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Thermodynamic properties of the actinide metals Th and U: A first-principles study
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Utilizing a combination of first-principles electronic structure calculation and the recently developed mean-
field potential approach, we have calculated the static 300 K equation-of-state, the dynamic Hugoniot equation-
of-state, and the major thermodynamic properties along the principal Hugoniot for actinide metals Th and U.
We demonstrate that the modern first-principles technique can describe most of the thermodynamic quantities
within the experimental error bars even for the two heaviest 5f metals at pressures up to 1000 GPa and
temperatures up to;74 000 K for Th and;42 000 K for U.
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I. INTRODUCTION

Over the past decades, density-functional theory1,2 has
successfully provided a framework within which groun
state properties of many physical systems can
calculated.3–10 However, ab initio thermodynamic studies
especially for thef-electron systems, still remain a great ch
lenge to us. This paper is concerned with the calculation
the thermodynamic properties of the actinide metals Th
U, where Th is unique in being a transition metal withs-d
hybridization and on the threshold of being a regular 5f band
light actinide element and U is unique in being in the cen
part of the strongf-bond metals and the heaviest natura
occurring element. There are two main motivating fact
behind this paper.

First, the current testing ground for electronic structu
theory of the elements is the actinide metal, the last perio
the Periodic Table. Two important topics in the condens
state science of the actinide elements are the electron
figuration and the nature of the bonding in their metals.8–11

The thermodynamic property studies of actinide met
would be very valuable for elucidating their electronic b
havior and atom-atom interactions.

Second and most important, the equation-of-state~EOS!,
namely, the relationship of pressure-volume-tempera
(P,V,T), is one of the most basic physical properties o
substance. Historically a lot of attention12–20 has been fo-
cused on this thermodynamic behavior and recent progre
x-ray diffraction with synchrotron radiation and diamon
anvil cells has extended the range for accurate lattice par
eter determinations into the multimegabar region exceed
300 GPa.17 To interpret the dynamic as well as static hig
pressure experiments and to study the specific behaviors
substance when undergoing severe constraints such as
pressure and high-temperature environments, the deve
ment of an accurateab initio EOS model, where only the
atomic number is taken as the ‘‘adjustable parameter,’
currently of immense importance. Although workers ha
been engaging in the first-principles calculations for
tinides over the past two decades, few attempts are mad
calculate the dynamic shock-wave compressed propertie
actinides in theab initio scenario while the shock-wave ex
periment might be one of the most efficient ways to expl
the thermodynamic properties of a substance at ultrah
0163-1829/2001/63~24!/245108~9!/$20.00 63 2451
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pressures and temperatures. The present paper is uniq
this regard.

The study of the temperature dependence of the prope
of materials requires a proper account of nuclear motions
thermal excitation of electrons. In a series of papers,21–23we
have developed a classical mean-field potential~MFP! ap-
proach to calculate the various kinds of thermodynam
quantities of a metal. With the well-known Dugdale an
MacDonald24 expression for the Gru¨neisen constant being
explicitly deduced, the MFP approach was first tested on
metal Ce, indicating that the well-knowng-a isostructural
transition, the experimental Hugoniot state, and the 300
static equation-of-state were well reproduced.21 The MFP ap-
proach was then checked on the five reference metals Al,
Ta, Mo, and W, indicating that both the calculated Hugon
states and 293 K isotherms fell well within the experimen
uncertainties.22 Consecutively, the MFP approach was e
panded to more general cases,23 where as the second-orde
approximation of the MFP, the three commonly used expr
sions for the Gru¨neisen parameter, i.e., that due to Slate25

that due to Dugdale and MacDonald, and that for the fr
volume theory,26 were all explicitly deduced on a commo
physical basis. The calculation23 on metallic Al might be the
best demonstration, where the MFP approach correctly
scribed most of the thermodynamic properties, such as s
compression, shock-wave compression, thermal expans
bulk modulus, and the anharmonic effect.27,28 These promis-
ing results have encouraged us to study the 5f series.

