
enough conductivity for the STM experi- 
ments. Moreover, the dependence of the 
local surface conductivity on the individual 
hydrophilicity of the molecular groups lo- 
cated directly under the tip may provide 
new contrast mechanisms for the detection 
of individual segments in large molecules. 
Beyond these new possibilities for surface 
imaging and analysis, it may be possible to 
study the local properties of adsorbed water, 
especially those that are related to the 
mechanism of conductivity. 
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Atomic Control of the SrTiO, Crystal Surface 
Masashi Kawasaki, Kazuhiro Takahashi, Tatsuro Maeda, 

Ryuta Tsuchiya, Makoto Shinohara, Osamu Ishiyama, 
Takuzo Yonezawa, Mamoru Yoshimoto, Hideomi Koinuma 

The atomically smooth SrTiO, (100) with steps one unit cell in height was obtained by 
treating the crystal surface with a pH-controlled NH,F-HF solution. The homoepitaxy of 
SrTiO, film on the crystal surface proceeds in a perfect layer-by-layer mode as verified 
by reflection high-energy electron diffraction and atomic force microscopy. Ion scattering 
spectroscopy revealed that the TiO, atomic plane terminated the as-treated clean surface 
and that the terminating atomic layer could be tuned to the SrO atomic plane by homo- 
epitaxial growth. This technology provides a well-defined substrate surface for atomically 
regulated epitaxial growth of such perovskite oxide films as YBa,Cu,O,.,. 

I n  spite of enormous efforts since the dis- 
covery ( 1  ) and thin-film preparation (2 )  of 
high-temperature (high-T,) superconduct- 
ing oxides, nobody has succeeded in the 
preparation of high-T, Josephson tunnel 
junction, the key device for superconduct- 
ing electronics. One of the primary reasons 
is the unavailabilitv of a device-aualitv sin- 

L ,  

gle-crystal substratk. In view of such short 
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coherence length of high-T, superconduc- 
tors (roughly 0.3 to 2 nm), both of the 
superconducting (S) and insulating (I) layer 
surfaces in SIS tunnel junction must be 
regulated on an  atomic scale. Overcoming 
this severe requirement will require a sub- 
strate with excellent lattice matching and 
an  atomically regulated surface. 

The commercially available single-crys- 
tal oxide wafers are prepared by so-called 
mechanochemical polishing with an alka- 
line solution containing colloidal silica par- 
ticles. As an  example, the atomic force mi- 
croscopy (AFM) image of an  SrTiO, wafer 
surface is depicted in Fig. 1A. The surface 
has a small corrugation of 0.2 to 0.8 nm and 
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is as smooth as that of Si wafer without any 

oratory, Shimazu Corp., Sorakugun, Kyoto 619-02, Ja- treatment. However, this surface was 
pan. not sufficiently smooth for using atomic lay- 

er epitaxy to deposit various oxide materials. 
Extensive studies on high-T, superconduc- 
tors and related oxide thin films are now 
enabling atomic layer-by-layer growth of 
these films, as verified by the observation of 
intensity oscillations in reflection high-en- 
ergy electron diffraction (RHEED) (3, 4). 
This technology is expected to explore a 
novel field of ceramics research because of 
its ability to artificially construct new com- 
pounds and devices (5 ) .  The substrate most 
frequently used is SrTiO,, and it must be 
clean and have an atomically smooth sur- 
face. The in situ cleaning procedures, such 
as heating in an  oxygen flow (6), ion bom- 
bardment cleaning (7), and sublimation of a 
Bi film deposited on SrTiO, (8) were report- 
ed to be effective for the former purpose 
because carbon-containing impurities could 
be removed from the surface. However, 
these processes cannot improve the surface 
smoothness. Thus, the surface roughness 
shown in Fig. 1A must be overcome by a 
new method. 

