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the limited and tunable lifetime of the hydro-
gen bonds, the material is always in its ther-
modynamically most favorable configuration
and the reversibility of the bonding permits
the material to immediately adjust its config-
uration to external stimuli.

The bulk viscoelastic properties of revers-
ible polymers of the kind described above are
of interest for possible applications as materi-
als. For compounds 2a, 2b, and 3, however,
these properties were difficult to study because
of the history-dependent phase behavior and
the tendency of these compounds to crystal-
lize. Therefore, we investigated the properties
of compourtd 6 with siloxane spacers (Fig. 4).
The synthesis makes use of a protected com-
pound 4, which is regarded as a useful synthon
for a large number of structures.

Neat compound 6 (number-average mo-
lecular weight M__ of the monomer is 8 X 10%)
shows shear thinning and polymer-like vis-
coelastic behavior, whereas its synthetic pre-
cursor 5 behaves in a purely Newtonian fash-
ion (Fig. 5). The zero shear viscosity of 6 at
30°C is 1000 times the viscosity of 5 and is
comparable to the value for unfunctionalized
poly(dimethylsiloxane) with M_ = 3 X 10°.
The strong temperature dependence of the
viscosity of 6 is ascribed to an increased rate of
chain-breaking as well as to increasing the
dissociation at higher temperatures. To our
knowledge, the thermoplastic behavior of 6 is
unprecedented for self-assembled structures.

We extended our study to reversible net-
works that are always in their thermodynam-
ically determined architecture. Reversible
polymer networks were obtained from trifunc-
tional copolymers of propylene oxide and eth-
ylene oxide by functionalization with (isocya-
natomethyl) methylcyclohexylisocyanate, fol-
lowed by reaction with methylisocytosine
(Fig. 6). Compound 7 has a plateau modulus
of 5 X 10° Pa (Fig. 7), six times the plateau
modulus of covalently cross-linked copolymer
8. The phase angle of 7 shows a frequency-
dependent transition from purely viscous to
viscoelastic behavior (Fig. 7), whereas 8 is
viscoelastic across the whole frequency range.
If we may assume that the relaxation of 7 is
described by a pure Maxwell element, the
relaxation time at 30°C, determined at a
phase angle of 45°, is estimated to be 0.1 s.
This value agrees with NMR experiments of
the lifetime of dimers of 1 and the mechanical
properties of linear polymers 6.

The higher plateau modulus of 7 com-
pared to 8 and the frequency dependence of
7 shows that the reversible cross-links in 7
behave like entanglements in an ordinary
linear polymer. The reversibility of the hy-
drogen bonds allows the molecules of 7 to
assemble into a more dense, thermodynam-
ically determined network, whereas the
cross-links in 8 are irreversibly formed to
yield a kinetically determined network.
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The polymers assembled by well-defined
dimerization of the quadruple hydrogen-bond-
ed ureido-pyrimidone functionality have
unique features that distinguish them from
existing systems. Because of the high associa-
tion constant, the linear polymers 2a and 3
have DPs far exceeding those of existing self-
assembled systems based on less than four
hydrogen bonds. Polymer-like behavior is thus
observed even in semidilute solution. At the
same time, the directionality of the interac-
tion prevents microphase separation through
crystallization in the bulk material or gel for-
mation in solution. Particularly in the revers-
ible networks, the absence of unspecific ag-
gregation means that a high level of control
over the network architecture is possible, be-
cause the degree of association, the degree of
branching, and the distance between cross-
links can all be tuned through chemical mod-
ification of the spacers and by variation of the
hydrogen-bonding functionality. As a result,
polymer networks can be developed with
thermodynamically controlled architectures,
for use in hot melts and coatings, where a
reversible, strongly temperature-dependent
theology is highly desirable.
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Two-Dimensional Melting of an Anisotropic
Crystal Observed at the Molecular Level

H. D. Sikes and D. K. Schwartz*
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A distinctive two-dimensional (2D) melting transition occurring at nearly 100 degrees
Celsius (°C) has been observed in Langmuir-Blodgett films by in situ atomic force
microscopy (AFM). A 2D orthorhombic crystal phase melted to a 2D smectic phase at
about 91°C. The smectic phase was characterized by 1D molecular periodicity with
short-range correlations (about 40 angstroms). At 95°C, the smectic order melted to form
a hexatic phase. Infrared spectroscopy measurements were consistent with the AFM
observations. These observations support the dislocation-mediated melting scenario for
an anisotropic 2D crystal predicted by Ostlund and Halperin. A longer wavelength height
modulation was also observed in the smectic and hexatic phases.

