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The cerium �! � transition was investigated using high-pressure, high-temperature angle-dispersive x-

ray diffraction measurements on both poly- and single-crystalline samples, explicitly addressing sym-

metry change and transformation paths. The isomorphic hypothesis of the transition is confirmed, with a

transition line ending at a solid-solid critical point. The critical exponent is determined, showing a

universal behavior that can be pictured as a liquid-gas transition. We further report an isomorphic

transition between two single crystals (with more than 14% of volume difference), an unparalleled

observation in solid-state matter interpreted in terms of dislocation-induced diffusionless first-order phase

transformation.
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In the most widely accepted picture, and in a unique
manner among all the elements of the periodic table, Ce
undergoes an isomorphic �! � first-order transition with a
volume collapse of about 14%. Even more intriguing, the
corresponding transition line seems to end at a solid-solid
critical point (CP) around pc ¼ 1:5 GPa and Tc ¼ 480 K
[1,2]. Although there exists a common consensus that these
features are tightly linked to the behavior of the single 4f
electron, recent and thorough theoretical investigations
still dispute over the electronic nature of the transition.
Among them, the Mott transition scenario [3] and the
Kondo volume collapse (KVC) model [4] have emerged,
both being in good agreement with state-of-the-art photo-
emission experiments [5], x-ray [1,2] and neutron diffrac-
tion [6] and spectroscopic [7,8] studies. Mott transition and
KVC models mainly differ on the role of the spd electrons
in the transition, but they both assume that the �! � trans-
formation is isostructural. According to Landau formalism,
this is required to sustain the hypothesis of a CP.
Alternatively, Eliashberg and Capellmann [9] proposed
�- and �-Ce to have different structures, and suggested
the existence of a tricritical point. The experimental basis
underlying this last hypothesis can be found in early x-ray
diffraction work by Davis and Adams [10] where the
compressibility was observed to diverge in the vicinity of
the ending point, but only for the lower symmetry phase
(i.e., �). In this case, the Landau theory of phase trans-
formation imposes the symmetries of � and � phases to be
different and the second-order nature for the phase tran-
sition beyond the terminal point (here thus tricritical). This
�! � transition scenario is in line with predictions by
Nikolaev and Michel [11] based on a symmetry group
change from Fm�3m to Pa�3, a transformation mechanism
recently confirmed by time-differential perturbed angular
correlations measurements [12]. Interestingly, the same fcc

to distorted fcc transition has been observed to occur in
elements bordering Ce in the periodic table (La [13] and Pr
[14]), as well as in cerium-based alloys [15] or �-Pu [16].
In this Letter, we investigate the Ce structure across the

�! � phase transition (Fig. 1) through high-pressure and
high-temperature x-ray diffraction (XRD) experiments
both on poly- and single-crystalline samples of pure Ce.
The controversial question of the transformation mecha-
nism is reappraised on the basis of crystallographical and
thermodynamic arguments, showing a fair agreement with
the isomorphic scenario and the existence of a CP. Further,
the hysteresis region, so far not considered in depth, is here
found to shrink to zero at T ¼ 460 K, the temperature
where both energetic terms and volume collapse at the
transition vanish (see inset in Fig. 1). Remarkably, we
will see that the equation of state of cerium at this critical
temperature can be understood in the framework of the
scaling theory of the liquid-gas transition of classical sys-
tems. Finally, the whole present data set (polycrystals and
single crystals) supports the existence of an isostructural
first-order diffusionless phase transformation with a large
volume jump, an unparalleled picture of phase transition in
solid-state matter.
Since the Ce physical properties are known to be af-

fected by impurities even in very small concentration,
high-purity samples were used as starting material.
Polycrystalline samples were produced in a purpose-built
crucible using a triarc furnace under argon atmosphere
starting from material directly scraped from a cerium ingot
(99.99%) with a diamond file in a glove box under a stream
of dry nitrogen. Single crystals (discs with the surface
normal parallel to the [001] direction, diameter ’
100 �m, and thickness ’ 30 �m) were prepared by femto-
second laser cutting and mechanical polishing under a
controlled atmosphere [17]. Samples were loaded in a
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rhenium gasket hole of 400 �m diameter placed in a
membrane diamond anvil cell (DAC), resistively heated
and equipped with 800 �m culet size diamonds. Helium
was used as the pressure transmitting medium. We used
DACs able to independently control pressure and tempera-
ture without bringing the cell back to ambient conditions. It
was placed in a vacuum housing designed to maintain
stable high temperatures for periods of days. The tempera-
ture was regulated using an electronic module and mea-
sured with an accuracy better than 1 K by two K-type
thermocouples with one glued on each anvil. Hysteresis
was determined through the measurement of the lattice
parameter at constant temperature during pressure sweeps
at a continuous slow rate of the order of 0:04 bar=min on
the membrane DAC. Pressures were determined from the
SrB4O7: Sm

2þ fluorescence line before and after collec-
tion of each diffraction pattern. These two readings always
provided identical pressure values (pressure uncertainty
given by symbols sizes in all figures).

