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One of the most interesting questions in solid state theory is the structure of glass, which has eluded
researchers since the early 1900’s. Since then, two competing models, the random network theory and the
crystallite theory, have both gathered experimental support. Here, we present a direct, atomic-level
structural analysis during a crystal-to-glass transformation, including all intermediate stages. We introduce
disorder on a 2D crystal, graphene, gradually, utilizing the electron beam of a transmission electron
microscope, which allows us to capture the atomic structure at each step. The change from a crystal to a glass
happens suddenly, and at a surprisingly early stage. Right after the transition, the disorder manifests as a
vitreous network separating individual crystallites, similar to the modern version of the crystallite theory.
However, upon increasing disorder, the vitreous areas grow on the expense of the crystallites and the
structure turns into a random network. Thereby, our results show that, at least in the case of a 2D structure,
both of the models can be correct, and can even describe the same material at different degrees of disorder.

ince over 80 years, the popular concept of the atomic structure of a glass' has been strongly influenced** by

the beautiful illustrations of a random network by Zachariasen®. However, this theory can not easily be

verified, since imaging of the atomic structure of a conventional glass has remained impossible. The direct
study of atomic coordinates in a glass has therefore for the most part remained in the realm of theoretical models
and computer simulations™®. Although recent images of the 2D silica glass”® revealed vitreous regions, which look
remarkably similar to Zachariasen’s illustration, also crystalline areas were discovered. Due to small samples and
limited statistics, it was impossible to determine whether these crystallites are an intrinsic part of the glass
structure or a separate phase depending on the exact growth conditions of the material. Nevertheless, their
existence gives much needed credibility for the crystallite theory®, which posits that a glass is a disordered
arrangement of small crystallite particles separated by a disordered network. In a recent study’, also giving
support for the crystallite model, the ratio of crystallites was found to be up to 50% in amorphous sputtered
silicon. To finally resolve this issue, one would need a way to directly monitor the glass formation at the atomic
level. However, the traditional way to form a glass, i.e., to quench a liquid'®"", renders this impossible.

In this study, in contrast to melting and quenching a solid, we gradually introduce disorder into graphene using
an electron beam', so that the material remains in the solid state. Although our way to introduce disorder in the
crystal differs fundamentally from the traditional method for creating a glass by quenching a melt, we believe that
it can lead to new insights into the structures of disordered materials. The two-dimensionality of graphene allows
us to directly observe all atoms, and to sidestep the imaging problem of conventional materials. The energy of the
electrons is chosen slightly above the damage threshold to keep the rate of transformation slow enough to allow
accurate monitoring of every change in structure. The atomic network is altered both via removal of atoms'? as
well as bond rotations', which occur at random locations and are sufficiently temporarily spaced to be stochastic
and mutually independent. The introduced disorder manifests in the formation of non-hexagonal carbon rings.
As has been described earlier'>'’, the graphene lattice can remain flat even upon introduction of pentagons and
heptagons. At initial stages of the experiment, small isolated defects appear within the lattice (Fig. 1 a), as has been
discussed previously'>. Here, we focus on the amorphous networks that form under increased irradiation dose,
and have not been analyzed so far. Under continuous irradiation, defects grow until they form a vitreous network
separating the original crystal into nanometer-sized crystallites (Fig. 1 b), as will be shown in more detail below.
During the experiments, also holes appear in the graphene sheet. However, they are created by chemical effects
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Figure 1 | Amorphization of graphene and its manifestation in the reciprocal space. Panels (a—c) show three example TEM images and their
corresponding Fourier transformations (FTs, insets in the top right corner) at (a) a low irradiation dose (1.25 X 10* ¢ /nm?), (b) an intermediate dose
(2.94 X 10° ¢ /nm?) and (c) a high dose (9.36 X 10° e"/nm?). Panels (d—f) depict the analysis of the FTs: (d) change in the distance between FT peaks in
the radial direction (ay/a), (e) spread of the diffraction peaks in the radial direction (¢,) and (f) the spread of the peak along the ring (65, as a function of
the irradiation dose. The inset in panel (d) shows a schematic presentation of the analysis carried out for panels (d—f). The insets in panels (e), (f) indicate
how the FT spectrum was fitted to Gaussians to obtain the presented data. For the last three points in panel (f) (red crosses), the peaks have spread into
continuous rings. The second x-axis in panel (f) shows the calculated density deficit.

driven by the electron beam", and therefore not considered a part of
the disordered structure. At the final stage, the crystallites vanish into
the growing network (Fig. 1 ¢). Importantly, the structure remains
two-dimensional throughout the transformation, providing direct
views of the atomic structure at each stage.

