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Abstract

Hard form of carbon obtained by collapsing Cg fullerene molecules at moderate pressure and
temperature was investigated using different imaging techniques at spatial resolutions ranging
from angstrom to millimeter. Hierarchical granular morphology has been observed from the
atomic up to the sample size length scale, revealing scale independent grain size distribution. The
unusual fractal-like structure correlates with unique transport and calorimetric properties of this
material. Hard carbon can be considered as a bridge between porous and dense amorphous

materials.
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1. Introduction

The ability of carbon to form sp, sp? and sp® bonds with neighbors enables formation of a
number of carbon allotropes such as graphite, graphene, nanotubes, fullerenes, and diamond. High
mechanical hardness of cubic diamond puts this form of carbon apart making it extremely valuable
for diverse machine tool applications. The market cost of diamond parts is quite high, but can be
driven down by replacement of bulk crystals with much cheaper materials commonly known as
diamond-like carbons (DLC) [1]. Thin DLC coatings are widely used to improve performance of
cutting tools [2], but the range of their technological applications is much wider and includes,
among others, scratch resistant [3], chemically inert [4] and biocompatible [5] protective coatings.

The fabrication of bulk quantities of inexpensive DLC materials with hardness comparable
to that of cubic diamond still remains a technological challenge. A promising approach to the
solution of this important problem is to use the metastable carbon molecules known as fullerenes
[6-8] which are nowadays available in large quantities. Fullerenes, including its most common
representative Cgp, buckminsterfullerene, transform to diamond-like phase [9] under very high
temperatures (7)) and pressures (p). However, a very hard form of carbon [10] has been obtained
at rather moderate conditions (p~3 GPa, 7~1000 K) just outside of the region of Cg stability [11].
The density of this, so-called hard carbon (HC) is only slightly higher than the density of solid
fullerite (molecular Cg solid), but its micro-hardness is comparable to that of DLC films [12].
The material is electrically conductive [10, 13] and does not reveal long range crystalline order as
evidenced with X-ray diffraction, Raman [10] and NMR [14] measurements. These results suggest
a partial destruction and covalent cross linking of Cgy cages with the formation of sp? network
[10].

Thermal properties of HC, i.e. heat capacity (c,) [15] and thermal conductivity (x) [13, 15,
16], have T dependence characteristic for disordered systems. Fig. 1 shows ¢, and x of HC [15],
amorphous SiO, (a-Si0») [17, 18] and SiO, aerogel [19]. At high temperatures ¢, and x of HC are
very similar to those of a-Si0,, a typical representative of glasses. However, below ~30 K it does
not have either plateau in x or a maximum in ¢,/7° (known as boson peak) which are typical for
glasses. Instead, the (quasi)linear temperature dependence of x extends towards much lower
temperatures and c, develops a linear contribution much higher than in glasses, which makes it

more similar to aerogels [19, 20] and other porous materials [21].



The plateau in x has been associated with the strong reduction of the phonon mean free
path [17, 22]. In glasses the average mean free path (/,,,), which can be crudely estimated from
the kinetic theory equation [23-25], falls below the wavelength of the dominant thermal phonon
(Ao) [17, 24, 25] at temperatures above the plateau in x [17]. This can be regarded as the loffe-
Regel (IR) crossover for phonons [22]. The value of /4 at IR crossover of several nm corresponds
to the length scale of the medium range order in glasses [26-29]. Slack [30] argued that the phonon
mean free path cannot be shorter than its wavelength; otherwise the concept of coherent wave-
like excitations loses its significance, and a more appropriate picture of heat transport would be
that of the random walk. Thus, it is suggested that the plateau separates two regimes, the low
temperature (LT) transport by low frequency propagating phonons and the high temperature (HT)
transport by high frequency non-propagating thermal vibrations [31-33]. At the frequency of IR
crossover, density of states (DOS) in excess to the acoustic phonon (Debye) contribution is
observed which accounts for the boson peak in ¢,/7° [34].

The inset of Fig. 1 shows /4, and A, in HC, calculated according to [35]:
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using measured temperature dependence of x and ¢, [15] with p=1900 kg/m*® [10] and
v,~=5900 m/s [16].
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Fig. 1 - Heat capacity c, and thermal conductivity x of HC [15], a-SiO, [17, 18] and SiO, aerogel [19]. In the

inset is the mean free path /,,;, of HC compared to the wave length of the dominant thermal phonon A. (Eq. 1).

It turns out that /,;<A. in almost entire temperature range, suggesting that x of HC is in
the HT transport regime down to the lowest temperatures. The length scale at IR crossover is
~100 nm, much longer than in glasses. However, it is comparable to the correlation length of the
fractal structure [36] in aerogels, which is also responsible for IR crossover [37].

The random, fractal-like force-constant structure [31] is also postulated in the “fracton”
theory of thermal conductivity in the HT transport regime [38]. We have thus proposed HC as a
representative of a new class of dense fractal systems [15] since the fractal nature of aerogels is
closely related to their extremely low density. The similarity of thermal properties of HC with
aerogels, however, raises the question if there is an underlying similarity in the morphology.

We present in this paper the results of an extensive investigation of HC morphology at
different length scales, using scanning tunneling microscopy (STM), scanning electron
microscopy (SEM), atomic force microscopy (AFM) and scanning acoustic microscopy (SAM).
In addition, we have measured Raman spectra and ultrasonic sound attenuation which give
complementary information on the size of phonon scatterers. Our results reveal self-similar grain
structure at all accessible length scales, making HC an example of dense fractal clustering

covering more than six orders of magnitude.

