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Commensurability

and Mobility in Two-Dimensional

Molecular Patterns on Graphite

JURGEN P. RABE* AND STEFAN BUCHHOLZ

Two-dimensional molecular patterns were obtained by the adsorption of long-chain
alkanes, alcohols, fatty acids, and a dialkylbenzene from organic solutions onto the
basal plane of graphite. In situ scanning tunneling microscogy (STM) studies revealed

that these molecules organize in lamellae with the exten

ed alkyl chains oriented

parallel to a lattice axis within the basal plane of graphite. The planes of the carbon
skeletons, however, can be oriented either predominantly perpendicular to or predom-

inantly parallel with the substrate surface, causing the lamellar lattice to be either in or
near registry with the substrate (alkanes and alcohols) or notin registry (fatty acids and
dialkylbenzenes). In the case of the alcohols and the dialkylbenzene the molecular axes
are tilted by +30° or —30° with respect to an axis normal ]Eo the lamella boundaries,

giving rise to molecularly well-defined domain boundaries.

ast STM image recording

allowed the spontaneous switch between the two tilt angles to be observed in the
alcohol monolayers on a time scale of a few milliseconds.

RGANIC MONOLAYERS OF MOLEC-

ular thickness play an important

role in many interfacial phenomena,
including wetting, lubrication and adhesion,
and molecular and biological recognition. In
addition, well-defined monolayers on inert
supports are suitable model systems for the
investigation of two-dimensional (2-D)
phenomena. Because of a lack of true crys-
tallinity in two dimensions, their in-plane
structure remains, however, a challenge for
both theory and experiment. For rare gas
atoms under ultrahigh vacuum and at low

temperatures, scattering methods have been -

successfully used to elucidate their typical
2-D behavior (7). Langmuir-Blodgett layers
have also been investigated using, for ¢xam-
ple, electron scattering (2), x-ray scattering
(3, 4), and Raman scattering methods (5),
both in vacuum or under ambient condi-
tions, With the help of STM (6, 7) it has
become possible to directly observe struc-
ture and dynamics at solid-fluid interfaces in
situ on the relevant length scales, that is,
from the atomic scale to the micrometer
scale and larger. In particular, STM images
provide detailed information on the com-
mensurability between molecular adsorbate
and substrate lattices. ‘A related issue, the
mobility within the monolayer, can be ob-
served by STM on a time scale of a few
milliseconds (7). We demonstrate the coop-
erative reorientation in nanometer-size do-
mains in a 2-D polycrystal. Information of

 this kind may improve our understanding of

the mechanisms underlying various interfa-
cial processes, including boundary lubrica-
tion, and may help in the development of
theoretical models for molecular dynamics

Max-Planck-Institut fiir Polymcrfo:schung, Postfach
3148, D-6500 Mainz, Germany.

*To whom corresporidence should be addressed.

simulations of molecular monolayers. Final-
ly, our increasing ability to characterize
these systems wi}l be important for efforts to
generate a 2-D molecular patterns (&) on the
submicrometer scale approaching nanome-
ter dimensions. The latter may eventually
prove useful for information storage.

Adsorption isotherms and enthalpies of
adsorption (9-11) indicate that long-chain
alkanes, alcohols, fatty acids, and alkylben-
zenes adsorb as monomolecular layers from
nonpolar organic solvents to the basal plane
of graphite. Ho{vcver, there has been debate
about whether the alkane adsorption is driv-
en by the registry between the carbon lattic-
es of adsorbate and substrate (9) or by a 2-D
crystallization of the adsorbate on a flat
substrate, independent of the substrate lat-
tice (10). We pl;rcsent a detailed analysis of
the order in monolayers of simple long-
chain alkyl derivatives physisorbed at room
temperature at the interface between the
basal plane of graphite and an organic solu-
tion. It shows, in particular, the difference in
registry in the directions parallel with and
perpendicular to the alkane chains.

