Relaxation dynamics of labyrinthine submonolayer films
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Abstract

To explore the relaxation process of percolating labyrinthine submonolayer films, we observe in
real-time the evolution of a submonolayer film with a coverage of ~ 0.7 monolayer on SrTiO3(001)
at 670 °C using scanning tunneling microscopy. We find that the characteristic length begins to
increase after an incubation time. During the incubation time, percolating grooves are segmented
by local pinch-off events predominantly driven by thermal fluctuations. The occurrence frequency
of the pinch-off events markedly decreases with an increase in the characteristic length. In the
second stage, reshaping of the disconnected irregular vacancy islands occurs by edge diffusion.

Finally, small vacancy islands disappear via Ostwald ripening by terrace diffusion.
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Progress of nanodevice technology relies on fine control of surface morphology. Un-
derstanding of the evolution of nanoscale surface features is crucial to achieve such surface
control. Atomically controlled growth processes, such as molecular beam epitaxy and pulsed
laser deposition, involve evolution of the surface composed of two atomic layers separated
by monolayer steps. Relaxation of such quasi two-dimensional (2D) morphologies by surface
diffusion has been an issue of extensive study for technologically important materials such
as SrTiO3 [1-5]. In addition, there is fundamental interest in the relaxation processes on the
surface since they are typical systems that exhibit coarsening dynamics in phase separation
phenomena.

The morphological features of submonolayer films markedly change depending on their
coverage [6]. For sufficiently low and high coverages, isolated clusters of adatoms and va-
cancies are formed, respectively. It is well known that such systems generally relax through
Ostwald ripening process by terrace diffusion. The kinetics of Ostwald ripening has been
extensively studied and rigorous models are available to reproduce the observed coarsening
process [7, 8]. On the other hand, for intermediate coverages (namely around 0.5 monolayer),
the film morphology becomes labyrinthine because the adatom clusters percolate through
the surface. The relaxation of such films is analogous to the phase separation in 2D through
spinodal decomposition [9]. The essential difference in the relaxation of such labyrinthine
morphologies from that of isolated clusters is that the diffusion along the film edge and the
diffusion across the terraces conspire to induce morphological changes [10]. The competition
between the edge diffusion and the terrace diffusion leads to possibilities of diverse relaxation
pathways depending on microscopic details of the system. Although many efforts have been
devoted to address this issue [11, 12], our understanding of the relaxation dynamics of films
at intermediate coverages is still very poor.

In this letter we study the relaxation dynamics of percolating labyrinthine films at an
intermediate coverage, performing real time scanning tunneling microscope (STM) obser-
vations of a homoepitaxial film on a SrTiO3(001) surface. We reveal time evolution from
a labyrinthine morphology with a characteristic length of a few nanometers to a droplet
pattern of a few tens of nanometers. The growth of the characteristic length involves an
incubation period, during which the percolating vacancy islands are segmented through local
pinch-off events by thermal fluctuations. Then coarsening of the disconnected islands pro-

ceeds through reshaping by edge diffusion and finally through Ostwald ripening by terrace



diffusion.

The experiments were performed in a ultrahigh vacuum chamber with a base pressure of
1.0 x 1078 Pa. Samples were cut from a Nb doped SrTiO3(001) single crystal. An atomically
flat (001) surface was prepared by annealing the sample at around 800 °C. Both deposition
of SrTiOz and STM observation of morhological relaxation were performed at 670 °C. In this
study, we apply an STM nanofabrication technique to prepare an incomplete homoepitaxial
film. First, a positive bias voltage in the range of 5-10 V is applied to the sample at
the elevated temperature while the STM feadback loop is on. This makes the STM tip
be contaminated with SrTiO3 because an atomic transport from the sample surface to the
STM tip is induced. Then the contaminated STM tip is randomly moved in an atomically
flat surface region of a few hundred nanometers squared, while applying a negative bias
voltage, 5-10 V, to the sample and the STM feadback loop is on. This causes random
deposition of SrTiO3 on the sample surface in the neighborhood of the STM tip. Within
the deposited region we can find an area where a homogeneous submonolayer film is formed
locally. STM data acquisition was typically initiated within a few minutes after preparation
of the submonolayer film. Without changing the substrate temperature, the morphological
change was monitored by STM at a rate of 10-30 s/frame.

