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Abstract 21 

The martensitic transformation is a fundamental physical phenomenon at the origin of 22 

important industrial applications. However, the underlying microscopic mechanism, which is of 23 

critical importance to explain the outstanding mechanical properties of martensitic materials, is 24 

still not fully understood. This is because for most martensitic materials the transformation is a 25 

fast process that makes in situ studies extremely challenging. Noble solids krypton and xenon 26 

undergo a progressive pressure induced fcc to hcp martensitic transition with a very wide 27 

coexistence domain. Here, we took advantage of this unique feature to study the detailed 28 

transformation progress at the atomic level by employing in situ X-ray diffraction and absorption 29 

spectroscopy. We evidenced a four stages pathway and suggest that the lattice mismatch between 30 

the fcc and hcp forms plays a key role in the generation of strain. We also determined precisely 31 

the effect of the transformation on the compression behavior of these materials.  32 

1. Introduction 33 

Martensitic phase transitions are fundamental first-order transformations that are, for 34 

instance, at the origin of steel hardening and shape memory effects (see [1] for review). They are 35 

diffusionless and proceed through the collective displacement of neighboring atoms. These subtle 36 

local atomic movements are at the origin of drastic changes in the materials’ mechanical [2-4], 37 

transport [5] and electromagnetic [6] properties. Such transformations have been described in 38 

various materials such as pure metals and binary alloys [1,7-20], semiconductors [21], Zr-based 39 

ceramics [22] and proteins [23] that are important for the high-tech industry, planetary and life 40 

sciences. In the past decades, significant research efforts have been invested to explore the 41 

microscopic origin of martensitic transformations, but the exact transformation pathway and 42 
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microstructural evolution is still debated. This lies in the very rapid nature of the first-order 43 

transformation that makes the monitoring of the phase transformation progress and mechanism 44 

extremely challenging. For this reason, most of the experimental investigations of the 45 

microstructural evolution of martensitic materials were conducted ex situ using a variety of 46 

techniques such as optical microscopy, scanning electron microscopy, transmission electron 47 

microscopy (TEM) and X-ray diffraction [18-20], performed on (partially) transformed systems. 48 

However, a major obstacle lies in the capacity of such techniques to disentangle the different 49 

effects occurring during the fast phase transition when it proceeds. In particular, they do not give 50 

access to the variation of the atomic distances of the parent and martensitic phase during the 51 

transformation at the relevant conditions that may play a key role in the building-up and 52 

accumulation of strain in the material structure. Few in situ studies have been performed including 53 

neutron and X-ray diffraction or TEM [24-27] but would require higher time resolution to capture 54 

the different steps of the transformation. Only few recent studies reported the potential of proxy 55 

systems such as colloidal crystals to reveal kinetic features of martensitic transformations [28]. 56 

The heavy noble gas solids xenon (Xe) and krypton (Kr) undergo a pressure induced phase 57 

transition, from a face-centered cubic (fcc) to an hexagonal close packed (hcp) structure [29-32]. 58 

This transition exhibits fundamental similarities with the general features of martensitic fcc-hcp or 59 

hcp-fcc transformations observed in metals and their alloys [7,9-16] that were first described by 60 

Burgers for Zr [7]. These studies also evidenced the existence of a wide coexistence domain 61 

between a face-centered cubic (fcc) and an hexagonal close packed (hcp) structure. In xenon, it 62 

was shown that the completion of the transformation occurs at 65 GPa and the extent of the 63 

coexistence domain is not affected by temperature annealing [30,31]. As recently reported in [32], 64 

a similar behaviour was observed in solid krypton but with a much wider coexistence domain of 65 
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~400 GPa. Here again, the transition is not affected by temperature annealing attesting that it is 66 

not kinetically hindered [32]. The existence of such a large coexistence domain has been associated 67 

to the proximity of the Gibbs free energies of the fcc and hcp forms [29,33,34], which is another 68 

fundamental feature of martensitic transformations. The progressive pressure induced fcc-hcp 69 

transition in NGs could represent a model system to interpret such transitions in more complex 70 

materials at the microscopic level.  71 

 The main objective of this experimental study is to exploit the progressive nature of the 72 

fcc to hcp conversion in solid Xe and Kr to in situ capture and characterize the different stages of 73 

the martensitic transformation. To this aim, we combined two complementary in situ probe 74 

techniques: X-ray diffraction (XRD) and absorption spectroscopy (XAS) that provide insights into 75 

the atomic arrangement at the bulk and local scales, respectively. We also aimed at determining 76 

the effect of this transformation on the mechanical properties of the pure and mixed fcc-hcp phases 77 

for xenon and krypton.  78 

2. Methods 79 

All the experimental work was carried out at the X-ray absorption and X-ray diffraction 80 

beamlines ID24, BM23 and ID27 at the European Synchrotron Radiation Facility (ESRF) [35-37]. 81 

These three beamlines are optimal for performing very high-pressure experiments as they provide 82 

very intense, highly focused, high-energy X-ray beams. A list of the experimental conditions is 83 

presented in Table I of the main text. 84 

2.1 XRD data acquisition and analysis 85 

At the beamline ID27, monochromatic X-rays with wavelength =0.3738 Å were selected 86 

using a silicon (111) channel-cut monochromator and focused down to 3x3 m2 (FWHM) using a 87 
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pair of Kirkpatrick-Baez (KB) mirrors [37]. The X-ray diffraction data were collected on a 88 

MAR165 planar CCD detector. A high purity cerium oxide powder was used as standard to 89 

accurately determine the integration parameters (detector tilt angles, sample to detector distance, 90 

detector beam center and instrumental peak broadening). Two kinds of diffraction images were 91 

acquired including continuous oscillation images over omega (Ω) range of ±30° and step-92 

oscillations images over the same Ω range using an Ω step size of 1°. The software CrysAlisPro 93 

was used to analyze the step-scan oscillation images [38] for the low pressure points. The software 94 

Fit2D [39] was used to generate slices of 1-dimensional diffraction patterns along the azimuth for 95 

further Rietveld refinement of textured samples (2θ range up to 17°). The software MAUD [40] 96 

was employed to extract the unit cell volumes, volume fractions and coherently diffracting domain 97 

sizes (Fig. S1 of the Supplementary Material [41]) .  98 

Two independent XRD runs referred to as run-1 and run-2 were carried out at the beamline 99 

ID27 (Table I). High purity xenon (99.999%) from the company Messer France was loaded in 100 

membrane diamond anvil cells (DACs) equipped with single-crystal diamonds of 150 µm and 300 101 