In order to abserve nonconducting mo-
lecular adsorbates by STM, it is necessary
that the adsorﬁ»atc modifies the tunneling
current sufficienty. This modification may
be caused either by a change of the tunnel-
ing barrier (12-15) or by a change in the
density of states within substrate or tip, due
to their electronic interaction with the ad-
sorbate (16, 17). In any case the image
contrast depends on the tunneling bias. If
under certain bx‘,as conditions the adsorbate
modifies the tunneling current strongly, the
image will be dominated by the adsorbate; if
the modification is weak, the image will be
dominated by the substrate. Particularly in-
teresting for structure analysis is the case 1D
which the image contains information about
both substrate and adsorbate structure $i°

SCIENCE; VOL. 253

[ |

e |




miﬂmﬂeﬂusiy. Unfortunatel izﬂ,‘ o ;;Igi
adsorbates on metal substrates T 1;» ‘ d
cult to achieve withoutr disTHIPHENS f ¥ r? s
sorbate layer (12, 16). Part OF the r;aso !
that in these cases the inreraction beoween
adsorbate and substrate is rc.iatlv.tl:.ly str()r}g.
Although this helps to immnobilize mole-
cules, it also makes it difficult O separate
substrate and adsorbate prOPCmCS-‘Ph}’S'
isorbed molecular monolayers o1 graphite,
on the other hand, provide the opportunity
to image the molecules with @ painimum of
substrate perturbation. MOTEeOVEr, Onc can
determine the commensurability between
adsorbate and substrate lattices Very accu-

rately.

The STM was home-built (18). Highly.

oriented pyrolytic graphite (EXOPG, Union
Carbide, quality ZYB) was first _c::lrcfully
characterized under ambient conditions as
well as.in various solvents, imn ord'er to-'be
able to unambiguously differentiate be-
tween defects in graphite [including V3 x
V3 R30° superstructures around localized
surface structures (18)] and images of the
adsorbates. Adsorbed monolayers must be
reproducibly imaged on largie areas of the
sample surface, and different tips and differ-

o

‘ by
i 2nm
Fig. 1. STM images of molecyf ar
heptacosane (CarHse)s (B) the g
(C,3H370H); and (D) didodecy,
the current at quasi-constant ‘he ieh
commensurate (A and C) and p;; ?‘?‘lcﬁ

column}.: : i R
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at the internal interface berween HOPG and
concentrated but not saturated solutions of
about ten alkanes with chain lengths ranging
from nonadecane (C;oH,,) through penta-
contane (CsoHyg,); fatty acids including
stearic acid (C, ,H;sCOOH), arachidic acid
(C,oH39COOH), and tetracosanoic acid
(Cy3H,;COOH); alcohols such as octadecanol
(C,sH3,0H), tetracosanol (C,,H ,oOH), and
triacontanol (C;Hg, OH); and didodecylben-
zene [H,5Ci,(CgHL)C ,Hys) dissolved in
phenyloctane, as described before (19). In
some cases (19), we used different solvents such
as diphenyl sulfide and 1,3,5-trimethyl-
1,1,3,5,5-pentaphenyltrisiloxane for compari-

“son and obtained the same results. We. used

Pt/Ir tips, which were prepared either mechan-
ically. or electrochemically and often condi-
tioned in situ by short bias pulses. All of the
images presented were obtained at quasi-con-
stant height in the variable current mode. No
digital image processing has been performed.
The average current was set to 1 nA and the tip
bias was about +1 V. These are tunneling

D i : e
ol 2nm ...

Monolayers adsorbed to the basal plane of graphite. (A) The alkane
2Ty acid stearic acid (Ci7H3:COOH); (C) the alcohol octadecariol
€hzene [H,:C,,(CH,)C,,Hzs]. The brightness is proportional to
tilted (C and D) relative 1o the *t. The four cases show: alkyl chains perpendicular to.(A and B) and

L boundaries (first and second row), as well as chain packings
?Qmme urate (B and D) with' the substrate lattice (first and second

¢ which the STM images
senerally show contribudons of both sub-
strate and adsorbate simultaneously. Howev-
er, the contrast also depends on the particular
tip condition.

