
4He and 99% of Ne will be released from 
IDPs within lo5 years, even at 100°C and 
200°C, respectively. Because an oceanic 
plate moves at a speed of 1 to 10 cmtyear, or 
only 1 to 10 km in lo5 years, the above 
calculation shows a possibility that solar He 
and Ne in IDPs would be released at the 
very beginning of subduction [at a depth of 
< 12 km for 100°C and < 24 km for 200°C 
(3 I) ] .  At such shallow depths in subduction 
zones, the solar-type He and Ne released 
from IDPs would be easily carried away with 
fluids and lost from the subducting slabs. If 
this is the case, the solar Ne and ,He 
observed in the mantle-derived samples is 
unlikely to be the result of subduction of 
IDP grains but should be considered as 
reflecting a primordial noble gas component 
in the mantle. 
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Superconducting Mercury-Based Cuprate 
Films with a Zero-Resistance Transition 

Temperature of 1 24 Kelvin 

C. C. Tsuei, A. Gupta, G. Trafas, D. Mitzi 
The synthesis of high-quality films of the recently discovered mercury-based cuprate films 
with high transition temperatures has been plagued by problems such as the air sensitivity 
of the cuprate precursor and the volatility of Hg and HgO. These processing difficulties have 
been circumvented by a technique of atomic-scale mixing of the HgO and cuprate pre- 
cursors, use of a protective cap layer, and annealing in an appropriate Hg and 0, envi- 
ronment. With this procedure, a zero-resistance transition temperature as high as 124 
kelvin in c axis-oriented epitaxial HgBa,CaCu,O,+, films has been achieved. 

T h e  recent discovery of superconductivity in 
mercury-based cuprates (1, 2) (HgBa,Ca,,- ,- 
Cun02n+2+s) has pushed the superconducting 
transition temperature (T,) to values higher 
than 130 K. More recently, the T, of Hg- 
cuorate with n = 3 has been reoorted to 
increase to 153 K under quasi-hydrostatic 
uressure (3). To uut these new materials to . . 
effective use in superconducting microelec- 
tronic devices-such as in superconducting 
quantum interference devices (SQUIDS) and 
microwave applications and in the measure- 
ment of their basic intrinsic properties-we 
must be able to fabricate highquality thin 
films. In addition to the experimental compli- 
cations caused by the severe air sensitivity of 
the cuprate precursor (Ba2Can- ,Cu,,O,), the 
highly volatile and toxic nature of Hg and 
HgO makes the synthesis of such films an 
extremely difficult task. 

Recently, Wang et al. (4) reported the 
growth of micrometer-thick films of HgBa2- 
CaCu206+, with a magnetically deter- 
mined T, of -120 K. They prepared the 
films by reacting radio-frequency-sputtered 
films of Ba2CaCu20x in a controlled Hg 
atmosphere. Although a diamagnetic tran- 
sition was reported, no resistive transition 
was observed. Clearly, alternative methods 
for fabricating films with better supercon- 

ducting characteristics need to be explored. 
The difficulties of synthesizing Hg-con- 

taining cuprate films mainly stem from the 
high volatility of Hg and Hg-based com- 
pounds. For example, HgO decomposes at 
-500°C. whereas the formation of the suoer- 
conducting phase of Hg-cuprates calls for 
thermal annealing at 800°C. Similar uroblems - 
were also encountered in the fabrication of 
T1-based cuprate films (5) ,  except that T1203, 
the HgO counterpart, is stable up to 800°C. 

-Furthermore, the sticking coefficient of Hg, 
unlike that of T1, is vanishingly small unless 
the substrate temperature during deposition is 
keot auite low (6 ) .  . . \ ,  

To overcome these experimental difficul- 
ties, we developed a technique for the atomic- 
scale mixing of HgO and the alkaline earth- 
copper oxide precursor by means of layer-by- 
layer pulsed laser deposition (PLD). To fabri- 
cate films of HgBa2CaCu20,+, (n = 2) 
(referred to as Hg- 12 12), for example, we use 
the PLD technique to deposit sequential lay- 
ers of HgO (-5 A) and Ba2CaCu,0x (-25 
A) from two separate targets. This technique 
provides a convenient means for controlling 
the film composition and homogeneity. The 
films are deposited at room temperature in a 
vacuum atmosphere torr) on (100) 
SrTiO, substrates. The film thickness is of the 
order of 0.5 to 2 um. 

