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We have theoretically studied liquid alkali and alkaline-earth metals by combining the second-order pseudo-
potential (PP theory of ion-electron interaction and a statistical mechanical method for calculating ionic
thermal motion. The latter is done by utilizing the perturbative hypernetted-chain equation recently proposed
by the author. The PP is modelled throughadminitio method presented by Shaw, i.e., through the use of the
optimized nonlocal model potenti@OMP). Calculations are carried out with two different methods for ex-
tracting parameters in the OMP. They are due to Animalu and Heikb, and Ballentine and Guptd8G).

Results show that both of thermodynamic properties and pair structures are in good agreements with experi-
mental data for alkali metals with the AH set of parameters. For alkaline-earth metals other than Ba, calcula-
tions with the BG set give the radial distributions and structure factors in good agreement with experimental

data.[S0163-182(09)14533-9

[. INTRODUCTION cently showed that the soft mean-sphere approximation
(SMSA) + OMP can be successfully applied to predict ra-

Study of liquid metals are based on the combination of adial distribution functionsy(r) of alkali metalst®* However,
guantum-mechanical theory of valence electrons and é&ey found that Li was an exception in that the SM&®&) is
statistical-mechanical method for ionic thermal motion. Forvery different from either the experimental data or the
alkali and alkaline-earth metals, the former problem is wellcomputer-simulated data. This discrepancy was due to the
solved by using the second-order pseudopotential theory fdnaccuracy of the SMSA for systems with a pair interaction
ion-electron interactioh.There are many different kinds of whose hard-sphere packing fraction exceeds a certain value.
pseudopotentials in the literature. Adoption of a local modelFor K and Rb, they also showed that the main peak (o
potential greatly simplifies the problem when the parameteri shifted toward smaller distances compared with experi-
in the potential are fitted to experimental data. We list onlymental data. This is not only the case with tpg) calcu-
three of them: Ashcroft's empty-core pseudopotentiallated from the SMSA but also the case with that from the
(ECM),? Harrison’s model potentidi,and the most recent molecular dynamics simulation. Apparently, this reflects de-
one due to HasegawaThese potentials were successfully fect inherent in the OMP, noting that the shift can deteriorate
applied to the study of the pair structures of liquid alkali predicted values of thermodynamic quantities too. In the next
metals with a judicious choice of the potential parametérs. section, this problem will be reconsidered carefully, and it
However, it is well known that a consistent description ofwill be shown that a better estimation of input data for the
interaction of a valence electron with an ionic core requires @MP gives much more satisfactory results. This is not the
nonlocal and energy-dependent pseudopotential. For this, wanly purpose of this work. Rather, we are more interested in
recall that the ECM does not yield reliable pair structures ofthe application of the perturbative hypernetted-chain
alkaline-earth metals. (PHNC) equation to metallic systems.

The present work is concerned with optimized nonlocal Recently, the PHNC was successfully applied to model
model potentialOMP) proposed by ShaWw® applied to the Systems interacting with various kinds of model
study of liquid metals. The OMP can be considered to be afotentials:*~*® Calculations showed that the accuracy of the
ab initio pseudopotential in a sense that its parameters arf@€eory is always comparable to the reference hypernetted-
obtained from atomic or ionic information, not from any in- chain equation and Rosenfeld’ density functional theory. The
formation about a condensed phase. It was used by severdfesent work is concerned with its first application to metal-
authors to study simple metals and polyvalent metas. lic systems in combination with Shaw’s OMP. Related to
However, attention was paid to either one of thermodynamidhis, we consider other successful integral equation theories
properties or pair structures. Reliable thermodynamics weréhich can be applied to the metallic systems. These include
obtained when the OMP was combined with Gibbs-the variational modified hypernetted-chagiiMHNC) inte-
Bogoliubov inequality or the perturbation theory of Weeks-dral equatioh’®and the hybrid mean-spherical approxima-
Chandler-Anderson based on a reference system interactiftgn (HMSA).*® Researchers showed that the VMHNC can
with a simple model potential, not allowing quantitative de-be widely used to predict static structure factors and thermo-
scription of pair structure¥ Accurate description of the lat- dynamic properties of liquid metals. Various kinds of
ter should be based on a more sophiscated theory such as tageudopotentials were used together, including a nonlocal
integral equation theory. For this purpose, Wetxal re-  pseudopotential due to let al?® and local pseudopotentials

