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Melting of aluminum, molybdenum, and the light actinides
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A semiempirical model was developed in order to explain why the measured melting curves of molybdenum,
and the other bcc transition metals, have an unusually low gbpedP~ 0). The total binding energy of Mo
is written as the sum of the repulsive energy of the ions gmelectrongmodeled by an inverse sixth power
potentia) and thed-band cohesive energy is described by the well known Friedel equation. Using literature
values for the Mo band width energy, the numbeddflectrons and their volume dependence, we find that a
small broadening of the liquid-band width(~1%) leads to an increase in the stability of the liquid relative
to the solid. This is sufficient to depress the melting temperature and lower the melting slope to a value in
agreement with the recent diamond-anvil cell measurements. Omission dfithed physics results in an
Al-like melting curve with a much steeper melt slope. The model, when applied tbeteztrons of the light
actinides(Th-Am), gives agreement with the observed fall and rise in the melting temperature with increasing
atomic number.
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I. INTRODUCTION II. INVERSE-6 EQUATION OF STATE

. L The equations of stateOS for systems interacting via
Recent advances in the application of Iaser—heate%uray repulsive inverse power potentials
diamond-anvil cells(DAC’s) to the study of melting now

enable simultaneous pressure-temperature measurements to ¢(r)=BIr", (1)

be made in the megabar pressure range to 3000 K t0 4800. jyaye been studied extensively by computer simulations for
In the case of transition metals the advances have led to thge hard sphertn=w), n=12, 9, 6, 4 and the one component
discovery of unusuallly low rr_1elting slopedT/dP~0) for  plasma(n=1).9-12 An important simplifying feature of this

the bcc metals, particularly in groups VA and VIA of the potential is that the excess Helmholtz free energy, and all of
Periodic Tablé* These results are at odds with Convenﬂonalthe thermodynamic properties can be expressed as a function

wisdom that melting temperatures should rise continuouslyf a single parameter, the scaled inverse temperature
with increasing pressufeHowever, new measurements for _ n
Ta made at the Advanced Photon SouBS),* using x-ray I'n=pBI(@)". 2
diffraction to detect melting, have confirmed the earlierg=1/NKT, a is the Wigner Seitz radius given bymhya®/3
results® The purpose of this report is to offer a theoretical=1, andn, is the atom number density.
explanation as to why the transition metal melting curves The inverse sixth power is of special interest here because
have unusually low melting slopes. Mo was chosen as th@revious work has shown that potentials near this power best
test case for transition metals because it has the smalletgpresented thab initio liquid calculations of Al(Ref. 13
measured melting slope of that group, and thus provides thand Fe(Ref. 14 and served as a reference system for calcu-
most severe test. Subsequently, it became apparent that tiing the excess free energy needed for high pressure melt-
same basic physics applies also to the light actinides. ing studies. _ o

In its organization, the paper first considers Al as the pro- An exact analytic determination of the fcc and bcc free
totypical nearly free electrosp metal and is modeled here €nergies, |nclud|_ng the first order anharmonic term, has been
by employing the inverse-sixth power repulsive potential."ePorted by Dubin and DeWAttfor the casesi=1 to 12. The
The equation of state fod,, is developed in Sec. Il and €XPression for the excess solid free energy is

applied to Al in Sec. lll. In Sec. IV we consider the conse- ES 3 3 |3 A
guence of includingd electrons by building on the earlier NkGT: MI, + Eln 2l — | Ih+1-S4 T 3
work of Ducastell& and Pettifof that the total binding en- n

