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of nonradiative recombination paths and a 
change in the spin-injection probability. Ac- 
quiring this polarized photon intensity map of 
the surface required a current source with a 
large degree of polarization, a sample tem- 
perature of 100 K, and good collection optics 
to obtain a large enough photon signal to 
sample in tandem with the STM topography. 
With the use of the calculational method 
discussed earlier, the optical polarization 
measured at the step edge can be used to find 
the initial electron polarization. The electron 
polarization at the time of recombination is 
found to be -8% (Fig. 4, upper half). From 
Eq. 1, the initial electron polarization is cal- 
culated to be -16%. This corresponds to an 
IE of only 16% (Fig. 4, lower half). The 
dramatic decrease (by a factor of 6) in injec- 
tion efficiency indicates that the step edge 
causes a substantial amount of spin-flip scat- 
tering. If we assume that the initial polariza- 
tion state over the step is loo%, then we can 
calculate a local spin-relaxation lifetime by 
solving Eq. 1 for .rs and relabeling it as T,"~"P 

After substitution, T,"~'P -7112, and in terms 
of the bulk spin-relaxation lifetime, .rSsteP = 
7J2. This means that the step scatters spins 
12 times faster than the bulk processes. 

Little is known about why a particular 
defect, such as a step edge, disrupts the spin 
injection process. Previous findings show 
that midgap states decrease the carrier life- 
time (26), which suggests that midgap states 
may play an important role in decreasing the 
spin-relaxation lifetime (27). In our situation, 
we have the ability to compare the spin-
injection properties of the GaAs(l10) terrace 
with a [ill]-oriented step. The electronic 
properties of these two features are very dif- 
ferent in an important and revealing way. 
First, the GaAs(ll0) terrace has no midgap 
states, making it appear electronically similar 
to bulk GaAs, so one might expect to obtain 
the bulk spin relaxation lifetime when inject- 
ing over a flat GaAs(ll0) terrace (28). Sec- 
ond, the [ill]-oriented step is most likely a 
GaAs(ll1) surface,. which does have midgap 
states; in fact, it is found to be metallic (29). 
This metallic property has two profound im- 
plications for understanding our results. First- 
ly, this indicates that there would be nonra- 
diative, phonon channels to the valence band 
states, explaining the large decrease in light 
intensity. Secondly, the half-filled bonds 
would create unpaired spins which could sub- 
stantially affect the spin-injection process 
through spin-spin scattering events, explain- 
ing the reduction in the spin-relaxation life- 
time when injecting over the step. From this 
analysis the height of the step does play an 
important role, because higher steps would 
have a larger number of metallic-like bonds 

than shorter steps, thereby increasing the 
likelihood of spin- flip scattering events (30). 
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MgB, Superconducting Thin 

Films with a Transition 


Temperature of 39 Kelvin 

W. N. Kang,* Hyeong-Jin Kim, Eun-Mi Choi, C. U. Jung, Sung-lk Lee 

We fabricated high-quality c axis-oriented epitaxial MgB, thin films using a 
pulsed laser deposition technique. The thin films grown on (1 10 2) AI,O, 
substrates have a transition temperature of 39 kelvin. The critical current 
density in  zero field is -6 X lo6 amperes per cubic centimeter at 5 kelvin and 
-3 x lo5 amperes per cubic centimeter at 35 kelvin, which suggests that this 
compound has potential for electronic device applications, such as microwave 
devices and superconducting quantum interference devices. For the films de- 
posited on AI,O,, x-ray diffraction patterns indicate a highly c axis-oriented 
crystal structure perpendicular t o  the substrate surface. 

The recent discovery of the binary metallic 
MgB, superconductor (I) having a remarkably 
high transition temperature (T,) of 39 K has 
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attracted great scientific interest (2-8). With its 
metallic charge carrier density (2) and the 
strongly linked nature of its intergrains in a 
polycrystalline form (9, lo), this material is a 
promising candidate for superconducting devic- 

es (I1) as Fur-
thermore, because single-crystal growth of 
MgB, seems very difficult, the fabrication of 
epitaxial thin films should be an important de- 
velopment for future basic research studies. 
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Fig. 1 (left). Resistivity (p) versus temperature for a MgB, thin film versus temperature at H = 10 Oe for a MgB, thin film. The inset shows 
grown on an A 0  substrate by means of using pulsed laser deposition with the M-Hhysteresis loop at 5 K (solid circles) and 35 K (open circles). Very 
post-annealingtechniques. The inset is a magnified view of the temper- high current-carrying capabilities of -6 x lo6  A/cm2 at 5 K and -3 x 
ature region from 36 to 40 K, for the sake of clarity. A sharp supercon- l o 5  A/cm2 at 35 K were observed at zero field. 
ducting transition is observed at 39 K. Fig. 2 (right). Magnetization 

Fig. 3. XRD patterns 
for MgB, thin films 
grown on (A) 1100) 
ST0 and (0) (1 1 0 2 )  
A 0  substrates. The 
(001) peaks of MgB, 
grown on A 0  indicate 
c axis-oriented epi-
taxial thin films, -
whereas MgB, depos- .z 
ited on ST0 shows 5 
(101) plane-oriented 2 
thin films. -!! 