In Fig. 1 STM images of four representa-
tives of the above-mentioned materials are
shown. They are characteristic for their re-
spective_homologous series, but we limit
ourselves here to the discussion of these
particular cases. The images are typically
found on areas larger than the scan range of

L I

“Old"

Fig. 2. STM images of a monolayer of octadec-
anol on graphite. The time elapsed between im-
ages (A) and (C) is a few seconds. Image: (B)
shows that the tilt direction-of the molecules in
the two vertical lamellae (*) at the upper left part
of the image flips while the image is scanned from
bottom to top. The line that was recorded when
the flipoccurred is marked by an arrow. From the
sharpness of the transition and the scanning speed
it can be concluded that the switchirig time is less
than 10 ms. Note the stability of the sufrounding
hetringbone “ structutes. with . their molecularly
well-defined domain boundaries. Image size: 11.7

om X110 nme
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1.5 pm. In addition, characteristic domain
boundaries are observed [(7, 19) and Fig.
2]. All images displayed in Fig. 1 exhibit
highly ordered lamellae. The sizes of the unit
cells indicate that the lamellae consist of
molecules that are extended and oriented
parallel to the substrate. Although in the
case of the alkane and the fatty acid the alkyl
chains are oriented perpendicular to the
lamella boundaries (Fig. 1, A and B), they
are tilted in the case of the alcohol and the
dialkylbenzene (Fig. 1, C and D). The com-
parison with the STM image of the graphite
substrate before adsorption reveals that the
molecular axes are oriented parallel to a
carbon chain in graphite. This interpretation
of the alkane image (Fig. 1A) agrees with
the results of a recent report on another
long-chain alkane, dotriacontane (Cj;Hse)
(20). However, as far as the registry between
the adsorbate and substrate as well as the
orientation of the planes of the carbon skel-
eton relative to. the graphite surface are
concerned, the following analysis leads to
different conclusions.

Since we attribute the images to the struc-
tures of both substrate and adsorbate, the
details must be due to the relative orienta-
tion of their lattices. Closer inspection of
Fig. 1A reveals a small but distinct modula-
tion of the contrast perpendicular to the
lamella boundary, repetitive in every lamella.
This modulation may be attributed to the
fact that the carbon-carbon bond lengths in
graphite and alkyl chains are similar but not
identical, which leads to repeat distances
along the carbon chain of 246 pm and 254
pm, ~respectively. For a heptacosane
(C,,Hsg) molecule with 13 repeat units
(two methylenes each), this mismatch adds
up to 104 pm per molecule, which can be
easily resolved by STM. In addition, it may
be that the main molecular axis is tilted by a
few degrees relative to the graphite axis. The
images are, therefore, interpreted as moiré
patterns between the linear carbon chain
lattices of adsorbate and substrate.

The lack - of discernible superstructure
along the lamellae indicates that the unit cell
of the adsorbate lattice contains one mole-
cule in this direction and that it is commen-
surate with the substrate. The correspond-
ing repeat unit in graphite is between the
second from the next carbon rows and
amounts to 426 pm, which is of the order of
the width of an alkyl chain. More precisely,
the intermolecular spacings in triclinic 3-D
alkane crystals are about 420 and 480 pm in
the directions perpendicular to and parallel
with the carbon skeleton planes, respective-
ly, as can be calculated from the x-ray struc-
ture data of octadecane (21). If the alkyl
skeleton planes would be oriented parallel to
the substrate as well as in registry with it, as

426

has been proposed for another long-chain
alkane (20) as well as for an alkyl derivative,
octylcyanobiphenyl (14), it would require a
compression of the monolayer by more than
10% compared to the bulk structure. How-
ever, the separation between perpendicular-
ly oriented carbon skeleton planes agrees
with the separation between the second
from the next carbon rows in graphite.
Because of the relatively weak interaction
between the alkyl chains and graphite, we
believe, therefore, that in alkane monolayers
the carbon skeletons are oriented preferen-
tially perpendicular to the graphite surface
plane.

If, on the other hand, the head group of
an alkyl derivative requires more space, then
the alkyl carbon planes may lie flat. Howev-
er, in this case the commensurability along
the lamellac will be lost. An example is a
monolayer of a fatry acid, whose STM image
exhibits a superstructure along the lamellac
with a' repeat distance of about five alkyl
chains: (Fig. 1B)..-We attribute this to a
mismatch between the flat-lying alkyl skele-
tons and the substrate lattice of about 10%,
which means that for every five alkyl chains
there is about one extra carbon row required
in graphite.

