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Abstract

®

CrossMark

Domain boundaries are hypothesized to play a role in the crystalline to amorphous transition. Here
we examine domain boundary structures in comparison to crystalline and amorphous structures

in bilayer silica grown on Ru(000 1). Atomically resolved scanning probe microscopy data of
boundaries in crystalline bilayer films are analyzed to determine structural motifs. A rich variety
of boundary structures including rotational, closed-loop, antiphase, and complex boundaries are
identified. Repeating units with ring sizes of 558 and 57 form the two most common domain
boundary types. Quantitative metrics are utilized to assess the structural composition and degree of
order for the chemically equivalent crystalline, domain boundary, and amorphous structures. It is
found that domain boundaries in the crystalline phase show similarities to the amorphous phase in
their ring statistics and, in some cases, in terms of the observed ring neighborhoods. However, by
assessing order and periodicity, domain boundaries are shown to be distinct from the glassy state.
The role of the Ru(000 1) substrate in influencing grain boundary structure is also discussed.

Keywords: silica, crystalline, amorphous, domain boundaries, 2D material, scanning tunneling

microscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Domain boundaries and defect structures are determining fac-
tors for materials strength, electronic behavior, and chemistry.
They also can provide insight into the relationship between
crystalline and glassy materials. The structure of the glass
transition remains a topic of active debate and it is hypoth-
esized that domain boundaries (also called grain boundaries)
are structurally similar to glassy states. It has also been sug-
gested that amorphous materials may be described as crys-
talline materials with a large number of domain boundaries.
For example, one early prediction, the crystallite theory, pro-
posed that amorphous materials consist of many small silica
crystals (crystallites) interconnected by domain boundaries.
Crystallites were presumed to rigidly maintain a silica crystal
structure. However, this early theory was inconsistent with
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numerous x-ray and neutron diffraction experiments that have
since been performed on the model glass former silica [1, 2].
A more modern version of that theory posits that ‘cybotactic
groupings’, small clusters of ordered atomic groups which are
crystalline-like with distortions, are frozen-in to the vitreous
state as it is quenched [3, 4]. In this theory, the vitreous phase
is nanoheterogeneous. Another prediction about the relation-
ship between domain boundaries and amorphous structures
addresses bulk polycrystalline materials. The Rosenhain
‘amorphous cement’ model proposes that amorphous grain
junctions ‘cement’ together microcrystalline domains [5];
the theory is supported by several molecular dynamics sim-
ulation studies of domain boundaries [6, 7]. For crystalline
SiO; structures, it has been found that vitrification nucleates
at domain boundaries [8, 9]. In order to address the relation-
ship between domain boundaries and amorphous phases,
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comparisons must be made between chemically equivalent
systems which exhibit both crystalline and amorphous forms.
2D materials are a promising candidate for these comparisons
because they can be readily studied with atomic-scale spatial
resolution using surface science techniques.

In addition to providing insight into the glass transition,
domain boundaries are important because they affect mat-
erial properties. For 2D materials, domain boundaries have
an important impact on mechanical and electronic properties
[10-12]. For example, experimental evidence shows that the
mechanical strength of graphene is weakened by the presence
of domain boundaries [13]. Straight 1D defect structures may
be engineered as a metallic wire in graphene [14] and grain
boundary loops in graphene have been investigated for sim-
ilar effects [15]. Domain boundaries are equally significant
in other 2D materials, such as the transition metal dichalco-
genides [16-18]. The presence of varying pore sizes in the
atomic structure introduced by domain boundaries and defects
can have an important effect on the chemical properties of the
system; for example, in 2D silica samples with both crystal-
line and vitreous regions, Pd atoms can be adsorbed in both
crystalline and vitreous patches while Au atoms selectively
adsorb only in vitreous regions [19]. This difference is attrib-
uted to the presence of larger pores in the vitreous regions,
which are required for penetration of the larger Au atoms into
the silica layer. For monolayer silica structures on Mo(112),
1D defects have similarly been shown to function as atomic
sieves [20, 21]. The field of domain boundary engineering
seeks to utilize the influence of domain boundaries for tai-
loring electronic devices, catalytic materials, and other tech-
nologies [22]. Understanding the nature of domain boundary
structures is of particular importance for domain boundary
engineering.

