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Phase diagram of uranium at high pressures and temperatures
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The phase diagram of uranium has been studied to 100 Giresiity diamond-anvil cell x-ray/laser-heating
experiments. The (bco) phase is discovered at high pressures, and the melting curve is presented to 100 GPa.
The y phase,B=113.3 GPa, is approximately 20% softer than ti@rthorhombi¢, B=135.5 GPa. The
volume change in the/y transition shows a strong pressure dependence, ranging from 6% at ambient pressure
to less than 1% at 80 GPa. Free-energy calculations, using Debyei€en quasiharmonic theory, show that
the softer bulk modulus of the phase, compared to thephase, stabilizes thg phase at high temperatures.
[S0163-182698)10817-2

The light actinidesTh-Pu exhibit a profound polymor- measurements, and calculation$? although it has never
phism of the crystal structurtand at ambient condition they been observed experimentally.
(except for Th solidify in exotic structures not found else-  In this paper, we report the structural investigation of
where in the periodic table. During the last few years any(bcg-U in a wide range of pressures and temperatures by
understanding of this behavior has emerged; the distortesitu x-ray diffraction of laser-heated uranium in a diamond-
crystal structures in the actinides originate from very narrowanyil cell. The phase diagram of uranium is presented to 100
5f bands situated close to the Fermi le¥eis we proceed GPa and 4500 K, together with various thermal properties of
through the series of the actinides, two distinct parts of thg ranjum including thermal expansibility, equation of state
series are discovered. The early part, from Th-Pu, shows g0S, transition volume changes, and extended melting
parabolic behavior of the equilibrium volume, bulk modulus, e mperatures. These experimental results are then comple-
and cohesive energy, reminiscent of théransition metals, anteq with first-principles theory, which mainly focus upon

whereas the 'Iater part ShO.WS a more constant behavior ?If]e stability of they compared to thexr phase of uranium.
these properties as a function of atomic number. The simi- A small piece of thin uranium foil(~ 10 xm thick, ~30

larity between the light actinides and tHetransition metals t0 50 zm square in sizewas loaded in a diamond-anvil cell
in this regard is governed by the fact that the light actinides  th MM c_]B It togeth ith di h
and thed-transition metals both have delocalized electrdns, of the Mao-betl type, together with a pressure medium suc

andd, respectively** For the heavier actinides from ameri- as Ar and A#O3, and Ruby crystals. Ar was t)_/plcally used
cium and on, however, theffelectrons are localized similar for the expgrlments t?e'o"" 40 GPa and@4 for higher pres-
to the lanthanide series and their properties become quite!"es; no difference in results was observed from these pres-
different from that of the earlier actinides. The itinerarit 5 Sure media. Using a YLF las¢25 W at TEM,, coherent,
electrons also show a distinguished difference compared t§1€ sample was heated in a small step and the temperature
the 4d and & electrons, namely, their bandwidths are muchwas determined in each step by thermal emission measured
narrower and in turn this leads to Peierls distortion of theat the center of laser-heated area. The melting was then char-
crystal structures of the light actinidégt high compression  acterized visually by diffusive motion of the sample, forming
the heavier actinides are expected to also attain distorted microchannel and/or altering the shape at the edge. The
crystal structures because of pressure-induced delocalizatisnelting temperatures at several pressures were also com-
of 5f electrons>® pared with those determined iy situ x-ray diffraction de-
Uranium, with a central position in the early actinide se-scribed below, showing a good agreement within the experi-
ries, crystallizes into a rather open structure, the orthorhommental uncertainties of two methods. The details of the
bic a-phase with four molecules per unit cell at ambientmelting experiments have been discussed previodsly.
condition? «-U is unique in that it remains stable up to at A white x-ray beam from the synchrotron is coaxially
least 100 GPa at ambient temperafirevhereas the other aligned to the center of laser-heated area and then the x-ray
light actinides undergo phase transition below this pressureliffraction from the sample is recorded at a fixddl 8ngle as
The « phase transforms to the body-centered tetragonat function of energy to determine the crystal structdré.
B(bct) phase at 940 KRef. 9 and then to they (bcg-phase  The temperature is determined simultaneously with the x-ray
at 1050 K at ambient pressut®The a/B- and B/y-phase measurement, again by the thermal emission and the pressure
boundaries were measured previously to 5 GPa by resistivitis determined either from the EOS of the sample or by the
measurements, with the/ 8/ y-triple point at 3 GPd! The  Ruby luminescence method. The x-ray beam size, 10
melting temperatures of uranium have been determined to 4% 10 um, is comparable to the size of laser-heating spot that
GPa by laser-heating experiments and also calculated to 10@ries from 30 to 10um depending on temperature. There-
GPa by generalized pseudopotential theSryhe bec struc-  fore, there could be large temperature gradients in both the
ture has often been assumed for the phase of uranium at highdial and axial directions of the sample being x rayed; we
pressures and temperatures in both previous resistivitgstimate the temperature gradients could be as much as 10%
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T ‘ T ‘ : TABLE I. The y(bco phase of uranium near the onsetafy
2000 ! j 17 GPa 1 transition at 59 GPa and 2230 Kee Fig. 2 vy (bco-U: a
i i =3.198 A, V=9.872 cnmi/mol. « (orthorhombig¢-U: a=2.606 A,

b=5.308 A,c=4.663 A, V=9.737 cni/mol, AV;=1.39%.