2. Experimental procedure

2.1.  Synthesis and sample preparation

A bulk sample of hard fullerene-based carbon we have used in our measurements was
prepared using procedure described in Ref. [10]. Pure Cqy was separated chromatographicaliy
from the toluene extract of the carbon soot produced by d.c. arc discharge of graphite rods under
a He atmosphere[39, 40]. It showed no electron spin resonance signal at room temperature [40].
The powder was thoroughly ground in a mortar. No attempt was mad to estimate or measure
particle-size distribution. Pressed pellets 4 mm in diameter and 3 mm in length were sealed in

Al,O5 capsules for the high-pressure synthesis in the belt-type apparatus. The pressure was first



raised to 2.6-3 GPa and then the temperature was increased to 700 °C. After 2 hours at 700 °C
the temperature was rapidly decreased and finally the pressure was released.

The density of obtained pellets is about 1.9 g/cm?, slightly higher than the density of initial
Ceo (1.7 g/cm?), but lower than the density of graphite (2.1-2.2 g/cm?) and much lower than the
density of diamond (3.5 g/cm?).

The same sample used previously for the thermodynamic investigation [15], in the form
of half-disc (diameter~3 mm, thickness~1 mm), was used for all investigations presented in this
work. The sample surface was polished with abrasive diamond paste following the procedure

suitable for SEM imaging.

2.2.  Ultrasonic measurements: scanning acoustic microscopy and sound attenuation

Spatially resolved image of the elastic properties of the sample has been obtained by
scanning acoustic microscopy (SAM) [41]. In the pulse—echo mode or c-scan mode, SAM sends
a focused acoustic beam over the sample surface and measures the intensity of reflected subsurface
echo. A commercial SAM (HC 1000 Sonix) equipped with ultrasonic pulse generator and a broad
band transducer (center frequency of 75 MHz) was used in this study. The half aperture of the
acoustic lens was 14° with a working distance of 12 mm. The calculated lateral resolution of the
system was about 100 um in water.

Ultrasonic attenuation a has been measured at the room temperature in the frequency range
10-150 MHz using Panametrics transducers. Longitudinal sound waves have been generated
perpendicular to the parallel flat surfaces, i.e. along the smallest dimension of the sample, the
same geometry used previously for the measurement of the temperature dependence of the relative

change of the longitudinal sound velocity [15].
2.3.  Optical microscopy
The optical imaging of the sample surface has been performed with Leica Metallux 3

microscope in the reflection mode under built-in light source at different magnifications from

%200 to x2500. Pictures have been taken with 2048x1536 pixel digital camera.



2.4. Scanning electron microscopy

SEM imaging was performed using field emission SEM JSM 7000F at 5 kV at several

positions on the sample and at several magnification levels from %3,300 to x100,000.

2.5. Atomic force microscopy

We have used Multimode Scanning Probe Microscope with Nanoscope Illa controller
(Bruker) with a vertical engagement (JV) 125 um scanner to perform AFM imaging in contact
mode with silicon-nitride probes (NP, Bruker, nom. freq. 56 KHz, nom. spring constant of 0.32
N/m). The nominal tip radius is 20 nm. Measurements were performed in the air ambient
temperature and humidity. The linear scanning rate was optimized between 1.5 and 2 Hz with
scan resolution of 512 samples per line. Processing and analysis of images were carried out using
Nanotec WSxM free software [42]. All images presented are raw data except for the first order

two-dimensional flattening.

2.6.  Scanning tunneling microscopy

STM measurements were performed on Aarhus variable temperature STM (Specs). The
data were collected at room temperature in ultra-high vacuum conditions with a base pressure of
1 x 10”7 Pa. The STM tip was grounded and the bias voltage of 128mV was applied to the sample.
The data were taken in constant current (topography) mode with the tunneling current of 0.29 nA.

STM image analysis was performed in the WSxM software [42].

2.7. Raman

The Raman spectra were taken with a HORIBA Jobin Yvon T64000 Raman spectrometer

using a triple monochromator. The 514.5 nm line of an Argon laser was used for the excitation.

3. Results



3.1. Imaging on various scales

The imaging techniques we have used in this investigation cover almost continuously a
very wide range of length scales from angstroms up to millimeters. These techniques are sensitive
to different material properties and widely different sample depths, e.g. from entire cross-section
(SEM) to strictly surface elevation (AFM). Although different observed morphologies do not

necessarily correlate, they can still provide some insight in the (in)homogeneity of the HC sample.

3.1.1. Scanning acoustic microscopy

Fig. 2 shows typical c-scan SAM image of the sample, which had form of half disk of 3
mm in diameter. The ultrasound amplitude of the reflected subsurface echo was mapped onto 256
color levels so that the color coding bears information on the distribution of local acoustic
properties. The contrast of the image was enhanced by histogram equalization.

The acoustic image reveals distinct granularity. The grains tend to cluster so that the areas
with strong acoustic contrast are quite well separated. It indicates substantial inhomogeneity in
the mechanical properties of the sample. As its 3x2 mm? area corresponds to 731x430 pixels, the

“grain” diameter in the sample ranges from 1 mm down to 20 um, which is beyond the actual

resolution of 100 um.
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Fig. 2 - C-scan image (170x100 pixels) acquired at 75 MHz. The ultrasound amplitude of the reflected echo

was mapped onto 256 color levels.

