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X-ray diffraction measurements of cerium in the vicinity of the isostructural �-� transition have been

performed with high precision and accuracy from room temperature to almost 800 K. The disputed

location of the critical point has been found to occur at 1:5� 0:1 GPa and 480� 10 K. The data are well

fit by the Kondo volume collapse model plus a quasiharmonic representation of the phonons. The resultant

free energy is validated against data for the thermodynamic Grüneisen parameter and, beyond the

dominant spin-fluctuation contribution, indicates a dramatic change in the lattice Grüneisen parameter

across the transition.
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Cerium continues to excite both theoretical and experi-
mental work based on its unique behavior among the
elements. One of its most fascinating features is found in
its large isostructural (fcc) volume collapse (VC) under
compression between the �- and �-phase. Over the years a
number of theoretical models have attempted to explain the
underlying physics governing this volume collapse whose
size decreases with increasing temperature and eventually
terminates in a critical point (CP). Decades ago it was
assumed that the transition was driven by valence changes,
but inconsistencies with the cohesive energies of other
lanthanides led to the conjecture that the VC was caused
by a Mott transition in the 4f electrons [1]. This model
continues to compete with the idea that the VC is caused by
a dramatic change in Kondo screening of the local 4f
moments [2–4], as borne out at least qualitatively by
modern dynamical mean-field theory calculations [5–10].
The Kondo VC (KVC) model appears unique in predicting
a second low-T critical point, which although inaccessible
at negative pressure for Ce, has been observed in Ce alloys
[11]. While the Mott and KVC scenarios focus on elec-
tronic effects, new experimental data indicate that nearly
half the entropy change across the room-temperature (RT)
transition is due to lattice vibrations, suggesting a closer
examination of the role of phonons is required [12].

There appears to be a remarkable lack of modern high-
quality pressure-volume (p-V) data for the Ce transition,
especially at higher temperatures, which might be used to
further constrain the considerable theoretical effort. Early
pioneering work was either not performed by x-ray scat-
tering techniques [13] or suffered from low signal-noise
ratios [14]. Except for the x-ray study by Davis [14] all
other older studies at higher temperature have relied on
length measurements of macroscopic samples in large-
volume presses. The results are often given as a plot of
ðV � V0Þ=V0 vs pressure neglecting changes of V0 with
temperature. Moreover, interpretation of the older data has
led to several controversies, among them the location of the
critical point [15,16] and the possibility that the VC con-

tinues as a second-order transition towards the melt line
intersecting it close to the minimum or possibly more
towards the phase boundary of the �-, �-phase and liquid
[15,17].
The purpose of the current work was to provide a more

substantial measurement of isotherms, with high-quality
data obtained from energy dispersive as well as more
precise angle dispersive x-ray diffraction (ADX), and
with the temperature range previously considered extended
by 200 K [18]. These results highly constrain the location
of the CP. They provide no evidence of a second-order
continuation of the transition, although a minimum in the
bulk modulus does persist to the highest temperatures
considered. While KVC modeling has generally only
been in qualitative agreement with experiment, the present
work also demonstrates that the functional forms of this
model generate a quantitative fit to the data within experi-
mental uncertainty. The inclusion of lattice vibrations is
seen to be critical, and these results suggest a dramatic
change in the lattice Grüneisen parameter across the
transition.
For the experiments we employed diamond anvil cells

(DAC) using anvils with 700 �m flats. Sample chambers
were formed from steel gaskets indented to �100 �m
thickness and holes of �200 �m diameter. All sample
preparation was performed inside a glove box flushed
with dry nitrogen or argon to inhibit oxide formation.
Cerium chips were cut from ingots (Alfa Aesar, 99.8%
nominal purity), smaller pieces pried off under a micro-
scope and loaded with dry NaCl as pressure calibrant and
transmitting medium. X-ray diffraction patterns were ob-
tained at the beam-lines 16BMB and 16BMD (HPCAT) at
the Advanced Photon Source (APS). Two-dimensional
ADX images were recorded under compression, integrated
using FIT2D [19] and analyzed. Temperature readings of the
externally heated cells were taken by two thermocouples
attached to opposing anvils and differed at most by 15 K.
With higher temperatures the patterns became increas-

ingly spotty, possibly due to annealing and orientation
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effects, which we attempted to mitigate using a larger
diameter x-ray beam and oscillating the sample on its
axis. Similar spottiness was observed at RT previously
due to pressure-induced crystal grain growth associated
with the transition from the fcc to the �-uranium structure
at �5 GPa [20].