0163-1829/99/6(®)/636210)/$15.00 PRB 60 6362 ©1999 The American Physical Society



PRB 60 THERMODYNAMICS AND PAIR STRUCTURES ®. .. 6363

TABLE I. Parameters in the OMP used in this work at densities corresponding to Table Il. Two different
sets of data are shown féy(E;) andA;(E¢). The first line corresponds to the use of Animalu and Heine’s
method(AH) for the calculation of the core shift. The second line is due to Ballentine and Gupta’'s method
(BG). See the text.

Li Na K Rb Cs Be Mg Ca Ba

Ao(Es) 0.331 0.309 0.241 0.228 0.207 1.014 0.782 0.576 0.461
0.345 0.320 0.254 0.241 0.221 1.049 0.809 0.612 0.510
dA,/dE —0.183 —-0.229 -0.312 -0.349 -0.389 -0.212 -0.289 -0.393 -0.475

A.(Ey) 0.365 0.257 0.228 0.201 0.921 0.612 0.461
0.367 0.261 0.232 0.207 0.924 0.620 0.477
dA;/dE —0.097 -0.166 -—-0.187 —-0.214 —0.059 -0.141 —-0.209
with parameters either from experiméﬁ’t or from theab Z.e? 3(R/\?
initio  calculation called neutral pseudoatom method Aer=—me 55 |37 211/ | (2.2
a a

(NPA).222Meanwhile, successful application of the HMSA
appeared in the literature only in its combination with localwhereu,. is the chemical potential due to the exchange and
model potentiald*2® This is related to the fact that there is correlation effects for an electron gas of the number density
difficulty in applying the HMSA to a metallic system, be- Z, /Q, andR, is the ionic radius. The BG uses a different
cause of electronic inconsistency associated with the pertuweighing scheme which emphasizes smathore than large
bative solution to the electronic enertfy/ln short, only the r by

VMHNC has been shown to be generally applicable to the

metallic systems. In this respect, it would be desirable to Z,.€e RN

assess the reliability of the PHNC. In the next sections, this A€r=—fixc™ 2R, 3- 6\R, if 1=0,

will be done for liquid alkali and alkaline-earth metals by 5 5

comparing both of thermodynamic properties and pair struc- L 1R 150, (2.3
tures with experimental data. T xR, 3| R, ! - @3

Here R|(Eg) and e are obtained from the self-consistent
Il. FORMULATIONS iteration. For this, the values & R, at experimental term
) , energies are taken from Table 2 of Ref. 28. We find that the
In the OMP, the bare interactiom(r) of a valence elec- g parameters shown in Table | are almost identical to those
tron with an ionic core_lsgconsmered to be described byseq by Waset al.'3
Heine-Abarenkov potential In the context of the second-order perturbation theory, the
effective interactiorV(r) between a pair of ions is the sum
of direct and indirect contributions. Namely,

2 o 2

T @[RmE)—rJ[A'(E)—
I=0

Z,e
r

P,
(2.1 V(r)=

Wo(r)=—

(z%

e? QO (= sin(qr)
; +;J0qu(q) 2

ar gs, (2.9

wherel, is the highest angular momentum quantum numbeyhere 7* is the effective valence which takes into account
for the core electrons}|(E) and A|(E) are the radius and  he difference between the true wave function and the model
well depth of the core which depend on the energy eingenpseudo-wave-function. Refer to Shaw'’s original paper for

tracts out thelth angular momentum component from the

eigenfunction® (r) is the heavyside step functiod, is the 20) lw(k,q)|2
valence charge of the ionic core. Shaw showed that the op- F(q)=-— 3f -
timization of the model wave function is achieved by relating (2m)*Jk<ke K= [k+q
A,(E) andR|(E) by A(E)=Z. €% R,(E). 27 e20)