ergy of a transition metal may be written in the form M, S,, and A, are the Madelung term, excess entropy, and
U=UeptUqgband Urep IS the repulsive contribution of the first-order anharmonic constants, respectively. Values of
ions andsp electrons andJy pang is the cohesive energy of these parameters for the inverse power potential are
thed band.Uy pangis included in the total energy by using the tabulated® MT',, is the Madelung energy, or the energy of
Friedel equatiof,and the model is applied to Mo. In Sec. V the static lattice. While the tern, and A, are small, they
the model is applied to the light actinides. The present resultdetermine the relative stability of the two solid structures
and their implications for melting theory are discussed innear melting. The thermal internal energy, is related to the
Sec. VI excess free energy Byy,/NKkT=I"9(Fo/NKT/dI').
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The results of Monte Carlo simulations for the excess 6000 — T
liquid energy(U.)® have also been fittdo analytic func- [
tions oan: 5000 [
UJNKT=MT,, + Uy/NKT. (4) _ Shock
s, 4000 - . melting
U/ NKT=DbI',"+c is the thermal energy. The excess Helm- Melting
holtz free energy is o i
V < 3000 | /
FUNKT= ML, + 4bI'¥4 + ¢ Ln(T,) +d. (5) /
| Hugoniot
In the case of the inverse sixth potentislk=0.9267 and 2000 |
c=-0.584.d is a constant of integration which must be de- [ /
termined for solid-liquid phase transitions. 1000 .;’ e
The sixth power potential appears to be roughly the bor- L S
der separating the stability range of bcc and fcc phases at -
melting. Hooveret al,'® determined that fon=6, the fcc °, o 10 e o

lattice is the minimum energy structure, while the looser
packing of the bcc solid makes the entropy higher and favors

the §tablllty_ of this phase at higher temperature and near the FIG. 1. Aluminum melting curve and Hugoniot. DAC measure-

melting. _L_alrd and Haymé’c_have found a smaller region of ments (Ref. 2 (filled circles. Calculated melting curvessolid

bee stability forn=6 than did Hooveet al. _ curvey. Calculated solid and liquid Hugoniotdashed curvesbe-
More recently, Dubin and Dewitt have determined that |5,y and above 4700 K, respectively. Shock melting poifitted

fcc, and not bec, is the stable phase at melting forrth®  poxeq at melting and freezing pressures determined from breaks in

and stiffer potentials. However, despite these differencege shock sound velocity. Temperatures at the shock melting points

there appears to be a general agreement that for values @&re calculated using the Griineisen modwif. 17.

n<6, bcc is the stable crystal structure at melting and occu-

pies an .increasingly larger portion of the phase space with IIl. APPLICATION TO ALUMINUM

decreasing values ai. In the case of the one-component ) ) )

plasma(n=1), bce is the only stable phase below the melting N order to apply the inv-6 equation of state to the melting

temperature. Dubin and DeWitt suggest that the apparent di€f Al two approximations were made. First, we replaced the

crepancies fon=6 follows from the neglect of higher-order Madelung energy in Eq$3)~(5) with the room-temperature

anharmonic corrections which become important near meltiSotherm determined from diamond-anvil-cell measurements

ing and allow that the fcc-bec-liquid triple point is near @nd fitted to the Birch-MurgnahaBM) equation’® cor-

n=6. rected to their 0 K values. The excess free energy, total en-

It is now necessary to determine a set constants in the freé@/9y. and pressure for each phase may be expressed as

energy equationg) and(5) that are in reasonable agreement Fo=Ugm * Fin-inve: (6)
with the phase diagrams predicted by L-H and D-D. Since
D-D limited their calculations to the fcc-bcc phase transition, E=Ugy + L.INKT+ Uy inve, (7)
while L-H also calculated the solid-liquid transition for both
structures, we used the L-H values o and T, the solid and
and liquid parameters at melting and freezing respectively to ~ NKT  nUine
adjust two of the constants. P=Pgy+ Va2 + 3 v
In the case of fcc melting L-H found’s and I'| to be
95.34 and 92.98, respectively. In order for our model to pre- The second approximation involves determining the value
dict these values we used the liquid constanendc cited  of B in the potential(1). Vocadlo and Alfe calculated the
above in Eq.(5) and setd(=2.8405 to fit the L-H excess melting curve for fcc aluminum employing density func-
liquid free energies. For the fcc free energy we used theional theory molecular dynamics and an inverse-6.7 power
parameters of D-DS;¢..=—1.6585 andA;..=0.416. potential reference system wi=247 eV cni’, which best
To fit the L-H bcc melting parameters 94.52 and 92.17 represented their liquid simulatioh$By using the value of
we used the same liquid model as in fcc melting, but adB=227 eV cnf in Eq. (1) with n=6 we are able to calculate
justed the value ofS,. in Eq. (3) given by D-D from a melting curve and Hugoniot that are in excellent agreement
-1.6585 to -1.586. This step is reasonable since D-D, awith melting measurements made in a laser-heated BAC.
noted above, suggest discrepancies may have followed from The melting curves shown in Fig. 1 were calculated by
the neglect of higher-order anharmonic corrections. two methods. In the first we utilized the scaling properties of
Considering the closeness of the predicted bcc and fcthe inverse-power potentials. By using EB), a set of melt-
melting parameterd’s and I'|, these adjustments in fact ing temperatures and volumes could be chosen such that
played only a negligible role in the present study. HoweverI's=95.34 for the solid and’ =92.98 for liquid freezing.
they provide some measure of satisfaction by allowing us tdrhe calculated pressures appear as the two parallel curves,
treat Al as fcc and Mo as bcc. the lower curve being the solid melting curve. In a second

