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Abstract: 

 Cyclohexane, a key saturated cyclic hydrocarbon in petroleum, is a prospective 

molecular framework for energetic materials, making its phase diagram a subject of critical 

interest. Our work pushes the boundaries by exploring phase transitions under ultrafast 

(nanosecond timescale) dynamic compression using laser-driven shock and in-situ time-resolved 

Raman spectroscopy in contrast to previous study [C. Yuan, J. Wang, X. Zhang, Y. Xu, S. Feng, 

and H. Li, J. Mol. Liq. 363, 119836 (2022)] reporting novel phases in cyclohexane at millisecond 

time scale. Evolution of Raman bands under dynamic compression reveals crystallization of the 

sample to cubic (solid-I) phase around 0.8 GPa followed by solid-I (cubic) → solid-III 

(orthorhombic) transition in the pressure range 1.1–1.7 GPa. On further compression, transition to 

solid-IV (monoclinic) and solid-V (triclinic) phases are observed in the pressure range 2.7–4.0 

GPa and 4.0-5.8 GPa respectively. Our static compression experiments, performed up to 27 GPa, 

reveal the similar phase transition behavior, contrasting the existing literature. These findings offer 

new insights into the stability of different high pressure phases of cyclohexane under extreme 

loading conditions and highlight its potential as a benchmark material for studying phase transition 

dynamics in molecular systems. 
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I. Introduction: 

The high-pressure behavior of hydrocarbons is pivotal across fields such as condensed 

matter physics, earth and planetary sciences, and petroleum research [1-5]. Extensive studies have 

explored the effects of both static [6, 7] and dynamic compression [8-10] on simple unsaturated 

cyclic hydrocarbons (aromatics) like benzene and hexafluorobenzene. In benzene, dynamic 

compression lowers the phase transition pressure due to thermal activation at elevated 

temperatures, while the phase transition pathway remains unchanged [8, 9]. In contrast, 

hexafluorobenzene exhibits the suppression of an intermediate phase (phase-I) under dynamic 

compression [10], a phase present in static high pressure conditions [7]. Recently, our group 

demonstrated that in benzene: hexafluorobenzene co-crystals, high strain rate compression 

suppresses phase-V and alters phase transition pressures [11]. Despite these advances, the impact 

of strain rate on phase transitions in saturated cyclic hydrocarbons remains largely uncharted 

territory.  

Cyclohexane (C6H12), a prototypical saturated cyclic hydrocarbon, is a liquid at room 

temperature (melting point = 279.6 K). Unlike benzene, which has a delocalized π-electron cloud, 

cyclohexane contains only σ bonds, making it an intriguing candidate for studying its behavior 

under both dynamic and static compression. Its inert, non-polar, and transparent nature also makes 

it a promising hydrostatic medium for diamond anvil cell (DAC) experiments, particularly with 

reactive materials [12]. Additionally, cyclohexane serves extensively as a solvent, a reaction 

medium, and as a precursor in nylon synthesis, and its stability makes it a significant component 

in large biological molecules, such as steroids and carbohydrates [13]. Cyclohexane has also been 

suggested as a hydrocarbon framework for energetic materials [14], with recent work by Yan et 

al. demonstrating the potential of cyclohexane-TNT co-crystals as enhanced energetic materials 

compared to TNT alone [15]. Given its diverse applications, investigating cyclohexane under 

extreme conditions holds considerable fundamental and applied significance.  

Cyclohexane has been extensively studied under hydrostatic compression [1, 12, 16, 17]: 

Liquid cyclohexane crystallizes in the cubic plastic phase (phase-I) below 0.5 GPa, as indicated 

by increased Raman peak intensities. At 1.1 GPa, it transitions to an orthorhombic phase (phase-

III), marked by the splitting of C-C stretching (22), CH2 twisting (21) and CH2 wagging (20) 

modes with Eg symmetry. Around 2.2 GPa, it transforms into a monoclinic phase (phase-IV), 
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evidenced by further splitting of these modes. Phase-V emerges between 5–5.5 GPa, characterized 

by distinct changes in C-C stretching (5 & 22), and CH2 twisting (21) modes, followed by phase-