The rest of this paper is organized as follows. In Sec
we present a brief description of the MFP approach. Sec
III describes the calculational parameters. In Sec. IV we d
cuss our results for Th. In Sec. V we discuss our results
U. Finally, Sec. VI contains our summary.

II. THERMODYNAMIC MODEL

For a substance, if we have the Helmholtz free energy
an explicit function of volume and temperature, we can c
culate all other thermodynamic parameters. Let us consid
system with a given averaged atomic volumeV and tempera-
ture T. The Helmholtz free-energyF(V,T) per ion can be
written as29

F~V,T!5Ec~V!1Fion~V,T!1Fel~V,T!, ~1!
©2001 The American Physical Society08-1
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LI LI AND YI WANG PHYSICAL REVIEW B 63 245108
whereEc represents the 0 K total energy,Fion the vibrational
free energy of the lattice ion, andFel the free energy due to
the thermal excitation of electrons.

With the previous work,21,26 Fion is

Fion~V,T!52kBTF3

2
ln

mkBT

2p\2
1 ln v f~V,T!G , ~2!

with

v f~V,T!54pE expF2
g~r ,V!

kBT G r 2dr. ~3!

The central issue of the mean-field theory is how to calcu
the MFP g(r ,V). In this regard, the free-volume theory26

chose to calculate the MFPg(r ,V) by the average of the
empirically derived pairwise potentials, while the tigh
binding total-energy classical cell model30 chose to calculate
the MFPg(r ,V) by the tight-binding total-energy method fo
which all the parameters were determined by the fi
principles full-potential linearized augmented plane wa
~LAPW! calculation.

Inspired by the three commonly used expressions for
Grüneisen parameter,24–26 we have simply constructed th
MFP in terms of theab initio 0 K total energyEc as
follows:21,23

g~r ,V!5
1

2
@Ec~R1r !1Ec~R2r !22Ec~R!#

1
l

2

r

R
@Ec~R1r !2Ec~R2r !#, ~4!

wherer is the distance that the lattice ion deviates from
equilibrium position andR is the lattice constant with respe
to V.

The physical basis of Eq.~4! can be demonstrated by th
fact that the three commonly used expressions for the G¨n-
eisen parameter, i.e., that due to Slater (l521), that due to
Dugdale and MacDonald (l50), and that for the free-
volume theory (l51), can all be explicitly deduced if we
take the second-order approximation to Eq.~4!.

III. CALCULATIONAL PARAMETERS

To calculate the 0-K total energyEc(V) in Eq. ~1!, the
LAPW method3 within the generalized gradien
approximation4 is employed. The calculation ofFel follows
the previous work.21–23To examine the effects of the choice
of the MFP in Eq.~4! ~or equivalentlyl) on the calculated
results, all the three MFP, namely,l521, l50, and l
51, have been tested. We note that we do not make
attempts to analytically fit the LAPW calculated points sin
the fitting might alter the original LAPW results. In all th
thermodynamic calculations, the LAPW calculated nume
cal points are directly taken as the input, then more de
points in the lattice constant step of 0.005 a.u. are derived
cubic spline interpolation for the convenience of on
dimensional numerical enumeration. Out of the lattice c
stant region of the LAPW calculations, the Lennard-Jon
24510
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function extrapolation towards the zero and the Morse fu
tion extrapolation towards infinite are invoked to get the 0
energy curve.

In Th, the ambient structure is fcc. Under compressio
the recent experimental work by Vohra and co-worker17

demonstrated that it continuously transformed from fcc
bct form from 63.7 GPa. To respond to these, we have s
ied the fcc structure, as well as three bct structures with
c/a ratios of 1.477, 1.563, and 1.655.

At ambient conditions, U takes, with two atoms in the u
cell, the face-centred orthorhombic structure (a-U)18,31,32

which keeps stable at least up to 100 GPa at compress
At higher pressures, the previous calculation9 assumes that U
would undergo the transitions, first to the bct structure a
then to the bcc structure, although there are no experime
proofs. In this paper, all these structures are conside
More specifically, fora-U, we use the internal crystallo
graphic coordinate ratios of Ref. 31, and for bct-U we use
c/a ratio of 0.82 suggested by So¨derlindet al.9 ~our prelimi-
nary calculations indeed show that this is the optimiz
value!.