3.1.2. Optical microscopy

Two optical images, taken at x200 and x2500 magnification, are presented in Fig. 3. The
color palette has been converted to 8-bit grayscale. Corresponding areas are 1.3x1 mm? and
0.1x0.08 mm?.

The brighter spots image cannot be seen using diffuse illumination, suggesting that it
originates from surface corrugation and not from the variation of HC reflectivity. On low
magnification image larger spots are inhomogeneously distributed (similarly as in the SAM
images shown in Fig. 2), with the largest size around 100 pm. On high magnification image bright
areas are more homogenously distributed, with uniform brightness spots few um in diameter.

Blurred parts of the image point to substantial corrugation on longer length scales.



Fig. 3 - Optical images of HC sample surface, 1.3x1 mm? area taken at x200 (left) and 0.1x0.08 mm? area

taken at x2500 magnification (right). Scaling is presented by yellow line.

3.1.3. Scanning electron microscopy

Two SEM images, taken at x10* and x103 magnification, with corresponding areas 12x9
um? and 1.2x0.9 um?, are shown in Fig. 4. As the distinction between the “grains” and the
“background” in the original image is rather low, we have applied the unsharp mask filter to
emphasize the grain edges. The granular structure is present at both magnifications, with size of

few 100 nm at lower magnification and few 10 nm at higher magnification.
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Fig. 4 - SEM image of the HC sample surface, 12x9 um? area taken at x10* (left) and 1.2x0.9 pm? area taken

at x10° magnification (right). Appropriate length scales are presented by white lines and corresponding



dimensions on the lower right edge. The yellow frame in the left image represents the area presented in the

right image.

3.1.4. Atomic force microscopy

The surface of HC disc was scanned on several places, on areas ranging from 0.5 x 0.5 pm?
to 10 x 10 um?. Fig. 5 shows one typical scan and two height profiles along indicated directions.
The image covers 3 x 3 um? area, with pixel size ~6 x 6 nm?, and the height scale is from 0 to 256
nm. The AFM images show inhomogeneous, granular morphology of HC sample, with smaller

grains clustering to larger structures. The height profiles indicate that the grain sizes range from

100 nm up to 2 pm.
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Fig. 5 - AFM image of 3 x 3 um? HC surface (left) with indicated directions of height profiles (right).

3.1.5. STM

STM images were recorded on several places on the sample, across areas ranging from
3 x 3 nm? to 20 x 20 nm?. Fig. 6a shows a characteristic STM image of a sample with a blue line
denoting a position of the profile in Fig. 6b. On this scale single atoms are observable. The
structure appears amorphous, i.e., with atom ordering no longer than few unit cells [43]. Short
range atom arrangement, as shown in the inset of Fig. 6a, is characterized by quite large unit cell

deviations, ranging between 2.2 A and 2.8 A.



The grain width distribution of the observed grains, acquired from the profile analysis of

the measured STM images, is presented in Fig. 6¢. The distribution shows mean width of (2.3+0.9)

nm.
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Fig. 6 - (a) STM image of the HC sample surface. The dashed frame is enlarged in the inset. (b) Height

profile along the blue line in (a). (¢) Grain width distribution from profiles such as in (b).

3.2. Fractal “clusters of clusters”

The images of HC sample presented in previous sections are obtained by techniques that
probe different properties of the sample at different spatial scales. However, they all reveal quite
clearly a granular morphology with a wide distribution of grain sizes. At each magnification (or
spatial scale), these distributions seem to be bound only by the resolution and the image size,
indicating a self-similar morphology in very wide grain size span. It would imply that HC is
heterogeneous at all length scales from the size of a single atom to the size of the sample.

In order to obtain more information about the morphology of HC we have tried to quantify
systematically the grain size distribution over all available scales. Only in the AFM images the
pixel intensity corresponds to the surface height, which would permit the estimation of the grain
volume. We have therefore restricted the analysis to the grain area projected to the image plane
based on the spatial variation of the intensity.

We have applied several standard image segmentation algorithms used to determine the

distinctive objects in the image [44]. However, it turned out that the simpler algorithms cannot



capture the hierarchical “grains within the grains” morphology present in all images, but
particularly exemplified in AFM height profiles, Fig. 5. Instead of probing through numerous
variations and extensions of increasing mathematical and computational complexity, we have
developed another simple algorithm suitable particularly for the samples of such unusual
morphology. Grains detected by various image segmentation algorithms in SAM, AFM and STM
images corresponded well to the grains determined visually. However, this correspondence was
not achieved for optical and SEM images, so we do not report these results.

As an example, we present in Fig. 7 the results of image segmentation for several
algorithms on selected AFM image. In Fig. 7a — 7¢ the original AFM image, covering 3x3 um?
area with 512x512 pixels resolution, is rendered in false colors representing the 256 height levels
from blue (lowest) to red (highest) and the lines represent the boundaries of grains determined by
different algorithms. The cumulative grain area distribution obtained by different segmentation

algorithms is presented in Fig. 7d.

3.2.1. Grain determination using standard image segmentation algorithms

The boundaries of the grains obtained by thresholding algorithms [45], which are used for
the binary separation of objects from the background in the image, are presented by lines in Fig.
7a. Blue lines are boundaries obtained using the global intensity threshold for the entire image
calculated by the Otsu method [46]. The global threshold does not seem appropriate for grain
determination on such corrugated surface as in HC, as it misses the majority of smaller grains.