Figure 1 shows the morphological evolution of a submonolayer film with a coverage of
~T70 % during annealing at 670 °C. The initial surface shows a labyrinthine film mor-
phology where narrow vacancy grooves percolate through the imaged region [Fig. 1(a)].
This labyrinthine feature resembles films with intermediate coverages formed by molecular
beam epitaxy on metal surfaces [13]. We find that the initially percolating vacancy pattern
evolves into an ensemble of 2D vacancy islands. During the evolution the film coverage does
not change significantly, implying that the relaxation advances by surface mass transport
without sublimation.

To quantify the observed morphological evolution, we measure the characteristic length
from the STM images. According to a previous study|[10], we define the characteristic length

L as the position of the first zero of the height correlation function,
G(r) = (M(0)h(r)) - () (1)

where h(r) is the discrete surface height at the position r. Figure 1(e) shows a log-log plot

of the obtained time dependence of the characteristic length. The plot does not show a
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FIG. 1. Sequence of STM images showing the morphological relaxation of a labyrinthine homoepi-
taxial film on a SrTiO3(001) surface at 670 °C. The images (a)-(d) show the morphologies at
times 0 s, 993 s, 1727 s, and 4735 s, respectively. (e)A logarithmic plot of the characteristic length

L as a function of time.

single power law dependence, since the morphology does not evolve in a self-similar fashion,
as observed in the images.

A distinct feature of Fig. 1(e) is that the characteristic length remains constant until
~ 300 s. STM images in Figs. 2(a), (b) and (c) reveal the morphological change that has
occurred during this incubation period. The percolating narrow vacancy grooves are broken
up by local pinch-off events as indicated by arrows in the STM images. The effect of a pinch-
off event on the film morphology is confined to the immediate vicinity of the pinch-off site,

so that the widths of the grooves and the monolayer films do not change appreciably. Thus
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FIG. 2. The STM images (60 nm x 60 nm) of (a), (b) and (c¢) show the morphologies at 0s, 154s
and 292s, respectively. The sites where a pinch-off event occurs are indicated by arrows. (d)The

accumulated occurrence number N of pinch-off events is plotted as a function of time.

the characteristic length does not increase during this period. In Fig. 2(d), accumulated
numbers of the pinch-off events in the observed area are plotted as a function of time. The
occurrence is limited to the incubation period and suppressed as the characteristic length
increases.

The sequence of STM images in Fig. 3 shows the evolution of the disconnected vacancy
islands produced by the pinch-off events after the incubation period. Since the number N
of pinch-off events is not very large, large and irregular-shaped vacancy islands are formed
via random pinch-off of the percolated vacancy during the incubation period. We can see
reshaping of the irregular-shaped vacancy islands and Ostwald ripening process in these later
stages. Figure 3(e) shows the time evolution of the area of the individual vacancy islands
indicated in the STM images. The area of each vacancy island does not change significantly
until ~ 1400 s. Thus, we consider that only shape change occurs by edge diffusion during
this period, although we cannot exclude some contribution from terrace diffusion in the
groove. This result is consistent with the previous observation of wormlike islands on metal
surfaces [13]. In the later stages, Ostwald ripening occurs, i.e., large vacancy islands grow

while small ones shrink and disappear by terrace diffusion between islands. This transition
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FIG. 3. (a)-(d)STM images showing the morphological evolution of disconnected irregular-shaped
vacancy islands. The images (a)-(d) show the morphologies at 608 s, 1534 s, 2516 s, and 3925 s,
respectively. (e)The time variation of the areas of the vacancy islands A-G indicated in the STM

images.

of the dominant mass transport mechanism is reasonable because the driving force for edge
diffusion becomes weak when the shape of a vacancy island approaches to the equilibrium
one.

