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ABSTRACT

The isostructural gamma – alpha phase transition in elemental cerium is an electronic transition caused by a delocalization of
the 4f electrons. This affects the bonding properties of Ce atoms and leads to a large volume collapse reaching ∼17% in the
low pressure regime (< 2 GPa). While great attention has been drawn on the electronic description of this transition, attempts to
understand the mesoscale mechanisms of this structural transition and their consequences in terms of microstructure remain
scarce. We have investigated this transition by means of combined X-Ray Computed Tomography and Energy Dispersive
X-Ray Diffraction on polycrystalline samples. Our experimental observations reveal a platelet-shape microstructure across the
transition and up to the critical point, which have been associated to displacive mechanisms. Based on continuum mechanics
modeling and ab initio calculations, we propose that here, this microstructure is initiated by elastic instability and shear
anisotropy in the <100> directions.

Introduction

Rare Earth Cerium ([Xe] 4 f 2 6s2) may be one of the most intriguing elements with a unique phase transition under pressure.
At ambient conditions of pressure and temperature, Cerium crystallizes in a face-centered cubic (fcc) phase also known as
γ-Ce. At 295 K and 0.8 GPa, γ-Ce undergoes a first order phase transformation into α-Ce, another fcc structure with a density
greater by ∼17%. The transition exhibits a hysteresis of around 3 kbar at 300 K but is completely reversible as the α phase is
not recoverable at room conditions. α-Ce exhibits a greater thermal expansion coefficient than γ-Ce such that their volumes are
equal at high temperature (600 K at 2 GPa1), and giving rise to a solid-solid critical point (SSCP) at 1.6 ± 0.1 GPa and 495 ± 15
K2–4. The existence of such a SSCP stands unique among all elements of the periodic table, making this transition even more
fascinating.

Upon discovery of its isostructural character in 19495, this transition was regarded with great scientific interest as it
suggested two enthalpy minima for the same structure. Two electronic scenarios have been proposed, Mott transition and
Kondo Volume Collapse6, 7, which both describe 4 f electrons as strongly correlated where γ-Ce and α-Ce bear localized
and more delocalized 4 f electrons, respectively. The two models differ in the origin of delocalization: the Mott and Kondo
Volume Collapse models attribute it to f f and f − spd hybridization, respectively. Athermal first principles methods based
on DFT+DMFT or DFT+Gutzwiller8–14 approximations now go beyond these models to describe more quantitatively the
electronic structure at the transition. P-V-T, ultrasonic measurements15–18 and ab initio calculations10, 13 described in details the
thermodynamics of the γ−α transition. Experimental works evidenced its analogies with a Van der Waals liquid-gas transition
such as the hysteresis and a bulk modulus softening approaching the first order transition below the SSCP, this softening being
still observed in the homogeneous phase above it.

The mesoscopic mechanism of the transformation, and more particularly how two phases of very different volumes combine
into an energy minimizing microstructure below SSCP, remains an enigma. Numerous displacive diffusionless transformations
imply an undistorted invariant plane in the transition strain path19. This leads to a microscopically observable habit plane. This
plane offers a low energy interface between parent and child phases, producing mixtures in the form of a lamellar microstructure
following it, called martensitic microstructure. In the case of cerium, α and γ phase have the same structure with a different
lattice parameter, which prevents the existence of such undistorted plane: the microstructure, in that sense, shall strongly differ
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from usual strain-energy dominated martensitic transformations. Instead, one could expect a behavior similar to one observed in
tin during the α-tin to β-tin transition at 286 K, accompanied by a large volume difference, that induces cracking and crumbling
of the crystal and a complete loss of microstructure memory20.