20 (degrees) 

We used a two-step method to fabricate powder into a disk shape with a diameter of 
MgB, thin films. First, we deposited amor- 12.7 mrn and a height of 5 rnm under a 
phous B thin films; we sintered them at high pressure of 6 tons. Precursor thin films of B 
temperature in Mg vapor, a process very sim- were deposited on A1,0, (AO) and SrTiO, 
ilar to the growth techniques for cuprate Hg- (STO) substrates at room temperature by 
based superconducting thin films (12, 13). means of pulsed laser deposition. The laser 
We pressed commercial B (99.99% pure) energy density was 20 to 30 Jlcm2 at a laser 

flux of 600 mJ per pulse and a pulse frequen-
cy of 8 Hz. After a precursor thin film had 
been fabricated, it was put into a Ta tube 
together with a high-purity Mg metal (99.9% 
pure) and sealed in an Ar atmosphere. The 
heat treatment was carried out in an evacuat-
ed quartz ampoule to prevent oxidation of the 
Ta tube. The typical sintering procedure was 
fast heating to 900°C in 5 min; this temper-
ature was held for 10 to 30 min and then 
quenched to room temperature. The typ~cal 
film thickness used in this study was 0.4 p+m, 
which was measured by a scanning electron 
microscope. This simple technique can be 
applied to other physical deposition methods. 
such as sputtering and electron-beam evapo-
ration, and is highly reproducible, so mass 
production should be possible. The resistivity 
measurements were carried out using the dc 
four-probe method. The dc magnetic proper-
ties were measured with a Quantum Design 
MPMS superconducting quantum interfer-
ence device (SQUID) magnetometer. The 
structures were analyzed with an x-ray dlf-
fractometer (XRD). 

The typical temperature dependence of 
the resistivity of MgB, grown on A 0  1s 
shown in Fig. 1 .  The inset is a magnified 
view near the T, region. The resistivity of the 
film begins to enter the superconducting tran-
sition at 39 K and goes to zero resistance at 
37.6 K. A very sharp transition, with a width 
of -0.7 K from 90 to 10% of the normal state 
resistivity, is evident in the inset (Fig. 1 ). This 
is comparable to most reported values for 
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high-quality bulk samples (3-6). The normal- 
state resistivity at 290 K was -4.7 $2 * cm, 
indicating an intermetallic nature with a rel- 
atively high charge camer density (2). This 
resistivity is smaller than those for polycrys- 
talline MgB, wire (10) and for bulk samples 
synthesized under high pressure (3, 4). Most 
of our films fabricated under the same con- 
ditions showed a similar superconducting 
transition around 39 K. 

Figure 2 shows the zero-field+ooled (ZFC) 
and the field-cooled (FC) dc magnetization (M) 
curves of a MgB, thin film in a 10-0e field 
applied parallel to the c axis. The irreversibility 
temperature detected at 37.5 K coincides with 
the zero-resistance temperature obtained from 
measurements of resistivity. The ZFC curve 
shows a rather broad diamagnetic transition as 
compared to the resistivity data. To estimate the 
critical current density (J,), we measured the 
M-H (H is magnetic field) loop for the same 
sample as a function of temperature, as shown 
in the inset of Fig. 2. At zero field, the Jc 
calculated with the Bean model was -6 X lo6 
Ncm2 at 5 K and -3 X lo5 Ncm2 at 35 K, 
values that are 10 times higher than the values 
obtained for a MgB, wire (10) by means of 
transport measurements and slightly smaller 
than the values for Hg-based superconducting 
thin films (12). It should be noted that we used 
the sample size rather than the grain size in 
calculating Jc. In view of the strongly linked 
nature of the intergrains (9) and their excellent 
electrical and magnetic characteristics as com- 
pared to conventional superconductors, these 
films would be useful in electronic device ap- 
plications, such as microwave devices and por- 
table SQUID sensors, by using miniature cryo- 
coolers with low power consumption. 