In the late 1970s, Halperin, Nelson, and
Young (1) built upon the ideas of Kosterlitz
and Thouless (2) to describe melting in two
dimensions. Before melting to an isotropic
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liquid, a hexagonal crystal was predicted
to pass through an intermediate “hexatic”
phase that retained the sixfold orienta-
tional order of the crystal without long-
range translational order. The proposed
mechanism for the crystal-to-hexatic tran-
sition was the unbinding of pairs of lattice
dislocations with opposite Burger’s vec-
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Fig. 1. Typical AFM images of cadmium arachidate trilayers at (A) 89°, (B) 93°, and (C) 95°, along with
associated Fourier transforms (FTs) (D, E, and F, respectively) of larger regions surrounding the areas
presented in the images. (A) The typical 2D molecular lattice for such films. The associated FT (D)
displays three pairs of sharp spots corresponding to length scales of about 4 A. The lattice is ortho-
rhombic, so two pairs of spots correspond to a slightly larger repeat distance than the third pair. (B) The
intermediate temperature image shows molecular-scale features running in lines. No true 2D lattice is
observed, and the 1D periodicity is correlated only over small parts of the image. A longer wavelength
height modulation is also faintly visible running in the same direction. The associated FT (E) shows a
single pair of diffuse spots (corresponding to a length scale of about 4 ,Z\) marked by an arrow. (C) At high
temperature, no molecular-scale features are seen, only a 1D periodic modulation with a repeat distance
of about 15 A. The FT of the modulation (F) has spots in one direction only. The spot closest to the origin
(labeled 1) corresponds to a superstructure with a repeat distance of four waves, a periodicity of 58 A
The second harmonic is absent, but higher harmonics are observed. The fourth harmonic (labeled 4 and
withoan arrow) corresponds to the approximate separation of the clearly observed ripples in the image

(15 A).

tors. A similar process was eventually ob-
served in a-colloidal crystal (3). However,
despite the existence of a variety of
hexatic phases in quasi-2D systems such as
thin, freely suspended liquid-crystal films
(4), Langmuir monolayers (5), and Lang-
muir-Blodgett (LB) films (6), this phase
sequence has not been observed in a mo-
lecular system.

This absence likely arises from addi-
tional complications in systems of approx-
imately cigar-shaped molecules, such as
molecular tilt or anisotropic molecular
cross section. In such cases, the crystal
symmetry may be orthorhombic (rectan-
gular) instead of hexagonal, and the six
elementary dislocations will not be equiv-
alent, but divided into groups of two (type
I) and four (type II). Ostlund and Halp-
erin (7) analyzed this situation and pre-
dicted that if the type I dislocations were
to unbind first, a 2D smectic phase would
be inserted into the phase diagram be-
tween the crystal and hexatic phases. The
melting of an anisotropic 2D crystal to a
2D smectic would then be a signature of
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dislocation-mediated melting. We have
directly observed the molecular details of
this melting sequence in a LB film using
AFM.

Previous infrared (IR) and Raman spec-
troscopy (8, 9), electron diffraction (10),
and x-ray scattering (11, 12) studies of
cadmium fatty-acid salt LB films demon-
strated the existence of an order-disorder
transition at high temperatures (the tran-
sition temperature was not determined
precisely) in which the chains became less
ordered and the local packing changed
from orthorhombic to hexagonal. In the
orthorhombic phase, the alkyl chains are
organized in a “herringbone” arrangement;
in the hexagonal phase, they rotate freely
about their long axis. Because the correla-
tion length in the hexagonal phase, deter-
mined by x-ray diffraction experiments
(12), is only about 25 A, this phase is
actually hexatic. In previous AFM studies
of low-temperature hexagonal rotator
phases in LB films (13), we were unable to
obtain molecular-resolution images (pre-
sumably because of the rapid molecular
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Fig. 2. (A) Transmission IR spectra (CH stretching
region) of a CdA, LB multilayer as a function of
temperature. The solid lines represent Lorentzian
fits to the data. A small (@bout 3 cm™~") but distinct
shift of the peak positions to higher wave number
is observed with increasing temperature, signaling
a decrease in conformational order of the alkyl
chains. The dashed lines are drawn at 2851 and
2920 cm™?, respectively, as guides to the eye. (B)
The peak position of the symmetric and antisym-
metric methylene stretch bands as a function of
temperature. Note that the peak positions at 94°C
are at an intermediate position between low and
high temperature values, consistent with an inter-
mediate phase.

motion); the film surfaces appeared fea-
tureless and flat. This appearance was in
contrast to LB films in crystalline phases,
for which molecular resolution was rou-
tinely obtained (13, 14). Therefore, the
expected AFM signature of a crystal-to-
hexatic phase transition was the reversible
loss of molecular resolution. We used
three-layer films for convenience; howev-
er, the melting was confined to the outer
bilayer. The layer nearest the substrate has
a disordered structure (9, 12, 13), even at
low temperature; subsequent bilayers
adopt the orthorhombic crystal symmetry.