Figure 2(a) shows a typical XRD pattern, where no trace
of oxidized cerium can be observed. Although we were

unable to extract reliable intensities from the diffraction
images, we carried out refinements testing both a perfect-
and a distorted-fcc structure [11,13,14], without getting
any evidence in favor of a possible distorted-fcc structure,
irrespectively of the poly- or single-crystalline nature of
the samples. In particular, the persisting absence of a new
reflection peak on the whole set of XRD patterns clearly
indicates no lowering of symmetry (down to, for example,
a Pa�3 space group).
As shown in Fig. 2(b) for a typical case, several anoma-

lies have been repeatedly observed on the isothermal pres-
sure evolution of the volume. Besides the well known
softening of the isothermal bulk modulus in the � phase
approaching the transition [1,2,6], the presence of meta-
stability and hysteresis regions can be clearly identified.
With increasing pressure, the � phase is observed as the
only phase up to 0.92 GPa. Above this pressure, the �
phase appears (in coexistence with the � phase over a large
pressure range). As further discussed later in the Letter, the
volume of the metastable � phase is surprisingly shown to
increase in the coexistence region (as already observed, but

FIG. 2 (color online). (color online) (a) XRD patterns of
polycrystalline cerium at 396 K: � (open red circles,
1.18 GPa) and � (open black circles, 1.37 GPa) with correspond-
ing Rietveld fits (solid lines). The use of a logarithmic scale
highlights the absence of even a tiny contribution of impurities to
the diffraction patters. The experiments were carried out at the
ID09 beam line of the ESRF, using a monochromatic beam of
0.4138 Å and an image plate detector. The GSAS suite of
programs with the EXPGUI graphical interface have then be
used to fit all integrated diffraction patterns (using FIT2D).
(b) Experimental synopsis of the V-p variation at 334 K. Up
and down triangles denote increasing and decreasing pressure,
respectively.

FIG. 1 (color online). (color online) Pressure vs temperature
nonequilibrium phase diagram of cerium (dotted lines, as guides
for the eyes). Up [black] (down [red]) open triangles denote the
occurrence of the � (�) phase increasing (decreasing) pressure
along an isotherm. Black solid curve: thermodynamic transition
line. Grey dash-dotted curve: Widom-like line behind the CP
(determined from the FHWM pressure dependence of the dif-
fraction peaks). Dark grey squares: data from Ref [2]. Dark grey
triangles: data from Ref [1]. The domain of metastability for
each phase is also shown as horizontal segments. Inset:
Temperature dependence of the volume collapse (right scale,
triangles) and energetic terms (left scale). Using both the con-
tinuity of the Gibbs free energy at the transition and the
Clausius-Clapeyron relation, entropy term T�S (black plus
signs), internal energy �U (red stars), and p�V (blue crosses)
across the �! � thermodynamic transition line have been de-
termined. In agreement with Refs. [23,26], our experimental
results confirm the entropic stabilization of the � phase (the
T�S term is the predominant driving force of the transition
below the CP). All values vanish at Tc ¼ 460 K.
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not recognized, by Lipp et al. [2]). Upon decompression,
the pure �-Ce is retained down to 0.67 GPa, the pressure at
which diffraction peaks from the � phase begin to germi-
nate. Another puzzling (but very important, as discussed
later) aspect of our results is the noncompressibility ob-
served in the metastable �-Ce down to 0.51 GPa, pressure
at which the pure � phase is recovered. Similar observa-
tions holds for all the isotherms below the CP. Thus, we can
estimate the hysteresis loop and thereof the thermody-
namic transition line [18].

The analogy between the experimental pðVÞ curves
given in Fig. 3 and the liquid-gas transition is obviously
tempting. Although a finite-temperature Mott transition
scenario, as for the instance proposed to explain the pres-
sure and temperature dependence of conductivity of Cr-
doped V2O3 [19], does not stand in our case, we point out
that the �! � transformation in cerium may also by pic-
tured in the framework of a KVC model, taking into
account the valence histogram of the � and � phases
recently calculated by dynamical mean-field theory [20].
In this generic description, the most probable atomic con-
figuration of the f electron in �-Ce is a single occupied
state, corresponding to a gaslike regime. Conversely, the �
phase can be pictured as a ‘‘liquid’’ where the probability
of double occupancy is calculated to be significant. Within
this rough analogy, the properties of cerium in the vicinity

of (pc, Tc) are expected to follow a critical behavior m�
�jhj1=�, where the order parameter is the lattice parameter
[21] and h the reduced pressure ðp� pcÞ=pc. The pressure
dependence of the lattice parameter at T ¼ Tc ¼ 460 K
shows a vertical tangent at the critical pressure p ¼ pc