A(E) for a valence electron in the metal is calculated _<cme {G(q)nz(q)+[1—G(q)]n2 ()}
from the extrapolation of those for ionic term energies, as- 2 ¢ 5 '
suming a linear dependence Af(E) on the energy. Table | 2.5

shows these parameters at the Fermi energy calculated from

two different methods. Namely, core-shift of the electron eniwhere w(k,q) is the atomic form factor betweek and k

ergy due to the conduction electrons and all the ions othe# g states,ny(q) andng(q) are the Fourier transforms of
than that to which the electron belongs was calculated fronthe electron density due to the depletion hole and the first-
the prescriptions given by Animalu and Heit®&H),?"?6and  order screening by other valence electrons, respectively.
Ballentine and GuptéBG).?%%In the AH, the core shiffer  [Note that this equation is equivalent to £g.11) in Ref. 8]

at the Fermi level is approximated by an weighed averag®/e have assumed a uniform distribution of the depletion
which places the most importance aroundR, by charge over an appropriate core volume. For the exchange-
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TABLE II. Binding energyE,;,q (in units of 10 % a.u.) and the excess entrof§/k of liquid metals
calculated from the present method in comparison with experimentalBafa. 33,34 AH and BG denote
that the corresponding quantities are calculated with the AH and the BG sets of the OMP parameters. See the

text.
T((K) p(g/cc) Q (aud) Exp AH BG Exp AH BG
Na 378 0.928 277.61 —232.00 —235.02 -—238.13 —-3.45 —3.30 —3.08
K 343 0.826 530.42 —195.60 —200.07 —204.54 -—-3.45 —-3.31 —2.93
Rb 313 1.476 648.88 —187.00 —192.29 -196.28 -—3.63 —-3.31 —2.87
Cs 303 1.838 810.29 —-175.70 —-180.76 —185.15 —-3.56 —3.47 —294
Be 1521 1.690 59.76 —109.64 —110.75 —431 —-4.05
Mg 953 1.545 176.28 —892 —-903 —-915 —-3.41 —-350 -3.24
Ca 1123 1.37 32783 —732 — 746 —764 -3.16 —-3.82 -3.36
Ba 1003 3.32 463.52 —62¢% — 658 —682 —2.09(?} —4.94 -—-4.17
8Experimental data at 987 K quoted from Ref. 34.
correlation functionG(q), Ichimaru and Utsumi'gIU) ex- B(r)~By(r), (2.10

pression is used throughout this wafk.
Next, the PHNC equation for liquid can be described as
below. First, the pair potential is divided into two parts. The@"d BO(r) is obtained from the Balloneetal. closure
reference potentidlo(r) is chosen according to the prescrip- relation®*
tion

V(r)=Vo(r)+Vy(r), (2.6) BO(r):[1+S7’O(r)]l/S_1_')’O(r)r (2.11)

Vo(r)=V(r)—F(r) if r<\, where yo(r) =go(r) —1—Co(r), ands=15/8.[cy(r) is the
direct correlation function). This equation defines an ap-

=0 it r=>A, 27 proximate method to solve the Ornstein-Zerni¢k) rela-
Va(r)=F(r) if <A, tion for the reference system. A whole set of equations de-
=V(r) i r>\. (2.8) fined above give an approximate way of solving the OZ of

the metallic system:
whereF(r)=V(\)—=V'(N\)(A—r). In the case of model sys-
tems, two methods were suggested for determimingn a
sophiscated version, it was chosen by requiring consistency y(r)Eh(r)—c(r)=f drc(r)h(r=r’]), (2.12
of a thermodynamic function from two different routes. In
this work, we adopt a simpler version, which can be ex-

pressed by whereh(r)=g(r)—1 is the total correlation function. We
have solved these equations numerically by using an efficient
algorithm due to Gillari?

