
readings, the readout signal was still >60% 
of the first readout current. It is also ~ossi-  
ble to refresh the stored charge; for exam- 
ple, a potential pulse sequence of the proper 
width and magnitude could be coupled with 
a reading beam pulse to rewrite charge. 
Here, during the first part of the reading 
beam pulse, a photodischarge results under 
short-circuit conditions. and during the - 
second part of the reading beam, a potential 
pulse is applied to recharge the memory 
element. By this means, the memory ele- 
ment is refreshed after each reading, in a 
manner analogous to that used for dynamic 
random access memories (DRAMS). 

The cycle life (the number of cycles of 
charging and discharging) was tested by 
applying continuous potential pulses of 0 to 
f0.5 V (pulse width and interval of 1 ms) 
to the thin-laver cell under constant irradi- 
ation, with the memory element charged at 
f0.5 V immediately after each readout at 0 
V. Even after the cell was charged and 
discharged > 1 billion times (a period of 
-12 days), the output current of each 
reading was essentially identical to the first 
one. This result suggests the absence of 
irreversible changes in the film during 
charging and discharging. 

Readout can also be implemented by 
measuring the voltage produced by the pho- 
toinduced charge in the dark. Because no 
charge flows during a voltage measurement, 
depletion of the stored signal does not occur 
in this read mode. Charge generated and 
stored by a low intensity writing beam (- 10 
pW cmP2) under a small bias ( f0 .5  V) was 
read continuously in the dark with a high 
input impedance voltmeter (Orion Re- 
search Model 701A pH meter) with no 
perceptible change for >2000 hours. The 
readout voltage was constant at 20 mV with 

u 

no evidence of decay. The nature of the 
trap sites for charge storage in a polycrys- 
talline ZnODEP film is not clear; studies of 
other systems (8) suggest that they might be 
crystal defects, grain boundaries, or chem- 
ical impurities. 

The approach described here for trap- 
ping charge in a photoconductive thin film 
appears promising as a means of informa- 
tion storage. Current state-of-the-art Si- 
based DRAMS contain 64 megabits (each 
with a cell size of - 1 to 2 pm2) and have 
addressing speeds of 30 to 50 ns (9). We 
have demonstrated high-density, high- 
speed writing and long-term stability and 
cvcle life. The structures involved are sim- 
ple and inexpensive. Although we have 
used an STM (which has also been recentlv 
used in a capacitive mode for charge storage 
in a nitride-oxide-silicon (NOS) system 
(lo)] to write and read data, high-resolu- 
tion lithographics might also be useful in 
the fabrication of memory devices based on 
this system. The experimental results re- 

ported here were obtained with ZnODEP, 
but other photoconductive materials have 
shown similar properties in preliminary ex- 
periments. 
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Electron Diffraction and Imaging of Uncompressed 
Monolayers of Amphiphilic Molecules on 

Vitreous and Hexagonal Ice 

J. Majewski, L. Margulis, D. Jacquemain, F. Leveiller, C. Bohm, 
T. Arad, Y. Talmon, M. Lahav, L. Leiserowitz* 

A new approach is described for probing domains of ordered self-assemblies of amphiphilic 
monolayers at the aqueous solution interface. The method has potential importance for the 
study of membrane structure, Langmuir-Blodgett films, and nucleation processes of two- 
and three-dimensional crystals. Electron diffraction (ED) patterns indicative of two-dimen- 
sional crystalline self-assembly were obtained from samples, which were examined by 
cryo-electron microscopy, of monolayers of water-insoluble amphiphiles on vitrified aque- 
ous substrates. The apparent hexagonal symmetry of an ED pattern from a CI6H3,OH 
monolayer was interpreted in terms of multiple twinning. Monolayers of the C,,H6,OH and 
cadmium salt of Cl,H3,C0,H that were studied by dark-field techniques displayed faceted 
two-dimensional crystallites with a maximal size of 1 to 2 micrometers. Epitaxial nucleation 
of hexagonal ice by the C3,H6,0H monolayer has also been demonstrated by ED. 