(inset Fig. 3). Consistent with the theoretical analysis by
Dzero et al [22], the best fit value � ¼ 3 reveals a mean-
field regime for p close to pc ¼ 1:44 GPa, whereas the
three-dimensional (3D) Ising value (� ¼ 4:814) shows a
poor match to the experimental observation.
All the so-far-presented results do not discriminate be-

tween powder and single crystal. On the other hand, the
angular x-ray diffraction collected in the four runs using
single-crystalline samples allowed us to address in detail
the transformation mechanisms of the �! � transition.
Indeed, as shown for the 318 K isotherm in Fig. 4, we
clearly observe a transition path where, in spite of the large
volume collapse (about 14%), both the single crystallinity
and the orientation matrix are preserved. Even more stimu-
lating, the image plate recorded in the metastable region
demonstrates the occurrence of two single crystals in coex-
istence with the same structure and orientation. All these
features clearly call for a compelling scenario of a diffu-
sionless phase transformation induced by the strain energy.
This scenario is consistent with the huge elastic softening
of the longitudinal mode observed by ultrasonic studies
[23], but contrasts to what is usually observed in a purely
martensitic transformation: a path of homogenous collapse
of the unit cell without any shearing can be proposed here
to account for our observations. Whereas such phenome-
nological description has never been previously proposed
for any kind of element, we emphasize that a dislocation
based mechanism could sustain this conjecture. Since the
� and � crystals remain in crystallographic registry, but
have a 14% volume change between phases, there must be
a large number of edge dislocations at the �-� interface to
accommodate the atomic lattice strain. How many dislo-
cations, or their exact nature is beyond the scope of this
work. However, proof of their existence can be gleaned by
the results of Zukas et al [24], where upon multiple trans-
formations from � to � by compression, deformation
bands were observed in optical microscopy. Deformation
bands are formed through the production and accumulation
of edge dislocations [25]. The �-� interface must act as the
source for the edge dislocations due to the huge lattice
mismatch, producing more dislocations with each subse-
quent transformation. After enough transformation cycles,
the edge dislocations from the �-� interface are appre-
ciable enough to produce the deformation bands observed
by Zukas et al [24]. Finally, this scenario also helps to
reconcile the previously mentioned singular volume-
pressure dependence of the metastable phases [i.e.,
the apparent negative value of the bulk modulus, see
Fig. 2(b)] with the thermodynamic condition of a positive
compressibility. Indeed, in the case of a �-to-� transition
(upstroke), the effect of the external pressure on the �
phase is, in the coexistence region, to increase the nuclea-
tion rate of the � phase. The negative volume difference
between the two structures then induces stress relaxation at
the �-� interfaces. The pressure effect on the metastable
phase is thus dual: (i) a classic ‘‘direct’’ volume reduction
according to the thermodynamic expectations, and (ii) an

FIG. 3 (color online). (color online) Clapeyron diagram of Ce
for a few representative isotherms (neglecting kinetics effects in
the coexistence regions). Above T ¼ 460 K, the volume jump at
the transition is no longer observed, replaced by a continuous
variation with pressure. The coexistence line (dash-dotted red
line) delimits the region where the system stands in a biphasic
configuration, whereas the spinodal line (dash-dotted black line)
represents the boundary between metastable and unstable con-
ditions. Inset: lattice parameter a as a function of pressure p at
the critical temperature Tc ¼ 460 K. The solid lines are fit
according to critical behavior theories (mean-field in solid black
line and 3D-Ising model in solid red line).
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opposite effect due to the nucleation of the stable � phase
with a smaller volume. The issue of an apparent negative
value of the bulk modulus for the metastable phase thus
just signifies that the latter is more pronounced than the
former. Identical arguments may be used to explain the
behavior of the metastable � phase upon decreasing
pressure.
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FIG. 4 (color online). 2D images of XRD diffraction patterns
collected on single-crystalline cerium at 318 K across the phase
transition. We observe a pure � phase at p ¼ 0:32 GPa (a) and a
pure � phase at p ¼ 1:19 GPa (c). At p ¼ 0:61 GPa (b), two
single crystals coexist with the same structure and the same
orientation but with 14% of volume difference. According to these
observations, a speculative synopsis of diffusionless phase trans-
formation in Ce can be proposed: numerous small blocks of �
phase could occur in the coexistence region as supported by
diffraction patterns showing a mixture of both phases consistently
observed as the 20 �m beam was scanned across the sample
(diameter ’ 100 �m). Had there been one single region of �
that nucleated, grew, and consumed the� crystal, the pattern would
changewith beam location. Further, the nucleation and growth of a
single site is flawed from simple energetic considerations. A single
crystal of � remains—after the transformation with multiple
nucleation sites—because each � crystallite is in crystallographic
registry with the � lattice. Thus, as the particles grow and impinge
upon one another, their interfaces are in registry, allowing the
crystallites to unite to form one larger crystal. This transformation
is reversible, thus once the full transformation is complete, a single
crystal of � (upon compression) or � (upon release) remains.
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