Once the solution is found to the PHNC, the binding en-
ergy of the liquid metal is conveniently calculated from an
expression in the Fourier space:

N=min(asc,r*). (2.9
Here,a;..= 2% p'? is the nearest-neighbor distance for the
face-centered-cubic lattice at a given dengityr* is the
distance at which the potenti®l(r) attains its global mini-
mum. In fact, we have smoothened this function so that

Q oo
differentiable with respect tp at py=,2/r*3. This is done Epind Q,T)=Eing(Q) + FJ S(q)F(q)g%dq
m=Jo

by interpolating\ as a function ofp within a narrow range
aroundpg, using a polynomial of degree 3. Its coefficients
are obtained from the conditions that the function be continu
ous and have a continuous derivative with respec.tén

*22

- qu[S (q)—1]1-E;s(Z}),

some cases, a metallic potential may possess more than one (2.13
potential minimum at intermolecular seperations less than

. In the next section, it will be shown that this is the case
of Be due to the strong Friedel oscillation. We are greatlyWhere the structure-independent enekgy((2) is given by

interested in checking out if the PHNC needs any specific

treatment in this case.

OnceV(r) is chosen, we approximate the bridge func-
tion B(r) of the metallic system by that for the reference
system. Namely,

Eind(Q)=Eya(Q)+Es(Z7), (2.14

with
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pgeZ TABLE Ill. Compressibility factorZ of liquid metals calculated
Evol(Q)=Z,(Exin+Exd) t 75 5— from the numerical differentiation of the Helmholtz free energy
10 Ry with respect to density. Thermodynamic states considered in the

37 e2p 1 calculation are given in Table I. The first and the second lines for
e E <k|WR|k> each metal correspond to the AH and the BG sets of the OMP
2 ays N parametersZl°s andZ, correspond to contributions from the local

dA and nonlocal terms in the structure-independent energy given in

I . ; i St

+ E E E<k|P||k>[<kF|WR|kF>_<k|WR| k)]. Egs. (2.14 and (3.1); Zg, is the ;tructure dependent contrlbu_tlon
K<Kg from the terms other thaB;,4(2) in Eq. (2.13); Z, is the entropic

contribution.

(2.15
loc nl
Here, S(q)=1+ph(q) is the static structure factor of the Zind Zind Zsu Zs z
liquid metal. The second term in ER.13 is band-structure Na —9.26 0.97 —2.23 4.40 —-6.11
energy, and the remaining two terms comprise a structure- —13.74 0.04 0.04 461 —9.05
dependent contributiorEg; to the electrostatic energy of k —7.74 —-3.49 -258 501 —8.80
positive chargeZ* e embedded in a uniform compensating —14.80 -3.97 1.02 529 -1247
background, whereE,g(Z*)[=—0.9(Z*%e?/ayg)] is the Rb -7.29 -6.94 -1.88 535 —10.76
ion-sphere energy, i.e., the electrostatic energy of a positive —-15.73 -6.62 2.29 444 —15.62
chargeZ’ e in a uniform neutralizing sphere of the radius Cs -3.81 -10.14 -1.29 497 -10.26
equal to the Wigner-Seitz radiugys. E,q() is the term —14.57 —8.86 1.60 515 -—16.68
depending only upon the density of the system. Four terms iBe —3.00 16.30 —16.87 4.84 1.28
its expression represefi) the energy of the electron liquid, —-7.23 1351 —11.97 4.45 —1.24
(2) interaction between depletion holgs,(andRy, represent Mg —16.50 2.83 3.77 631 —3.58
the depletion charge and the radius of the sphere in which the —21.62 0.88 710 472 —892
charge is distributed (3) the interaction of an electron uni- ¢4 —4.22 —2.88 ~153 536  —3.27
formly distributed over the Wigner-Seitz cell with the deple- —12.17 —502 262 454 —10.03
tion hole, and4) the non-Coulombic contribution of the bare g, 1367 -11.95 -1820 516 —11.32
model potentiaw® given by the secqnd term in ER.D). 367 —13.47 —431 472 —16.73
The Helmoltz free energi(€2,T) is calculated from the
relation
IIl. RESULTS