Interfacial self-assembly of molecules into 
ordered two-dimensional (2D) aggregates is 
important to many fields (1-3), including 
crystal nucleation, the formation of mono- 
and multilayers, and molecular electronics. 
A method for the direct demonstration of 
such microscopic properties of amphiphilic 
monolayers in situ is grazing incidence x-ray 
diffraction (GIXD) by synchrotron radia- 
tion (4). This method has revealed that 
water-insoluble amphiphilic monolayers in 
the uncompressed, relaxed state are highly 
crystalline. This finding contrasts with the 
generally accepted view that monolayers 
need to be well compressed to exhibit 2D 
crvstallinitv. The GIXD method has al- 
lowed measurement of the structure and the 
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growth and dissolution properties of self- 
aggregated monolayers as a function of pa- 
rameters such as molecular length, temper- 
ature, solvent, and additives (3). Surface 
x-ray techniques do not yield direct images 
of the 2D crystal domains. Such domain 
morphologies have been examined by epi- 
fluorescence and Brewster angle microsco- 
py. However, these methods are applicable 
only to domains larger than 1 pm in diam- 
eter and have not unambiguously revealed 
self-assembled monolayers on solutions dis- 
playing faceted 2D crystals (5 ) .  Atomic 
force microscopy has shown that domain 
structures in Langmuir monolayers of 
stearic acid, C18H39C02H, transferred from 
water onto polyethyleneimine-covered 
mica have fairly well faceted grains as small 
as 2 to 3 pm (6). Transmission electron 
microscopy (TEM) studies of mono- and 
multilayers of amphiphilic molecules that 
had been transferred (in a partially com- 
vressed state) from a water surface onto a 
solid support did not reveal submicrometer 
features in the domains (7). 

The self-aggregating ability of am- 
phiphilic monolayers on water suggests that 
one could fast-freeze the water subphase 
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into vitreous ice and maintain the integrity 
of the relaxed monolaver. This urocedure 
would allow measurement, almost in situ, 
by TEM. Many questions could then be 
addressed, such as whether 2D crystallites 
are faceted, how the domain structure de- 
pends on the growth history of the crystal- 
lite, and whether one may observe by lat- 
tice imaging the positions of heavy counter- 
ions bound to the monolayer. Langrnuir 
monolavers have been used to induce the 
nucleation of three-dimensional (3D) crys- 
tals at the monolayer-solution interface by a 
structural complementarity (I) .  Therefore, 
it may be possible to obtain a combined 
electron difkaction (ED) pattern of the 
monolayer and underlying 3D crystal. 

The fast cooling of aqueous solution 
substrates into vitreous ice (8, 9) has not 
been applied to the study of amphiphilic 
monolayers. We applied this method to a 
series of monolavers of fattv acids, fattv acid 
salts, and alcohbls (1 0). These monolayers 
have already been shown by GIXD mea- 
surements as highly crystalline in the re- 
laxed state (2, 3). 

The ED pattern of C,9H59COzH shows 
three rings (Fig. lA), which indicates that 
the monolayer crystallites are randomly ar- 
ranged in a "powder" form. The d spacings 
corresponding to the three rings are 4.1, 3 -7, 
and 2.5 A, respectively (I I). On the assump- 
tion that these three spacings correspond to 
the respective {1,1), {0,2), and {2,0) reflec- 
tions, we deduced a rectangular unit cell of 
dimensions a = 5.0 A and b =7.4 A, giv- 
ing an area per molecule (abn) of 18.5 
A'. The fi,k) assignment is consistent with 
the distribution of diffraction suots in Fie. - 
1A. The innermost ring displays far more 
spots than its outer neighbor, in accor- 
dance with a 2:l multiplicity of the {1,1) 
and {0,2) reflections. Moreover, GIXD 
measurements from a monolaver of the 
same acid on water yielded a diffraction 
vattern that. when indexed as above. gave . - 
H structure at near atomic resolution (12). 
Finally, the derived cell dimensions indicate 
the presence of the herringbone motif found 
in 2D crystal structures of long hydrocarbon 
amphiphilic chains (2). The two molecular 
chains in such a unit cell are related by glide 
symmetry and are oriented so that the angle 
between their planes is =90°. This config- 
uration results in a herringbone chain ar- 
rangement, generally specified as the orthog- 
onal 01 motif (1 3). 