2D model silica structures are ideal systems for addressing
the similarities between experimentally observed defects in
crystalline domains and the hypotheses of the various models
previously discussed. Studies have reported observations of
domain boundary and defect structures in monolayer (ML)
and bilayer (BL) silica grown on various substrates (sum-
marized in table 1); these results point to the utility of the
silica material system for addressing domain boundaries in
particular. Furthermore, the atomic structure of bilayer silica
has been determined for both crystalline and amorphous film
preparations. Amorphous and crystalline preparations of silica
exhibit the same chemical composition and basic structural
building blocks, corner-connected SiO4 tetrahedra, but differ
in arrangement of these building blocks. Specifically, the amor-
phous structures exhibit a greater distribution in the O—-Si—O
bond angle which determines positions of adjacent SiO4 units
[32]. As a result, long-range periodicity is not observed. The
atomically flat nature of 2D bilayer silica makes the struc-
tures ideally suited for characterization with surface science
techniques. Real-space atomic position data of bilayer silica
structures from low-temperature scanning probe microscopy
measurements and transmission electron microscopy experi-
ments has been presented and the atomic scale and neighbor-
hood structures of the rings have previously been analyzed
[24, 32-37]. These earlier studies present a clear metric for

the nature of amorphous structures in 2D silica films from
which structural similarities between the amorphous silica
and domain boundaries and defects can be determined.

Here we present a low temperature scanning tunneling
microscopy study of common domain boundaries and defects
observed within crystalline configurations of bilayer silica on
Ru(0001). Multiple metrics are presented to describe their
relationship to amorphous silica structures. Furthermore, the
relationship between common domain boundaries and the
underlying Ru(000 1) substrate is discussed.

2. Methods

Bilayer silica films were grown on Ru(000 1) substrates in an
ultra-high vacuum chamber equipped with low energy electron
diffraction (LEED), Auger electron spectroscopy (AES), and
a scanning probe microscope. Ru substrates were first treated
with cycles of Ar* sputtering and UHV annealing and exam-
ined with LEED, AES, and STM to control cleanliness prior
to sample growth. Well-defined bilayer SiO, structures were
grown by evaporating silicon onto preoxidized 30-(2 x 2)/
Ru(0001) at T= 300K and subsequently annealing to
T~ 1200K in the presence of 2 x 10”9 mbar O,. Samples
were cooled in the oxygen environment. Sample preparation
yields either vitreous or crystalline configurations, which
may depend on the coverage and the rate of cooling [32, 38].
Coverage is expressed in terms of monolayers (MLs), where
2MLs are equivalent to a fully closed bilayer. We observe
more crystalline areas with higher coverages (1.9-2.0 MLs),
while coverages between 1.5-1.8 MLs yield larger amorphous
domains. All samples considered in this study contained
crystalline regions. Topographic images were attained using
a custom-built, low temperature (4K) STM with a Ptlr tip
[39, 40].

3. Silica structures: comparing crystalline, domain
boundary, and amorphous structures

All bilayer silica structures, whether amorphous, crystal-
line, or domain boundaries, are composed of tetrahedral SiO4
building units; adjacent tetrahedra share an oxygen. Looking
at the flat top layer of the silica, a network of ring structures
can be observed, such as those shown in the STM images in
the left-hand column of figure 1. Oxygen bridges connect two
equivalent planes of the silica ring structures to form bilayer
silica. As such, the bonding structure of the silica is completely
self-saturated and there is only a weak van der Waals interac-
tion between the silica structure and the underlying Ru(0001)
substrate. Coordination defects, vacancies, and charge traps
are not observed. Here we will focus on structural defects,
specifically considering non-crystalline structural features
within crystalline domains that result from flexibility in the
connection angles of the SiO4 tetrahedra. Previous studies
have examined the ring size distributions in crystalline and
amorphous silica [32, 35, 41]. Here, ring size is defined by the
number of silicon atoms contained in a particular ring. Ring
sizes are determined directly from the topographic images by
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Table 1. Summary of boundaries and defect structures identified in monolayer (ML) and bilayer (BL) silica grown on various substrates
as well as in bulk silica. Scanning tunneling microscopy (STM), atomic force microscopy (AFM), helium atom scattering (HAS), density
functional theory (DFT) and classical force field (CFF) approaches have been used in the literature to investigate domain boundary

structures.
System Boundaries and common defects Method Citation
BL SiO»/Ru(0001) © 558 antiphase domain boundary AFM current study
e 57 rotational domain boundary STM Biichner et al [19]
e 48 domain boundary
e Stone—Wales defect
e 57 closed-loop defects
BL SiO,/grapheme e 57 rotational domain boundary TEM Bjorkman et al [23]
e Stone—Wales defect DFT
e 57 closed-loop defects CFF
BL SiO,/Pd(001) e Elongated 8MR antiphase boundary STM Altman et al [24]
BL SiOy/Pt(111) e Only amorphous structures observed STM Yu et al [25]
4nm SiOy/Ni(111) e Antiphase domain boundaries (no atomic STM Kundu e al [26]
resolution)
BL AL Si,-O»/Ru(0001) e 48 antiphase domain boundary STM Boscoboinik et al [27]
® 5577 domain boundary
ML SiO»/Mo(112) o 48 antiphase domain boundary STM Weissenrieder et al [28]
Ulrich et al [20]
ML SiO»/Ru(0001) ® 5577 domain boundary ST™M Mathur et al [29]
o 57 triangular loop defect encompassing a 6MR Yang et al [30]
e 475 rectangular loop defect encompassing an SMR
Bulk silica e Dauphiné twin boundary composed of 6MRs HAS Eder et al [31]
o-quartz (0001) AFM
surface reconstruction DFT