A, T)=Bpind 2, T) + Bgas T[S+ Sgad . (216 Table Il shows the binding enerdsy;q and reduced ex-

cess entropys®/k of alkali and alkaline-earth metals calcu-
}/ghe[e Egas_?rr:d SE)’(""S are t:fr eﬁr;eirgy ani\cll tlhﬁte;nt;gp}[/ fm; the lated from the OMPR-PHNC in comparison with experimen-
cal gas. 1he excess entropy s equivalent 1o that fora -, yatq. Thermodynamic states considered in the table

system interacting with a pair potential given in E§.4), correspond to those near freezing transition. As mentioned in
not including the volume-dependent term. In order to calcu-

late this quantity, we need the excess internal enéfjand the previous section, our calculation is based on two differ-
d Y, ® ent treatments for the core shift, and we find that our results
the excess Helmholtz free enerdy for that system. The

former quantity is calculated from the relation are sensitive to its choice. For alkali metals, predictions of
the PHNC for both ofE,;,q and S¥/k are in good agreement
p with experimental data, when the AH set of parameters are
P used in the OMP. The BG set gives much less reliable results
,3U6=7f drv(r)g(r), 21D for all the quantities investigated. This behavior becomes
less pronounced for the alkaline-earth metals, the BG set
where 3=1/kT. In order to calculate\®, we first calculate exhibiting the reliability comparable to that for the AH.
the free energy AS) for a system interacting with/(r) Table Il gives comparis_ons of the co_mpressibility factor cal-
given in Eq.(2.7). This is done by integrating the compress- culated from the numerical differentiation of the Helmholtz

ibility factor Z=P/pkT of the system as a function of den- free energy. The table shows tEf (= Zing— Zig)., the non-

sity: local contribution ofE;,4({2) to the compressibility factaz,
is comparable to its local corresponddﬂg, in its magni-
[Z(p')—1] tude. For this, we definElS(Q) by
3Ag=f ————dp’ (2.18
°r Eind(Q)=Z., (Eyin+ Exc+ (KIWR[k) +Eig(Z s ©),
(3.1

Following the spirit of the PHNC, values d@f{(p’) at various

densitiesp’ (<p) are again calculated from the solution of where E,j, and E,. represent the kinetic energy and the
the OZ relation using Ballonet al’s closure relation. Fi- exchange-correlation energy, repectivékiwR|k), which is
nally, A® is obtained from the formulation in Ref. 17. To be the average oW, is defined by a relation similar to that in
more specific, the calculation is based on E4€)—(15) of  Eg.(2.11) of Ref. 35. Note that the ion-sphere energy is for
Ref. 17 usingA§ from Eq. (2.18. the valence chargg, e, not for Z* e. Equation(2.14) shows
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TABLE IV. The long wavevector limitS(k—0) of the static 3 T T T T T T T T
structure factor for liquid metals calculated from the OMPHNC
in comparison with experimental datRef. 36 at thermodynamic
states considered in Table I. The present calculation is based on two B
different sets of the OMP parameters, which are denoted by AH and
BG. See the text.

Na K RB Cs Be Mg Ca Ba

Exp 0.023 0.023 0.022 0.024 0.025 0.031 0.035
AH 0.031 0.031 0.031 0.025 0.015 0.028 0.021 0.010 3
BG 0.040 0.050 0.052 0.045 0.016 0.030 0.026 0.014