1500 -
hkl Eobs dobs Iobs dcalc Ice\lc Adobs-calc

110 16.179 2263 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 32387 1.130 105 1131 6.4 —0.001

310 36.137 1.013 34 1.011 4.9 0.002
321 42826 0.855 6.7 0.855 1.8 0.000
330 48.602 0.753 46 0.754 1.0 —0.001
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FIG. 1. Energy dispersive x-ray diffraction of reflections, suggesting large anisotropy in thermal expansion.

a(orthorhombig-U obtained beforé300 K, bottom spectrudur- ~ The linear thermal expansion coefficient for theaxis, the

ing (1470 K, middle, and after(300 K, top laser heatings at 17 largest axis of the unit cell, is about =1.1x 10 % K tand

GPa.Ed=51.163 keV A. for the a and ¢ axes 3.x10 ® K and 3.6<10 6 K%,
respectively. A similar anisotropy a-U was observed in

of the value reported here. The x-ray diffraction was col-the previous compression experiments at ambient
lected at ® between 14° and 21° for 110 min to obtain the temperaturé.
spectra presented here. At higher temperatures tha-phase transforms into the
Figure 1 represents a typical change of the diffractiony(bco phase. Figure 2 is a typical diffraction pattern near the
pattern during laser-heating experiments. Apparently all th@nset of the transition at 59 GPa. All the major peaks are
reflections shift to lower energipr higherd spacing during ~ Well indexed to a mixture of they and a phasegTable ).
heating, which occurs reversibly during heating cycles. Thelhe volume ofy-U, 9.872 cni/mol, is approximately 1.39%
diffraction patterns are well indexed to tagorthorhombig  larger than that of-U, 9.737 cnimol. The volume change
phase of uranium, resulting in the volumes ofin the transition is strongly dependent on pressure, as illus-
11.368 cri/mol before heating, 11.457 &fmol during heat-  trated in Fig. 3. It decreases from approximately 0.8/omol
ing at 1470 K, and 11.405 citmol after a few successive (AV:/V,=5.94%) at ambient pressures to less than
heating cycles. The reversibility of the volume during the0.1 cn¥/mol (0.74% at 80 GPa.
heating cycles is better than 0.3% in volume or 1 GPa in The pressure-volume relation ¢fU is illustrated in Fig.
pressure, well within the uncertainty of measurements. Thé. The volumes fory-U were determined at different tem-
volume expansion coefficient,=5.3 (+x1.5)x10 6 K 1at  peratures between 1300 and 2000 K. However, considering a
17 GPa is substantially smaller than that at ambient condisubstantially smaller volume change by temperature than by
tion, 39x 10 ® K~1,° but is typical for those of correspond- pressure, we use a temperature independent Birch-
ing 4d- or 5d-transition metald?® It is also apparent from
Fig. 1 that the 131 reflection shifts little with respect to other
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E (keV) FIG. 3. The volume change iy transitionsAV+ as a function
of pressureAV: values were calculated from the x-ray diffrac-
FIG. 2. Energy dispersive x-ray diffraction of the y-mixture tion(s) obtained near the onset of transition or at two nearest tem-
near the onset of the— vy transition at 59 GPa and 2230 (§ee  peratures at a given pressure. The temperature-induced volume
Table ). The peaks with asterisks are the fluorescence lines othange in the later case is estimated less than OFwoh well
uranium.Ed=36.610 keV A. within the uncertainty of measurements.
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low pressures, which is consistent with a strong pressure
dependence in the transition volume charigi. 3). Note
that the slope of th&/y-phase line becomes diminishingly
small above 70-80 GPa and thephase occupies a large
a.(orthorhombic)-U ] stability field at high pressures and temperatures. The stabil-
ity field of B(bct)-U below 3 GPa is also reproduced from the
previous measurements.

First-principles treatment of actinides at high tempera-
tures is rather challenging; whereasd initio full potential
electronic structure calculatiohsf the bcc structure at low
temperature result in rather poor descriptions Bf
=180 GPa,B’'=4.2, a smaller equilibrium volume than
a-U, and a negative tetragonal shear cons@nat 100 GPa.
Hence, our zero-temperature theory fails to desctifd¢ at
high temperatures, although it describet) rather well. In
order to clarify the occurrence of the bcc phase at high tem-

FIG. 4. Volume compression data f (solid circle3 and a-U peratures, we made a series of free-energy calculations using
(open circles and the fits to a temperature-independent Birch-Debye-Gimeisen quasiharmonic thedtyin these calcula-
Murnaghan equation of state. The fits resultBir 135.5 GPa and  tions, we also include temperature dependence of the elec-
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B’'=3.79 fora-U andB=113.3 GPa an®’ = 3.37 for y-U. tronic structure and calculate the Helmholz free energy as
Murnaghan equation of stafeto fit the data with B FOV.T)=Ee(V, T) +Epi(V,T) = T[SV, T) + Se((V, T) ]
—135.5GPa and3’=3.8 for a-U and B=113.3 GPa and (1)