counting the number of atoms in a ring, or in cases where
the image resolution limits silicon or oxygen atomic position
assignments, ring size can be determined by assessing the
number of neighboring rings. An ideal crystalline region con-
sists only of 6-membered rings (figure 1(a)) while amorphous
bilayer silica consists primarily of 4-9 membered rings (figure
1(c)). For amorphous silica, a log normal distribution of ring
sizes has been observed consistent with theoretical predictions
for random 2D networks [36, 42]. More five-membered rings
are observed than seven-membered and more eight-membered
rings are observed than four-membered rings. Nine-membered
and larger rings composed a small portion of the total rings in
the amorphous structure.

Crystalline structures with domain boundaries and defects
lie somewhere between purely crystalline and amorphous
systems; they may be classified as polycrystalline or defected
materials. The ring statistics for crystalline structures with
domain boundaries are shown in figure 1(b), in comparison
with those of purely crystalline (figure 1(a)) and amorphous
(figure 1(c)) silica. An extended network of domain bounda-
ries with over 1500 rings was analyzed to develop mean-
ingful ring statistics, shown in figure 1(b) in order to best
represent the low-density of defect structures. Like the ideal
crystalline silica system, these structures are primarily com-
prised of six-membered rings. However, they exhibit four- to
eight-membered rings showing more five-membered rings
than seven-membered rings and more eight-membered rings
than four-membered rings, similar to amorphous systems.
Nine membered rings, which comprise approximately 1%
of the rings present in amorphous silica structures, were not
observed in defected crystalline domains. In order to identify

similarities between crystalline, domain boundary, and amor-
phous structures, we will analyze the ring size distributions
shown in figure 1.

The ring statistics for defected crystalline structures differ
from the log-normal distribution of the amorphous bilayer
silica structures. Log-normal ring statistics are characteristic
of random network formers [42]. For figure 1(b), the ring
statistics are counted for crystalline samples with point and
line defects, which typically occur in low densities, and are
therefore dominated by six-membered rings from the crystal-
line domains. In this case, we would not expect log-normal
behavior. Would the ring statistics be consistent with those
of amorphous structures if the defected crystalline films had
higher densities of comparable defects? Answering this ques-
tion provides insight into whether domain boundaries serve
as precursors for the glassy state. To address this question,
we model an enhancement of the defect density starting
with the ring statistics collected for the defected crystal-
line domain as presented in figure 1(b). The approach con-
siders the ring statistics of defected crystalline structures
with a decrease in the number of six-membered rings while
holding the ring counts and proportions of all other ring sizes
fixed, hence simulating an increase in defect structure den-
sity within crystalline domains. These modified ring statistics
serve as one metric for evaluating whether amorphous silica
structures could be derived from crystalline silica by intro-
ducing a large number of domain boundaries. The ‘enhanced
domain boundary model’ ring statistics are evaluated with a
log-normal fitting in order to assess similarities between the
model and characteristic amorphous distributions. Reducing
the number of six-membered rings by a factor of 6.5 from the
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Figure 1. Ring statistics. STM images and ring size distributions for (a) purely crystalline silica (It = 100 pA, Vs = 1.0V, scan
area = 7.4nm x 7.4nm), (b) crystalline silica with domain boundaries (It = 100 pA, Vs = 0.5V, scan area = 7.4nm x 7.4nm), and (c)
amorphous silica (It = 50 pA, Vs = 2.0V, scan area = 7.4nm x 7.4nm). Silicon atomic positions are identified with black dots and ring

sizes are color coded.

statistics in figure 1(b) optimizes the log-normal fit. In this
case, a log-normal distribution is attained with fit parameters
which are within the range of other known random network
formers [43]. This suggests that high structural defect densi-
ties in crystalline silica phases are consistent with the global
ring distributions in amorphous silica structures, but further
metrics are needed which address comparisons of local struc-
tures (see section 4).

Ring statistics can also be assessed in the context of the
geometric constraints of 2D systems. Euler’s theorem pre-
dicts the following requirement for the ring-size populations
of closed 2D planar structures:

y 6- k=0

where kg is the number of rings having n sides [44]. The
equation describes how the curvature introduced by smaller

rings is compensated by inverse curvature introduced by
larger rings. A sum which deviates from zero indicates a
deformation of the flat 2D structure. Crystalline structures,
with only six-membered rings, easily fulfill the requirement.
Considering the counts from figure 1(b) for domain bound-
aries gives a sum of — 2, a small deviation given the large
sample size. Amorphous 2D silica, from figure 1(c), also ful-
fills the requirement of Euler’s theorem, with a sum of 0 [45].

