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ABSTRACT

We have created self-assembled circular chains of C 4 laterally bound to a layer of Ag atoms as a model system for characterizing fluctuations

at a metal —molecule interface. STM measurements show that the Ag and C 4, sides of the interface fluctuate independently, with frequency-
dependent amplitudes of magnitude 0.1 nm at ~ ~1 Hz for the Ag edge and ~0.01 Hz for the C g ring. The measured frequency spectra of the
metal and molecule fluctuation amplitudes will contribute characteristic signatures to transport measurements involving such interfaces.

Nanoscale electronics has attracted intense research interesthe effects of fluctuations at a metaholecule interface.
motivated in part by the potential use of single-molecule Previous studies of § on metal surfaces have documented
conduction in electronic devicés? Substantial achievements the characteristics of the adsorbegh,Gvhich include rapid
in this area make it increasingly clear that a great challenge diffusion at room temperature and preferential binding at
will be understanding and controlling the interaction between structural edges such as steps and island boundérfés.
the active nanoscale elements and the conductive electrode&xperimental methods for preparing the surface and methods
in the deviced$:8 Structural changes at the nanometer scale, of image analysis have been presented previétialyd are
involving the displacement of even a single metal atom, can synopsized in the Supporting Information.
greatly alter the electronic properties and reliability of the At room temperature, equilibrium monolayer islands on
devices> ! To shed light on this problem, we introduce a ¢jean Ag(111) surfaces are hexagoHaThe island edges
model system, a one-dimensional (1D) metaiolecule  appear frizzy, indicating step-edge fluctuations. Previous
interface formed at Ag monolayer islands decorated by C  experimental studies have shown that the edge fluctuations
molecules. Direct time-resolved imaging of this system using 5t and above room temperature are dominated by diffusion
STM reveals the amplitudefrequency relationships for the ¢ Ag atoms along the periphery of the structéfét When
motions of the Ag “electrode” and thesgmolecules at the ¢/ molecules are deposited onto these surfaces, they bind
interface. preferentially at step edges, causing no observable change
Quantifying structural fluctuations is accomplished by in the fluctuations of neighboring bare segments of the step
using the continuum step model for interfaces to analyze edge? By carefully controlling the deposition rate and time,
time-dependent STM measuremefitsSilver surfaces are  we can generate islands with edges covered by precisely one
known to display substantial structural mobility at room closed single strand of g as shown in Figure la. These
temperaturé}~*° resulting in correlated motion of extended jmages reveal that both adatom islands and vacancy islands
structures such as pits and isladéi$® Carefully designed  (Supporting Information, Figures S1 and S2) are covered by
experiments allow the motion, shape, and correlation func- closed G, chains one molecule wide, which we calk,C
tions of the interfaces of such structures to be deternithéd. rings. In these images, we can also clearly see that the shape
These reveal the time scale and amplitude of the fluctuations,of the decorated islands |arger than 20 nm is approximate|y
which are in turn determined by the stiffness of the interface circular. On closer inspection (Supporting Information,
and the characteristic times for motion of the atoms at the Figure S2c), the § rings are not smooth circles with

!meffacel-z’z}zs More complex systems, for instance, the constant local curvature; some sections have higher curvature
interfaces between molecules and metal surfaces, have nothan others, and there are some tortuous structures indicating
yet been investigated in this way. The adsorption ¢f@  kinked configurations. Furthermore, as shown in Figure 1b,c,
metal surfaces provides an ideal system for demonstratingihe images of some ¢ molecules in the rings appear
disjointed, indicating & molecules have moved between
:gorreSpogging au'gror- E-mail: IedW@urpd-elQU-L ) ‘R sequential scans. The temporal signature of such motion is
resent address: Fluorescence Imaging Facility, Laboratory of Receptor: H .
Biology and Gene Expression, National Cancer Institute, NIH, Bethesda, II_IUStratEd n Flg_ur_e 1d. On th? whole, the shape Of the C
MD 20892. ring fluctuates visibly on the time scale of sequential STM
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Figure 1. (a) STM topography images of Ag islands decorated by closgal@ins. The tunneling conditions atgampe= —1.71 V and

I; =86 pA. (b and c) STM images showingdlisplacements between sequential scans. White arrows indicate scan direction. (d) Temporal
STM image of an individual 6 molecule in the G chains hopping. The STM tip repeatedly scans over the top of a singladecule,

as noted by the blue arrow in (c). The time intervals between observed hopping events are from 6.1 to 170.8 s, and the displacement of the
Cso molecule along the scan direction is 0.263 nm. The scan directiorf fsdiv the close-packed direction of the substrate, and the lattice
constant of Ag(111) is 0.289 nm. Thus thgy@notion is consistent with a hop from a stable position to a nearest-neighboring stable
position.