The black lines are the boundaries of the grains obtained by locally adaptive thresholding
[45]. This algorithm essentially filters out the slowly varying components of the image, typically
the mean intensity within the surrounding window, however with numerous variations and
refinements [47]. We have used the Sauvola method [48] with suggested 15 pixels window size
and standard deviation bias £=0.5. Evidently, this algorithm captures smaller grains, however at
the expense of larger ones. On the other hand, larger grains can still be determined using global
thresholding on the slowly varying components of the image.

In Fig. 7b the image segmentation using the watershed algorithm [49] is presented by the
watershed lines (black lines), separating the objects, superimposed on the AFM image. The

watershed algorithm collects all pixels from which the intensity strictly increases towards the same



local maximum in one object, i.e. a grain. Unlike the thresholding algorithms, the watershed
algorithm “covers” the entire image with grains, including the areas far away and below the
particular maximum, which makes the grains larger. We have partially resolved this problem by
defining the intensity threshold below which the pixels are considered as background and not
included in determining the grain structure. On the other hand, similarly to the local thresholding
algorithms, watershed algorithm does not detect larger grains. The waterfalls algorithm [50] can

be subsequently applied to merge adjacent grains.

Fig. 7-Comparison of several image segmentation algorithms applied to determine the grain area distribution.
AFM image of the 3x3 pm? HC sample surface height, rendered in false colors from lowest (blue) to highest
(red), is superimposed in (a) with the grain boundaries obtained by global (blue lines) and local (black lines)
thresholding algorithm, in (b) with the grain boundaries obtained by watershed algorithm (black lines) and in
(c) with the grain boundaries obtained by hierarchical algorithm (black lines). (d) Cumulative distribution
function Fp (see text) obtained by different image segmentation algorithms presented in Fig. 7a-7c. Dashed
lines represent the exponential dependence of Fp obtained by local thresholding and watershed. Solid line

represents the power law dependence with exponent -1. Thin vertical line represents actual AFM resolution.

3.2.2. Hierarchical algorithm for grain determination

Our algorithm, conveniently named ““hierarchical”, is inspired by contour plots in which
a larger closed contour line, representing a large “grain”, can envelope several smaller closed
contour lines representing smaller “grains”. The algorithm determines the objects by thresholding
at each intensity level. Starting from the highest level (in terms of color coding), it recognizes
objects with closed contour lines as grains, tracks their sizes while decreasing the level, and
registers grain merging similarly to the cell development tracking in time-lapse microscopy [51].
We have established a hierarchy of grains corresponding to the number of previous merging
events. It allows the resolution of merging events, when the grain obtained at lower threshold
envelopes several grains at higher threshold. We have set the criterion that the grain stops growing
when it is merged with another grain of equal or higher hierarchical level. Unless there is a single
highest hierarchical level grain in the merging event, a new grain with a higher hierarchical level

1s created.



The grain boundaries obtained by hierarchical algorithm are presented by lines in Fig. 7c.
The grains touching the image edges, and presumably extending beyond them, are not considered.
The grains obtained by hierarchical and thresholding algorithms are similar, however, we do not
have to introduce a particular scale, such as averaging window size, to distinguish between smaller
and larger grains, i.e. finer and coarser morphology. Also, our algorithm captures naturally the

hierarchical structure of smaller grains clustering into larger grains that we would like to describe.

3.2.3. Cumulative distribution of grain area sizes

For each algorithm we have collected the two dimensional area sizes P of individual
grains, expressed in the number of pixels, which are then used to construct the empirical
cumulative distribution function [52] F'p, counting the number of grains larger than the P for every
grain. Fp for all algorithms are presented in Fig. 6d. The nominal AFM tip radius of 20 nm sets
the lower limit to the reliability of the grain size evaluation to about 30 pixels, indicated with thin
vertical line in Fig. 7d. For comparison between images obtained at different areas actual grain
size can be calculated from the number of pixels based on the image area and resolution, and Fp
normalized by the total area of the image, as shown in Fig. 8d.

The algorithms that detect well the smaller grains (local thresholding, watershed,
hierarchical) obtain nearly the same number of about 200 grains. The distributions for local
thresholding and watershed can be reasonably well approximated with the exponential functions
(dashed lines in Fig. 7d), however, with almost one order of magnitude larger mean grain size
(750 against 90 pixels) for watershed. For small grain sizes the distribution obtained by
hierarchical algorithm is close to the one obtained by local thresholding, however, at larger sizes
it approaches the distribution obtained by global thresholding. Its functional dependence is also
different and follows roughly the power law with exponent -1 (solid line in Fig. 7d) for almost
two orders of magnitude. Combined distribution of area sizes from global and local thresholding
(not shown) is actually close to the distribution obtained by hierarchical algorithm. This is not

surprising, as the hierarchical algorithm captures naturally both smaller grains and larger grains.
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Fig 8 - (a) STM image of the 10x10 nm? HC sample surface (b) AFM image of the 5x5 um? HC sample surface
(c) SAM image of the entire HC sample surface. All images are rendered in false colors from lowest (blue) to
highest (red) intensity and superimposed with the grain boundaries obtained by hierarchical algorithm (black
lines (d) Non-cumulative area density function Dp (see text) obtained by hierarchical algorithm for all STM,
AFM and SAM images including those presented in Fig. 8a-8c. Solid line represents the power law dependence

with exponent -2. In the insets are the cumulative distribution functions Fp obtained from AFM and STM



images. Solid lines in the insets represent the power law dependence with exponent -1, same for AFM and STM
Fp.

