JIAIC[S

COMMUNICATIONS

Published on Web 05/02/2007

Dipole-Driven Ferroelectric Assembly of Styrene on Au {111}
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Ferroelectric materials have an interesting set of properties such
as controllable polarization, piezoelectricity, and nonlinear optical
and dielectric activity:2 As such, they have been utilized for many
applications such as nonvolatile random access memories, sensors,
capacitors, microactuators, and optical compongritdn recent
years, device miniaturization has led to an interest in the develop-
ment of smaller ferroelectric materials with even faster switching ¥y
rates. This has raised questions about the relevant size effects tha}__l.gwe 1. Coverage-dependent STM images of styrene of1Ad} at 7
lead to deviations from bulk properties and ultimately cessation of k~The depressed lines are the soliton walls of the Au herringbone
ferroelectric properties3 Despite this, functional ferroelectric films  reconstruction. Insets show high-resolution images of individual styrene
with thicknesses in the nanometer range have been successfullynolecules at the different coverages that appear as “pear-shaped” protru-
synthesized. Perovskite films as thin as 1.2 nm have been producecf'ons'. At coverages 0.5 ML, the styrene molecules orient in ferroelectric

) domains in the hcp and fcc regions of the surface. Styrene coverages are
and shown to be ferroelectricAlso, copolymer films have 0.3 ML (a), 0.6 ML (b), and 0.9 ML (c). Image condition&r, = 0.5 V,
displayed ferroelectricity in 1 nm thick layefS here is, however, | =2 pA.
a current lack of understanding of the finite domain size required (ynning through the images are soliton walls that separate the
for ordering to occur, the mechanism of ordering, and the effect of narrower hep and wider fcc regions of the herringbone reconstruc-
the supporting surface on the orderiy.Understanding the  tion, Figure 1a shows that, at a coverage of 0.3 monolayers (ML),
fundamental nanoscale mechanisms of ferroelectric ordering andne styrene molecules preferentially adsorb in the hcp and fcc
transitions is crucial for the continued development of smaller and regions, but not on the soliton walls. The inset of Figure 1 shows

faster ferroelectric devices.

Herein we report on a study in which the ferroelectric properties
of styrene, a simple hydrocarbon molecule with a weak dipole
moment supported on a Alll} surface, are investigated. The
excellent resolution of low-temperature scanning tunneling micros-
copy (STM) allows us to readout the orientation of each individual
molecule in an array and to investigate ferroelectric ordering and
ferroelectric transitions at the single-molecule level.

It is useful at this point to provide a brief description of common
types of dipole ordering exhibited by ferroelectric materials. Parallel
alignment of the individual dipoles leads to the formation of a
domain with a net electric field and is referred to as ferroelectric
ordering. Antiparallel alignment yields a domain with no net
polarization and is called antiferroelectric ordering. Randomly
arranged dipoles with no long-range order also yield structures with
no net field and are referred to as paraelectric structures.

Au{111} has a unique structure commonly referred to as the
herringbone or technically, the 23x /3 reconstructiori# The

a high-resolution image of four individual styrene molecules in the
fcc region. Each molecule appears pear-shaped, and the molecules
point in random orientations. Figure 1b shows that, upon increasing
the coverage to 0.6 ML, a few ordered structures begin to form in
the hecp and fcc regions. Figure 1c shows that at 0.9 ML coverage
all of the hcp and fcc regions of the surface are covered with an
ordered array of styrene molecules and that adsorption on the soliton
walls is still not favored. The inset of Figure 1c shows a high-
resolution image of four styrene molecules in the fcc region. The
molecules again appear pear-shaped, and it is obvious that all four
molecules are orientated in the same direction.