images, with a time scale substantially slower than the edgeswe subtract the equilibrium circular shape from each

of undecorated Ag islands on clean Ag(111) surfaces. digitalized island shape, leaving a new seri@) = R(6,)
Because the rings are fluctuating at room temperature, — R[] where[RCis the radius of the equilibrium circle.

we use STM to repeatedly scan relatively small decorated Given r(6,), we Fourier transform to determine the

islands, as shown in Figure 2a, to obtain a temporal sequencenagnitudesy of the component Fourier modes:

of images (Supporting Information Movie S3). The images

are then processed to determine molecular positions, and one 1 N2 _

frame of such an STM image ensemble is shown in Figure re=-— % r(6,) e 1)

2b, in which the blue dots represent the STM topography n=-N/2+1

image of Gy molecules, and the orange dots are the digitized

Cso positions. Both the island area and the number gf C Once we know, it is straightforward to calculate correlation

molecules in the surroundings§Ying remain constant over ~ functions in the Fourier representatii’

the entire sequence of images, with total measurement time

around 60 min. By averaging the images in a sequence, we G =0rt+t) —rt)’I=A1—-e ") (2

obtain the mean shape of the decorated island (or the C

ring), the equilibrium shap® as shown in Figure 2c. \here A is the mean squared amplitude of the radial
Distinctly different from the hexagonal shape of bare Ag ,.qations in thekth mode, andy is the time constant for

|sllands, th]? e|c1U|I!br|l|Jm sherllpe of the decorats_d island is y6 1th mode. The correlation functions for modes2 are
almost pertectly cslrcuhar,_wnl an averagego€Co |stanced plotted in Figure 3a. Fitting the correlation functions to eq
close to 1 nm. Such circular structures are expected 10, iolgs the parameters and,.

fluctuate in the normal modes of a circle, as illustrated i1 the amplitude and the time constant are expected to
schematically in Figure 2d. To obtain the kinetic properties have a power-law dependence on the mode nutkaliéence

of the decorated island, many sequential images are needeq\,e plotA, vs k andz, vs k in Figure 3b. We find the scaling
for longer total measurement time and a shorter time interval relationshipAx = (0.108+ 0.002)x k¢ nn? with o = 1.88

for higher time resolution. To address these requirements,:t 0.01, consistent with the prediction of the Langevin
we analyzed a data set for a decorated island by a ringanalysis:
including N = 78 G5 molecules. The ensemble includes
~600 sequential images with a time interval of 13.1 s for a

total measurement time around 130 min. To determine the = kBTDRD (3)
structural correlation functions, the edge of the ring is 7Pk

approximated by a series of measurements of the r&fiss

at equally spaced angles, whete= 2nz/N with N = 78, where B is the decorated-edge stiffness. From eq 3, we

the number of & in the ring. To analyze the fluctuations, determine = 0.65 eV/nm. According to our previous
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Figure 2. (a) STM topography of a & ring covering the Ag island edge, obtained from one frame of a set of 66 sequential images
measured with time interval 52.4 s. (b) The large blue dots represent areas of bright contrast g theCSTM topography image, and
the orange dots are digitized positions of eagh See Supporting Information for time-lapse movie (S3) showing fluctuations. (c) The
mean shape of theggring by averaging over 66 sequential topography STM images. (d) Schematic of circular fluctuation modes.

study?® the edge stiffness of bare steps on Ag(111) at room

positions. The hopping displacement of 0.26 nm suggests

temperature depends on step orientation. For steps deviatingegistry to the underlying Ag lattice.

from the close-packed direction, the average experimental
step stiffness is 0.67 eV/nff3which is similar to the above

The distinct difference in the basic nature of the fluctua-
tions of the underlying Ag side of the interface and the

decorated-edge stiffness. On the other hand, Figure 3b showslirectly observed & ring indicate that motion of the &

the scaling relationshipy 00 k=2 with z = 1.85 + 0.05,
indicating that the decorated-island shape fluctuations follow
the behavior expected for uncorrelated motibr-(2, usually
attributed to attachmentdetachment (AD) kinetics). This

is in stark contrast to the correlated motion of Ag atoms on
the bare Ag(111) step boundary, characterized lzay=a4
power law for the temporal fluctuations.