In order to quantify the material-wide structural changes, we first
apply Fourier analysis on selected atomically resolved TEM images
during the transition. At low doses, the sixfold pattern of graphene is
clearly visible (see the inset in Fig. 1 a). During the experiment, the
peak-to-peak distance remains constant (Fig. 1 d; we attribute the
variations to changes in instrumental parameters during the experi-
ment), whereas the peak widths change significantly. The spread in
radial direction, shown in Fig. 1 e, displays three different regimes:
(1) at low doses, where the material contains isolated defects, it
increases only slightly (from point a almost until b), whereas after
merging of the defects into the vitreous network, (2) the spread
accelerates (between points b and c¢), (3) finally saturating at the
highest doses. The spreading of the peaks corresponds to decreasing
size of ordered structures within the sample, and is direct evidence of
decreasing crystallite size'”. Evidently, at the highest doses, the min-
imum size has already been reached. A more direct measure for the
disorder in the structure can be obtained by analyzing the spread of
the peaks in azimuthal direction. As can be seen in Fig. 1 {, it appears
to depend almost linearly on the dose, up to the fully disordered case
(peak spread of 60°). Comparison between Figs. 1 e and f shows that
the completion of the disorder coincides with the saturation of the
decreasing crystallite size. Because the atomic changes imposed by
electron irradiation on a sample depend on the acceleration voltage
of the TEM, we introduce density deficit as a transferable proxy for
the disorder (second x-axis in Fig. 1 ). It can be directly determined
experimentally, as described in Ref. 13.

In modern aberration corrected TEM instruments, and for very
thin samples, the obtained images can be directly interpreted as the
projected atomic structure. However, the exact atomic configura-
tions have been traditionally obtained manually from the images,
which is both laborious and error-prone. Therefore, even though
amorphization of graphene under a TEM has been reported earlier’?,
the analysis was limited to relatively small isolated defects. To cir-
cumvent this problem, we generated an automatic method for
extracting the atomic coordinates directly from TEM images. First,
we created model TEM images corresponding to carbon rings with
different number of atoms (from pentagons to octagons), and then
calculated a cross correlation map for each of them for each of the
actual TEM images. The maxima within these maps mark the centers
of carbon rings within the atomic network, from which the vertices of
the polygons (i.e., atomic coordinates) were directly obtained assum-
ing each atom has three neighbors. After obtaining the structures,
we optimized them with conjugate gradient energy minimization
method (to ensure optimized bond lengths, and to allow slight out-
of-plane corrugations'®). We estimate that inaccuracies in the obtained
structures are less than 5% for non-hexagons, and much lower for the
crystalline areas. Moreover, any deviations from the actual structure
are random since all user-bias is eliminated, further enhancing the
statistics. As shown in the supplementary information, the obtained
structures very well match the experimental images. Atomic coordi-
nates obtained with this method provide the basis for our analysis of
intermediate stages during the structural transformation.

In Fig. 2, we present examples of atomic structures derived from
the TEM images (the supplementary information contains all struc-
tures that were used in the present study), and highlight the three
regimes that we identified above (crystalline with isolated defects,
crystallite glass and random network). Fig. 2 a shows the first regime
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Figure 2 | Atomic structures derived from TEM images. (a) Initial part of the amorphization (density deficit of 0.3%), showing a crystalline lattice with
few isolated defects. (b) Nano-crystalline structure showing well isolated crystallites, separated by a vitreous network (deficit of 7.1%). (c) Random
network structure with only a minority of crystallites at the end of the experiment (deficit of 16.7%). Pink areas denote non-hexagonal rings, violet
denotes hexagonal rings that are surrounded by non-hexagonal ones, whereas white areas mark non-resolved structure (typically due to holes or
adsorbates). All other colors denote separate crystallites. Crystallites are identified as any hexagonal area that contains at least an area of 3 X 3 hexagons,
and are considered as separate, if a connection is less than 3 unit cells wide. The scale bar is 2 nm. The supplementary information contains further details

on how these maps were generated.

with a few isolated defects. Upon increased irradiation dose, the
defects grow and begin to merge. Remarkably, this happens in such
a way that isolated crystallites, separated by a vitreous network, are
formed. Fig. 2 b shows an example case, where isolated crystallites
can be clearly identified. We point out that although this structure
somewhat resembles polycrystalline graphene with nanometer-
range grains'>?, the vitreous network is much wider than typical
graphene grain boundaries* ** and covers a significantly higher frac-
tion of the area. Upon further irradiation, the vitreous areas grow at
the expense of the crystalline ones, resulting in a structure that has
almost no extended hexagonal areas, and is well described by the
random network theory. This final state is shown in Fig. 2 ¢, where
the vitreous areas clearly dominate the structure.

