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Abstract

Structural details of the proposed solid-liquid phase transition of carbon have remained elusive,
despite years of study. While it is theorized that novel carbon materials form from a liquid
precursor, experimental studies have lacked the temporal and spatial resolution necessary to fully
characterize the purported liquid state. Here we utilize megaelectronvolt- ultrafast electron
diffraction (MeV-UED) to study laser irradiated sub-micron diamond thin films in a pump-probe
scheme with picosecond time resolution to visualize potential structural changes of excited
diamond. We probe the structure of diamond using a combination of fluences (13, 40 J/cm?) and
time delays (10, 25, 100 ps), but observe negligible changes in the static diffraction pattern of
diamond and an overall decrease in diffraction intensity up to 100 ps after the excitation pulse.
We thus conclude that no appreciable amount of liquid or graphitized carbon is present and

highlight the structural resilience of bulk diamond to intense 800 nm ultrafast laser pulses.
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Introduction

Novel carbon materials are of much current interest, as their applications could engender
profound advances in the areas of catalysis, energy storage, CO> conversion, and nuclear waste
management'~. Theoretical studies have suggested that the liquid phase of carbon may be the
precursor to new exotic carbon nanostructures™®. However, without reliable experimental
evidence addressing the structure of liquid carbon, present day theoretical models remain limited
in their ability to understand and predict the formation of novel forms of carbon. Given the
planetary core-level pressures and temperatures required to successfully melt carbon without
sublimation, characterizing its liquid state by table-top experiments has remained challenging’.
Experimental evidence of melted carbon was first reported by Bundy in 1963, who performed
flash-heating experiments on graphite rods inside a high-pressure cell®. Since then, a variety of
methods have been used to melt carbon, including shock compression, electrical heating, and
laser irradiation®!'. Numerous types of carbon targets have been examined (e.g. amorphous
carbon (a-C), highly ordered pyrolytic graphite (HOPG), and diamond), with sample thicknesses
ranging from angstroms to millimeters®!!~!3. Under laboratory conditions, as carbon samples are
non-thermally melted, the liquid phase is claimed to exist only briefly before rapidly
evaporating. Melting carbon samples via irradiation with ultrafast optical pulses has become a
common approach; however, the observation window of the liquid state is also limited by
hydrodynamic expansion and ablation!®!>. Therefore, attempts to characterize the liquid have
typically relied on optical measurements that operate on short timescales. Various groups have
employed X-ray spectroscopy and optical reflectivity experiments to characterize non-thermally

melted carbon samples; however, these studies have often reached conflicting conclusions!?!416-
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¥ New tools with state-of-the-art time resolution and enhanced signal-to-noise ratios are clearly

necessary to unambiguously characterize the structure of the transient liquid carbon state.

Given diamond’s unique thermal and optical properties, there is great potential for its
applications for optics and electronics!®. Advances in chemical vapor deposition (CVD)
instrumentation have increased the production of highly-ordered diamond samples®.
Consequently, much effort has been directed towards examining the resilience of lab-grown
diamonds, including their damage threshold from laser sources?!?2, With sufficient energy,
graphitization of diamond occurs whereby the diamond FCC lattice structure transforms into a
graphite-like structure?’. Reports of laser induced graphitization of diamond samples have
established that a single laser pulse can generate a change in the diamond structure near the
surface. For femtosecond laser pulses, the graphitization threshold has been reported to be ca. 0.3
- 4 J/em? 24253, Fluences greater than 30 J/cm? have been used for the graphitization of bulk
diamond samples?>. While this phase transition in the carbon structure has been extensively
studied as a method for generating HOPG, the mechanistic details have only recently been
explored?®2*?7, Excitation from an ultrafast laser pulse results in absorption of energy occurring
on the order of femtoseconds, which drives the diamond into a nonequilibrium state well before
the surrounding structure can respond?!. Probing such an excited diamond in the picosecond time
regime after the absorbed energy has begun to dissipate into the bulk lattice should provide
insight into the structural evolution of the graphitization process, and evidence of whether a