However, working with single crystal samples, Decremps et al.15, 16 evidenced a conservation of the crystalline orientation
between parent γ and child α phases at different temperatures below SSCP. A dislocation-based massive plastic straining in
combination with pure volume transformation, facilitated by the softening of the bulk modulus in γ-Ce, was proposed. This
scenario of the transformation could not be confirmed in the absence of in situ observations16. Ex situ microscopy measurements
made on samples partially and fully transformed to α, and recovered under γ form, evidence the formation of plastic strain
bands along (111)1 during the transformation. Zukas et al. showed that the amount of plastic deformation increases with the
number of cycles of pressurization and with the fraction of sample transformed, varying pressure and temperature or pressure
alone. These observations are consistent with lattice misorientations between γ-Ce and α-Ce up to 11° observed in single
crystal XRD and interpreted by an array of edge dislocations16. Features of γ-α transformation have been measured for a
polycrystalline porous Ce sample by X-ray tomography at 300 K, confirming the large volume decrease, however no monitoring
of phase growth in γ-α coexistence domain has been attempted21. On the modeling side, the thermodynamics of the transition
is correctly reproduced by a mean field approach with a system potential inspired by a Van der Waals fluid, and including a
non-linear elasticity term to describe solid phases22.

Here we report a combined synchrotron in situ X-ray tomography and X-ray diffraction study of both direct and reverse
γ-Ce↔α-Ce transitions. We provide a fine monitoring of the three dimensional microstructures showing how α-Ce (γ-Ce)
appears and coexists with the γ-Ce (α-Ce) parent phase. We show that despite the absence of any habit plane for these
transformations, the transition microstructure has similarities with martensitic ones. Following earlier literature, we delved
into the role of the elastic behavior of cerium on the transitions mechanism. Ab initio modeling was used to predict this
behavior, where experimental data were missing. Then, a continuum model which uses these predictions is built to explain
these surprising observations.

Experimental methods
Cerium samples were purchased from American Elements as poly-crystalline rods of 0.4 mm diameter and 1.5 mm in height.
As received, the sample had witnessed partial surface oxidation that was removed by polishing under argon atmosphere to a
size of 0.3 mm in diameter. Samples were loaded in Paris-Edinburgh assemblies, in contact with a hexagonal boron nitride
(h-BN) capsule placed in a graphite furnace (see supplementary figure S2-1).

Energy-Dispersive X-Ray Diffraction (ED-XRD) and fast X-ray computed tomography (XCT) have been performed at
the white beam station of the PSICHE beamline23, 24, using an Ultrafast Tomography Paris-Edinburgh Cell (UToPEc) press
dedicated to tomographic measurements25, 26 (see supplementary figure S1-1).

In ED-XRD mode, a collimated incident beam of photons ranging from 15 - 100 keV is diffracted by the sample. A solid
state detector collects the scattered light at an angle 2θ of 8° and around 1 m away from the sample and probes an azimuthal
angle χ of 2.8° allowing qualitative texture observation. The volume probed is constrained by two pairs of slits located close to
sample/detectors. Two modes of ED-XRD data collection are operated during the experiment: (i) at a fixed angle ω of the
press or (ii) along 180° rotation ω of the press with integration over 3° (60 steps) or with finer steps of 1° (180 steps), referred
to as polar ED-XRD hereafter. The first mode is used for metrology purpose (see Supplementary Materials) and the second
mode allows orienting single crystal from the scattering signature of diffracting vertical planes and their concomitant angles.

XCT scans have been collected in pink beam mode, which offers a much greater flux than in a conventional monochromatic
mode. A peak flux of about 76 keV has been used in order to optimize the imaging contrast and transmission for the highly
absorbing Ce sample. Two-dimensional radiographic images with an effective pixel size of 0.65 µm have been collected during
rotation of the press in the 0–180° range. Each tomographic reconstruction consists of 1500 frames that have been collected
with an exposure time of 30 ms; the total time of acquisition is around a few minutes. The UToPEC offers a 165° angular
opening which minimizes the missing angle reconstruction artefact arising from the two columns of the press.

Tomographic reconstructions, including phase and amplitude extraction following Paganin’s method27, have been performed
based on the PyHST2 reconstruction software available at the PSICHE beamline and missing angle artefacts where corrected
by iterative method simulating the forward projections, based on a grey level thresholding of the sample28. The true spatial
resolution is 3.3 µm. Details of tomographic data treatment are presented in Supplementary S3.