The crystal structure of SrTiO, is of the 
perovskite type and consists of alternating 
stacks of SrO and TiO, atomic layers. If one 
could find a wet solution that dissolves one 
of the atomic layers but not the other atom- 
ic layer, one should be able to prepare an 
atomically smooth surface terminated by 
the latter atomic layer. Because SrO is a 
basic oxide and TiO, is an  acidic oxide, 
controlling the pH of the wet etch solution 
may accomplish this purpose. 

Buffered NH4F-HF (BHF) solutions with 
various pH values were tested in this study. 
The NH,F concentration was kept at 10 M. 
The SrTiO, substrates with (100) polished 
planes were immersed in the BHF solutions 
for 10 min, rinsed with pure water and 
ethanol, and dried in a nitrogen stream. 
The AFM image taken in air for the sub- 
strate treated with a BHF (pH = 4.5) solu- 
tion is shown in Fig. 1B. This image shows 
that the surface is composed of steps and 
atomically flat terraces. The step height was 
0.4 nm, which corresponded to the unit cell 
length of SrTiO,. Such images were repro- 
ducibly observed on the entire surface of 
the substrates treated with BHF solutions 
(pH = 4.4 to 4.6). The ratio of the step 
height to the terrace width (150 nm) gives 
an off angle of 0.15", which is in good 
agreement with the value determined by 
the x-ray diffraction. For the wafers treated 
by the BHF solutions with pH > 5, island- 
like residues of 0.2 to 0.4 nm in height were 
observed on the terraces. By treating the 
wafer in solutions with pH < 4, surfaces 
similar to that shown in Fig. 1B were ob- 
tained, but square etch pits were present. 
We  presume that crystal defects and polish- 
ing damage are responsible for the etch pits. 

The atomic smoothness of the substrate 
surface treated with BHF (pH = 4.5) was 
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further confirmed by RHEED. In this ex- 
periment, the substrate with the steps near- 
ly parallel to the [OlO] direction was select- 
ed so that the electron beam azimuth was 
set parallel to the steps. The RHEED pat- 
tern of the BHF-treated substrate is shown 
in Fig. 2. The fine spots were observed on 
the zeroth and first Laue circles. Commer- 
cially supplied substrates always exhibited a 
streaky pattern rather than spots on the 
zeroth Laue circles. When the incident az- 
imuth angle was set to the [OOl] direction 
(crossing the steps) on the same substrate, 
the streaky pattern was obtained, indicating 
that 0.4-nm-high steps are rough enough to 
diffuse the spots into streaks. 

Because the step height corresponds to 

Length (nm) 

Fig. 1. AFM images of (A) commercial and (B) 
BHF-treated SrTiO, substrates. The vertical pro- 
file was taken along the line indicated in the image. 
The BHF-treated substrate exhibited atomically 
flat terraces and 0.4-nm-high steps. 

the unit cell composed of SrO and TiO, 
atomic layers, the entire surface must be 
terminated by either one of the atomic 
layers. For elucidating the terminating 
atomic layer, low energy ion scattering 
spectroscopy (ISS) was carried out. The ion 
scattering spectra with an incident He ion 
(3 keV) angle set to [ I l l ]  direction are 
shown in Fig. 3. Spectrum A revealed that 
the terminating atomic layer was TiO, with 
a coverage factor of 100% for a BHF-treated 
substrate. Commercially available substrates 
gave about 5 to 25% SrO termination and 
95 to 75% TiO, termination (9, 10). Thus, 
the BHF solution selectively dissolves the 
SrO atomic plane to form an atomically 
smooth surface terminated by the TiO, 
atomic plane. Previously we suggested that 
the topmost atomic layer alternates from 
TiO, to SrO during the laser molecular 
beam epitaxy (MBE) growth of SrTiO, 
(1 1 ). This result was confirmed by the ISS 
measurement as shown in Fig. 3B (9). Thus, 
we can control the surface terminating 
atomic layer, TiO, or SrO, by the selective 
surface etching and homoepitaxial growth 
of SrTi0, film by laser MBE. 