transient liquid carbon phase is involved.
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In this work, we excite sub-micron samples of single crystal diamond films using ultrafast 800
nm laser pulses and probe the structure using single-shot megaelectronvolt-ultrafast electron
diffraction (MeV-UED)?®. Given the increased time resolution of modern MeV-UED, we are
able to generate static diffraction images of diamond and provide time-dependent snapshots of
the transient atomic structure several picoseconds after excitation?’. Changes to the atomic
structure (i.e. solid-liquid or solid-solid phase transitions) induced by the excitation pulse are
evidenced in the diffraction pattern®®3!. Mo et al. have successfully demonstrated the utility of
this technique by monitoring the heterogeneous and homogeneous melting regimes of gold thin
films. Their study revealed the formation of Debye-Scherrer rings between 100 - 1000 ps at low
energy densities, and between 10 - 20 ps at higher energy densities. In the case of diamond
melting, we would similarly expect the rigid molecular structure to evolve into a disordered
liquid state and the corresponding diffraction pattern to exhibit Debye-Scherrer rings3%-*2,
Tracking the evolution of structural changes with MeV-UED at various time delays could
provide details underlying the development and validation of high-energy density physical
models, and could thus greatly advance our understanding of the formation of unique carbon
materials®. Our findings herein highlight the remarkable resilience of the bulk diamond
structure, as it appears to remain unaltered for up to 100 ps after excitation from two different
laser fluences, and indicates that a liquid state does not generally form following the excitation of

diamond.

Experimental Methods
The fabrication process for producing ultra-thin Type Ila diamond membrane windows with an

<100> orientation entailed a multi-step technique®*. The key steps involved growing a high-
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quality single-crystal diamond layer on a seed, fusing the overgrowth sample to a polycrystalline
diamond scaffold, lifting off the overgrowth layer from the seed, and then precisely thinning the
lifted-off layer to achieve the desired membrane thickness. The single-crystal membrane is only
in physical contact with the polycrystalline scaffold, except near the edges of the sample where
there is some chemical fusing®*. Each window has a length and width of 170 um and a maximum
thickness of approximately 300 nm. Raman spectra of individual windows were used to check
for non-diamond carbon phases. Photoluminescence spectra obtained at room temperature
indicate that the membrane windows are free of defects, which suggests that common defects
such as nitrogen vacancies (NVs) and silicon vacancies (SiVs) are present below minimum

detection levels.

Ultrafast electron diffraction experiments were conducted at the MeV-UED facility at SLAC
National Accelerator Laboratory and are depicted in Figure 1. A Ti:sapphire laser outputting 800
nm, ~75 fs pulses was used to excite individual windows at fluences of 13 J/cm? (200 um
FWHM diameter) and 40 J/cm? (100 um FWHM diameter). The MeV-UED facility provided
accelerated electron pulses (3.7 MeV, ~100 um diameter) that were directed normal to the
diamond windows in transmission geometry. Pump and probe pulses were synchronized and kept
spatially overlapped as the target windows were raster-scanned. Samples were probed at 10, 25,
and 100 ps time delays following excitation at two different pump fluences (13 and 40 J/cm?).
Static and post-excitation diffraction pattern pairs were recorded by a phosphor-based detector,
binned according to fluence and time delay, then averaged (typically 4-5 windows per time
delay). All diamond windows used in the analysis were unaffected by the probe pulse and

confirmed to have been fully destroyed after the excitation pulse.
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Figure 1. MeV-UED experimental setup. Individual diamond windows are probed with electron
pulses before and after an 800 nm pump pulse (13 and 40 J/cm?). The resulting diffraction
images capture the initial sample structure and changes induced by the pump pulse. The
diffraction images shown here were taken before (t < 0 ps) and after (t = 10 ps) excitation using

a 13 J/cm? fluence.