µm culet size, respectively. A hole was drilled by laser machining on pre-indented rhenium gasket 102 

to serve as a pressure chamber. Prior to the xenon gas loading a ruby sphere (~3 µm in diameter), 103 

a 5 µm thick nickel foil and compressed gold powder pellet were placed in the pressure cavity. No 104 

additional pressure-transmitting medium such as He or Ne gas was added to the sample to avoid 105 

forming noble gas mixtures [42]. The pressure was measured using the standard ruby luminescence 106 

technique using the calibration of Dewaele et., [43] and cross-checked using the unit-cell volume 107 

variation of nickel and gold using their well-established equation of states [43]. Nickel was only 108 

used as pressure calibrant at room temperature and prior to any laser annealing as it was shown 109 

that, in presence of noble gases, its compressional behaviour is substantially affected by high 110 
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temperature treatment as noble gases can get incorporated in transition metals [32,44,45]. This 111 

material was also employed as YAG laser radiation absorber to evaluate the effect temperature 112 

annealing on the fcc-hcp transition in xenon. The annealing temperature was measured by 113 

analyzing the thermal emission as described in reference [46]. Deviatoric or non-hydrostatic 114 

stresses in the sample chamber were monitored using the analysis of the XRD peak positions of 115 

gold following well established protocols [47]. For clarity, considering the large amount of 116 

collected XRD data points ( > 100), we have reported the pressure-volume (P-V) data in Table SI 117 

of the Supplementary Material. 118 

Table I. List of the experimental conditions. BL: beamline, SC: single crystal, NPD: nano-119 

polycrystalline diamond. Raw data are presented in Fig. S1-3. 120 

Element 

run 

number 

BL technique 

beam 

size 

(µm2) 

beam 

energy 

(keV) 

pressure 

range 

(GPa) 

pressure 

standard 

diamond 

type 

Xenon 
1 

ID27 XRD 3x3 33.17 0-86 
Au, Ni, 

ruby 
SC 

2 

3 BM23 EXAFS 5x5 34.56 0-155 ruby, Re NPD 

 

Krypton 
5 

ID24 EXAFS 10x10 14.33 15-68 ruby NPD 
6 

 121 

2.2 XAS data acquisition and analysis 122 

The evolution of the local atomic arrangements of xenon and krypton with pressure were 123 

investigated at the two X-ray absorption (XAS) beamlines BM23 and ID24, respectively. BM23 124 

is the only ESRF beamline that enables micro-XAS acquisitions at X-ray energies higher than 20 125 

keV [36]. This instrument is well suited for XAS studies in a DAC at the high energy K-edge of 126 
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xenon (34.56 keV). It is equipped with a high-resolution Si(311) double-crystal monochromator 127 

and a Pt-coated KB-mirror system for X-ray beam focusing down to 5x5 µm2 (FWHM) and higher 128 

harmonics rejection. Two ion chambers were used to measure the incident (I0) and transmitted (It) 129 

intensities filled with appropriate gas mixtures of krypton and helium to achieve signal absorption 130 

of 30% and 70%, respectively. The local structure of krypton (K-edge energy of 14.385 keV) was 131 

investigated at the energy-dispersive XAS beamline ID24 [35]. At this instrument, a high intensity 132 

and highly focused X-ray beam of 10x10 µm2 (FWHM) is generated by a Si(111) polychromator 133 

and rhodium-coated mirrors. The incident and transmitted intensities were recorded using a 134 

FReLoN CCD camera as described in Rosa et al. [32].   135 

Three independent XAS runs referred to as run-3, run-4 and run-5 were performed (Table 136 

I). Run-3 was devoted to xenon and performed at BM23 while run-4 and -5 were focused on 137 

krypton and carried out at ID24 (examples of raw data are presented in Fig. S2 and Fig. S3 of the 138 

Supplementary Material). Typical data acquisition times were 30 minutes and 50 milliseconds 139 

at BM23 and ID24, respectively. For these runs all the DACs were equipped with nano-140 

polycrystalline diamonds that enable acquiring glitch-free, high quality EXAFS data [48]. As for 141 

the experiments at ID27, a laser-drilled hole on a pre-indented rhenium gasket was employed as 142 

pressure chamber. The high purity noble gases were loaded together with a small ruby sphere used 143 

for pressure measurements following a similar procedure as described above. In run-3, at pressures 144 

higher than 90 GPa, the pressure was determined by XRD using the unit-cell volume variation of 145 

the rhenium gasket [49]. Diffraction data were collected at two distinct positions in the DAC to 146 

evaluate the pressure gradient across the sample. For these measurements, a MAR165 diffraction 147 

detector was installed at BM23 at a distance of 197.37 mm from the sample and XRD images were 148 
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acquired without oscillation at a wavelength of 0.3594 Å (34.5 keV). The dimensions of the 149 

diamond culets and the investigated pressure domains for the different runs are listed in Table I.  150 

For both xenon and krypton, we used a similar data reduction procedure to determine the 151 

local lattice distortion in the first stacking layer and, to follow qualitatively the evolution of 152 

potential lattice distortions up to the third stacking layer (Fig. 1). EXAFS spectra were normalized, 153 

converted from energy to k-space χ(k) and Fourier-transformed using a Kaiser-Bessel envelop and 154 

further analyzed without phase-shift using the ARTHEMIS software package [50].  155 

EXAFS is sensitive to local distortions including coexisting domains, stacking faults and 156 

grain-boundaries, which cannot be easily quantified by XRD. The focus of the present EXAFS 157 

analysis resided on the identification of the extend of such local structural distortions in the bulk 158 

sample. We aimed at monitoring the growth of hcp stacking faults having smaller lattice volumes 159 

than the host fcc phase as seen using XRD in Kr by Rosa et al. [32].   160 

The signal obtained in transmission XAS geometry represents the average of atomic 161 

environments probed around an absorbing atom. Therefore, the signal contains contributions from 162 

atoms in fcc and hcp structural environments. The signal contribution of each phase is linearly 163 

dependent on its volumetric fraction in the present case. The most intense signals of both forms, 164 

fcc and hcp, emerges from scattering of the first and second stacking layers (Fig. 1). In these 165 

environments, an atom exhibits an equivalent number of next-nearest neighbors (N1 and N2) and, 166 

also similar interatomic distances (R1 and R2) if the two forms have the same unit cell volumes. 167 

Beyond the third stacking layer the scattering signals are different in the two phases, that exhibit 168 

either a ABCABC stacking sequence (fcc) or a ABABAB stacking sequence (hcp) (Fig. 1, R3 and 169 

R5). Because of the similarities of the scattering signals for the hcp and fcc phases in the most 170 

intense part of the signal and the expected low lattice volume difference of only 4% between fcc 171 
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and hcp forms [32], we did not intend to extract individual lattice volumes and volumetric fractions 172 

for the coexisting phases from the EXAFS data. The contributions of the coexisting forms could 173 

only be resolved at higher signal frequencies that exhibit low amplitudes (Fig. 1). The refinement 174 

of the volume fractions for the two coexisting structures would have therefore increased the 175 

number of fitted variables beyond the number of independent points.  176 

The present EXAFS analysis mainly aimed at extracting the average atomic distances for 177 

the next nearest neighbor R1 which emerges from the scattering contribution of the coexisting fcc 178 

and hcp forms, and the variation of R1 (σ1) across the compressional anomaly. The volumetric 179 

growth of dense hcp stacking faults would reduce the average next-nearest neighbor distances R1 180 

seen from XAS compared to the equilibrium distance R0 observed for the bulk parent fcc phase 181 

using XRD. In previous studies the observed differences between R1 and R0 values from XAS and 182 