During the experiments, pressure and temperature on the sample were remotely controlled through press oil pressure and
resistive heating power. They were measured using power-temperature calibration and h-BN diffraction signal as detailed in
Supplementary Material S2. ED-XRD was performed on selected volumes of the sample at same P−T conditions as XCT,
switching between the two modes taking a few minutes. Several experiments have been carried out, which allowed optimizing
sample dimensions and shape, calibrations, data collection procedures and P−T conditions.
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Figure 1. Thermodynamics of the transformation. (a) Phase diagram of Cerium in the region of interest1. The black solid line denotes the
direct γ→ α transition line terminating on a critical point (denoted by the solid black/red circle). Pathways followed during this experiment
are represented by the solid markers in selected colors to reflect the different runs that were performed. Arrows and lines are a guide to the
eye.(b) Associated relative volume difference measured along the pathways shown in (a) as a function of the transition temperature. Run D is
not represented in (a) but performed at pressures above the SSCP, similarly to run F.

The observations made during one experiment alone are reported below, but they have been confirmed by other runs, as
reported in Supplementary Material S4. γ-Ce quasi-single crystals were synthesized and oriented on-line by high-temperature
recrystallization. Then, the pressure-temperature paths represented in Figure 1 have been followed. It is the combination of
XCT and XRD which allowed a quantitative understanding of Cerium isostructural transformation microstructures.

Experimental results
Synthesis of quasi-single crystal
In order to study in situ the microstructure produced at the transition, single crystals needed to be synthesized. Figure 2a shows
XRD signal recorded for -as received- sample: all XRD peaks expected for fcc lattices are observed at all press angles ω and on
the 7 pixels of the detector, evidencing its polycrystalline form. The temperature and pressure were slowly increased up to 800
K and 2.65 GPa in γ-Ce stability field in order to recrystallize Ce close to melting conditions. Temperature was limited to 800 K
due to the high thermal conductivity of sintered diamond anvils used for their transparency in imaging experiments and pressure
was increased to approach the melting curve minimum located at around 3 GPa and 950 K29. We have observed the progressive
recrystallization from powder-like signal to multi-grains spotting formation and toward large grains with well-resolved and
more intense Bragg reflections narrowed to only one vertical pixel of the detectors and spread to less than 6° in ω (with a
resolution of 3°). However, at this stage (end of run B, Figure 2c), several single crystals coexisted and only one of them, which
produced two XRD peaks in a sub-horizontal plane, could be oriented unambiguously. A second thermal recrystallization
performed before run E produced a quasi-single crystal sample state with one principal grain orientation persisting over 450
microns in the height of the sample (Figure 2d and e).

Microstructures at the α↔ γ transitions
After the synthesis of large single crystals in the sample, the critical point was circumvented to reach α-Ce stability field while
preserving the sample microstructure. Then, α→ γ /γ→ α transitions were induced by temperature increase/decrease (run
B/runs C and E) keeping the press load fixed. Runs D and F were conducted under super-critical conditions as shown in
Figure 1.

The α→ γtransition has been clearly identified in Run B from the onset of numerous platelets of lower density, initiated at
352 K (as shown in Figure 3), concomitant with observations made in ED-XRD showing the emergence of a new fcc phase with
a volume larger by 17%, as expected at ∼1 GPa. Polar ED-XRD shows that new crystals of γ-Ce have close crystallographic
orientations to starting α-Ce grains with a rotation of 3°, less than observed in reference16. Evolution of the microstructure at
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Figure 2. (a) Stacked graphs of cerium XRD signal obtained with 180° rotation of the press (angle ω) with 3° increments of the as-received
sample at ambient conditions (b) corresponding cake representation (d-spacing (hkl) as a function of the press angle 0-180°). The continuous
weak lines correspond to fluorescence lines of cerium. (c-d-e) Show the same acquisitions quenched from 800 K and 2.7 GPa (c), at the
onset of the transition (d) and after run E (e). After the end of run B- (c), cake representation shows the emergence of strong preferred
orientations which we interpret as the growth of single crystals from the initial polycrystalline sample. As the transition is cycled, one
preferential orientation is preserved as witnessed in run E (denoted by the white dotted circle, belonging to the same orientation) (e). (d)
Shows the coexistence of phases (yellow - α and cyan - γ ). The orientation relationship shows the expected homothetic behavior with a
mismatch in angle of ∼3°.
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Figure 3. Selected slices of tomographic reconstructions collected along the four pathways of 1. Lighter colors indicate higher X-ray
absorption. Continuous changes in colors can be due to reconstruction artefacts. (a) run B upon heating from α to γ at around 1.1 GPa
associated with a volume increase of 18% at the transition. (b) run C on cooling from γ to α at 1.3 GPa associated with a volume decrease of
-10% at the transition. (c) run E on cooling from γ to α at around 1.5 GPa associated with a volume decrease of -7% at the transition. (d) run
F upon heating at 1.8 GPa above the SSCP where the transition occurs continuously between the two phases without coexistence.