Our observation shows that a pinch-off event enables a more efficient morphological relax-
ation than retaining the percolated feature. When a narrow vacancy groove is disconnected
by a pinch-off event, a pair of steps with very large curvatures is created at the cut ends.
The newly formed steps are highly mobile because of their reduced Gibbs-Thomson chemical
potential, and the cut ends quickly retreat from each other. We consider that the pinch-off
events occur predominantly by an incidental collision of the steps due to fluctuations, be-

cause its occurrence is limited to the early stages where the characteristic length is small as



FIG. 4. Evolution of a labyrinthine film obtained by a kinetic MC simulation.

shown in Fig. 2. Previously, Erlebacher and Aziz [14] invoked the pinch-off process driven
by the step fluctuations to understand the relaxation kinetics of a rippled surface by terrace
diffusion. According to their result on the kinetics of pinch-off in the diffusion limited case,
the average waiting time before pinch-off occurs for a pair of parallel steps increases very
rapidly with increase in the separation between the steps. This strongly suggests that the
occurrence of pinch-off events become suppressed markedly with an increase in the char-
acteristic length, as observed in our experiment, although the rate limiting process for the
step fluctuation in the experiment is still unclear. It has been reported that pinch-off oc-
curs during deterministic evolution of wormlike vacancy islands by edge diffusion on metal
surfaces [13]. However, we consider that the deterministic evolution is not dominant in our
pinch-off events because some of them (indicated by red and blue arrows in Fig. 2) occur at
apparently concave part of a groove. Although the elastic step-step interaction may play a
role in the pinch-off events, we could not specify its effect at present.

To understand the observed relaxation process involving an incubation time in more
detail, we performed kinetic Monte Carlo simulations employing a simple solid on solid
model [3, 15]. We simulate the relaxation starting from the structure shown in Fig. 1(a).
The original STM image of 200 nm x 200 nm has 256 pixels x 256 pixels. After binarizing
the image the 256 x 256 image on the square lattice was expanded to 1024 x 1024 and

used as the intial pattern of the simulation with an artifical periodic boudary condition.

\]



The lattice constant in the simulation corresponds to 0.19 nm, which is roughly half of the
lattice constant of SrTiO3. The time evolution of the simulation is given by repetition of
the following procedure: 1) choose a movable atom i (atoms surrounded by four nearest
neighbors are immobile), 2) choose one of its four neigboring sites f for the destination,
3) calculate the initial energy E; and the final energy Ey, 4) the move i to f is accepted
with the probability 0(E; — E;) + 0(E; — E;)eFi=ED/ksT ' where 6(x) is the step function.
The model includes the nearest neighbor and the second neighbor lateral bond energies:
—FE1/kgT = —2.0 and —FE5/kgT = —0.96. Figure 4 shows a typical pattern evolution
obtained in the simulation. The snapshots, (a), (b), (c) and (d) show the patterns at
simulation times of 0, 2.86 x 10°, 2.00 x 10® and 2.23 x 107, respectively[16]. They are chosen
as to make the respective characteristic lengths comparable with those of Figs. 1(b), (c) and
(d). With a proper choice of the energy parameters, characteristic feature of the relaxation,
i.e., pinch-off of narrow grooves, reshaping of elongated vacancy islands and disappearance
of small vacancy islands, are reproduced. The simulation also reproduces the existence of
an incubation time for the growth of the characteristic length. We note that we could
not obtain a linear relationship of time scale between the experiment and the simulation,
although we have tried many other sizes and parameters, including the Schowoebel barrier
etc. Discussion about this discrepancy of the time scale and the detailed analysis of our MC
simulation results will be reported elsewhere.

The real microscopic processes involved in the surface relaxation of multicomponent crys-
tals with a complicated unit cell such as Sr'TiO3 must be more complicated than those as-
sumed in the simulation model[17]. In this work we could not derive information on the
form of species responsible for the surface diffusion from our STM observations. We believe
that diffusion of adsorbed particles, namely atoms or atomic clusters, rather than vacancies
is dominant, because the activation energy for creation of an adatom at a kink site is much
smaller than that for excitaion of an adatom-vacancy pair on a terrace site.

In summary, we have observed in real time, how percolating labyrinthine grooves in a
submonolayer film evolve into disconnected vacancy islands. The characteristic length begins
to increase after an incubation period, during which the percolating grooves are disconnected
through pinch-off events induced by fluctuations. In the second stage, the morphology
evolves via reshaping of irregular shaped vacancy islands by edge diffusion without pinch-

off. Finally, Ostwald ripening of the vacancy islands proceeds by terrace diffusion. Since the



simple simulation model reproduces the observed pattern evolution, our scheme is not specific
to SrTiOs but a more general scenario for the surface relaxation phenomena. Detailed

analysis and comparison with the simulation will be published elsewhere.
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