Similarly, the alcohol (Fig. 1C) does not
exhibit such a superstructure along the la-
mellae while the dialkylbenzene (Fig. 1D)
does. In analogy to the alkane and the fatty
acid (Fig. 1, A and B) the superstructure is
attributed to a perpendicular and a parallel
orientation of the carbon skeletons on the
graphite surface, respectively. The alkyl
chains form an angle of only 60° with the
lamella‘ boundaries, which implies that both
the alkyl chains and the lamellac can be
oriented parallel to a graphite axis. This
allows the formation of molecularly defined
domain boundaries of low energy, which
occur between the three possible domain
orientations according to the threefold sym-
metry of the graphite lattice. Because of the
low energy associated with: these domain
boundaries, they are very abundant (7, 19).
In fact, the domain sizes are typically not
larger than a few tens of nanometers, where-
as for the alkanes they can be as large as the
single crystalline grains in the HOPG sub-
strate, that is, on the order of a micrometer.

So far the molecular patterns have been
treated as static, that is, image features have
been attributed to the average positions of
the molecules during the time required for
an image recording: However, although the
images displayed in Fig. 1 were stable for
long times, occasionally some metastable
defects! do occur (7, 19). Also, the full
reversibility of the adsorption (10) indicates
considerable dynamics. Direct evidence for
such mobility is given in Fig. 2, which

displays three STM images of the same area
of a monolayer of octadecanol, recorded at
intervals of a few seconds. Several domains
are shown in Fig. 2A, many of them exhib-
iting a herringbone structure as shown in
Fig. 1C. The boundaries between the lamel-
lar domains are molecularly defined. How-
ever, the part of the pattern at the upper left
corner is not stable on the time scale of
seconds, as evidenced by Fig. 2, B and C.
Particularly interesting is the tilt-flip in the
two vertical lamellae in the upper left corner.
Because Fig. 2B was recorded from the
bottom of the image to the top, the lower
part is the old structure as in Fig. 2A and the
upper part is the new one. From the sharp-
ness of the transition from the old to the
new structure and the scan speed, one can
deduce that the flip occurred during not
more than 10 ms. During that time the
molecules in these particular Jamellae have
probably lifted, rearranged, and adsorbed
again. The final configuration with two par-

allel vertical - herringbones (Fig. 2C) ap-

peared more stable, similar to the surround-
ing more perfect herringbone lamellae.

In conclusion, STM images of monolay-
ers of long-chain alkanes and several simple
alkyl derivatives on graphite are the result of
(i) the contrast assignment to both substrate
and adsorbate structure, and (ii) the differ-
ent relative orientations and commensura-
bilities of the various adsorbates. Al of the
alkyl derivatives we investigated form well-
ordered lamellae. However, although the
carbon skeleton planes in the alkane and the
alcohol are oriented preferentially perpen-
dicular to the substrate, they lie predomi-
nantly flat in the fatty acid and didodecyl-
benzene. The consequences are adsorbate
lattices, which are commensurate with the
graphite in the one case and noncommensu-
rate in the other. Most interesting is the
mobility observed in phases, where the mol-
ecules are tilted relative to the lamella
boundaries. In particular, the tilt-flip in in-
dividual lamellae of a length of a few nano-
meters could be observed on a time scale of
a few milliseconds.
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Dislocations and Flux Pinning in YBa,Cu;0-

S. JiN, G. W. KammMLoTT, S. INAKAHARA, T. H. TIEFEL,

J. E. GRAEBNER

Bulk YBa,Cu,0,_, superconductors, under certain processin% conditions such as melit
texturing, exhibit a very high dislocation density of 10° to 10" per square centimeter.
In addition, the density of low-angle grain boundaries in such samples can be
significantly increased (to less than —700-nanometer spacing) through a dispersion of
submicrometer-sized Y,BaCuOy inclusions. These defect densities are comparable to
those in high critical current thin films as revealed through scanning tunneling
microscopy, and yet the critical current densities in the bulk materials (at 77 kelvin and
a field of 1 tesla for example) remain at a 10* amperes per square centimeter level,
about two orders of magnitude lower than in thin films. The results imply that these
defect density levels are not significant enough to explain the difference in flux pinning
strength between the thin film and bulk materials. The observation of spiral-like
growth of the superconductor phase in bulk Y-Ba-Cu-O is also reported.