VI between 9.8–12.8 GPa. The molecular unit of cyclohexane persists up to 40 GPa. Upon cooling, 

it solidifies into a cubic plastic phase (solid-I) around 280 K before transitioning to a monoclinic 

solid (phase-II) below ~187 K [15]. A few studies have also examined cyclohexane under dynamic 

compression. Dick et al. [18] were the first to investigate its behavior up to 43 GPa using flyer 

impact technique, revealing a quadratic relationship between particle and shock velocity. Matsuda 

et al. [19] conducted in-situ time-resolved Raman spectroscopy (TRRS) on laser-shocked 

cyclohexane up to 1.3 GPa to determine shock velocity. More recently, Yuan et al. [20] used a 

piezoelectric-actuated diamond anvil cell (d-DAC) with Raman spectroscopy to study cyclohexane 

under dynamic compression at millisecond time scales, revealing the significant influence of strain 

rate on phase transitions, which led to the discovery of two novel phases at 2.23 and 3.98 GPa. 

Given the lower strain rate in d-DAC compression compared to shock-compression techniques 

(e.g., gas gun, laser-driven shock etc.), further exploration of cyclohexane’s phase diagram under 

shock compression remains compelling. 

In recent years, laser-shock compression has emerged as one of the preferred methods of 

exposing materials to extreme thermodynamic conditions including high-pressure, high-

temperature, and extreme strain rates [21-27]. Detecting the changes induced by shock waves 

requires velocimetric methods (such as photon Doppler velocimetry [28]) for particle velocity 

measurements as well as in-situ time-resolved spectroscopic [29] and diffraction [22] methods that 

reveal the temporal evolution of a material’s vibrational properties and structure. 

Our study seeks to address the crucial question: If the phase transition route in cyclohexane 

can be significantly influenced by compression over the millisecond time scale, what happens to 

cyclohexane under ultrafast compression? Here, we present in-situ nanosecond-TRRS studies of 

laser-shocked cyclohexane, achieving pressures up to 5.8 GPa, with a focus on identifying shock-

induced phase transitions. To substantiate our findings, we also conducted hydrostatic compression 

experiments and 1-D radiation hydrodynamics simulations. 
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II. Experimental details: 

II a. Dynamic compression experiments: 

Dynamic compression experiments were performed at the TRRS facility at the BARC in 

Mumbai. The facility comprised a 10 J Q-switched Nd:YAG laser with a pulse duration of ~ 8 ns 

and a wavelength of 1064 nm, a confinement target geometry, and a half-meter Raman 

spectrometer equipped with an intensified charge-coupled device (ICCD). A second harmonic 

‘probe’ beam was derived from a mirror leak of the main beam. It had a pulse width of ~ 6ns and 

a wavelength of 532 nm. The fundamental beam (or the ‘pump’ beam) was used to generate shock 

waves in the target material while the probe beam was used to incite Raman scattering in the 

sample. To capture the temporal changes induced by the propagating shock wave, the delay 

between the pump and probe beams was adjusted shot-to-shot using a timing-slide. The laser beam 

had an ~ 80% flat-top spatial profile to ensure that the shock wave was relatively uniform in 

strength near the center of the target [30]. 

The target geometry is shown in figure 1.  It consisted of a quartz window (diameter = 20 

mm, thickness = 2.5 mm) facing the laser, with a 25 µm aluminum foil behind it, secured with 

UV-cured adhesive. Behind this was a 200 µm thick Teflon spacer, which was filled with the liquid 

sample under investigation, in this case, cyclohexane. The rear of the target was composed of a 

second quartz window identical to the front window. In this confined geometry, both the shock 

pressure and shock lifetime in the cyclohexane were enhanced by factors of ~6 and ~10 

respectively [30].  

Fig. 1. Schematic of the target geometry used for the experiments. Cyclohexane is a colorless liquid at 

room temperature and pressure; the yellow color used here is for illustrative purposes only. L1, L2, L3 and 

L4 are lenses, F is an edge filter. 
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The pump beam, focused to a diameter of ~ 1.8 mm at the quartz-aluminum interface, 

initiates the formation of a backwards-expanding plasma (opposite to the direction of the laser 

beam) at the interface, resulting in a shock wave being driven into the aluminum in the forward 

direction. This shockwave then propagated into the cyclohexane sample, compressing it. From the 

rear side, probe beam was focused to a spot size of ~ 500 µm at the center of the shocked region 

to incite Raman scattering in the sample. 

The scattered light was collected using an f/2 lens and was focused onto the entrance slit 

of a half-meter Andor SR 500 monochromator using an f/6 lens. The scattered light was detected 

using an Andor iStar DH340 (2048 × 512 pixels) ICCD with minimum gating time of ~ 1.2 ns. 