A monolayer of the fatty acid 
C,9H39C0,H was deposited on a lo-, M 
aqueous solution of CdCl,, in which the pH 
was adjusted to a value of 8.85 by the 
addition of NH,. In the ED pattern from a 
single crystallite (Fig. lB), the diffraction 
spots can be indexed as {1,1), {0,2), and 
{2,0) with d spacings of 4.0,3.6, and 2.4 A, 
respectively, defining a rectangular unit cell 

Fig. 1. Electron diffraction pat- 
terns, obtained from an area 3 pm 
in diameter, of four different 
monolayers on vitreous ice at 
-1 75°C. (A) A powder pattern 
from the monolayer of the carbox- 
ylic acid C,H,,CO,H. (B) Pattern 
from a single ctystallite of the 
cadmium salt of the carboxylic 
acid C,,H,,CO,H. (C) A diffrac- 
tion pattern from the monolayer of 
the alcohol C,,H,,OH, which has 
been attributed to twinning. (D) A 
powder pattern from the monolay- 
er of the alcohol C,,H,OH. Halos 
of diffuse scattering from vitreous 
ice, corresponding to d spacings 
of 3.7 and 2.1 A, were visible in 
the original negatives but too 
weak to be evident on the prints 
shown here. 

Fig. 2. Dark-field images of do- 
mains of monolayers at - 175OC. 
(A and B) Different regions of the 
cadmium salt C,,H,,CO,H of the 
monolayer on vitreous ice. The 
relatively large domain of -2 pm 
in (B) exhibits well-developed fac- 
ets. (C) Domains of C,,H,OH. 
Insert shows the position and size 
of the objective aperture used for 
dark-field imaging. There is some 
tendency for sixfold symmetry of 
the inner diffraction ring. 

with dimensions (14) of a = 4.9 A and b = 
7.2 A and an area per molecule of 17.6 A'. 
This low value for the area indicates that at 
-175°C the molecules are vertically 
aligned on the vitreous ice. A dark-field 
image of such a monolayer over the vitreous 
ice shows domains from 0.3 to 2 p,m in size 
(Fig. 2, A and B). The largest domain 
appears to be well-faceted, but an assign- 
ment of all its facet angles in terms of the 
cell dimensions is ambiguous. 

The monolayer of C,,H,,OH on vitre- 
ous ice shows a highly symmetric hexagonal 
ED pattern (Fig. 1C) of six doublets. The d 
spacings of the inner and outer reflections 
of 4.1 and 3.6 A may be indexed as {1,1) 
and {0,2), respectively, to yield the rectan- 
gular unit cell of dimensions a = 5.0 A and 
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b = 7.2 A. The GIXD data over pure water 
at 5°C yielded only the {1,1) reflection. 
The {0,2) reflection was too weak to be 
observed because of a low coherence length 
in that direction (15). The sixfold rotation . ,  
symmetry of the ED pattern may be ac- 
counted for by the assumption that the 
crystallites twin about the {1,3) and (1, -3) 
planes (Fig. 3). This hypothesis is substan- 
tiated by the longer arcs of the {1,1) reflec- 
tions compared to those of the {0,2) reflec- 
tions. because the 11.32 diffraction vectors 

L - ,  
do not perfectly bisect the angle between 
the {1,1) and {0,2) diffraction vectors. We 
propose that the monolayer material depos- 
ited at room temperature exhibited three- 
fold or sixfold symmetry in a partially or- 
dered state. Cooling to 5°C produced 



Fig. 3. (A) Reciprocal A B (-1,3) lattice of a single (un- 
twinned) 2D crystal of 
C16H3,0H showing the 
observed (filled cir- 
cles) and unobserved 
(empty circles) reflec- 
tions. (6) A schematic 
view of a twinned pack- 
ing arrangement of 
C16H3,0H about the 
(-1, 3) plane, yielding H H 
two segments. One way (-1 .-3) 0 (-2,O) a 

to rationalize the {-1,3} o 
twinning plane is to note 
that the direction of strong interchain contacts, along the a-b axis, is almost maintained across the 
twinning plane. The C16H,0H molecules are assumed to be vertically aligned, in keeping with the low 
area per molecule of 18.0 A2. The molecules are packed in plane symmetry group plgl, where p 
represents a primitive unit cell and g represents a glide plane perpendicular to the a axis. The proposed 
structure of C16H3,0H is based on the fact that the alcohol chains C,H2,+,0H (n = 16 to 31) pack in the 
orthogonal 01 motif on water at -5OC, according to GIXD measurements. 

30 45 60 75 90 105 120 135 
Measured angle (degrees) 

Fig. 4. Histogram of angles between well-de- 
fined facets of domains in the C,, H6,0H mono- 
layer. These values were taken from several 
dark-field micrographs, one of which is shown 
in Fig. 2C. 

twinned crystallites of rectangular symme- 
try, in which the twinned sectors are relat- 
ed to each other by the threefold or sixfold 
point symmetry of the original crystallite. 
This result is in accord with Curie's princi- 
ple that a physical event cannot have a 
symmetry lower than that of the event that 
caused it (1 6 ) .  

