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The dependence of the critical current density Jc�T� on hydrostatic He-gas pressure to 0.6 GPa is determined
for nearly optimally doped and strongly underdoped melt-textured YBa2Cu3Ox bicrystalline rings containing
single �001�-tilt grain boundaries �GBs� with mismatch angles � from 0° to 31°. For all samples with ��0°,
Jc is found to increase rapidly under pressure, the rate of increase lying predominantly in the range +20 to
+50 % GPa−1. Within a simple tunneling model, this rate of increase is far too large to be accounted for by a
decrease in the GB width W alone. Large oxygen relaxation phenomena in the GB are observed for all rings
with finite �, particularly if they are underdoped. A diagnostic method is introduced �pressure-induced Jc

relaxation� which reveals a significant concentration of vacant oxygen sites in the GB region. A concerted
effort to fill such sites with oxygen anions, as well as to chemically compress the GB itself, should lead to
significant enhancements in Jc under ambient conditions.
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I. INTRODUCTION

Superconducting technologies have the potential to have a
major impact on everyday life. The realization of this poten-
tial with the high-Tc cuprate oxides, however, has been ham-
pered by two main shortcomings. �1� Superconducting tran-
sition temperatures remain at subambient levels, the highest
known value at ambient pressure remaining pinned at Tc

�134 K �Ref. 1� for more than a decade. �2� Grain bound-
aries �GBs� in polycrystalline materials are unable to tolerate
large critical current densities Jc�106–107 A/cm2, even at
liquid He temperatures, particularly in high magnetic
fields.2,3 This “GB problem” can be avoided by utilizing epi-
taxially grown thin films; however, many applications are
only feasible with bulk polycrystalline materials.

One way to strongly enhance the value of Jc in polycrys-
tals is to utilize suitable texturing �grain alignment� proce-
dures to reduce the mismatch angle between adjacent grains
to less than 4°.4,5 Another method is to properly prepare the
GB region through Ca doping6,7 or other means.3 Very recent
detailed TEM and EELS studies have attributed the success
of Ca doping both to strong Ca segregation near the disloca-
tion cores8 and to the reduction in strains in the GB which
reduces the depletion of oxygen anions in the GB region,
thus enhancing the �hole� carrier concentration.9 In either
case oxygen depletion in the GB is a very important factor
and leads to a serious reduction in Jc.

The oxygen concentration in the GB region, which likely
differs significantly from that in the bulk, is thus a parameter
of vital importance in the optimization of Jc, even as the
oxygen content within a grain plays a major role in deter-
mining the value of Tc itself in the bulk superconductor.10

Unfortunately, the determination of the oxygen concentration
in the GB is quite difficult.9 The concentration of charge
carriers in the GB region changes not only with the oxygen
concentration, but, in all likelihood, also with the manner in

which the oxygen sites in the GB are occupied, in analogy
with the well known oxygen ordering effects in the bulk of
the high-Tc oxide cuprates.11–16 These bulk effects have their
origin in the appreciable mobility of oxygen anions in certain
regions of the oxygen sublattice, even at temperatures some-
what below ambient.

YBa2Cu3Ox �YBCO� is by far the most studied and most
thoroughly characterized high-Tc superconductor; this is due
to the fact that it was the first superconductor discovered
with a transition temperature above that of liquid nitrogen17

and because it has a great potential for applications.18 In
YBCO oxygen anions in the CuO chains possess significant
mobility at ambient temperature, in contrast to oxygen an-
ions in the CuO2 planes.11,13 The degree of local order as-
sumed by the mobile oxygen anions changes as a function of
both temperature and pressure: raising the temperature above
ambient reduces the order in an equilibrated system, apply-
ing pressure at ambient temperatures enhances the order. The
existence of pressure-induced oxygen ordering effects can
thus be readily demonstrated by applying pressure at ambient
temperature to enhance the local order, but releasing it at
temperatures sufficiently low ��200 K for YBCO� that the
oxygen anions are unable to diffuse back, thus effectively
freezing in the higher degree of order.12–16

The degree of local oxygen ordering influences indirectly
the charge carrier concentration n in the CuO2 planes by
changing the average valence of the ambivalent cations �in
YBCO these are the Cu cations in the CuO chains,11 in
Tl2Ba2CuO6+� the Tl cations in the Tl2O2 double layer12�.
Since Tc is a sensitive function of n,19 the degree of oxygen
ordering may have a sizeable or even dominant effect on
Tc.

12–16 In overdoped Tl2Ba2CuO6+�, for example, the hydro-
static pressure dependence even changes sign from dTc /dP
�−8.9 to +0.35 K/GPa depending on whether, respectively,
oxygen-ordering effects occur or not.12 Significant oxygen
ordering effects in dTc /dP have also been observed in
YBa2Cu3Ox,

13,14 particularly for underdoped samples with
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x�6.5 where these relaxation effects enhance dTc /dP by
more than a factor of 10.14

It is important to realize that the presence of oxygen or-
dering effects in Tc implies that empty oxygen sites are
present in the bulk sample. Analogous studies of the pressure
dependence of Jc across single well-defined GBs would be
expected to yield two important pieces of information re-
garding �1� the presence or absence of empty oxygen sites in
the GB and �2� the intrinsic effect on Jc of compressing the
GB region.

Previous ac susceptibility studies20 on bulk polycrystal-
line samples of YBa2Cu4O8 and Tl2CaBa2Cu2O8+� indicated
that the bulk Jc was enhanced through pressure, but it was
not possible to extract detailed information; a comparably
rapid increase in Jc was reported in early experiments on
nearly optimally doped YBCO thin films.21 For quantitative
interpretation, studies of pressure-dependent effects involv-
ing a single well-defined GB are clearly needed. Such experi-
ments have recently become possible with the availability of
single �001�-tilt GB in bicrystalline rings of YBa2Cu3Ox with
varying misorientation angle � and oxygen content x.22 The
ring geometry allows a more precise determination of Jc than
the standard I-V technique since ring currents yield a very
large magnetic moment, changes in which can be very sen-
sitively detected in dc or ac susceptibility measurements. In
addition, the magnetic susceptibility measurement does not
require electrical contacts to the sample, as in transport mea-
surements, which can lead to local heating effects.

In this paper we determine for a single �001�-tilt GB with
a range of mismatch angles 0°–31° in bicrystalline YBCO
rings the dependence of the critical current density Jc
=Jc�T , P , t� on temperature T, hydrostatic pressure P, and
time t. We find that the critical current density Jc across GBs

in both nearly optimally doped and underdoped bicrystals
increases rapidly with hydrostatic pressure at the rate
d ln Jc /dP� +20 to +50 % GPa−1 for most samples. This
rate of increase is much more rapid than that expected from
a simple GB model which assumes that the increase in Jc
arises solely from the compression of the tunnel barrier with
width W.

