PHYSICAL REVIEW B VOLUME 62, NUMBER 23 15 DECEMBER 2000-I

Atomistic model of plutonium
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A modified embedded atom model of Pu has been developed. This simple atomic level model is able to
reproduce the extreme anomalous behavior of this complex element. The calculated energetics and volume of
the seven stable phases of Pu are found to be in close agreement with experiment. Calculated thermodynamic
and elastic properties are also in reasonable agreement with the available experimental data. The model also
reproduces the unusual properties of the liquid phase, low melting point, and contraction upon melting. It is
demonstrated that the anomalous properties of plutonium arise from the rapid spatial variatiofielétteon
density.

[. INTRODUCTION of only 900 K, the internal energies of these phases vary by
only about 0.4 eV atom and the volume per atom varies by
Plutonium is perhaps the most complex of all elementsabout 25%

Its phase diagram shows the existence of six equilibrium
solid phases as well as the liquid phase at atmospheric pres- Il. THEORY
sure. No other element possesses this complexity of poly-
morphism. Most unusual is the extreme variation in atomic
volume found in plutonium. The close-packed fcc phase is The total energ¥ of a system of monatomic atoms in the
found to have theargest volume per atom of all of its EAM has been shown® to be given by an approximation of
phases. Plutonium melts at a temperature much lower thaifie form
its neighbors in the Periodic Table and does so with a de-
crease in volume, unlike the vast majority of materials. Of
course, in addition to its unusual properties, plutonium is of
great technological importance due to its use in nuclear
weapons. Modern day problems concerning plutonium inWhere the sums are over the atomend]. In this approxi-
volve predicting its properties under long-term aging in bothmation, the embedding functidhis the energy to embed an
a weaponsand storage environmefDevelopment of a pre- &tom of typei into the background electron density at site
dictive aging model for plutonium is a major goal of the Pi; @nd¢is the pair interaction between atoinasndj whose
Stockpile Stewardship Program of the DOE. Such predicSeparation is given by;; . In the EAM, p; is given by a

tions require an atomic level model, which until now did not Né&r supposition of spherically averaged atomic electron
exist. densities, while in the modified embedded atom method

Recent research has led to a model of a similarly comple>(<ME'A‘M,)l’0 Pi
element, tir? This model was based on the embedded atom{®™™MS- """ .
method~® (EAM) that has been found to represent the prop- 'I_'he pair pote_ntlal between two atorgR) separated by
erties of metals and alloys quite well. The EAM, which is @ distanceR is given by
based on density-functional theory, is by far the most widely
used semiempirical atomistic method. Applications of the S(R)= E{Eu(R)_F[FJ(R)]} )
EAM include calculations of properties of perfect and defec- VA '
tive (free surfaces, point defects, grain boundaries, disloca- —o ) .
tions, etc) bulk metals and alloys as a function of tempera-Wherep®(R) is the background electron density at an atom
ture and pressure. In the work on tin it was found that then What we call the reference structure, ahds the number
model was able to quantitatively predict the thermodynamic®f first neighbors in this structure. Her'(R) is the energy
of the three equilibrium phases of tin. The addition of angu-Per atom of the reference structure as a function of nearest-

lar forces was found to be critical in explaining the behavior N€ighbor distanc&, obtained, e.g., from first-principles cal-
of complex crystal structures. culations or the universal equation of state of Resal.

Here we choose a slightly modified form of the latter:

A. Details of the model

E=2 F(EH%; d(Rij) |, 1)

is augmented by angularly dependent

The phases of plutonium *

r
EY(R)=—E, 1+a*+5a*3ﬁe)ea , 3)

In Fig. 1, the stable phases of plutonium are depicted. At
lower temperatures two distinct monoclinic phasesnd 3, .
are found. Higher-temperature phases include a severely di)ﬁ'th
torted (orthorhombi¢ diamond cubic phase; the fcc phase
S, a tetragonal distortion of the fcc phasé the bcc phase a* :a(E_ 1) (4)
e; and finally, the liquid phase. Over a range of temperature e
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FIG. 1. The stable phases of plutonium at atmospheric pressure. Each phase is schematically shown in the temperature region over which
it is stable. Shading represents atoms at different depth cThanes shown for the: phase show a distorted sixfold coordination around
each atom reminiscent of tfi@11) planes in the fcc structure. Thephase results from a large orthorhombic distortion of the diamond cubic
phase.

and
p0=2 pPO(r"), 8
, 90B '