XRD were assigned to the presence of significant atomic vibrational anisotropies that result 183 

systematically in higher R1 values compared to R0 (e.g. [51]). This work is focused on the relative 184 

and not the absolute pressure induced changes of interatomic distances near the observed 185 

compression anomaly to test the hypothesis if dense hcp stacking faults form in this pressure 186 

interval.  187 

 In the present EXAFS analysis, all fittings were performed using a single structural input 188 

model (fcc or hcp). To verify the robustness and independence of results for the first two scattering 189 

paths, two adjustments were carried out for several EXAFS spectra, with the fcc and hcp models, 190 

respectively. For each EXAFS fitting, the structural input models were calculated using the 191 

equation of states of fcc and hcp Kr and Xe obtained from XRD. Theoretical backscattering 192 

amplitudes and phase shift functions for fcc and hcp phases were computed subsequently using 193 

the FEFF ab initio code included in ARTHEMIS. The adjustments included a minimum of 2 and 194 
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up to 8 scattering paths similar to those employed by Filipponi and DiCicco [52]. The 8 scattering 195 

paths included four single scattering paths up to the 5th shell excluding the direct 4th shell scattering 196 

path due to its low probability (Fig. 1); four multiple-scattering paths that have an important 197 

contribution to the EXAFS function such as the acute triangle in the first shell, the obtuse triangle 198 

including atoms in the third shell; one forward and one double forward scattering path to atoms of 199 

the 4th shell. For each scattering path the inter-atomic distance (Ri) and its distribution (σ2
i) were 200 

adjusted.  201 

For xenon, we obtained lower EXAFS data quality at pressures below 10 GPa. In this case, 202 

the adjustment window was shorter than the one employed for spectra obtained at higher pressure. 203 

The Xe EXAFS functions were adjusted in the k-range between 3 to 9 Å-1 (fitting window set 204 

between 2 and 5.7 Å) at pressures below 10 GPa and up to 14 Å-1 (fitting window set between 2 205 

and 8.5 Å) beyond this pressure. Xe EXAFS data taken at the lowest pressure (5.9 and 8.5 GPa) 206 

were fitted using an fcc structural model that contained 20 independent points and 15 adjusted 207 

parameters including 7 structural parameters from 2 paths (R1 and R2) with each individually fitted 208 

parameters R and σ2, the energy shift ΔE and 8 background parameters. At higher pressures 209 

between 15 and 53.1 GPa, in the coexistence domain of the fcc and hcp forms, the Xe EXAFS 210 

fittings were performed either with the fcc or hcp structural input model. Above 53.1 GPa and up 211 

to 158 GPa, only the hcp structural input model was used. Both adjustments using the fcc or hcp 212 

structural model contained up to 60 independent points and 33 adjusted parameters including 17 213 

structural parameters from 8 paths with each individually fitted parameters R and σ2, the energy 214 

shift ΔE and 16 fitted background parameters.  215 

All Kr EXAFS functions were fitted using the fcc structural input model due to the low 216 

volume fraction of the hcp phase (< 20%) in the investigated pressure range. The fitted k-range 217 
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was set from 3 to 10.5 Å-1 (fitting window from 2 to 8 Å). All fits were performed with k-weighting 218 

of 1, 2, and 3 and background adjustments to diminish correlations between σ2, R and ΔE0.  219 

The results are listed in Table SII and Table SIII. The relative uncertainty on the first-220 

neighbour distances (R1) is smaller than (5*10^-3) over the entire pressure range. The error on the 221 

extracted bond distance variation are in the order of 3%. Variations of ΔE may arise from the 222 

growing hcp phase that modifies the white line as shown in [32] for krypton. The R-factor is listed 223 

for each fit and presents a measure of the misfit between the raw data and the adjusted spectrum 224 

in % (a R-factor of 0.02 indicates a 2% misfit to raw data). 225 

 226 

 227 
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Figure 1a) top panel: Modulus of the krypton K-edge EXAFS function collected at 65 GPa representing 228 

the distribution of average inter-atomic distances (R) seen from a central absorbing atom. The modulus is 229 

obtained by Fourier transform of the normalized K-edge EXAFS functions (Figures S2 and S3, 230 

Supplementary Material) after their conversion from energy to k-space and multiplication by k2 (k3(χ(k))). 231 

The amplitude of different peaks is proportional to the scattering probability. The blue lines represent the 232 

modulus (top) and the real part (bottom) of the original data, the green line represents the fitting window 233 

for the EXAFS analysis (phase shifted). The red lines represent the adjusted EXAFS spectrum. b) bottom 234 

panel: Modulus of the EXAFS function as above (blue line) plotted together with the moduli of the 4 most 235 

probable single-scattering paths (top) and the 4 most probable multiple-scattering paths (bottom) adjusted 236 

in the fit. c) For clarity, a section of a fcc structure with the stacking sequence ABCA is shown on the right. 237 

Atoms involved in the scattering paths emerging from the central atom (marked with a yellow circle) are 238 

highlighted with circles of different color, corresponding to symbols and inter-atomic distances as marked 239 

in the EXAFS modulus plots in b) on the left.    240 

 241 

3. Results and discussion 242 

3.1 X-ray diffraction study of xenon 243 

As presented in Table I, two independent X-ray diffraction (XRD) runs were carried out 244 

on solid xenon. Following the same methodology as for krypton [32], run-1 was devoted to the 245 

detailed investigation of the fcc to hcp martensitic transformation, the effect of temperature 246 

annealing and the determination of the equation of state (EoS) of fcc and hcp xenon, in a wide 247 

pressure regime up to 85 GPa. A large number of data points (75 data points) were collected in 248 

this run to increase the precision on the determination of the EoS parameters. As it was conducted 249 

in a large overlapping pressure interval (~ 40 GPa) with run-1, run-2 was used to control the 250 
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consistency of the obtained results, increase their precision and robustness and further study the 251 

effect of temperature annealing on the fcc-hcp transition.  252 

A series of diffraction images from run-1, recorded between 1 and 73.7 GPa, is presented 253 

in Fig. 2. At 1.09 GPa, a fcc single-crystal is observed. At this pressure, the intensity distribution 254 

in the (111) Bragg reflection is homogeneous and no trace of diffuse scattering is observed. At 255 