Significant pressure-induced relaxation effects are ob-
served in Jc for all bicrystals, in addition to the intrinsic
“nonrelaxation” contribution �d ln Jc /dP�intr. Importantly, the
presence of sizeable relaxation effects in Jc signals the
presence of vacant oxygen sites in the GB region. Filling
these sites with additional oxygen anions would increase the
hole carrier concentration and thus further enhance Jc across
the GB. These results point to the importance for optimizing
Jc to increase the oxygen concentration in the GB to as
high a level as possible through Ca doping, annealing in
high-pressure oxygen, or electro-transport techniques. In ad-
dition, it is found that compressing the GB region leads to a
large intrinsic increase in the critical current density
�d ln Jc /dP�intr� +15 to +25 % GPa−1. Results on one of
the samples studied, ring d �see Table I�, were published
earlier.23

II. EXPERIMENT

Bicrystalline rings of superconducting YBa2Cu3Ox with
�001�-tilt GBs exhibiting mismatch angles � between 0° and
31° were prepared for several different bulk oxygen concen-
trations x. See Table I for full information on the rings
studied.

To obtain �001�-tilt GBs, pressed powder cylindrical
samples were melt textured with two SmBa2Cu3Ox single

TABLE I. Values of properties and parameters obtained for YBa2Cu3Ox bicrystalline rings in present study. See text for definitions of
parameters. Lower-case letters identifying rings are also used in text and figure captions. d ln Jc /dP and �d ln Jc /dP�intr are normally
measured at 9 K. �An asterisk� indicates measured at 50 K. �The pound sign� indicates measured at 75 K.

ring x �
OD� ID�h

mm3
Tc

K

�dTc

dP �
RT/LT

K GPa−1
D /A

A G−1 cm−2
Jc�0 K�
A cm−2 �

�d ln Jc

dP �
GPa−1

�d ln Jc

dP �
intr

GPa−1 �

a 6.9 4° 4.93�3.45�1.89 91.8 23.8 119,000

a� 6.9 4° 3.96�3.39�0.91 91.8 0.14/0.14 112 112,000 1.48�9� 0.28�4�# 0.25�2�# 0.12�4�#

b 6.9 18° 4.90�3.51�1.01 91.2 47.4 1,990 0.87�2� 0.30�2�* 0.24�2�* 0.19�4�*

b� 6.9 18° 4.99�3.54�1.06 91.8 44.0 480 0.06�2�
b� 6.5 18° 4.95�3.45�1.21 60.8 4.2/3.2 36.9 269 0.70�2� 0.27�4�
c 6.9 21° 4.97�3.38�1.79 92.1 23.4 790 0.87�2� 0.32�4�
d 6.9 25° 3.90�2.06�0.57 91.8 −0.23/−0.09 45.1 1,450 0.87�2� 0.20�2� 0.16�2� 0.20�2�
e 6.9 30° 4.98�3.43�0.60 91.8 0.22/0.12 72.0 1,570 0.85�2� 0.26�2� 0.14�2� �0.13�2�
g 6.9 31° 4.92�3.28�1.43 91.6 27.8 520 0.20�2�
g� 6.9 31° 4.91�3.40�1.33 91.5 32.8 1,050 0.19�2�
g� 6.5 31° 4.98�3.42�1.08 60.7 4.2/3.4 39.6 99 0.6�1�
i 6.4 15° 4.98�3.50�0.92 49.8 5.9 51.9 43.1 0.77�2� 0.45�2�
k 6.4 20° 4.98�3.54�0.94 51.8 5.3/2.7 49.9 134 0.74�2� 0.59�2� 0.21�2� 0.65�2�
m 6.9 0° 5.01�3.23�0.12 91.5 0.36/0.11 306 275,000 0.00�2�
m� 6.86 0° 4.85�3.37�0.49 86.3 1.5/0.56 90.3 1,170 0.00�2�
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crystal seeds placed on the top surface of the cylinders, with
the crystal c axes aligned parallel to the cylinder axis. The
seed crystals were rotated about their c axes so that a-b
planes had the desired misorientation. Simultaneous seeding,
initiated at the two crystals, leads to a melt textured “bicrys-
tal” monolith with the desired �001�-tilt misorientation.
Seeded bicrystal monoliths were prepared as cylinders with
10 or 26 mm diameters.22 Disk wafers, 0.5–1 mm in thick-
ness were cut, perpendicular to the c axis, from a bicrystal
monolith. Generally, these wafers came from a depth of less
than 5 mm from the seed, to minimize GB meander. Ring
samples were then cut from the wafers, using a core drill
�with abrasive slurry�, such that the GB plane cut across the
ring sample parallel to the ring axis. Typically, rings were
prepared with �1�1 mm2 cross section and �5 mm outer
diameter.

Measured values of Jc obtained from nominally identical,
but independently prepared, samples commonly show a sig-
nificant amount of scatter �see Fig. 7 below�. Probably this
results from imperfections in the GB, especially impurities,
such as excess YBa2CuO5 �an insulating oxide comprising
25% of the starting powder mixture� that migrates along the
growth front as solidification proceeds. Such impurities will
be deposited at the intersection of growth fronts which origi-
nated at the two seeds, i.e., in the artificial GB. Thus one
might expect that some �unknown and variable� fraction of
the GB will not superconduct. In this paper, changes in the
active region of the GB, resulting from the application of
hydrostatic pressure, are examined.

Oxygen stoichiometries were fixed by processing the ring
samples in a capped YBCO container placed in a furnace at
a fixed temperature and O2 partial pressure. The O2 partial
pressure was controlled by using a continuously monitored
O2/N2 gas mixture flowing over the sample container as de-
scribed in Ref. 24. Samples were held at temperature for
140 to 300 h and were then quenched into liquid nitrogen.
The “optimally doped” samples were treated at 450 °C in
flowing O2. The flowing gas atmosphere for the x=6.5 �x
=6.4� sample was 0.37% �0.13%� O2 in N2. Further details
of the synthesis and preparation procedures are given
elsewhere.22

Figure 1 shows the He-gas pressure cell �Unipress� made
of hardened BeCu alloy which was used in the present stud-
ies to generate hydrostatic pressures to �0.6 GPa. The
Vespel sample holder containing the YBCO ring sample is
positioned in the 7 mm dia bore of the pressure cell which
has 2.8 cm OD and 11 cm length. Twelve copper electrical
leads are brought into the lower part of the pressure cell
through a conical seal, thus allowing, if desired, the simulta-
neous measurement of the electrical and magnetic properties
of several samples simultaneously.

Two counterwound pickup coils, each 30 turns of 30 	m
dia Cu wire, are wound on the Vespel sample holder �see Fig.
1� for the ac susceptibility measurement, one positioned
around the YBCO ring, the other 2.3 mm below. Since pri-
mary ac �or dc� field amplitudes as high as 300 G are re-
quired in some experiments, internal heating effects are
avoided by moving the primary coil from its normal location
inside the pressure cell to outside the tailpiece of the cry-
ostat. The primary coil is wound using 1.4 mm dia copper

wire in the form of two independent solenoids. To ensure full
penetration of the ac field to the sample through the cryostat
tailpiece and pressure cell, the frequency of the ac field is
reduced from its normal value of 1023 to only 1 Hz; at
10 Hz the reduction in the ac field amplitude at the sample,
as determined by the kink temperature Tkink �see below�, was
found to be only 1%. The ac field is generated using a high-
power bipolar power supply �Kepco BOP 72-6D� driven by
an external oscillator. Standard ac susceptibility techniques
are used with an SR 830 digital lock-in amplifier and SR 554
transformer preamplifier from Stanford Research Systems.