The typical ED pattern of monolayers of 
C,,H,,OH on vitrified ice is shown in Fig. 
ID. The rings may be indexed {1,1), {0,2), 
and {2,0) with respective d spacings of 4.2, 
3.7, and 2.5 A, yielding a rectangular unit 
cell with dimensions of a = 5.05 A and b 
= 7.4 A and an area per molecule of 18.7 
A'. The diffraction rines indicate that the - 
crystallites are randomly oriented azimuth- 
ally. The intensity distribution in the inner 
ring shows some tendency for sixfold sym- 
metry (insert, Fig. 2C), indicative of partial 
twinning about the {1,3) directions. The 
dark-field image in Fig. 2C clearly shows 
crystallites of monolayer material in the size 
range between 0.5 to 1.0 pm. Many of 
these crystallites display polygonal mor- 
phology with well-defined facets. A histo- 
gram of the angles between facets with a 
common point (Fig. 4) shows an angular 

Fig. 5. (A) Electron diffraction pattern from an 
essentially single crystallite of the C,,H,,OH 
monolayer on a single crystal of hexagonal ice 
showing their epitaxial relation: the six {1,0,0} 
diffraction vectors of hexagonal ice match well 
the four {1,1) and the two {0,2) vectors of the 
monolayer in both direction and magnitude. (6) 
The schematic relation between the reciprocal 
lattices of ice (filled circles) and of the mono- 
layer (empty rectangles). Shown are &, &, and 
a:, the base vectors of the reciprocal nets of 
the monolayer and hexagonal ice, respectively. 

distribution that may be correlated with the 
angles between the planes of low-order {h,k) 
indices such as {1,0), {0,1), {1,1), and 
{1,3). The most prevalent angles are in the 
range of 90" -+ 5". This value may be 
attributed to the 90" angle between the 
{0,1) and {1,0) planes as well as the 92" 
angle between the {1,1) and {- 1,2) planes. 
The relatively high proportion of angles in 
the region between 100" and 120" may arise 
from facets with indices of {1,1) and (1, - 1) 
as well as {1,1) and {- 1,3). 

The crystallites exhibit distinct stria- 
tions (Fig. 2C), and the distances between 
neighboring striations vary from 0.1 to 0.3 
pm. The possible directions of such stria- 
tions may be deduced from the angle be- 
tween the striation lines and the crystal 
facets. We have observed in several do- 
mains two specific configurations. In the 
first, the striations run parallel to an edge 
and the other facet is perpendicular to that 
edge. The second case involves two perpen- 
dicular edges, the striation making in most 

cases an angle of 35" to 40" with one of the 
edees. If the striation directions are the - 
same in both cases, the only possibility for a 
striation direction is the {l,l) plane because 
the angle between the {1,1) and the {- 1,2) 
planes is =90° and the angle between the 
{1,1) and {0,1) planes is ~ 3 5 " .  These stri- 
ations may have been introduced by the 
quenching of the monolayer solution. Be- 
cause of the proposed commensurate char- 
acter of the monolaver and hexagonal ice, - 
the long-chain alcohols [C,,H,,+,OH (n > 
23)) have been used to induce nucleation of 
the latter (15, 17). According to GIXD 
measurements (1 8) , C,,H6,0H was found 
to maintain its 2D crvstalline structure after 
nucleating hexagonal ice at the monolayer- 
water interface. To induce formation of 
hexagonal ice crystals under the monolayer, 
we cooled the water subphase slowly to the 
freezing point. An ED pattern shows the 
oriented superpositon of the {1,0,0) reflec- 
tions of ice and the {1,1) and {0,2) reflec- 
tions of the monolayer (Fig. 5). 

The experimental results indicate that 
the structural and morphological properties 
of water-insoluble amphiphilic monolayers 
may be successfully studied on vitreous ice 
by TEM. Other possible applications in- 
clude the studv of 2D crvstalline structures 
of proteins bound to amphiphilic monolay- 
ers (19) under almost in situ conditions. 
The evidence for the formation of ordered 
clusters of water-soluble amphiphiles at the 
solution interface is indirect (1.2). The ED . .  , 
technique may define the extent of lateral 
order in such systems. Finally, the observa- 
tion of epitaxial growth of hexagonal ice by 
the alcohol monolayer suggests that other 
monolayer-matched systems may be exam- 
ined in the same way. 
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Early and Late Alkali Igneous Pulses and a 
High-3He Plume Origin for the Deccan Flood Basalts 