slightly higher pressure (ΔP~0.3 GPa), this diffraction peak largely deforms and a weak diffuse 256 

intensity is growing up in its vicinity. A careful analysis of the pressure induced intensity transfer 257 

from the fcc to the hcp phase along the [111] direction indicates that the appearance of X-ray 258 

diffuse signal is linked to the onset of the fcc/hcp martensitic transition. The presence of X-ray 259 

diffuse scattering was reported previously for xenon and krypton [30-32] and related to the 260 

presence of an increasing number of stacking faults (SFs) along the fcc [111] direction. For xenon, 261 

the onset of the fcc/hcp transition is precisely located at 4.9 GPa. As shown in Fig. 2, above this 262 

pressure, a progressive splitting of the (111) fcc reflection into the hcp (100), (002) and (101) 263 

reflections is recorded on panoramic XRD images. Single-crystal XRD measurements at this 264 

pressure confirmed that the martensitic phase transition in xenon produces an hcp phase with the 265 

expected orientation relation:  fcc (111) // hcp (0001) and fcc [1-11]// hcp [1-210].  266 

 Similarly to krypton [32] and as shown in Fig. 2b), the X-ray diffuse signal present at 267 

ambient temperature remains very intense after temperature annealing (T>2400 K) in the entire 268 

pressure domain of fcc-hcp phase coexistence. This strongly suggests that the fcc-hcp transition 269 

and the presence of hcp SFs are not due to non-homogeneous stress distribution in the pressure 270 

cavity. This is also supported by the deviatoric stress analysis of the XRD peak positions of the 271 

gold sample in run-1 and run-2 (Fig. S4 and S5, Supplementary Material). This analysis reveals 272 

quasi-hydrostatic pressure conditions in the sample chamber up to ~15 GPa in run-1 and over the 273 
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entire investigated pressure range in run-2. At pressures above ~15 GPa, a small deviatoric stress 274 

of 0.14 GPa develops in run-1 that increases to a moderate value of 0.5 GPa at 71 GPa. For 275 

comparison, this value is of the same order as in helium, a quasi-hydrostatic pressure medium [47], 276 

although an increase in strength with rare gas weight is expected. Martensitic transitions 277 

commonly induce shape changes of a transforming crystal during the collective shuffling of atoms 278 

[1]. This shape change can lead to the built up of internal stress in the crystal that is known as 279 

transformational stress [1]. The formation of multiple equivalent-sized martensite variants can 280 

counterbalance the shape change and limits thus the transformational stress [1,53]. The same 281 

mechanism could also release non-hydrostatic stress that is usually build in the diamond anvil cell 282 

by thinning of the gasket. The very low deviatoric stress observed in gold above the transition 283 

pressure (Fig. S4 and S5) suggests that this mechanism could be at work here.  284 
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 285 

\ 286 
Figure 2a) left panels: Series of diffraction images from run-1 on pure xenon, showing the evolution of the 287 

xenon fcc (111) reflection (denoted as F(111)) with increasing pressure, the onset of the X-ray diffuse 288 

scattering linked to the emergence of the hcp phase and hcp Bragg reflections (denoted as H(10.0), H(00.2) 289 

and H(10.1)) after completion of the phase transition at ~74 GPa. b) and c) right panels: X-ray diffraction 290 

images (top) and corresponding integrated patterns (down) from run-2 on xenon before and after annealing 291 

at T = 2400 K. Note the pressure increase due to temperature annealing. 292 

 293 

3.2 Anomalous compression behavior  294 

 295 
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From run-1 and run-2, we have accurately determined the effect of the martensitic 296 

transformation on the equation of states (EoS) of fcc and hcp xenon. In particular, we examined 297 

the effect of the increasing concentration of stacking faults on these EoS. We have finely explored 298 

the low-pressure regime to better constrain the ambient pressure atomic volume (V0) and examined 299 

the effect of temperature annealing. The pressure variation of the atomic volume of fcc and hcp 300 

xenon from this study are presented in Fig. 3 and compared to the literature [30,54,55] in Fig. S6 301 

(Supplementary Material). The P-V data from run-1 and -2 are in excellent agreement in their 302 

overlapping pressure domain for both the fcc and hcp forms. As evidenced in Fig. 3 and S6 303 

(Supplementary Material), the present dataset exhibits lower dispersion than the literature ones 304 

resulting in a more accurate determination of the equation of state parameters. From the absence 305 

of observable deviation of the atomic volume of xenon after high temperature treatment, we also 306 

could confirm that, similarly to krypton [31,32], temperature annealing has a negligible effect on 307 

the compression behavior of xenon. 308 
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Figure 3. Pressure evolution of the atomic volume Vat (Å
3) for the fcc and hcp phases of xenon. The 

pressure has been determined using the ruby luminescence technique Dewaele et al. [43] up to 60 GPa 

beyond this pressure the pressure from the unit cell volume of gold was used and the EoS reported in 

Dewaele et al. [43]. Uncertainties on Vat are in the order of 10-3 and smaller than the symbol size. The 

symbols for the fcc phase of run-2 and after annealing have been enlarged for better visualization but 

bear the same uncertainties as other points. Note that the effect of temperature annealing on Vat is 

negligible and that there is little difference between Vat/fcc and Vat/hcp that is below 1% (Table SI). The 

literature data are presented in the left inset panel. 

 

The equation of state parameters, i.e. the unit-cell volume at ambient pressure V0, bulk 309 

modulus K0 and first derivative K’ for fcc and hcp xenon were derived by adjusting the P-V data 310 
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to a Vinet EoS using the software EoSFit [56], taking into account the uncertainties on P and V. 311 

The obtained V0, K0 and K’ for fcc and hcp xenon are listed together with literature values in Table 312 

II and III, respectively.  313 

Table II. Equation of state for fcc xenon: model and fit parameters V0, K0, K’, pressure range 314 

and number of data points from this work and the literature. 315 

fcc xenon model V0 (Å3) K0 (GPa) K’ P range (GPa) 

This study      Vinet    235.15(9) 4.54(2) 6.26(1) 1 – 74 GPa 

(75 points) 

 

Dewaele et al. 2012 [57] 

 

R.-Vinet1 

(0 K) 

 

233.76 4.887 6.18(5) 
4 – 50 

(20 points) 

Errandonea et al. 2002 [31] 

 
BM2 3rd 249.75 4.3(6) 5.7(5) 

1.5 – 41 

(8 points) 

 

Cynn et al. 2001 [30] BM2 3rd 252.21 3.6(5) 5.5(4) 
3-50 GPa 

(29 points) 
1R.-Vinet - Rose–Vinet  316 
2BM - Birch-Murnaghan 317 

 318 

Table III. Equation of state for hcp xenon: model and fit parameters V0, K0, K’, the pressure 319 

range, number of data points from this work and the literature. 320 

Hcp xenon model V0 (Å3) K0 (GPa) K’ P range (GPa) 

