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We have obtained the volume term and effective pair potentials for liquid transition metals using the
embedded-atom methd&AM). The EAM embedding functions are fitted to bulk solid-state properties: the
experimental Voigt average bulk and shear moduli and sublimation energies. The same fitting procedure is used
for all the transition metals. This potential is used in conjunction with the variational modified hypernetted
chain (VMHNC) theory of liquids to compute the static structure factors, Helmholtz free energies, internal
energies, and entropies of thal,34d, and 5 liquid transition metals. There is overall good qualitative
agreement with experiment. The computed thermodynamic properties exhibit trends in accordance with ex-
periment. They also exhibit the correct behavior as a function of temperature. But the calculations also reveal
shortcomings in the interatomic potential.

[. INTRODUCTION T,=3528 K, whereas the experimental melting temperature
is T,=2883 K. Actually these multiple-ion interatomic po-
This paper presents a detailed study of the structure angntials obtained from first-principles GPT have potential
thermodynamic properties of liquid transition metals. Wewells that are even deeper and placed at smaller values of
show below that a volume term in the energy plus effectivethan the WH potentials.
pair potentials obtained from the embedded atom méthod  Progress along the lines pioneered by Wills and Harrison
(EAM) combined with an accurate theory of liquids, the was made by developing a new simple effective pair interac-
variational modified hypernetted chain thebtyVMHNC)  tion for the liquid transition metals, which, following WH,
provide a sound basis for the prgdiction of both liquid struc-;sed a local form constructed by the superposition oftpe
ture and thermodynamic properties. and d states, but with the latter deduced from an inverse

o Re;ent_ theoretical wo_rkl onfliqqlild tragsition_gsnoetals usedscattering approach. The results for the liquid structure fac-
the effective pair potentials of Wills and HarrisoWH), 5 optained using this potential, in conjunction with the

which are based on a separate treatment ofstipeand d VMHNC theory of liquids'* agree reasonably well with the

states and, in addition, take account of the effecs-af hy- experimental x-ray diffraction for thedseries:> However,

bridization. The use of the WH potential, in conjunction with when the same approach was used to calculate the thermo-
thermodynamic perturbation theories to describe liquid struc- bp

ture, led to promising resulfs’ However, when the full WH dynamic properties of the @ liquid transition metals, the

potential is used together with accurate quuid-statereSUItS did not show the experimental tred®Shis result is

theories? it fails to produce results for the structure factor N0t Unéxpected, as it has long been suggested that potentials
S(q) of the 3d transition metals with half- and less-than- derived from local pseudopotentials are not capable of pre-
half-filed d bands. Moreover, molecular dynami¢siD)  dicting the energetics of liquid transition metafs.
simulationg using the WH potentials fail to produce reason- A recent study of the structure of thel3iquid transition
able results for the structure of liquids Ti and V. metald® in which the effective pair potential has been ob-
It has been suggestedhat the difficulties encountered tained by using the tight-binding cluster Bethe lattice method
with the use of the WH potential are because of the positionvhere the role of the-p electrons, including hybridization,
and very deep first minimum of its potential wélthich is is treated self-consistently. The results of using this approach
larger than the thermal enengylhese deficiencies have been for the liquid structure and electronic density of states are
attributed to the crudeness of the WH treatmens-af hy-  promising. However, it remains to be seen whether it can
bridization as well as the neglect of multiple-ion potentials.also account for the experimental trends of thermodynamic
Yet, potentials recently developed, using the generalizegroperties and also give a satisfactory account of the proper-
pseudopotential theoty (GPT), which include multiple-ion ties of the 4 and & rows of the liquid transition metals.
contributions, encounter similar difficulties in liquid-state A combined study of both the structure and thermody-
calculationst! A thorough MD study of molybdenuth  namic properties of the liquid transition metals has to over-
shows that, using Moriarty’s potential, the system melts atome the difficulties indicated above, and we use interatomic
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potentials derived from the EAM for these purposes. This The host electron density is approximated by the linear
model stems from the density-functional-based quasiatorsuperposition of atomic electron densités,

model® in which the band structure and, in particular, the

bands do not appear explicitly, and which also includes (f-)=2 ar.) )
multiple-ion interactions. Its possible use for the study of PHTi =i Pt

liquid transition metals was suggested in the conclusion of a- . . . .
the first, albeit crude, detailed study of their thermodynamicWherepJ Is the atomic density of atoat distance ;; from
propertie<® Foile€! was the first to have done so in a paper "€ Nucleus.

