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Fig. 5. Response time experiments at 25°C. The
sensor (~80 um) was first kept in air. During
data acquisition, a pH 8 buffer was added to
the container with the sensor (curve A). For
curve B, a solution of HCI-H,O (pH 1.8) was
added to a container in which the sensor was
immersed in a pH 6.86 buffer solution. Excita-
tion at 488 nm was used for both experiments.

7.50 += 0.05 for day 10 rat embryo) agree
with those from “homogenized” samples
(for example, pH 7.46 + 0.06 for day 10
mouse embryos). Furthermore, the mea-
surements carried out by our sensors are
nondestructive single-cell operations. A
complete embryo study will be reported
(16).

Using four aqueous solutions in the phys-
iological pH range (Table 1), we compared
the accuracy of these optical fiber sensors to
that of a macroscopic standard high-preci-
sion pH meter (Omega). The results from
the sensor are similar to those obtained from
the commercial pH meter and demonstrate
the effectiveness of the internal calibration
method in quantifying pH.

Because of the opposite effects of pH on
absorptivity at different wavelengths (Fig.
3), we made use of the differences both in
absorption and in fluorescence of the dye at
different wavelengths to quantify the pH
and increase the differential in intensity
ratio per pH unit change. We obtained a
significant enhancement factor (Table 2).

The miniaturization of the sensor also
permits a very fast response time because
the analytes have immediate access to the
dye on the sensor tip. The submicrometer
sensors have response times shorter than
can presently be measured (20 ms). This is
consistent with Fig. 5, which shows the 10
to 90% response times for one of our largest
sensors (~80 wm) to be <500 ms.

The submicrometer pH sensor has a
detection limit of <3000 hydrogen ions in
the measurements of pH 8 buffer solutions
inside a micrometer-size membrane hole
(13). The submicrometer pH sensor also
has good stability, even when a high laser
power (30 mW, collected fluorescence in-
tensity around 10° counts per second) is
used. Over a time period of 40 min, only a
10% loss in intensity for sensors immersed
inside a buffer solution was recorded. The

photobleaching is practically impercepti-
ble at the routine lower laser power oper-
ation.
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Large Enhancement in Oxygen Mobility in the
Superconductors RBa,Cu;0, with Increasing
Rare-Earth Size

J. L. Tallon and B.-E. Mellander*

Ultrasonic composite oscillator measurements of the mechanical

relaxation in

RBa,Cu,0,_, arising from oxygen hopping in the basal chain layer show enhancements
in oxygen mobility of 20, 50, and 100 times for R = gadolinium, neodymium, and lanthanum,
respectively, above that for R = yttrium. The use of the larger rare earths offers a practical
solution to the major problem of slow oxygen diffusion in single crystals and bulk, dense
material for wires and melt-textured monolithic bodies.

Solid-state oxygen diffusion is of interest in a
range of disciplines and technologies from
diffusion in minerals for geothermometers and
geobarometers (1), to fast oxygen ion conduc-
tors for fuel cells and oxygen sensors (2), to
electronic ceramics (3), to cuprate supercon-
ductors with high superconducting transition
temperatures, T_ (4). The 90 K superconduc-
tors RBa,Cu;O0,_s (R =Y,La,Nd, . . .) are
oxygen-deficient (8 > 0.7) as synthesized
and, as a consequence, insulating. An essen-
tial step in their manufacture is to load oxygen
after synthesis by annealing or slow cooling in
0O, to 350°C to induce superconductivity.
The transition temperature is maximized at
about 90 K when oxygen deficiency is more or
less eliminated and 0 < & < 0.1. Oxygen
diffusion into and through the lattice occurs
in the basal chain layer between the ideally
occupied O1 site and the ideally unoccupied
Q5 site. This incorporation of oxygen pre-
sents no difficulty in conventionally prepared
materials in which, because of their high
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porosity (>15%) and microcracks, oxygen is
able to diffuse rapidly into the material bulk.
Moreover, because of the T, = 90 K pla-
teau (4), incomplete oxygen loading may
result in a 90 K superconductor, although
other properties, such as flux pinning, will
not be optimized.