The cleaned SrTiO, (100) substrates 
were used for laser MBE growth of perov- 
skite-type oxide films. A pulsed laser beam 
was focused on a single crystal or sintered 
ceramic target, and evaporated materials 
were deposited on the heated substrate (3). 

Fig. 2. The RHEED pattern of BHF-treated SrTiO, 
substrate with an azimuth of [OlO] direction (par- 
allel to the steps). Fine spots rather than streaks 
were observed on the zeroth Laue circle. 
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Fig. 3. Ion scattering spectra for (A) a BHF-treated 
substrate surface and (B) for a homoepitaxially 
grown film surface. 

The intensity of the specular spot of the 
RHEED pattern was in situ-monitored dur- 
ing the film deposition. The RHEED signal 
variation during the homoepitaxy of SrTiO, 
in torr of oxygen on commercial and 
BHF-treated SrTi03 substrates at 630°C is 
shown in Fig. 4. In both curves A and B, 

I I I I I I 
0 100 200 

Time (s) 

Fig. 4. The RHEED intensity variation during ho- 
moepitaxial growth of SrTiO, by laser MBE (A) on 
the commercial SrTiO, and (B) on the BHF-treat- 
ed SrTiO,. 

. . 

Length (nm) 

Fig. 5. An AFM image of the homoepitaxally 
grown SrTiO, film quenched at the bottom of the 
RHEED oscillation. The vertical profile was taken 
along the line indicated in the image. Islands 0.4 
nm in height were randomly distributed on the 
atomically flat terraces. 
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clear oscillations were observed, indicating " 
a two-dimensional layer-by-layer growth 
mode. O n  the BHF-treated substrate (curve 
B), the oscillation was quite regular and the 
signal intensity recovered to the value of the 
original surface at each peak. The oscillation 
persisted more than 300 cycles. This film 
exhibited a terraced surface in the AFM 
image similar to that of Fig. 1B. The AFM 
image in Fig. 5 represents the surface of the 
film quenched at the bottom of the RHEED 
oscillation. The film surface showed 0.4-nm- 
high islands randomly distributed on the 
atomically flat terraces. The film surface 
quenched at the peak of the RHEED oscil- 
lation showed the atomically flat surface 
similar to Fig. 1B. These results demonstrate 
that the RHEED oscillation during homo- 
epitaxy of SrTiO, indeed originates from the 
oscillation of the atomic scale surface rough- 
ness due to the two-dimensional layer-by- 
layer growth. When the film was deposited 
at temperatures higher than 780°C, the ho- 
moepitaxy proceeds in a step-flow mode, in 
which the RHEED signal did not oscillate, 
but the film surface was well terraced on an  
atomic scale. The film growth on the com- 
mercial substrates did not show any step 
structures and gave rapidly damping RHEED 
oscillations ( 12 ). 

For further kxamining the applicability 
of the BHF-treated substrates, such perov- 
skite-type materials as PrGa03 and BaTiO, 
were heteroepitaxially grown by laser MBE 
to give a clear RHEED oscillation and 
atomically flat and well-terraced surfaces. 
When YBa2Cu307., was grown on this ter- 
raced clean substrate, the film surfaces ex- 
hibited terraces and steps one unit cell in 
height aligned in one direction. Such re- 
sults could not be obtained for the films 
deposited on the commercial substrates (1 3 ,  
14). Thus. the BHF-treated substrates en- 
able atomically regulated epitaxy of oxides 
comparable to that of semiconductors. 
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Meltwater Input to the Southern Ocean 
During the Last Glacial Maximum 

Aldo Shemesh, Lloyd H. Burckle, James D. Hays 

Three records of oxygen isotopes in biogenic silica from deep-sea sediment cores from 
the Atlantic and Indian sectors of the Southern Ocean reveal the presence of isotopically 
depleted diatomaceous opal in sediment from the last glacial maximum. This depletion 
is attributed to the presence of lids of meltwater that mixed with surface water along 
certain trajectories in the Southern Ocean. An increase in the drainage from Antarctica or 
extensive northward transport of icebergs are among the main mechanisms that could 
have produced the increase in meltwater input to the glacial Southern Ocean. Similar 
isotopic trends were observed in older climatic cycles at the same cores. 