Y TTE (3 where the sum is over all atomsot including the atom at

the specific site of interest and is the distance from an
whereE., r., Q, andB are the cohesive energy, nearest-atomi to the site of interest. The angular contributions to the
neighbor distance, atomic volume, and bulk modulus, redensity are given by similar formulas weighted by they,
spectively, all evaluated at equilibrium in the reference strucand z projections of the distances between atdniEhe
ture. The cubic term im* is a small correction with strength atomic electron densities are taken to be simple exponentials
5, which was found to be important for the dens®u phase  with decay constang(), |=0-3. To obtain the background
and is directly related to the pressure derivative of the bulkelectron density from the partial electron densities, we make
modulus. Thus, as discussed below, the parangdtes been the assumption that the angular terms are a small correction
chosen by using the experimental value for the pressure dée the EAM. We combine the angular dependence into one
rivative for thea phase. In this work, the reference structureterm:
will be taken as fcc, resulting in

3
P2(R)=Zp2O(R), ) Fizl tO(p/p(0)2, )

wherep© is an atomic electron density discussed below. where t!) are constants. The background density is then
In the MEAM, the embedding functioR(p) is taken as taken as

P P Hzp“Wﬁ. (10
F(p)=AEc—In—, (7)
Po  Po It has been shown that this formalism is equivalent to an
where A is an adjustable parameter apg is a density- Séfﬁ:ﬁ:ﬂgéfﬁhe background electron density in Legendre

scaling parameter. For the fcc reference structpge Z
=12.

The background electron density at a specific pités
assumed to be a function of what we call partial electron The MEAM parameters are obtained by using literature
densities. These partial electron densities contain the angulaxperimental data for plutonium and a gallium-stabilized
information in the model. The spherically symmetric partial plutonium alloy. In Table I, the source of the experimental
electron density(®) is the background electron density in data for each parameter, as well as the resultant parameter
the EAM: value, is given. The experimental data used includes the co-

B. Obtaining the model parameters
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TABLE I. Source and values of MEAM parameters for pluto- -3.5

nium. Where appropriate experimental data was not available, a)
nominal values were chosen that are similar to the values used for 3.6
other elements. —_
=
Parameter Source Value % 3.7
E. (eV) cohesive energy of the liguid 3.80 ; .
re(A) lattice constant of5® 3.28 2 3.8 Experiment
a bulk modulus of Ga-stabilized® 3.31 B oo
A relative energy ofs and &? 1.05 2’0 3.9 =P
B shear modulus of Ga-stabilizet? 2.39 = : ;
el nominal value 1.0 = 40 A5
B2 nominal value 6.0 s . :
B® volume per atom of? 9.0 . o Liquid
t@ nominal value 1.0 -4.1 ‘ ; ‘ ;
t(@ shear modulus of Ga-stabilizet? 4.14 200 400 600 800 1000
t® relative energy o and o® -0.8
) pressure derivative of bulk modulus af  0.46 26
®Reference 8. - 25 1
bReference 24. £
‘Reference 25. % 24 |
S~
hesive energy of liquid plutonium, the lattice constant of fcc ?4 23
&-Pu, the elastic constants of a gallium-stabilized fcc pluto- ‘;
nium alloy, the volume per atom and pressure derivative of & 22 -
the bulk modulus of monoclinie-Pu, and the heats of trans- 2
formation between various allotropes of plutonium. Even § 21 -
though the parameters are not completely uncorrelated, there
is a very close connection between each piece of experimen- 20 |
tal data and the resultant parameter. For three parameters, n
appropriate experimental data is available. In these cases 19 ‘ ‘
nominal value has been chosen. These values are consister 200 400 600 800 1000
with values used in the modeling of other eleménf3e-
tailed effects of this choice have not been evaluated. Quan- Temperature (K)

titative agreement with experiment may be obtained for a . )

range Of these parameters Angular Screenlng was |mp|e_ FIG. 2. Comparlson of the Calculated and eXpel’Imental energy
mented using standard valueS,,,=2.0 andC,,=2.8, in (_a) and volume(b) of the equmb_rlum plutonl_um ph_ases as a fu_nc-
the method of Baskes, Angelo, and Bis<8rFor computa- tion of temperature. The energies are relative to isolated, noninter-

tional convenience. a radial cutoff of 4.5 A was also u¥ed acting atoms at infinity. The data are shown over the experimental

It should be noted that in models that use angular screenin¢£9ons of stability. The monaclinic angles for theand the 5
hases were held fixed at the experimental values.

in contrast to the conventional models that use only a radi

cutoff, the value of the radial cutoff is unimportant. Specifi- thermosta®17 with a time constant of 0.1 ps. The quantities

cally, for essentially all atom configurations, the range of the enorted below are thermodvnamic averaaes for over at least
functions is limited by the angular screening, not the radial P Y 9

cutoff. It should also be noted that the inclusion of angularig dpsrzggjrs:?gflgf Iégztt q%d Zeg?a?g:!grﬁfgr: tir:eerﬂgcrerat;g
forces in the EAM makes the inclusion of long-range inter- b PS. oy

actions unnecessary. In the MEAM phase stabiktyen fcc/ f\‘j’grg‘aen 1%?3?{4?3\,”;2”? 'qcvgg{%%’ Ilasl,jsath;\r? f’fgfg e
hcp is determined by nearest-neighbor interactions. Th ge p yp ' g

choice of radial cutoff does not significantly affect any of theieen:aﬁiitures were typically withii1 K of the desired tem-

results presented here.