The target assembly was mounted on a computer-controlled X-Y-Z stage enabling exposure of a 

fresh region of the sample for each new shot. More details about the experimental set-up can be 

found in our earlier work [30]. 

II b. Hydrostatic compression experiments: 

Hydrostatic compression experiments were performed using a modified Mao-Bell type 

DAC equipped with a pair of diamonds with culet size ~ 400 m. The sample chamber was created 

by drilling a hole of diameter ~100 m at the centre of an ~ 80 m thin indented gasket with an 

initial thickness of ~250 m. The cyclohexane sample, in its liquid form, was loaded into the 

sample chamber along with a small ruby speck for pressure calibration. In-situ Raman scattering 

experiments on the hydrostatically compressed cyclohexane were carried out using a triple-stage 

confocal micro-Raman spectrograph (JobinYvon T64000) in subtractive mode, configured in the 

single stage setting. The 488 nm wavelength of an Ar ion laser was used as an excitation source 

for the Raman scattering. A 20× objective lens was used in backscattering geometry to collect the 

Raman scattered light. Pressure was calibrated using the ruby fluorescence technique [31], as per 

the following the equation: 

𝑃(𝐺𝑃𝑎) = 380.8 [( 𝜆𝜆0)5 − 1]                            (1) 

Where 𝜆 is the measured wavelength of the ruby R1 line and 𝜆0 = 694.24 nm is the zero-

pressure value at 298 K. 
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III. Simulations: 

One-dimensional radiation-hydrodynamics simulations were performed to model the 

dynamic compression experiments using the HYADES code [32]. HYADES is a Lagrangian 

radiation-hydrodynamics simulation code, which uses a flux-limited diffusion model of electron 

transport. A multi-group diffusion approximation was employed to mimic thermal radiation 

transport within the target, utilizing 40 radiation groups arranged logarithmically from 1 eV to 2 

keV. The equations of state (EOS) for quartz and aluminum were taken from the SESAME library 

[33]. For cyclohexane, due to the unavailability of tabulated high-pressure EOS data and a lack of 

suitable bulk modulus data for constructing a quotidian EOS, the SESAME EOS for CXH2X was 

used as a substitute. This substitution is expected to introduce errors, particularly at lower energies, 

therefore simulations were only performed for experiments driven by laser energies ≥ 400 mJ. An 

in-line average-atom LTE model was employed to model ionization in each material region.  

 

IV. Results and analysis: 

IV a. Static compression experiments: 

Cyclohexane (purity > 99 %) was obtained from Sigma-Aldrich and used as-purchased. 

Figure 2 and 3 show the evolution of the Raman bands as a function of pressure in the spectral 

regions 700-1300 cm-1 and 2700-3200 cm-1 respectively, while figure 4 shows the evolution of the 

22 (C-C stretching) mode as a function of pressure in cyclohexane. The Raman mode at ~1444 

cm-1 at ~0.4 GPa has been omitted from the manuscript due to its weak nature and poor statistical 

reliability.  

The following changes are observed in the Raman spectra of cyclohexane on increasing 

the pressure: As the pressure is increased to ~0.4 GPa, intensity of Raman bands increases while 

Full Width at Half Maximum (FWHM) decreases (see figures 2a, 3a and 4a), indicating 

crystallization of the sample. This crystalline phase is classified as a cubic plastic phase (solid 

phase I; s. g. Fm3m), characterized by dynamic molecular disorder, where the molecules undergo 

rapid reorientations at their lattice sites [1, 34]. 
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At 1.3 GPa, the 23 mode (CH2 rocking mode, observed at ~800 cm-1 at ~0.1 GPa) develops 

a pre-shoulder peak. With compression, the 22 mode (C-C stretching mode, observed at ~1027 

cm-1 at 0.1 GPa) stiffens to ~1035 cm-1 and shows considerable broadening at 0.9 GPa as seen in 

figure 4a. On further compression to ~1.3 GPa, this mode develops a post shoulder peak along 

with the emergence of a new Raman peak at ~1286 cm-1 (near 21 Raman mode). In the C-H 

spectral region (2700- 3300 cm-1), primarily four Raman modes 1, 17 (CH2 anti symmetric (as)), 