This study Vinet 118.71 4.24(4) 6.35(3) 
4.6 - 86 Gpa 

(65 points) 

Dewaele et al. 2012 [57] 

 

R.-Vinet1 

(0 K) 

 

114.82 4.887 fixed 6.2955 10 - 260 Gpa 

Cynn et al. 2001 [30] 

 
BM2 3rd 126.10 4.3(3) 4.9(1) 

52-127 Gpa 

(15 points) 
1R.-Vinet - Rose–Vinet  321 
2BM - Birch-Murnaghan 322 

 323 

They are in good agreement with the values of Dewaele et al. [57] but substantially deviate 324 

from the ones reported in reference [30,31]. This could originate from the high number of 325 
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measured data points (75) in the present work, in particular at low pressure, where a slightly larger 326 

data dispersion can induce a large error in V0. As for krypton [32], a near ideal c/a ratio for hcp 327 

structures (√(8/3) =1.633) is observed for all the hcp data points (Table I and Fig. S7 top panel, 328 

Supplementary Material) attesting a similar reduction of the two crystallographic axis a and c of 329 

xenon with increasing pressure. The axial ratios of most hcp metals fall in the range 1.57 < c/a 330 

>1.65 and show very little variations with pressure as discussed in Kenichi [58]. The near to ideal 331 

c/a ratio found for Xe over the probed pressure range of 1.631(2) may rule out the existence of an 332 

intermediate orthorhombic close-packed structure as previously proposed [29,59] and may rather 333 

indicate a progressive martensitic transformation related to the increasing fraction and thickening 334 

of stacking faults in the material. In Kr, Rosa et al. [32] observed a slight deviation from the near 335 

ideal c/a ratio especially in the low-pressure regime for which the hcp volume fraction remains 336 

below 20% (Fig. S7 bottom panel, Supplementary Material). This may suggest a structural 337 

distortion of the hcp SFs seeds from the ideal hcp structure. 338 

Another source of uncertainty in the determination of the EoS parameters of xenon could 339 

arise from the nature of the fcc/hcp martensitic transformation. Indeed, it was shown that krypton  340 

exhibits an anomalous compression behavior related to the presence of an increasing number of 341 

hcp domains of nano-metric size [32]. This singular behavior was determined from the correlation 342 

between the pressure dependence of the volume fraction of the hcp phase and the anomaly in the 343 

normalized pressure, F, versus Eulerian strain, f [60,61], where f = [(V/V0)
-2/3-1]/2 and F = 344 

P/(3f(1+2f)5/2). The Ff  plot analysis is a standard method to detect compression anomalies that are 345 

not obvious in the regular evolution of the compression curve (P-V plot). We have conducted a 346 

similar Ff plot analysis for xenon. As shown in Fig. 4a, a clear deviation to a linear variation is 347 

evidenced in fcc xenon at a pressure of ~15 GPa. As already mentioned, such a non-linear effect 348 
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has also been determined in solid krypton at slightly higher pressure (~20 GPa) [32] suggesting a 349 

systematic evolution of the underlying microscopic mechanism during the fcc/hcp martensitic 350 

transition in heavy noble solids (Fig. 4b). 351 

 352 

Figure 4a) Normalized pressure, F in GPa, vs. Eulerian strain ƒ, for the fcc phase of xenon and b) 353 

compared to the one found for krypton in a previous work [32]. The grey and blue dashed lines correspond 354 

to calculated values from fitted EoS using the data obtained before (open symbols) and after (filled symbols) 355 

the anomaly. The black solid line corresponds to the data fitting over the entire P domain (up to 74 GPa). 356 

Uncertainties are 2% for the pressure and are within the symbol size for the Eulerian strain ƒ and F. The 357 

interval of the compression anomaly where a deviation from a linear compression behavior occurs is 358 

highlighted by the light blue shaded area. The turn-over over point of the compression behavior is indicated 359 

with an arrow and a dark blue line in a). It appears for xenon at ~15 GPa and it is derived from the crossing 360 

of the two independent EOS fits, before and after the anomaly. Note that we observed a similar behavior in 361 

krypton [32] as shown in b) where the turn-over in compression behavior is indicated by a red arrow. 362 

 363 

To correlate the observed Ff plot anomaly with the hcp volume fraction (VFhcp), we have 364 

determined its evolution with pressure using multi-phase Rietveld refinement of the XRD patterns 365 
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using the intensity ratio of all Bragg reflections. As presented in Fig. 5, we found a progressive 366 

pressure variation of VFhcp reaching ~100 % at ~80 GPa. This behavior is contrasting with the one 367 

reported by Cynn et al. [30] and Errandonea et al. [31] which exhibit a much sharper 368 

transformation. This is maybe related to the differences in the analysis techniques, i.e., Rietveld 369 

refinement (this study) versus manual relative peak height analysis (previous works). It is worth 370 

noting that the complete fcc/hcp conversion in xenon occurs at much lower pressure than in 371 

krypton for which the pure hcp phase is expected at ~400 GPa. At 15 GPa, the pressure at which 372 

the anomaly in the Ff plot is observed, VFhcp reaches ~40 %, a value that is twice as large as for 373 

krypton (VFhcp at anomaly ~20 %). It is also worth noting that the volume fraction VFhcp is not 374 

significantly affected by temperature annealing.   375 

 376 

Figure 5. Pressure evolution of the hcp xenon volume fraction (VFhcp) extracted from Rietveld analysis of 377 

run-1 and run-2 (dark and light blue squares, respectively). Yellow filled squares indicate the data points 378 

obtained after temperature annealing in run-2. VFhcp from the literature obtained by Rietveld refinement of 379 

the intensity ratios of the fcc (200) and fcc (111) + hcp (002) reflections are indicated. Blue bar: pressure 380 
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at which the anomalous compression behavior is observed. At this pressure, VFhcp is ~40 %. In this study, 381 

the uncertainty on VFhcp is of the order of 6% and smaller than the symbol size. 382 

As presented in Fig. 6, we have also determined the pressure evolution of the coherently 383 

diffracting domain size for fcc (CDSfcc) and hcp (CDShcp) xenon. These quantities were obtained 384 

by adjusting the XRD Bragg reflection profiles using Popa’s analytical approximation 385 

implemented in the software MAUD [62]. We observe a strong reduction with pressure of CDSfcc 386 

while the CDShcp is not significantly affected. This behavior is similar to the one previously 387 

observed for krypton [32]. This suggests a generic transformation mechanism in krypton and 388 

xenon at the first stages: the increasing fraction of nano-metric hcp SFs propagates, breaks fcc 389 

domains into smaller ones and interconnects gradually through the material at a regular pressure 390 

rate. The data suggest that the interconnection of hcp domains starting from ~5 GPa leads to the 391 

gradual deviation from a regular compression behavior in fcc xenon (Fig. 4). It is worth noting 392 

that this pressure coincides with the appearance of the first hcp diffraction peaks (Fig. 2). At 393 

pressures higher than 15 GPa beyond the inflexion point of the compression anomaly, the CDS of 394 

the fcc phase does not reduce further contrary to its volume fraction, while the CDS of the hcp 395 

phase increases slightly. These observations are similar to those made on krypton (inset panel of 396 