To further clarify the relationship between amorphous
domains, defected crystalline domains, and purely crystal-
line domains, silicon-silicon nearest neighbor directed dis-
tance orientations (DDOs) were considered for each case. The
directed distance orientation is the angle of the connection line
between two neighboring Si atoms with respect to the image
abscissa and it provides a metric for the order of the system. It
was previously reported that crystalline phase DDOs exhibit
three distinct values while amorphous phase DDOs have no
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Figure 2. Distance directed orientations. Histograms of silicon—
silicon nearest neighbor DDOS are shown for (a) purely crystalline
silica, (b) crystalline silica with domain boundaries, and (c)
amorphous silica. DDOs are derived by analyzing the images in
figure 1, shown here as insets on the left-hand side of each plot. The
inset in the right-hand corner of (a) shows a schematic diagram of
the DDO angle assignment from the image abscissa, highlighting
the origin of angles observed in the crystalline phase. Green dotted
lines indicate the location of the peaks from the crystalline phase.
All three plots are shown with the same vertical scale to facilitate
direct comparisons of the relative prevalence of each angle between
the distinct silica structures.

obvious preferential direction [46]. Figures 2(a) and (c) show
histograms of the DDOs computed for the coordinates associ-
ated with the crystalline region in figure 1(a) and the amor-
phous region in figure 1(c), respectively. In the crystalline
histogram, three peaks are observed at— 60 °, 0° and 60°, while
in the amorphous histogram all values have approximately the
same magnitude, confirming the earlier findings. Figure 2(b)
shows a histogram of the DDOs for the crystalline region with
domain boundaries shown in figure 1(b). In this case peaks
at — 60°, 0° and 60° mirror those observed in the crystalline
phase. Additional peaks can be identified at — 30° and 30°,
which are associated with a 30° rotated crystalline domain
seen in the upper right corner of figure 1(b). A direct calcul-
ation of the DDOs specifically associated with the domain
boundaries shows sets of multiple distinct values, depending
on the boundary type. 57 boundaries exhibit a greater variety
of DDOs than do 558 boundaries (boundary classifications
are discussed in greater detail below). In both cases, there are
more preferred directions than the three observed in the crys-
talline phase; unlike the amorphous phase, there is nonethe-
less a clear set of preferred values.

Ring statistics and DDOs provide mixed evidence as to
whether the three structures shown in figure 1 may be thought
of as distinct systems or, rather, as a continuous transition
of the same system with domain boundaries comprising an
increasingly large percentage of the film structure. To further
explore this question, we now turn to a more detailed discus-
sion of particular boundary structures and defects.

4. Domain boundaries and defect structures

The particular domain boundaries and defect structures that
have been observed for bilayer silica on Ru(0001) include
rotational boundaries, antiphase boundaries, closed loop
boundaries, and complex boundaries. Dauphiné twin bound-
aries, which have been found to be composed of 6-membered
rings in studies of bulk «-quartz [31, 47], have not been
observed in silica bilayer films on ruthenium. For the purposes
of comparing the boundaries in bilayer silica films to amor-
phous silica structures, we classify the boundaries based on
their ring statistics: 57 boundaries, 558 boundaries, and com-
plex boundaries.

4.1. 57 boundaries

One type of boundary commonly observed is the 57 boundary,
composed of alternating pentagons and heptagons, as shown
in figure 3(a). 57 type boundaries are rotational domain
boundaries and the boundary itself exhibits a meandering
path. The crystalline domains on either side of these bound-
aries have lattices that are rotated by 30° with respect to each
other. Similar boundaries have been observed in graphene
and in silica bilayer films grown on graphene [15, 23, 48].
Calculations of the strain fields and formation energy by den-
sity functional theory from those studies indicate the ener-
getic favorability of defects involving rotations (such as the
57 defects shown here).