P (GPa)

(8
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300 Ty T T ing of liquid Mo, and other bcc transition metals, which in-
[ \a fluence the valence electronic structé¥e’® Since it is well
250 | \ known that the bcc and fcc structures of transition metals
[ ! have electron density of stateéDOS) which differ
200 3 ‘$ significantly?>22 then it should be expected that the melting
s i * of the eightfold coordinated bcc structure to a more closely
e [ - packed liquid structure will lead to changes in the DOS.
% 150 | ‘1. Time resolved photoelectron spectroscopy measurements for
H [ * these metals show changes in the DOS in the solid and liquid
% 400l which reflect the changes in atomic ordering from bcc to a
3 close-packed-like ordering2°
50 _ Ab initio molecular dynamics simulations for open-shell
] transition metals also predict changes from a bcc structured
; DOS in the solid, with peaks and valleys, to a smoothed
0 b b b DOS in the liquic?®—28In contrast to the open-shell transition

04 05 06 07 08 09 10 W metals, the DOS of Cu, which has a filledband changes
V/Vo only slightly upon melting?82°
FIG. 2. Aluminum Hugoniot. Experimental dagélled circleg In effect, experiment and theory tell us that upon melting,

(Refs. 17b,17¢ Hugoniot calculations for soligsolid curvg and both .t_he atomic and the electron system in an open Sh?"
liquid (dashed curve transition metal undergo a structural rearrangement. The sig-

nificance of these results for melting is that, while the free

energy changes resulting from atomic reordering are treated

tmuféhgd t?:gj?;tt'iﬂg pt?]'gt(\j’\;f?;rgﬁtc(zr?r:n?ﬁeatszl?évzgée?%%aﬁuite naturally by the statistical mechanical models, the dif-
y gt . d fering contributions of the solid and liquid-electron sys-
Helmholtz free energieAF at a series of volumes and then tems must also be included

determining the volume at whichF=0. The pressure of the

transition can be estimated by averaging the pressures of the

two coexisting phases at the volume whex&€=0. This A. Friedel model

method is useful for those cases, such as metals, where the \ne extend our Al model to Mo by writing the excess free

volume change across the transition is very small, abounergy of the solid and liquid phases as the sum of contribu-
1.3% in the case of Al. The melting obtained using this secCtjons from the M static lattice, the inv-6 potential thermal

ond method is not plotted, but lies, as expected, between thgee energy, and add trieband cohesive energy
solid melting and liquid freezing curves determined using the

first method. Fe=Um + Fihinve * Udband (10
The solid and liquid Hugoniots shown in Figs. 1 and 2
o . and
were calculated by satisfying the equation

E-Eyg=0.5P+Ppy(Vo-V), (9
where the subscripted variables are initial conditions in th{r?(;vt\/r;]eg;i[)ezr;? r%%fzjeésllve energyypangWe employ the well

solid at 298 K. The melting and freezing curves, shown in

Fig. 1, cross the calculated Hugoniot at 120 and 150 GPa, W

respectively, in good agreement with the experimentally de- Ug band= ~ 2_Ond(10 —ng). (12)
termined values of 125 and 150 GPa. The experimental

shock melting pressures were determined from breaks in the/ is the bandwidth andy is the effective number df elec-
shock sound velocity, but the temperature, not measured, hdtbns per ion. Since we tredV as temperature independent

I _ | |
Fe=Um * Fininve * Ug.pane (11)

been estimated using the Griineisen madal. the thermal properties determined by the inv-6 EOS remain
unaffected.