3.2.4. Hierarchical image segmentation of SAM, AFM and STM images

We have applied the hierarchical algorithm to determine the grains and grain area sizes for
SAM image and 12 AFM and STM images taken at 3 positions at several different magnifications.
The results are presented in Fig. 8. Grain boundaries, represented by lines, are superimposed on
the experimental data, rendered in false colors representing the 256 intensity levels from blue
(lowest) to red (highest), in Fig. 8a — 8c for selected images. The STM image in Fig. 8a covers
10x10 nm? area and the AFM image in Fig. 8b covers 5x5 pum? area, both with 512x512 pixels
resolution. The SAM image in Fig. 8c covers 2x3 pum? area with 430713 pixels resolution. Fp

obtained for all AFM and STM images are presented in the insets of Fig. 8d.

3.2.5. Power law distribution of grain area sizes

In order to compare the results obtained by different imaging techniques we have
calculated the non-cumulative area density function D(P) as the derivative of Fp in respect to the
grain area [53], as presented in Fig. 8d for all available STM, AFM and SAM images. For each
imaging technique a lower cut-off is introduced; 0.01 mm? for SAM according to its lateral
resolution, 103 pm? for AFM, which is approximately the tip area size, and 4 A2 for STM which
is approximately the area of a single carbon atom in Fig. 6.

The lines in Fig. 8a - 8c emphasize very similar hierarchical grain morphology at three
very different spatial scales, with smaller grains clustering to form larger ones. Moreover, as
presented in Fig. 8d, D(P) obtained for all STM, AFM and SAM images roughly follows the same
power law dependence with exponent -2 over almost 14 orders of magnitude in area size,
indicating a scale-free, fractal distribution of grain area sizes [54]. Such a wide range of power
law distribution which correspond to length scale variation of almost 7 orders of magnitude, from

several A to 1 mm, is quite exceptional [52].



3.3 Elastic mean free path: sound attenuation

The ultrasonic attenuation o has been measured in the frequency (F) range 10 — 150 MHz.
In Fig. 9 we present the frequency dependence of the attenuation multiplied by the corresponding
wavelength A=v,/F for HC sample and for the silica filled epoxy [55] as a reference, where
v,~5900 m/s for HC [16] and v, =4200 m/s for epoxy [55]. The silica inclusions in the epoxy
matrix vary in size between 1 and 100 pm.

The dominant contribution to the attenuation of ultrasound in polycrystalline materials
comes from the scattering by grains [56, 57]. a typically shows a power law F dependence with
the exponent governed by the ratio of the wavelength A and the grain diameter d. At low
frequencies, where A>>d, « is proportional to F* due to the Rayleigh (point) scattering, unless it
is obscured by the viscoelastic absorption. In the intermediate range where A>d, stochastic
scattering with quadratic a~F? dependence dominates, until & becomes constant for A<d in the
geometrical regime [58].

As ultrasonic attenuation is inversely proportional to the mean free path, a=1/1,,, the limit
where a-A~1 corresponds to the Ioffe-Regel criterion for localization of vibrations and defines the
mobility edge for sound waves. By extrapolating the power law dependence of -4, as shown in
Fig. 9, we estimate that the localization occurs above F;*~300 MHz in HC sample which is slightly
higher than the frequency F,"~200 MHz obtained for epoxy loaded with silica fillers. The
corresponding wavelength, i.e. the localization length is /20 um for both HC and epoxy. In filled
epoxy the localization length corresponds to the size of silica inclusions and the strong scattering
is attributed to the localization of vibrations within silica grains. By comparison, we can suggest

similar grain-like structure at um length scales in HC.
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Fig. 9 - Frequency dependence of the product o), o being ultrasonic attenuation of longitudinal acoustic waves
(or inverse to the elastic mean free path o~l,g ') and A being the ultrasonic wave length: hard carbon (black
squares) and epoxy matrix (red circles) loaded with micrometer size silica inclusions (1-100 um). Extrapolation
of power law dependence (solid line) to the crossover frequencies F;* and F,* corresponding to the localization

of acoustic wave according to the Ioffe-Regel criterion l,,q~A or aA~1.

3.4. Raman

The Raman spectrum of HC sample is shown in Fig. 10. The D and G bands at about 1353
cm! and 1590 cm! are clearly visible. The intensity ratio of these two bands I4/I, can be used to
determine the size of the graphitic crystallites L in the sample. It has been shown [59-61] that the
Ip/1 ratio increases with L? for L<2 nm, reaches a maximum of about 2.5 at L= 2 nm and then
decreases with L' for L>2 nm. The ratio Ip/Ig, which in our case is about 0.95, could therefore
correspond to two different values of particle size: 1.5 nm or 5.5 nm, on opposite sides of the
maximum [61]. By comparing our Raman spectra with similar spectra already reported in
literature [60], we can see that our spectrum bares much more resemblance to the spectrum of
disordered carbon (which would be in agreement with L=1.5 nm) than with the spectra of ordered
carbon (which would correspond to L=5.5 nm). This can be seen in particular from the widths of

the two bands (which are 90 cm™! and 55 cm! for the D and G bands, respectively) which would



have to be much narrower in the L=5.5 nm case. Therefore we conclude that the particle size in

the sample is around 1.5 nm.
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Fig. 10 - The Raman spectrum of HC sample. The two Gaussians (red line) correspond to the D and G

carbon bands.