Dense, bulk material presents a rather
different picture. Because the oxygen self-
diffusion coefficient between 400° and
500°C is in the range 10712 to 10~ 1! cm?/s,
the rate of oxygen loading in YBa,Cu;0,_;
(1-2-3) may be prohibitively slow for sam-
ples that are more than 98% dense and
several millimeters in dimension (5). In
addition, the markedly anisotropic thermal
strains (4) that occur on oxygen loading
(positive in the b direction and negative in
the a direction), as well as the effects of
inhomogeneous oxygen loading, result in
differential stresses that cause substantial
microcracking. This change in microstruc-
ture, of course, has a harmful effect on
critical current density and on mechanical
properties.

It was earlier shown (6) that, by substitut-
ing A = Na, K, or Ca into 1-2-3 according to
the formula Y;_ Ba, A, , Cu;0;_5 (x +y

781



< 0.1), it was possible to achieve giant
enhancements of up to 100-fold in oxygen
loading rates. There appeared to be no change
in microstructure associated with these substi-
tutions. Rather, ultrasonic mechanical damp-
ing studies showed the appearance of fast
relaxation processes, which indicated en-
hancement in the bulk-diffusion rate. How-
ever, we do not consider these substituents to
be practical for bulk, high-critical-current ap-
plications because the alkali ions greatly re-
duce the stability to atmospheric attack (6)
and Ca significantly depresses T (7, 8).
The motivation behind the present work
is that, by choosing R to be a larger lan-
thanide ion, the size of the 1-2-3 lattice
cage is increased and the oxygen diffusion
coefficient should inevitably be larger. In
addition, provided one can suppress the
tendency for the larger lanthanides to par-
tially substitute on the Ba site, T, progres-
sively rises toward 100 K. We examined
ultrasonic relaxation at 40 kHz in 1-2-3
with R = Y, Gd, Nd, and La and found
enhancements in the oxygen relaxation
rate (and hence in the oxygen self-diffusion
coefficient) of 19, 48, and 97 times, respec-
tively, for the larger rare earths relative to
Y. The present, almost exclusive, use of
Y-123 for wires and bulk applications has
been locked into practice for historical rea-
sons but would appear to be inappropriate
from the perspective of oxygen diffusion.
We prepared Y-123 and Gd-123 with
Ba(NQ,),, CuO, and Y,0; or Gd,0;, re-
spectively. The milled mixture was decom-
posed at 700°C for 1 hour, then ground,
milled, and die-pressed into pellets and
reacted twice for 14 hours at 910°C in air
with intermediate grinding. The pellets
were then ground, milled, and die-pressed
into bars 3.5 by 3.5 by 60 mm. These were
reacted in flowing oxygen for 14 hours and
then slow-cooled to 400°C and held at that
temperature overnight. The zero-resistance
T, for Y-123 and Gd-123 samples was 92
and 93 K, respectively. The Nd-123 sample
was prepared in similar fashion at 900°C
and then 920°C, except that each reaction
was in a flowing gas mixture of 0.02% O,
mixed with N,. The reaction vessel was
evacuated and backfilled with the gas mix-
ture to ensure that the sample was not
exposed to a higher O, partial pressure
during the early stages of synthesis and
sintering. This process is essential to sup-
press partial substitution of Nd for Ba,
which is evidenced by the appearance of
the impurity phase BaCuO, in x-ray diffrac-
tion patterns. The zero-resistance T, for
this sample was 95 K. The La-123 sample
was prepared in the same fashion except
that only N, gas was used. This sample,
against the trend, had a lower T, ~91 K,
which arises, we believe, from the residual
partial substitution of La for Ba. The resis-

782

tive transition for this compound was sig-
nificantly broadened as is typical of an
underdoped high-T_ superconductor with a
small degree of substitutional disorder (9).
In contrast, the Y, Gd, and Nd compounds
all had similarly narrow resistive transitions
indicative of good stoichiometric composi-
tions. These three compounds were 85 to
86% dense, and the La-123 sample was
92% dense. Lattice parameters for each of
these compounds were determined by x-ray
powder diffraction.

Ultrasonic composite oscillator measure-
ments were carried out in the longitudinal
mode as described previously (10). Briefly,
the composite oscillator consists of a quartz
drive crystal, quartz gauge crystal, and a
fused quartz spacer rod with a length equal
to 2.5 wavelengths terminated by the sam-
ple rod, all glued end to end. The joint
between sample and fused quartz was made
with Sauereisen ceramic cement cured for 1
week. The samples were cut to a resonant
length for a frequency of 40 kHz at
~500°C. The composite oscillator was
mounted in a vacuum system with the
sample end projected into a furnace. A
closed-loop amplifier was used to drive the
composite oscillator in a constant gauge
voltage mode, that is, at constant strain
amplitude. We determined the Young’s
modulus and the mechanical damping or
internal friction, Q~!, of the sample, re-
spectively, from the frequency and the ratio
of the drive to gauge voltages using standard
relations (10).