With regard to the parameters in the 0 K calculation, t
major ones are the muffin-tin radiiRmt and the energy pa
rameters. In general, it is a common practice to use a c
stant Rmt in the LAPW method,10 whereas a variedRmt ,
which makes the ratio of the volume of the muffin-tin sphe
to the volume of the atom a constant, in the LMTO~linear-
muffin-tin-orbital! method.9 Accordingly, we use the con
stant value of 2.0 a.u. forRmt . For the energy parameter
there are some ambiguities. We choose to use the value
their respective band centers. This means that two step
calculations are performed, where the first step is run to s
consistency to find the best energy parameters, which
served as the input of the second step~also being run to
self-consistency!.

The other parameters needed in the 0 K calculation are
as usual. The plane-wave cutoffKcut is determined by
Rmt3Kcut59.0. On reciprocal-space integrations in the f
Brillouin zone, we use 8000k points for fcc and bcc struc
tures and 1000k points for bct anda-U structures. The
calculations are performed for atomic volumes ranging fr
50% expansion down to about threefold compression. T
valent basis sets include the 7s, 7p, 6d, and 5f partial
waves, and local orbitals3 are added to enhance the vari
tional freedom and allow the semicore 5d, 6s, and 6p orbit-
als to be treated along with the valence electrons, with
additional energy parameter used to simultaneously treat
residuals and p character of the valence electrons. The
maining electrons are considered as belonging to the c
but their wave functions are relaxed, i.e., recalculated in e
iteration.

IV. THORIUM

A. Thermodynamic properties under ambient conditions
and the impact of calculational parameters

on the calculated results

We also discuss the calculated ambient properties o
here for the convenience of discussions. Collected in Tab
8-2
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TABLE I. The calculated and experimental atomic volumesV0 ~in Å 3), bulk moduli B ~in GPa!, and
volume thermal-expansion coefficientsb ~in 1026/K) of ambient conditions for Th and U.

Th U
l V0 B b V0 B b

21 32.50 59.2 33.9 21.49 116.7 31.2
0 32.43 59.8 25.8 21.46 117.2 26.3
1 32.37 60.2 17.9 21.42 117.5 21.4
Expt. 32.87a 54.0-59.0b 33.6c 20.75a 135.5,d 125,e 115f 37.8c

aFrom Ref. 33. dFrom Ref. 18.
bFrom Ref. 17. eFrom Ref. 19.
cFrom Ref. 34. fFrom Ref. 35.
lib

f

o
fe

e

an
o
s
p
r
o
th
er

e

id

re
u

F
r

re
ed
ic
-

ther

, it
and

s a

00
lts

sh
and
o-

en-

Th
truc-
dia-

struc-
are our calculated atomic volumes (V0), bulk moduli (B),
and volume thermal-expansion coefficients (b) under ambi-
ent conditions together with the measured data.17–19,33–35

For Th, our calculation reproduces the computed equi
rium atomic volume of Joneset al.10 But for U, our calcu-
lated V0 is ;3% greater than that by Joneset al. The dis-
agreement can be understood in sense of the choices o
energy parameters, considering that the 5f orbitals form very
narrow bands close to the Fermi level. For Th, the way
choosing the energy parameters does not have visible ef
on the calculated results since Th can be viewed as ans-d
metal. However for U, the situation becomes severe sinc
is a strongf-bond metal. Joneset al. chose to use the fixed
values that were set near the centers of their respective b
by monitoring the eigenvalues of the calculation whose v
ume lay closest to equilibrium. However, since in our ca
we are engaged in the EOS calculations at pressures u
1000 GPa, the usages of the fixed energy parameters fo
the considered volumes are evidently impractical. We n
that in our calculation, for a given volume we always use
energy parameters that are in their respective band cent

As regards the effects of the choices of the MFP~or
equivalentlyl) on the calculated results, from Table I w
can find that they are strong onb. Choosingl reminds us of
the choices7,36,37 among the three expressions24–26 of the
Grüneisen parameter. So¨derlind et al.36 had found that the
Slater expression was more suitable for the light actin
than the other two expressions.