{r)
T

that Z[', is directly related to the core structure, in that it
includes contributions from the depletion hole and the non-
Coulombic interactionw® in the bare model potential. In 5
many casesZ/!, is negative and its absolute value is large,
when the total compressibility is also negative and has a
large absolute value. Presumably, this implies that the nega
tive values of the pressure are partly associated with a crud 2
description of the core structure through the approximation

of the uniform distribution of the depletion hole in an appro-  FG. 2. g(r) for liquid K at T=343 K andp=0.826y/cc. Open
priate volume. Table IV gives a comparison of the longcircles denote Waseda’s experimental déRef. 37). Solid and
wavelength limit of the static structure fact§(k—0) cal-  dashed lines correspond to theoretical results from the OMP
culated from the present method with experimental data. It is-PHNC calculated with the AH and the BG sets of the OMP pa-
worth mentioning that the AH generally givek—0) in rameters, respectively.

better agreements with experimental data for alkali metals.

Theoretical predictions are gs_pecially poor for Bg, and it canyq g(r) for liquid potassium at the thermodynamic state
be ascribed to the partial filling af states as will be de- ¢,nsjderd in Table Il in comparison with experimental data.
scribed later in this section. _ Similar plots are given for liquid rubidium in Figs. 3 and 4.
Next, we consider the pair structures of alkali metals cal, rig 1, two sets of experimental data are shown. This is to
culated from the OMRPHNC. Figures 1 and 2 sho®(k)  ghow uncertainties in the experimental data. One is due to
Waseda at 70 °€’ and the other is due to Huijben and van
der Lugt at 65 °C® Experimental data in Figs. 2—4 corre-
spond to Waseda’s results. In all these figures two sets of
theoretical data are shown, which are again based on the AH

|
2
k(A

FIG. 1. S(k) of liquid K at T=343 K andp=0.826/cc. Two
sets of experimental data are shown: open circles denote Waseda
data at 343 K(Ref. 37, and the open squares are due to Huijben
and van der Lugt at 338 KRef. 38. Also shown are theoretical
results from the OMRPHNC. The solid line represents the use of
the AH set of the OMP parameters, and the dashed line corresponds FIG. 3. S(k) of liquid Rb atT=313 K andp=1.476/cc. No-
to the BG set. tations are the same as in Fig. 2.
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FIG. 4. g(r) of liquid Rb atT=313 K andp=1.476/cc. No- FIG. 6. S(k) of liquid Be atT=1521 K andp=0.11293\"3,
tations are the same as in Fig. 2. Notations are the same as in Fig. 2.

(solid lineg and the BG parameterslashed linesfor the  omp+PHNC are in good agreements with experimental
OMP. In Fig. 1, we find that there is a large difference in theqata for alkali metals, when the AH parameters are used in
first peak ofS(k) between the two sets of experimental data,the OMP. We also note that the Br)'’s calculated from
even if we take into account the fact that temperatures argye PHNC are almost identical to the Waxkal. result ob-
different by 5 °C. As pointed out by Gonzalezal** com-  tained from the molecular dynamics calculation based on the
parison with other experimental data shows that the first pealymp with the same BG parameters. In particular, heights of
in Waseda’s data are systematically lower by an average gfe first two maxima in the PHN@(r) are approximately

10%. This will also introduce uncertainties in ljgr), since  the same as in the simulated data. This can be easily seen
it is obtained from the Fourier transform 8tk). Therefore,  from the comparsion of Figs. 2 and 4 with Fig. 3 of Ref. 13.
we can conclude thaB(k) and g(r) calculated from the This gives an indirect support for the reliability of the

PHNC. Furthermore, this implies that the observed devia-

20 ' | ' I ' | ' | ' tions of theoretical data from the experimental results are not

V(KT
T

0.0 —

FIG. 5. Pair potentiaV/(r) of four liquid alkaline-earth metals at 0 R —
thermodynamic conditions shown in Table Il. Solid and dashed
lines represent the OMPPHNC results with the AH and the BG
sets of the OMP parameters, respectively. Vertical lines correspond FIG. 7. g(r) of liquid Be atT=1521 K andp=0.11293\ 3.
to the breakpoinh of the pair potential in the PHNC. Notations are the same as in Fig. 2.
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FIG. 8. S(k) of liquid Mg at T=953 K andp=0.0382% 3.