where he presented MD results for the liquid structure of the we fpllow Foiles procedurg fpr optalnlng effectwe pair
late transition and noble metals, which are in good agree|_nteract|ons from the EAM. This is briefly described below.
' The embedding functiofr(p) is replaced with a Taylor-

ment with the experimental data. . . )
There are a number of other papers that have also usetf''€S €xpansion ab(_)gt_ the average host depsishere the
electron density at siteis written as

EAM potentials in MD simulations of, mainly, the liquid
structure of a number of transition met&fs2® except for
one, which studies the thermodynamic properties of the late pH’i=E+E [pf(rij)— 6], (3
3d series?® However, to the best of our knowledge, the work J#1

presented below is the first systematic study that encoms=p/N—1, andN is the number of atoms in the system.

passes both the structure and thermodynamiegl dhe tran-  Expanding to second order, the EAM energy is approximated
sition metals in their liquid state near melting. by

Our approach is based on the premise that, given the isot-
ropy and homogeneity of the liquid state, we can use the _
same parametrization for all the transition metals, irrespec- E=NE(p)+
tive of the series they are in or their parent crystallographic
solid-state structure. A systematic prescription is then use#here
for the determination of approximate pair potentials from the — - =, =
EAM. It is these pair potentials that are used in conjunction E(p)=F(p)=pF'(p), ®)
with the VMHNC liquid-state theory to predict both the lig- and
uid structure and thermodynamic properties. We note that _ B
once the EAM parameters have been determined from solid- v(r)=¢(r)+2F (p)p*(r)+F"(p)[p*(r)]>  (6)
;zfmgtoe‘:gmes’ the ensuing theory is free from adJUStablaefines the effective pair interaction used in this work. In the
The layout of the paper is as follows. In the next sectiont&il\?g;/ %? (tqhuea g?rzfe((jg)inzngrf eﬁg; i?,g?&ig%gtmt two deriva

we present in outline the fundamentals of the EAM, the pre- We follow Eoile€! in roximatind s he aver
scription for the determination of the pair potentials, and the e toflo oiles approximatingp by the average

parametrization procedure used in this work. We also preserﬁtllec'[ron density for a crystal with a lattice constant that
: } ' ! atches the liquid density. In the case of hcp crystals, we
in outline the VMHNC theory and the thermodynamic rela- 9 v b cry

. . . use the relatiom/a=k to obtain the atomic volume in terms
tions needed in this work. In Sec. Ill we present the result

A f eithera or ¢, with k taken from experiment.
for the liquid structure. Then we present the results for the In the EAM there are three functions to be specified,

thermodynamic propertie€Helmholtz free energy, internal namely, the embedding energy as a function of the local

energy, and entrgpwf the 3, 4d, and o I|qU|q transition  gjactron density, the atomic electron density of each atom,
met?"s near mgltmg. We complete the paper, in Sec. IV, W'”}and the screened electrostatic repulsion between the quasia-
a brief discussion of our results. toms. It has been shown that, within the quasiatom approach,
the rare-gas atoms have their lowest energies in a back-
ll. THEORY ground of vanishing charge density and that the energies are
linear in the density, while the chemically active elements
have a linear region at high densities and a single minimum
at lower densitie$® Whence, we follow Daw and BasKeis
In the EAM the energy of the metal is viewed as theassuming that the embedding functiBy) is zero for zero
energy to embed an atom into the local electron density prodensity and decreases to a single minimum at a valuye of
vided by the remaining atoms of the system. In additionwhich is slightly larger than the average electron density of
there is a short-range core-core repulsion term. Whence the solid in equilibrium. The embedding functions are then
total energy of the system is written as determined by choosing functional forms meeting these gen-
eral requirements and by adjusting them by fitting to some
thermodynamic properties in the solid as discussed in Sec.

