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Phase diagram of uranium at high pressures and temperatures
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~Received 3 November 1997!

The phase diagram of uranium has been studied to 100 GPa byin situ diamond-anvil cell x-ray/laser-heating
experiments. Theg ~bcc! phase is discovered at high pressures, and the melting curve is presented to 100 GPa.
The g phase,B5113.3 GPa, is approximately 20% softer than thea~orthorhombic!, B5135.5 GPa. The
volume change in thea/g transition shows a strong pressure dependence, ranging from 6% at ambient pressure
to less than 1% at 80 GPa. Free-energy calculations, using Debye-Gru¨neisen quasiharmonic theory, show that
the softer bulk modulus of theg phase, compared to thea phase, stabilizes theg phase at high temperatures.
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The light actinides~Th-Pu! exhibit a profound polymor-
phism of the crystal structures1 and at ambient condition the
~except for Th! solidify in exotic structures not found else
where in the periodic table. During the last few years
understanding of this behavior has emerged; the disto
crystal structures in the actinides originate from very narr
5 f bands situated close to the Fermi level.2 As we proceed
through the series of the actinides, two distinct parts of
series are discovered. The early part, from Th-Pu, show
parabolic behavior of the equilibrium volume, bulk modulu
and cohesive energy, reminiscent of thed-transition metals,
whereas the later part shows a more constant behavio
these properties as a function of atomic number. The s
larity between the light actinides and thed-transition metals
in this regard is governed by the fact that the light actinid
and thed-transition metals both have delocalized electronsf
andd, respectively.3,4 For the heavier actinides from amer
cium and on, however, the 5f electrons are localized simila
to the lanthanide series and their properties become q
different from that of the earlier actinides. The itinerantf
electrons also show a distinguished difference compare
the 4d and 5d electrons, namely, their bandwidths are mu
narrower and in turn this leads to Peierls distortion of
crystal structures of the light actinides.2 At high compression
the heavier actinides are expected to also attain disto
crystal structures because of pressure-induced delocaliz
of 5f electrons.5,6

Uranium, with a central position in the early actinide s
ries, crystallizes into a rather open structure, the orthorh
bic a-phase with four molecules per unit cell at ambie
condition.1 a-U is unique in that it remains stable up to
least 100 GPa at ambient temperature7,8 whereas the othe
light actinides undergo phase transition below this press
The a phase transforms to the body-centered tetrago
b~bct! phase at 940 K~Ref. 9! and then to theg ~bcc!-phase
at 1050 K at ambient pressure.10 The a/b- and b/g-phase
boundaries were measured previously to 5 GPa by resist
measurements, with thea/b/g-triple point at 3 GPa.11 The
melting temperatures of uranium have been determined t
GPa by laser-heating experiments and also calculated to
GPa by generalized pseudopotential theory.12 The bcc struc-
ture has often been assumed for the phase of uranium at
pressures and temperatures in both previous resist
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measurements,11 and calculations,12 although it has never
been observed experimentally.

In this paper, we report the structural investigation
g~bcc!-U in a wide range of pressures and temperatures bin
situ x-ray diffraction of laser-heated uranium in a diamon
anvil cell. The phase diagram of uranium is presented to
GPa and 4500 K, together with various thermal properties
uranium including thermal expansibility, equation of sta
~EOS!, transition volume changes, and extended melt
temperatures. These experimental results are then com
mented with first-principles theory, which mainly focus upo
the stability of theg compared to thea phase of uranium.

A small piece of thin uranium foil,~;10mm thick, ;30
to 50 mm square in size! was loaded in a diamond-anvil ce
of the Mao-Bell type, together with a pressure medium su
as Ar and Al2O3, and Ruby crystals. Ar was typically use
for the experiments below 40 GPa and Al2O3 for higher pres-
sures; no difference in results was observed from these p
sure media. Using a YLF laser~25 W at TEM00, coherent!,
the sample was heated in a small step and the tempera
was determined in each step by thermal emission meas
at the center of laser-heated area. The melting was then c
acterized visually by diffusive motion of the sample, formin
a microchannel and/or altering the shape at the edge.
melting temperatures at several pressures were also c
pared with those determined byin situ x-ray diffraction de-
scribed below, showing a good agreement within the exp
mental uncertainties of two methods. The details of
melting experiments have been discussed previously.12

A white x-ray beam from the synchrotron is coaxial
aligned to the center of laser-heated area and then the x
diffraction from the sample is recorded at a fixed 2Q angle as
a function of energy to determine the crystal structure.13,14

The temperature is determined simultaneously with the x-
measurement, again by the thermal emission and the pres
is determined either from the EOS of the sample or by
Ruby luminescence method. The x-ray beam size,
310mm, is comparable to the size of laser-heating spot t
varies from 30 to 100mm depending on temperature. Ther
fore, there could be large temperature gradients in both
radial and axial directions of the sample being x rayed;
estimate the temperature gradients could be as much as
10 359 © 1998 The American Physical Society
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of the value reported here. The x-ray diffraction was c
lected at 2Q between 14° and 21° for 1–10 min to obtain t
spectra presented here.