Here, we consider the relationship between the domains on
either side of the 57 boundary and the underlying Ru(0001)
substrate. DFT, STM, and LEED indicate that crystalline
silica films preferentially grow with the underlying Ru(0001)
substrate orientation [37]. A model showing the relation-
ship between the silica structure with the 57 boundary and
the underlying substrate is shown in figure 4(a); here, silica
film position assignments above the substrate on the left-
hand side of the boundary are based on published DFT results
[37]. Domains with 30° rotation from the energetically pre-
ferred orientation exhibit a commensurate structure with the
Ru(0001) substrate; this is highlighted in figure 4(a) with
black dashed-line circles indicating ring centers in the rotated
phase on the right-hand side of the figure which are situated
over the same substrate lattice positions (e.g. the hollow site)
as all ring centers from the domain on the left-hand side.
Sharp reflexes in LEED diffraction indicate that for crystalline
preparations the silica orientation is in registry with the sub-
strate orientation [37]. Based on this and STM observations
of crystalline domain orientations in which the rotated phase
accounts for less than 8% of the crystalline area, we con-
clude that the 30° rotated commensurate structure represents
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Figure 3. Common domain boundaries. STM images showing (a) two segments of a 57 boundary and a short segment of a 558 boundary
(It = 100 pA, Vs = 0.5V, scan area = 7.4nm x 7.4nm), (b) two 558 boundary segments connected by a group of five- and seven-
membered rings (It = 10 pA, Vs = 2.0V, scan area = 7.4nm x 7.4nm), and (c) a complex boundary, consisting in different portions of
57, 558, and 48 boundary sections (It = 100 pA, Vs = 1.0V, scan area = 7.4nm x 7.4nm). For each image, diagrams are shown in the
right-hand column which display the silicon atomic positions (black dots) and rings sizes and positions (colored circles, color-coded as in

figure 1).

a minority of the crystalline silica domains in the silica
bilayer. This conclusion is further supported by the relative
prevalence of the 57 domain boundary in the silica bilayer.
Although the 57 boundary is common, the 57 line defect is not
observed as often as the 558 boundary, an antiphase boundary
which separates two regions, each with substrate registry (see
section 4.2). 29 domain boundary segments consisting of
at least three 57 or 558 units were identified and analyzed.
From this analysis, it was found that 558 boundaries account
for approximately 55% of boundaries in terms of number of
boundaries identified and approximately 65% when length
is taken into account. The relative prevalence of particular
domain boundary structures may relate to an energetic pref-
erence for registry between the ruthenium substrate and

the bilayer silica film [37]. We now turn to a discussion of
the ring combinations for the 57 boundaries. The tendency
for boundaries with equivalent numbers of five- and seven-
membered rings to form is consistent with the geometric con-
straints imposed by the two-dimensionality of the system. The
57 boundary fulfills the ring-size population requirement for
closed 2D planar structures from Euler’s theorem, because cur-
vature induced by the five-membered rings is compensated by
the seven-membered rings which contribute inverse curvature
of the same absolute value, resulting in a total sum of zero. A
sum which deviates from zero indicates a deformation of the
flat 2D structure. Amorphous 2D silica comparably fulfills the
requirement of Euler’s theorem [45]. The ring neighborhoods
introduced in 57 domain boundaries can be compared with
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Figure 4. Domain boundaries and the Ru(000 1) substrate.
Diagrams detailing a possible relationship between silica films
with domain boundaries and the Ru(000 1) substrate for (a) a 57
boundary and (b) a 558 boundary. Blue circles indicate ruthenium
atoms, black dots indicate silicon positions, and colored circles
indicate the location of the boundary and its ring sizes (color-
coded as in figure 1). In (a) black dashed-line circles demonstrate
silica rings which sit over identical hollow sites in the substrate,
highlighting the commensurate structure of the rotated silica phase
on the right-hand side of the image with the Ru(000 1) substrate and
the registry between silica and Ru(000 1) on the left-hand side. In
(b) black lines and a purple arrow highlight the offset between the
two crystalline domains that results from the antiphase boundary.

those present in the amorphous phase. Biichner ef al character-
ized the prevalence of particular ring combinations observed in
high-resolution STM images of amorphous silica bilayers by
considering ring triplets. Ring triplets are sets of three adjacent
rings which share a central silicon atom [33]. That study found
that 567 ring triplets occur most frequently, followed by 667
triplets and 566 triplets. The 57 domain boundary is composed
exclusively of these common ring triplets. Thus, regarding the
ring combinations, 57 domain boundaries exhibit a number of
similarities to the amorphous phase.

Pair distance histograms (PDHs) can be used to determine
characteristic distances for short-, medium-, and long-range
order. For example, PDHs for pairs of ring-center positions
in amorphous silica exhibit several discernable peaks in
0-2nm range, associated with nearest-neighbor and next-
nearest-neighbor ring distances [49]. Using STM images of

57 domain boundaries, 558 domain boundaries, and the amor-
phous network, ring center positions were determined and
ring-center pair distances subsequently calculated for each

individual ring size. Raw pair distance counts are normalized
by ﬁ where r is the radial distance and N, is the total number

of n-membered ring pair counts. This normalization corrects
for increasing counts with distance and facilitates comparison
of peak positions between differently sized data sets for the
n-membered ring PDHs (e.g. due to ring statistics there are
more 6-membered rings than 5-membered rings for a given
image of the amorphous phase). The same normalization
scheme is used for the domain boundary PDH plots for con-
sistency. The normalized PDHs for each ring size are shown
in figure 5. The peaks in the PDH plots reveal the spatial dis-
tribution of rings sizes. They give, for example, the character-
istic distances between two five-membered rings within the
amorphous bilayer silica structure.