1
E=2 Fi[pH(ri>]+§§j (1)) @O

2 v(rij), (4)

17]

N| =

A. Effective pair potential approximation
from the embedded-atom method

Turning now to our choice of the functional form pfr),
In this expressiof; is the embedding energy for placing an we have found that electron densities obtained from Hartree-
atom into the host electron densjiy at the positiorr;; ¢is  Fock calculations are unsatisfactory for the bcc transition
a short-range doubly screened repulsive pair interaction bemetals. Adams and Foil&sreported similar difficulties and
tween quasiatomsi and j separated by a distance found the approach of Voter and Ch&hyhich we adopt in
rij=[ri—rjl. this work in its original form, more convenient for the study
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TABLE I. Input thermodynamic data: ionic number dengitynd temperatur@. EAM parameterd,
«, andb and cutoff distances; used in the determination of the effective pair interaction of liquid transition

metals.
Metal n (A9 T (K) A (10° eV) a (R™Y b (A™YH Feut (A)
Sc 0.0391 1833 0.2 1.96 25 5.522
Ti 0.0522 1973 0.4 2.50 2.5 4.916
\% 0.0634 2173 0.4 2.49 3.0 4.650
Cr 0.0726 2173 100 5.22 25 4.424
Mn 0.0654 1533 0.3 2.35 25 4.737
Fe 0.0756 1833 0.2 2.20 3.0 4.410
Co 0.0787 1823 3 3.90 25 4.213
Ni 0.0792 1773 3 3.80 2.5 4.645
Cu 0.0755 1423 3 3.80 25 4.763
Y 0.0287 1825 0.5 2.12 2.5 6.061
Zr 0.0392 2173 1.0 2.65 25 5.391
Nb 0.0493 2741 15.0 4.05 25 5.070
Mo 0.0586 2890 15.0 3.89 25 4.839
Tc 0.0540 2445 15.0 3.96 25 4.584
Ru 0.0649 2583 20.0 4.07 25 4.509
Rh 0.0594 1853 15.0 3.95 25 5.014
Pd 0.0594 1853 8.5 3.95 25 5.133
Ag 0.0518 1273 5.0 3.80 25 5.397
La 0.0258 1243 0.05 1.32 25 6.291
Hf 0.0405 2500 2.0 2.83 25 5.312
Ta 0.0499 3269 15.0 3.87 25 5.070
W 0.0580 3683 9.0 3.55 25 4.855
Re 0.0611 3453 10.0 3.65 2.5 4.628
Os 0.0636 3318 15.0 3.83 25 4.556
Ir 0.0607 2683 50.0 4.33 25 5.067
Pt 0.0577 2053 20.0 4.27 25 5.172
Au 0.0526 1423 5.0 3.70 25 5.384
of bce transition metals. In this approach the contribution of B. The VMHNC theory of liquids

each quasiatom to the total electron density is written as The variational modified hypernetted chafkMHNC)
theory of liquid$** pertains to a new generation of fairly

p(r)=r°lexp(—br)+512 exg—2br)], (7)  accurate integral-equation theories of liquids. The suitability
) ) of the VMHNC for the specific case of liquid metals has
whereb is an adjustable parameter. been discussed elsewhéfe! Like most liquid-state theories
For the doubly screened electrostatic pair interacdr)  the VMHNC solves the Ornstein-Zernik©Z2) equatiort?
we choose the Born-Meyer function which relates the direct correlation functiefr) to the pair
distribution g(r), within an approximate closure. The ap-
d(r)=A expg(—ar), (8) proximation is carried out at the level of the bridge function