To vary the temperature over the range 5–300 K, the
pressure cell is placed in the sample tube of a two-stage
closed-cycle refrigerator �Balzers� with the BeCu capillary
tube �3 mm OD�0.3 mm ID� exiting out the top and con-
nected to a three-stage He-gas compressor system �Harwood
Engineering� at ambient temperature. Pressure is measured
using a digital manganin gauge with absolute accuracy �1%
and resolution 1 bar at all pressures. The decrease in pressure
upon cooling �typically less than 10% from 300 to 5 K� is
minimized by placing an alumina cylinder in the cell bore
�see Fig. 1� to reduce the volume of He in the cell to less
than 0.5 cm3 and by adding a 3.6 cm3 He dead volume at
ambient temperature outside the cryostat. Heaters on the sec-
ond stage of the cryocooler and on the pressure cell allow
excellent control of the cooling and warming rates. For pre-
cise measurements of Tc, for example, the cooling/warming
rate is held at �100 mK/min. To minimize temperature gra-
dients, the second stage of the cryocooler is connected via a
thick copper braid to a vertically slit copper tube surrounding
the pressure cell, rather than to the bottom of the sample tube
as in conventional cryocoolers. Two calibrated Ge �Lake
Shore� and two platinum �Degussa� resistance thermometers
are located on the top and bottom of the pressure cell �see
Fig. 1�.

YBCO ring

pickup coils

ac/dc 
field
coils

7.6 cm

pressure cell
cryostat

sample
tube

sample 
holder

2.8 cm

FIG. 1. �Right� He-gas BeCu pressure cell with 7 mm dia bore
containing Vespel sample holder with YBCO bicrystalline ring and
two counterwound pickup coils. In the top and bottom of cell are
mounted two pairs of calibrated Ge and Pt thermometers. For tem-
perature variation this cell is placed in sample chamber of a closed-
cycle refrigerator �left�. Two concentrically wound field coils are
positioned outside cryostat tailpiece to generate ac or dc magnetic
fields to �500 G.
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At the above cooling/warming rates the temperature gra-
dient across the 11 cm length of the pressure cell is typically
less than 50 mK. Susceptibility data upon cooling or warm-
ing normally agree to within 15 mK. The pressure can be
changed at any temperature above the melting curve of He
which lies at 43.6 K for 0.6 GPa pressure; the ability to
change pressure at low temperatures is essential when study-
ing oxygen-ordering effects in the GBs or bulk of the high-Tc
oxides. Care must be taken when cooling or warming
through the liquid/solid transition of He; a technique intro-
duced by Schirber25 is used whereby a capillary heater main-
tains the temperature at the top of the cell approximately 2 K
warmer than at the bottom while the temperature is slowly
varied �50–100 mK/minute� through the melting tempera-
ture.

III. RESULTS OF EXPERIMENT

A. Ambient pressure studies

The critical current density Jc of a superconducting mate-
rial is traditionally determined2,3 in a current-voltage �I-V�
experiment where the current I through a wire or thin bar-
shaped sample with cross-sectional area A is increased until a
finite voltage drop �typically �1 	V� is detected, thus defin-
ing the critical current Ic and the critical current density Jc
= Ic /A. Jc is at its maximum value at 0 K, decreasing mono-
tonically with increasing temperature. In this technique care
must be taken to make low-resistance electrical contacts, a
difficult problem with the high-Tc oxides.

An alternate technique, which offers a much more sensi-
tive criteria for determining Jc and requires no current leads,
is to apply a dc magnetic field Hdc at a fixed temperature T
�Tc to a superconducting ring �see Fig. 2�, thus inducing a
ring current Iring proportional to Hdc, i.e., Iring=DHdc.

22 For a
single-turn solenoid, D is equal to the solenoid diameter.
Here we set D equal to the average of the inner and outer
diameters of the ring; a more exact calculation26 for the ring
geometries used here would result in corrections to D of only

a few percent. The current density is thus given by the ex-
pression Jring=A−1Iring=DA−1Hdc.

Assume that a magnetic field Hdc is applied at a tempera-
ture T sufficiently low that Jring is less than the critical cur-
rent density Jc�T�. In this case the magnetic field generated
by the ring current is equal and opposite to the applied field,
thus preventing flux from entering the ring, as seen in Fig. 2
�left�. The YBCO bicrystalline ring thus behaves as a perfect
diamagnet, as evidenced by the large negative temperature-
independent value of the zero-field-cooled �ZFC� dc mag-
netic susceptibility in Fig. 3 �upper� at low temperatures. If
the temperature is now increased, Jring remains constant but
Jc�T� decreases until at the kink temperature Tkink, where Jring

equals Jc, flux begins to penetrate into the ring interior
through the weaker of the two grain boundaries, as illustrated
in Fig. 2 �middle�. For Hdc=20 G this kink temperature lies
at Tkink=52.5 K where the temperature dependent suscepti-
bility M /H exhibits a sharp break or “kink” and begins to
rise steeply, as seen in Fig. 3 �upper�. As the temperature
increases beyond Tkink, more and more flux enters into the
ring interior until finally, when the small plateau in M /H
immediately below Tc is reached, flux has fully penetrated
into the interior of the ring �Fig. 2, middle�. A further in-
crease in temperature to T�Tc results in the ring entering the
normal state where magnetic flux fully penetrates through
the ring material, as illustrated in Fig. 2 �right�.

T<Tkink Tkink<T<Tc T>Tc

FIG. 2. �Color online� Illustration of flux lines from a magnetic
field H applied perpendicular to the axis of a bicrystalline ring
containing two GBs �red�. From left to right: for temperatures T
�Tkink flux is excluded from ring, for Tkink�T�Tc flux penetrates
into center of ring, and for T�Tc flux penetrates through entire
ring.
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FIG. 3. Ambient pressure data comparing temperature-
dependent �top� dc magnetic susceptibility M /H using a SQUID
magnetometer to �bottom� real component of ac susceptibility

ac� �T� at field strengths Hac=Hdc=0.1, 5, 10, and 20 G on a single
nearly optimally doped YBCO bicrystalline ring b with 18° GB.
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As seen in Fig. 3 �upper�, if a weaker magnetic field Hdc
than 20 G is applied at low temperatures, say 10, 5, or 0.1 G,
the ring current decreases correspondingly and thus Tkink
shifts to progressively higher temperatures, reflecting the de-
crease in Jc�T� with increasing temperature. In a dc measure-
ment, therefore, the temperature dependence of the critical
current density Jc�T� can be readily determined from the
change in Tkink as a function of the applied field Hdc.

Unfortunately, dc susceptibility studies are not easily
compatible with He-gas hydrostatic pressure technology, al-
though possible.27 In the present high-pressure experiments,
we utilize ac susceptibility measurements to determine Jc�T�
for a given YBCO bicrystalline ring. As seen in Fig. 3 �bot-
tom� oscillatory ac fields H�t�=Hac cos �t with amplitudes
Hac=20, 10, 5, and 0.1 G at 1 Hz are applied by the external
primary field coils �see Fig. 1� to the ring sample mounted in
the pressure cell, thus inducing superconducting ring cur-
rents I�t�= Iac sin �t. For the same ac field amplitudes as in
the dc experiments, Hac=Hdc, the values of the kink tempera-
tures Tkink are seen in Fig. 3 to be quite close. The good
agreement between ac and dc susceptibility determinations
of Jc was previously demonstrated by Herzog et al.28 We
note that in the ac measurement the value of Tkink is the same
whether the experiment is carried out in the field-cooled or
zero-field-cooled mode.

