
experimentally convenient temperature 
range of 4 to 65 K and are not expected to 
diminish by more than a factor of 3 or 4 at 
room temperature (12). 

Characteristics of the spin transistor 
are appropriate for numerous applications, 
such as an element in a solid-state non- 
volatile memory array (Fig. 4). Here F1 
would be composed of a ferromagnet with 
a relatively large coercivity, and the film 
would be maeneticallv biased so that one - 
edge of the hysteresis loop would be near 
H = 0. Film F2 would have a smaller 
coercivity. An initial, saturating magnetic 
field would alien all of the films. An arrav - 
of wires fabricated over the elements 
would write the state of the switch (14): . ., , 

the passage of current pulses through write 
wires wi and wj would provide a field pulse 
of one polarity or another adequate to 
orient F2 either parallel or antiparallel to 
F1. The operator could then read the state 
of the element by closing switches to lines 
ri and ri and sending a current pulse 
through the switch to ground. A voltage 
pulse of plus or minus polarity is sent to an 
amplifier at the end of read line rj. Because 
the signal is bipolar, the discriminator can 
be set to zero, and the pulse is easily 
am~lified. The result would be a solid-state 
nonvolatile memory, integrated on the 
same semiconductor chip as the logic ele- 
ments and able to be accessed with compa- 
rable speed. A single element (Fig. 4) can 
be used as a magnetometer, like the sensing 
element of a read head for disks and tapes. 
This single element, in conjunction with a 
single write wire, also represents a five- 
terminal embodiment of the spin transistor 
used as a current, or power, amplifier in 
which a small, digitally modulated write 
current modulates a larger read current. 
The s ~ e e d  of the device is determined bv 
carrier diffusion, spin relaxation, and do- 
main switching times, with the latter im- 
posing a limit of about 10 GHz. 

More generalized attributes give reason 
for optimism about future development. In 
an analysis that parallels transistors, the 
spin transistor has a high degree of spin- 
polarized emission (= 1) , a high fraction of 
spin transmission ( ~ 0 . 9 6 )  and spin collec- 
tion (=I), and (on the basis of measure- 
ments of spin impedances) a gain of order 
1000. The inverse scaling of signal with 
sample volume bodes well for microfabrica- 
tion (15), although stable domain configu- 
rations (such as the "window pane") will be 
reauired as film dimensions are reduced. It 
has been shown that high-quality transi- 
tion-metal ferromagnet films can be grown 
on silicon (16), so spin-transistor devices 
could readilv be inteerated with silicon 
technology. spin injeciion in two-dimen- 
sional electron gases has not yet been at- 
tempted and offers other possibilities for 

integrated devices (1 7). If spin injection in 
semiconductors can be demonstrated, the 
fourfold multiplicity of carriers would per- 
mit the creation of entirely new categories 
of devices. 
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Structure of Langmuir-Blodgett Films of 
Dis k-Shaped ~olecules Determined by 

Atomic Force Microscopy 

Jack Y. Josefowicz,* Nicholas C. Maliszewskyj, 
Stefan H. J. Idziak,"faul A. Heiney,$ John P. McCauley, Jr.,$ 

Amos B. Smith Ill 
Monolayer Langmuir-Blodgett films of a discotic mesogen have been studied with atomic 
force microscopy (AFM). These measurements confirm the "edge on" arrangement for the 
disk-shaped molecules suggested by surface pressure-area isotherms and show that the 
molecules form columns that are separated by 17.7 angstroms + 10 percent. Column 
alignment is found to be predominantly along the film deposition direction, with an angular 
spread of 35". The AFM images also show that the mean disk separation within the columns 
is 5.1 + 1.3 angstroms, in good agreement with x-ray diffraction (XRD) results. Room- 
temperature XRD measurements on bulk samples of the same material indicate a disor- 
dered-hexagonal liquid crystalline mesophase, with a column-to-column spacing of 19.9 
+ 0.2 angstroms. 

