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The temperature dependence of the half-integer magnetic flux quantum effect 
in thin-film tricrystal samples of the high-critical-temperature cuprate super- 
conductor YBa,Cu,O,-, was measured and found to persist from a temperature 
of 0.5 kelvin through a critical temperature of about 90 kelvin, with no change 
in total flux. This result implies that d-wave symmetry pairing predominates in 
this cuprate, with a small component of time-reversal symmetry breaking, if 
any, over the entire temperature range. 

An important development in the understand- been proposed that such symmetry breaking 
ing of the superconducting state in high-crit- can occur at twin and grain boundaries (13, 14) 
ical-temperature cuprate superconductors has 
been the demonstration that the Cooper pair- 
ing in several of the hole-doped cuprates has 
predominately d-wave symmetry (1). How- 
ever, although this pairing symmetry implies 
that the pairing interaction has certain char- 
acteristics (2), it does not specifically identify 
the mechanism responsible for high-temper- 
ature superconductivity. It is unclear whether 
d-wave symmetry predominates in all of the 
cuprate superconductors, whether there is a 
dependence of the symmetry on doping, or 
whether there is a temperature dependence of 
the pairing symmetry; the extent of a possible 
s-wave comuonent is also uncertain. There is 
reason to think that the electron-doped cup- 
rate Nd, .,,Ce,, , ,CuO,, may have s symme- 
try (3), and there have been reports of a 
change in symmetry in Bi2Sr2CaCu20,+, as 
a function of temperature (4) and doping (5). 
It has been suggested that, in the cuprates, 
there may be a nearly balanced competition 
between s- and d-wave pairing, in which 
either may predominate, depending on the 
details of the band structure (6) .  

The question of the temperature depen- 
dence of the order-parameter symmetry is 
important for several reasons. First, any de- 
viation from predominately d-wave pairing as 
a function of temperature would be an impor- 
tant clue to the pairing mechanism in high- 
temperature superconductors. In particular, 
such an observation would be evidence 
against a spin-mediated pairing mechanism 
(7, 8). Second, although it appears unlikely 
that there is substantial time-reversal symme- 
try breaking (9) in the pairing in the bulk of 
the cuprate superconductors (10-12), it has 

son junctions in the cuprates (20, 21), in 
which the entire structure is made of high- 
critical-temperature superconductors, can be 

or at the interface between YBa2Cw,0,4 
(YBCO) and a conventional superconductor 
(Pb) (IS). The time-reversal symmetry breaking 
component could introduce a temperature de- 
pendence to the pairing symmetry: There have 
been reports of a temperature-dependent time- 
reversal symmetry breaking component to the 
pairing in YBCO near the critical temperature 
T, (16) and a report of a phase transition in 
Bi2Sr2CaCu20, at low temperatures, which 
may indicate a second component to the order 
parameter (1 7). It is therefore important to con- 
clusively determine whether time-reversal sym- 
metry breaking occurs at any temperature in the 
cuprate superconductors. 

However, it is diff~cult to probe the tem- 
perature dependence of the pairing symmetry 
in unconventional superconductors, as all the 
techniques used so far become obscured by 
thermal excitations at higher temperatures. 
Although phase-sensitive tests that depend on 
Josephson pair tunneling (lo, 11, 18-21) are 
in principle immune to thermal broadening, 
in practice most of these tests also fail at 
higher temperatures because they involve 
tunneling into low-T, superconductors. 

To the best of our knowledge, only exper- 
iments that involve grain-boundary Joseph- 

used to determine symmetry at all 
temperatures through T,. However, even this 
class of experiments presents difficulties. The 
best way to make a symmetry test with these 
samples is to magnetically image the half- 
flux quantum effect (20). The most sensitive 
detectors for such imaging are low-T, super- 
conducting quantum interference devices 
(SQUIDS), which fail to operate above -9 K. 
We have avoided the problem of the low 
critical temperature of our SQUID sensors by 
building a microscope in which the sample is 
heated while the SQUID is kept cold (22). 
This allows us to warm the sample to tem- 
peratures as high as 150 K while the SQUID 
continues to operate (23). 