Fig. 6). This suggests that beyond the compression anomaly a modification in the fcc-hcp 397 

transformation mechanism occurs that balances the effect of transformational and compressional 398 

stresses.  399 
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 400 

Figure 6. Pressure dependence of the coherently diffracting domain size (CDS) extracted by Rietveld 401 

analysis using Popa’s analytical approximation for the fcc and hcp phases of xenon: circles and blue 402 

squares. The red and yellow symbols indicate the data points obtained after temperature annealing. The 403 

uncertainties on CDS extracted from Rietveld are of the order of 15 Å and smaller than the symbol size. 404 

The blue area highlights the pressure domain of the compression anomaly and the blue bar its inflection 405 

point. The pressure dependence of the CDS for the fcc and hcp krypton as reported in [32] is schematically 406 

represented in the inset panel.  407 

 408 

3.3 XAS study of krypton and xenon 409 

 410 

In addition to XRD, we have carried out extended X-ray absorption fine structure (EXAFS) 411 

experiments to follow the pressure evolution of the local atomic arrangement of krypton and xenon 412 
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during the martensitic transformation. EXAFS provides accurate structural data of the average 413 

local atomic environment that complements the information on the individual phases obtained by 414 

XRD. In the present study, high-quality EXAFS data of krypton and xenon were acquired in a 415 

diamond anvil cell (Fig. S2 and S3, Supplementary Material). For both xenon and krypton, we 416 

used the same data analysis procedure to investigate next nearest inter-atomic distances Ri between 417 

a central absorbing atom and neighboring atoms and their distributions σ2
i.  418 

Three EXAFS runs were performed (Table I). In run-3, we have collected EXAFS data of 419 

xenon in an extended pressure domain up to 155 GPa to monitor the structural deviations from the 420 

ideal fcc and hcp configurations during and after completion of the martensitic transformation. 421 

More data points were collected in run-5 and -6 on krypton to investigate with a higher resolution 422 

the martensitic transition in the vicinity of the compression anomaly (Table I). These data were 423 

also used to compare the inter-atomic potential forces to previously reported ones obtained using 424 

Monte-Carlo simulations [63].  425 

As outlined in section 2.2, the principal objective of the present EXAFS analysis is to 426 

constrain the pressure variation of the average next-nearest neighbour distance (R1) and its 427 

distribution (σ2
1) in order to extract average local structural properties of the bulk material that 428 

contains both the fcc and hcp forms. These average properties may progressively deviate from 429 

observations of the individual structural properties of the host fcc phase obtained using XRD due 430 

to the growth of hcp SFs with reduced lattice volumes that cannot be distinguished easily using 431 

XRD.  432 

As represented in Fig. 1, S1 and S2, long-range EXAFS data were acquired up to a k of 16 433 

Å-1 providing inter-atomic distances and their distributions up to the third stacking layer of the 434 

close-packed planes. Fcc and hcp structures respectively follow an ABCABCABC and 435 
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ABABABAB pattern types (Fig. 1 for fcc). The most intense scattering signals of the fcc and hcp 436 

forms emerge from paths in the first and second stacking layer. These paths exhibit an equivalent 437 

number of next-nearest neighbors and bond distances if the two forms have the same lattice 438 

volumes. This complicates the extraction of volumetric fractions and individual lattice volumes 439 

from EXAFS fitting, which was therefore not attempted in this analysis. We used the long-range 440 

EXAFS data to determine deviations from the ideal fcc and hcp forms seen from XRD by 441 

extracting the average next-nearest bond distance (R1) and its distribution (σ2
1) seen using 442 

XAS data. The evolution of average interatomic distances up to the higher stacking layers were 443 

also determined (R2, R3, R5) but are only discussed qualitatively in comparisons to R1 as they have 444 

higher uncertainties. For clarity, the resulting pressure variations of the extracted bond distances 445 

of all scattering paths (R1, R2, R3, R5, see Fig. 1b) and their distributions are reported in the Table 446 

SII and SIII (Supplementary Material) for xenon and krypton, respectively.  447 

 448 

3.4 Origin of the compressional anomaly 449 

 450 
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 451 

Figure 7a) Pressure evolution of the first nearest neighbor inter-atomic distances in fcc and hcp xenon 452 

normalized to its value at ambient pressure (R1/R0). Data obtained from EXAFS fitting using either the fcc 453 

or the hcp phase as input model are compared to calculated values using the EoS of fcc and hcp xenon 454 

derived from XRD in this study (Table II and III). R0 was calculated from V0 as obtained from the EoS of 455 

the present XRD data. A logarithmic pressure scale for xenon data was chosen to highlight the small 456 

deviations between results of different fit models and X-ray probes at low pressures. Uncertainties are 457 

smaller or in the order of the symbol sizes. b) Pressure evolution of the first nearest neighbor inter-atomic 458 

distance of fcc krypton normalized to its value at ambient pressure (R1/R0). Data obtained from EXAFS 459 

analysis in this work are compared to those acquired from a previous XRD study [32]. R0 values for fcc 460 

and hcp krypton were calculated from a previous EoS study [32]. The pressure domain of the compressional 461 
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anomaly observed in this study in xenon and by Rosa et al. [32] in krypton are highlighted by a blue shaded 462 

area and the inflexion point of the anomaly is indicated with a blue bar. 463 

 464 

The evolution of the normalized first nearest neighbor inter-atomic distance R1/R0 for fcc 465 

and hcp xenon obtained from the EXAFS and XRD analysis are presented in Fig. 7a). Above ~25 466 

GPa, the results of both X-ray approaches are in good agreement within their mutual uncertainties. 467 

Below this pressure, the average first neighbor Xe-Xe inter-atomic distances extracted from the 468 

EXAFS data are slightly shorter than those obtained using XRD. However, no definitive 469 

conclusion could be drawn from the EXAFS data on xenon regarding the microscopic origin of 470 

the compression anomaly due to the few data points sampled in the pressure interval where it 471 

occurs (Fig. 7a). At pressures above 60 GPa, the first neighbor Xe-Xe distances extracted from 472 

EXAFS are slightly larger than those measured by XRD. Such positive deviations were previously 473 

related to the existence of anisotropic vibrational modes [51].  474 

The larger number of EXAFS data points collected on krypton in run-5 and 6 in the vicinity 475 

of the compression anomaly enabled a more detailed interpretation of its origin. As presented in 476 

Fig. 7b, from the EXAFS data, we observe a strong reduction of the first average neighbor distance 477 

