grains, and, as noted above, in each case
this disorder may well not be randomly distributed along
the width of the boundary. This will depend on the de-
tails of the growth process that creates these tilt boun-
daries. As we have already discussed, for the case of
films grown with two different orientations of the grains
on a single-crystal substrate, such as the MgO case being
studied here, there is significant evidence that the orienta-
tion of a YBCO grain with respect to the substrate is a
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FIG. 21. The scaling behavior of the I R, products for
several types of tilt-boundary weak links. The quantity J, is the
average critical current density of the weak link. Data from
several of our weak links are shown in (a). The line is the best
fit to the data from our 45° tilt-boundary microbridges; the slope
is 0.505. This indicates that I.R, «<J!’?, or equivalently,
I.R,«<0o,, where o, is the conductance per unit area. The
lower figure (b) plots data from IBM’s bicrystal weak links (Ref.
57) and from Conductus’s biepitaxial weak links using the vari-
ous substrate materials listed (Ref. 56).

major factor in determining the degree of oxygen order in
the grain. In addition to grain-aligned and 45° tilt-
boundary microbridges, we have previously studied the
properties of microbridges which contain 27° tilt boun-
daries.®® We find that the most favorable orientation is
with the principal axes of the YBCO grain and MgO
(001) substrate being in close alignment, the next most
favorable orientation is the 45° rotation of the YBCO
grain about the c¢ axis, with the 27° misalignment being
the least favorable. As a result, in this situation we find
that 45° tilt boundaries formed between aligned and ro-
tated grains on MgO substrates generally have consider-
ably higher J_’s and higher conductance than do 27° tilt
boundaries formed in a similar manner. In addition,
simulations of the spatial variation of the critical current
across the microbridge obtained from magnetic field mea-
surements have shown that 27° tilt boundaries have a
much more highly nonuniform J, than do 45° boun-
daries.’® These results are contrary to the results ob-
tained with high-angle tilt boundaries formed by growth
on bicrystal substrates.*!

In the context of the proposed phenomenological mod-

el of a tilt boundary, if one of the two adjoining grains
has a different degree of oxygen disorder adjacent to the
boundary than does the other, then J, will vary as pp,,
where p; is the probability that a given element on one of
the two sides of the boundary is sufficiently ordered to be
superconductive. On the other hand, the shunt conduc-
tance should then vary as (p, +p,). If p; >>p, we have
IR, «<p,,i.e., is largely independent of o,. This can ac-
count for the fact that I R, for 27° tilt boundaries follows
a somewhat different scaling behavior (see Fig. 21), vary-
ing less rapidly with J,, or o,, than do many of the 45°
boundaries which appear to be bounded on both sides by
material that is somewhat more equally ordered.

The variation in the data of Fig. 21 of tilt-boundary
weak links formed by methods other than natural grain
growth may also be explained by appeal to the idea of
nonsymmetric order on each side of the tilt boundary. In
the case of tilt boundaries formed by growth on bicrystal
and biepitaxial substrates there is likely to be a tendency
for these boundaries to be locally bounded by unequal de-
grees of oxygen disorder. It is known that YBCO thin
films tend to form by island nucleation and growth.*
Thus, the grain boundary in the bicrystal film does not
necessarily exactly coincide with the substrate boundary,
since a grain in the film may grow past this boundary be-
fore encountering another thin-film grain of the other
orientation. Given the very short coherence length, only
a few nm’s displacement can suffice to materially degrade
the oxygen order in that portion of the grain that is now
misaligned with the substrate to the point where the su-
perconductive properties are locally suppressed much
more than for the opposing grain. In the biepitaxial ap-
proach the two YBCO films are formed on different thin-
film templates and thus a global asymmetry in the disor-
der may well be expected, in addition to the local asym-
metry generated by grain overgrowth. These ideas are
supported by some of the observations made in recent
TEM analysis of these biepitaxial weak links.® We note
that Char et al.>® were able to very substantially improve
their critical current densities by adapting a different sub-
strate material system that had a reduced thermal expan-
sion mismatch.

VI. SUMMARY AND CONCLUSIONS

The results of this study have again highlighted the
central role of oxygen in determining the normal-state
and superconductive properties of YBCO. In this paper
we have described the remarkable effects of large current
biases on YBCO thin-film microbridges. We attribute
these effects to the electromigration of oxygen defects.
Below a certain threshold, the properties of YBCO are
improved due to a reordering of these defects in the basal
plane. For current biases above the threshold, these
properties are degraded. The time dependence for the
effects of electromigration are characteristic of a system
with a distribution of activation energies. This suggests
that the dispersive transport of defects is involved and in-
dicates a variation in the effective binding energy of the
chain oxygen with the local environment. The compel-
ling difference in behavior above and below threshold al-
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lows us to obtain an estimate for the force needed to
overcome the tendency for the oxygen to order. The rela-
tively low value of this force elucidates one of the pri-
mary problems with the high-T. materials. In addition
to these observations, it was discovered that the effects
caused by electromigration are reversible, pointing out
the ease by which the oxygen defects can segregate to the
myriad structural defects in the material.

We have observed that the superconductive properties
of the disordered regions caused by electromigration are
indicative of a filamentary superconductive system shunt-
ed by nonsuperconductive ohmic paths. Thus, the locally
nonuniform nature of disordered YBCO is apparent, as
are the resulting dramatic effects on the superconductive
properties.

The results of this study have enabled us to draw gen-
eral parallels between the bulk thin-film behavior and the
effects due to grain boundaries. It is seen that the tilt
boundaries can be viewed as areas of superconductive
connections of the already-present filaments. Our phe-

nomenological model is consistent with a wide array of
experimental results, including I.R, scaling behavior,
1/f noise data, magnetic field effects, rf response, and
other transport measurements, as well as oxygenation
studies and electron microscopy analysis.
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