transient stages of the transformation has been monitored with the collection of polar ED-XRD and tomography data every 10
K. The transformed microstructure consists in γ-Ce phase nucleated as platelets, which then grow through a homogeneous
thickness increase, preserving their lenticular shape. Figure S5.1 (of the Supplementary Material) shows the thickness evolution
of one platelet. The γ phase bursts as a 7 µm thick platelet at 352 K (where the imaging resolution limit is 3.3 µm due to the
beamline geometry), increasing its thickness up to 50 µm at 500 K. Across the transition, furnace instabilities have resulted in a
sudden increase in temperature as witnessed by the sudden increase in platelet thickness in the supplementary materials.

In Run C, the measured γ→ α volume difference is -10%. We observe that α-Ce platelets backward-nucleation reproduces
the same microstructure as the forward one formed during run B, evidencing a memory effect of the microstructure (Figure 3).
However, on the backward path (Run C), the α phase bursts as two distinct platelets of 10-15 µm thickness that grow toward
each other to form the single larger platelet of 50 µm observed on the forward path (Run B). It suggests that those layers could
be triggered by the presence of dislocations along the interfaces. For each run, the transition is completed through growth and
coalescence of platelets.

Run E was performed after a second recrystallization at temperature above the critical point (run D) and offers the utmost
single-crystallinity allowing for a quantitative analysis of the microstructure. At those conditions, the sample transformed
from γ to α with a volume difference of -7% and the transition was witnessed again in the reconstructed volume with the
appearance of numerous, thin (10 microns), platelets with a higher density concomitant with Bragg reflections belonging to
the α phase. A cartography of the grain orientations performed at 300 K in the pure α phase as a function of the height of
the sample revealed that a single orientation was dominant over 450 microns in height of the sample. Figure 4a shows the
segmented microstructure at the coexistence of α and γ phases (P = 1.5 GPa and T = 456 K) where three dominant platelet
orientations are clearly observed as indicated by the colored arrows. The 3D-Fourier transform of an XCT reconstruction is a
good tool to quantitatively analyze microstructures, as shown in26. In particular, it allows evidencing preferred orientations in
interfaces revealed with XCT. The stereographic projection of the 3D-Fourier transform of Figure 4a is represented in Figure
4b: it exhibits maxima close to the three directions of cerium crystallographic axes. These maxima, caused by the intensity
variations due to the transformed platelets, are along the direction of normals to the platelets. The vertical platelets (indicated by
black arrows in Figure 4a) thus have their normal roughly parallel to ± (010) directions in Ce single crystal; they are numerous
and thicker and give rise to the highest maximum in the Fourier Transform. The wide extension of this peak results from the
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lenticular or S-shape of the platelets. Platelets with (001) and (100) normals (light blue and green arrows in Figure 4a) are less
numerous but still produce clear maxima in the Fourier transform. No other interfacial direction could be evidenced from the
Fourier transform.