Results and Discussion

On initial observation of the static diffraction patterns, there were no obvious qualitative changes
pre- and post-pump for all time delays studied. Intensities of each time-dependent diffraction
image were subtracted from initial static images to generate the diffraction patterns in Figure 2A-
C at 10, 25, and 100 ps, respectively. From these differential diffraction images, the intensity of
the diffraction peaks decreases after being exposed to the pump pulse (13 J/cm?). Previous
studies have attributed scattering intensity decreases in single crystalline materials to strongly

driven electronic phase transitions occurring on the order of ca. 100 fs post-excitation.
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Additionally, thermal effects leading to increased atomic vibrations are well-known to cause
decreases in scattering intensity via the Debye-Waller factor®S. Here, we observe no obvious
streaking or positional shifts in the diffraction peaks after excitation, nor do we see any

indication of Debye-Scherrer rings forming.
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Figure 2. MeV-UED diffraction studies of diamond thin films before and after exposure to a
non-thermal optical melting pulse (13 J/cm?). (A to C) Differential diffraction patterns at three
time delays: 10, 25, and 100 ps, respectively. Blue and red color shifts represent a decrease and

increase in signal intensity, respectively, compared to the static diffraction pattern. (D) Radially
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averaged patterns of diffraction data at each time delay. Dashed traces represent the initial signal

at static conditions without the optical pump. The plots are offset from each other for clarity.

We radially averaged a collection of diffraction images at each time delay and converted to Q-
space to generate the radial profile plots shown in Figure 2D. The dashed lines represent the pre-
excitation patterns and the solid lines are post-excitation; each pre- and post-excitation pair is
offset from the next for clarity. As seen in the differential diffraction images, each time delay
displays the strongest decrease in intensity at the two low-Q peaks in Figure 2D, corresponding
to the central peaks of the diffraction images ((200) and (220)). The two high-Q peaks exhibit
little to no change in signal intensity post-excitation ((400) and (420)). The intensity decreases
displayed here may be a result of strongly driven diamond undergoing initial bond breaking
followed by further lattice effects (i.e. heating and ablation) at longer time delays. If the intensity
decreases here were solely due to Debye-Waller effects, we would expect the local structures
(high-Q peaks) to distort and diminish in intensity before the long-range structures (low-Q
peaks)?03337-38 Tt is unclear why the high-Q peaks remain post-excitation at the various time
delays studied here, but this may be an indication of other non-Debye-Waller effects occurring.
Overall, the radial profile plots display a lack of significant broadening or shifting in the peaks

after excitation.

In Figure 3, we used a 40 J/cm? fluence to excite diamond thin films and probed their structure at
the same time delays used in Figure 2. As shown previously for gold thin films, increasing the
pump fluence can affect melting dynamics and shorten the time needed for liquid state
formation®’. Therefore, studying diamond samples excited with a higher fluence allows access to

structures at different pressure and temperature conditions. Again, we are not able to discern any
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noticeable changes to the diffraction patterns at all time delays, as is indicated by the differential
diffraction patterns and radial profile plots in Figure 3. Here, the 100 ps data reveals a drastic
decrease in intensity noticeable even in the high-Q peaks and may be evidence of increased
sample ablation or structural disordering due to the increased fluence. If the melting dynamics
are indeed accelerated at an increased fluence, it is surprising that the 10 and 25 ps data at both
13 and 40 J/cm? fluences experience similar intensity decreases. This suggests that the bulk

diamond structure is largely unaffected by the excitation pulses used here.
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Figure 3. MeV-UED diffraction studies of diamond thin films before and after exposure to a
non-thermal optical melting pulse (40 J/cm?). (A to C) Differential diffraction patterns at three
time delays: 10, 25, and 100 ps, respectively. Blue and red color shifts represent a decrease and
increase in signal intensity, respectively, compared to the static diffraction pattern. (D) Radially
averaged patterns of diffraction data at each time delay. Dashed traces represent the initial signal

at static conditions without the optical pump. The plots are offset from each other for clarity.