The scaling behavior ofy suggests that the fluctuations
of the 1D Ag—Cqo interface are governed by uncorrelated
events, similar to the behavior observed for attachment
detachment kinetics at step edges. However, in this case
the observed invariance of number of,Gnolecules is
inconsistent with exchange ofs&molecules between the

side of the interface is not strongly coupled to the underlying
Ag motion. For the G ring fluctuations, using the theoretical
valuesa = 2 andz = 2, we obtain modé& and radiusR
dependence ofy andz: A« = (0.009 nm)R/K?) andty =
(11.5 nnm2 s)(R/K)%. In comparison, for bare Ag step edges,
for which previously determined values for the step stiffness
and hopping time constant are availaliléhe corresponding
relationships areA, = 2kgT/LBg? and 7q = ksT/TwBd?,
respectively, where. is the system length and is the
wavenumbet? If step edges are considered as closed

jnterfaces, we can equate the system length with the

perimeter of the circular boundary, unifying the formulas
for both step edges and islands. Becduse27R = ki and

ring and a diffuse phase beyond the decorated-island edgesd = 27/4 = K/R, then the squared-amplitudg and the time
Instead, the observed structural configurations suggest un-constantrq can be represented in terms of the mode number

correlated G displacements within the ring, most likely
involving molecular displacements as shown in Figure 1b,c.
These quasikink local configurations are related tg C
molecules in the rings hopping approximately along the radial
direction to a nearest stable position. This idea is confirmed
by temporal line scans over individuaé@nolecules (Figure
1d). The displacements occur only between two discrete
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k asAc = ke TRirpk? and ty = ke TRYT Bk The resulting
formula for A, for step edges is identical to eq 3. From our
previous study? the step mobility id, = 2.86 nn¥ s ™%, so

for bare step edges around a circular boundary of rajus
A¢ = (0.012 nm)R/K?) and rx = (0.0135 nm* s)R/k)*.
Physical examples of the resulting time constant values
for mode 4 are, for bare step edg@@4 = 0.09 nm andr,
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Figure 3. (&) Correlation functions for different modes of the ring
shape fluctuation. The solid red curve is the corresponding fit to
eq 2 for mode 5. (bA« and 7 vs k. The dashed red line is the
power law fitting for the experimental datdy = Ay x k™*. The
best fit isA; = 0.108+ 0.002 nm, anda. = 1.88+ 0.01. The
solid blue line is the power law fitting for the experimental data,
v = 7o X k™% The best fit isto = 1660+ 145 s, andz = 1.85+
0.05.

= 0.8 s, while for Ag-Cy interfaces, /A, = 0.08 nm and

74 = 120 s. Compared with the effects of Ag atoms hopping
along bare Ag step edges, the mode motion resulting from
Cso molecular displacements is a slow process. Previous

measurements of partially covered Ag steps have shown that

the Goo molecules attached to island edges do not alter the
Ag step fluctuations. This strongly suggests that in this
system the underlying Ag step edge is fluctuating with at
most weak correlation with the motion of thes@verlayer.

In this case, the independent motions of the Ag and the C
will contribute to the electronic properties of the interface
by creating fluctuations of the AgCeo Separation, introduc-
ing signal variability with an amplitude spectrum € 300

K) combining the silver signatum(fy = 1/ry) = 0.10 nn¥/R

f, Y2 and the G signatureA(fy = 1/n) = (8 x 10°*
nne)/R f;l. The effect on electron transport signals will be

strongest where the amplitudes are largest, e.g., in the

frequency range (modes—42) of 1.3-105 Hz due to Ag
motion and 0.0+0.08 Hz due to G motion.

The ability to structure g molecules into rings decorating
Ag islands provides a model system in which the observabl
collective fluctuations of the metaimolecule interface can
be readily interpreted in terms of fundamental time constants

e
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and free energies. It is shown here that thg @ngs
decorating Ag islands provide a model to study the organic
molecule-metal interface fluctuations. By analyzing the
interface fluctuations, we obtain time constants corresponding
to frequencies of 0.62100 Hz and an amplitude for changes

in the interface width of~0.1 nm. Such interface fluctuations
will directly impact the transport properties of nanoelectronic
and molecular electronic devices that involve small area
contacts between electrodes and the electronic matkfibe
approach presented here provides a quantitative method for
characterizing the stochastic properties of electronic inter-
faces on the nanometer scale and predicting the correlated
frequency spectrum of the signature in electrical transport
across the interface.
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