B(r). Specifically, we use the analytic solution of the Percus-
whereA anda are adjustable parameters. Several fitting pro-Yevick (PY) equation for hard spheré&B(r)=BHES(r:7),
cedures have been proposed in the literature for solid-staighere the packing fractiom=7(n;T) is the variational pa-
calculations, some more appropriate than others for a giverameter, determined for each thermodynamic state by mini-
crystalline structure. In this work, for the purposes of liquid- mizing the VMHNC configurational Helmholtz free energy,
state calculations, the same procedure is applied to the thrg&HNC(T n: ) 34 The value ofy=7(n;T) thus obtained is
series of transition metals, irrespective of their parent crysused to evaluate the bridge function which, in turn, is used to
tallographic structure, which, given the isotropy of the liquid solve the OZ equation to calculaggr), the structure factor
state, is a reasonable assumption. We lay no claim, howeve®(q) and the thermodynamic properties. The Helmholtz free
to the appropriateness of the potentials for the calculation ogénergy per atomk, can be written as
solid-state properties. In fact, the embedding function has the
wrong curvature for the calculation of the solid-state proper- .
ties in three cases, as we indicate in Sec. lll. F=Fdeay E(n)+ kg T fYMHNC, 9)
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whereF %@ s the ideal gas contribution arf(n) is given ics, and, rather than comparing the different embedding func-
by Eq. (5). The internal energy per atohh is given by tions and pair interactions obtained by different choices of
3 the parameters, it§i~,s preferable to compare the resulting ef-
* fective interactions.
U=3 kgT+E(n)+2mn fo drg(rjo(r), (10 The embedding energies for the three representative cases
of V, Co, and Ni, which have bcc, hcp, and fcc structures,
and the entropys is written in terms ofF andU through the  respectively, are shown in Fig. 1. There is, however, a seri-

thermodynamic relatiofF =U—TS. ous difficulty in the cases of the three cubic metals for which
the elastic constants;,<C,,, namely Cr, Rh, and Ir, which
IIl. RESULTS we have not been able to overcome. Our fitting procedure
yields F”"<0 at the equilibrium electron density, which is
A. Fitting procedure contrary to the results of first-principles calculatichdie

We fitted the EAM functions to basic solid-state bulk disregard this potential problem and plump for consistency
properties, namely, the Voigt average byl), and shear by using the same fitting procedure for the whole set of lig-

: o : id transition metals.
G)y moduli and the sublimation enerdys as functions of ul . . -
ihe>}/attice parametex (and of thec/a ratio ?n the case of the We assume that the effective interactions are significant

Lo only for the first three nearest-neighbor shells and cut off
hcp me%§|.$ A s!mllar fitting prqcedure was used by Oh and both p(r) and ¢(r) at the valuer,, half way between the
Johnsort" in their EAM calculations for the fcc and hep ran- i ang fourth-nearest neighbors for all the transition met-

sition ”.‘eta's_- 4 . . . als(see Table)l We have adopted the same cutoff procedure
Cubic splines* were used to fit the embedding energies s in Ref. 22, as it ensures the gradual cutoff of these func-
F(p) with the curvatures set to zero at the end points. Thgjons. However, the choice of cutoff procedure affects the
parameterd of p(r), A anda of ¢(r), and the spline knots  penavior of these functions, particularly at the nearest-
of F(p) were determined by searching for parameters, whictheighbor sites, where the first two derivatives are important.
minimized the difference between calculated and experimergigure 2 shows that the same functip¢r), with the same
tal values® Since the calculation ofB)y, (G)y, andEs  value of the adjustable parametgrresults in somewhat dif-
require the knowledge of all the three functiop®), F(p),  ferent shapes of the function for different values rgf,.
and ¢(r) a number of sets of parametets @, andb and  Hence, the specific choice we have adopted plays a signifi-
spline knots were found to give comparable fits to the excant role in the results presented below. The effective pair
perimental values. Following Adams and Foifésye chose potentials obtained by using the above cutoff procedure for
the set of parameters that gave the best value for the Helmiquids V, Co, and Ni are shown in Fig. 3. Once the above
holtz free energy. We call this choice the optimum set ofparametrization has been carried out, the ensuing body of
parameters. These valuesAfa, andb are given in Table I.  theory for the calculation of liquid-state properties is param-
A table of values of the spline knots is available on requesteter free.
There appear to be no clear trends in the optimum set of
parameters. Whereas the paramétéias the same value 2.5 B. Liquid structure

71 .
A" for all the transition metals, except for Fe, the param- We present below the results for the calculations of the

eters of the Born-Meyer potential exhibit large variations.l- ; o
i . iquid structureS of the transition metals. These were
We note, however, that the embedding function can only beq (@)

determined up to a linear function @f Hence, different

4.0
looking sets of EAM functions may yield a similar energet- "
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FIG. 1. Embedding energy functiofd(p) as a function of the
electron densityp. The energies are scaled by the sublimation en- FIG. 2. Effect of the cutoff distance,, on the quasielectron
ergy and the density by the equilibrium density. Full line: V; dot- densityp(r). In all casesb=2.5 A. Broken line: no cutoff; full line:
ted line: Co; broken line: Ni. reu=4.0 A; dotted liner . ,=4.74 A.
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positions of the successive maxima remain almost un-
changed, but there are small variations in their heights for
different sets.