2, 18 (CH2 Symmetric stretching (ss)) are observed at ~2941, ~2926, ~2855 and ~2893 cm-1 

respectively, at ~0.1 GPa (figure 3). At 0.9 GPa, a weak Raman peak emerges at ~2925 cm-1. With 

further compression to 1.3 GPa, the symmetric and antisymmetric stretching modes stiffen and the 

new Raman mode gains intensity at the expense of the other modes. These spectral changes 

collectively indicate transition from high symmetry cubic phase (solid phase I) to a lower 

symmetry orthorhombic (solid phase III; s. g. Pmnn) phase [1]. This high-pressure phase (solid 

phase III) shares structural similarities with metastable monoclinic phase (solid phase II), observed 

at low temperatures (below T =186.1 K [35]). The transition involves an order-disorder mechanism 

in which molecules adopt an orientationally ordered ‘chair-like’ conformation. Notably, the 

molecular packing in this phase is more complex, requiring greater cooperative behavior among 

neighboring molecules. 

As pressure increases, significant spectral changes are observed in various Raman modes.  

Upon compression to 1.8 GPa, the 23 mode splits into two Raman modes at ~811 cm-1 and ~814 

cm-1. Simultaneously, the 22 mode splits into two peaks (at ~1039 cm-1 and ~1045 cm-1) (figure 

4a). Concomitantly, two weak Raman modes emerge at ~1031 cm-1 and at ~1070 cm-1 around the 

22 mode. At the same pressure, the three Raman peaks near the 21 mode (1265 cm-1 at 0.1 GPa) 

further split into four peaks. In the C-H region, the new Raman peak at ~2925 cm-1 splits into two 

peaks at ~2935cm-1 and ~2942 cm-1, as seen in the figures 3 and 5b. These spectral changes 

corroborate with previously published results [1] and indicate the transition from solid phase III 

(orthorhombic) to a lower symmetry solid phase IV (monoclinic) at 1.8 GPa. Structurally, the 

phase IV closely resembles the phase III, with nearly identical lattice parameters and atomic 

coordinates, except for the monoclinic distortion of the β-angle from 90° to 97.108° [36]. The 

relationship between phase III (s. g. Pmnn) and phase IV (s. g. P121/n1) is defined by a group-

subgroup transformation with the molecular orientations in both phase being closely related. The 
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transition from phase III to phase IV can therefore be attributed to molecular rotation in alignment 

with the monoclinic distortion of ~7°.  

Upon further compression to 3.0 GPa, the relative intensity of the pre-shoulder peak at 

~816 cm-1 increases compared to the CH2 bending mode at ~819 cm-1. The primary 22 C-C 

stretching mode at ~1039 cm-1 (at 1.8 GPa) begins to split into two Raman peaks at ~1043 cm-1 

and ~1046 cm-1 at 3.0 GPa. This suggests a reduction in site symmetry, resulting in generation of 

nonequivalent Wyckoff sites in the high-pressure phase. A new Raman peak also appears at ~1124 

cm-1. Additionally, intensity redistribution occurs among the C-H symmetric and asymmetric 

stretching modes, accompanied by the emergence of a weak Raman peak at ~3082 cm-1. The 

relative intensity of the 2967 cm-1 peak increases with respect to the 2977 cm-1 peak.  

As the pressure is further increased, gradual changes are observed up to 5.0 GPa. At 7.8 

GPa, the 23 Raman mode (CH2 bend) stiffens along with its pre-shoulder peak, and its intensity 

reduces substantially. In the C-C stretching region, intensity redistribution occurs between the ν22 

mode (C-C stretch) and the new Raman mode at ~1060 cm-1, with both reaching equal intensity at 

7.8 GPa. In the C-H stretching region, the intensity redistribution happens between the C-H 

asymmetric modes. At this pressure, the intensity of the Raman mode at ~2945 cm-1 increases 

drastically. These spectral changes indicate another structural phase transition from the solid phase 

IV to a phase of even lower symmetry, the solid phase V (triclinic; s. g. P1) [1, 12, 37]. 
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Fig. 2. Raman spectra of cyclohexane stacked at a few representative pressures in the spectral region 

700-1300 cm-1 (static compression). 

 

With further compression, several new modes emerge in the C-C stretching region (1000 - 

1350 cm-1), as shown in figure 4b. In the C-H stretching region, at 9.2 GPa, the weaker Raman 

mode at ~2963 cm-1, adjacent to the stronger Raman mode at ~2950 cm-1, gains intensity with 

compression, and these two Raman modes become comparable in intensity by 12.8 GPa. The C-

H asymmetric stretching modes show pronounced stiffening with pressure, indicating a significant 

change in the electronic density distribution within the cyclohexane molecule. These spectral 

changes indicate another structural transition from the solid phase V to solid phase VI [1, 12]. Both 

these phases are iso-symmetric in nature (triclinic; s. g. P1) [37]. 