For temperatures below Tkink, the oscillatory magnetic
field generated by these ac ring currents is equal and oppo-
site to the applied ac field, thus preventing flux from entering
the ring. As the temperature is increased above Tkink, how-
ever, the ring current amplitude Iac exceeds the critical cur-
rent Ic and magnetic flux begins to flow in and out of the ring
twice each period through the weaker of the two grain
boundaries when sin �t� ±1. In Fig. 3 one notices that at
the higher field amplitudes, the “kink” in 
ac� �T� becomes
noticeably more rounded than that in the dc measurement,
making a precise determination of Tkink difficult. Fortunately,
as seen in Fig. 4, the imaginary part of the ac susceptibility,

ac� �T�, retains its sharp kink, allowing an accurate determi-
nation of Tkink even at higher field amplitudes. An alternate
method to determine Jc�T� is to fix the temperature at a value
T�Tc and vary Hac until a kink occurs.

In Fig. 5 the temperature dependence of the ac suscepti-
bility 
ac� �T� is plotted for a nearly optimally doped YBCO
ring with a low-angle 4° GB for values of Hac from
1 to 250 G. Much higher magnetic field amplitudes are nec-
essary to shift Tkink here than for the above ring with 18° GB
since the values of Jc are much higher in the former. The
values of Tkink from 
ac� �T� are listed in the caption to Fig. 5;
in the figure itself vertical arrows mark Tkink for the four
lowest values of Hac.

In analogy to the dc experiment, the temperature depen-
dence of the critical current density for T=Tkink is given by
the expression Jc�T�=A−1Iac�T�=DA−1Hac�T�. In Fig. 6 we
display Jc�T� determined in this way taken from the ac sus-
ceptibility data in Figs. 3–5 on the nearly optimally doped
YBCO bicrystalline rings with 4° and 18° GBs. Included in
Fig. 6 are also all Jc�T� dependences obtained in the present
ac susceptibility studies on nearly optimally doped YBCO
bicrystalline rings with various mismatch angles � from 0° to

31°. The solid lines in Fig. 6 are fits to the data using the
following expression valid near Tc �Ref. 29�

Jc�T� = Jc�0��1 − T/Tc��, �1�

where the values of the fit parameters Jc�0� and � are given
in Table I. Note that the Jc�T� dependences for the rings with
21° and 31° GBs appear to lie anomalously low. The GBs in
these rings appear to be of somewhat inferior quality, possi-
bly due to an unusually high concentration of GB defects
such as oxygen vacancies.

In Fig. 7 the values of Jc at 77 K in the present experi-
ment on nearly optimally doped YBCO rings, obtained by
extrapolation of the data in Fig. 6, are compared on a loga-
rithmic scale to those from dc magnetization studies by Veal
et al.30 on nearly optimally doped melt-textured bicrystalline
rings as well as from earlier I-V experiments on melt-
textured YBCO specimens.31 The relatively high values of Jc
for the I-V experiments may be at least in part due to the use
of a much less sensitive criterion for Jc than in the present
magnetization studies. In all experiments Jc is found to fall
off rapidly as the GB mismatch angle � is increased.
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FIG. 4. Comparison of real 
ac� �T� and imaginary 
ac� �T� parts of
ac susceptibility versus temperature for a nearly optimally doped
YBCO bicrystalline ring b with 18° GB at ac field amplitudes Hac

=0.1, 5, 10, and 20 G. The corresponding kink temperatures Tkink

=89.6, 79.1, 69.8, and 48.5 K can be most accurately determined
from 
ac� �T� and are marked by vertical dashed lines. Tkink marks the
temperature where magnetic flux first begins to enter the ring on
warming �see illustration in Fig. 2�.
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Underdoped YBCO samples are synthesized by annealing
in low oxygen partial pressure at elevated temperatures, thus
drawing oxygen anions out of both the bulk and the GBs in
bicrystalline rings.22 As a result, it would be anticipated that
both Tc and Jc will take on reduced values in underdoped
YBCO rings. In Fig. 8 we plot for a ring with a 12° GB both
Tc and Jc versus the oxygen concentration x in the bulk. As
was also observed in thin film samples,32 whereas Tc versus
x is seen to pass through a maximum at optimal bulk doping
�x�6.95�, Jc�x� increases monotonically with x up to the
maximum bulk concentration x�6.98. It is important to note
that the oxygen concentration in the GB region likely differs
from that in the bulk. Since the bulk chain sites are empty for
x=6 and full for x=7, these sites for x=6.98 are 98% filled
with oxygen. Recent experiments indicate that the degree of
occupation of the oxygen sites in the GB may be a good deal
lower, but the technique is difficult to apply in general.8,9

Note that in Fig. 8 Jc increases monotonically with x for both
12° and 28° GBs, indicating that higher values of Jc can
likely be achieved if the GB is fully oxygenated. It would
obviously be advantageous to develop a method to estimate
the concentration of vacant oxygen sites in the GB which are
accessible to mobile oxygen anions. Below we introduce just
such a technique.

Reducing the bulk oxygen concentration x below the level
shown in Fig. 8 leads to particularly sharp reductions in both
the bulk Tc value and the Jc value across the GB. In Fig. 9
�lower� Tkink for a strongly underdoped YBa2Cu3O6.4 bicrys-
talline ring with 20° GB is seen to shift rapidly to lower
temperatures upon the application of only very small ac field
amplitudes of 0.03, 0.1, 0.54, and 1.1 G. The estimated Jc
values for this and further underdoped rings with various GB
angles are seen in Fig. 10 to be an order of magnitude lower
than those in Fig. 6 for nearly optimally doped YBCO �see
also Table I�.

Of particular interest in the 
ac� �T� data in Fig. 9 �lower� is
the presence of a sizeable plateau between 40 and 50 K

which, unlike the data for the nearly optimally doped rings in
Figs. 3–5, does not vanish at very low Hac field amplitudes.
To establish whether this wide plateau might arise from
small residual magnetic fields in the cryostat, which were
measured with a Hall probe to be �0.2–0.5 G, a dc field of
0.5 G was applied both parallel and perpendicular to the ring
axis. This field resulted in only a tiny 0.15 K shift in Tkink, a
value far smaller than the 12 K plateau width. In addition,
reducing the ac field amplitude from 0.1 to 0.03 G led to no
measurable reduction in the plateau width, as seen in Fig. 9
�lower�. This suggests that the plateau in 
ac� �T� for the
strongly underdoped YBa2Cu3O6.4 ring is an intrinsic prop-
erty and signals that the GB Jc goes to zero at temperatures
well below the bulk Tc value. Similar effects are found in the
other three underdoped YBCO rings studied here as well as
for thin-film bicrystals.33

B. High pressure studies

1. Pressure dependence of Jc„T…

In Fig. 11 �left� we show the temperature dependence of
the real part of the ac susceptibility at 0 and 0.60 GPa pres-
sure for a nearly optimally doped YBCO bicrystal with 30°
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FIG. 5. Real part 
ac� �T� of ac susceptibility for field amplitudes
Hac=1, 2.4, 5, 7.2, 15, 120, and 250 G for a nearly optimally doped
YBCO bicrystalline ring a� with 4° GB. The corresponding kink
temperatures from 
ac� �T� are Tkink=91.75, 91.31, 90.62, 90.11,
88.67, 74.5, and 64.2 K.