For comparison, we simulated radially averaged diffraction patterns using molecular dynamics
(MD) simulations where the forces governing the dynamics were either calculated from the
electronic structure using Density Functional Theory (DFT) or calculated using the ChIMES
interatomic potential. Figure 4A shows the computed radial distribution function and scattering
intensity from a DFT-MD calculation of carbon at 5000K and 2.27 g/cm? performed using the
VASP software as well as results from our previously reported simulations at 2.1g/cm?® using the
ChIMES-MD method as implemented in the LAMMPS simulation code at temperatures of 7000,
14000, and 17000 K3°#. The DFT simulation was carried out using the VASP code using the
Perdew-Burke-Ernzerhof (PBE) functional*>#’. The simulated radial distribution function is in
good agreement with a previous study'®. A Fourier transform of the simulated radial distribution
functions from VASP and LAMMPS was done to convert to reciprocal space (Figure 4B). If the
diamond was undergoing a solid-liquid phase transition, we would expect the single-crystal
peaks to disappear in the profile plots and the emergence of a broad liquid peak near 5.5 A", as
indicated by the simulated structure factor trace in Figure 4B. From the simulations in Figure 4

we observe increasing temperature suppresses the intensity of the peaks in the computed radial

11
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distribution functions and broadens the corresponding structure factor, a trend not seen in the

experimental data.
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Figure 4. Carbon simulations using DFT-MD (5000K and 2.27 g/cm?®) and ChIMES-MD (7000,
14000, and 17000 K and 2.1 g/cm?). (A) Simulated radial distribution functions of carbon. (B)
Simulated structure factor of carbon. The small modulations < 3.5 A-! are artifacts of the Fourier

transform and the finite size of the simulation.

These results are surprising, given previous reports of liquid carbon formation and diamond
graphitization'??3, Both processes involve a transformation of the initial diamond structure, yet
our data do not capture any significant differences between pre- and post-excited samples.
Studies suggest that liquid carbon formation occurs within the first few picoseconds for laser
excited amorphous carbon'®. Therefore, a 10 ps time delay between the pump and probe would
have provided enough time for any liquid carbon formed to equilibrate and begin to cool or
evaporate. Longer time delays, 25 and 100 ps, may have provided insight into the lifetime of
liquid carbon or the formation of new structures. However, it appears that our diamond samples

are not melted using the fluences recorded here; to suggest that bulk diamond was melted by the

12
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excitation pulse and then cooled to its original structure within the first 10 ps is unphysical. We
see no evidence for a bulk melted structure and any small volumes of surface generated liquid
would have been displaced due to surface expansion and evaporation. In addition to the lack of

observed melting, we surprisingly do not see structural indications of diamond graphitization.

We are aware of only a few studies addressing the successful melting of a diamond-like sample
but that is not the case for diamond graphitization, which is well studied!”. The pump pulses used
here are well above the threshold for graphitization, although there is debate regarding the rate of
graphitized diamond production per pulse. A single 100 fs, 10 J/cm? laser pulse has been
demonstrated to cause graphitization in < 20 nm of diamond*® and with fluences as high as 200
J/cm? reach a max ablation rate of about 100 nm per pulse. Clearly, the pulse energies needed to
increase graphitization thickness do not scale linearly and are wavelength dependent®*. This may
account for the diamond scattering patterns in Figure 2 and Figure 3 exhibiting striking
similarities despite the increase in fluence, as graphitization may not have extended as deeply
into the bulk. However, based on previous single-shot graphitization data, approximately 80 nm

of graphitized diamond should have been produced from our single-shot excitation pulses?.