The tricrystal experimental geometry we 
used has been described previously (20, 24). 
A 300-nm-thick film of YBCO was grown 
epitaxially on a tricrystal substrate of SrTiO,. 
The crystalline orientations of the tricrystal 
were chosen (Fig. 1A) to form an energeti- 
cally frustrated state at the tricrystal point for 
a superconductor with d,2,2 pairing symme- 
try. The frustration is relaxed by the sponta- 
neous generation of a magnetic vortex at the 
tricrystal point with total flux hc14e (where h 
is Planck's constant, c is the speed of light, 
and e is the charge on the electron), which is 
half that of a conventional superconducting 
vortex. The presence of this half-vortex is 
perhaps the most conclusive evidence to date 
for predominately d-wave superconductivity 
in the cuprate superconductors. 

Scanning SQUID microscope images 
from our tricrystal samples were taken above 
4.2 K with a relatively large pickup loop 
(1 7.8 pm on a side) (Fig. 1 B) to minimize the 
effects of errors in the positioning of the 
sensor. The data below 4 K were taken with 
a 7.5-pm square loop with He, as the cryo- 
gen. The images (Fig. 1C) were taken with 
the sample in nominal zero field, as con- 
firmed by the absence of bulk Abrikosov 
vortices in the vicinity of the tricrystal point 
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after cooldown. Magnetic flux is spontane- 
ously generated at the tricrystal point as the 
sample is cooled through Tc. Close to Tc, the 
vortex is broad. with a reduced peak intensity 
because the magnetic flux penetrates along 
the sample grain boundaries. As the temper- 
ature is reduced. the vortex image becomes 
sharper. 

Although the SQUID signal directly 
above an Abrikosov vortex that is trapped 
away from the tricrystal point is twice as 
large as that above the half-voi-tex flux quan- 
tum at low temperatures (Fig. 2A). closer 
examination shows that the temperature de- 

close to <, presumably due to interactions 
with the SQUID during scanning. The abso- 
lute magnitude of the SQUID signal was 
unchanged by these sign changes. indicating 
that a component of time-reversal symmetry 
breaking. if present. was small. 

We think that the difference between the 
temperature dependences of the SQUID peak 
signal for the two types of vortices resulted 
from the different temperature dependences 
of the London penetration depth. which con- 
trols the peak field strength of the Abrikosov 
vortex, and the Josephson penetration depth, 
which controls the peak field of the half- 

pendences are different near c. Nevertheless. vortex. However, a temperature-dependent 
spontaneous magnetization at the tricrystal imaginary component to the order parameter 
point persists at all temperatures from 0.5 K could also change the peak field above the 
through c. implying that the frustration built half-vortex. Distinguishing between these 
into the superconductor at the tricrystal point two effects requires detailed modeling. 
exists at all temperatures, which in turn sug- We modeled the grain boundaries making 
gests that d-wave pairing predominates at all up the tricrystal point as wedges of supercon- 
temperatures. Furthermore. there were occa- ductors centered about the tricrystal meeting 
sional random changes observed in the sign l ines  = 0. J. = 0;  z .  The magnetic fields for 
of the vortex when measurements were made a Josephson vortex at the tricrystal line are 

Fig. 2. ( A )  Comparison A B 
of the temperature de- 
pendence of the flux 
through the SQUID 
pickup loop a,, wi th 
the loop directly above 
a conventional vortex 
and the half-vortex. The 
pickup loops do not cap- 
ture all of the flux from 
the vortices, even when 
directly above their cen- 
ters, because of their fi- 
nite spacing from the 
sample surface. (B) The 
dots are horizontal cross 
sections through the 
center of the half-vortex, 
for a number of tem-  

0 20 40 60 80 100 4 0  -20 0 20 40 
T ( K )  Position (prn) 

peratures. The lines 
are f i ts t o  the  data w i t h  the  grain-boundary Josephson penetrat ion depth X j  and t o t a l  f lux @ 
as f i t t i ng  parameters. The best f i t  values are as follows: X j  = 3.3 p m ,  @ = 0.480, (T  = 50 K ) ;  
X j  = 4.2 k m ,  @ = 0.500, (T = 60 K);  A j  = 5.0 p m ,  0 = 0.500, (T  = 70 K);  A, = 7.7 pm, 
@ = 0.48@, (T = 75 K ) ;  A j  = 9.5 k m ,  @ = 0.52@, (T = 80 K);  and A j  = 18.3 k m ,  0 = 0.65@, 
(T = 85 K ) .  