(here referred to as Kr-Kr) between ~18 and 36 GPa that is very difficult to assess from the XRD 478 

data [32]. We relate this observation to the formation of a large amount of dense hcp SFs in fcc Kr 479 

in the pressure interval of the compression anomaly. As it has been demonstrated in our previous 480 

XRD data [32], hcp SFs exhibit a shorter next nearest neighbor distances than the parent fcc phase. 481 

This observation is supported by the slightly smaller c/a ratio of initial hcp Kr especially in the 482 

pressure interval of the anomaly compared to the ideal value (√(8/3) =1.633) (Fig. S7 bottom, Fig. 483 

4 in Rosa et al., [32]). Under the assumption that the interatomic distance parallel to the 484 

(111)fcc//(0001) hcp plane is unchanged (this assumption is acceptable when the transition 485 
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proceeds via shuffling motion according to Burgers [7]), the c/a ratio directly corresponds to the 486 

(111) inter-plane distances. Therefore, the smaller c/a ratio of hcp Kr provide a reasonable support 487 

for the shorter interatomic distance measured in the stacking faults. It is worth noting that the 488 

inflexion point of the compression anomaly in fcc krypton observed at ~20 GPa from XRD occurs 489 

at the onset of the negative deviation of Kr-Kr inter-atomic distances probed by EXAFS. At 490 

pressures below or above the compression anomaly, the average Kr-Kr interatomic distances 491 

obtained using EXAFS and XRD (for the fcc phase, Fig. 7b) are in good agreement. We also note 492 

that the c/a ratio extracted from XRD of hcp Kr converges at ~100 GPa (hcp krypton volume 493 

fraction of 35%) towards a near ideal c/a value of 1.631 (Fig. 7b). 494 

 A similar conclusion can be qualitatively drawn regarding the pressure evolution of the 495 

inter-atomic distances of the 2nd, 3rd and 5th next nearest neighboring atom extracted from EXAFS 496 

that deviates from the ideal fcc inter-atomic distances in the region of the compression anomaly 497 

for both Xe and Kr (Fig. S9). Interestingly, far away from the anomaly at ~60 GPa, the inter-498 

atomic distances in the second and third stacking layer (R2, R3 and R5) are closer to those of the 499 

fcc phase than to those of the hcp phase obtained by XRD (Fig. S9A). This suggests the presence 500 

of a large fraction of boundary defects between hcp domains that have a local atomic arrangement 501 

close to a fcc lattice. Such defects could be located on hcp twins or grain boundaries.  502 

 503 
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 504 

Figure 8. Pressure variation of the fitted first neighbor distribution of krypton and xenon (σ2
1) obtained 505 

from EXAFS. The data are compared to Monte Carlo simulation results using a hard-sphere model 506 

approach [63] for fcc krypton (denoted as MC in the figure legend). A linear trend is expected for a regular 507 

compression behavior. Due to the lack of computational studies for fcc/hcp xenon, we have drawn a linear 508 

line through the data points before and after the compression anomaly as a guide for the eyes.  509 

 510 

As shown in Fig. 8, the compression anomaly is also evidenced in the pressure variation 511 

of the first neighbor distance distribution σ2
1 in krypton and to a lesser extent in xenon. In krypton, 512 

the fitted values of σ2
1 up to 25 GPa show a strong deviation to the σ2

1 calculated by Aziz and 513 

Slaman (HFD-B) [64] and reported by DiCicco et al. [63] using a hard sphere model for fcc 514 

krypton. This deviation is reduced but still persistent up to ~ 40 GPa suggesting a high degree of 515 

structural disorder for fcc krypton in the pressure interval of the compression anomaly. A similar 516 
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behavior occurs for xenon and for the 2nd, 3rd and 5th nearest neighbors in krypton and xenon (Fig. 517 

S10, Supplementary Material). Overall, the pressure dependence of σ2
1 is consistent with the 518 

interpretation derived from the evolution of Ri: The increasing fraction of hcp SFs in the fcc 519 

structure induces a high degree of structural disorder. This effect is more pronounced in the 520 

pressure domain of the compression anomaly because the two structures have differing unit cell 521 

volumes at these conditions. Our conclusion is strengthened by our observations beyond the 522 

compression anomaly and up to 60 GPa: In this pressure domain we observe a reduction of σ2
1 to 523 

the predicted trend of the atomic interaction potential in the hard sphere model of Aziz and Slaman 524 

[64]. Beyond 60 GPa, the bond distribution of krypton and xenon deviates from the linear variation 525 

expected for a regular compression behavior. In xenon, this behavior could be explained by the 526 

presence of a large fraction of boundary defects between hcp domains in the final sample micro-527 

texture close to the completion of the transition.  528 

4. Mechanism of the martensitic transformation 529 

The combined results of EXAFS and XRD suggest a multi-stage growth of hcp SFs in the 530 

heavy noble gases krypton and probably in xenon. The proposed microscopic mechanism of the 531 

martensitic transformation is presented in Fig. 9. Prior to the transformation, the starting material 532 

is a high-quality single crystal with well-defined Bragg reflections and without detectable X-ray 533 

diffuse scattering that would be the signature of pre-existing defects (Fig. 2). In the first stage of 534 

the transition (stage 1 of Fig. 9), we observe a spontaneous formation of isolated but abundant hcp 535 

nano-metric stacking faults along the [111] fcc directions at relatively low pressures (~ 1.3 GPa 536 

and ~2.7 GPa for xenon and krypton, respectively). Their growth is evidenced by the presence and 537 

increasing intensity of diffuse X-ray scattering signal in the vicinity of the fcc Bragg reflections 538 

(Fig. 2, 5, S8, S11, S12). Single-crystal XRD analysis (Fig. S11, S12) indicates that all possible 539 
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orientation of hcp domains, with (0001)hcp//(111)fcc (Shoji-Nishiyama orientation relations [1]) 540 

are observed; this represents four possible orientations, which we call variants here. This is 541 

conform to the general concept of the fcc-hcp martensitic transition developed by Olson and Cohen  542 

[65] proposing that the first step in martensitic nucleation is characterized by faulting on planes of 543 

closest packing resulting from the spontaneous formation of martensitic embryos. A mechanism 544 

responsible for the formation of these nano-metric SFs could be the recombination of two Shockley 545 

partial dislocations [1], which could generate two twin boundaries in the fcc lattice (Fig. 9c). The 546 

formation of a large amount of SFs can also explain the significant decrease of CDSfcc (Fig. 9a).  547 

The second stage of the transition is characterized by the interconnection and thickening 548 

of hcp SFs, evidenced by the appearance of distinct hcp diffraction peaks at approximately 15 GPa 549 

for Kr [32] and 5 GPa in Xe  (Fig. 2, Fig. S8, S12). Upon pressure increase, we first observe a 550 

rapid and then progressive formation of thin hcp domains which generate more intense XRD peaks 551 