FIG. 6. Calculated critical current density Jc�T� versus tempera-
ture from ac susceptibility data on nearly optimally doped YBCO
bicrystalline rings �counterclockwise m, a�, b, d, e, c, g� for seven
different GB mismatch angles �. The Jc�T� values for the 0° and 4°
GB rings have been reduced twentyfold. Solid lines are fits to data
using Eq. �1� with fit parameters Jc�0� and � given in Table I.
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GB. Tkink is seen to shift to higher temperatures under pres-
sure; the data indicate that Jc increases with pressure at the
rapid rate d ln Jc /dP� +0.26 GPa−1. This is brought out
clearly in Fig. 11 �right� where Jc�T� is plotted versus tem-
perature for three different pressures. The solid lines are fits
to the data using Eq. �1�; the values of Jc�0� and � obtained
from the fits are given in Table I. That Jc increases rapidly
with pressure at all temperatures is illustrated in Fig. 12
where it is seen that the data at both pressures coalesce onto
one curve when Jc�T� /Jc�0� is plotted versus temperature. In
contrast to the rapid increase of Jc, the superconducting tran-
sition temperature at Tc�92 K increases only slightly with
pressure d ln Tc /dP� +0.0024 GPa−1, as seen in Fig. 11
�left�.

In Fig. 13 Jc�T� is seen to increase rapidly with pressure
�d ln Jc /dP�0.30 and 0.32 GPa−1, respectively� for nearly
optimally doped YBCO bicrystals with 18° and 21° GBs.
Our measurements in Fig. 9 �upper� on the underdoped
YBa2Cu3O6.4 ring with 20° GB reveal an even more rapid
increase in Jc with pressure �d ln Jc /dP�0.60 GPa−1�. In
fact, a rapid increase in Jc with pressure is found for all
bicrystalline YBCO rings studied with differing mismatch

angles ��0° and oxygen concentrations x, as seen in Table
I. Since Jc�T�=DA−1Hac�T�, the slight change in the ring ge-
ometry under pressure34 leads to small correction in
d ln Jc /dP; we ignore this correction since it is approxi-
mately two orders of magnitude less than the measured val-
ues above.

To investigate whether the rapid increase in Jc under pres-
sure arises from the GB itself or from the melt-textured bulk
material in the YBCO ring, Jc�T� was also determined for
two nearly optimally doped melt-textured YBCO rings with
no artificial GB ��=0° �. The data for ring m at ambient
pressure are shown in both Figs. 6 and 14. The solid line
through the data in Fig. 14 is a fit using the following for-
mula from Ginzburg-Landau theory:35

Jc = Jc�0��1 − 	 T

Tc

2��1 − 	 T

Tc

4�1/2

, �2�

resulting in the rough estimate Jc�0��275 kA/cm2. From
the data in Fig. 14 it can be estimated that Jc is independent
of hydrostatic pressure, i.e., �d ln Jc /dP��0.02 GPa−1; the
independence of Jc on pressure was confirmed in a parallel
experiment on a slightly underdoped YBa2Cu3O6.86 ring m�
with no GB. This result demonstrates that the origin of the
rapid increase observed in Jc�T� under pressure arises from

θ

FIG. 7. Critical current density Jc at 77 K on logarithmic scale
as a function of GB mismatch angle � for nearly optimally doped
melt-textured YBCO rings: ��� present studies, ��� previous �Ref.
30� magnetic susceptibility measurements, �� I-V measurements
�Ref. 31�. Straight line through data given by expression: Jc�T�
=Jc�0�exp�−� /�0�, where Jc�0�=4�104 A/cm2 and �0=4.8°.
Lower-case letters label rings in present studies �see Table I�.
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FIG. 8. Superconducting transition temperature Tc�x� and rela-
tive critical current density �Jc�x� /Jc�6.98�� at 77 K versus bulk
oxygen content x for YBa2Cu3Ox bicrystals with 12° and 28° GBs.
Whereas Tc�x� passes through a maximum near x=6.95, Jc�x� in-
creases monotonically with x. Solid lines are guide to eye.
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changes in the properties of the GB itself rather than in the
ring’s bulk properties.

In Fig. 15 is displayed the effect of the application at
temperatures above Tc of an additional dc magnetic field of
120 G on the temperature and pressure dependence of
Jc�T , P� for a nearly optimally doped YBCO ring. Note that
under the dc field the temperature dependence Jc�T� assumes
a positive curvature both under ambient and high pressure.
As reported in Ref. 23, we find in the absence of a dc field
d ln Jc /dP� +0.20 GPa−1, whereas for Hdc=120 G the criti-
cal current density increases under pressure at the somewhat
more rapid rate d ln Jc /dP� +0.26 GPa−1.

2. Relaxation effects in Jc„T ,P…

As discussed in the Introduction, vacant oxygen sites in
the GB region open the door for oxygen ordering effects in
Jc. Such relaxation behavior in Jc can be easily identified by
determining whether or not the pressure dependence of Jc
depends on the temperature at which the pressure is changed.
With the sole exception of the 0� data in Fig. 9 �upper�, the
pressure was changed at ambient temperature for all data
presented thus far. Significant pressure-induced oxygen or-

dering effects in the CuO chains in bulk YBCO, particularly
in the underdoped samples, were uncovered by noting that
the pressure dependence of Tc�P� depends markedly on the
temperature at which the pressure is changed.13,14
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FIG. 9. Real part 
ac� �T� of the ac susceptibility for an under-
doped YBCO bicrystalline ring k with 20° GB �lower� for field
amplitudes Hac=0.03, 0.1, 0.54, and 1.1 G. �upper� Dependence of

ac� �T� at Hac=1.1 G for 0 GPa, 0.60 GPa pressure applied at RT,
but released at 60 K �0� GPa�. The missing data points near 45 K
for 0.60 GPa come from the disturbance of the measurement as the
sample is cooled through the freezing point of the He pressure
medium.
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In Fig. 16 �upper� it is seen that the application of 0.6 GPa
pressure at 295 K to an underdoped YBa2Cu3O6.4 ring with
20° GB leads to an increase in Jc�9 K� from 122 to 165 A/
cm2 �point 1 to point 2�. If the pressure is now released at
temperatures of 50 K and below, Jc�9 K� is seen to not de-
crease back fully to its initial value at point 1, but rather to
hang up at the much higher value of 150 A/cm2 �point 3�. At
these low temperatures the oxygen anions are frozen in place
so that they are unable to relax back to their initial positions
when the pressure is released. If the ring sample is now
annealed for 1

2 h at temperatures Ta=100 K and above,
Jc�9 K� is seen to remain essentially constant until the an-
nealing temperature Ta climbs above 200 K. Finally, at Ta
=295 K �point 11� significant relaxation in Jc�9 K� becomes
evident. If the ring is now annealed at the fixed temperature
295 K for extended periods of time, Jc�9 K� is seen to relax
further �points 11–18� towards its initial value at point 1. The
fraction of the pressure-induced enhancement in Jc due to
relaxation effects is thus given by ���150−122�– �165
−122�=0.65.