T h i n  films that display anisotropic dc con- 
ductivity are of interest both because they 
are model low-dimensional systems and be- 
cause of their potential applications. An- 
isotropy within the plane of the film may be 
valuable for display applications, whereas 
films that are highly conductive in the 
direction normal to the surface could be 
used as pressure sensors and similar devices 
(I). A promising approach to the prepara- 
tion of such films is the formation of con- 
ductive Langmuir-Blodgett (LB) (2) films. 
Typically, LB films are composed of organ- 
ic, amphiphilic linear chains. However, 
disk-shaped molecules exhibiting columnar 
liquid crystalline mesophases (3), which 

generally have rigid, T-conjugated cores 
and flexible hydrocarbon substituents, al- 
though not manifestly amphiphilic, have 
under some circumstances been shown to 
form Langmuir (4-8) and LB (4, 8) films. 
Furthermore, the conductivity of a number 
of discogenic compounds has also been ob- 
sewed to increase by up to six orders of 
magnitude after doping by electron acceptors 
such as iodine (9). This conductivity can be 
highly anisotropic, with most of the conduc- 
tion occurring along the column axis. 

Surface spreading pressure isotherm 
measurements (2) suggest that, depending 
on their architecture, discogenic mesogens 
typically exhibit one of two possible orien- 
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tations when placed at the air-water inter- 
face, as indicated schematically in Fig. 1B. 
In one case the core lies flat on the water 
surface and the hydrocarbon chains extend 
away from the interface ( 4 4 ) ;  we will refer 
to this as the "face-on" configuration. Such 
a configuration may be preferred if the core 
of the molecule is capable of hydrogen bond- 
ing, and it also maximizes the configuration 
space available to the aliphatic tails. In the 
other case the core sits perpendicular to the 
interface with two or more chains submerged 
in the water ( 6 4 ,  10); we will refer to this as 
the "edge-on" configuration. Such a config- 
uration maximizes the T-T interactions be- 
tween the conjugated cores if the molecules 
are arranged into columns parallel to the 
water surface, forming the two-dimensional 
analog of a columnar phase. 

These observations suggest that conduc- 
tive LB films composed of disk-shaped mol- 
ecules could be fabricated in either of the 
configurations discussed above, with the 
transport characteristics depending on both 
the molecule selected and the details of the 
deposition technique. In the edge-on con- 
figuration, with the molecules forming col- 
umns that lie parallel to the surface, one 
might expect anisotropic conductivity 
along one direction in the plane. Converse- 
ly, in the face-on configuration, with the 
molecules lying flat on the surface, a mul- 
tilayer LB film should be highly conductive 
in the direction normal to the surface. 

To achieve these aims. it is crucial that 
the details of the microstructure be well 
characterized, because the conductivity will 
most likely be limited by defects in the ideal 
thin film structure. A variety of diffraction 
and spectroscopic probes have been used to 
study LB films of discogenic molecules (4, 
lo), but such techniques are not ideally 
suited for clarification of the microscopic 
structure. LB film monolavers have also 
been studied by scanning tu;neling micros- 
copy (I I), but this technique as well is 
limited ta conductive substrates and layers 
with thicknesses less than 20 to 30 A. By 
contrast, atomic force microscopy (AFM) 
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(12) has been used to image structures with 
atomic resolution for both conductors (1 3) 
and insulators (1 a), including polymers 
(1 5 )  and quite recently LB films (1 6). In 
this report we present the results of an AFM 
study of a LB monolayer composed of dis- 
cogenic molecules. For this film we find 
that the edge-on configuration is preserved 
when the film is transferred from the water 
surface to the solid substrate. 

The molecule 6,7,10,11-tetrakis(pent- 
y1oxy)-2,3-triphenylenedicarboxylic acid 
dibutyl ester (1) (Fig. 1A) was synthesized 
by the method of Wenz (17) from 3,4-di- 
n-pentoxybenzylaldehyde and di-n-butyl 
acetylenedicarboxylate. Purification by 
crystallization from ethanol (95%) pro- 
duced 1 as a waxy solid (melting point 156" 
to 167"C), possessing 'H and 13C nuclear 
magnetic resonance (500 and 125 MHz) 
spectra as well as high-resolution mass spec- 
tra consistent with the assigned structure. 