4. Discussion

Our extensive investigation of HC morphology at different length scales suggests selt-
similar grain distribution over length scales covering almost seven orders of magnitude. The
structural investigations of HC considered mostly the nanostructure. Previous results on HC
samples obtained under comparable conditions point to the disordered sp’-type atomic structure
with nanocrystals of graphite interlinked by curved molecular fragments [7] or, alternatively,
corrugated graphene sheets [62, 63] remaining after the destruction of Cg, cages in the parent 2d
Ceo polymer [6]. Nanocrystalline graphite-like (GL) clusters have been observed by HRTEM with
sizes 1.5 —3 nm [64] or 2 — 4 nm [63] which is consistent with the range of grain sizes observed
by STM. The nanocrystallite size estimated from the Raman spectra is on the lower end of this
range. On the other hand, SEM images in [16] show microcrystalline grain structure with 8 —

100 um grain sizes, similar to our SEM results, while at the same spatial scales lamellar structures

with 100 nm — 1 pm spacing [16, 64] are observed. However, our AFM data demonstrate that the



grains are continuously present also in the intermediate range between nm (HRTEM) and um
(SEM) scale, and our SAM data extend the range of grain-like structure to the scales comparable
to the sample size. Therefore, the results found in the literature do not contradict ours and all of
them added together strongly support our picture of hierarchical grain morphology at all spatial
scales.

Persistent heterogeneous morphology over such a wide range is quite unusual. Structural
heterogeneity in glasses is revealed only at the level of medium range order of several nm [29].
Distribution of grain sizes in various nano- and poly-crystalline materials usually extends over 1
order of magnitude [65, 66]. Coexisting nano- and micro-scale heterogeneities have been achieved
in designed nanostructured thermoelectrics [67]. Only in aggregate nanomaterials [68], such as
aerogels, xerogels, pyrogenic silica and carbon, structural data [69] indicate a hierarchy of
structural organization, named “multilevel structure” over length scales covering about 5 orders
of magnitude from ~nm sized “primary particles” to ~100 pum sized “agglomerates”. Even in this
case, however, self-similar, fractal structure spans at most 2 orders of magnitude between the
primary particle size (~nm) and the aggregate correlation length (~ 100 nm) [70].

Among these aggregates carbon blacks [71] and soots [72], amorphous carbon allotropes
obtained in incomplete combustion, show particularly strong similarities with the structure of HC
at different spatial scales. Carbon black consists of a fullerene-like globules of concentric graphite
nanocrystals [73] which aggregate in larger particles [72, 74, 75]. The graphite nanocrystals are
1-2 nm in size, the globules about 10 — 100 nm and the aggregates can grow beyond 1 um [72,
76]. Both STM [77] and AFM [78] images of carbon black are similar with those of HC, with
distorted GL domains of several nm and larger particles ~10 - 100 nm. It has been also observed
[79] that thermally treated carbon black shrinks into a fractal-like domain pattern in the 1 - 100 um
range, probably due to the release of the heterogeneous stress. Thus a hierarchy of structural
organization on very different length scales might not be so uncommon for carbon.

It is tempting to interpret the self-similar fractal-like grain size distribution in HC as a
proof that, as in aggregates [80], the HC formation is governed by the same processes at all scales.
However, aggregates are obtained by non-equilibrium growth [81] from the dilute, either solvated
or gas, phase while HC remains solid under the synthesis conditions [82]. Moreover, considering
the entire path of HC formation from initial C4o powder [83], the heterogeneous structure is formed

first at longer scales through the powder compaction [84] at high pressure. As the temperature is



increased, the grains might grow through sintering, but the nucleation and growth of 1D and 2D
polymerized Cgp phases creates crystallites within the parent Cg crystalline grains [62, 82].
Eventually, at temperatures outside of the region of Cg stability [11], the collapse of molecular
cages produces nanocrystalline GL clusters within the parent polymerized phases [63, 64].

The grain size of starting material might have been 10-100 um, as reported in some
investigations [85, 86], which would correspond to the length scales observed in SAM. On the
other hand, simple mortar grinding reduces the grain size to 10 um and below and produces a
wide distribution of nanoparticles [87]. Low hardness of pristine Cg, [88] makes the powder easily
compacted to nominal density already at low pressures [84], however the boundaries between the
grains are retained and accumulate stress at higher pressures [84]. Although the sintering is
expected to promote the grain growth or coalescence at higher temperatures [89], Cq( crystallites
do not change the morphology even after Cqy cage collapse [90, 91]. The pressure, while
promoting compaction, can restrict the grain growth [92]. Thus the wide distribution of grain sizes
in HC, particularly at um length scales, can come from the particle size distribution in the initial
powder.

In the pressure range ~2-8 GPa solid Cgy dimerizes, then polymerizes first in 1D chains
and then in 2D sheets as the temperature increases [6]. 2D polymerization occurs in {111} dense
crystallographic planes containing nearest neighbor Cgy molecules in parent f.c.c crytal [62]. The
pressure determines the relative abundance of tetragonal and rhombohedral 2D polymer phases
[6]. Anisotropic loading, as in belt-type high pressure apparatus, orients the 2D planes parallel to
the loading axis [93]. At 3 GPa both phases are present [83, 85, 94] in interpenetrating lamellar
domains at 10-100 nm scales which run in two distinct directions [85].

The collapse of Cgy cage and the formation of GL phase occurs at same temperatures for
p~2-8 GPa [88], indicating a reconstructive (diffusive) transition [64]. This is corroborated by the
slow dynamics of the transition [83]. On the other hand, GL nanocrystals grow along the dense
Cgo molecular planes of the parent 2D polymer phase and retain their texture [62, 64] indicating
displacive (martensitic) transition. Thus the heterogeneity created by intergrowth of polymer
phases is preserved in HC [63]. The small size of GL nanocrystals, corresponding to several Cg
molecules [83], and their different orientation can be explained by the relaxation of the elastic

stress induced by the transformation to GL structure [64].