IBM Research Divsion, Thomas J. Watson Research minimize effects 
Center, Yorktown Heights, NY 10598-0218, USA. moisture and C 0 2  in the air, we deposit 
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a cap layer of 500 to 5000 A on top of the 
Hg-cuprate film. The cap layer materials 
used are HgO, MgO, or SrTiO,. Aside from 
providing a protective cover, the cap layer 
also helps retain the Hg in the film during 
the postannealing step required for forma- 
tion of the superconducting phase. 

We made Rutherford backscattering 
(RBS) measurements on a HgBa2CaCu20x 
film (Fig. 1). The excellent agreement be- 
tween the theoretical simulation (7) and 
the experimental data suggests that HgO 
and the precursor are well mixed and the 
desired stoichiometric composition has 
been achieved. The 1800 A HgO protec- 
tive cap layer manifests itself as a peak at 
2.1 MeV. 

The laser-deoosited films are mostlv 
amorphous and Lave to be annealed at high 
temperatures to form the superconducting 
phase. The films are annealed in a carefully 
controlled Hg atmosphere at a precise tem- 
perature and 0, partial pressure that are 
consistent with ;he thermodynamic require- 
ments for stabilizing the high Tc phase. We 
accomplished this by enclosing the Hg-cu- 
prate film in an evacuated quartz tube 
(length, 7 cm; inner diameter, 0.7 cm) with 
appropriate amounts of bulk unreacted, stoi- 
chiometric Hg-cuprate and pellets of the 
precursor (Ba2CaCu20x). The amounts of 

I ' I ' I ' I ' I  
2.5 ~e~ (2.3 MeV) 

I 

0.01 '  " ' " I  
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Backscattering energy (MeV) 

Fig. 1. The RBS intensity as a function of the 
backscattering energy for a film of Hg-1212 (1 
pm thick) capped with a 1800 A HgO layer. 

Fig. 2. The XRD pattern for a Hg-1212 film (1.5 
pm thick with 500 A MgO cap layer) annealed 
at 800°C for 1 hour with XIP = 2. The substrate 
peaks in the pattern are denoted by S. 

the bulk Hg-cuprate (X) and precursor (P) 
materials by weight needed to achieve the 
appropriate Hg and O2 overpressure at the 
annealing temperature depend sensitively 
on the size of the quartz tube and other 
factors such as the annealing temperature 
and film composition. Our best results were 
obtained with X / P  = 2. A typical annealing 
schedule consists of slow heating at 1500C/ 
hour to 750" to 8100C, which is sustained 
for 1 hour, followed by a furnace cooling to 
room temperature (-6 hours). 

The x-ray diffraction (XRD) pattern 
shown in Fig. 2 indicates that nearly phase- 
pure Hg-1212 films can be obtained after 
the annealing step (800°C for 1 hour). The 
diffraction peaks for the small amounts of 
impurity phases (<2%) correspond primar- 
ily to the single-layer Hg-1201 phase. The 
films are epitaxially aligned with the c axis, 
normal to the substrate plane. The c axis 
lattice parameter varies to some extent with 
the annealing treatment and has been ob- 
served to be in the range of 12.48 to 12.60 
A. This is somewhat smaller than the value 
observed in the bulk (12.7 1 A). 

The electrical resistance as a function of 
temperature, R(T), for a c axis-oriented 
HgBa2CaCu20,+, epitaxial film (annealed 
at 775°C for 1 hour) is characterized by a 
sharp transition with a zero-resistance T, of 
124 K (Fig. 3). The ac magnetic suscepti- 
bility x(T) (Fig. 3, inset) indicates an 
equally sharp transition starting at 124 K. 
Most of the Hg-1212 films we have pre- 
pared so far show zero-resistance transition 
temperatures between 115 and 120 K. As 
observed in other high T, cuprates such as 
YBa2Cu30,, the normal state resistance 
depends linearly on temperature with some 
rounding near T,, possibly because of ther- 
modynamic fluctuations. The resistance ra- 
tio R(300 K)/R(TrTc) -3 is comparable 
with that of high-quality single crystals of 

Fig. 3. Electrical resistance as a function of 
temperature for the Hg-1212 film whose as- 
deposited RBS spectra is shown in Fig. 1 
(Inset) The inductive component of the ac 
susceptibility for this film. The film was an- 
nealed at 775°C for 1 hour with XIP = 2. 