First, we will discuss PDHs of ring center positions for 57
boundaries (figure 5(a)) in comparison with PDHs for indi-
vidual ring sizes in the amorphous phase in figure 5(c). The
magnitude of the normalized intensity for peaks in the domain
boundary plots is higher than for comparable peak positions
in the amorphous plots, indicating that the relative probability
of finding a ring at that distance with respect to a reference
ring is higher within domain boundary structures. Distinctions
between domain boundaries and amorphous structures are
also evident from peak positions. The first two peaks for the
five-membered rings the amorphous silica plots are situated
at radial distances of approximately 0.4nm and 0.8 nm (this
is indicated by blue dashed lines in figure 5). Larger ring
sizes show peaks at increasingly larger distances. Beyond
1.7nm, peaks for all individual ring size amorphous distribu-
tions become more difficult to discern, indicating a lack of
longer range order in the amorphous structure. Figure 5(a)
shows the PDHs for five- and seven-membered rings within
the 57 boundary structure. For both five- and seven-mem-
bered rings, the first peak is positioned at approximately 1 nm;
this corresponds with the third peak in the amorphous PDH
for five-membered rings and the second peak in the amor-
phous PDH for seven-membered rings. Because each seven-
membered ring is separated by a five-membered ring from
the next seven-membered ring, the characteristic ‘nearest-
neighbor’ distance associated with the first peak the amor-
phous PDHs is missing in the domain boundary structure.
Furthermore, the structure of the 57 domain boundary
enforces comparable peak distances for both the five- and
seven-membered rings in contrast to the increasing distances
observed in the amorphous phase. Finally, it should be noted
that peaks from the 57 domain boundary can be clearly distin-
guished even at distances beyond 1.7 nm due to the patterned
structure of the domain boundaries. Thus, comparing PDHs
shows a level of order within domain boundary structures that
is absent in the amorphous phase.

4.1.1. Closed-loop 57 boundaries. The most common clus-
ters and point defects which we observed in the silica bilayer
structure are displayed in figure 6. Each of these defects
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Figure 5. Pair distance histograms. Normalized pair distance histograms, showing the characteristic distances between the center positions
of rings of the same size, are plotted for (a) 57 domain boundaries, (b) 558 domain boundaries, and (c) the amorphous silica phase. Dotted
lines show the positions of the first peaks for each ring size from the pair distance histograms of the amorphous phase.

consists of five-, six-, and seven-membered rings with equal
numbers of five- and seven-membered rings. The defects are
a special, closed loop domain boundary case of the 57 domain
boundaries. In the case of the flower (figure 6(a)), the bound-
ary encompasses a small, seven-atom crystalline domain. In
the case of the cross (figure 6(b)) it encompasses a two-atom
crystalline domain. Like the domains separated by 1D mean-
dering 57 domain boundaries, the domains encompassed by
the closed loop domain boundaries exhibit a 30° lattice rota-
tion with respect to the surrounding crystalline lattice. For the
Stone—Wales defect in figure 6(c) [50], a second crystalline
domain is not present. Stone—Wales defects are quite com-
mon in other 2D materials, such as graphene [18, 51, 52].
Larger closed-loop boundaries are also observed in graphene
[15,53]. Insilica, the special closed-loop case of the 57 domain
boundary maintains the similarities to the ring triplets in
the amorphous phase, however the high symmetry observed
for these clusters is different from what is observed in the
amorphous phase.

4.2. 558 boundaries

The most prevalent of the boundaries observed is the 558
antiphase boundary, an example of which is shown in
figure 3(b). Unlike the meandering 57 boundaries, 558
boundaries are straight, exhibiting a single orientation
for any given domain boundary. Figure 3(b) shows two
sections of 558 with the same orientation but an offset in
lateral position. In this case, the offset is bridged by a pair of
five- and seven-membered rings. In general, we observe that
changes in the orientation or lateral position of the 558 type
boundaries are connected by rings of other sizes. 558 bound-
aries exhibit preferential orientations with respect to the Ru
substrate lattice vectors. Specifically, the observed orienta-
tions mirror the three-fold symmetry of the Ru(000 1) sub-
strate with orientation angles of approximately 0, 60, and
120 degrees from the [1 00 0] direction of the underlying Ru
substrate, suggesting that the Ru substrate plays a role in
templating the 558 boundary.
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Figure 6. Common defect structures. STM images of common defect structures in bilayer silica with models showing their ring size
distributions, each a special closed-loop case of a 57 boundary: (a) flower (It = 100 pA, Vs = 3.0 V), (b) cross (It = 100 pA, Vs = 2.0V),

and (c) Stone-Wales defect (It = 100 pA, Vs = 1.0 V).