Theoretical investigations of the structural evolution of Cg crystals at elevated pressures
and temperatures are rather sparse and mostly consider the polymorphism and polymerization [96,
97], but only on the level of the unit cell. The pressures at which HC is formed is too low for the
amorphisation of Cg crystal obtained in molecular dynamics (MD) simulations [98, 99]. Also, the
temperature is too low for the fragmentation of C¢y molecule [100]. However, the Cgy cage can be
broken at much lower temperature through coalescence with other Cqy molecules [101-103],
driven by the energy gained by the reduction of the local curvature in the system. Simulations
show that the first step in the process is necessary the polymerization of Cgy molecules [103], as
in HC. The final product in the case of isolated dimer is a larger fullerene molecule [104]and in
the case of 1D constrained (peapod) Ce chain is a carbon nanotube[102], with distorted metastable
intermediate structures [102-104]. It seems natural to suggest that the 2D polymer, from which
HC is derived, would coalescence into graphite-like structures. Moreover, the temperature for the
peapod coalescence is experimentally determined to be slightly above 1000 K [105], corroborated
by MD simulations [102], which is comparable to the temperature of HC formation. The formation
of HC from the non-polymerized 3D f.c.c phase [106] results in structure resembling the
“crumpled graphene” [107], which can be attributed to the random direction of initial dimerization
and later coalescence.

We can conclude that the formation of hierarchical structure of HC is a result of a series
of phase transformations, from the crystallization of Cg, over 1D and 2D polymerization to the
coalescence of Cg molecules. Except for the crystallization, which determines the initial
macroscopic grain structure, each subsequent transformation lowers the symmetry and introduces
the textured subdomains in the domain of parent structure, all down to the nanometer level. Such
evolution would naturally lead to the hierarchical “grains within the grains” morphology that our
results suggests. However, it is not clear if it can explain the self-similar grain size distribution
that we have obtained from the analysis.

We expect the heterogeneous morphology over such a wide range of length scales to be
responsible for unusual thermal properties of HC. Phenomenologically, this relation is evident
from the comparison of thermal properties of nanostructured a-SiO, modifications with the
increasing length scales of heterogeneity, from densified [112-114], standard [17, 18] and sol-gel
[115] a-SiO; in the nm range to nanoporous [21] and aerogel [19, 20] a-SiO; in the 10 — 100 nm

range. As the length scale increases, plateau in x and boson peak in c¢,/7° shift towards lover



temperatures, boson peak becomes broader and eventually flattens out and the linear contribution
to ¢, increases. We have already noted in the Introduction that the thermal properties of HC are
comparable to those of aerogels, in conformation with the heterogeneity in a wide range of length
scales. Actually, as these length scales in HC extend to the um range and beyond, there should be
no plateau down to very low temperatures. Indeed, measurements performed on another HC
sample produced under similar conditions [16] show that x remains quasi linear down to 0.1 K.

So far there is no theory addressing specifically the thermal properties of materials with
hierarchical structure beyond some initial attempts with MD simulations [111, 116]. However, the
theoretical modeling of thermal properties of glasses, nanocrystalline and polycrystalline
materials considers heterogeneity at different length scales, although in relatively narrow ranges.
In following, we review some of these theories and try to extrapolate them to the hierarchical case
as in HC.

In polycrystalline materials it is well established that the phonon scattering on grain
boundaries strongly reduces x [117-120], while in nanocrystalline materials it even exceeds the
Umklapp scattering rate [121] responsible for characteristic ~1/T decrease of x in crystals at high
temperatures. Thus x of nanocrystalline phase resembles this of amorphous one for small enough
grains [119, 122-124] end even the MD simulations fail to demonstrate noticeable differences
[125, 126]. This is consistent with the phenomenological model of nanometer clusters [26] in
glasses defined by finite correlation length of density [127] or elastic constant [22] fluctuations.
These clusters lead to the strong Rayleigh scattering of phonons responsible for the plateau [22].
The correlation length corresponds to the nm length scale of the medium range order in glasses
[27].

Several models have been proposed to account for grain scattering, differing substantially
in the way the grains are described [128-130]. Nevertheless, in all these models the scattering rate
increases strongly when phonon wavelength A decreases towards characteristic length D of the
heterogeneity and then keeps a constant value, inversely proportional to D, for A<D. Thus, the
heterogeneity at different length scales should increase the scattering of phonons of corresponding
A and contribute to the reduction of «; as it has been demonstrated in designed thermoelectrics
[67, 131].

If such approach can be applied to HC with very broad, fractal-like distribution of grain

sizes, it would imply strong scattering of phonons at (almost) all 4. Our measurements of



ultrasound attenuation suggest that the phonons become strongly scattered, according to the loffe-
Regel criterion, already at A=20 um. HC should consequently have quite low value of «; at least
in comparison to other carbon allotropes. Indeed, x of HC at room temperature is in the lower
range of x of amorphous carbons of comparable densities [110] and comparable even to x of low
density carbon foams [132]

The strong scattering of phonons at extended spatial scales can also provide explanation
for the absence of the plateau in x of HC. As we have already mentioned in the Introduction, the
plateau in glasses is considered to separate the LT heat transport regime by propagating (weakly
scattered) phonons and HT transport regime by non-propagating (strongly scattered) thermal
vibrations [31-33]. Experimentally, the loffe-Regel crossover between weak and strong scattering
in a-Si0, occurs at frequencies corresponding to A of the order of several nanometers [133]. If the
strong scattering extends to longer A, as we suggest for HC, and correspondingly lower
frequencies, it would extend the HT regime and move the plateau to lower temperatures. Again,
ultrasonic attenuation shows that the in HC phonons become strongly scattered at frequencies
~300 MHz which would place the plateau in x around 20 mK.