In contrast to vitreous oxides like silica, which are built from
multi-atomic tetrahedral structural units, the building block in our
case is the carbon atom. Therefore, the shortest possible range of
disorder in this material is at the interconnection and orientation
between adjacent structural units®. To quantify this disorder, we
compute the distribution of the inter-atomic distances from the
atomic coordinates (radial distribution function, g(r)). This analysis
was limited to the intermediate structures to ensure that the statistics
for the longer inter-atomic distances (» = 0.5 nm) remain meaning-
ful (the number of holes and other complications in the structure
increases during the experiment). Example cases are shown in Fig. 3
a—c for different regimes during the transformation. Although devi-
ation from ideal inter-atomic distances (Fig. 3 a) are already clear
close to the crystalline-to-glass transition (Fig. 3 b, see Fig. 3 e for the
structure), the disappearance of the long range order only becomes
complete after the crystallite structure has been formed (Fig. 3 ¢, see

Fig. 3 fand 2 b for the structure). At this stage, g(r) is very similar to
that obtained for the 2D silica glass™®. We also calculate the bond
angle distribution (c(0)), presented in Fig. 3 d. Both the spread in the
distribution around the ideal hexagon angle (0 = 120°) and the
appearance of a second peak close to 108° are already clear for the
structure of Fig. 3 e. These features are further enhanced for the
higher disorder case (Fig. 3 f). The peak at 108° corresponds to
pentagonal carbon rings, which are the second most common topo-
logical building blocks of networks built from three-coordinated
structural units*. Although heptagonal rings are nearly as likely as
pentagons, the corresponding peak, which should appear at about
129°, remains hidden within the data. This is caused by local curv-
ature, which allows the larger rings to maintain bonding angles close
to 120°.

To obtain a better understanding on changes in the topological
order during the transformation, we further calculated the shortest
path ring statistics. In Fig. 4 a-d, we plot the results for four different
structures: the very first recorded TEM image, at the transition point
between the crystalline and disordered phases (close to the structure
of Fig. 3 e), for the structure presented in Figs. 2 b and 3 f, and at the
completely disordered phase at the end of the experiment (Fig. 2 ¢),
respectively. A gradually increasing spread is evident during the
continuing experiment. Surprisingly, hexagons clearly dominate
the statistics even at the highest degree of disorder (Fig. 4 d), similar
to the random network structure proposed by Shackelford and
Brown? and in contrast to the 2D silica”®. This discrepancy is likely
due to the fact that the statistics for 2D silica are based on selected
vitreous areas, disregarding crystallites, whereas our analysis was
carried out for the complete structure. To facilitate comparison with
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Figure 3 | Analysis of the short-range disorder. (a—c) Distribution of the inter-atomic distances (radial distribution function, g(r)) for pristine graphene,
a structure at an intermediate density deficit of ca. 5.4%, and at a higher density deficit of ca. 7.1%, respectively. (d) The angular distribution function
(o(0)) for the same structures. Example areas of the structures for the intermediate and high dose cases are shown in panel (e) and (f) with tetragons

colored yellow, pentagons red, heptagons blue and octagons violet.

these earlier studies, we have plotted our data in a log normal prob-
ability plot (Fig. 4 e). With increasing disorder, our results approach
literature values”®*, with the above-mentioned caveat. As already
hinted by the histograms in 4 a-d, our results show that the main
change during the experiment is the decreasing ratio of hexagons to
other polygons, whereas the ratios between other polygon pairs
remain nearly constant. For example, the ratio of pentagons to hep-
tagons is about 1.14 = 0.02 throughout the experiment (this ratio is
about 1.3 for the theoretical model of Ref. 24 and between 1.3 and 1.6
for the vitreous 2D silica”®). This allows for controlled prediction of
structural changes made on graphene under an electron beam®.

As a final step of the topological analysis, we calculate the ratio of
hexagons to all polygons in the structure (i.e., crystallinity, C**) from
ring statistics. For pristine graphene C = 1, whereas for the vitreous
silica structures C = 0.47%. Our dataset, plotted in Fig. 4 f, allows for
the first time to see the transition between these two extremities. A
similar discontinuity, as was already seen in the analysis of the trans-
formation in reciprocal space (Fig. 1 e), appears also within this data:
as long as the disorder is limited to defects within the original lattice,
crystallinity decreases slowly and linearly. However, as the defects
merge into the vitreous network, crystallinity decreases more rapidly,
and tends towards a constant ratio of 1/1 between hexagons and non-
hexagons (corresponding to C = 0.51). This result supports our
earlier hypothesis that the discontinuity seen in Fig. 1 e marks the
actual transition point between crystalline graphene and the glassy
phase. It also shows that it is possible to create glass structures with
different crystallinity values ranging from 0.5 to 0.9 at will. The
crystallinity C fits very well to an exponential decay in Fig. 3e, and
the final data points are almost at the constant offset C = 0.51 of this
fit. This indicates that we have indeed reached the maximum amount
of disorder at the end of the experiment, an equilibrium, where
continued randomization of the structure no longer changes its stat-
istical parameters.