A structural model incorporating DFT results from the
purely crystalline silica films [37] and from the empiri-
cally observed domain boundary structure was developed to
examine the structural relationship between the silica film
boundary structure and that of the Ru substrate (figure 4(b)).
DFT indicates that for silica films grown in an oxygen-rich
atmosphere, as is the case for the samples in this study, a con-
figuration with Si atoms situated above hollow sites and atop
sites of the Ru is energetically favorable [37]. Measurements
of the crystalline lattice offset between domains, domain
boundary width, and domain boundary atomic positions were
established from STM images; the boundary width of the 558
boundary is 2.2 times the lattice constant of the silica lattice.
An idealized structural model incorporating these empirical
values was developed for the silica film model. Overlaying
this structural model of silica on the model of the Ru sub-
strate in the energetically favorable configuration reveals that

crystalline domains on either side of the boundary show an
equivalent relationship with the underlying substrate, offset by
a single Ru(000 1) atomic position in the [1 100] direction (as
shown by the purple double headed arrow in figure 4(b)). The
experimentally observed ovular shape of the eight-membered
rings is reproduced by the model. Furthermore, the model is
consistent with the observed orientation with respect to the
substrate. This points to the important role that the substrate
plays for this particular type of boundary.

The importance of the substrate is substantiated by con-
sidering the literature for domain boundaries in bilayer silica
grown on graphene, Pd(001) and Pt(111) overviewed in
table 1. The 558 boundary structure in silica bilayers appears
to be unique to the Ru(0001) substrate, as such a boundary
in silica has not, to our knowledge, been reported for bilayer
silica films on other substrates (see table 1). Another antiphase
boundary has been observed in bilayer silica grown on on
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Pd(001) [24]. However, the structure of that boundary, com-
posed entirely of elongated eight-membered rings, is quite dif-
ferent from the 558 antiphase boundary on Ru(000 1). Altman
et al [24] proposed that the elongated eight-membered ring
domain boundary arose due to defect structures between the
silica planes which help relieve the tensile stress in the bilayer.
DFT and spectroscopy measurements indicate that the silica
bilayer structure on Ru(000 1) is composed of Si—O-Si bridges
perpendicular to the substrate [37], such that the structure of
the 1D defects observed in this study are expected to be mir-
rored in both the vacuum exposed side of the film and the sub-
strate facing layer. The structural differences point to the role
that substrate plays in the development of domain boundaries.

We now turn to a discussion of ring combinations specific
to the 558 domain boundary. Comparing the 558 boundary to
the amorphous phase shows that the similarities between this
boundary and the amorphous phase are weaker than for the 57
boundary. For the 558 boundary, triplet combinations of 566,
568, 668, and 558 are observed. According to Biichner et al,
these are the third, fourth, seventh, and eighth most prevalent
combinations in the amorphous phase [33]. Thus the ring tri-
plets involved in this boundary are observed less often in the
amorphous phase than those of the 57 boundary.

PDHs, shown in figure 5(b), also reveal differences between
the 558 boundary structures and the amorphous bilayer silica
structure. Like the 57 boundary structures, peaks can clearly
be distinguished at longer distances than for the amorphous
structure due to the regular patterned structure of the domain
boundaries. Five-membered ring PDHs from the 558 boundary
exhibit peaks that correspond to the first and third peaks of the
five-membered ring amorphous PDH. The first peak, associated
with nearest-neighbors shows strong agreement—this is simply
the distance between the centers of two neighboring five-
membered rings. The next peak in the five-membered ring PDH
from the 558 boundary is at a larger distance than the next peaks
in the amorphous phase. This can also be easily understood by
considering the large area of the eight-membered ring which
separates pairs of five-membered rings in the 558 boundary.
Within the amorphous phases a variety of ring sizes may sepa-
rate five-membered rings, leading to a smaller distance between
two next-nearest neighbor five-membered rings on average.
Similar reasoning is easily applied to understand the position
of the first eight-membered ring peak in the 558 PDH with
respect to the second peak in the amorphous phase—the small
size of the five-membered ring gives rise to shorter distances.
Additionally, a peak is not observed at 0.74nm because within
the 558 boundary, eight-membered rings never have another
eight-membered ring as the nearest-neighbor. It should be noted
that the 558 boundary does satisfy Euler’s theorem as required
for flat 2D surfaces. Taken together, the ring combinations and
pair distance histograms indicate that 558 boundaries are quite
distinct from amorphous phase structures.