YBa2Cu307. The room-temperature resis- 
tivity of the film has been estimated to be 
-400 microhm.cm, which is substantially 
lower than that measured in bulk polycrys- 
talline samples (8) and is similar to what is 
observed in other high Tc cuprates. This 
Hg-based cuprate film was annealed at 
775°C with X/P = 2 and without the need 
for any postoxygenation. 

Preliminary zero-field-cooled and field- 
cooled magnetization (M) measurements 
on the Hg-1212 films with T, 5 120 K 
indicate that the superconducting shield- 
ing effect is nearly 100% and the Meissner 
effect is of the order of 3 to 5%, suggesting 
relatively strong flux pinning. To estimate 
the magnitude of critical current density 
J,, we measured the M-H loop for a Hg- 
1212 film with T, = 117 K (Fig. 4). Using 
the remnant magnetization, at 10 K and 
77 K, and the Bean formula, one obtains 
lower bound estimates for J, of -3 x lo5 
A/cm2 at T = 10 K and -5 x 104A/cm2 
at T = 77 K. In calculating these num- 
bers, we used the total area covered by 
the film (5 mm by 2 mm) rather than the 
grain size. Estimates using grain size would 
result in J, values one to two orders of 
magnitude higher, which would then be 
similar to those observed for other high Tc 
cuprates. 

Many device applications are limited by 
the degree of roughness on the film surface. 
There are no substantial data on the surface 
morphology of the Hg-cuprate films made in 
this work. However. some of our films auuear . . 
mirror-like, similar to our high-quality 
YBa2Cu,O7 films, suggesting smooth surfaces. 
A preliminary surface roughness measurement 
on a Hg-12 12 film (the one used for Fig. 2) by 

Fig. 4. The M-H loop at 10 K (0) and 77 K (A) 
for a Hg-1212 film with a zero-resistance T, of 
117 K. The magnetic field is perpendicular to 
the film plane (that is, His parallel to the caxis). 
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an alpha-step surface profilameter indicates 
that variations in surface roughness typically 
range from 100 to 500 A over a scan length of 
1 mm. Variations as large as a few thousand ., 
angstroms can be spotted occasionally. These 
preliminary results are very encouraging for 
potential superconducting device applica- 
tions. It is hoped that in the future, thinner 
and optimized films will have even better 
surface morphology. 

The synthesis of high-quality Hg-cuprate 
films has posed one of the toughest chal- 
lenges so far in the area of high T ,  films 
because of the highly volatile nature of 
Hg-based compounds. Various standard 
thin-film techniques for volatile materials 
failed to achieve high-quality Hg-cuprate 
films. Only after the adoption of multitar- 
get atomic-scale mixing, cap layers, and 
controlled annealing techniaues were such - 
films achieved reproducibly. The atomic- 
scale mixing and the protective cap layer 
ensure stoichiometric composition before 

annealing. The as-deposited films pre- 
pared by Wang et al. (4) contained no Hg 
at all and required diffusion of Hg into 
the film after deposition. This procedure 
is likely to be more prone to film inhomo- 
geneity, especially degradation at the 
grain boundaries, which may account for 
the lack of electrical connectivity in 
their films. In addition, given the high 
volatility of Hg compounds, the use of 
a single stoichiometric target (which 
was also tried) leads to insulating films, 
almost certainly because of preferential 
deposition. 