The Friedel model has proven successful in describing the

IV. MOLYBDENUM variation of the cohesive energy of transition metals and their

. alloys with the filling of thed band3® The cohesion is a
Molybdenum, which melts from the bcc phase at 2890 K’maximum at the middle of a seri¢eear Mg when all five

: k?:;;?”tg 2? Zialbel zsltn Zhl'g sérrl;g};]r: 2:;8;;;“ tgfmtpr)](;rabtgée t%onding states are filled and the antibonding states are empty.
P . : Y .The contribution of the Friedel term to the pressure is then
phase, relative to close packed, is accounted for by a gap in

the electron density of stateéDOS) near the Fermi IW

energy'®2°The driving force for a transition to hcp at higher Pd-band= é,_vnd(lo —ngy)/20. (13
pressure is believed to be a pressure-indueedo d elec-

tron transfer!-2? The volume dependence oV has been described by

There is experimental and theoretical evidence whichV=Wy(R),s/Rws)", Where W, and R, correspond to the
shows that upon melting changes occur in the atomic orderequilibrium band width and Wigner Seitz radiusis a pa-
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rameter obtained from electron-band theory calculations.

Since the functionW increases with decreasing volume
P4.nangdecreases with increasing compression. Value§\tpr

and ng and n have been determined across the transition

series. For bcc Mo, Pettifdh has calculated values of

Wp=9.5 eV andn=4.3. We assume that the liquid phase can
also be treated using the Friedel model, but with slightly

different electronic properties.

Since the DAC solid isotherm, as represented by the BM

fit, already includes thdJy, and Ugyp.nq terms we avoid
double counting and rewrite Eggl0) and(11) as
Fe=Usm * Fihinve: (14

and
Fe=Usm + Finime * U panc (15

where UL (Ul pand= Usiband 1S the change ind-band
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cohesive energy going from the solid to liquid phase. The
_zSU'(;Eandterm, which is small, is essential in the case of melt-  FIG. 3. Molybdenum melting curve and Hugoniot. DAC melt-

ing.

B. Melting

Since there is little in the way of data fol, and ngy
available for liquid transition metals we assume that the liq

ing measuremeni®Ref. J (filled circles. Melting curves calculated
with and withoutd bands as denote@olid curve$. Melting curve

with modified liquid d-band parameter described in teftarge

dashed curve Melting calculations of MoriartyRef. 21 (dotted

curve) and BurakovskyRef. 32 (small dashed curye Calculated
Hugoniots: solid(solid curvg and liquid (dashed curves

uid is effectively a close-packed fcc-like system. We rely on

Moriarty’s®® calculation for estimates afy for bcc and fcc
Mo calculated over a twofold range in density. Moriarty

is possibly due to our limited knowledge of the Friedel
model parameters at high density and sufficient information,

found thatny increased from about 4.2 electrons at normalnow lacking, for properly modeling the free energy of liquid
density to about 4.72 at twofold compression and that fcgransition metals. By lowering the value ofslightly, from

had amy higher by about 0.1 electrons. To the extent that the4 4 to 4.39, the melting temperature near 220 GPa could be
liquid coordination number may be fcc-like we assume thataised from 2205 to 3011 K. On the matter of why changing
the fcc values approximate those of the liquid. Since the from 4.4 to 4.39, has such a large effect, consider that the

parametem increases with increasing,, thenn must in-
crease upon melting. A trial value of=4.4, increased from
4.3 in the solid, was set for the liquid. A value f&; of
400 eV cn?, was obtained for the inverse-6 potentia) by
requiring that the normal melting point for Mo approximate
the experimental value of 2890 K.

values ofn originally used aren=4.3 for the solid and 4.4 for
the liquid, a difference of 0.10. Then, a decrease in the liquid
n, from 4.4 to 4.39, is in fact overall a —10% change. The
original prediction of a negative slope may in fact be correct
since the appearance of negative melting slopesatectron
systems is well known and is reviewed here in Sec. VI.