We may mention here that the above-mentioned disc
ancies do not persist as the serious problems to the calc
tions in the following sections due to the fact that~i! we can
use the reduced atomic volumeV/V0, ~ii ! at low temperature
and pressure the thermal parts in Eq.~1! are considerably
small compared to the cold part, and~iii ! at high temperature
and pressure the effects of the different choices of the M
on the calculated results become small~see the sections fo
calculations of the Hugoniot states!.

B. The phase stability under compressions

The calculated 300 K Gibbs free energies of bct structu
with the c/a ratios of 1.477, 1.563, and 1.655 are illustrat
in Fig. 1 taking that of the fcc structure as the zero. Not
the experimental results17 that the fcc-bct transition is con
24510
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tinuous and the bct structure withc/a51.655 is the most
preferable for ultrahigh compressions are reproduced ra
well.

At the transition pressure of;100 GPa, our calculated
volume collapse byDV/V0 is 0.8%. Although this collapse is
too small to be observed by the experimental accuracy
indeed makes the agreements between the calculations
the experiments better~see Fig. 2!.

C. 300 K static equation-of-state

The calculation of the 300 K static EOS can serve a
good check of the accuracy of the 0 K calculation since the
300 K static EOS is dominated by theT50 energetics and
the thermal contribution is very small. Therefore for the 3
K static EOS, we will only discuss the calculated resu
usingl50 in Eq. ~4!. For Th, Vohra, and co-workers17 had
given measured data up to 300 GPa, McQueen and Mar15

had given shock-reduced 300 K isotherm up to 150 GPa,
Kennedy and Keeler14 had given a shock-reduced 298 K is
therm up to 100 GPa in theAIP Handbook. The calculated
results for the fcc structure and the bct structure withc/a
51.655 are plotted in Fig. 2 together with these experim
tally based data.

FIG. 1. The calculated 300 K relative Gibbs free-energy of
under compressions. The circles represent those using the fcc s
ture, which has been taken as the reference zero point. The
monds, triangles, and squares represent those using the bct
tures withc/a51.477, 1.563, and 1.655, respectively.
8-3
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LI LI AND YI WANG PHYSICAL REVIEW B 63 245108
Generally speaking, at present it is somewhat difficult
first-principles method to derive the calculated atomic v
umes within the experimental error bars. For instance,
accuracy of 1% in the lattice constant by first-principles c
culation is considered to be rather excellent especially for
actinide metals, however, this accuracy means an error of
in the atomic volume or density. Therefore, we employ t
types of plots: they are the curve of the atomic volumeV
versus the pressureP @Fig. 2~a!# and the curve of the reduce
atomic volumeV/V0 versus the pressureP @Fig. 2~b!#. The
use of theV/V0-P plot for the comparison of the calculatio
and the experiment is especially suitable according to
present calculation and our previous work.22 Note that in Fig.
2~b!, our calculated results exactly go through the sho
reduced 298 K isotherm by Kennedy and Keeler, which h
been claimed to have an accuracy as high as 5% in pres
And, we may note, that the traditional ways by McQue
and Marsh15 for the reductions of the shock-wave data of T
might not be suitable for high compressions when the th
mal electronic contributions were neglected.

FIG. 2. The 300 K static EOS for Th.~a! V-P plot. ~b! V/V0-P
plot. The solid line represents the calculated result using the
crystal and the dotted line represents the calculated result usin
bct crystal (c/a51.655). The solid circles are from Kennedy an
Keeler ~Ref. 14!, the open circles are from Vohra and Holzapf
~Ref. 17!, and the diamonds are the shock-reduced data by
Queen and Marsh~Ref. 15!.
24510
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D. Hugoniot state

Hugoniot states, which are derived by the conventio
shock-wave technique,12 are characterized by using measur
ments of shock velocity~D! and particle velocity~u! with
VH /V05(D2u)/D and PH5r0Du, wherePH is the pres-
sure andr0 is the initial density. Through the Rankine
Hugoniot relations, these data define a compression cu
@volume (VH) versus pressure (PH)# as a function of known
Hugoniot energy (EH):

1
2 PH~V02VH!5EH2E0 , ~5!

whereV0 and E0 refer to the atomic volume and energy
ambient conditions, respectively.