C. Computational details IIl. RESULTS AND DISCUSSION

The calculations presented below used the molecular dy- A. How the model compares to experiment

namics technique. Typically, the calculations used a three- In Fig. 2(a), the energetics of the allotropes are compared
dimensional periodic cell of~250 atoms with dynamic pe- to experiment. We see that the relative order of the phases, as
riodic boundaries® The melting calculations used a cell of predicted by the MEAM model, is almost identical to that
1000 atoms. For these calculations the angle in the monaexpected from the experiment. The energy of the liquid is
clinic structures was held fixed at the experimental valueclose to the experimental value ef3.5 eV/atom at~1600
Temperature was controlled using a standard Nose-Hoovet.2 The predicteds-phase energy appears to be a bit high.
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TABLE IlI. Elastic moduli for plutonium. Calculated values of

—~
o 12
s the bulk moduludB and pressure derivative of the bulk moduR/s
e Experimental values are given in parentheses.
8 10
2 Phase T () B(GPa B’ (dimensionless
o
o g o« a 294 41(40-48,4%)  11(10.5)
8 o g B 388 31(30-43) 7.4
= y 508 23(23) 17
® 6 ® v s 593 25(41°% 5.7
8 A § e 913 21 2.2
= 4 A S liquid 1100 7.9 0.1
3 O = ®Reference 26 at 303 K.
- 5 bReference 25.
(&) 5 4 6 8 10 19 ‘Reference 27 at 473 K.

dreference 8 at 493 K.
®Reference 8 at 603 K.

Experimental lattice constant (A) o , _
polynomial in the logarithm of volume over volume varia-

FIG. 3. Comparison of the calculated and experimental latticdions of about 5%. Reasonable agreement with experiment is
constants of the equilibrium plutonium allotropes. The data areobtained. The anomalously high-pressure derivative of the
shown for the following temperatures; 294 K; 8, 463 K; y, 508  bulk modulus for thea phase is reproduced well by the
K; 6,593 K; &', 738 K; ande, 763 K. The three widely separated model. It should be emphasized that the pressure derivative
lattice constants show the large orthorhombic distortion of the diawas fit to experiment and isot a prediction of the model.
mond cubic phase.

The predicted slopegeat capacityof the liquid, «, and e B. Understanding the complex behavior

phases are in reasonably good agreement with experiment. In By looking at the details of the model, we can begin to
contrast, the slopes for the other phases are significantlgevelop an understanding of why plutonium has such an un-
lower than the experimental slopes, possibly indicating thatsual behavior. In comparing the model parameters to those
electronic effects, which are not directly included in thefor other material$;?° only one parameter stands out as be-
MEAM, could be importani{see Wallac¥ for a discussion ing different, 3%, the decay constant for tHeelectron den-

of the relative importance of anharmonic and electronic efsity. This constant is much larger for plutonium than any
fects in plutonium. The enthalpy changes due to the phaseother element that has been modeled using the MEAM. What
transformations are in good agreement with experiment. Ithis means is that th&electron density has a much more
Fig. 2(b), the volumes of the allotropes are compared to ex+apid spatial variation than the, p-, or d-electron densities.
periment. We see that the unusual behavior in plutonium ighis variation allows the bonding in plutonium at a large
well reproduced by the model. The close-packedd@hase atomic volume to be mainlg in character, while at small
has the highest volume per atom of all of the phases. We sesomic volumes, to be mainlyin character. Here we equate
that they phase takes on a volume reminiscent of ffghase  the mathematical concept of partial electron density de-
rather than the3 phase as seen in experiment. Preliminaryscribed above to the more physical concept of bonding char-
results show that variation of the monoclinic angle in the acter. The reader is cautioned that connecting the concepts of
and B phases does not change the equilibrium energy othe empirical MEAM with electronic structure theory should
volume significantly. The slopes of the curviékermal ex- be viewed with caution. These ideas are consistent with
pansion are in reasonable agreement with experiment. Theéhose proposed by Zachariasen many years’agod recent
experimentally observed negative thermal expansion ofthe density-functional calculatiort$:?®> We can quantify these
and &’ phases is not reproduced, but these phases are presncepts from our calculations. In Table Ill, the average ra-
dicted to have thermal expansion coefficients much lowetios of the p, d, and f partial electron densities to the
than the other phases. The model shows a decrease in vol-

. . - TABLE Ill. Average ratio of thd (I =p,d,f) component of the
ume upon melting, as seen in experiment. The calculated : ) (0 :
electron density to the componenty=p'’/p'™ for the various

melting p0|nt'ls found to t?e about 1090 K, |'n reasonablephases at the indicated temperature. The densities were sampled at
agreement with the experimental melting point of 913 K., o spaced by 0.02 ps ava 5 psduration.