Dur ing  the past three decades, some of the 
most fundamental observations regarding 
past climate change and the changing 
chemical properties of seawater have been 
based on oxygen isotope analyses of calcium 
carbonate shells of foraminifera (1-3). 
Questions of importance to paleoclimatol- 
ogy and paleoceanography-on such topics 
as ice volume changes, the temporal and 
spatial distribution of meltwater pulses, and 
the tempo and mode of glacial-interglacial 
climate change-have been successfully ad- 
dressed. Disintegration of major continental 
ice sheets and the consequent occurrence of 
large meltwater plumes during Northern 
Hemisphere deglaciation were inferred from 
S1'O records from continental margin sed- 
iments (4-7) and sea level changes (8). All 
major meltwater discharge pulses into the 
Gulf of Mexico and other Northern Hemi- 
sphere regions (although not isochronous) 
are associated with deglaciation. These 
pulses have also imposed global changes in 
deep-water formation, in primary produc- 
tion, and in gas exchange between the 
ocean and the atmosphere. In the Southern 
Ocean, the presence of meltwater was in- 
ferred by indirect measurements of 231Pa/ 
*,OTh in sediments and paleonitrate proxies 
(9) and also by a combination of foraminif- 
era1 S1'O and diatom transfer functions 
(uncorrected for dissolution effects) in the 
Indian sector ( 10). 

Although isotopic determination of fo- 
raminiferal calcium carbonate is applicable 
in marine sediments from low and mid- 
latitudes, it frequently has only marginal 
application in high-latitude regions such as 
the Southern Ocean because foraminiferal 
carbonate is frequently absent or present 
onlv in low concentrations in such regions. 
~ec 'ent ly,  the use of oxygen isotopes o? bio- 
genic opal (S1'O,,) secreted by marine dia- 

toms was shown to provide paleoceano- 
graphic information that is complementary 
to that derived from foraminiferal S180 (1 1 ,  
12). Thus, the thermal history of the surface 
water of the Southern Ocean and meltwater 
input to this region can be identified and 
used to reconstruct ice dynamics around 
Antarctica. Because global climate change 
is the sum of local and regional climate 
change, the ability to recover oxygen iso- 
tope records from high southern latitudes 
provides a better understanding of global 
climate change. 

South of the Polar Front zone (PFZ), 
diatoms are the dominant photosynthetic 
algae. They are light-limited, live within 
the uppermost layer of surface water, and 
secrete an opaline skeleton with known 
isotopic fractionation. Therefore, biogenic 
opal accumulating on the sea floor should 
reflect the temperature and isotopic compo- 
sition of seawater at or near the sea surface 
at the time of deposition and can be used to 
reconstruct oast variations in surface water 
properties. Earlier studies in sediments of 
the Weddell Sea and South Atlantic (12, 
13) have shown that diatom S1'O records 
exhibit the predicted variation between gla- 
cials and interglacials. During glacial max- 
ima, sea surface temperature is lower, and 
there is an increase in continental ice vol- 
ume that preferentially removes 1 6 0  from 
the ocean. Therefore, the content of "0 in 
the solid phase in both foraminiferal car- 
bonate and diatom opal is higher (1, 11). 
Global warming and the melting of conti- 
nental ice during interglacials produces "0 
minima in opal and carbonate during inter- 
glacial~. 

In this report, we describe and evaluate 
S1'Osi determinations from three deep-sea 
cores recovered from south of the PFZ in the 
Atlantic and Indian sectors of the Southern 
Ocean (Table 1). In these cores, diatom 
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