Finally, we look at the density fluctuations in the material to estab-
lish the amount of order at the longest range. In order to do this, we
measure density variation in the final structure (Fig. 2 ¢). We divide
the structure into square sampling areas of different widths (w = 0.2

... 2.0 nm), and calculate the standard deviation in the calculated
densities as a function of w (see Fig. 4 g-h). As expected, the density
fluctuations become smaller when the integration size increases, that
is, the structure appears smoother on the larger scale. However, as
can be seen from the fit in Fig. 4 h, our data follows 1/w-behaviour,
which is precisely what would be expected for completely random
atomic coordinates (or white noise). This indicates the absence of
long-range density fluctuations, or presence of hyperuniformity®.

In summary, we have reported a solid-state transition from a crys-
talline mono-layer graphene into a 2D carbon glass, imposed in a
controlled manner using electron irradiation. For the first time, our
results shed light into the transitional states between crystalline and
amorphous materials, and allow for a controlled creation of 2D car-
bon glass structures with a specific amount of disorder. The atomic
structure of the material is obtained in situ from high-quality TEM
images. The transition starts from separated point defects, which
merge into a vitreous network separating small crystallites, resem-
bling the crystallite theory of the atomic structure of a glass. At the
final stage, according to both real space and reciprocal space analysis,
the structure is indistinguishable from a 2D random network. Our
study shows that the two competing theories of the structure of glass,
the nano-crystalline theory and the random network model, provide
complementary descriptions on the same material, each applying to a
specific range of disorder, at least in two dimensions.

Methods

Our graphene samples were prepared by mechanical exfoliation with subsequent
transfer to a TEM grid. An image side aberration corrected FEI Titan 80-300 was
aligned for high resolution imaging at 100 kV. Images were recorded at a Scherzer
defocus and the spherical aberration was set to ca. 20 um. Under these conditions, the
dark contrast can be directly interpreted as the atomic structure. The TEM image
sequence of the amorphization was shown before (supplementary information of
Refs. 12,13), but no analysis of the amorphous areas as shown here was done
previously.

Energy minimization and structural optimization was carried out with the con-
jugate gradient method as implemented in the LAMMPS simulation package®**’. For
the radial and angular distribution analysis, the obtained structures (which had about
13,000 atoms with sizes ca. 30 X 30 nm?*) were embedded in a larger ideal lattice (with
more than twice the number of atoms) to ensure realistic relaxation also at the edges
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Figure 4 | Topological order and long-range density fluctuations. (a—d) The ring size statistics for the very first recorded TEM image (density deficit of
0.3%), at the transition point between crystalline and disordered states (3.8%), at a density deficit of 7.1% and at the end of the experiment (19.7%),
respectively. (e) Log-normal probability distribution of the ring statistics for the same structures and three literature results (from Refs. 7,8,24). (e)
Crystallinity, as calculated from ring statistics as a function of the density deficit. The color bar indicates the transition from the ordered (gray) via nano-
crystallite (blue) to a random network (red). (g) Structure of the disordered carbon glass corresponding to a density deficit of ca. 19.7%, with selected
sampling areas (avoiding larger holes and edges) for the analysis of density variations. The largest and second largest sampling sizes are shown; smaller
ones are obtained by dividing these areas. (h) Density fluctuations at different scales. The plot shows the atom number density (p) standard deviation
among the boxes versus the box width (w). The 1/w dependence, as shown by the dotted line, indicates the behaviour that would be expected for a
completely random structure or white noise. The inset shows the sampling areas corresponding to the data points at the same scale as panel (g).

of the field of view of the experimental images. This ideal lattice was excluded from the
analysis after structural optimization. All structures (optimized without the sur-
rounding lattice) used for the shortest path ring statistics are provided as supple-
mentary material. For this analysis, we excluded all edges to minimize the errors in the
interpretation caused by adsorbates and holes in the structure. The carbon-carbon

interactions were modeled with the AIREBO potential®

, as implemented in

LAMMPS. Any inaccuracies stemming from the use of a semi-empirical interaction
model are expected to be limited to the absolute values of the inter-atomic distances.
Therefore, they have no influence on any of the conclusions made in the study.
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