Our choice of the optimum set of parameters and the cut-
off procedure for bottp(r) and ¢(r) have implications for
the results of5(q). Waseda and TamdRinoted that the ex-
perimental data for the B series suggested a hardening of
the repulsive effective potential cores, which they attributed
to the filling of the 31 band. This, in turn, should be reflected
as a trend in the parameteksand «, which is not present in
our case and will affect the behavior of the oscillations be-
yond the principal peak db(q). The asymptotic behavior of
the potential is reflected in the smagllbehavior of the liquid
structure. The cutoff procedure implies an effective interac-
tion of finite range[strictly v(r)=0 for a distanceR>r],
which probably underestimates the actual range of the inter-
action in transition metals and effectively determiisgqg) at
small values of momentum transfer.

Figure 5 presents the results of the calculaBéd) for
those liquid transition metals for which experimental data are
available!® Figure 5a) shows the results for thed3series,
while Fig. 5b) shows the results for theddand 5 series. In
general, we find there is overall good qualitative agreement
carried out, within the VMHNC, using Gillan's algorithii.  petween calculated and experimental results. At a more de-
In all cases we used a 1024-point grid with step si7e  tajled level, however, the following comments are in order.
=0.06 A. The input thermodynamic data used in our calcu- The calculated(q) for the early 3 transition metals, Sc,
lations are included in Table I. Ti, and V, are rather poor when compared with experiment.

Since the optimum set of parameters were chosen to givVehe calculatedS(q) for Sc exhibits a shift towards smaller
the best possible values for the Helmholtz free energy, therq’s, while for the other two the shift is towards the larggs.
is no reason that these will result in a similarly good fit to theThe heights of the successive peaks are only in moderate
structure factor. It was therefore reassuring to find, as ShOWagreement with experiment, with Ti the worst case. Yet, with
in Fig. 4 for Pd, that the choice of different setsAife, and  the exception of the results in Ref. 18, which uses three
b and spline knots has little effect on the liquid structure; thejiquid structure adjustable parameters, our results are of com-
parable lack of quality as other calculations or simulations
reported in the literature. Waseda noted that, of his set of
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FIG. 3. EAM effective pair potentials. Full line: V; dotted line:
Co; broken line: Ni.

28 experimental x-ray data d&(q) for the 3d liquid transition
metals, those for Ti and V are the least accutatdle sug-
2.4 gest there is a case for carrying out another set of experi-
ments for liquids Ti and V.
2.0 With the exceptions of Pd, Ag, and Pt, where the calcu-
lated structure is in very good agreement with experiment,
~ 16 the calculations tend to overestimate the height of the prin-
\(% cipal peak ofS(q). Since the height and position of this peak
1.2 is the result of a delicate balance between the repulsive and
attractive contributions to the effective pair potential, this
0.8 difference may be because of either the approximate theory
of liquids VMHNC used in this work or the potential or to
0.4 the combined effects of both. MD simulations using differ-
ent EAM parametrizations show that these effective poten-
0.05 > . 3 5 T tials tend to overestimate the height of the principal peak of

S(q),?*> whereas there is excellent agreement between the
MD simulations and our VMHNC results. This suggests that

FIG. 4. Effect of the EAM parametrization on the liquid struc- the differences are.r.nai.nly because of the effective potentials.
ture S(q) of Pd. In all cases the cutoff distance rig,=5.1333 The overall quallt!tatlve agreement between the calcqlat_ed
A. Full line: A=8500 eV: a=40 AL p=245 and observed(q) discussed above, suggest that the liquid
A~1l Dash-dotted line: A=10000 eV: a=4.0 A1 p=2.45 structures we calculated for those cases for which there is no
A~Ll Dotted line: A=5000 eV;a=3.8 A"1. (The correspond- experimental data may be be used with some degree of con-
ing embedding energy functions are available on requésack  fidence. Thes&(q), in tabular or graphic form, are available
circles represent the experimental déRef. 15. on request.