Optical microscopy, differential scan- 
ning calorimetry, and x-ray diffraction 
(XRD) measurements show that this mate- 
rial has a hexagonal-disordered (Dhd) liquid 
crystalline structure at room temperature 
and converts to an isotropic liquid at 
167°C. The Dhd structure consists (3) of an 
ordered hexagonal array of columns within 
which the disks have only short-range, 
liquid-like order. Powder XRD measure- 
ments show a sharp peak corresponding to 
an intercolumnar spacing of 20.0 A; mea- 

surements on a sin~le-domain strand (18) " . , 
show six such peaks at 60" spacings in the 
diffraction olane. Both ~owder and strand 
XRD measirements alsoLshow a broad fea- 
ture centered around 1.3 A-' and a some- 
what better defined feature at 1.79 A-'. We 
can definitively assign these features to liq- 
uid-like scattering from the aliphatic tails 
and short-range intracolumnar order, respec- 
tively (18); the mean spacing between the 
cores within a column is 3.5 A, and the 
intracolumnar correlation length is 5 to 10 
A. Reflection-geometry XRD keasurements 
on an LB film of nominal ten-laver thickness 
show a sharp peak corresponding to a slightly 
smaller columnar spacing of 19.8 A and do 
not display the 1.79 A-' feature, indicating 
a certain degree of preferred orientation with 
respect to the substrate. 

Langmuir and LB films of 1 were pre- 
pared as previously described (6). The sub- 
phase was water purified in a Millipore 
filtration system. A Lauda FW-1 film bal- 
ance was used to determine the surface 
pressure of the film. Figure 1A shows a 
typical II-A isotherm, measured at 21" + 
3°C with a barrier com~ression rate of 30 
A'/min. The isotherm displays a low com- 
pressibility feature at -80 A2 per molecule, 
rising to 17 mN/m. This relatively small 
molecular area is consistent with the hy- 
pothesis that the molecules lie edge-on to 
the air-water interface. The substrate used 
for this study was S i ( l l l ) ,  with the native 

columnar short-range order. The ' I 

Edge-on configuration FT of liquid-like columns 
FT of the face-on. hexaaonal 

Fig. 1. (A) Surface pressure rI 

structure would shdw a two-di- 
mensional array of sharp spots. 

Face-on configuration FT of hexagonal array 

versus molecular area A isotherm 
of 1 at room temperature [adapt- 
ed from (6)] .  The relatively small 30 

area per molecule at the inflection 
point is consistent with the 80 A* 
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A 

- R=OC,H, 
X=COOC4H9 

- I *O LTR X X per molecule cross-sectional area 
of a molecule standing edge-on - 
to the surface, but not with the 10- 
area of a molecule lying flat on the 
surface. (Inset) Molecular struc- 
ture of 1. (9) Schematic structure OO 

I I 

50 100 
of the edge-on and face-on con- 
figurations and their correspond- 

A (A2) 

ing Fourier transforms. The FT of 
the edge-on, columnar structure 
shows sharp peaks correspond- 
ing to the inverse of the inter- 
columnar spacing, oriented along 
the direction normal to the col- 
umns, as well as possibly diffuse 
maxima attributable to the intra- 



oxide layer treated with hexadecyltrichlo- 
rosilane (HDTCS) to form a self-assembled 
monolayer with a hydrophobic surface (1 9). 
To form the LB monolayer, we dipped the 
substrate downward through a surface film 
of 1 held at a constant pressure of 12.5 
mNh.  The water surface was then cleaned 
and the substrate retracted. The ratio of 

transferred film surface area to covered sub- 
strate area was close to unity. 