Figure 4. Analysis of γ→ α transformation microstructure in run E. (a) Reconstructed volume of cerium at 1.5 GPa and 456 K, segmented
to remove the lower intensity levels showing the α phase platelet. As the platelets are perpendicular to one another, projections are shown in
Oxz and Oyz coordinate systems. (b) Superimposed stereographic projection of the γ-Ce crystal orientation determined from ED-XRD and
stereographic projection of the modulus of the Fourier transform. The wavevector directions with Fourier transform maxima correspond to
the normals to platelets. The three dominant orientations (with corresponding arrow colors) lie close to ±(010), (001) and (-100).

Critical point

Figure 5. Transformation microstructure in the vicinity of the critical point. (a) ED diffracted patterns of Ce on the (220) reflection at selected
temperatures between 800 K (γ-Ce) and 300 K (α-Ce). The sample continuously transforms into α-Ce until its volume become intermediary
to both phases (539 K). At this temperature, we observe the appearance of γ-Ce (unstable at this conditions) that persists on further cooling.
(b) Selected slices at different temperatures and (c) interpretation: (i) stability region of γ-Ce; (ii) intermediary (int.) region between α-Ce and
γ-Ce, the darker grain and platelets corresponds to unstable γ-Ce (*). (iii) Metastable γ-Ce platelets disappear while α-Ce platelets form
inside the metastable γ-Ce grain. (iv) The sample is fully α-Ce. (lighter regions are artefacts due to contrast saturation.

Run F was performed under supercritical conditions, and as expected no coexistence of phases with different densities has
been observed (Figure 3d). An additional run was performed in conditions close to the SSCP (run H). In this run, the sample
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was cooled from γ-Ce to α-Ce. Figure 5a shows the continuous shift of the (220) Bragg peak toward lower d-spacing (α -Ce),
typical of a supercritical transformation. However, around 513 K, a faint peak corresponding to an unstable fcc phase with same
orientation appears in addition to the major peak corresponding to an intermediary state between α- and γ-Ce. It manifests
itself on the tomographic reconstruction as platelets and one grain of a lighter γ-Ce (dark brown) as seen in Figure 5c. At 430
K, γ-Ce platelets disappear while α-Ce platelets form and grow inside the γ-Ce grain until the sample fully converts to α-Ce.
This unexpected behavior could be explained by inhomogeneous pressure drops within the sample as it is cooled, which would
place the system just below the SSCP and induce locally a first-order phase transition.

To sum up, we have evaluated the microstructures produced for both the direct and reverse transitions, for different volume
differences (18%, -10%, -7%), in the vicinity of the SSCP and above the SSCP, where the transition is continuous. Below the
SSCP, where the transition is first order, the microstructures are surprisingly similar to martensitic ones, forming platelet-shaped
child phase with the same orientation as the parent phase and an interface perpendicular to 〈100〉 directions. However, close to
the critical point, when the transition volume is almost zero, the microstructure of the new phase can differ from platelets.

Discussion

Earlier attempts to describe the mesoscale mechanisms of the isostructural phase transition in cerium evidenced displacive
features such as orientation relations15, 21. Our study confirms this and reveals a microstructure akin to that obtained during
martensitic transformations, in the form of a platelet-shaped child phase with the same orientation as the parent phase and an
interface perpendicular to ⟨100⟩ directions. Similar microstructure is observed between 300K and 480K, for both the direct and
reverse transitions, suggesting the temperature does not affect drastically the mesoscopic transitions mechanisms. The observed
interface corresponds to a transformation strain minimum, as the habit plane in martensitic transformations30. However, the
transition strain being a pure isotropic volume change, it should lead to an isotropic microstructure, e.g., fully disordered mix of
parent and child phases. The question to answer is thus: what explains this anisotropic transformation microstructure?