q (4™



53 STRUCTURE AND THERMODYNAMIC PROPERTIES OF LIQWI. .. 641

(a)
~
o
~
7 :
R Cu
i
i
I, :
:‘ W G Ni
" Co
A II! .
Fe
.‘ N
. ; Mn
4 ; AA‘ ~ cr
A o I
A 3
*] ] Dy v
e n L
3 A uy L)
y Ti
2 / A‘A‘ 4 Fe Yy
Aka
A n A A s
.AA L
A sc
1' ‘. .o.. ..' (4 =
¢ - -
0 2 4 6 8 10
q (4™
lon
N
98]
i Au
il
Pt
A
i La
4
Ag
: : i
3
Pd
]
2 A
o ar
1 :' .....
0 -
0 2 4 6 8 10

C. Thermodynamic properties

We now turn to the thermodynamic properties. A good
theory of the liquid transition metals must be able to repro-
duce the well-established trends present in these properties.
This is particularly so because the thermodynamic properties
include, in addition to the effective pair potential, the impor-
tant volume term contributiorg(p), to E.

The results of our calculations of the Helmholtz free en-
ergy per atom, in eV, are presented in Fig. @) 6or the 2,

6(b) for the 4d, and &c) for the &d, respectively. These are
compared to the corresponding experimental dhehe ex-
cellent agreement between the two is not unexpected, given
our choice of the optimum set of parameters. We must em-
phasize, however, that we have not fitted the parameters to
the Helmholtz free energy. As stated in Sec. Il A, out of the
possible set of parameters and spline knots we have chosen
the set that best reproduces the Helmholtz free energy. This
choice of the optimum set of parameters, however, does not
guarantee that the values obtained for the free energy will
necessarily produce such an excellent agreement as shown in
Fig. 6. Moreover, it appears that this is the main reason our
calculations work in the liquid state. The results shown in
this figure are made up of contributions of the volume term,
which includeE(n) and the ideal gas contribution, and the
structure-dependent terms. We note, see Table I, that the
largest contribution td= comes fromE(n), which ranges
from about 51% in Pd to 86% in Ti. The structure-dependent
terms include contributions from bo®(q) [or g(r)] and the
potentialv (r). Hence, there are large cancellations between
F'dea and the structure-dependent contributiong=toThere

is also subtle cancellation of errors arising from the use of
finite range potentials and imperfections in B(e) obtained

in our calculations and discussed in Sec. 1l B. Unli@),

the results forF are sensitive to the choice of parameters
that, in the specific case of Gtaking A=1000 eV, «=3.0

A~ b=2.8 A, changes the value & by about 15%.

Figure 7 shows the free energy per atom of liquid V as a
function of temperature. The agreement between theory and
experiment® is very good except near the boiling point,
where the system has probably already undergone the metal-
nonmetal transition. These results cover a range of over 700
K and are predictions of our theory using only the thermo-
dynamic state as input data. We also note that our results are
in agreement with the Monte Carlo simulations of LeSar,
Najafabadi, and Srolovit?®

We have also calculated the internal enegyor V from
the temperature derivative & and also, independently, by
using Eq.(10). We find, for instance, that) at 2300 K is
—4.57 eV, whereas the value obtained by using @) at
the same temperature 154.50 eV. This reflects the internal
consistency of our calculations.

The results of our calculations for the internal energy per
atom U and the entropy per ators are shown in Fig.

8: 8(a) for the 2d, 8(b) for the 4d, and §c) for the 5d rows
near the melting pointsU is evaluated by using Eq10)
with the optimum set of EAM parameters and the thermody-
namic state T,n) as input data. Since there is no closed

FIG. 5. Static structure factors of the liquid transition metals expression foIS, this property is evaluated via the thermo-

near melting(Table )). Solid lines: this work; full circles, triangles,
and squares: experimental déRef. 15. (a) 3d row; (b) 4d and X

rows. From bottom to top: Zr, Pd, Ag, La, Pt, and Au.

dynamic relation given at the end of Sec. Il B.
The calculated values &f follow the experimental trends
reasonably welf®*°but there are pronounced differences be-
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-3

Free energy (eV)
&

Free energy (eV)

Free energy (eV)
&

TABLE Il. The structure-independent part of the total energy
E(n) and the Helmholtz free enerdy for liquid transition metals
(three taken from each series, which have hcp, bcc, and fcc struc-
tures in the solid phage