Films were stored in an Ar atmosphere 
after being transferred and were then im- 
aged -24 hours later. Images of the film 
surface were obtained with a Nanoscope 111 
AFM (20) at 21°C, with a 1 pm by 1 pm 
piezoelectric substrate translator liaving lat- 

Flg. 2. AFM images of an LB monolayer of 1 on alkylated Si(ll1). These images have not been 
filtered or othetwise enhanced. (A) Typical AFM image. Note the characteristic columns, which are 
approximately 18 A wide, and the presence of local regions with well-defined order, separated by 
defect regions. The dipping direction for the LB film was approximately parallel to the average 
column direction. (8) Fourier transform (FT) of the image shown in (A). The brightness of the spots 
is proportional to the absolute value of the FT amplitude. The full scale is 119.4 A, as indicated by 
the abscissa marks. Note the bright spots situated on an arc corresponding to an intercolumnar 
distance of 17.7 k No other features are seen at smaller interatomic d spacings. (C) Three- 
dimensional plot of the boxed region in (A). Within this well-ordered domain, all the columns are 
essentially parallel and oriented -45" from the vertical. There is also short-range structure within 
each column. @) FT of the boxed region in (A). Owing to the high degree of orientational order within 
this region, only two bright spots are seen. (E) Height profiles along the center column in (C). 
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eral and vertical resolution of less than 0.5 
A. The imaging experiments were carried 
out with a constant force applied between a 
microfabricated silicon nitride cantilever tip 
(20) and the LB film surface. Typical applied 
forces were on the order of 10 nN. The AFM 
image shown in Fig. 2A is representative of 
the sample surface in that similar images 
were obtained over difterent areas of the 
sample surface. Images were also found to be 
stable over the course of 5 hours of repeated 
scanning and did not change when scanning 
angles were varied over a range of angles 
between 00 and 900. Between the two ex- 
treme scanning angles the scanning tip is 
dragged parallel and perpendicular to the 
cantilever length direction. 

An AFM image of a single LB film layer 
of 1 deposited on HDTCS-coated Si is 
shown in Fig. 2A. This image clearly shows 
that there is a columnar structure, with the 
columns oriented predominantly in the di- 
rection of deposition of the film. This AFM 
image indicates that this LB film has the 
edge-on columnar structure and suggests 
that the edge-on structure inferred from 
II-A studies of the Langmuir film is main- 
tained through the transfer process from the 
gas-water interface to the coated Si sub 
strate. No evidence of a face-on codgum- 
tion was found in any AFM images; such a 
configuration would have led to a close- 
packed hexagonal or centered rectangular 
structure. Figure 2B shows the Fourier 
transform (FT) of the image in Fig. 2A; the 
brightness of the pixels is proportional to 
the absolute value of the FT amplitude. 
Note the resemblance of this lT to the 
schematic lT shown for liquid-like columns 
in Fig. 1B. The columnar repeat unit cal- 
culated from this FT is l?.? A + 1096. This 
spacing is slightly smaller than the 19.9 + 
0.2 A determined from bulk XRD measure- 
ments, although at this point the d b c e  
is within the error bars of the measurement. 
We have not yet established whether the 
first few layers of the film have a smaller 
columnar spacing; such a di%knce could 
result from a permbation of the structure by 
the substrate-air intdce.  In a monolayer 
molecular film the hydrocarbon tails can 
point up and away from the interface, dow- 
ing the disk to move closer together than 
they would be in the bulk liquid crystal. 

The image in Fig. 2A shows that there 
are well-defined domains of a single colum- 
nar orientation that extend over -100 A. 
These domains are separated by defects that 
resemble crystal grain boundaries, and the 
orientations in ditkrent domains are slightly 
di%knt. The lT in Fig. 2B shows that the 
columns have a spread in orientations of 
-35" about the deposition direction. One 
ordered microdomain has been framed off in 
Fig. 2A. A three-dimensional AFM image of 
the region within the frame is shown in Fig. 

32s 



2C. The image shows columns with a well- 
defined spacing and a single orientation. 
This is verified by the FT of the image (Fig. 
2D), in which only a single reflection (and 
its inverse) are evident, corresponding to the 
repeat units for the columnar separation. 

Another feature of our AFM images (see 
Fig. 2C) is the appearance of maxima along 
the tops of the columns, which have a 
characteristic spacing but which are not 
correlated in position from column to col- 
umn. This feature is not manifested in the 
FT images for two reasons. First, the short 
range of the intracolumnar order should 
conLert sharp peaks in the FT into radial 
streaks. Second. the lack of intercolumnar 
correlations (that is, the lack of column-to- 
column registry of the disks) should further 
broaden these streaks into weak diffuse max- 
ima. Both types of broadening have been 
seen in XRD studies of oriented strands of 
discotic liquid crystals (18); the sharp peak 
corresponding to the intercolumnar spacing 
is typically two to three orders of magnitude 
more intense than the diffuse peak corre- 
sponding to short-range intracolumnar or- 
der. In principle, therefore, the intracolum- 
nar order would be visible as a diffuse feature 
in the FT of an AFM imaee with several - 
more decades of dynamic range. 