Asish R. Basu, Paul R. Renne, Deb K. DasGupta, 
Friedrich Teichmann, Robert J. Poreda 

Several alkalic igneous complexes of nephelinite-carbonatite affinities occur in extensional 
zones around a region of high heat flow and positive gravity anomaly within the continental 
flood basalt (CFB) province of Deccan, India. Biotites from two of the complexes yield 
40Ar/39Ar dates of 68.53 k 0.1 6 and 68.57 t- 0.08 million years. Biotitefrom athird complex, 
which intrudes the flood basalts, yields an 40Ar$9Ar date of 64.96 ? 0.1 1 million years. The 
complexes thus represent early and late magmatism with respect to the main pulse of CFB 
volcanism 65 million years ago. Rocks from the older complexes show a 3He/4He ratio of 
14.0 times the air ratio, an initial 87Sr/86Sr ratio of 0.70483, and other geochemical 
characteristics similar to ocean island basalts; the later alkalic pulse shows isotopic evi- 
dence of crustal contamination. The data document 3.5 million years of incubation of a 
primitive, high-3He mantle plume before the rapid eruption of the Deccan CFB. 

A common model for the origin of CFB lithosphere. Further rise of the plume 
provinces is that they are generated by through the lithosphere causes rapid erup- 
mantle plumes (1). In this model, partial tion of the CFB (2, 3). The distinct 
melting initiated by the arrival of the hot geochemical and isotopic signatures of the 
plume thins and conductively heats the CFB (4) support such a plume origin, al- 

though others have suggested (5) an upper 
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The western Indian crustal plate can be 
divided into a number of segments separat- 
ed by fracture zones radiating from the 
Cambay basin (Fig. I), an area of high heat 
flow associated with well-defined positive 
gravity anomalies (6, 7). A number of 
alkali-carbonatite bodies associated with 
the Deccan tholeiites crop out along the 
Narmada Valley, a rift extending eastward 
from the Cambay basin (Fig. I), and along 
another prominent fault zone parallel to the 
western coast of India, extending through 
the Cambay basin possibly as much as 600 
km to the north (8). This fault zone also 
contains alkalic rocks of the Bombay area 
(9). The Girnar (10) and the Phenai Mata 
(I 1) alkali complexes, all volcanic plugs, 
follow essentially an east-west trend (Fig. 
1). A connection between the Maldive 
ridge, an oceanic north-south lineament off 
the west coast, and the Deccan Traps in the 
mainland is indicated by seismic refraction 
profiles of the western Indian Ocean (12). 
The Sarnu-Dandali and Mundwara alkalic 
complexes (Fig. 1) are situated approxi- 
mately at the northward extension of the 
Maldive ridge through the West Coast 
fault, Panvel Flexure, and the Cambay 
Graben. Drilling in the gravity high near 
Kadi in the Cambay basin has recovered 
nepheline syenite at the base of the Tertiary 
sediments (1 3). The alkali rocks of Sarnu 
and Mundwara (14) and Kadi may be 
aligned along a zone extending to the 
southern end of the Cambay basin; the 
alkalic plugs and flows of central Kutch 
(Fig. I) may also belong to a zone connect- 
ine this basin. These correlations indicate cz 

that the Deccan province extends beyond 
the present-day boundaries of the traps 
(Fig. I ) ,  particularly to the north. 

The Mundwara magmatic complex (Fig. 
1) occurs as ring-shaped and plug-like in- 
trusions within the Erinpura granite of Pro- 
terozoic age in Rajasthan (24"50rN, 
72'33'E). Two units of the complex, Toa 
and Mer, show arcuate, ring-shaped hills (2 
to 3 km in diameter), whereas the third, 
Musala, is a single conical hill about 1 km 
in diameter (15, 16). Ultramafic and mafic 
rocks are dominant in the Toa complex; the 
Mer intrusion is composed mostly of alka- 
line mafic rocks. Mafic rocks also dominate 
the Musala plug, but some felsic rocks, such 
as foid syenites and foid monzosyenites, are 
also present. All three intrusions have 
chilled margins and contain many dikes of 
diabase, basalts, microsyenites, ~honolites, 
and lamprophyres. In addition, carbonatite 
dikes intrude rocks outside the Mer ring. 
The distribution of alkaline mafic rocks and 
syenites in association with more mafic and 
ultramafic differentiates. such as ~icrites 
and pyroxenites, implies that all these rock 
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