 

Fig. 3. Raman spectra of Cyclohexane stacked at a few representative pressures in the spectral region 

2700-3200 cm-1 (static compression). 

 

Upon further compression to 19.3 GPa, in addition to the expected modes stiffening, the 

Raman mode at ~1125 cm-1 (C-C stretching region) and Raman modes at ~3000 cm-1 and ~3059 

cm-1 (C-H stretching region) become quite intense. The discontinuity observed in the frequency 
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vs. pressure plot (figure 5) around this pressure suggests the possibility of another structural 

variation at ~19.3 GPa.  

At 20.8 GPa, the Raman mode at ~1072 cm-1 broadens significantly but narrows again with 

increasing pressure, showing a ~6 cm-1 stiffening at ~27 GPa. At this highest pressure, the 

symmetric stretching mode at 3028 cm-1 appears as a sharp peak, while the asymmetric stretching 

mode at 3094 cm-1 exhibits considerable broadening. Additionally, the other asymmetric stretching 

mode shows splitting into two distinct Raman modes at ~3125 cm-1 and ~3131 cm-1. Upon 

releasing the pressure from 27 GPa, characteristic spectral signatures of various high pressure 

phases reappear within their respective pressure ranges (figures 2c, 3c and 4c). Upon complete 

decompression, all Raman bands revert to their original positions (topmost pattern in figures 2c, 

3c and 4c), confirming the fully reversible nature of the phase transitions. 

 

Fig. 4. Enlarged view of Raman spectra in the spectral region 1000-1150 cm-1 (Static compression). 
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Fig. 5. Variation of Raman mode frequencies with pressure (Static compression). 

 

In the following sections, we discuss the evolution of Raman bands of cyclohexane as a 

function of delay and shock pressure, as obtained using laser-driven shock and in-situ time 

resolved Raman spectroscopy. These results are, then, compared with findings from the quasi-

hydrostatic experiments discussed earlier. 

IV b. Shock compression experiments: 

Shock compression experiments were conducted in two phases. In the first phase, the pump 

(400 mJ) and probe energies (5 mJ) were fixed while the delay between the two was varied from 

10 ns to 94 ns in steps of 7 ns and 14 ns. Here, t = 0 ns corresponds to the moment when pump and 

probe beams simultaneously reach the aluminum – quartz interface.  This approach allowed us to 

track the propagation of the shock wave within the sample and determine its velocity and 

consequently, the shock pressure. Due to the relatively weak Raman signal from the sample at ns 

timescale, each measurement required accumulating 75 shots per delay, with a gating time of 3 ns 

per shot, yielding a total collection time of 225 ns. The acquired Raman spectrum has contributions 

from both the shocked and unshocked regions of the sample. To discern the respective influences 

of these regions, a multi-Lorentzian peak-fitting technique was employed. In this approach, the 

FWHM and position of the first peak were constrained to match those of the unshocked Raman 

peak, while the parameters of the remaining peaks were allowed to vary for optimal fitting. The 

results were then analyzed to determine the fractional distance traveled by the shock wave as a 

function of time delay, providing an estimate of the shock velocity in the sample.  
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In the second phase of the experiment, the delay between the pump and the probe beams 

was fixed, while the pump energy was systematically varied from 40 mJ (0.20 GW/cm2) to 1600 

mJ (7.90 GW/cm2), enabling control over the shock pressure in the sample from 0.5 GPa to 5.8 

GPa. The energy of the probe beam was kept at 5 mJ throughout the experiment. To enhance the 

signal-to-noise ratio in this phase, 120 shots were taken at each shock pressure, with a gating time 

of 5 ns, resulting in total accumulation time of 600 ns. The same peak-fitting procedure was 

employed as in the first phase. 

IV b (i). Time delay analysis & calculation of shock wave velocity: 

 To gain a better understanding of the shock wave hydrodynamics in the sample and to 

validate the simulations, a series of time-delay measurements were conducted at a pump energy of 

400 mJ (I ~ 2.0 GW/cm2). The delay between the pump and probe beams was varied in increments 

of 7 ns or 14 ns. Three prominent Raman modes— ν23 (CH2 rocking mode), ν22 (C-C stretching 

mode), and ν21 (CH2 twisting mode) — were monitored to determine the shock velocity at 400 mJ. 