Figure 1 shows selected p-V isotherms. Their close
spacing on the higher volume side (see inset) indicates a
small isobaric expansion coefficient. The RT data agree
well with Jeong et al. [12] (99.99% purity), Schiwek et al.
[18] (99.95%) and Olsen et al. [21] (99.9%). Below the CP
the transition proceeds over an extended pressure range
(see Fig. 2): At RT the transition started at 0.75 GPa and
finished at 1.24 GPa (with 1.0 GPa as the halfway point), as
observed before [21]. Our results clearly constrain the
location of the CP characterized by ð@p=@VÞT ¼
ð@2p=@V2ÞT ¼ 0 and ð@3p=@V3ÞT < 0 [22]. Using polyno-
mial fits to each isotherm (not shown), only the fit to our
data at 481 K is found to fulfill all three conditions. At
lower temperatures we clearly observe a large-volume step
and at higher temperatures the slope is no longer zero
anywhere. The location of the CP has been in dispute for
quite some time with the results spreading from 480 K and
1.45 GPa [16,23] to �550 K and �1:8 GPa [24,25] and
even higher to �640 K and �2:05 GPa [13,26]. The most
recent data place the CP at lower temperature again,

namely, 485 K and 1.8 GPa [18]. Our results agree well
with those of Kutsar [23] and Schiwek et al. [18]. A more
detailed analysis of the previously published data based on
the CP characterization [22], however, suggests a greater
consensus since their pressure derivatives at temperatures
higher than�500 K [13,24] exceed zero, and/or hysteresis
effects disappear [13,25] that can only exist below the CP
[22]. Therefore all the apparently different locations for the
CP are in fact all consistent and fall near 480 K and
1.5 GPa.
The curves in Fig. 1 show a fit to the present data

obtained by the KVC model [2–4] as defined by the free
energy per atom

FðV; TÞ ¼ E0ðVÞ þ kBTð3 ln½�ðVÞ=T� � 1Þ
þ

Z T

0
dT0ð1� T=T0ÞCVKðV; T0Þ; (1)

where the first term is the cold curve, the second a high-
temperature quasiharmonic representation of the lattice
vibrations, and the last the Kondo or spin-fluctuation con-
tribution of the electrons. Debye function corrections to the
lattice term are small for the present temperatures.
Dynamical mean-field theory results [7] suggest that the
additional charge excitation contribution from the elec-
trons (the / T term in CV visible just above the Kondo
peak) is small. We take CVKðV; TÞ ¼ CVKðT=TKÞ [4]
which is a peaked function, roughly symmetrical in
lnðT=TKÞ, and characterized by lnð6Þ total entropy [27].
Parametrizations of the cold pressure P0ðVÞ, the lattice
Grüneisen parameter �latðVÞ ¼ �d ln�ðVÞ=d lnV, and
the Kondo temperature TKðVÞ were used in fitting the
experimental pressures to within a standard deviation of
0.08 GPa, comparable to experimental uncertainty.
Figure 3 shows the RT thermodynamic � ¼ Vð@P=@EÞV

(solid curve, �1) and lattice �lat (dashed curve, �1;lat)

Grüneisen parameters as obtained from Eq. (1) using the
parameters extracted from the pressure fit in Fig. 1. There
is reasonable agreement between �1 and experiment given
the scatter in the data. The dominant Kondo or electronic
contribution to � is localized within and near the two-
phase region in Fig. 1, so that �1 and �1;lat are seen to

FIG. 1. Pressure-volume isotherms shifted by 0, 0.2, 0.4, . . .,
1.4 GPa from lowest to highest for visual clarity. Pressures were
determined using the NaCl equation of state [31]. The points are
the present data, while the curves are functional forms of the
KVC model (see text). The inset shows the unshifted results at
large volume. Atomic volumes are accurate to about 0:05 �A3,
pressure uncertainty is estimated to be <0:05–0:1 GPa for data
recorded using the same setup and x-ray calibration.

FIG. 2. Angle dispersive diffraction patterns at RT in the
vicinity of the VC showing the transition.
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approach one another at the volume extremes in Fig. 3.
The lattice Grüneisen parameter (dashed curve, �1;lat)

is seen to be negative on the immediate large-V side
of the transition apparently consistent with determina-
tions [12,28] of a decreasing � just before the transition.
The lattice contribution to the entropy change across
the phase transition 3kB lnð��=��Þ, however, is only

about 2% of the total, since the average �latðVÞ is small
over the two-phase region in the equivalent expression
3kB

R
dV�latðVÞ=V. This agrees with measurements for

Ce alloys [29], but apparently not for Ce itself [12]. Note
that no assumptions are made about Poisson’s ratio in the
use of Eq. (1).

Electron-lattice coupling may well play an important
role in the Ce transition given a characteristic electronic
temperature TK [27] that is comparable to the lattice � on
the large-volume side of the VC. Since electronic structure
dictates the interatomic force laws, one might expect dif-
fering lattice vibrational properties according to whether
the 4f moments are well screened or not, as reflected
crudely in, e.g.,

ln�ðV; TÞ ¼ ln�� þ lnð��=��ÞSKðT=TKÞ=SKð1Þ: (2)

Here ��ðVÞ and ��ðVÞ depend only on volume, and SK is

the entropy counterpart of CVK which approaches 0 for
well screened and lnð6Þ ¼ SKð1Þ for unscreened moments.