Notations are the same as in Fig. 2.

the OMP. As noted by Wast al, oscillations in the BG
g(r) are shifted toward smaller interionic distances com-

1 I 1 I 1 I 1 I 1
3 —
i:\ Ca
= p4 .
2 - —
=
w
090
0
' b 00
. o 1 I 1 I 1 I 1
6 09 1 2 ] 3 4
k(A

Notations are the same as in Fig. 2.

FIG. 10. S(k) of liquid Ca atT=1123 K andp=0.02058\"3.

Na and Cs give results similar to those observed by \&tax

due to th_e ap_proximation introduc_ed_ in the PHNC’ bUt due 9. with the BG sets, the PHNC results, similar to the simu-
the possible inaccuracy of the pair interactions derived fro”?ated data from the molecular dynamics calculations, agree

well with experimental data.

Figure 5 shows the OMR/(r) for alkaline-earth metals

pared to the experimental data for K and Rb, and this is the o jated from Eq(2.4). Our results can be compared with
reason why we are particularly interested in these two metalﬁig_ 2 of Ref. 23 obtained from the NPA. For Be. we note

other than Na and Cs. With the AH set, we find that this kind
of shift is diminished, and the calculated results are in bette
agreements with experimental data. As was noted in Table |

~7.51 a.u. On the other hand,

that there is a large difference in the two results3/¢f). In
fhe OMP, the position of the global minumum*() of V(r)

T ) . . .Hs located at the position of the second minimum rat
this is also manifested in the better quality of thermodynamic b

values calculated with the AH set. Although we have not
shown here, the PHNC calculations for the pair structures o

it is observed at the first

inimum around ~4.0 a.u. in the NPA. For other alkaline-
arth metals, Friedel oscillations are much weaker, and we

L

FIG. 9. g(r) of liquid Mg at T=953 K andp=0.0382% 3,

Notations are the same as in Fig. 2.

Notations are the same as in Fig. 2.

FIG. 11. g(r) of liquid Ca atT=1123 K andp=0.02058A 3.



PRB 60 THERMODYNAMICS AND PAIR STRUCTURES @ ... 6369

Ba

O

o
J
0 e 9 | ] | ] | I
4

0 2 6 8 10
r(A)
FIG. 12. S(k) of liquid Ba atT=1003 K andp=0.01456\"2, FIG. 13. g(r) of liquid Ba atT=1003 K andp=0.01456\"3,
Notations are the same as in Fig. 2. Notations are the same as in Fig. 2.

find that there is only one minimum of appreciable magni-and Ca. For Be, there is no experimental data available.
tude. Furthermore, the positions iI0f are approximately the Comparisons of our results with the NPA results given in
same in the two methods except for Ba. For example, it iFigs. 4 and 5 of Ref. 23 show that the PHNC exhibits quality
located atr~6 a.u. for Mg. However, the well depth of similar to the NPA. In fact, the NPA implies NPA
potential minimum is much shallower in the OMP. For Ca, +VMHNC, which means that the pair structures were calcu-
V(r*)~—0.64 and—0.47 KT for the OMP with the AH lated from the VMHNC, using the pair interactions derived
and the BG parameters, respectively. For the NPA, the corfrom the NPA. For Be, it is surprising that our result agrees
responding value is aprroximately1.81 kT. Reference to well with the NPA data, noting that there is a large difference
Fig. 3 of Ref. 23 shows that the depth observed for the OMRn two V(r), as was described in the previous paragraph.
is even shallower than those from Harrison’s optimizedFurthermore, this shows that the PHNC does not require any
pseudopotential obtained by Jank and Haffién our figure,  specific treatment when there is more than one potential
vertical dashed lines show the repulsive rangef each  minimum atr <r*. We need a further investigation to clarify
metal calculated from Ed2.9). They are equal to* for Mg if this is generally the case. Agreements with experimental
and Ca.0 This is the same for all the alkali metals describedata are poor for thermodynamics and the pair structures of
above. One the other hand, Be and Ba hevwealues on the Ba calculated from the present method. This observation is
repulsive side of the first minimum. closely related to the finding that, unlike other alkaline-earth
Figures 6—13 shov(k) and g(r) for liquid beryllium,  metals, nearly a half of the valence electrons for Ba exhibits
magnesium, calcium, and barium at thermodynamic statethe d-character at the normal density.*! Related to this
considered in Table 1. With the BG set of the OMP param-problem, Moriarty pointed out that the proper value of the
eters, not with the AH, the PHNC calculations give goodvalence charg& . of Ba is 1.25! not 2 (as we have as-
results at the successive maximaS(k) and g(r) for Mg sumed. Therefore, Ba lies outside the scope of the pseudo-