Structural analysis was carried out by 
XRD (Fig. 3). The a- and c-axis lattice con- 
stants determined from the (101) and the 
(001) peaks are observed to be 0.310 and 
0.352, respectively. The XRD patterns indi- 
cate that the films deposited on A 0  (Fig. 3A) 
are epitaxially aligned with the c axis, where- 
as the films on ST0 (Fig. 3B) are well 
aligned with the (101) direction normal to the 
substrate planes. These results suggest that 
we may be able to control the orientation of 
MgB, thin films simply by using different 
substrates if the optimum growth condition is 
explored. We also find that the A 0  substrates 
are chemically very stable during heat treat- 
ment at high temperatures in Mg vapor. With 
its high thermal conductivity and small di- 
electric constant, A 0  is a very promising 
substrate for use in superconducting device 
applications, such as microwave devices and 
portable sensors. For the ST0 substrates, 
however, a chemical reaction between the 
substrate and Mg was observed and appeared 
as minor impurity phases (Fig. 3A). Consid- 
ering that ST0 has a cubic structure with a 
lattice constant of 0.389 nm and that R-plane 
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A 0  has a, = 0.476 - and b,* = (cO2+ 
3a,')"2 = 1'538 nnl' it is quite striking that 
MgB2 thin films grow with preferred 
tations on A 0  and ST0 substrates even 
though the lattice-matching relationship be- 
tween the MgB2 and the substrates is not 
satisfied. 
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Hydrated Salt Minerals on 
Ganymede's Surface: Evidence 

of an Ocean Below 
Thomas B. McCord,* Gary B. Hansen, Charles A. Hibbitts 

Reflectance spectra from Calileo's near-infrared mapping spectrometer (NIMS) 
suggests that the surface of Canymede, the largest satellite of Jupiter, contains 
hydrated materials. These materials are interpreted to be similar to  those found 
on Europa, that is, mostly frozen magnesium sulfate brines that are derived from 
a subsurface briny layer of fluid. 

Ganymede is the third outward and the largest 
of Jupiter's four major satellites, named the 
Galilean satellites after their discoverer. These 
satellites range in size from slightly smaller 
than the Moon to larger than Mercury and are 
large enough to have undergone at least some 
internal thermal evolution and differentiation 
(1). There are three major sources of internal 
heat to support thermal evolution: (i) decay of 
radioactive isotopes; (ii) tidal dissipation, which 
is more effective on satellites closer to Jupiter; 
and (iii) differentiation, resulting from the first 
two processes. These processes operate on dif- 
ferent time scales. Thus, the thermal evolution 
of these satellites should be complex and dif- 
ferent for each satellite. Evidence of these pro- 
cesses should exist in the composition of the 
surface material. Because of their distance from 
the Sun, at the boundary where water ice is 
stable, these satellites probably formed from 
material rich in H20, such as found in primative 
meteorites (2),and including water ice grains 
(3). 10, the closest Galilean satellite to Jupiter, is 
the most volcanically active body in the solar 
system and is thermally processed due to tidal 
heating such that most or all of the water has 
been lost. Early ground-based spectroscopic ob- 
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servations (4) provided evidence of water ice as 
a major constituent of the surfaces of the outer 
three satellites (Europa, Ganymede, and Cal- 
listo). Water ice on the surface is probably the 
result of thermal processing of water and water- 
bearing material originally forming the satel- 
lites, leading to differentiation and migration of 
water to the surface layers and production of 
hydrated minerals as water circulates through 
and leaches ions from the satellite materials 
(5-8). Recently, the NIMS provided evidence 
of materials other than water ice on the icy 
satellites (9). These include non-water ice but 
H20-bearing material on Europa. The material 
is preferentially located in the lineaments and 
chaos terrain (recently disrupted areas) and was 
interpreted to be mostly hydrated salt minerals, 
mostly MgSO, and possibly N%SO,, derived 
from a briny ocean below the ice crust (1&12). 
H,SO, hydrate also has been suggested as a 
constituent due to radiolysis of sulfur and ice at 
the surface (13). Some H,SO, hydrate could be 
present as a result of radiation processing of the 
minority N%SO, hydrate mixed with the ma- 
jority MgSO, hydrate (12, 14). Hydrated salt 
minerals on and in the more processed icy 
satellites are predicted by models of the thermal 
evolution of the Galilean satellites and studies 
of carbonaceous chondrite meteorites (5-8). 

Evidence of hydrated minerals on the sur- 
face of the Galilean satellites comes from 
infrared reflectance spectra. Water molecules 
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