Fig. 3. ( A )  Temperature 
dependence of the best 
f i t  values of the Joseph- 
son penetration depth 
AJ and London penetra- 
t ion depth a,. (B) 
Temperature depen- 
dence of our f i t  values 5 
for the tota l  flux @ 
spontaneously generat- 
ed at the tricrystal loo 
point. Error bars are as- 
signed by varying the 
parameter of interest, 
finding a least squares lo-' 
f i t  as a function of the 0 20 40 60 80 100 0 20 40 60 80 100 
other parameters, wi th T ( K )  T ( K )  
a criterion of a doubling 
of x2 between f i t  and experimental values. 

given by (24) 

where A;,, is the in-plane London penetration 
depth. A,, is the Josephson penetration depth 
of the ~ t h  gram boundary, @, = hcl2e IS the 
superconducting flux quantum. r,  is the dis- 
tance along the ith grain boundary, r _  is the 
distance perpendicular to the grain boundary. 
and n) is a normalization constant such that 
n,l[A,,(l + nf)]  is the same for all three 
grain boundaries, the total flux at the tricrys- 
tal point is @ = 1 ) ( @ , / 2 ~ r ) 4  tanp ' (a))  
Once the fields at the surface of the grain 
boundary are calculated, the fields at height z 
above the surface are determined (for fields 
derived from a two-dimensional current dis- 
tribution) by 

where hl is the two-dimensional Fourier 
transform of the field B2(i.) and kx  and k, are 
the wave vectors in the s and j. directions, 
respectively (25). This treatment neglects the 
effects of overlapping of fields from different 
grain boundaries close to the tricrystal point 
and does not take into account modifications 
to the fields due to the finite thickness of the 
cuprate films. The fields at a height 2 above 
the sample are integrated over the known 
pickup loop geometry to obtain the SQUID 
flux as a function of scanning position. 

The dots in Fig. 2B show cross sections 
through the centers of the vortex images of Fig. 
1C parallel to the horizontal grain boundary 
(Fig. 1A). and the lines are fits to these data 
with the model described above. The height 2 of 
the SQUID abol e the sample surface was cho- 
sen by fitting Abrikosov vortex data as de- 
scribed previously (22); assuming an average 
low-temperature London penetration depth of 
An, = 0.15 Fm and a fixed total flux in the 
vortex of = hc82e. This gave z = 4.4 Fm for 
the 17.8-pm pickup loop data and z = 1.2 km 
for the 7.5-pm pickup loop data. The full set of 
temperature-dependent data for the Abrikosov 
vortices was fit keeping this value of z fixed. 
with the in-plane penetration depth Xu,. a hor- 
izontal peak position, and a flux background as 
fitting parameters. The best fit values for A,,,(T) 
are plotted in Fig. 3. The half-flux quantum data 
were fit with 2 fixed and Xu,, determined from 
fits to Abrikosov vortices, with four fitting pa- 
rameters: the total flux @ in the vortex. the 
Josephson penetration depth A, (assumed to be 
the same for all three grain boundaries). a hor- 
izontal peak position. and a flux background. A 
representative sampling of these fits is shown in 
Fig. 2B. The fit values for A, and @ are given in 
Fig. 3. 

The persistence of spontaneous magnetiza- 
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tion at all temperatures up to < in our tricrystal 
samples implies that d-wave symmetry pre- 
dominates throughout. Our modeling gives best 
fit values of @ = @"/2 to within 2 10% for all 
temperatures up to T = 84 K, -6 K below 7 .  
Above this temperature, the Josephson penetra- 
tion depths become very long, producing un- 
certainties in the fit parameters that diverge 
closer to c. To within the uncertainties as- 
signed by our statistical analysis (as indicated 
by the error bars in Fig. 3B), there is no change 
in the total flux spontaneously generated at the 
tricrystal point at any temperature. Simple cal- 
culations indicate that, for example, an s-wave 
component to an s + id superconducting order 
parameter would alter the flux quantization 
condition away from @(,I2 by roughly the frac- 
tional portion that is s wave. We therefore 
conclude that the superconducting order param- 
eter in YBCO is predominately d wave, with an 
imaginary component, if any, that is small from 
0.5 K to 7 .  
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Inhibition of Crystallite Growth 
in the Sol-Gel Synthesis of 