Figure 1 represents a typical change of the diffract
pattern during laser-heating experiments. Apparently all
reflections shift to lower energy~or higherd spacing! during
heating, which occurs reversibly during heating cycles. T
diffraction patterns are well indexed to thea~orthorhombic!
phase of uranium, resulting in the volumes
11.368 cm3/mol before heating, 11.457 cm3/mol during heat-
ing at 1470 K, and 11.405 cm3/mol after a few successiv
heating cycles. The reversibility of the volume during t
heating cycles is better than 0.3% in volume or 1 GPa
pressure, well within the uncertainty of measurements.
volume expansion coefficientan55.3 (61.5)31026 K21 at
17 GPa is substantially smaller than that at ambient co
tion, 3931026 K21,6 but is typical for those of correspond
ing 4d- or 5d-transition metals.15 It is also apparent from
Fig. 1 that the 131 reflection shifts little with respect to oth

FIG. 2. Energy dispersive x-ray diffraction of thea/g-mixture
near the onset of thea→g transition at 59 GPa and 2230 K~see
Table I!. The peaks with asterisks are the fluorescence lines
uranium.Ed536.610 keV Å.

FIG. 1. Energy dispersive x-ray diffraction o
a~orthorhombic!-U obtained before~300 K, bottom spectrum!, dur-
ing ~1470 K, middle!, and after~300 K, top! laser heatings at 17
GPa.Ed551.163 keV Å.
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reflections, suggesting large anisotropy in thermal expans
The linear thermal expansion coefficient for theb axis, the
largest axis of the unit cell, is aboutaL51.131026 K21 and
for the a and c axes 3.031026 K21 and 3.631026 K21,
respectively. A similar anisotropy ofa-U was observed in
the previous compression experiments at ambi
temperature.8

At higher temperatures thea-phase transforms into th
g~bcc! phase. Figure 2 is a typical diffraction pattern near t
onset of the transition at 59 GPa. All the major peaks
well indexed to a mixture of theg and a phases~Table I!.
The volume ofg-U, 9.872 cm3/mol, is approximately 1.39%
larger than that ofa-U, 9.737 cm3/mol. The volume change
in the transition is strongly dependent on pressure, as il
trated in Fig. 3. It decreases from approximately 0.8 cm3/mol
(DVT /Va55.94%) at ambient pressures to less th
0.1 cm3/mol ~0.74%! at 80 GPa.

The pressure-volume relation ofg-U is illustrated in Fig.
4. The volumes forg-U were determined at different tem
peratures between 1300 and 2000 K. However, consideri
substantially smaller volume change by temperature than
pressure, we use a temperature independent Bi

of

TABLE I. The g~bcc! phase of uranium near the onset ofa/g
transition at 59 GPa and 2230 K~see Fig. 2!. g ~bcc!-U: a
53.198 Å, V59.872 cm3/mol. a ~orthorhombic!-U: a52.606 Å,
b55.308 Å, c54.663 Å, V59.737 cm3/mol, DVT51.39%.

hkl Eobs dobs I obs dcalc I calc Ddobs-calc

110 16.179 2.263 100.0 2.261 100.0 0.002
200 22.895 1.599 19.8 1.599 24.0 0.000
211 28.044 1.305 27.3 1.305 35.0 0.000
220 32.387 1.130 10.5 1.131 6.4 20.001
310 36.137 1.013 3.4 1.011 4.9 0.002
321 42.826 0.855 6.7 0.855 1.8 0.000
330 48.602 0.753 4.6 0.754 1.0 20.001

FIG. 3. The volume change ina-g transitionsDVT as a function
of pressure.DVT values were calculated from the x-ray diffrac
tion~s! obtained near the onset of transition or at two nearest t
peratures at a given pressure. The temperature-induced vo
change in the later case is estimated less than 0.5 cm3/mol, well
within the uncertainty of measurements.
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Murnaghan equation of state16 to fit the data with B
5135.5 GPa andB853.8 for a-U and B5113.3 GPa and
B853.4 for g-U. The data fora-U are in agreement with
those reported previously.7 Note thatg-U has a softer~20%!
bulk modulus and we shall see the importance of this
stabilizing this phase at higher temperatures.

The melting temperatures of uranium have been exten
to 100 GPa from our previous results,12 as shown in Fig. 5.
The melting temperatures of these and previous studies
been determined primarily by visual observation~open
circles!, but at several pressures byin situ x-ray diffraction
~solid circles!. Both sets of data agree within the uncertain
of measurements. The crystal structure of uranium as de
mined by in situ x-ray diffraction is also illustrated forg-U
~solid squares!, but not for thea phase for simplicity. The
a/g phase boundary is drawn below the stability field ofg-U
and is constrained at the transition temperature of thea
phase, 940 K, at ambient pressure. This interpolation res
in a relatively strong curvature of thea/g-phase boundary a

FIG. 4. Volume compression data ofg- ~solid circles! anda-U
~open circles! and the fits to a temperature-independent Birc
Murnaghan equation of state. The fits result inB5135.5 GPa and
B853.79 fora-U andB5113.3 GPa andB853.37 forg-U.