HE MAIN ADVANTAGE OF A SUPER-

conductor over a conventional con-

ductor such as copper is the large
amount of electrical current that it can carry
by virtue of its zero resistance. Thus high
current-carrying capability is essential for
major bulk applications of the new, high
transition temperature (7,.) superconduc
tors. Epitaxial thin films of the high T,
superconductor YBa,Cu;07 5 typically ex-
hibit high critical current densities ( 7 in
excess of 10 A cm™2 at 77 K even in the
presence of strong magnetic fields. The bulk
materials, on the other hand, have about
two orders of magnitude lower F_ (~10% A
<m™?),

Hawley et al. (1) and Gerber ¢ g4, )
have recently observed, through Scanning
tunneling microscopy, a high dcnsity of
screw dislocations (~10° em™) assaciared
with spiral growth in epitaxial thin films of
Y-Ba-Cu-O. They discuss the Possibility of
flux pinning by the observed screw digioca-
tions (and the defects in low angle grain
boundaries between the spirals), ang sug-
gost that the high dislocation densiey may be

AT&T Bell Laboratories, Murray Hill, N} 079~ 4
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related to the significantly higher J, in thin
films than in bulk materials. We report here
the observation of a comparably high densi-
ty of dislocations in some bulk Y-Ba-Cu-O
superconductors and discuss the possible
relationship of the defects to the flux pin-
ning behavior in bulk and thin film super-
conductors. ,

Bulk YBa,Cu,O,, samples (<123
phase) were prepared in three different
forms; sintered pellets (940°C for 40 hours
in O, and furnace cool), sintered ribbons
(~6-um-thick YBa,Cu3O7.4 on ~12-pm-
thick silver substrate by spray coating of
powder, cold rolling by ~90% reduction in
cross-sectional area, and sintering at 940°C
for 100 hours in O, and furnace cool), and
locally melt-textured bars (continuous cool-
ing, in the absence of temperature gradient,
from ~1050° to 380°C at 2° to 10°C per
hour in O,).

The dispersion of fine Y,BaCuOj; inclu-
sions (“211” phasc) was made by melt-
texture processing of off-stoichiometric sam-
ples containing a fine-scale compositional
segregation richer in Y and Ba (3, 4). The
resultant samples contained about 30to 4§
vol. % of submicrometer-sized “211” parti-
cles in 123" matrix. All the samples exhib-

ited T, (R = 0) > 90 K and 7', (midpoint)
by ac susceptibility measurement of 90 to
95K.

Transmission clectron microscopy (TEM)
for the analysis of dislocations in Y-Ba-Cu-O
(5) was carricd out using a Philips 430
tlectron microscope operated at 300 kV,
Scanning clectron microscopy (SEM) was
conducted at 20 kV. Magnetization mea-
surements (M-H hysteresis loops) were
made at 77 K with a vibrating sample mag-
netometer using a sweep rate of ~80 Oc s™!
and the maximum applied field of 9 T. The
intragranular J. (which is proportional to
flux pinning strength) was estimated from
the M-H loop by using the Bean model (6).
The average grain diameter based on high-
angle boundaries was used as the size of the
supercurrent loop, as it is well established
that low-angle grain boundaries in Y-Ba-
Cu-O are not weak links.

The TEM micrograph for the melt-tex-
tured sample (Fig. 1) shows an example of a
high density of dislocations estimated to be
in excess of 10° em™2. This is in sharp
contrast to the sintered samples which typ-
ically contain relatively few dislocations (10°
to 107 cm™2). The exact cause for the in-
creased number of dislocations in melt-tex-
tured Y-Ba-Cu-O is not clearly understood,
but it may be related to a number of factors
such as (i) the accommodation, during crys-
tal growth below 1000°C, of lattice param-
eter changes in the presence of local cation
concentration gradient, (ii) the relief of in-
ternal stresses caused by local temperature
gradient, (iii) the strains associated with the
merger of parallel “123” plates with slight
misorientations, (iv) the strains caused by
bending and forced merger of neighboring
“123” plates as the trapped BaCuQ, or CuO
phase between them is removed by diffusion
or evaporation (a 10 to 30% decrease in
weight is common in melt-texture process-
ing owing to the partial loss of BaO and

e
500 nm

Fig. 1. TEM micrograph showing dislocations in
melt-textured Y-Ba-Cu-O.
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