Series System FleVv E(n)/eV
3d Ti —6.116 —5.247
Cr —5.341 —-3.212
Ni —5.470 —3.806
4d Zr —7.893 —6.332
Mo —8.863 —7.344
Pd —5.104 —2.590
5d Hf —8.403 —6.626
W —11.726 —9.388
Pt —7.278 —4.169

all cases, larger than the kinetic energy. Given the cancella-
tion, which takes place between the kinetic energy and cor-
relation contributions, there is n@ priori reason to expect
the reasonable agreement between theory and experiment
shown in Fig. 8. The atom-atom correlation contribution is
probably the most important term in deciding whether there
is a good agreement between theory and experiment. How-
ever, great care has to be exercised in the interpretation of
results. The agreement between calculated and experimental
values ofU for V and Pd is quite good. Yet only for Pd do
we find a very good agreement between calculated and ex-
perimentalS(q). This points to subtle cancellation of errors
between the contribution of the potential and the structure.
To clarify this point, we have compared our results for the
internal energy with those obtained for some metals from
MD simulations; this is shown in Fig. 9. The simulations use
different EAM parametrizations and also include the
multiple-atom contributions to the interatomic potentials.
Yet, our VMHNC results are in good agreement with, and are
bracketed by, the simulation results. Both exhibit similar dis-

—-6.4
-10
-6.8
-12 [~
la H Ta W Re Os Ir Pt Au o
o> 7.2
FIG. 6. Helmholtz free energies per atom of the three rows of o
liquid transition metals. Dots: this work; triangles: experimental pot
values(Ref. 38. The solid line joining the dots and broken lines ® 6
joining the triangles are a guide to the eya). 3d series;(b) 4d 3
series;(c) 5d series. o
tween theory and experiment, particularly around the middle -8.0
of the rows, where the effects of electron correlation on co-
hesion are believed to be importdfis in the case oF the
main contribution comes fror&(n). The contributions due 84525 54 55 98 30 30 34 36

to the correlations between the atoftest term in Eq(10)]
is typically around—0.5 eV or less, whereas the kinetic en-

T (102K)

ergy contribution ranges from about 0.16 eV for La to 0.48 FIG. 7. Temperature dependence of the Helmholtz free energy
eV for W. Although one of the fitting parameters is the sub-of liquid vanadium. Dots joined by full lines: this work; triangles
limation energyEg, the difference betweed andEgis, in  joined by broken lines: experime(Ref. 38.
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-2 16 ® Ni Cu Pd Ag Pt Au
FIG. 9. Comparison between the internal energies calculated in
14 this work and those obtained from ML simulations for a few tran-
sition elements. In all cases the EAM has been used. Triangles and
= . full lines: this work; circles and broken lines: Ref. 21; crosses and
oo 2~ dash-dotted lines: Ref. 25.
9 w
2 S . .
o 2 series, the former are generally too small, in some case by as
E 10 U much as Rg. Normally results are presented in terms of the
excess entropySF=S—S4 put in our case using has
-6 helped us to analyze the trends discussed below, and we
8 decided to present our results in this way. This has allowed
us to compare our results to those in Refs. 41 and 42 directly
(see below. The calculatedst is normally flatter compared
to the experimental results. For the 3eries, the—SF cal-
culated values vary from 2.8 for V to 3.9 for Mn, whereas the
16 experimental values vary from 1.6 for Mn to 3.4 for Cu. We
4 also note that for Pd there is also a difference between the
calculated and experiment8leven though we find excellent
. 4 agreement for botlr and U. However, the differences be-
% = tween the calculated and experimental values do not depend
) 122 s;rongly on temperature, as iIIustyated in Fig. 10 for vana-
2 g dium. Hence, our results will predict reasonably good values
27" 5
10 15
8 14
-8
La Hf Ta w Re Os Ir Pt Au 13
FIG. 8. Internal energies and entropies per atom of the three  «
rows of liquid transition metals. Dots: this wotkull dots: internal ~_12
energy; empty dots: entropytriangles: experimental daféull tri- )
angles: internal energfRefs. 38 and 39 empty triangles: entropy
(Ref. 39]. The solid lines joining the dots and broken lines joining 1
the triangles are a guide to the eyda) 3d series;(b) 4d series;(c)
5d series. 10
crepancies with experiment. We conclude that the differences
between theory and experiment are likely to be because of Y622 24 25 28 30 32 37 36

the EAM effective potential.