Our approach provides for a precise con- 
trol of the Hg content in the film, which is 
key to success. In a more general sense, the 
technique presented in this work is expect- 
ed to find more general applications in the 
synthesis of thin films containing volatile 
materials other than mercury. In view of 
their excellent electrical and magnetic 
characteristic, these films are expected to 

Atomic Force Microscopy of the Electrochemical 
Nucleation and Growth of Molecular Crystals 

Andrew C. Hillier and Michael D. Ward* 
In situ atomic force microscopy reveals the morphology, surface topography, and growth 
and dissolution characteristics of microscopic single crystals of the low-dimensional 
organic conductor (tetrathiaful~alene)Br~,~~, which are grown by electrocrystallization on 
a highly oriented pyrolytic graphite electrode in an atomic force microscope liquid cell. 
The growth modes and the distribution and orientation of topographic features on specific 
crystal faces, whose identity was determined by "atomic force microscope goniometry," 
can be correlated with the strength and direction of anisotropic solid-state intermolecular 
bonding. Growth on the (01 1) face of (tetrathiaful~alene)Br~,~~ crystals involves the 
formation of oriented self-similar triangular islands ranging in size from 200 to 5000 
angstroms along a side. These nuclei eventually transform into rectangular rafts at larger 
length scales, where bulk intermolecular bonding interactions and surface energies 
dominate over nuclei-substrate interactions. 

Molecular crystals containing organic 
components exhibit a variety of electronic 
properties, including electrical conductivi- 
ty, superconductivity, nonlinear optical be- 
havior, and ferromagnetism (] ) ,  and also 
comprise the majority of pharmaceutical 
reagents (2). Much of the interest in these 
materials stems from the ability to use 
molecular-level "crystal engineering" strat- 
egies (3) to control solid-state intermolec- 
ular interactions in order to rationally ma- 
nipulate crystal packing and, consequently, 
influence bulk physical and electronic prop- 
erties. Although these strategies have been 
used in the design and synthesis of many 
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organic crystals, the self-assembly, nucle- 
ation, and crystallization processes that are 
responsible for their formation are not well 
understood, particularly at the molecular 
level and nanometer length scales. This " 
understanding is crucial if important crystal 
characteristics such as polymorphism, mor- 
phology, inclusion formation, and defect 
density are to be controlled. 

Recent developments in atomic force 
microscopy (AFM) (4), however, now pro- 
vide for in situ visualization of the early 
stages of growth of organic crystals in liq- 
uids (5-7). This caoabilitv allows dvnamic ~, 

observation of nucieation events akd the 
determination, at small length scales, of the 
distribution of topographic features (that is, 
terraces, ledges, and kinks) that play an 
important role in crystal growth (8). We 
made in situ AFM observations of the 

be useful in applications of Josephson junc- 
tions such as grain boundary SQUIDS and 
other devices. 
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electrochemical nucleation and growth of 
the crystalline quasi-one-dimensional or- 
ganic conductor (TTF)Bro.,, (TTF, tetra- 
thiafulvalene) (9), wherein the rate of crys- 
tal growth was regulated by the electro- 
chemical potential applied during the elec- 
trocrystallization process (1 0). Electrocrys- 
tallization is a convenient method for AFM 
visualization of crystal growth modes be- 
cause the supersaturation at the crystal sur- 
face can be controlled by the electrochem- 
ical potential, analogous to the effect of 
changing solute concentration during the 
growth of nonconducting crystals. We 
chose (TTF)Bro.76 because it is representa- 
tive of low-dimensional organic conductors 
and previous studies (1 1) indicated that 
growth occurred readily on existing nuclei 
during electrocrystallization. 

TTF 

Electrochemical nucleation and growth 
of well-defined needle crystals of the conduc- 
tive, nonstoichiometric salt (TTF)Br0,,, on 
a freshly cleaved, highly oriented pyrolytic 
graphite (HOPG) electrode was accom- 
plished readily in an AFM liquid cell (12). 
Crystallization was induced by the brief ap- 
plication (1 to 5 s) of an anodic potential 
step in the range 0.40 5 E, plied 5 0.70 V 
[versus a saturated calomel efectrode (SCE)] 
(13). Under these conditions, AFM re- 
vealed nucleation of (TTF)Br,.,, crystals on 
the HOPG electrode, with nucleation den- 
sities approaching lo3 mm-2. These needle 
crystals exhibited widths ranging from 0-2 to 
4 pm, lengths of 10 to 15 pm, and heights 
of 0.1 to 0.75 pm. The needle axis of the 
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