Melting points were obtained at a given temperature by ~ By omitting the U3, . term, the predicted melting

calculating the difference in the liquid and solid Helmholtz
free energies,

AF = (Fipinve = Finime) + 0Utnand (16)

curves are in agreement with the steep curves calculated by
Moriarty,2* using pair potentials, and by Burakovsky al 3?
using a dislocation model with Lindemann-like scaling.
These melting curves are all aluminumlike. For example,

at a series of volumes and then determining the volume ahock melting was observed in Al near 125 GPa and 4700 K
which AF=0. The first term in parentheses, represents théFig. 1) that matches well to thed*bands omitted” curves in
change in the ion free energy and the second term is thkig. 3.

contribution due to the change thband cohesive energy.

The importance of including the partially filled-band

Figure 3 shows the DAC measurements, the melting curveiee energy is demonstrated numerically in Fig. 4 where the

calculated by including, and omitting, tt)}; 5 ,term. Also
shown are calculated solid and liquid Hugoniots.

The melting curve calculated by including thJ}}S,
term in Eqg.(16) is in good agreement with the DAC mea-

calculated values are plotted fofF}, 6—Fhive and
8ULS 4 at a series of temperatures at 75 GPa. Melting oc-
curs atAF=0. The contribution oBU), . at this pressure is
0.128 eV/atom, which is about 1% ®f. This reduction in

surements which show a slow rise in the temperatures up tthe liquid free energy, even while numerically small, leads to

40 GPa with a flattening of the melting slopedd/dP~0

a decrease in the melting temperature from 494@iKthed

above that pressure. But above 90 GPa the model predictsands omitted curve in Fig.)30 3170 K(on the DAC ex-
that the temperatures begin to decrease and cross the sofidrimental curve The associated pressure drop due to the
Hugoniot near 181 GPa and 2639 K. The predicted decreasdJy;,.qterm is small, -5 GPa, but not negligible.
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FIG. 4. Contributions to lthe excess free energy at a series F|G, 5. Calculated DOS for liquigsolid curve and solid Mo
of temperatures near 75 GR&y, n6~ Fin.inve) IS the change inthe  (dashed curvemade at temperatures of 4956 and 3459 K, respec-

ion free energy(solid curve. dUgp.nqiS the change im-band co- tively. The Fermi energyEg) is at energy=0.
hesive energysmall dashed curye Melting occurs atAF;y,=0

along the dash-dotted curve. near 210 GPa and 3200 K. This is in excellent agreement

C. Electron density of states (DOS) with the pressure at which the break in the shock sound

While the use of quantum molecular dynamig@MVD)  Velocity was observed by Hixsoet aI.,."‘_3 that had been at-
simulations to carry out the accurate free energy calculation¥ibuted to a l_)cc-fcc transition. In addition to the transition at
needed for the melting of transition metals remains a futuré10 GPa, Hixsoret al* observed a second break in the
goal, the method can now be useful for evaluating the qualitphock sound velocity near 390 GPa, at a calculated tempera-
of specific modeling approximations. QMD calculations ture near 10 000 K, which they attributed to melting of the
were performed for 54-atom Mo systems in the sqlid  Pcc solid.
3459 K) and liquid (at 4960 K states in a periodic box, At 210 GPa and 3200 K, the pressure and temperature at
respectively. A plane-wave pseudopotential method was usefhich the Friedel model solid melting curve crosses the
for the electronic structure calculation while the ionic trajec-Hugoniot has the value df~200. This high value is a con-
tories were proceeded by the classical equation of motion. Atduence of the large depression in the melting temperature
each time step, the ionic positions were determined using theAused by the electrons and suggests that the melt is highly
Hellman-Feynman forces obtained from electronic structure¥iSCous. If the second break in the experimental shock data is
calculation in which the Bohn-Oppenheimer approximationt®@l, We speculate that it may represent the transition from
is applied. The initial configurations for the 54-atom solid the viscous fluid to a normal liquid, but at a temperature
and liquid states were generated based on interatomic poteRuch below 9000 K. , _
tials derived from the modeled generated pseudopotential SOMe evidence for the presence of a highly viscous state
theory (MGPT).2126 The systems were equilibrated for 15 In trgn5|tlon metal melts h_as been reported by quzhkln and
picoseconds using MGPT potentials and then passed on {ypkin.3* The authors carried out quenching experiments on
the first-principles MD calculations where the systems werdransition metal melts for which an inspection of the grain
further equilibrated for 0.5 ps and then ran for 3-4 picosecSiZz€ suggested strongly that the melts are very viscous and
onds to gather statistics. that the viscosity grows conS|derany'anng the melting