Further STM imaging of the 0.9 ML surface coverage revealed
that the styrene molecules within fcc and hcp regions align with
their long axes parallel to one another and that the majority of the
molecules in each region point in the same direction. Analysis of
1117 molecules revealed that 24 4% of the molecules in fcc
regions are orientated in the same direction and similarly:&8%6
in the hcp regions. These results indicate that dipole-driven

lower coordination of the Au surface atoms, as compared to that ferroelectric ordering of styrene is occurring within each region. A

in the bulk, leads to a 4.4% contraction of the top layer with 23
gold atoms stacking along the [@lldirection that would normally
contain 22 atoms in the bulk. This results in the formation of

simple Boltzmann distribution calculation reveals that the energy
difference between a styrene molecule aligned parallel and anti-
parallel to its neighbors is 7& 15 J/mol in the fcc domains and

domains of surface atoms with both hcp and fcc packing separateds50 4 15 J/mol in the hcp domains. This small interaction energy
by soliton walls with an intermediate packing structure. These three is consistent with the small dipole moment of styrene (0.1 D) that

domains all have slightly different electronic propertiasd also
different adsorption strength#&1! Molecules have been shown to
bind preferentially to hcp and fcc regions of the surface and typically
bind very weakly or not at all to the soliton wallsWe use this

points toward the vinyl group? The possibility that the ordering
could be a consequence of the intrinsic strain field of th¢1Au1}
surfacée’,13and not dipole-dipole interactions, was also considered.
However, if this was the case, then one would expect to observe

effect to our advantage in these experiments to corral styrenestyrene molecules orienting in preferential directions at all surface
molecules into small regions and study their local ordering as well coverages, as opposed to our experimental finding that molecular
as long-range interactions between these regions. ordering only occurs at coverage$.5 ML.

Figure 1 shows STM images of a range of surface coverages of Figure 2 shows an STM image of 0.9 ML styrene on{ AL}
styrene on a A{i111} surface at 7 K. The depressions (dark lines) on which the direction of each styrene molecule has been labeled
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in which the polarization of a material is changed by an applied
force. The higher local coverage of styrene molecules has crowded
the surface, and the styrene molecules can no longer adopt their
energetically preferred orientations with respect to one another. This
is analogous to the transition of flat-lying to tilted benzene in
densely packed monolayers caused by short-range repulsive interac-
tions4 In the present case, crowding has led to a disordered array
of molecules with no net dipole.

We also investigated the effect of the STM tip on the ordering
. of styrene by recording STM “movies”, which consist of a series
Figure 2. STM image of 0.9 ML of styrene on Ad11} at 7 K. The inset of imaggs of the same area take:3 min apa.rt (see Supportin.g.
shows the internal structure of the molecules from which their orientations Information). These data revealed that the tip has a randomizing
are labeled with black or red arrows, denoting upward or downward pointing effect on the ferroelectric structures. Scanning an area, such as that
molecules, respectively. It is clear that most of the molecules orient in one shown in Figure 3, induces small motions of the individual
preferred direction (ferroelectrically) within each hcp and fcc domain, and - 5160yles that subsequently “refreeze” in a different, random
that the polarization of neighboring domains alternate antiferroelectrically. . . ) .
Image conditions:Vrp = 0.5 V, | = 1 pA. _onent_atlc_)n._These results demonstrate that the ferroelectric ordering

is an intrinsic property of the styrene/fliL1} system, not an effect
of the tip.

To summarize, our findings indicate that complex ferroelectric
ordering can occur in a simple system of weakly polar molecules
on a metal surface and that STM can be used to investigate
molecular-scale ordering processes and transitions between different
structures. This type of system represents a robust setup with which
to study dipole-dipole interactions and ferroelectric assembly. By
adding functional groups to styrene, we hope to alter its dipole
moment and thus tune the dipeldipole interaction energy. This
will allow investigation of the effect of dipole strength on the
Figure 3. STM image of an area of the surface with two local coverages aforementioned Phe_‘”ome”a' We also plan on ir_1vestigating the eﬁeCt
of styrene on Afi111} at 7 K. The lower part of the figure shows an area  Of €xternal electric fields parallel to the surface in an effort to switch
of 0.9 ML coverage with local ferroelectric and long-range antiferroelectric the polarization of the ferroelectric domains externally and to study

ordering. The upper part of the image shows an area where a higher localthe dynamics of the switching process at the molecular level.
coverage{1 ML) has forced the molecules into random orientations. Image