Plasticity can be evoked as a possible source of anisotropy: the known plastic systems for fcc phases belong to (111) dense
planes31, consistently with observations of plastic deformation bands in cerium32. Plastic instabilities could thus produce a
lamellar microstructure, but along (111) surfaces: this is not compatible with the observed (100) platelets. The role of the
transformation strain and plastic deformation being excluded to explain the onset of (100) platelets, we evaluate below a
possible role of an elastic instability on the mesoscopic transition mechanism, as mentioned for other first order solid-solid
transitions33, 34. One outstanding feature of the pressure effect on elastic response in γ -Ce is the softening of the bulk modulus
reported by all experimental studies, up to the temperature conditions of the critical point17, 18, 35, 36. In addition, a noticeable
crystal elastic anisotropy has been measured in γ-Ce under ambient conditions37, 38. Elastic anisotropy has been shown to affect
conventional martensitic microstructures39.

We investigate here whether elastic instability coupled with elastic anisotropy could be at play at the onset of a transformation
to explain the emergence of platelets in absence of a habit plane. A continuum model of the γ-α transition is set below with
a focus on the investigation of the tridimensional evolution of the microstructure. It is based on a form of the energy of the
system similar to the mean field model by Bustingorry et al.22 that describes the two phases with a different volume, including
an elastic strain term. We go beyond this isotropic model and treat elastic energy with an elastic stiffness tensor including
elastic anisotropy in both phases. This requires a precise knowledge of the values of the elastic stiffness tensors for both γ -Ce
and α -Ce, which led us to perform ab initio computation of elastic coefficients in order to complement data available in the
literature.

Single-crystal elastic constants of γ -Ce and α -Ce
At ambient conditions, the measured elastic constants of γ -Ce are C11 = 24.1 (26.01) GPa, C12 = 10.2 (14.26) GPa
and C44 = 19.4 (17.3) GPa in37 (and38). This denotes a noticeable crystal anisotropy yielding to a Zener ratio Z =
C44/C′ = 2.80 (2.95) for γ-Ce (with C′ = (C11−C12)/2 the second shear constant). C44 and C′ correspond to a shearing along
(100) and (110) planes, respectively (see below the corresponding strain tensors).

The effect of pressure on elastic anisotropy in γ -Ce has not been measured, owing to the unavailability of cerium single
crystals under extreme conditions. However, under pressure, while the absolute values diverge, all experimental studies17, 18, 35, 36

report a softening of the bulk modulus as the pressure approaches the onset of the γ -α transition. In contrast, the average shear
modulus increases by ∼35 % at the transition.

In α -Ce, only average shear moduli have been measured17, 18 which does not provide any constraint on the Zener ratio. The
slopes of the transverse [110] branches of the phonon spectra of γ -Ce and α -Ce represented in reference40 give only a hint that
the Zener ratio is of the order of 3 in both phases.
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Figure 6. Shear elastic constants and Zener ratio computed in DFT, DFT+U and DFT+DMFT as a function of volume and compared to
experiments (Ref. 37 (circle) and 38 (diamond)). The atomic volumes of the two phases at 0.8 GPa and 300 K are indicated by dashed vertical
lines: 27.8 Å3 and 32.8 Å3, for of α -Ce and γ -Ce, respectively. Experiments37, 38 are performed at ambient pressure and thus for a higher
volume (see e.g. Ref. 36).

To better constrain shear constants under pressure, and evaluate anisotropy, we perform first principles ab initio calculations,
using three ab initio methods: Density Functional Theory (DFT), DFT+U and the combination of DFT with Dynamic Mean-
Field Theory (DFT+DMFT)41 in the ABINIT code42–45. These three methods involve different approximations of electronic
interactions and predict equilibrium volume, equation of state, and electronic and magnetic properties of cerium12, 13, 42, 46, with
varying success as detailed in Supplementary Materials alongside computational details. DFT + DMFT is considered as the
most accurate for cerium, as it predicts the bulk modulus softening measured when compressing γ -Ce as well as the γ -α
transition12, 13, in contrast to DFT and DFT+U .

Shear constants are computed for the three approximations using the finite difference method using the following strain
tensors ε(δ ) respectively for

C44 : ε(δ ) =




1 δ 0
δ 1 0
0 0 1

1−δ 2


and C′ : ε(δ ) =




1+δ 0
0 1+δ 0
0 0 1

(1+δ )2 ,


 (1)

The energy increase due to these two strains can be written as E(δ )−E(0) = 2VC44δ 2 +O(δ 3) and E(δ )−E(0) = 6VC′δ 2 +
O(δ 3). Computing E thus allows evaluating C44, C′ and Z. As discussed in the Supplementary Material, we use a value of 0.02
for δ .