Figures 6a and 6b present the analysis of the ν23 and ν22 modes, respectively, while figure 6c shows 

the simulated shock wave profiles at various delays. The experimental peaks have been color-

matched with the unshocked and shocked regions in the simulation results to facilitate more 

straightforward interpretation. 

 At a 10 ns delay, the experimental Raman spectra (figure 6a and 6b) show no observable 

change, consistent with the simulation results at 12 ns (figure 6c), which indicate that the shock 

wave has just entered the sample. This suggests that at 10 ns, the shock wave remains confined 

within the aluminum. On increasing the delay to 24 ns, a new peak (green in figures 6a and 6b) 

appears at a higher wavenumber, indicating that the shock wave has entered the sample and 

travelled some distance into it (green region in figure 6c). The emergence of this higher-

wavenumber peak signifies the stiffening of the Raman modes under shock compression. The 

relatively low intensity of the green peak suggests that the shock wave has travelled a very small 

distance in the sample and majority of the sample remains unshocked. As the delay is further 

increased, the shock wave penetrates deeper into the sample, causing the intensity of the shocked 

peak to grow. However, as the shock wave propagates further, its strength gradually diminishes 

since it is no longer being reinforced after the end of the pump pulse. Consequently, the shocked 

peaks at longer delays exhibit redshift. At a delay of 66 ns, the original unshocked Raman peak 



13 

 

disappears for both ν23 and ν22 modes and a new, smaller peak (burgundy color) appears at an even 

higher wavenumber. This suggests that the shock wave has likely traversed the entire sample 

thickness within ~ 62-64 ns. Additionally, due to impedance mismatch (as the shock impedance 

of quartz is higher than that of cyclohexane), a reflected shock wave with a higher amplitude 

propagates back into the sample (represented by the burgundy region in figure 6c). This leads to 

the formation of a new peak at an even higher frequency. The simulation results in figure 6c 

confirm that the shock wave reaches the sample boundary at ~ 62 ns. The region affected by the 

reflected shock wave (burgundy region in figure 6c) experiences double compression, resulting in 

overall higher pressure, which manifests as the new Raman peak at a higher wavenumber. As the 

delay is further increased to 80 ns and 94 ns, both the green- and burgundy-colored peaks undergo 

redshift due to the rapid decay of the reflected shock wave as it propagates through the rarefaction 

wave generated by the forward-moving shock wave. By 94 ns, figures 6a and 6b show that the 

green peak has nearly shifted back to the position of the initial unshocked signal. This suggests 

that the singly shocked region (green) is overtaken by the rarefaction wave, effectively restoring 

the sample to a near-unshocked state, as evidenced by the shock pressure in cyclohexane at 94 ns 

(green region in figure 6c). These observations highlight the reversible nature of the changes 

induced by the shock wave in cyclohexane. 

   

Fig. 6. Lorentzian fit of the shocked (a) ν23 (CH2 rocking mode) mode and (b) ν22 (C-C stretching mode) 

mode for different delay times at 400 mJ. (c) The spatial profile of shock waves at different delay times 

for a laser energy of 400 mJ (obtained from 1D radiation-hydrodynamics simulations). The red, green, 



14 

 

and burgundy colors correspond to unshocked, shocked, and doubly/re-shocked regions, respectively 

(both in peak fitting and in simulation results). 

 

In addition, we determined the shock wave velocity (Us) by analyzing both experimental 

and simulation results. Experimentally, Us was calculated using the equation Us = r.d  [38] where 

‘d’ is the sample thickness (200 µm) and ‘r’ is the slope of the intensity ratio 𝐼𝑠ℎ𝑜𝑐𝑘𝑒𝑑 (𝐼𝑠ℎ𝑜𝑐𝑘𝑒𝑑 + 𝐼𝑢𝑛𝑠ℎ𝑜𝑐𝑘𝑒𝑑)⁄   vs. the time delay curve (figure 7a). The intensities 𝐼𝑢𝑛𝑠ℎ𝑜𝑐𝑘𝑒𝑑 

and 𝐼𝑠ℎ𝑜𝑐𝑘𝑒𝑑 were obtained through Lorentzian curve fitting of the experimental data, as detailed 

in figures 6a and 6b. In simulations, Us was determined from the slope of the shock wave's 

fractional volume coverage (Vcovered / Vtotal) plotted against time delay (figure 7a). This analysis 

leverages the direct relationship between Raman mode intensity and sample volume, incorporating 

the sample thickness as a multiplier. 