The time dependence of Jc in this experiment is illustrated
in Fig. 16 �lower�. The relaxation time � for this GB relax-
ation process can be estimated by fitting the time-dependent
data using the equation

Jc�t� = Jc��� − �Jc��� − Jc�0��exp− �t/���� , �3�

where Jc�0� and Jc��� are the initial �point 3� and fully re-
laxed �point 1� values of the critical current density, respec-
tively. From the best fit to the data, the estimated GB relax-
ation time is ��9 h with ��0.34. Using the Arrhenius law
�=�0 exp�Ea /kBT�, the activation energy is estimated to be
Ea�0.96 eV, where we set �0�1.4�10−12 s from previous
studies.11

The relaxation of the superconducting transition Tc for
this sample was measured in the same experiment and ana-
lyzed using Eq. �3� with Tc substituted for Jc. The results are
plotted in Fig. 17 for both Jc�t� and Tc�t�. Inspection of the
data in this graph tells us immediately that the relaxation in
Jc�t� is more rapid than that in Tc�t�. This is consistent with
the fact that oxygen diffusion in the GB region is more rapid
than in the bulk.36 From the best fit to the Tc�t� data using
Eq. �3�, ��21 h, ��0.5, and Ea�0.98 eV are obtained; the
relaxation time for the bulk property Tc�t� is thus more than
twice as long as that for the GB property Jc�t�.

We now search for pressure-induced relaxation phenom-
ena in Jc�T� in a second sample, a nearly optimally doped
YBCO bicrystal with 25° GB. Less prominent relaxation ef-
fects in Jc are anticipated than for the previous sample since
the bulk material, and likely the GB region, is much more

FIG. 12. Relative temperature dependence of critical current
density Jc�T� /Jc�0� for nearly optimally doped YBCO ring e with
30° GB at 0 and 0.60 GPa pressures. The overlap of the data dem-
onstrates that Jc increases with hydrostatic pressure an equal
amount �+26 % GPa−1� for all temperatures below Tc.
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FIG. 13. Temperature dependence of critical current density Jc

for nearly optimally doped YBCO rings �b and c� with 18° and 21°
GBs at different hydrostatic pressures. Jc increases rapidly with
pressure for both rings. Lines are fits to data using Eq. �1� with
parameters �Jc�0� and �� for ambient pressure given in Table I.
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heavily oxygenated and thus has far fewer vacant oxygen
sites.

In Fig. 18 �upper� one sees that the application of
0.60 GPa pressure at 290 K prompts Jc at 9 K to increase
from 1.291 to 1.447 kA/cm2 �point 1 to point 2�. If the pres-
sure is then released at temperatures below 50 K to point 3,
Jc does not decrease back to its initial value Jc
=1.291 kA/cm2, but rather to 1.322 kA/cm2, a value
0.031 kA/cm2 higher, implying the relaxation fraction �
��1.322−1.291��1.447−1.291�=0.20. Remeasuring Jc after
annealing the sample for 1

2 h at successively higher tempera-
tures results in no change in Jc until the annealing tempera-
ture reaches values Ta�250 K whereupon Jc relaxes back to
its initial value �points 1 and 11�. In a subsequent experiment
shown in Fig. 18 �lower�, the relaxation time � for this GB
relaxation process is estimated by annealing for different
lengths of time at a fixed temperature �270 K� following
pressure release at low temperatures. The value of Jc at 9 K
is seen to show an exponential relaxation behavior. From the
best fit to the data using Eq. �2�, the estimated GB relaxation
time is ��5.9 h for ��0.34 and Ea�0.87 eV. As expected,
the relaxation effects are much smaller ���0.20� for this
nearly optimally doped sample d than for the underdoped
sample k above where ��0.65. The results of relaxation
measurements on three further YBCO rings �a� ,b ,e� are
given in Table I �for ring e the value ��0.13 is listed since

in this measurement insufficient time elapsed after applying
pressure at room temperature for full relaxation to occur�.

That the relaxation in Jc indeed results from the motion of
oxygen anions in the GB region is supported by two experi-
mental findings: �1� the relaxation in Jc occurs in the same
temperature region �250–290 K�, where oxygen ordering
phenomena in bulk YBCO are known to occur,13,14,16 and �2�
as seen in Fig. 16 and Table I, the magnitude of the relax-
ation effects in Jc increases substantially in underdoped �un-
deroxgenated� YBCO bicrystals where the concentration of
empty oxygen sites is much higher, thus opening up many
more oxygen relaxation channels.

IV. DISCUSSION

The values of both the critical current density Jc at 9 K
and its relative pressure derivative d ln Jc /dP versus mis-
match angle � are plotted in Fig. 19 for all YBCO bicrystal-
line rings studied in the present experiments. In addition to
the general decrease in Jc with increasing �, it is seen that Jc
is significantly smaller for the underdoped than for the nearly
optimally doped samples. Two possible reasons for this latter
result are �1� underdoped YBCO samples have lower values
of Tc which would tend to lead to lower Jc’s and �2� under-
doped YBCO samples, which are underoxygenated in the
bulk, likely exhibit sizeable oxygen depletion in the GB re-
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gion, leading to a lower carrier concentration compatible
with only relatively weak supercurrents.

As seen in Fig. 19 �lower�, for nearly optimally doped
samples the relative pressure derivative does not show any
systematic change with mismatch angle �, most values lying
between 0.2 and 0.35 GPa−1. Two particularly large values of
d ln Jc /dP are found for the strongly underdoped rings i and
k; as discussed below, this is likely the result of strong relax-
ation effects due to the relatively large number of empty
oxygen sites in their GBs. A good deal of scatter is seen in
the values of both Jc and d ln Jc /dP in Fig. 19, evidently the
result of differences in the quality of the GB region. Note,
for example, that both Jc and d ln Jc /dP lie lower for sample
b� than for sample b, whereas both quantities are nearly the
same for samples g� and g.

The rapid increase in Jc under pressure suggests that Jc
can be further increased at ambient pressure by compressing
textured YBCO material through suitable chemical proce-
dures. How much compression would be necessary? The
relative change in Jc with GB width W is given by
d ln Jc /d ln W=−�GB

−1 �d ln Jc /dP�, where �GB�−d ln W /dP
is the compressibility of the GB. If we assume to a rough
first approximation that �GB is comparable with the average

linear compressibility of YBCO in the CuO2 plane,37 �a�
−d ln a /dP, where a is an in-plane lattice parameter and �a
�2�10−3 GPa−1,34 it follows that d ln Jc /d ln W�−100 to
−200. This implies that Jc increases under pressure at a rate
which is 100� to 200� more rapid than the decrease in GB
width. Compressing the GB by 10% should, therefore, lead
to a tenfold enhancement in Jc. Lattice compression of thin
films by a few % can be readily achieved through epitaxial
growth techniques.38

We now examine the question of the mechanism behind
the strong enhancement in Jc as the GB is compressed
�d ln Jc /dP�0.2 to 0.4 GPa−1�. High pressures may modify
the GB in a number of different ways, including �1� com-
pression of the GB region, �2� intrinsic change in carrier
concentration,12,15 �3� pressure-induced oxygen-ordering ef-
fects in the GB with accompanying changes in carrier con-
centration, in analogy with the well studied pressure-induced
oxygen ordering effects in the bulk,12–14,16 and �4� change in
the value of Tc. It is useful to divide the pressure dependence
of Jc up into its time-independent �intrinsic� and time-
dependent �relaxation� components

d ln Jc/dP = �d ln Jc/dP�intr + �d ln Jc/dP�relax. �4�

The relaxation fraction � is then defined by ���d ln Jc /
dP�relax– �d ln Jc /dP� so that

�d ln Jc/dP�intr = �d ln Jc/dP��1 − �� . �5�

We first consider the relaxation contribution in more detail.