Unlike the static EOS, the temperature along the Hu
niot can undergo a range from room temperature to sev
tens of thousands of degrees, thus the calculations of
Hugoniot state could serve as a good check of a theore
method for the thermodynamic calculation. Using the cal
latedV0 andE0 of the fcc structure, the Hugoniot EOS’s fo
Th have been calculated at pressures up to 1000 GPa
ploying l521, 0, and 1 for the fcc structure andl50 for
the bct structure ofc/a51.655.

The calculated Hugoniot EOS’s, together with the me
sured data from the Los Alamos compilation,12 are compared
in Fig. 3 for Th. We note that the differences among resu
usingl521, 0, and 1 are very small. Also shown in Fig.
are the Hugoniot data used in the reductions of shock-w
data by McQueen and Marsh.15 By pressure against th
atomic volume, the calculated results are only slightly low
than the experimental data. However, when we plot the E
by pressure against the relative volume (VH /V0), our calcu-
lated curve ofPH versusVH /V0 for the fcc structure exactly
goes through the data used by McQueen and Marsh@see Fig.
3~b!#.

For high compression, it is unfortunate that no experim
tal data are found to further prove our calculation for T
However, by the excellent agreements between the calc
tions and the experiments in our previous calculations,21–23

in particular in the case of U in the following sections, w
assume that our calculated curves ofPH versusVH /V0 can
be adopted in the realistic application if the higher-press
data are needed.

E. Grüneisen gamma along the principal Hugoniot

Since we have explicitly calculated the Helmholtz fre
energyF(V,T) as functions ofV andT, all other thermody-
namic parameters can be calculated. In particular, one
evaluate the thermodynamic Gru¨neisen gamma by

g th~T,V!5
VBT~V,T!bP~V,T!

CV~V,T!
, ~6!

where BT is the isothermal bulk modulus,bP the thermal
volume expansion coefficient, andCV is the constant volume
heat capacity, which should include both the lattice and
thermal electron contributions.

For releasing the concerns that might be raised by c
leagues about the effects of the choices of the MFP in Eq.~4!

c
the

c-
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on the calculated results, the calculatedg th’s with l521, 0,
and 1 for fcc Th are depicted in Fig. 4. One can immediat
find that the differences among the calculatedg th’s, using
the three MFP’s, are decreasing rapidly as the pressur
increasing, and only when the pressure reaches 100
have these differences been smaller than 10% with respe
the value ofg th . For pressure smaller than 100 GPa, t
thermal pressure is very small compared with the cold p
sure. As pointed out by Mitchellet al.,37 metals shocked
from ambient conditions remain in the solid state up to pr
sures of typically 100-200 GPa in which the EOS is dom
nated by theT50 energetics. Altogether, these demonstr
that the calculated Hugoniot EOS would be rather insensi
to the choices of the MFP~see also the calculated results
the Hugoniot EOS and the temperature along the princ
Hugoniot!.

Workers may note that some structures appear along
calculated curves in Fig. 4. We can understand them if
note that

~i! The accurate calculation the Gru¨neisen gamma desire

FIG. 3. Hugoniot EOS for Th.~a! V-P plot. ~b! V/V0-P plot.
The dashed, solid, and the dot-dashed lines represent the calcu
results for the fcc structure usingl521, 0, and 1, respectively
The dotted line represents the calculated result for the bct struc
(c/a51.655) usingl50. The pluses are from the Los Alamo
compilation~Ref. 12! and the diamonds the used data by McQue
and Marsh~Ref. 15!. The inset illustrates the low compressio
region.
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both extremely accurate energy-volume curve and extrem
accurate electronic density-of-states~DOS! since it involves
some products of the second-order derivatives of the 0
data. We note again that in our thermodynamic calculati
the LAPW calculated points are directly taken as the inp
i.e., we do not make any attempts to analytically refit t
LAPW calculated points. In this regard, the structures in F
4 are, to the first grade, due to the computational artifact