conditions: Vrip = 0.5 V, | = 1 pA. Acknowledgment. Acknowledgment is made to the Donors of
the American Chemical Society Petroleum Research Fund for
with an arrow. Black arrows indicate upward pointing molecules, support of this research (Grant #45256-G5). A.E.B. thanks the U.S.
and red arrows indicate downward pointing molecules. The inset Department of Education for a GAANN fellowship.
shows an expanded view of an fcc domain in which the orientation
of each molecule can be seen. It is obvious from these data that
not only do styrene molecules order ferroelectrically within hcp . thod iiable. Thi terial i lable f f
and fcc regions, but long-range antiferroelectric ordering of the preparation methods are avaliable. This malerial 1s avaliable free o
S . . . ~charge via the Internet at http://pubs.acs.org.

domains is also present. An explanation of this phenomenon requires
an understanding of the growth mechanism of the domains. As we
discussed, low coverages of styrene molecules orient randomly.

B : ; i (1) Ahn, C. H.; Rabe, K. M.; Triscone, J. N&cience2004 303 488-491.
As the coverage |ncr.eases, small ferr.oelectrlc domz?uns form within (2) Gruverman, A Kholkin, ARep. Prog. Phys2006 69, 2443-2474.
the hcp and fcc regions. In the far-field, the net dipoles of these  (3) Dawber, M.; Rabe, K. M.; Scott, J. Rev. Mod. Phys2005 77, 1083-

mains woul mpletely screen he im harge of th 1130.

domains would be completely screened by.t € image charge of the (4) Kim, K.; Song, Y. JMicroelectron. Reliab2003 43, 385-398.
metal Surfa(?e- However, due to the small d|3tanc'e between the_th (5) Fong, D. D.; Stephenson, G. B.; Streiffer, S. K.; Eastman, J. A.; Auciello,
and fcc regions~+1 nm), the styrene molecules in each domain O.; Fuoss, P. I-!-cj;kThompsqn, Grﬂencéooé} 3I(_J4 1650_1-6531 .
experience asymmetric fields, and as the domains grow, they order (&) 8ure. A V- g, ¥ M D O s 3ur bouarr.
with their net dipoles antiparallel to their neighboring domains. This  (7) Barth, J. V.; Brune, H.; Ertl, G.; Behm, R. Phys. Re. B 1990 42,

Supporting Information Available: STM movie showing the effect
of the tip in randomizing an ordered ferroelectric structure and sample

References

leads to a surface struqture with smgll domams o.f ferroelectnca}ly ®) 3\/33”7’ g.a;lcgﬁiang, S.: Wilson, R. J.; Lippel, P. Rhys. Re. B 1989 39,
ordered molecules. Adjacent domains orient antiparallel and give 7988-7991.
rise to a long-range antiferroelectric structure. (%) Burgh, L.: Brune, H.i Kem, K.Phys. Re. Lett. 2002 89, 1768011

The effect of further increasing surface coverage is demonstrated (10) Sykes, E. C. H.: Mantooth, B. A.; Han, P.; Donhauser, Z. J.; Weiss, P. S.
in Figure 3, in which two areas of different local coverages are J. Am. Chem. So@003 127, 7255-7260. _ _ _
present in the same STM image. The lower part of the image shows (1) Egﬁ:{g}?gﬁg‘ﬂﬁl“”5%292%’5%6524“1@?;228',"9“ W. D.; Wuhn, M.; Woll, C.;

a typical area of 0.9 ML coverage with local ferroelectric and long-  (12) Parker, H.; Lombardi, J. R. Chem. Phys1971, 54, 5095-5096.

range antiferroelectric ordering of the domains. The upper part of (%) H}ﬂmer' K. Hwang, R. Q.; Bartelt, N. Gicience2006 311, 1272~
the image has a higher local coverage close to 1 ML, in which the (14) Hoffmann, H.; Zaera, F.; Ormerod, R. M.; Lambert, R. M.; Wang, L. P.;
orientations of all the styrene molecules are randomized in a Tysoe, W. T.Surf. Sci.199Q 232, 259-265.

paraelectric structure. This is an example of a piezoelectric transition JA0709526

J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007 6369