Data were collected at 700°C at heating
and cooling rates of 67°C per hour in 100, 20,
and 2% O, in N, at 1 bar. Results were
essentially reproducible whether heating or
cooling, indicating that there was little hys-
teresis attributable to oxygen unloading and
reloading. The technique has been used ex-
tensively for YBa,Cu;0,_5 (5, 6, 10). A
Debye relaxation peak occurs at ~800 K,
which results from the hopping of oxygen
atoms between the 01 and 05 intrachain and
interchain sites. Diffusion coefficients calcu-
lated from the measured relaxation times
agree satisfactorily with 80 tracer diffusion
measurements (5, 11). Across a broad tem-
perature range the relaxation time and self-
diffusion coefficient have a simple Arrhenius
dependence over six orders of magnitude with
an activation energy of 1.04 eV.

Lattice parameters for each of the samples
are listed in Table 1. The data show a
progression to larger values as the ion size
(also listed) increases. As reported for Y-123
(10), the Young’s modulus for all samples
exhibits a deep soft-mode cusp at the or-
thorhombic-tetragonal (O-T) transition due
to orthorhombic fluctuations. The O-T
transition temperatures (T.p) in an atmo-
sphere of 20% O, in N, are listed in Table 1,
and these progress to lower temperatures as
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the orthorhombicity decreases with increas-
ing ion size. The T 1 values are largely in
agreement with data (12) from thermal
gravimetry and resistivity measurements.
However, the measured Tq 1 for La-123 is
significantly higher than the earlier data.

Table 1. Measured data for Y-123, Gd-123,
Nd-123, and La-123: ion size, r, (14); lattice
parameters, a, b, and c; orthorhombic-tetrago-
nal transition temperature T _, temperature T
at the maximum in the damping peak; and
D, (R/D(Y), ratio of the diffusion coefficient for
each lanthanide ion at T, to that for Y-123 at the
same temperature.

R
Parameter

Y Gd Nd La
r A 1.019 1053 1.109 1.160
a®) 3.822 3842 3.862 3.893
b &) 3.887 3.899 3918 3.938
c®) 11.680 11.699 11.771 11.818

T..(C) 645 610 564 560
T.(C) 543 408 374 350
D, (R)/D(Y) 1 19 48 97

log (damping)

1.0 1.2 1.4 1.6 1.8 2.0
1000/T (K1)

Fig. 1. Plot of the mechanical damping versus
inverse temperature for R = Y, Gd, Nd, and La.

I
-
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log(D) (cm s~2)
|

-12

1.0 1.2 1.4 1.6 1.8
1000/7 (K-1)

Fig. 2. Plot of the oxygen self-diffusion coeffi-
cient versus inverse temperature for R =Y, Gd,
Nd, and La.



Figure 1 shows an Arrhenius plot of the
temperature dependence of the mechanical
damping of RBa,Cu;0,_; in equilibrium
with an ambient atmosphere of 20% O, in
N, for R = Y, Gd, Nd, and La. As antici-
pated, the relaxation peaks at a fixed fre-
quency of 40 kHz were displaced to progres-
sively lower temperatures (543°, 408°, 374°,
and 350°C, respectively) as the rare-earth
size was increased. Over this temperature
range, the relaxation for YBa,Cu;O,_; is
thermally activated with a single activation
energy of motion h, ~ 1.04 eV (5). At the
location of the mechanical damping maxi-
ma, the enhancements in mobility over that
for R = Y are, respectively, 19, 48, and 97
times for R = Gd, Nd, and La. These major
enhancements occur in the temperature
range that is relevant for loading oxygen.
The temperatures T, for maximum damping
and the enhancements in diffusion coeffi-
cients are also listed in Table 1.