~ii ! At some pressure induced phase-transition points,
though the same crystal structure is used, more or les
minor kink will appear in the 0 K energy-volume curve ac
companying the large change of the electronic DOS near
Fermi level. A minor kink in the 0 K data would result in
large kink in theV-P data~see Fig. 3! and further an eviden
structure in the plot of the Gru¨neisen gamma. In this regard
the structures in Fig. 4 are, to the second grade, the reflec
of some phase transitions.

ted

re

n

FIG. 4. The calculated thermodynamic Gru¨neisen gamma along
the principal Hugoniot for Th. The dashed, solid, and the d
dashed lines represent the calculated results for the fcc struc
usingl521, 0, and 1, respectively.

FIG. 5. The calculated temperature along the principal Hugon
for Th. The dashed, solid, and the dot-dashed lines represen
calculated results for the fcc structure usingl521, 0, and 1, re-
spectively. The diamonds are the shock-reduced data by McQu
and March~Ref. 15!.
8-5
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F. Temperature along the principal Hugoniot

In the traditional reduction of the Hugoniot data,15,16 the
temperature estimate remains less secure since it require
accurate knowledge of specific heat and the Gru¨neisen pa-
rameter values that are not well known. In the MFP fram

FIG. 6. The calculated 300 K relative Gibbs free-energy of
under compressions. The circles represent those using thea-U
structure, which has been taken as the reference zero point.
diamonds represent those using the bct structure withc/a50.82
and the triangles represent those using the bcc structure.

TABLE II. The calculated 300 K EOS, Hugoniot EOS, an
Hugoniot temperature for Th.

fcc bcta

300 K Hugoniot 300 K Hugoniot
P ~GPa! V/V0 V/V0 T ~K! V/V0 V/V0 T ~K!

0.0 1.0000 1.0000 300 1.0049
20.0 0.7861 0.7927 688 0.7885
40.0 0.6899 0.7050 1787 0.6892
60.0 0.6302 0.6516 3231 0.6241
80.0 0.5877 0.6160 4776 0.5795
100.0 0.5551 0.5846 6269 0.5471 0.5848 620
120.0 0.5290 0.5645 7840 0.5205 0.5634 780
140.0 0.5066 0.5504 9419 0.4995 0.5494 942
160.0 0.4884 0.5278 10 894 0.4820 0.5377 11 0
180.0 0.4723 0.5182 12 476 0.4669 0.5209 12 5
200.0 0.4588 0.5106 14 071 0.4537 0.5126 14 1
250.0 0.4322 0.4960 18 064 0.4278 0.4937 18 1
300.0 0.4113 0.4732 22 158 0.4069 0.4727 22 1
350.0 0.3939 0.4620 26 324 0.3898 0.4621 26 3
400.0 0.3787 0.4538 30 487 0.3754 0.4554 30 4
450.0 0.3653 0.4452 34 581 0.3632 0.4481 34 5
500.0 0.3535 0.4361 38 539 0.3524 0.4363 38 4
600.0 0.3339 0.4142 46 171 0.3341 0.4203 46 0
700.0 0.3180 0.3950 53 466 0.3190 0.4074 53 2
800.0 0.3046 0.3853 60 490 0.3061 0.3929 60 2
900.0 0.2930 0.3771 67 382 0.2951 0.3830 67 1
1000.0 0.2830 0.3701 74 163 0.2860 0.3765 73 8

ac/a51.655.V0 is referred to that of fcc.
24510
the

,

all these quantities can be calculated straightforwardly. F
ure 5 exemplifies the comparisons between the calcula
Hugoniot temperatures and the shock-reduced results of
15 for fcc Th. We note again that the differences amo
results usingl521, 0, and 1 are negligible.