A. Relaxation contribution to pressure dependence of Jc

As discussed in the Introduction, it is well known that
pressure-induced oxygen ordering effects in the high-Tc ox-
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FIG. 16. For strongly underdoped YBa2Cu3O6.4 bicrystalline
ring k with 20° GB: �upper� dependence of critical current density
Jc at 9 K on annealing temperature Ta. Numbers give order of mea-
surement. Solid and dashed lines through data are guides to the eye.
Horizontal dotted line marks initial value of Jc�9 K� at point 1.
�lower� Dependence of Jc on time for fixed annealing temperature
Ta=295 K following release of pressure at temperatures less than
50 K. Solid line is fit to data using Eq. �3� giving values of param-
eters listed. Horizontal dotted line in both graphs marks initial value
of Jc�9 K� at point 1.
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FIG. 17. Comparison of the relative dependences of the critical
current density Jc�t� at 9 K and the superconducting transition tem-
perature Tc�t� on the annealing time at Ta=295 K for YBa2Cu3O6.4

bicrystalline ring k with 20° GB following the release of pressure at
low temperatures. Jc��� and Tc��� are the respective values after
infinite time. �Jc�Jc�0�−Jc��� and �Tc�Tc�0�−Tc���, all quan-
tities as used in Eq. �3�. Jc�t� relaxes more than twice as fast as
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ides can have an important or even dominant influence on
the pressure dependence of bulk properties, such as the value
of Tc.

12–16 These relaxation effects are most significant when
there are large numbers of mobile oxygen anions in a lattice
containing a significant number of vacant oxygen sites.
Oxygen-ordering effects would thus be anticipated in the
critical current density Jc in YBCO and other copper-oxide
superconductors if the GBs are oxygen deficient.23 The
mechanism for the positive value of �d ln Jc /dP�relax is likely
the same as for the positive or negative values of
�d ln Tc /dP�relax in the bulk, namely, that the application of
pressure enhances the degree of local order in the oxygen
sublattice which then leads to cation valence changes pro-
moting the introduction of additional charge carriers into the
GB region �for Jc� or the CuO2 planes �for Tc�. In fact, there
are, to our knowledge, only three special cases where no
pressure-induced oxygen ordering effects in bulk or GB
properties would occur: �1� no mobile oxygen anions are
present in the oxygen sublattice, �2� the oxygen sublattice is
completely filled up with oxygen anions so that no change in

the occupation of oxygen sites is possible, or �3� the property
being measured is at an extremum versus oxygen concentra-
tion so that the property is unaffected by small changes in
carrier concentration due to oxygen ordering.

The third case is illustrated in Fig. 8 for YBCO, where
Tc�x� passes through a maximum at x�6.95. At this oxygen
concentration no relaxation effects in Tc are observed,14 even
though some oxygen-ordering effects certainly occur due to
the presence of a 5% vacancy concentration in the CuO
chains. In Fig. 8 it is also seen that across the same range of
oxygen concentration x the critical current density Jc�x�
across the GB increases monotonically. Although the relative
number of occupied oxygen sites in the GB region is almost
certainly different from that in the bulk, as the oxygen con-
centration x in the bulk is increased, more vacant sites in the
GB region are likely filled, leading to an increase in the
carrier concentration in the GB and thus to an enhancement
in Jc. We conclude that if relaxation effects are observed in
Jc, this very fact implies that the oxygen sites in the GB
region are only partially filled, i.e., empty oxygen sites are
available. We thus propose that the presence or absence of
relaxation effects in Jc is a useful diagnostic tool to test
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with 25° GB: �upper� dependence of critical current density Jc at
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ment. Solid line through data is guide to the eye. Horizontal dotted
line marks initial value of Jc�9 K� at point 1. �lower� Dependence
of Jc on time for fixed annealing temperature Ta=270 K following
release of pressure at temperatures less than 50 K. Solid line is fit to
data using Eq. �3�. Horizontal dotted line in both graphs marks
initial value of Jc�9 K� at point 1. Figure taken from Ref. 23.

θ

FIG. 19. Dependence of Jc at 9 K and its relative pressure de-
rivative Jc

−1�dJc /dP� on mismatch angle � for all YBCO rings stud-
ied in the present experiments. Each lower-case letter �with or with-
out primes� labels a ring with a specific GB mismatch angle �: m
−0°, a−4°, i−15°, b−18°, k−20°, c−21°, d−25°, e−30°, g−31°;
the same labels are used in the text and Table I.
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whether or not the GB region is able to accommodate further
oxygen anions and thus enhance Jc. This procedure also ap-
plies to materials containing an extremely large number of
GBs, i.e., polycrystalline material, where ac susceptibility
measurements can be separated into intragrain and intergrain
contributions to determine Jc as a function of temperature
and pressure.20

From the data in Figs. 16–18 above we concluded that the
relaxation contribution to the strong enhancement of Jc under
pressure amounted to ��0.20 for the nearly optimally
doped ring d and to ��0.65 for the strongly underdoped
ring k. From Table I we see that a sizeable relaxation contri-
bution varying from 0.12 to 0.65 is present for all five rings
where relaxation effects were studied. From this we conclude
that YBCO bicrystalline rings, be they underdoped or nearly
optimally doped, normally have vacant oxygen sites in the
GB region. To fill all sites it may be necessary to expose the
sample to simultaneous high-temperature and high-pressure
oxygen treatments and then to seal the surface of the sample
shut with a coating to prevent oxygen anions from escaping
under ambient temperature/pressure conditions.

As seen in Table I, for four of the five rings studied, the
intrinsic pressure derivative in Eq. �4�, �d ln Jc /dP�intr, makes
the dominant contribution to the total pressure derivative
d ln Jc /dP; only for the strongly underdoped ring k is the
relaxation derivative larger. For example, for ring d in Fig.
18, as discussed above, the relaxation contribution according
to Eq. �5� is �d ln Jc /dP�intr= �d ln Jc /dP��1−���0.20�1
−0.2�=0.16 GPa−1. A similar analysis for the underdoped
ring k gives �d ln Jc /dP�intr�0.59�1−0.65�= +0.21 GPa−1.
For all five samples studied �see Table I� the intrinsic contri-
bution does not vary appreciably. Below we discuss possible
origins for this intrinsic contribution.

It is interesting to note from Fig. 19 that the total pressure
derivatives �d ln Jc /dP� for the underdoped samples studied
�i and k� are somewhat larger than those for the optimally
doped samples. Our results indicate that this enhancement
may be due to the relatively large relaxation derivative
�d ln Jc /dP�relax for the underdoped samples.