Oxygen self-diffusion coefficients, D, may
be estimated by assuming that the damping,
Q71 is governed by a single Debye relax-
ation, which is thermally activated. Thus

Q7' = Qo lor/(1+w*r?) 1)

where  is the frequency and 7 is the
relaxation time, and

T = 7oexp(h/kT) 2)

where k is the Boltzmann constant. Oxygen
diffusion occurs by two-dimensional hopping
between the O1 and O5 sites, so that

D = f€*/4r (€)

where f is the correlation factor and € ~ 2.76
A is the hop distance between the O1 and O5
sites. The temperature dependence of D or 7 is
large compared with that of f, so we assume
for convenience f ~ 1. The values of D thus
calculated (plotted in Fig. 2) show a clear
progression to higher oxygen diffusion rates in
lattices containing the larger rare-earth ions.
At a fixed temperature of 400°C the enhance-
ments in D over that for Y-123 are 19, 30, and
56 times for Gd-, Nd-, and La-123, respec-
tively. The diffusion coefficient relevant to
oxygen loading is the chemical diffusion coef-
ficient, which is related to the self-diffusion
coefficient, measured here, by a factor that
describes the dependence of the oxygen stoi-
chiometry, 8, on oxygen partial pressure.
Kishio et al. (12) reported the temperature
and oxygen partial pressure dependence of &
at equilibrium to be very similar for Y-123 and
Nd-123. We therefore expect that the large
enhancements in diffusion coefficient report-
ed here will also be reflected in oxygen chem-
ical diffusion coefficients.

Data from the tails of the relaxation peaks
are not reliable because of the dominance
there of background damping and because of
the large excursion from tuned resonance,
which we imposed in mid-temperature range

by trimming the length of both the sample
and the quartz spacer rod. The Nd-123 data
appear to be particularly affected in this way.
The data are also critically dependent on the
quality of the ceramic joint between the
sample and the spacer rods. We have ex-
tended measurements to much longer relax-
ation times (~24 hours) by examining the
transient relaxation of structure at room
temperature by in situ x-ray diffraction after
quenching from elevated temperatures into
liquid N,. The same trend in enhanced
mobility with the larger rare earths is pre-
served, but the enhancements are much
smaller (approximately fourfold) (13).
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Nanochannel Array Glass

R. J. Tonucci, B. L. Justus, A. J. Campillo, C. E. Ford

The fabrication and characterization of a glass containing a regular parallel array of
submicrometer channels or capillaries are described. The capillaries are arranged in a
two-dimensional hexagonal close packing configuration with channel diameters as small
as 33 nanometers and packing densities as high as 3 x 10'° channels per square
centimeter. The high-temperature stability of the nanochannel glass array is well suited as
a host or template for the formation of quantum confined semiconductor structures or as
a mask for massively parallel patterned lithographic applications.

Quantum confined systems imbedded in a
protective or interactive matrix have gen-
erated considerable interest in both basic
research and commercial applications be-
cause of their unique electronic and optical
properties and their possible use as compo-
nents in ultrasmall and ultradense electron-
ic devices (I, 2). One such approach to
fabricating quantum confined structures has
been to utilize a host or template structure.
Very small chambers or voids within the
host can be filled with material in which
the walls of the void confine the volume of
material being deposited. If the voids are
sufficiently small (3), quantum confinement
may occur in the material and its associated
quantized effects observed by a variety of
optical and electronic measurements. Ex-
amples utilizing this technique to create
quantum confined systems with II-VI and
III-V semiconductor materials have been
demonstrated in a variety of host structures
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such as zeolites (4), plastics (5, 6), sol-gels
(7, 8), and Vycor glass (9, 10).

Nanochannel glass (NCG) hosts and
masks with uniformly shaped voids in large
arrays exhibit a high packing density of
parallel voids or channels with channel
diameters as small as a few tens of nano-
meters (11). There are greater than 10°
channels in a typical array and excellent
control is maintained over the geometric
regularity in the placement of channel po-
sitions as well as the depth of channel
formation.

The fabrication of this NCG material is
inspired by a draw process not unlike the
way optic fibers and microchannel plates
are made (12, 13). Recent attempts at
drawing single glass fibers have succeeded in
producing hollow (14) and metal-filled (15)
cores as small as a few tenths of a microme-
ter. The smallest previously reported high-
density glass fiber arrays made by a drawing
process containing greater than 10° chan-
nels exhibited channel diameters of approx-
imately 2 um (16).

Nanochannel glass arrays are prepared
by arranging dissimilar glasses, of which at

783