The calculated 300 K EOS, Hugoniot EOS, and tempe
ture along the principal Hugoniot for fcc Th and bct T
(c/a51.655) withl50, are listed in Table II for reference

V. URANIUM

A. The phase stability under compressions

The phase stabilities of uranium under compression
somewhat a controversial issue. For light actinide metals
Pa, Np, and Pu, it had been confirmed that they underwen
least one structure transformation at pressure below
GPa. As U was positioned at the central part of the lig
actinide series, it was naturally considered that U would a
show the similar behaviors.19,38 However, the exceptiona

he

FIG. 7. The 300 K static EOS for U.~a! V-P plot. ~b! V/V0-P
plot. The solid line represents the calculated result using thea-U
crystal and the dotted line represents the calculated result using
bct crystal (c/a50.82). The circles are from Yooet al. ~Ref. 18!,
the squares are from Akellaet al. ~Ref. 20!, and the diamonds are
the shock-reduced data~U-Mo alloy of 97% to 3% in weight! by
McQueenet al. ~Ref. 16!.
8-6
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case always occurs. The refined experiment and calcula
recently by Akellaet al.32 show that thea-U is exceptionally
stable at least up to 100 GPa.

The calculated 300 K Gibbs free energies of the
(c/a50.82) and the bcc structures are illustrated in Fig
taking that of thea-U structure as the zero. We note that
our calculation we have not optimized the structure para
eters ofc/a, b/a, or y for a-U. Even so, our calculation
shows that thea-U is the stablest up to the pressure of 3
GPa. For more higher pressures up to 1000 GPa, our ca
lation show that the bct (c/a50.82) structure is preferabl
over both thea-U and the bcc structures.

B. 300 K static equation-of-state

Yoo et al.18 had given measured data for U to 93 GP
and Akella et al.20 had given measured data for U to 10
GPa. The calculated results for thea-U structure and the bc

FIG. 8. Hugoniot EOS for U.~a! V-P plot. ~b! V/V0-P plot.
The dashed, solid, and the dot-dashed lines represent the calcu
results for thea-U structure usingl521, 0, and 1, respectively
The dotted line represents the calculated result for the bct struc
(c/a50.82) usingl50. The pluses are from the Los Alamos com
pilation ~Ref. 12!, the squares from the LLNL Report~Ref. 13!, the
diamonds the used data~U-Mo alloy of 97% to 3% in weight! by
McQueenet al. ~Ref. 16!, and the solid circles are derived from
the D2u fitting to the experimental data ofD52.5111.51u from
Ref. 12.
24510
on

t
6

-

u-

,

structure withc/a50.82 are compared with these expe
mental data in Fig. 7, where the shock-reduced 300 K d
for U-Mo alloy ~97% to 3% in weight! by McQueenet al.16

are also shown since we do not find other static data
ultrahigh pressures.

As was mentioned in the section of calculational para
eters, in our calculation, we adopt a different strategy fr
that by Joneset al.10 in determining the energy parameters
the 0 K LAPW calculation. Although the difference in th
choices of the energy parameters only results in a devia
of ;1% by lattice constant, it makes the calculated atom
volume be uniformly;3% larger. A better way to estimat
the accuracy of the calculation is to plot the curve of t
reduced atomic volumeV/V0 against the pressureP. From
Fig. 7~b! we can find that the comparisons between the c
culations and experiments are good.

We may note again that the traditional ways for the
ductions of the shock-wave data of U in Ref. 16 might be n
suitable for high compressions if the thermal electronic c
tribution were neglected.

C. Hugoniot state

Using the calculatedV0 andE0 of the a-U structure, the
Hugoniot EOS’s for U have been calculated at pressures
to 1000 GPa too, employingl521, 0, and 1 for thea-U
structure andl50 for the bct structure withc/a50.82.

Shown in Fig. 8 are the calculated Hugoniot EOS’s
gether with the measured data from the Los Alam
compilation,12 those from the LLNL Report,13 and the Hugo-
niot data~U-Mo alloy of 97% to 3% in weight! used in the
reductions of shock-wave data by McQueenet al.16 We es-
pecially plot the well-definedD2u fitting of Ref. 12 by solid
circles in Fig. 8, since the experimental data are considera
scattered in the ultrahigh pressure region. In Fig. 8~b!, it is
surprising that our calculated curve ofPH versusVH /V0 is
virtually coincidental with theD2u fitting of Ref. 12 at
pressures up to 480 GPa.

ted

re

FIG. 9. The calculated thermodynamic Gru¨neisen gamma along
the principal Hugoniot for U. The dashed, solid, and the dot-das
lines represent the calculated results for thea-U structure usingl
521, 0, and 1, respectively.
8-7
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D. Grüneisen gamma along the principal Hugoniot

Again, for releasing the concerns that might be raised
colleagues about the effects of the choices of the MFP in
~4! on the calculated results, the calculatedg th’s for a-U are
depicted in Fig. 9.