Melting points are calculated using the moving planar inter-

face method? Not only does the model reproduce the ex-ppase T (K) " d ;
perimental volumes, but the lattice constants of the crystal

line phases are also in excellent agreement with experimerat 294 0.05 0.10 0.78
(Fig. 3). Most notable is the agreement with experiment of3 473 0.09 0.13 0.35
the lattice constants of thgphase, which may be considered y 508 0.05 0.07 0.13
as a very significant orthorhombic distortion of the diamonds 593 0.05 0.07 0.11
cubic structure. The predicted elastic moduli are compared te 913 0.08 0.11 0.20
experiment in Table Il. The moduli are obtained from a fit of jiquid 913 0.10 0.16 0.50

the calculated pressure/volume relationship to a second-ordet
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FIG. 4. Distribution functiorN(y) of the ratio of thd (I=p,d,f ) component of the electron density to theomponeniy=p"/p(® for
various phases of plutonium. Note the different scales for the different phases. The data were collected for the temperatures presented in
Table IIl. The distribution(1000 bins, normalized to unityncludes ratios for all atoms at times spaced by 0.02 ps aepsduration. The
peak widths are due to both the random motion of the neighbors of each atom caused by temperature and also the different average
environments seen by atoms in these complex crystal structures. For examplegiptthse there are three environments that contribute to
thef electron density peaks. Atoms from the first environment contribute to the pealk 2t atoms from the second environment contribute
to the peak at-1.0, while atoms from the third environment contribute to the shoulder of the large peak &t

s-electron density are presented. The average is taken ovphases is drastically different. We can understand the source
both the atoms and time. We posit that these ratios are ref this behavior in Fig. 4 where we show the distribution of
resentative of the extent of the bonding of electrons withthe electron-density ratios. The figure presents distribution
different angular momentum states. The average electrofunctions of the ratios collected for all of the atoms and for a
density for thep electrons ranges from 5% to 10% of the time of 5 ps. For all of the phases, this ratio for fnandd
s-electron density, increasing from the low-temperature electrons is small, approximately Gaussian in shape, and
phase to the high-temperature liquid. TBephase violates peaks at ratios between 5% and 20%, consistent with the
this trend. Thed-electron density varies from 7% to 16% of averages shown in Table Ill. The spread in ratios may be
the s-electron density with no apparent systematic variationattributed to the changes in environment that an atom sees
between the phases. The most dramatic variation occurs falue to thermal vibration. In contrast, the ratio for thelec-

the f-electron density, which ranges from 11% of the trons varies significantly from phase to phase. It is the small-
s-electron density in thed phase to 78% of the-electron est for thes phase, the phase with the largest volume per
density in thea phase. Clearly, the bonding in these two atom and shows a bimodal distribution for thephase, the
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phase with the smallest volume per atom. Detailed investities, e.g., all of the elastic constants and self-diffusion, for
gation shows that abodt of the atoms in ther phase con-  which there is experimental data to compare. In addition, two
tribute to the peak that represents approximately egaald  extensive sets of calculations are planned for elemental plu-
f electron density. Th@ and liquid phases show a significant tonium. The first involves calculation of the free energies of
amount off-bonding character, while thg and e phases gl of the stable phases so that transformation temperatures
show only slightly moref bonding than thes phase. Thus, may be predicted and compared to experiment. The second
we are able to conclude that the large volume per atom of thgyolves calculation of radiation damage in the delta phase
cubic 5 and e phases arises from plutonium atoms with pre-gq that the long-term stability of this material may be as-
dominantlys-like bonding, and the smaller volume per atom geqsed. Assuming that these tests yield positive results, the
of the monoclinica and 4 phases results from plutonium ;a1 extension of the model is to include common alloying
atoms with a high degree éflike bonding. additions, e.g., gallium, and important impurities, e.g., he-
lium. With the addition of a model for these elements, we
should be able to calculate the entire plutonium/gallium

To ensure that our model represents the properties of plyphase diagram, including the effects of the important pluto-
tonium, we plan to calculate a number of additional proper-hium decay product, helium.
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