We find two classes of solutions in fits to the pressures
derived from Eq. (1) using Eq. (2), with the first much like
that discussed so far (�1 and �1;lat in Fig. 3). The second,

which fits the pressures to within a standard deviation of

0.09 GPa (not shown) as compared to 0.08 GPa in Fig. 1, is
characterized by thermodynamic (solid curve, �2) and
lattice (dashed curve, �2;lat) Grüneisen parameters also

shown in Fig. 3. Note that the lattice contribution to the
isotherm spacing ð@P=@TÞV is now 3ð�lat þ T@�lat=@TÞ=V
which like 3�latðVÞ=V of the first solution is negative on
the large-V side of the transition, even though here
�latðV; TÞ ¼ �@ ln�ðV; TÞ=@ lnV itself (dashed curve,
�2;lat) is positive and sizeable there. This may not conflict

with ultrasonic measurements [28] of�ðVÞ which as long-
wavelength results should simulate a low-T � and do
indeed agree with the T ¼ 0 neutron scattering result of
�� ¼ 135 K [30]. A 16 K decrease in �� on heating to

300 K [30] may then swamp out any hope of estimating
�latðV; 300 KÞ from [28]. Finally, even though there are
now also @ ln�=@T terms in the entropy, the parameters
from this second fit to the pressures yield a lattice entropy
change across the RT transition of about 50% in agreement
with [12] largely because �latðV; 300 KÞ is now much
larger in the two-phase region, leading to a larger value
of the integral 3kB

R
dV�latðV; 300 KÞ=V there.

Figure 4 presents our summary of the p-T phase dia-
gram. We see no evidence in the present x-ray diffraction
analyses of distortions of the fcc phase which might signal
a 2nd order extension of the phase line [17]. On the other
hand a minimum in the bulk modulus does persist to higher
temperatures, as indicated by the open circle symbols,
obtained from derivatives of polynomial fits to the present
isotherms (inset). These points appear to be veering

FIG. 4 (color online). Ce phase diagram. Solid black symbols
denote present (gray symbols previous [12j, 13d, 18., 23b,
24 c, 25 m]) VC data. The open black circles are bulk modulus
BT minima obtained from the inset showing BTðpÞ for T ¼ 481,
500, 577, 692, and 775 K. The solid (VC) and dashed (BT

minima) lines are from the two models as labeled.

FIG. 3 (color online). Room-temperature thermodynamic � ¼
Vð@P=@EÞV (�1, �2) and lattice �lat (�1;lat, �2;lat) Grüneisen

parameters as obtained from Eq. (1) in two fits to the pressures
(see text). The open circles [32], filled squares [33] and filled
triangles (present Vð@P=@TÞV divided by CV [33]) are experi-
mental results for �.
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slightly towards the region of the fcc-�-phase-liquid triple
point rather than the minimum in the melt line. Further
experiments at temperatures close to the melt are in
progress in order to elucidate the behavior in this region.
The phase lines (solid curves, labeled 1,2) and bulk moduli
minima (dashed curves, labeled 1,2) corresponding to the
two KVC fits are also shown. Note that the transition
pressures obtained from the fits are most uncertain where
the VC is largest, e.g., <400 K, since those parts of the
curves subject to the equal area construction are farthest
from and thus least constrained by the data. Both fits
exhibit the expected second, low-T CP at negative pres-
sure; i.e., there is no VC at T ¼ 0. The lattice vibrations in
both fits serve to depress the CP, so that the continued
softness in the bulk modulus to higher temperatures is to be
expected from the electronic contribution.

In conclusion, this work has presented extensive new
high-quality p-V data for the Ce isostructural transition
from RT up to 775 K. The data constrains the location of
the CP to be pc ¼ ð1:5� 0:1Þ GPa and Tc ¼ ð480�
10Þ K, resolving previous controversies. There is no evi-
dence of distortions of the fcc structure suggestive of a 2nd
order extension of the phase line, although a minimum in
the bulk modulus is observed to the highest temperatures
investigated. In the first truly quantitative test of the Kondo
volume collapse model, it is shown that the data may be fit
by the functional forms of this model plus a quasiharmonic
treatment of the lattice vibrations to within experimental
uncertainties. This simple analysis suggests a profound
change in the lattice Grüneisen parameter across the tran-
sition which must reflect the differing impact on inter-
atomic forces of the electronic structure with well
screened versus unscreened 4f moments. It also shows a
rich thermal structure associated with the Ce VC which
makes apparent the value of improved thermophysical data
as presented here in helping to fully understand the nature
of this unusual transition.
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