(Xe: Fig. 2, 5, S8, S12 and Kr: Fig. 4 of reference [32]). The formation of a large amount of hcp 552 

SFs may explain the strong reduction of the parent phase grain size (Fig. 6 and Fig 9a). As 553 

evidenced from EXAFS and XRD, in the pressure interval of the compression anomaly the hcp 554 

form exhibits shorter next-nearest neighbor distances (up to 4% difference for Kr and 1% for Xe) 555 

than the parent fcc phase (Xe and Kr, Fig. 7) which may lead to increased local disorder (Fig. 8) 556 

and to the built up of strain in the material at the fcc-hcp structural boundaries. Based on the 557 

compiled observations from EXAFS and XRD (Fig. 9), we suggest that the interconnection of 558 

dense hcp domains is responsible for the observed compression anomaly in the host fcc phase. 559 

This microstructural feature of the transformation is of particular importance as it might be similar 560 

to the one responsible for the hardening of metals (i.e., steel hardening). We emphasize that this 561 

critical observation can only be made in situ and not on quenched materials as the unit cell volumes 562 
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and local structures are substantially modified during the quenching process. It is also worth noting 563 

that the compression behavior of the gold sample located in the pressure cavity is regular over the 564 

entire pressure domain (Fig. S4, S5, Supplementary Material). This provides additional evidence 565 

that the observed compression anomaly in krypton and xenon is intrinsically due to the fcc-hcp 566 

lattice mismatch and intergrowth of hcp variants, but not due to the presence of pressure gradients 567 

in the sample chamber.  568 

Based on total energy considerations, under equilibrium conditions, the densities of 569 

coexisting fcc and hcp forms should be similar in the two phases. The observed lower density of 570 

the hcp SFs could be related to its nano-metric and defect nature, as well as to the observed slightly 571 

smaller c/a ratio compared to the ideal value that suggest a slightly deformed hcp lattice. 572 

  The third stage of the transformation, after the compression anomaly, is more specific to 573 

krypton and xenon. This might be because in steel hardening processes, the quenching of the 574 

material would be performed at the stage 2 of the transformation, when the concentration of strain 575 

is maximum. At the third stage, the fcc-hcp lattice difference vanishes and the fcc phase retrieves 576 

a regular compression behavior (Fig. 4 and 7, Fig. 9a). This is also a clear indication that the hcp-577 

fcc lattice mismatch is at the origin of the strain enhancement and compression anomaly. This third 578 

stage is characterized by a stagnation of the CDSfcc and CDShcp and an increase of the hcp volume 579 

fraction VFhcp (Fig. 5, 6 and Fig. 9a). Based on these microstructural observations, we propose 580 

that this third stage might be characterized by the collective shuffling of remaining fcc domains 581 

surrounded by hcp SFs. We assume that the formation of new hcp SFs seeds would result in a 582 

more drastic reduction of CDSfcc that is not observed beyond the compressional anomaly (Fig. 6). 583 

Our conclusion is consistent with computational studies that reported a favorable formation of hcp 584 

SFs seed in larger fcc domains [34]. The simultaneous growth of equivalent-sized hcp variants due 585 
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to shuffling of atoms minimize transformational strains [1] and in the present case also reduce non-586 

hydrostatic stresses naturally present in the DAC at high pressure (Fig. S4, S5, Fig 9a). It was 587 

indeed shown that the formation of coexisting equivalent-sized hcp variants in metals compensates 588 

for the strains induced by the martensitic transition due to crystal shape changes [1,53].  589 

Both krypton and xenon preserve the initial strong preferred orientation of the hcp phase 590 

(Fig. 2 and Fig. 1 of reference [32]) up to the maximum investigated pressure. This suggests that 591 

the relative lattice rotations of isolated hcp grains induced by slip systems other than those along 592 

the (111) crystallographic planes play a minor role in the transformation. The proposed 593 

transformation mechanism would result in a final microstructure of the fully transformed material 594 

characterized by a large amount of domain boundaries between hcp variants with fcc-like stacking 595 

sequences as illustrated in Fig. 9c (stage 4).  596 

  597 

 598 
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Fig. 9. Evolution of mechanical and microstructural parameters during the martensitic fcc/hcp transition 599 

in xenon at a) the bulk, b) the grain and c) the atomic level. The transition is divided in 4 transformational 600 

stages: 1) nano-metric Hcp stacking fault (SF) formation from 1.3 GPa onward in xenon, 2) interconnection 601 

of SF that induces the compressional anomaly, 3) transformation of remaining fcc domains via shuffling 602 

into hcp variant domains of equivalent size and 4) final microstructure of coexisting hcp variants with 603 

inverted stacking sequences. In a) the pressure dependence of CDSfcc, stress in gold (αt) and VFhcp are 604 

summarized. The pressure domain of the compression anomaly is highlighted by a blue shaded area and 605 

the inflection point of the anomalous compression behavior is delineated by a blue bar.  b) summarizes the 606 

progression of the transition at the grain scale for the different stages. The yellow circle represents the size 607 

of the X-ray beam. At stage 4, hcp variant domains are shown in black and white, to highlight differences 608 

in the hcp stacking sequence of either ABABA or ACACA (see c) for more details). c) Stacking-fault 609 

formation and thickening mechanisms at the atomic scale that can explain the observations from both XRD 610 

and EXAFS. Note that the stacking sequence of close-packed planes along the [-111] is shown in upward 611 

direction. Abbreviations are: TB: twin boundary, I. SF: inverse stacking fault, hcp+ (ABA, stacking 612 

sequence) and hcp- (ACACA, stacking sequence).  613 

 614 

 615 

5. Conclusion 616 

We have examined the fcc to hcp martensitic transformation in solid krypton and xenon 617 

using in situ XRD and EXAFS. We have evidenced a multi-stage mechanism in which the 618 

transition initially proceeds through the spontaneous nucleation of hcp nanometric domains. This 619 

stage is followed by a strain accumulation in the bulk material due to fcc-hcp lattice mismatch and 620 

the presence of a large fraction of hcp stacking faults. In this transient domain, an anomaly is 621 

evidenced in the equation of state of both materials. In the following stage of the transformation, 622 



35 

 

the lattice mismatch vanishes and a normal compression behavior is retrieved. The micro-texture 623 

of xenon in the final stage is characterized by the presence of coexisting hcp variants with inverted 624 

stacking sequences. The possible formation of equi-sized hcp variants could explain the low 625 

deviatoric stress as seen by the gold pressure marker. The present work reveals the multiple stages 626 

of the transformation and disentangles the different effects occurring during the transition. We also 627 

provide evidence that the variation of the atomic distances of the parent and martensitic phase 628 

during the transformation plays a key role in the building-up and accumulation of strain in the 629 

materials’ structure. 630 
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