4.3. Complex boundaries

More complex boundaries are also observed. These boundaries
are characterized by combinations of several distinct boundary
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types or by irregular arrangements of different ring sizes with
limited periodicity separating two crystalline domains. The
boundary in figure 3(c) is one example of a complex boundary.
It presents a meandering 57 configuration in the bottom left of
the image, transitions into a straight boundary of eight- and four-
membered rings, and then displays a second transition to a 558
boundary in the top right. Like the more prevalent 57 and 558
boundaries, the 48 segment of this boundary also satisfies Euler’s
theorem as required for a flat film structure in 2D space. Strain
introduced by larger rings is compensated for by the presence
of small rings; in this case a four-membered ring compensates
each 8-membered ring. Like the 558 segments, the 48 segment
shown here is straight and the crystalline domains maintain their
orientation angle across the boundary. 48 segments are rarely
observed; the segments tend to be short and are often combined
with other ring structures, as seen in figure 3(c). Complex bound-
aries like this, though less commonly observed than the 57 and
558 boundaries, point to the rich variety of domain boundary
structures present in the crystalline silica bilayer films.

5. Domain boundaries and the crystalline
to amorphous transition

Identification of domain boundary structures gives insight into
the relationship between purely crystalline, crystalline with
domain boundaries and defects, and amorphous films. Whether
these phases represent distinct systems or a continuous trans-
ition of the same system with domain boundaries comprising
an ever larger percentage of the film structure can be assessed
by considering spatial distributions of rings across a crystal-
line-amorphous interface in comparison with domain boundary
structures. Studies of the ring statistics across a lateral trans-
ition between crystalline and amorphous regions of the bilayer
silica have shown that this transition is continuous [36, 45].
In moving from crystalline to amorphous regimes, five- and
seven-membered rings are introduced first while four-, eight-,
and nine-membered rings appear later in the transition. In this
case four-, eight-, and nine-membered rings are not directly
interfaced with the crystalline phase. In contrast, the ring sta-
tistics for domain boundaries and defect structures represent
point and line defects that are directly interfaced with crystal-
line phases of silica; the boundary is discrete, not continuous.
Here, we see that both eight- and four-membered rings are in
direct contact with the crystalline domain in the form of 558
and 48 boundaries, a configuration which is not observed in
the continuous transition between crystalline and amorphous
regions of the silica bilayer. 57 boundaries show greater con-
sistency with the previously reported characterization of the
crystalline to amorphous transition region, however in this case
there is periodicity in the arrangement of the five- and seven-
membered rings while in the transition region five- and seven-
membered rings are interspersed with six-membered rings.

6. Summary

We have presented a study of the most common domain bound-
aries in bilayer silica on Ru(0001). The domain boundaries
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were considered in the context of their relationship to amor-
phous silica structures. By using real space atomic position
data from chemically equivalent and well-defined systems, the
structural similarities between domain boundary structures
and amorphous structures were assessed directly. Ring statis-
tics, ring neighborhoods DDOs, and PDHs provide metrics to
describe the similarities and differences between purely crys-
talline, crystalline with domain boundaries and defects, and
amorphous films. The results show that similarities between
domain boundaries and amorphous phases may depend criti-
cally on which type of domain boundary is being considered.
57 boundaries exhibit stronger similarities to the amorphous
phase than 558 boundaries as seen by considerations of ring
neighborhoods, ring statistics across amorphous-crystalline
interfaces, and the greater variety of DDOs that arise from
the 57 boundaries. Nonetheless, both 558 and 57 boundaries
exhibit a degree of order and periodicity that is lacking in the
amorphous phase, as evidenced by differences in ring-center
pair distance histograms for individual ring sizes. From this
we conclude that, contrary to the predictions of cybotactic
groupings or Rosenhain’s amorphous cement model, the par-
ticular domain boundaries observed in this study are distinct
from the glassy state.

While 2D model systems present well-defined structures
ideal for surface science characterization, in generalizing the
results to bulk structures the role of the substrate must also
be considered. The formation of domain boundaries depends
on energetics, strain, and substrate interactions. 57 boundaries
are seen in a variety of 2D materials as well as in the silica
bilayer films on other substrates, while the 558 boundary in
silica appears to be unique to the preparation on Ru(0001).
Because the presence of domain boundaries can have an
important effect on material properties, an ability to control
for the prevalence and type domain boundary structures is
desirable. Domain boundary engineering takes advantage of
the dramatically different physical and chemical properties
inside boundaries and interfaces, as compared to the bulk, for
the development of new technologies [22]. The use of different
substrate materials (or composite materials) with unique lat-
tice constants and chemical interactions may offer new routes
towards tailoring ring size distributions in 2D materials for
optimized chemical, mechanical, and electronic performance.
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