Fig. 7. (a) The slope of the graph from the experimental (ν23, ν22, and ν21 modes) and simulation results 

is a direct measure of Us, here shown at laser energy of 400 mJ. (b) The variation in Us with pressure (the 

straight dotted line is a linear fit to the simulation results as a guide to eyes). 

 

At 400 mJ, the experimentally obtained Us are 3.596 ± 0.095 km/s (ν23 mode), 3.576 ± 

0.341 km/s (ν22 mode) and 3.552 ± 0.096 km/s (ν21 mode) which closely match the Us obtained 

from the simulation i.e. 3.810 ± 0.022 km/s. The slightly higher simulated velocity is expected due 

to the absence of two-dimensional edge-loss effects in the 1D simulations. Figure 7b illustrates the 

relationship between Us and shock pressure. Given the high cost of time-resolved measurements 
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for each data point, the shock velocities (and hence the shock pressure) in the sample at other laser 

energies were obtained from the simulation results.   

IV b (ii). Evolution of Raman spectra under varying shock pressure: 

 In the second phase of our experiments, we conducted dynamic compression studies by 

applying incremental shock pressures ranging from 0.5 GPa to 5.8 GPa, achieved by adjusting the 

laser energy between 40 mJ and 1.6 J. The objective was to investigate the effects of ultrafast 

dynamic compression on the phase diagram of cyclohexane. 

At shock pressure of 0.5 GPa, we observe subtle broadening of the Raman modes towards 

higher frequencies, indicating a blue shift with increasing pressure. Additionally, the intensity of 

these modes in the shocked state is comparatively lower than that of the unshocked signal. As the 

pressure is increased to 0.8 GPa, a significant increase in signal intensity is observed relative to 

the unshocked signal (figure 8a), signaling the transition from the liquid to solid phase I (cubic 

plastic phase). Under static compression, this phase transition occurs below 0.4 GPa, followed by 

a transition to solid phase III around 1.3 GPa.  

At a shock pressure of 0.8 GPa, we observe a new peak at 1437 cm-1 which becomes more 

prominent at ~1.1 GPa. However, no additional spectral changes indicative of the solid phase III 

are discernible at this pressure. When the shock pressure is increased to 1.7 GPa, the ν4 mode (CH2 

rocking mode at 1157 cm-1) exhibits splitting, forming a small shoulder peak at 1149 cm-1. 

Additionally, the ν22 (C-C stretching) mode splits into two, and a new Raman peak appears at 1068 

cm-1. These spectral changes are consistent with the solid I to solid III phase transition observed 

in static compression experiments. Based on our findings, within our experimental framework, the 

transition from the solid phase I to the solid phase III commences at 0.8 GPa and completes at 1.7 

GPa. Thus far, our dynamic compression results align with both our static compression data and 

previously reported static compression studies, albeit at higher pressure [1, 12]. 

Upon further increasing the shock pressure to 2.7 GPa, new Raman modes appear at ~1020 

cm-1, 1281cm-1, and 1432 cm-1. Under static compression, the solid III to solid IV phase transition 

occurs around 1.8 GPa and is associated with the emergence of several new Raman modes at 788 

cm-1, 1043 cm-1, 1067 cm-1, 1268 cm-1, 1285 cm-1, and 1449 cm-1 [1, 12]. In our shock compression 

experiments, we did not detect a Raman peak at 788 cm-1, likely due to its inherently low intensity. 
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However, we did observe peaks at 1043 cm-1 and 1067 cm-1 at a shock pressure of 1.7 GPa, and 

peaks at 1268 cm-1 and 1285 cm-1 at a shock pressure of 2.7 GPa. The Raman peak at 1449 cm-1 

appears to have merged with the unshocked Raman peak. These findings collectively indicate a 

transition from solid phase III to solid phase IV. Interestingly, this contrasts with the ms-scale 

dynamic compression results reported by Yuan et al. [20], where the authors claim to have 

identified a novel phase, designated as solid IV', instead of the conventional solid phase IV, at a 

similar pressure. Notably, the dynamic compression Raman spectra reported by Yuan et al. [20] 

closely resemble the spectra obtained in both our dynamic and static compression experiments, as 

well as previously published static compression results [12, 16, 17]. However, their static 

compression Raman spectra show significant discrepancies compared to our results and prior static 

compression studies [12, 16], leading them to assert that their dynamic compression results diverge 

from the static compression data. Consequently, they proposed a novel phase labeled as IV', 

different from the previously established phase IV. 