The heterogeneous structure does not affect ¢, as strongly as «. In nanocrystalline materials
¢, 1s moderately increased in the entire temperature range [134, 135]. This increase can be in the
most part explained by the lower density of disordered intergrain phase [136, 137]. However, at
low temperatures an additional contribution from a low frequency Einstein mode [138, 139] is
observed and attributed to low frequency vibrational modes of grains, so-called surface modes
[140, 141]. These localized modes can be observed in Raman spectroscopy of embedded
nanocrystals [142, 143], and their frequency is reduced as the nanocrystalline size increases [143].
In the phenomenological cluster model of glasses, the boson peak contribution to vibrational DOS
[26] 1s also attributed to the cluster surface mode and its frequency, which also corresponds to IR
cross-over frequency [127], determines the temperature of boson peak in c,. Similarly as for x,
there is no difference in ¢, of nanocrystalline and amorphous phase obtained from MD simulations
[144].

Within such approach, grains of different sizes and correspondingly different frequencies
of surface modes would contribute to ¢, at different temperatures. In HC, with very broad, fractal-
like distribution of grain sizes, instead of a well-defined boson peak it would produce a broad, flat

contribution in excess to the acoustic Debye contribution. With IR cross-over frequency of 300



MHz the Einstein-like lowest mode contribution would have maximum in ¢,/7° at 5 mK, far below
the measurement range in Figure 1.

Low temperature linear contribution to ¢, is typical for glasses [17] and modeled by so-
called two-level states (TLS) [145, 146] in local anharmonic atomic potentials. However, it has
been shown [147, 148] that any damped vibration in solid contributes to linear ¢, at very low
energies. This contribution is proportional to the damping and inversely proportional to the square
of vibration frequency [147]. Thus we can understand why this linear contribution to ¢, in HC,
where the phonons are strongly scattered already at quite low frequencies, is so much higher than
in glasses.

MD simulations of glasses [32, 149], have shown that the structural heterogeneity in
glasses translates to the elastic heterogeneity, as suggested previously [22, 26]. Results based on
the harmonic approximation of disordered networks [150], which can be extracted from MD
simulations phenomenologically, or constructed by introducing random masses, elastic constants
or displacements in the lattice [33], reproduce thermal properties well. The plateau in x
corresponds to the IR crossover between the propagating modes with a well-defined wave vector
and strongly broadened, diffusive modes at higher energies [32, 151-153]. The excess of DOS
contributing to the boson peak corresponds to the nondispersive transversal vibrations in the
diffusive regime [149, 154-156].

Within the disordered elastic network approach it was also considered how the variation
of disorder strength affects the thermal properties [33, 153, 155, 157-159]. If we adopt that the
fractal-like heterogeneous structure of HC produces similar elastic heterogeneity, than these
results may be relevant for HC. Increase of disorder strength, measured as the distribution width
of elastic constants [33, 155, 157-159], shifts the IR crossover to lower frequencies [33, 157, 158],
consistent with the decrease of the temperature of the plateau [158]. The region of excess DOS
widens towards low frequencies [33, 157-159], so not only the boson peak shifts to the lower
temperatures, but it also becomes wider [158]. At the critical value of disorder strength where the
system becomes mechanically unstable the excess DOS again becomes phonon-like, but with
additional contribution in excess to the contribution of acoustic phonons [157]. The thermal
properties that HC exhibits correspond exactly to this critical disorder strength limit.

Although some of the models explicitly state that the distribution of elastic properties has

no spatial correlations [157, 158], MD simulations of different glass models show characteristic



length scales of elastic heterogeneities which exceed the interatomic one [161-164]. For the model
a-Si0; [163] this length scale is associated with the boson peak frequency, which is reminiscent
of the phenomenological picture of weakly connected clusters [26]. Unfortunately, similar
analysis has not been performed for systems with different degree of heterogeneity [155, 160] to
check for the variation of this length scale.

Finally, MD simulations have attributed TLS, responsible for low temperature linear
contribution to ¢, in glasses, to the slow reversible local atomic rearrangements [165, 166]. They
are very similar to the local plastic rearrangements under stress which are observed in athermal
MD simulations [167, 168], as both require low energies for activation. The position of local
plastic rearrangement coincides with the low frequency mode quasi-localized in the region of the
low local elastic modulus [168]. If this reasoning is correct, the density of low elastic modulus
regions, and consequently of TLS, should be very high in the system with very high elastic

heterogeneity, which HC seems to be.

S. CONCLUSIONS

Using different imaging techniques we have demonstrated the heterogeneous granular
morphology of HC at widely different length scales, from the order of individual atoms to the order
of the sample size. The hierarchical grain size distribution has been quantified for several imaging
techniques using appropriate algorithm and it follows a fractal-like power law dependence over
almost 14 orders of magnitude in grain area. We show that the heterogeneous morphology over
such a wide range of scales could explain unusual thermal properties of HC, particularly its low
thermal conductivity. We suggest that the hierarchical morphology of HC emerges from the
symmetry lowering phase transformations of Cg crystal at elevated pressures and temperatures,

which offers an alternative way to the reduction of thermal conductivity in bulk materials.
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