TABLE V. Comparison of thermodynamic properties of liquid lithium calculated from the present work
(OMP) with experimental datéRef. 42 and neutral pseudoatom meth@dPA) (Ref. 22. Two sets of data
are shown for the OMP. The first line corresponds to the AH set of the OMP parameters, and the second, for

the BG set.
Ebind/kT P/ka Sk

TK) p(A™d) Exp OMP NPA Exp OMP NPA Exp OMP NPA

470 0.044512 —176.91 —-171.14 -—-184.35 0.0 3.49 280 —3.37 —3.93 -3.37
—171.31 —-2.23 —-3.77

595 0.043 —138.75 —135.05 —144.60 0.0 1.48 1.30 —2.90 —-3.39 -—2.88
—137.33 —2.48 —-3.23

725 0.042 —113.87 —110.21 -117.97 0.0 115 —225 —-252 —-3.00 —2.50

—112.03 —1.90 —2.86
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T | T | T Unlike other alkali metals, the BG set gives slightly better
results than the AH foE;,q. On the other hand, our results
on S° are less reliable than the NPA/MHNC. In Fig. 14

the PHNCg(r) is also compared with experimental data at
one of three states considered in Table V. Our theoretical
curve is in excellent agreement with experimental data for
both of the AH and the BG sets of the OMP parameters.
Only a minor difference is observed between the two sets of
theoretical results, in that the AH predicts that the first peak
is slightly higher. Similar behaviors were observed at other
two states considered in Table V. This is also true for the
state considered by Waat al. in their Fig. 55

i i Liat470 K 7

IV. DISCUSSION

We have shown that the combination of the OMP and the
PHNC can be successfully applied to the study of liquid
alkali and the first three alkaline-earth metals. Although a
- | L | L careful choice was necessary for the method in which the

0 2 () 4 6 OMP parameters are calculated, the quality of our results are
comparable to those from one of the most reliadbeinitio

FIG. 14. g(r) of liquid Li at T=470 K and p  Methods for calculating the pair structures and the thermo-
=0.044512 3. Open circles represent experimental data due todynamic properties of simple metals, i.e., from the combina-
Olbrich et al. (Ref. 43. Other notations are the same as in Fig. 2. tion of the NPA and the VMHNC. The present calculations
are based on a simple method for choosing the respulsive

potential theory for the, p-bonded metals. In short, with the range of the pair potential, as given in £g.9). This would

BG set of the OMP parameters, the pair structures from th&0t be the only method for choosing As in the VMHNC,

OMP+PHNC are reliable for Be, Mg, and Ca. it can be chosen to minimize the Helmholtz free energy, a
We finally consider liquid lithium. Since this metal does Problem which needs further investigation. At present, we

not have g electron in the core, the component of valence are more interested in applying the present method for the

electrons cannot be pseudized. This implies a strongtudy of pair structures in the expanded and compressed lig-

electron-ion potential, and it can invalidate the idea of thellid metals, and its results will be reported later.

weak pseudopotential. Table V compagg,q,Z=P/pkT,

ardee/k fo_r liquid lithium calculated from thg OMPPHNC ACKNOWLEDGMENTS
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