 

Fig. 8. (a) Evolution of Raman spectra of cyclohexane in the region 700 – 1500 cm-1 as a function of 

shock pressure. Indicators mark the positions of changes in the Raman peaks. (b) Lorentzian peak fitting 

of 22 (C-C stretching) Raman mode. Red peaks correspond to the unshocked region and other colors 

correspond to different shocked peaks (dynamic compression). 

 As the shock pressure increases to 4.0 GPa, three new Raman modes emerge at 1044 cm-

1, 1435 cm-1, and 1455 cm-1, becoming distinctly discernible at 5.2 GPa and 5.8 GPa. This marks 
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the onset of the transition from the solid phase IV to the solid phase V phase between 4.0 GPa to 

5.8 GPa. Pravica et al. [12] observed only the splitting of the ν22 peak near 1035 cm-1 between 2.76 

GPa and 3.5 GPa, attributing it to Fermi resonance of an infrared mode overtone rather than a 

phase transition. In contrast, Crains et al., [16] reported the splitting of the ν5 mode, with a shoulder 

peak on the higher frequency side, alongside the splitting of ν22 mode, which they unequivocally 

identified as solid phase V. Yang et al. [1], confirmed the phase transition from solid phase IV to 

solid phase V by detecting new Raman peaks at 787 cm-1, 1155 cm-1, and 1437 cm-1 at 4.6 GPa. 

Upon further compression, they observed additional peaks at 1376 cm-1, 1438 cm-1, 1453 cm-1, 

and 2969 cm-1. Baonza et al. [17] also reported a phase transition at 3.2 GPa, indicated by the 

splitting of the ν5 and ν21 modes. Based on our findings and corroborating evidence, we concur 

that the Fermi resonance observed between 2.7 and 5.2 GPa by Pravica et al. [12] indeed signifies 

a genuine phase transition from solid phase IV to solid phase V. In their ms-timescale dynamic 

compression study, Yuan et al. [20] reported a potential transition to a new phase V' (distinct from 

solid phase V), at 3.98 GPa, characterized by the splitting of the ν19 (1444 cm⁻¹) and ν22 (1037 

cm⁻¹) peaks and the emergence of new peaks at 1435 cm⁻¹ and 1047 cm⁻¹. However, our results, 

consistent with static compression results, indicate the presence of phase V rather than phase V' 

during ns-timescale dynamic compression.  

In summary, our dynamic compression results closely align with both our static 

compression findings and previous static compression studies [1, 12, 16, 17], with minor variations 

in phase transition pressures. This discrepancy may be attributed to the elevated temperatures 

associated with laser-shock experiments. Furthermore, upon closer examination, the new phases 

reported by Yuan et al. [20] under dynamic compression closely resemble those observed in our 

study and previous static compression studies [1, 12, 16, 17]. Based on these observations, we 

conclude that strain rate does not influence the phase transition pathway of cyclohexane. 

 Additionally, Raman spectra of the shock-recovered sample confirmed the reversibility of 

phase transitions. However, in-situ time-resolved Raman spectroscopy during unloading was not 

feasible due to experimental constraints, including the high cost associated with the destructive 

nature of the experiments, rear window damage preventing Raman signal acquisition, and probe 

beam pointing instability at longer delays (necessary for complete shock release) leading to 

misalignment between the pump and probe beams. Given the valuable insights decompression 



18 

 

kinetics and phase hysteresis can provide, future studies exploring cyclohexane during shock 

unloading would be highly valuable. 

V. Conclusion: 

 We conducted in-situ TRRS on laser-shocked cyclohexane to determine its shock velocity. 

The shock velocity derived from TRRS is in congruence with predictions from our 1D radiation 

hydrodynamics simulations. Additionally, we performed both static and dynamic compression 

experiments to investigate the high pressure phases of cyclohexane. Our dynamic compression 

experiments reveal a sequence of phase transitions: liquid → solid I → solid III → solid IV → 

solid V phase transitions at 0.8 GPa, 1.1-1.7 GPa, 2.7-4.0 GPa, 4.0-5.8 GPa respectively. A similar 

phase transition sequence was obtained in our static compression experiments, contrasting the 

existing literature. However, the transition pressures in dynamic compression experiments are 

higher than those in static experiments, likely due to the elevated temperatures associated with 

laser-driven shock compression. Overall, our findings confirm that the phase transition pathway 

in cyclohexane remains uninfluenced by strain rate. 
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