Nanocrystalline Metal Oxides 
Nae-Lih Wu,'* Sze-Yen Wang,' I. A. ~usakova' 

Crystal growth upon firing of hydrous transition metal oxide gels can be 
effectively inhibited by replacing the surface hydroxyl group before firing wi th  
another functional group that does not condense and that can produce small, 
secondary-phase particles that restrict advancing of grain boundaries at ele- 
vated temperatures. Accordingly, fully crystallized SnO,, TiO,, and ZrO, ma- 
terials wi th  mean crystallite sizes of -20, 50, and 15 angstroms, respectively, 
were synthesized by replacing the hydroxyl group with methyl siloxyl before 
firing at  500°C. An ultrasensitive Sn0,-based chemical sensor resulting from 
the microstructural miniaturization was demonstrated. 

Sol-gel synthesis is widely used for making 
transition metal oxide solids with fine-scaled 
microstructures. Pore and particle sizes no 
greater than a couple of nanometers can eas- 
ily be achieved in the freshly derived gels. 
However, maintaining such microstructural 
dimensions when the fresh gels are subse- 
quently crystallized at elevated temperatures 
is difficult. Freshly derived metal oxide gels 
have a hydrous solid skeleton that contains 
many hydroxyl groups and is either amor- 
phous or paracrystalline. A postfiring step is 
therefore indispensable for dehydroxylation 
and for achieving a sufficient degree of crys- 
tallinity in order to give the desired combi- 
nation of mechanical, catalytic. or optoelec- 
tronic properties for their applications. Upon 
firing of the gels, condensation among sur- 
face hydroxyl groups, nucleation of new ox- 
ide crystals. and growth of existing crystals 
occur concurrently over a fairly wide temper- 
ature range (1, 2). Accordingly, some crystals 
grow extensively before the gel is fully de- 
hydroxylated and crystallized, which reduces 
surface area, enlarges pores, and increases the 
difficulty of removing intracrystal defects. 

In the preparation of SnO, oxidation cata- 
lyst, for example, firing of the hydrous gel at 
400°C for 1 hour removes 4 0 %  of the hy- 
droxyl content but has already led to a fivefold 
increase in crystal size, from -20 to 100 A, and 
>50% loss in surface area and hence in cata- 
lytic activity (2). Firing hydrous ZrO, coating at 

500°C is essential to giving sufficient thermo- 
mechanical strength for the high-temperature 
membrane reactor application, but pore sizes 
will more than triple, from 15 to 50 A (see 
below). Destruction of the regular mesopore 
structures in the surfactant-templated metal ox- 
ide gels upon thermal treatment (3) is also 
likely caused by extensive crystal growth. De- 
layed crystal growth is thus the key to micro- 
structural miniaturization of fully crystallized 
metal oxide materials prepared from the sol-gel 
and from other. similar wet processes. 

Condensation of hydroxyl groups pulls 
together the constituent particles of the gel 
into a compact mass. and so the metal oxide 
crystals readily grow to a size much larger 
than that of the original particles. According- 
ly, isolation of the hydrous particles upon 
firing may limit crystallization to taking place 
on a very local scale. and hence the original 
nanoscaled microstructure will be preserved. 
Second, crystal growth requires advancing of 
grain boundaries. Grain boundaries can be 
"pinned," and hence their motion restricted, 
by introducing tiny secondary-phase particles 
along grain boundaries. The challenge in the 
present case is to homogeneously introduce 
such "pinning" particles between crystals that 
are already nanoscaled. The surface hydroxyl 
groups appear to be perfect anchoring sites 
for the precursor species that would produce 
the particles. Therefore, an ideal approach 
that can simultaneously achieve both func- 
tions described above would be to replace the 
surface hydroxyl group with another func- 
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