Turning now to the results for the entropy per atom, in

units of kg, we note that while the calculated values follow

T (102K)

FIG. 10. Same caption as Fig. 7 but for the entropy per atom.

roughly the trends of the experimental valtfeacross the The experimental data shown are taken from Ref. 39.
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TABLE IIl. EAM results for entropies per atom in units &f and their differences from experimental
values for 3 liquid transition metal§MSY stands for Meyer, Stott, and YouriBef. 41 and IS for Itami and
Shimoji (Ref. 42].

S/kB S/kB Sele(!kB Selec,[kB

System (cal) (expd (Sexpt—Scal/Ks (MSY) (15

Sc 11.092 12.050 0.958 0.920
Ti 10.889 12.010 1.121 1.685 0.810
\Y, 11.273 12.080 0.962 1.539 0.830
Cr 10.098 11.580 1.538 1.585 0.800
Mn 9.773 12.050 2.280 2.555 0.670
Fe 10.417 12.110 1.766 2.062 0.900
Co 10.346 12.080 1.808 2.203 0.970
Ni 10.210 11.690 1.580 1.699 1.090
Cu 10.042 10.270 0.276 0.095

for the heat capacity at constant pres90ge In fact we have VMHNC theory of liquids, in a formalism otherwise free of
estimated that for V, aT=2350 K, Cp=7.6 cal K ! mol ™%, adjustable parameters. The EAM parametrization we have
whereas the experimental value is 9.7 cafknhol™l. We  adopted in this work has some problems; these were dis-
argue below that, at least in part, the differences between theussed in Sec. Il A. However, even if there were no prob-
calculated and experimental values of the entropy are bééms, parametrizing to solid-state data does not guarantee
cause we ignore the electronic contribution to the entropydood effective pair potentials for the liquid state. For in-
Our argument has to be moderated by the fact that, in somygance, the careful parametrization proc_edure used in Ref. 22,
cases, such as Ni in thed3series considered below, the Predicts an amorphous rather than liquid structure for vana-
magnitude of the difference between calculated and experf@ium in the liquid state near melting. Ideally we would wish
mental entropies is larger th&F. to produce a theory that gives effective potentials capable of

Mayer, Stott, and Yourf (MSY) and Itami and Shimd]? predicting with reasonable accuracy both solid- and liquid-

. P state properties. Unfortunately we have not reached this level
(IS) have shown that the electronic contribution to the en- ; " o
tropy, Sy, of liquid transition metals is not negligible.S,, is of understanding of transition metals. Whereas solid-state

€ ! roperti r Icul with referen h m of th
proportional to the density of the extended electron states ﬁope ties are calculated with reference to the bottom of the

. ! otential well, liquid-state properties depend on a delicate
the Fermi level, and both MSY and IS made estimates of thgyjance between the kinetic and potential energy contribu-

contributions ofS, to the total entropy of the@®row. These  ions and a detailed knowledge of the effective potential is

values are shown in Table Ill. We note that the deficits in ouleqyired. The choices of parametrization are dictated by this
calculated entropies, which are also shown in Table Ill, ar§,ngamental consideration.

bracketed between the IS and MSY results. Recent calcula- Comparison between the results of the VMHNC theory

tions of the density of states of Mn, Fe, Co, and’¥? 514 MD simulations for equivalent potentials show that the
which are in good agreement with those deduced from theormer is very accurate for the study of liquid transition met-
experimental daté] give values ofS, nearer to IS. More- s Since the simulations normally include multiatom con-
over, revisiting the temperature dependence of the entropipytions to the effective potential, our results suggest that
deficit for V, illustrated in Fig. 10, we observe thaSxT, e effective pair potential is a very good approximation for
which is in accord with the interpretation &fS as the elec-  he study of liquid-state properties. This is in agreement with

tronic contribution to the entropy, ignored in our calcula- \joriarty’s conclusions using GPT effective potentids.
tions. The results in Fig. 10 are consistent with the density of

states at the Fermi levet20 electrons/atom Ry. ACKNOWLEDGMENTS
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