We recorded high-resolution AFM im-
ages of cadmium arachidate (CdA,) trilay-
ers as a function of temperature (15, 16)
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(Fig. 1). Below 91°C, a well-ordered crys-
talline phase was observed (Fig. 1A). The
molecular lattice was consistent with the
previously observed centered rectangular
(orthorhombic) structure (13). The digital
Fourier transform (FT) of the image
(Fig. 1D) shows three pairs of sharp first-
order spots. Between 91° and 95°C, no
true 2D lattice was observed, but molecu-
lar-sized features were still visible, running
in “lines” (nearly vertical in Fig. 1B). In
this 2D smectic phase, a longer wave-
length height modulation was faintly vis-
ible in the same approximate direction.
The lines of molecules meandered a bit
and were not correlated beyond about 10
repeat distances. The FT (Fig. 1E) shows a
pair of diffuse peaks (clouds of intensity)
corresponding to this short-range, 1D pe-
riodicity. Above 95°C, no regular molec-
ular-size features were observed (Fig. 1C),
but the height modulation remained.
Upon lowering the temperature, the se-
quence of phases was reversed. We did not
observe phase coexistence at any temper-
ature, consistent with continuous (not
first order) phase transitions (dislocation-
mediated melting theory predicts contin-
uous phase transitions).

A 2D smectic phase is not expected to
have long-range order in the same way as
a 3D smectic. Toner and Nelson (17)
noted that the effect of fluctuations and
free dislocations is to destroy smectic order
at length scales larger than a “dislocation
correlation length” &;,. They describe the
structure as blobs of smectic order with a
typical dimension of &,. On large length
scales, the various blobs make up a
nematic phase with a director defined as
the average layer normal within each blob.
We believe that our images of CdA, in the
temperature range 91° to 95°C (Fig. 1B)
are consistent with this picture. Small ar-
eas are observed where the smectic layer-
ing is well ordered. However, the phase of
the layering is not correlated from blob to
blob, and there is some dispersion in the
direction of the layer normal across a giv-

Fig. 3. (A) AFM image of
a cadmium palmitate
trilayer at 85°C along
with (B) the associated
FT of a larger region sur-
rounding the region pre-
sented in the image. The.
image shows only 1D
periodicity with a repeat
distance of about 10 A.
The height modulation
runs diagonally across
the image and has a
sawtooth height profile.

A

en image. The broad peaks in the FT
indicate the short-range nature of the cor-
relations. A similar structure was observed
at room temperature in a LB monolayer
composed of disk-shaped molecules (18).

Transmission IR spectra of CdA, trilay-
ers showed a small (about 3 cm™!) but
distinct blueshift in the positions of the
methylene stretch bands in exactly the
same temperature range (Fig. 2), consistent
with increased chain disorder (19, 20). This
correspondence implies a coupling between
the melting of the 2D crystallinity and the
onset of conformational disorder in individ-
ual alkyl chains. Given the experimental
uncertainties in the peak positions, it is
difficult to determine whether the confor-
mational disorder increases continuously or
in steps corresponding to the structures ob-
served with AFM.

The high-temperature height modula-
tion in CdA, had an average repeat dis-
tance of 15 * 1 A. In particularly good
images, a superstructure in the modulation
was observed to repeat every four waves.
The superstructure was characterized as a
systematic variation in peak separation.
The FT of the modulation (Fig. 1F) shows
a fundamental peak (labeled 1) at a dis-
tance corresponding to the superstructure
(about 58 A). The second harmonic of
this superstructure peak is missing, but
higher harmonics are observed. The fourth
harmonic (marked by an arrow) corre-
sponds to the periodicity of the plainly
visible ripples. We observed a related
high-temperature modulation in the
shorter chain cadmium palmitate (CdPa,)
LB films. A CdPa, trilayer (Fig. 3A) at
85°C shows a periodicity of 10 = 1 A; the
transition temperature decreases with
chain length as expected. However, the
modulation in CdPa, had a qualitatively
different appearance than that in CdA,.
In the shorter chain compound (Fig. 3A),
the modulation was extremely well or-
dered and correlated and appeared to have
a sawtooth cross section. However, the
modulation in the longer chain compound

The FT has spots only in one direction. The sharp spots and many harmonics demonstrates the high
degree of correlation. Below about 80°C, a molecular lattice similar to that shown in Fig. 1A is observed.
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(Fig. 1C) had a rounded cross section and
was less well ordered, that is, numerous
“dislocations” could be seen in large-scale
images.

