
Reports 
Possible Evidence for Superconducting Layers in 
Single Crystal YBa2Cu307-, by Field Ion Microscopy 

The high-transition-temperature superconducting ceramic material YBazCu307-, 
(0 < x < 0.5) has been examined by field ion microscopy. Specimens fiom nominally 
superconducting and nonsuperconducting samples (determined by magnetic suscepti- 
bility measurements) were studied by field ion microscopy and significant differences 
were found. Preferential imaging of atomic or molecular layers, due to  preferential 
field evaporation, field ionization, or both, was found in the superconducting phase 
below the transition temperature and is interpreted as possible evidence for 
the occurrence of relatively highly conducting layers in the YBazCu307-, unit 
cell perpendicular to  the orthorhombic c-axis. Similar results were obtained for 
YbBazCu307-,. 

T HE RECENTLY DISCOVERED HIGH- 

transition-temperature superconduc- 
ting ceramic materials (1) present a 

challenge to the various high-resolution mi- 
croscopies. Field ion microscopy (FIM) can 
be used for the real space observation of the 
qualitative atomic structure of materials (2), 
but FIM ordinarily might be considered 
unlikely to provide any information about 
these new superconducting materials, be- 
cause of their complex structure that con- 
tains four dfferent kinds of atoms and in- 
cludes a large percentage of oxygen. Howev- 
er, we have imaged some of these materials 
by FIM and have found atomic striations in 
the images that may be due to preferentially 
conducting layers in the material. 

Electron microscopy of the superconduc- 
tor YBa2C~307-x (0 < x < 0.5) has shown 
(3) that the specimens studied consisted of a 
mixture of at least two phases: an ortho- 
rhombic phase with many twins, which is 
believed to be responsible for the supercon- 
ducting properties, and a closely related 
tetragonal phase. 

X-ray and neutron diffraction studies have 
shown that the superconducting oxide 
YBa2C~307-x is orthorhombic with the 
space group Pmmm (4-6). Replacement of 
the yttrium atom (7-9, which is located at 
the unit cell center, by other rare earth 
atoms does not change the superconducting 
transition temperature (T,) of the material, 
despite the large magnetic moments pos- 
sessed by some of these replacement atoms. 
This suggests that the superconductivity in 
high T, oxides is localized in parts of the 
unit cell remote from the central rare earth 
atom. Furthermore, the only difference be- 

tween the nonsuperconducting oxygen-defi- 
cient material YBazCu3O6 (10) and the su- 
perconducting form of the oxide is the 
presence in the superconducting material of 
Cu-0-Cu chains along the 6-axis direction 

-12 $h 
0 50 100 150 200 250 

Temperature (K) 

Fig. 1.  Plot of ac magnetic susceptibility versus 
temperature for YBa2C~307-x for the (A) "as 
prepared" and (B) oxygen-depleted conditions. A 
value of -10 on the y-axis indicates complete 
diamagnetism. 

in the atomic layers at either end of the unit 
cell. Such a localization of superconductivity 
would certainly lead to an anisotropy in the 
electrical properties, as experimentally found 
in the electrical resistivity ( l l ) ,  critical cur- 
rents (12), and critical fields (13). 

Two types of material were used in the 
present work: "as prepared" (by convention- 
al methods) (4) YBa2C~307-x and the oxy- 
gen-depleted YBa2Cu306. The latter materi- 
al was prepared by a subsequent heat 
treatment (10) of the "as prepared" 
YBa2C~307-x h r  10 hours at 870°C in nitro- 
gen. Low alternating field (-0.5 gauss) mag- 
netic susceptibility measurements as a h c -  
tion of temoerature were made for both of 
these materials with a Hartshorn-type bridge 
circuit (Fig. 1). These results showed that the 
"as prepared" YBa2C~307-x contained a high 
percentage of superconducting material with a 
T, of 92 K and that the nitrogen-treated 
specimen was essentially nonsupercondudng 
down to 6 K. 

We did not attempt to use conventional 
methods of FIM specimen preparation be- 
cause we believe that chemical. electrochem- 
ical, and ion beam milling procedures could 
introduce artifacts into this already compli- 

Fig. 2. Transmission electron microscopy of a 
random YBa2C~307-x FIM specimen after field 
evaporation. 

National Bureau of Standards, Gaithersburg, MD Fig. 3. FIM hydrogen ion micrographs (0.02-second exposure) at -30 K typical of the (A) 
20899. superconducting phase (9.2 kV) and (B) nonsuperconducting phase (11.6 kV). 
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cated ceramic material. We chose instead to 
crush bulk ceramic pieces mechanically into 
small hgrnents and then to select frag- 
ments, each of which had a smooth tapered 
section terminating in a sharp point with 
approximately circular symmetry. Each se- 
lected fkagment was then attached with elec- 
trically conducting epoxy to the end of a 
tapered tungsten wire, and the pointed frag- 
ment was imaged in the FIM in the conven- 
tional manner (2). 