B. Intrinsic contribution to pressure dependence of Jc

From the previous subsection we have learned that both
intrinsic and relaxation effects make important contributions
to the sizeable pressure dependence of Jc observed in the
present experiments on YBCO bicrystals, intrinsic effects be-
ing larger for nearly optimally doped samples, whereas re-
laxation effects dominate for strongly underdoped bicrystals.
For both doping levels, however, the intrinsic contribution
remains relatively constant �d ln Jc /dP�intr� +0.14 to
+0.25 GPa−1. We would now like to discuss possible origins
for this intrinsic contribution.

The actual mechanism by which a GB limits Jc in the
high-Tc oxides is still a matter of controversy and will likely
remain so until the mechanism for the superconducting pair-
ing interaction itself has been identified. In their review,
Hilgenkamp and Mannhart3 have grouped the many possible
GB mechanisms into five families: mechanisms based on �1�
structural properties, �2� deviations from ideal stoichiometry,

�3� order-parameter symmetry, �4� interface charging and
band bending, and �5� direct suppression of the pairing
mechanism. Rather than attempting to consider each of these
possible scenarios individually, we consider for contreteness
a particularly simple model whereby a GB is represented by
a tunnel barrier with width W and height � through which
superconducting electron pairs can quantum mechanically
tunnel, as illustrated in Fig. 20.39,40 In the WKB approxima-
tion the current density through such a potential barrier is
given by the expression

Jc = Jc0
exp�− 2KW� , �6�

where Jc0
is the critical current density for zero barrier width,

i.e., no grain boundary, K��2m� /� is the decay constant,
and � is the barrier height. As seen in Fig. 14 and Table I for
the nearly optimally doped YBCO ring m with no GB
Jc�0 K�=Jc0

�275 000 A cm−2; within experimental error,
however, we find d ln Jc0

/dP�0, as discussed above. From
Eq. �6�, therefore, we obtain for the relative pressure depen-
dence of Jc

d ln Jc

dP
� − �	d ln W

dP

ln	 Jc0

Jc

� −

1

2
�	d ln �

dP

ln	 Jc0

Jc

� .

�7�

The first term on the right makes a positive contribution to
d ln Jc /dP since the barrier width W decreases under pres-
sure. Assuming, as above, that −d ln W /dP��GB��a�2
�10−3 GPa−1,37 we obtain for the �=25° ring in Fig. 6,
where Jc�1,450 A/cm2 at low temperatures, the estimate
�−d ln W /dP�ln�Jc0

/Jc�� +0.01 GPa−1, a value 20� less
than that from experiment d ln Jc /dP� +0.20 GPa−1. Within
the simple tunneling barrier model, therefore, the strong en-
hancement in Jc under pressure does not arise from the com-
pression of the GB width W alone, but requires a reduction in
the barrier height � at the GB. From Eq. �7� a pressure
derivative of only d ln � /dP�−0.072 GPa−1 �a 7.2% de-
crease in � per GPa pressure� would be sufficient to yield the
experimental value d ln Jc /dP� +0.20 GPa−1.

We now carry out an identical calculation for the nearly
optimally doped bicrystal a� with 4° GB where at low
temperatures Jc�112,000 A/cm2, yielding �−d ln W /

FIG. 20. �Color online� Schematic representation of the quan-
tum mechanical tunneling of a wave � through a potential barrier
with height � and width W.
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dP�ln�Jc0
/Jc�� +0.0018 GPa−1, a value 140� less than the

experimental value d ln Jc /dP� +0.25 GPa−1 from Table I.
This experimental value can be accounted for by the
strong reduction in barrier height d ln � /dP�−0.55 GPa−1.
The same calculation for the 31° GB bicrystal g, where
Jc�520 A/cm2, yields �−d ln W /dP�ln�Jc0

/Jc��
+0.017 GPa−1, a value 12� less than the experimental value
d ln Jc /dP� +0.21 GPa−1 from Table I. This experimental
value can be accounted for by the reduction in the barrier
height d ln � /dP�−0.062 GPa−1.

Similar results are obtained for the remaining nearly op-
timally doped samples. Since it is unlikely in YBCO that the
compressibility of the GB is one or two orders of magnitude
larger than the in-plane compressibility,37 it is clear that the
reduction in the barrier width under pressure is much too
small to account for the sizeable intrinsic increase in the
carrier density Jc under pressure. Within the tunnel barrier
model, therefore, a reduction in the barrier height � in the
range d ln � /dP�−0.05 to −0.55 GPa−1 is necessary to ac-
count for the experimental results.

The barrier height � in the tunnel-barrier model may be
considered to represent important GB features in other mod-
els, such as the degree of lattice disorder, the carrier concen-
tration, changes in the localized states, the degree of band
bending, or changes in the pairing interaction. In view of the
importance of oxygen ordering �relaxation� effects both in
the bulk and GB, which appear to operate via changes in the
carrier concentration n, it would seem likely that the large
intrinsic increase in Jc under pressure is at least in part due to
an enhancement in n. Indeed, in all high-Tc oxides, such as
YBCO, which contain charge-reservoir layers, n in the bulk
is invariably found to increase under pressure.15,16,41 In most
GB models, an increase in the carrier concentration strength-
ens the GB by, for example, reducing the GB potential
through a shortened screening length, enhancing the pairing
interaction, or reducing the effects of band bending.3 Brown-
ing et al.39 utilize a tunneling model where the effective bar-
rier width Weff is identified with the thickness of the nonsu-
perconducting zone at the grain boundary. Since Weff
increases linearly with the mismatch angle �, the exponential
dependence of Jc on � for ��10° receives a natural expla-

nation through Eq. �6�. In this scenario a pressure-induced
increase in the carrier concentration nGB in the GB would
significantly reduce the effective GB width Weff, thus en-
hancing Jc.

In summary, the critical current density Jc across �001�-tilt
GBs with mismatch angles in the range 4° to 31° in nearly
optimally doped and strongly underdoped YBCO bicrystals
is found to increase strongly with hydrostatic pressure, in
most cases at a rate from +0.20 to +0.50 GPa−1. This sug-
gests a new procedure to enhance Jc at ambient pressure:
compress the GB as much as possible through epitaxial
growth or other chemical means. Within a simple tunnel bar-
rier model, the rate of increase of Jc is far too large to be
caused by the decrease in width W of a tunnel barrier alone;
a moderate to strong decrease in the barrier height � under
pressure is indicated.

Sizeable pressure-induced oxygen ordering effects are
found to occur in the GB, revealing that the value of Jc is a
complicated function of the pressure/temperature history of
the sample, i.e., Jc=Jc�T , P , t�, in analogy with the well stud-
ied relaxation processes in the bulk for the superconducting
transition temperature Tc=Tc�T , P , t�.12,13,16 These Jc relax-
ation effects are responsible for approximately 20% of the
total increase in Jc with pressure in nearly optimally doped
YBCO bicrystals, but increases to over 60% in strongly un-
derdoped samples. The fact that these relaxation effects in Jc
occur at all indicates that a significant concentration of va-
cant oxygen sites are present in the GB. Filling these vacant
sites with oxygen anions, either by annealing the sample un-
der high oxygen pressure at high temperature or through
electro-chemical oxidation, will significantly increase the
carrier concentration in the GB region and thus lead to fur-
ther enhancements in Jc.
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