Although one should use caution in
applying 2D theory to systems with non-
zero thickness (21), our observations are
consistent with theoretical predictions of
2D melting. Ostlund and Halperin (7)
predicted that an orthorhombic 2D crystal
should melt to a 2D smectic phase if the
type I dislocations unbind before the type
IT dislocations. Interestingly, Tippmann-
Krayer et al. (12) provided direct evidence
from their x-ray scattering data of CdA,
multilayers that the type I dislocations
unbind first. At low temperatures, they
observed two diffraction peaks: one corre-
sponding to the (11) and (11) lattice
planes (type II Burger’s vectors), the other
corresponding to the (02) lattice plane
(type 1 Burger’s vector). Even at room
temperature, the (11) peak was narrower,
corresponding to a correlation length of
about 90 A, whereas the correlation
length in the (02) direction was about 60
A. However, at 93°C, the correlation
length in the (02) direction dropped pre-
cipitously to 30 A (within experimental
uncertainty of the correlation length in
the high-temperature hexatic phase),
whereas the correlation length in the (11)
direction was 80 A. We interpret this
difference as direct evidence that the (02),
or type I, dislocations unbind at a lower
temperature than the degenerate (11), or
type I, dislocations, consistent with our
observation of a smectic phase.
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Enhanced Intergrain Tunneling
Magnetoresistance in Half-Metallic CrO, Films

H. Y. Hwang and S.-W. Cheong

Low-field tunneling magnetoresistance was observed in films of half-metallic CrO, that
were grown by high-pressure thermal decomposition of CrO,. High-temperature an-
nealing treatments modified the intergrain barriers of the as-grown films through surface
decomposition of CrO, into insulating Cr,O,, which led to a threefold enhancement of
the low-field magnetoresistance. This enhancement indicates the potential of this simple
method to directly control the interface barrier characteristics that determine the mag-

netotransport properties.

Half-metallic ferromagnets exhibit con-
ducting states at the Fermi level (Ep) for
majority-spin electrons, but a semiconduc-
tor gap for minority-spin electrons (1). The
resulting high degree of spin-polarization of
Fermi-level electrons suggests that this class
of materials could exhibit enhanced spin-
dependent magnetotransport. Transition
metal oxides can exhibit half-metallic be-
havior, in part because of their narrow con-
duction bands derived from transition metal
d levels and oxygen p levels. Recently, low-
field spin-polarized tunneling magnetoresis-
tance (MR) was observed in polycrystalline
perovskite manganites, layered manganites,
artificial thin-film trilayer structures of per-
ovskite manganites, and polycrystalline py-

rochlore T1,Mn,O;, all of which are (or are
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suspected to be) half-metallic ferromagnets
(2-6). In another example, perovskite man-
ganite electrodes were used to inject spin-
polarized carriers into a high-temperature
superconductor, which suppressed the crit-
ical current by pair breaking (7).

All of the oxide systems currently in-
vestigated for tunneling MR are Mn-
based, although this phenomenon should
not be specific to the manganites. Half-
metallic ferromagnetism has been suspect-
ed in the technologically important CrO,.
Already a staple magnetic recording me-
dium, band structure calculations of CrO,
predict 100% spin polarization at Eg (8).
Spin-polarized photoemission and vacuum
tunneling experiments show neatly com-
plete spin polarization 2 eV below Eg, but
a negligible density of states at Ep, incon-
sistent with metallic behavior (9, 10). Be-
cause CrO, has a higher Curie tempera-
ture (T = 395 K) than all of the afore-
mentioned systems and is already pro-
cessed in large volumes in industry, it is a
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promising material in which to explore
tunneling MR.

Previous studies of single-crystal CrO,
report little MR below T, but in analogy
to a recent comparison of single crystal
and polycrystalline perovskite manganites,
polycrystalline CrO, might exhibit low-
field intergrain tunneling MR (3). We
studied polycrystalline CrO, films grown
by high-pressure thermal decomposition of
CrO; on StTiO; substrates and observed
significant low-field spin-polarized tun-
neling MR at low temperatures in as-
grown films. High-temperature annealing
treatments significantly enhance low-field
MR by modification of the effective inter-
grain tunneling barrier through surface de-
composition of CrO, into insulating
Cr,0;. This method provides a conve-
nient way to control the interface proper-
ties for tunneling MR.

We prepared polycrystalline films of
CrO, by dissolving CrO; powders in
deionized water. The solution was uni-
formly applied on single-crystal SrTiO;
substrates. Curing the specimen in a dry-
air atmosphere removed the water and
left a thin layer (typically a few microme-
ters) of polycrystalline CrO;. Treatment
in a few hundred bars of oxygen pressure
with increasing temperature led to a series
of decomposition reactions CrO; —
(Cr;04 — Cr,0O5) — CrO, — Cr,0;,
which are very sensitive to the applied
temperature and pressure (I1). Further-
more, only under high oxygen pressure
does a narrow but distinct temperature
window exist for stable, single-phase
CrO,. Because CrO, is metallic whereas
CrO; and Cr,O; are insulating, monitor-
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