Field evaporation in the FIM produces 
smooth surfaces for metal and semiconduc- 
tor specimens (14). Transmission electron 
microscopy of a random YBazCu307-, 
specimen after field evaporation and FIM 
imaging (Fig. 2) shows that this complex 
material also achieves a smoothly rounded 
apex shape as a result of these processes. 

Field ion microscopy can be used to de- 

termine surface and bulk atomic configura- 
tions and microstructural features qualita- 
tively (14); however, the extent of success is 
dependent on the nature of the material 
investigated. It is particularly relevant to the 
present work that both the process of field 
evaporation and the imaging process can 
depend on the atomic species, the atomic 
site, or both, and be sensitive to variations in 
local atomic geometric arrangement and 
electronic structure (14). The response to 
field evaporation and field ionization of 
YBa2Cu307-, cannot be predicted with the 
current understanding of these processes. 

We have been able to image approximate- 
ly 50 specimens of YBazCu3O7-, consist- 
ently by hydrogen ion FIM, whereas only 
about 60% of our attempts at neon ion FIM 
succeeded. Although the image quality was 
usually inferior in the hydrogen ion case, no 

Fig. 4. FIM neon ion micrograph (13.9 kV, 0.02- Fig. 5. FIM hydrogen ion micrograph at -30 K 
second exposure) at -30 K for the superconduct- (9.5 kV, 0.1-second exposure) of a supcrconduct- 
ing phase. ing YBa2Cu307-, with a twin boundary (indicat- 

ed by arrowheads) intersacting the surface. 

Fig. 6. Computer-simulated 
FIM micrographs of ortho- 
rhombic YBa&u30,-, for a 
35-nm radius of CUtVaM 
specimen in which (A) all 
atoms, (B) only barium at- 
oms, (C) only ymium at- 
oms, and (D) only the end 
plane copper and oxygen at- 
oms are imaged. All of the 
simulations are stereograph- 
ic (110) projections (c-axis 
upward) for atoms located 
within a shell of thickness 
0.8 nm, except for (A), in 
which the shell thickness is 
0.2 nm (for clarity). 

qualitative katures of the present images 
were due to chemical or & field-induced 
chemical effects. Most of our results were 
obtained with hydrogen and were con- 
firmed bv neon ion FIM. We note that in 
both cashs some surface atoms were general- 
ly evaporating during the recording times of 
the FIM images. Figure 3 displays a typical 
hydrogen ion FIM micrograph obtained 
from an "as preparedn YBa2Cu307-, speci- 
men and a micrograph typical of those ob- 
tained from a specimen of the "oxygen- 
depleted" material; both micrographs were 
recorded with the specimens at a tempera- 
ture in the range from 25 to 40 K. (All of 
the FIM micro&aphs shown here are orient- 
ed with the orthorhombic c-axis upward.) 
The most significant difference in the micro- 
graphs is the obvious appearance of more or 
less parallel rows of image spots across most 
of the image in the superconducting "as 
preparedn specimen. This type of image has 
not been previously observed to our knowl- 
edge for a crystalline material. Figure 4 
shows a neon ion FIM image of the same 
specimen (&r considerable field evapora- 
tion) for comparison. The parallel rows are 
still apparent. 

The rows of image spots (Fig. 3A) are 
somewhat irregularly aligned, which makes 
row spacings di5cult to define and to mea- 
sure. HOW&. in the central areas of several 
micrographs, spacings of some straight row 
sections were found to be about 1.1 to 1.4 
nm apart (that is, approximately the same as 
the orthorhombic c-axis lamce parameter). 
Calibration of the magnifications for these 
measurements was done in the conventional 
way (14) and also by using an elearon 
microscope to measure the apex radii of 
curvature; both methods agreed within 
15%. 

The appearance of rows of image spots 
persisted throughout field evaporation of 
the specimens, for depths of up to several 
hundred atomic layers, until the specimen 
ruptured or another phase was encountered. 
Occasionally during FIM imaging, small 
dim atom images were observed transiently 
to appear and disappear in the otherwise 
dark spaces between the bright rows. The 
depth of field evaporation was estimated 
with the conventional method of collapsing 
(field evaporating) rings of image spots, 
when such rings were observed, we assume 
that the collap& of each ring is related to the 
removal of one atomic plane (14). Thus, the 
imaged rows are interpreted as edge-on 
views of atomic or molecular lavers inter- 
secting the surface. The orientatidn of these 
layers was determined to be perpendicular 
to the orthorhombic c-axis ( h m  the orien- 
tation of marginally visible zones of surface 
planes), from the orientation of observed 
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twin boundaries (Fig. 5), and from electron 
microscope observations and diffraction pat- 
terns. Electron microscopy (3) has shown 
the twin planes to be parallel (110) planes. 
We interpret the rows of image spots as 
images of atoms or molecules because they 
are sometimes single spots, as from a typical 
metal specimen, and sometimes doublet 
spots, as seen in FIM images of molecular 
species (15). In the present images, the 
doublet spots could be images of metal 
oxides. We associate the layer-imaging phase 
with the orthorhombic (superconducting) 
structure based on the earlier diffraction 
work on similar material. The other preva- 
lent phase (Fig. 3B), which gave relatively 
disordered images, we associate with the 
nonsuperconducting tetragonal structure 
for similar reasons. We have found both 
phases in both types of material studied, but 
the "as prepared" samples were predomi- 
nantly of the orthorhombic phase. 