The results are plotted in Figure 6. As expected, shear constants increase as volume decreases; they are larger with DFT
than with DFT+DMFT and DFT+U . This is consistent with the fact that DFT and DFT+U respectively overestimates and
underestimates bonding in cerium, whereas DFT+DMFT should provide a more trustful estimation. Interestingly, the three
methods predict the same trend of shear constants vs. volume and a Zener ratio that mildly increases as volume decreases.
DFT+DMFT Zener ratio is 2.2 at γ -Ce volume (experimental value of Z = 2.80-2.95) and 2.5 at α -Ce volume (at 0.8 GPa).
These values could change depending on the parameters of the DFT+DMFT calculations (see Supplementary Materials).
However, we can expect that the two extreme models of bonding, DFT and DFT+U, predict lower and upper bound values for
the Zener ratio, which would then be predicted within ± 0.5.

Taking into account experimental values of Zener ratio in γ-Ce at 0 GPa and its variations predicted here ab initio, we
consider that a value of Z=3 in γ-Ce and 3.5 in α-Ce are the most suited to describe elastic anisotropy in cerium.

Continuum mechanics modeling at the onset of the transition
The influence of elastic bulk instability and shear anisotropy in the nucleation of platelets is evaluated on the basis of the values
computed above, in a continuum model described below. Since platelet formation has been evidenced at all tested temperatures
during the experiments, no temperature dependence is assumed in the model as a first approximation. Simulations are then all
based on parameters evaluated at 300K.
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We propose an approximate of the free energy density Ψtot in cerium as a function of the elastic Green-Lagrange strain
tensor E that has the exact (i.e. anisotropic) elasticity tensor for both γ-Ce and α-Ce, and that exhibits an unstable behavior for
the in-between γ-αstates. More precisely, the transition is described under a finite strain continuum mechanics formalism using
the Phase Field by Reaction Pathway (PFRP) framework47. A variation on the model formulated in reference48 is proposed. In
our model, the total free energy density of the system across the transition is:

Ψtot =
1
2

E : C (V ) : E +Ψexc (V ) . (2)

It combines a quadratic elastic potential, where C is the material elasticity tensor based on elastic properties of both γ and
α phases far from the transition, and Ψexc an excess energy that is defined such that the total free energy possesses the shape
shown in Figure 7. Details on elasticity tensor C evaluation are given in Supplementary Material S7.

The total free energy has a negative second derivative (thus a negative bulk modulus) for volumes V/V0 between ∼0.88
and ∼0.76, as indicated by the red lines in Figure 7. This range of volumes is prohibited, the system reaching a lower energy
by splitting into γ-Ce and α-Ce, similarly to the volume-gas transition in a Van der Waals system. The energy profile can be
modulated to adapt the prohibited volumes to the experimental volume change at a given temperature.
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Figure 7. Total free energy Ψtot as a function of volume change, plotted from the energy outputs of PFRP calculations. Red lines delimit
volumes for which the free energy has a negative second derivative, thus causing instability. Stability domains of γ-Ce and α-Ce phases can
be identified at V/V0=1.0 and V/V0=0.74 respectively.

This free energy has been introduced in a 3D Lagrangian code based on an Element-Free Galerkin (EFG) interpolation49. The
code relies on an explicit time integration and has been used previously to simulate the formation of platelet microstructures50.
Simulations consist in submitting a γ-Ce single crystal to a gradual reduction in volume reaching 15%. By construction, parent
and child phases have identical crystal orientations, as measured experimentally. The lattice basis is tilted by 55 °around [1,1,1]
axis to limit the possible influence of periodic boundaries on the onset of platelets. 128x128x128 volume elements were used in
the computations.