FIG. 5. Phase diagram of uranium to 100 GPa. Open and s
circles, respectively, indicate the melting temperatures determ
by visible observation and x-ray diffraction. The solid squares r
resent theP,T conditions at whichg~bcc!-U was in situ observed.
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low pressures, which is consistent with a strong press
dependence in the transition volume change~Fig. 3!. Note
that the slope of thea/g-phase line becomes diminishingl
small above 70–80 GPa and theg phase occupies a larg
stability field at high pressures and temperatures. The sta
ity field of b~bct!-U below 3 GPa is also reproduced from th
previous measurements.11

First-principles treatment of actinides at high tempe
tures is rather challenging; whereas,ab initio full potential
electronic structure calculations2 of the bcc structure at low
temperature result in rather poor descriptions ofB
5180 GPa, B854.2, a smaller equilibrium volume tha
a-U, and a negative tetragonal shear constantC8 at 100 GPa.
Hence, our zero-temperature theory fails to describeg-U at
high temperatures, although it describesa-U rather well. In
order to clarify the occurrence of the bcc phase at high te
peratures, we made a series of free-energy calculations u
Debye-Gru¨neisen quasiharmonic theory.6 In these calcula-
tions, we also include temperature dependence of the e
tronic structure and calculate the Helmholz free energy a

F~V,T!5Eel~V,T!1Eph~V,T!2T@Sph~V,T!1Sel~V,T!#.
~1!

Here all terms depend upon volume and temperature and
electronic contributionsEel(V,T) and Sel(V,T) were ob-
tained from our first-principles calculations whereEel is the
total energy calculated with a temperature broaden
~Fermi-Dirac distribution! of the density of states andSel the
electronic entropy as obtained from Landau and Lifshitz17

The other terms are described in detail elsewhere.8,18 We
calculated the Helmholtz free energy, using Eq.~1!, for a-U
andg-U; at zero temperature the difference in free energy
to be about 10 mRy but at 3000 K the free-energy differen
has decreased to about half of this value. Most of this lo
ering of the bcc energy was due to the electronic contri
tions. The other terms in the free energy showed a very s
lar temperature dependence for the two phases. Their De
temperatures at room temperature were very close~g-U: 270
K and a-U: 280 K! and so were their thermal expansio
coefficients~g-U: av524.631026 K21 and a-U: av526.8
31026 K21!. In the Debye-Gru¨neisen quasiharmonic theor
the Debye temperature is obtained directly from the b
modulus and consequently this property is of essential
portance for calculating the free energy in this model. The
fore, in a model calculation, we replaced the computed b
modulus for bcc U with the experimental value, witho
changing any other parameters from our first-principles c
culation. At room temperature we now instead obtained
Debye temperature 229 K and thermal expansion coeffic
av53931026 K21. More importantly, at 2500 K the free
energy of this model phase became lower than that ofa-U,
indicating a possibility for this phase to be stabilized
higher temperatures.

We consider the localization effects of 5f electrons to
explain the high-temperature behavior ofg-U, similar to the
case ofd-Pu.19 A complete localization is rather straightfo
ward to simulate in a calculation by forcing the 5f electrons
to fill core states of the U atoms. This however results in
too large equilibrium volume with a too low bulk modulu
and pressure derivative~B550 GPa andB851.4!. Clearly, a
full localization of the 5f electrons does not reproduce e
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perimental findings. Therefore, it is more likely that thef
electrons are partially localized; this would then be cons
tent with a lower bulk modulus forg-U and a 6% volume
increase at the transition froma-U to g-U. The transitions of
a-U to b~bct! and g~bcc!, at ambient pressure support th
conclusion because bct is the ground-state crystal structu
Pa, the metal preceding U with one less delocalized 5f elec-
tron.

In summary, we have discovered theg~bcc! phase of ura-
nium at high pressures and presented the phase diagra
uranium to 100 GPa. Our results indicate~i! a small thermal
expansion coefficient of uranium at high pressure,~ii ! a
strong pressure dependence of thea/g transition volume
change,~iii ! softening of theg phase of uranium at high
temperatures,~iv! a wide stability field of theg phase at high
pressures and temperatures. Based on these results and
energy calculations, we conjecture that theg phase is in-
duced by partial localization of the 5f electrons at high tem
peratures. On the other hand, the bcc structure has
M.
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considered as the ultimate phase of the light actinides a
evated pressures as a consequence of the increased im
tance of the Madelung~electrostatic! energy, driving the
metal to close-packed high symmetry structures, and
creased importance of the Peierls distortion for broa
bands ~stabilizing distorted structures!.2 In this regard, it
would be very interesting to see how these two bcc pha
from different physical origins can merge at very high pre
sures and temperatures.
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Goodwin, and C. Mailhiot for the programmatic suppo
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Department of Energy by the Lawrence Livermore Nation
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