Figure 5 shows the calculated electron density of state§Urve. Brazhkin and Lypkin note that this appears to be the
(DOS) for liquid and solid Mo made at temperatures of 4956¢ase in Fe, providing some basis to the theory that the liquid
and 3459 K, respectively. While the plots may have only an the Earth’s core is highly viscous.
semiquantitative significance they do indicate that the DOS
in the liquid is smoother and broader than in the solid, lead-
ing to a larger value ofW larger by about 0.3 eV/atom.
These results are consistent with those of Moriarty that The chemical bonding in transition metals, and light ac-
showed the melting of the solid led to about a 0.3 eV/atontinides Th to Pu, are known to have strong similarities in that
lowering of the Fermi energ?f transition metal bonding is due to delocalizdlectrons and
light actinide bonding by delocalizefdelectrons. Bonding in
the heavy actinidesAm and beyony are characterized by

Returning to Fig. 3, an extrapolation of the experimentalmore localizedf orbitals. Pu is located at the border of the
melting measurements shows that it crosses the Hugonidight and heavy actinides. The unusual room temperature low

V. MELTING OF THE ACTINIDE METALS

D. Comparison with transitions reported in shock experiments

184112-5
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2500 ey T RARAE BAR formula and parameters employed by Johannson and
[ ] Skriver3® W;=WY(V,/ V)2, whereW, and V, correspond to
the equilibrium band width and volume, respectively. is
f-electron occupation numbai,=3.6 eV.

& 2000 The Birch-Murgnahan fit to the lattice pressure and en-
2 ergy came from the work of Bellusst al*° We retained the

S use of the inverse sixth power potential with a value for

i 1500 j B=1050 eV cMi and fit the melting point of thorium ap-

5 I proximately by using am; occupation humber of 0.4. Wills

[ and Erikssoftt calculated that for Pa and U the fcc lattice has

é- [ an f-electron occupancy about 1.5 to 5% higher than for bcc.
2 1000 In the melting calculations described we chose an intermedi-

ate value, that the; in a close-packed liquid was higher by
1.025(or 2.5% than in the bcc solid.
Melting points were determined, as in earlier sections, by

500 bbb b b b b b calculating the difference in the solid and liquid Helmholtz
6o 1 2 3 4 5 6 7 8 free energies, at a series of volumes, at a given temperature
f (electrons/atom) and then determining the volume at whidl-=0. Figure 6

shows the ambient melting temperatures plotted as a function
FIG. 6. Calculated ambient melting temperatures of the “hypo-of f-electron occupancy. Thielectron occupancy for each
thetical light actinides series(solid curve. The f-electron occu-  of the elements was taken from the theoretical values re-
pancy for each of the elements was taken from the theoretical Valported by Séderlingt al42 Calculations were made at inte-
ues reported by Soderliret al. (Ref. 42. gral values.

The predicted melting temperatures of our “hypothetical
coordinated structures of the light actinides are believed dugght actinide” are in good qualitative agreement with experi-
to the f-electron charactef. ment. The model predicts a decrease in the melting tempera-

Two related properties of the light actinides are particu-ture with increasing electrons, with a minimum near 3£4
larly noteworthy. The equilibrium room temperature volumeselectrons compared to the experimental #efectrons. The
decrease from Th to a mininum at Pu then rise to Am andiivergence of the two curves abovef @lectrons is likely a

Cm23® The ambient melting temperatures of the light ac-consequence of an increasing level of localized bonding.
tinides are anomalously low and decrease starting from Th,