Since we have not yet performed atom 
probe mass analysis (14) to identify the 
preferentially imaging atomic or molecular 
species of the superconducting phase, we 
can only surmise, guided by computer-simu- 
lated field ion images, which atoms or mole- 
cules comprise the imaged layers. Computer 
simulations similar to those used in inter- 
preting FIM images of alloys (16) were 
made to compare with the present micro- 
graphs, based on the orthorhombic unit cell 
of YBa2C~307-x (5) (Fig. 6 ) .  Only those 
images due to the Cu-0  end planes and 
possibly images due to only the yttrium 
atoms appear to be similar to the actual FIM 
images. 

Both the superconducting and nonsuper- 
conducting phases would be expected on the 
basis of atomic structure (4, 9) to image 
similarly in the FIM, unless the occurrence 
of superconductivity caused some selective 
phenomenon in the imaging process. Only 
the superconducting phase of YBa2C~307-x 
appeared to field evaporate as though it was 
composed of layers of atoms with a relatively 
lower work function or higher binding ener- 
gy, separated by more easily field evaporated 
atoms. Alternatively, the FIM image was 
consistent with a material composed of con- 
ducting layers separated by (nonimaging) 
insulating spaces. We have obtained simi- 
lar results for the high Tc superconductor 
YbBa2Cu307-,. 

We performed experiments in which the 
superconducting phase was raised to about 
100 K or to 300 K (both above Tc) and 
then re-recooled to 25 to 40 K. If no 
imaging was done during the time the speci- 
men was at the higher temperatures, the 
preferentially imaged layers were always 
again seen at the low temperature. Attempts 
to observe a superconducting-to-normal 

transition by FIM, however, were not deci- 
sive (poor image quality at high tempera- 
ture) due possibly to gaseous impurities in 
the unbaked microscope. At temperatures 
above Tc, the images consisted of a brightly 
imaging disordered array of spots and some 
barely discernible parallel rows. The strong- 
ly layered image, characteristic of the super- 
conducting phase, did not always reappear 
when the recooling was done while continu- 
ously imaging in hydrogen. This result 
could be due to excessive depletion of oxy- 
gen from the specimens. Field electron mi- 
croscopy (FEEM) images of the supercon- 
ducting phase were observed also, but these 
were subject to rapid contamination in the 
poor vacuum (-5 x Pa). 

We conclude that FIM and FEEM studies 
of the high Tc superconducting ceramics are 
feasible and can be used to provide detailed 
information about local structural and elec- 
tronic properties of the various phases and 
their interfaces (such as phase boundaries, 
grain boundaries, and defects) in these fasci- 
nating materials. Although there are still 
some questions about the detailed interpre- 
tation of our results, the present work has 

neous on an atomic scale and localized to 
specific layers. We tentatively identify these 
layers as the (Cu-0) end planes of the 
orthorhombic unit cell in single crystals of 

and YbBa2C~307-x. 
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Role of the Protein Moiety of Ribonuclease P, a 
Ribonucleoprotein Enzyme 

The Bacillus subtilis ribonuclease P consists of a protein and an RNA. At high ionic 
strength the reaction is protein-independent; the RNA alone is capable of cleaving 
precursor transfer RNA, but the turnover is slow. Kinetic analyses show that high salt 
concentrations facilitate substrate binding in the absence of the protein, probably by 
decreasing the repulsion between the polyanionic enzyme and substrate RNAs, and 
also slow product release and enzyme turnover. It is proposed that the ribonuclease P 
protein, which is small and basic, provides a local pool of counter-ions that facilitates 
substrate binding without interferrng with rapid product release. 

R IBONUCLEASE P (RNASE P) RE- 
moves 5' sequences from precursor 
transfer RNAs (pre-tRNAs) . The 

enzymes from the eubacteria Escherichza coli 
and Bacillus subtzlis (1) are ribonucleopro- 
teins (RNPs) consisting of an RNA (400 
nucleotides) (2, 3)  and a protein (14 kD) 
(4). Although RNase P hnctions in vivo as 
an RNP, under certain conditions the RNA 
alone is capable of binding and precisely 

cleaving tRNA precursors (5). We under- 
took a kinetic study of the RNase P reaction 
in B. subtilis to elucidate the role of the 
protein moiety in an RNP. 

Under physiological ionic conditions, 
both the RNA and protein components of 
RNase P are required for catalysis. The 

Deparunent of  Biology and Institute for Molecular and 
Cellular Biology, Indiana University, Bloomington, IN 
47405. 
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