E. Temperature along the principal Hugoniot

For a-U, the comparisons between the calculated Hu
niot temperatures and the shock-reduced results of Ref
~U-Mo alloy of 97% to 3% in weight! are depicted in Fig.
10. We may note again that the temperatures derived by
empirical reductions are too high for ultrahigh compressio
due to the neglecting of the thermal electronic contribut
of Fel in Eq. ~1!.

The calculated 300 K EOS, Hugoniot EOS, and tempe
ture along the principal Hugoniot fora-U and bct U (c/a
50.82) withl50 are listed in Table III for reference.

VI. SUMMARY

In summary, by means of the MFP approach in conju
tion with the full-potential LAPW calculations, we have pe
formed ab initio thermodynamic calculations for Th and
using their real crystal structures. The calculated proper
in this paper include the 300 K static equation-of-state
well as the Hugoniot state at pressures up to 1000 G

FIG. 10. The calculated temperature along the principal Hu
niot for U. The dashed, solid, and the dot-dashed lines represen
calculated results for thea-U structure usingl521, 0, and 1,
respectively. The diamonds are the shock-reduced data~U-Mo alloy
of 97% to 3% in weight! by McQueenet al. ~Ref. 16!.
tin
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which is the current frontier in high-pressure physics. W
have demonstrated that the modern first-principles techn
can describe most of the thermodynamic quantities wit
the experimental error bars even for the two heaviestf
metals. In particular, by the plots of the relative volum
(V/V0) against the pressureP, the accuracy in pressure o
our calculated equation-of-state might be well below 10
when compared with the experimental data available.
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TABLE III. The calculated 300 K EOS, Hugoniot EOS, an
Hugoniot temperature for U.

a-U bct a

300 K Hugoniot 300 K Hugoniot
P ~GPa! V/V0 V/V0 T ~K! V/V0 V/V0 T ~K!

0.0 1.0000 1.0000 300 0.9550
20.0 0.8774 0.8804 467 0.8517
40.0 0.8097 0.8169 842 0.7900
60.0 0.7630 0.7752 1400 0.7438
80.0 0.7289 0.7450 2067 0.7091
100.0 0.7010 0.7206 2781 0.6797
120.0 0.6784 0.7004 3524 0.6574 0.6624 110
140.0 0.6590 0.6833 4288 0.6380 0.6503 225
160.0 0.6416 0.6682 5058 0.6205 0.6396 332
180.0 0.6259 0.6553 5841 0.6063 0.6296 434
200.0 0.6121 0.6445 6636 0.5935 0.6204 532
250.0 0.5830 0.6205 8622 0.5656 0.6000 766
300.0 0.5595 0.6022 10 631 0.5436 0.5844 992
350.0 0.5397 0.5879 12 683 0.5247 0.5708 12 1
400.0 0.5227 0.5755 14 764 0.5082 0.5596 14 3
450.0 0.5078 0.5644 16 882 0.4942 0.5498 16 5
500.0 0.4948 0.5542 19 050 0.4810 0.5413 18 7
600.0 0.4724 0.5382 23 515 0.4595 0.5269 23 3
700.0 0.4536 0.5257 28 119 0.4412 0.5152 28 0
800.0 0.4381 0.5151 32 795 0.4261 0.5005 32 8
900.0 0.4255 0.5056 37 490 0.4127 0.4934 37 6
1000.0 0.4140 0.4967 42 168 0.4010 0.4852 42 4

ac/a50.82. V0 is referred to that ofa-U.
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38P. Söderlind, O. Eriksson, B. Johansson, J.M. Wills, and A.M
Boring, Nature~London! 374, 524 ~1995!.
8-9