The details of the intracolumnar struc- 
ture can be seen more clearly in Fig. 2E, 
which shows the surface ~rofile for a cross 
section along the top of the column located 
in the center of the AFM image from Fig. 
2C. A statistical analysis of the peak sepa- 
rations (2 l )  along all the columns in Fig. 
2C shows an average separation of 5.14 
A with a standard deviation of 1.29 A. If, 
as suggested earlier, the flexible hydrocar- 
bon tails point up and away from the 
interface. the AFM  ti^ would tend to inter- 
act with them during scanning. However, 
even with some s~read of orientations of 
the tails, which may be due both to the tip 
interactions and to the thermally induced 
motions of the tails, the AFM images show 
that intracolumnar spacing of the disks 
ranges from 3.85 to 6.43 A, in good qual- 
itative agreement with the results of bulk 
XRD studies presented above. 

The observed orientational ordering of 
this system containing strongly interacting 
T-conjugated systems suggests its potential 
for electronic and optical device applica- 
tions. The clarity that AFM brings to the 
characterization of these LB films will be 
valuable in efforts to produce the defect- 
free, highly oriented films that are essential 
for such applications. 
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The Drift of Saturn's North Polar Spot Observed by 
the Hubble Space Telescope 

John Caldwell, Xin-Min Hua, Benoit Turgeon, 
James A. Westphal, Christopher D. Barnet 

Polar projections of 50 images of Saturn at 889 nanometers and 25 images at 718 
nanometers taken by the Hubble Space Telescope in November 1990, as well as 3 images 
at each wavelength taken in June 1991, have been examined. Among them, 31 show the 
north polar spot, which is associated with Saturn's polar hexagon, in locations suitable for 
measurement. In each image, planetocentric coordinates of the polar spot were deter- 
mined, and the movement of the spot with respect to Saturn's system Ill rotation rate was 
studied. During the period of observation, the polar spot had first a short-term westward 
movement and then a long-term eastward drift. The rate of the long-term drift was -0.060 
+ 0.008 degrees per day with respect to system Ill, approximately 50 percent greater than 
previously determined from Voyager. The original 1980 and 1981 Voyager data were 
combined with the new Hubble images to form an I I-year base line. The eastward drift 
over the longer period was -0.0569 degrees per day. The long-term drift could be due to 
uncertainty in the standard value of the internal rotation period, which is 81 0.7939 2 0.1 48 
degrees per 24-hour day. The short-term movement in November 1990 has a rate that is 
greater in magnitude but opposite in sign and probably represents a real, transient motion 
of the spot relative to the internal rotation system. 

T h e  hexagonal feature around Saturn's 
north pole was discovered by Godfrey (1) 
using Voyager 1 and 2 images. To investi- 
gate its dynamic characteristics, Godfrey 
(2) measured the rotation rate of a laree . , - 
spot associated with the hexagon in polar 
~roiections of the images. In his studv and 
L ,  

this study, the longituYde system is dlfined 
by the system I11 rotation rate (3), which is 
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the rotation rate of the magnetic field and is 
believed to be related to the internal rota- 
tion. From seven images that spanned a 
period of -270 days, he obtained a drift 
rate of the spot relative to the internal 
period, (-8.13 f 0.6) x loF9 rad s-'. It 
was not clear at the time whether the rate 
difference represented a real drift of the spot 
or inaccuracy in the standard value of the 
internal rotation rate. The existence of the 
hexagonal feature and the associated polar 
spot in 50 Hubble Space Telescope (HST) 
near-infrared images a decade later shows 
that these features are a persistent phenom- 
enon on Saturn. The larger HST database 
enables us to make more precise measure- 
ments of the movement of these features. 

We examined 3 1 images of Saturn, span- 
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