Two simulations were performed to evaluate the effect of elastic instability alone, and elastic instability plus elastic
anisotropy. In the first simulation, phase elastic behaviors are purely isotropic (Z=1), albeit slightly different in the two phases.
As long as the prescribed volume deformation stays in the domain of stability of the γ phase, the deformation of the single
crystal is homogeneous. In the unstable region, above 12% volume reduction, the volume partitions into regions of high and low
densities, which correspond to the α and γ phases respectively (see Figure 8a). A microstructure is formed: it exhibits a mixture
of regions of starting γ-Ce and transformed α-Ce. However, no clear interface orientation emerges. A stereographic projection
of the Fourier transform’s magnitude is provided in Figure S8.1 of the Supplementary Materials to highlight this point.

In the second simulation, an anisotropic elasticity tensor is used: Z=3 / 3.5 in γ-Ce / α-Ce (see Supplementary Materials S7
for the complete description of the elasticity tensor). Figure 8b shows the microstructure of the sample after phase separation
(15% volume compression). α-Ce develops in the form of intersecting platelets. The stereographic projection of the Fourier
transform’s magnitude for the predicted densities is shown in Figure 8c for the anisotropic simulation. The intensity extrema lie
close to (100) directions, depicting lamellar microstructures with plane normals along (100) directions of the crystal.

There is a good qualitative agreement between observed microstructures and calculated one in the anisotropic case. They
both exhibit platelets of the child phase with ∼(001) oriented surfaces. The elastic softening of the bulk modulus enables the
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(a) (b) (c)

Figure 8. a) Mapping of the repartition of the local volume change V
V0

at the onset of phase transformation during hydrostatic compression of
a material with a Zener ratio value of 1 for both phases. Simulation is isothermal at 300K. b) Mapping of the repartition of the local volume
change V

V0
at the onset of phase transformation during hydrostatic compression of a material with Zener ratio values of ∼ 3 and 3.5 for γ -Ce

and α -Ce phases respectively. Simulation is isothermal at 300K. c) Pole figure projection, in the experimental γ -Ce crystal orientation, of
individual direction intensities in Fourier space for the microstructure shown in b). Intensity maxima are colored in yellow.

phase segregation exhibited in Figures 8a and the shear anisotropy favors shearing along (110) planes. Indeed, shearing along
(110) planes (C′) cost three or 3.5 times less energy than shearing along (100) planes (C44) in γ-Ce or α-Ce due to Z=3 or
3.5 in these phases. Here, the (100) interfaces seen in Figure 8b correspond to high strain gradients along (100) direction,
which is equivalent to high shear strain along (110) directions: this is the orientation which is energetically favored due to shear
anisotropy.

It should be noted that the von Mises (non-hydrostatic) stress calculated in α-Ce regions is high. This stress may be released
by plastic activity, as observed experimentally1. This plastic activity is not included in the current model, which should thus
describe only the onset of the transformation. Such feature could also account for the memory of platelets formation observed
experimentally. The same platelets appearing in the same order for the direct and reverse transformation suggests that they can
be triggered by the presence of dislocations or defects.

The current continuum model is a proof of concept that experimental lamellar microstructures could be induced by the
combination of bulk softening, which induces strain localization, and shear anisotropy (with C44>C′) which creates platelets
with (100) normals. Although the interpretation of all experimental features of the transformation would require a more
advanced model, it is worth noting that the volume change at the transition is set only by the shape of the free energy profile.
The proposed mechanism is then likely to occur recurrently over the range of tested temperatures.

In summary, we used X-ray imaging techniques to reveal the microstructure emerging during the α-Ce–γ-Ce transition
under extreme conditions, noticeably exhibiting platelets that would not be expected for this kind of transition. A simplified
Lagrangian 3D large strain modeling of the transition demonstrates that elastic anisotropy coupled with bulk instability could
explain the martensitic-like (platelet) microstructure observed. This required to improve the knowledge of elastic properties of
cerium under pressure, e.g., by using DFT+DMFT estimations. It appears that the platelets microstructure is not formed due to
an interface strain energy minimization process but to a free energy minimization process.

Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time due to technical or time limitations.
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