Since no substantial changes to the initial diffraction pattern of the diamond are observed after
excitation with a 13 or 40 J/cm? fluences, this suggests that the samples are directly sublimating
and not evolving through a phase transition. If a sizeable volume of diamond sample was
graphitized by a single pulse, then we would expect to see traces of a hexagonal diffraction
pattern in the differential diffraction images. Decreases in diamond scattering intensity have been

previously attributed to reorganization of the crystal structure in addition to Debye-Waller

13
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effects, which could be an indication of trace amounts of graphitization occurring here®, but the
diffraction pattern remains consistent with that of diamond, and no signs of new peaks emerging
due to graphite are found. It is unlikely that the higher fluence generates more graphite than the
lower fluence here, since the observed decrease in diffraction intensity remains similar for both
at early time delays. It is more likely that the diamond samples are ablated by the pump pulse,
which would result in the diamond directly sublimating, thereby reducing the sample thickness
and causing localized heating, two processes that would reduce the scattering intensity. This
explanation would also agree with laser machined images of polycrystalline diamond samples,
wherein femtosecond pulses formed a minimal graphitized layer compared to nanosecond
pulses®’. At long time delays, viz. 1 ms, no scattering intensity is detected, as samples damaged

by the pump pulse catastrophically shattered likely due to their free-standing nature.

Our results thus seem to conflict with the interpretation of previous studies wherein researchers

16,17 Tt is possible that

observed indication of liquid carbon formation from diamond-like samples
these studies, which are more sensitive to interfacial effects given their different experimental
approaches, may have evidenced the effects of a plasma state or evaporation cloud formation
which we do not see in the present experiment!'>>!. Since MeV-UED is not an interface specific
technique, our work indicates that the majority of our diamond samples do not undergo a solid-
liquid phase transition or graphitization for the fluences and wavelengths used here. Recent
studies report the formation of liquid carbon at sub-picosecond time scales via XAS for a-C
samples'®. However, the inference of the liquid state from the XAS data is indirect, and the

observed spectral changes could also be consistent with rearrangements of the carbon atoms due

to vibrational motion rather than melting. Our recent work investigated the electronic structure of

14
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diamond using time-resolved resonant inelastic x-ray scattering and observed no substantial
changes following excitation that were indicative of a liquid state®?. Similarly, our diffraction
data presented here shows potential signs of slight disordering in the crystal structure, but we do
not see a clear indicator of liquid formation. Still, we are not able to definitively rule out
interfacial liquid carbon formation since it may be that our samples were too thick to accurately
resolve surface confined liquid. Although 800 nm light is commonly used in literature to study a
wide array of carbon materials, the photon energy supplied may not be sufficient to drive a
significant portion of bulk diamond and the use of higher frequency light sources should be
explored®. Future experiments with thinner diamond samples, sub-picosecond time-resolution,
and higher photon energies are clearly required to disambiguate liquid carbon formation from

other forms of carbon.

Conclusions

In summary, we used an ultrafast optical pump to non-thermally excite diamond thin films and
probed the atomic structure as a function of time delay using state-of-the-art MeV-UED.
Diamond samples were excited with laser fluences of 13 and 40 J/cm? at 10, 25 and 100 ps time
delays. We observe a reduction in the intensity of the diamond diffraction pattern between 10
and 100 ps with no streaking or shifts in the peak positions. That these results are inconsistent
with previous reports of liquid carbon formation and diamond graphitization but agree with our
recent x-ray studies of nanocrystalline diamond suggests that continued efforts in characterizing
the liquid state of carbon are necessary>2. Unlike previous measurements, MeV-UED acts as a

direct probe of the atomic structure and adds to the existing body of work on liquid carbon. We

15
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determine with high certainty that no significant amount of our diamond sample structure
transforms into a liquid state or undergoes graphitization. In a previous study, we investigated
the electronic response of diamond and captured no obvious changes to the electronic structure
following ultrafast laser excitation. Here, we complement that work and highlight that the bulk
atomic structure of our diamond samples remains unchanged following excitation from intense

near-IR femtosecond laser radiation.
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