also reaching a minimum near Np and Pu, then rise for the
heavier actinided’ See Fig. 6. Using a model, similar to ours VI. DISCUSSION
and included the Friedel expression to calculate ftiand The association of low melting slopes withelectron
energy, Johansson and Skrivéexplained the trend in the character is widespread and not limited to transition metals.
volume as being directly related to the increasé-glectron |t js well known that in the case of the alkali and alkaline-
bonding. To explain the anomalously low melting points earth metals the pressure induced increase ofithkectron
Kmetko and Hilf® suggested that the angular dependence ofccupation number causes a flattening of the potassium melt-
f-electron wave functions favored bonding in the ||qU|d |ng curve above 4 GPa and the appearance of Comp|ex struc-
rather than the bcc phase. Ina general sense, this is ConSiﬁTes in Ba, Sr, and CE.In the case of Rb and Cs, negative
tent with the V|eW of transition metal me|t|ng that we have me|t|ng S|0pes(dT/dP< O) lead to a temperature minima
developed in this report. _ _ and maxima below 10 GP4.In effect, pressure transforms
Rather than calculate the ambient melting temperatureghe heavy alkali and alkaline metals to early transition met-
specifically for each of the light actinides, we constructed &5, The low melting slopes of the bcc transition metals, with
“hypothetical light actinide” series by simply addifigelec-  high pinding energies, represent the limiting cases of this
trons to thorium which, as with all of the light actinides, end.
melts_ .from the bc.c structure. Th is often considered as a Tpe influence ofi electrons on melting at high pressure is
transition metal with smalf character and a rather broad nicely provided by a comparison of ARef. 2 and Mo(Ref.
band of unoccupied fostates above the Fermi level. By in- 3) with Mg.#3 At room temperature, Mg transforms from hcp
creasing thd electron occupancy systematically we are ableig pec at 50 GP4Ref. 45 while Al remains fcc up to 220
to simulate roughly the change in melting temperature acrosgpa, the highest pressure for which measurements were
the light actinide series. _ made'® The melting curves of all three metals were mea-
The theoretical model is the same as used in Sec. Ngyred at Mainz using the same experimental setup. The melt-
except the Friedel term is written fdrbands, ing curve of Mg which, similar to Al, is a nearly free electron
W, polyvalent metal, follows that of Al up to the hcp-bcc tran-
Ut -band= ~ 2—8”f(14 =Ny, (17)  sition pressure of 50 GPa. Above 50 GPa the melting slope
of Mg decreases and bends parallel to the melting curve of
with the remaining expressions for the pressure and free eMo while the Al melting curve continues to rise. Theoretical
ergy unchanged. FMV;, the f-band width, we use the simple calculations have shown that the increaselioharacter is
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3750 1 ] of both phases. These difficulties may be compounded by the
- directional bonding ofl andf electrons which introduce the
likelihood of localized ordering?#’*® Consequently, one
cannot employ an effective interatomic potential determined
from a fit to solid state properties and expect to obtain a
reliable melting curve for an open valence shell metal. While
such an approximation may be adequate for calculating
equations of state, phase diagrams are much more sensitive
to relatively small details in the free energy. In this regard
open shell metals differ profoundly from those of rare gases
and nearly free electron metals, such as Ar, Al, and even Cu,
where the electronic structure, hence the effective inter-
atomic forces, remain relatively unchanged upon melting.
Since a rigorous prediction of melting temperature re-
quires a phase matching of free energy and pressure at con-
stant temperature, improvements in the melting theory of
metals need first be directed toward obtaining a more de-
Pressure (GPa) tailed understanding of the density dependent electronic

FIG. 7. Melting curves of A(Ref. 2. Mg (Ref. 43, and Mo properties of the' liquid employing a systemati% 3zilpproach
(Ref. 3. Near 50 GPa Mg transforms from hcp to H&efs, 45,46 similar to that which has been done for the séfd®

3500

3250

Temperature (K)

3000

2750

2500 Lot
0 20 40 60 80 100

responsible for the transitidli.This suggests that the melting
slope of Al will also show a decrease upon approaching its
fce-bece transition pressur@ee Fig. 7. We thank Dr. Daniel Errandonea and Dr. Per Soderlind for

It is well known that an accurate prediction of the bcc-hephelpful comments. Work by M.R. and L.H.Y. was performed
transition in a metal requires a detailed calculation of theby the University of California under the auspices of the U.S.
electron density of states of both structutg4’Clearly then, DOE by the Lawrence Livermore National Laboratory. M.R.
an accurate prediction of the bce-liquid transition must alsaalso wishes to thank the Max-Planck-Institute fir Chemie at
require a detailed calculation of the electron density of stateMainz for its continued hospitality.
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