B’'=3.4 for »-U. The data fora-U are in agreement with Here all terms depend upon volume and temperature and the
those reported previouslyNote thaty-U has a softet20%)  electronic contributionsE(V,T) and S,(V,T) were ob-
bulk modulus and we shall see the importance of this inained from our first-principles calculations wheig, is the
stabilizing this phase at higher temperatures. total energy calculated with a temperature broadening
The melting temperatures of uranium have been extende@ermi-Dirac distributioh of the density of states arf}, the
to 100 GPa from our previous resulfsas shown in Fig. 5. electronic entropy as obtained from Landau and LifsHitz.
The melting temperatures of these and previous studies haihe other terms are described in detail elsewféfewe
been determined primarily by visual observati¢apen calculated the Helmholtz free energy, using Ex, for a-U
circles, but at several pressures by situ x-ray diffraction  andy-U; at zero temperature the difference in free energy is
(solid circles. Both sets of data agree within the uncertaintyto be about 10 mRy but at 3000 K the free-energy difference
of measurements. The crystal structure of uranium as detehas decreased to about half of this value. Most of this low-
mined byin situ x-ray diffraction is also illustrated foy-U  ering of the bcc energy was due to the electronic contribu-
(solid squares but not for thea phase for simplicity. The tions. The other terms in the free energy showed a very simi-
aly phase boundary is drawn below the stability fieldyd  |ar temperature dependence for the two phases. Their Debye
and is constrained at the transition temperature of dhe temperatures at room temperature were very clgsg: 270
phase, 940 K, at ambient pressure. This interpolation result& and «-U: 280 K) and so were their thermal expansion
in a relatively strong curvature of the y-phase boundary at coefficients(y-U: a,=24.6<x10 6 K ! and a-U: «,=26.8
X107 % K™1). In the Debye-Groeisen quasiharmonic theory
the Debye temperature is obtained directly from the bulk
modulus and consequently this property is of essential im-
portance for calculating the free energy in this model. There-
fore, in a model calculation, we replaced the computed bulk
modulus for bcc U with the experimental value, without
changing any other parameters from our first-principles cal-
culation. At room temperature we now instead obtained the
Debye temperature 229 K and thermal expansion coefficient
a,=39x10 ® K. More importantly, at 2500 K the free
energy of this model phase became lower than that-bf,
indicating a possibility for this phase to be stabilized at
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We consider the localization effects off %electrons to
0 ‘ ‘ . . explain the high-temperature behaviorgtJ, similar to the

0 20 40 60 80 100

P (GPa) case of6&-Pul® A complete localization is rather straightfor-

ward to simulate in a calculation by forcing thé Blectrons
FIG. 5. Phase diagram of uranium to 100 GPa. Open and soli¢0 fill core states of the U atoms. This however results in a
circles, respectively, indicate the melting temperatures determinetPO large equilibrium volume with a too low bulk modulus
by visible observation and x-ray diffraction. The solid squares rep-and pressure derivati® =50 GPa an®’' =1.4). Clearly, a
resent theP, T conditions at whichy(bcg-U wasin situ observed.  full localization of the 5 electrons does not reproduce ex-
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perimental findings. Therefore, it is more likely that thé 5 considered as the ultimate phase of the light actinides at el-
electrons are partially localized; this would then be consisevated pressures as a consequence of the increased impor-
tent with a lower bulk modulus fo-U and a 6% volume tance of the Madelundelectrostatit energy, driving the
increase at the transition fromU to y-U. The transitions of metal to close-packed high symmetry structures, and de-
a-U to B(bct) and y(bco, at ambient pressure support this creased importance of the Peierls distortion for broader
conclusion because bct is the ground-state crystal structure gtinds (stabilizing distorted structurg$ In this regard, it
Pa, the metal preceding U with one less delocalizé&lgc-  would be very interesting to see how these two bcc phases
tron. from different physical origins can merge at very high pres-
In summary, we have discovered thébco phase of ura-  sures and temperatures.
nium at high pressures and presented the phase diagram of
uranium to 100 GPa. Our results indicétea small thermal
expansion coefficient of uranium at high pressuiie, a The x-ray studies were done at the beamline X17C of the
strong pressure dependence of #héy transition volume NSLS and technical support of NSLS, particularly from Jing-
change,(iii) softening of they phase of uranium at high zhu Hu is appreciated. We also thank J. A. Moriarty and A.
temperaturegjv) a wide stability field of they phase at high McMahan for highly valuable discussions, and L. Wiley, B.
pressures and temperatures. Based on these results and fré@odwin, and C. Mailhiot for the programmatic support.
energy calculations, we conjecture that thehase is in- This work was performed under the auspices of the U.S.
duced by partial localization of thefZelectrons at high tem- Department of Energy by the Lawrence Livermore National
peratures. On the other hand, the bcc structure has beémboratory under Contract No. W-7405-ENG-48.
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