This article was downloaded by:

On: 28 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

VOLIME L% WUMBIE 3 U0 HEN: B LR Physics and Chemistry Of Liquids
P hySiCS and Publication details, including instructions for authors and subscription information:
Chemistry of Liquids http://www.informaworld.com/smpp/title~content=t713646857

AN INTERNATIONAL JOUARNAL

Force Fields in Liquid and Solid Cu Metal: Relation Between Quantum

Chemical and Density Functional Treatments
N. H. March?; K. Ray*
2 Department of Physics, University of Texas, Arlington, Texas, USA

- Norman H. March

’ - EmeriLas Protesios, Owfond Unbeersite UK
M,

Gluseppe 6.
{Co-Erfier] Uriversits o Catania, (starcs, Jlsly

To cite this Article March, N. H. and Ray, K.(1998) 'Force Fields in Liquid and Solid Cu Metal: Relation Between Quantum
Chemical and Density Functional Treatments', Physics and Chemistry of Liquids, 36: 4, 207 — 214

To link to this Article: DOI: 10.1080/00319109808032789
URL: http://dx.doi.org/10.1080/00319109808032789

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319109808032789
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08: 06 28 January 2011

Downl oaded At:

Phys. Chem. Lig., 1998, Vol. 36, pp. 207 214 Wy 1998 OPA (Overseas Publishers Association)
Reprints available direetly from the publisher Amsterdam B.V. Published under license
Photocopying permitted by license only under the Gordon and Breach Science
Publishers imprint.

Printed in India.

FORCE FIELDS IN LIQUID AND SOLID
Cu METAL: RELATION BETWEEN
QUANTUM CHEMICAL AND DENSITY
FUNCTIONAL TREATMENTS

N. H. MARCH* andA. K. RAY

Department of Physics, University of Texas, Arlington, Texas, USA
( Received 18 June 1997)

Two types of force field are compared and contrasted for condensed Cu in metallic
phases. The first is a conventional liquid metal pair potential, accessible through
inversion of the measured liquid structure factor S(¢). The form of this, for T=1423 K,
and number density p=0.075 54 A * is known from the very recent work of
Rajagopalan and Srinivasa Rao and from the earlier study of Arai and Yokoyama. This
potential is suitable to discuss structural rearrangements ounly at the specific atom
volume 2=p ' referred to above.

The second type of force field is appropriate for crystalline Cu lattices with different
local coordination numbers. As a concrete example, the work of Carlsson ¢f af. on face-
centered-cubic Cu metal is analyzed in terms of the 'Eg and %, potential cnergy curves
of the free-space Cu dimer. The relation to Cu clusters is briefly referred to.

Keywords: Local coordination numbers; structure factor inversion; copper dimer

1. INTRODUCTION

The purpose of the work is to compare and contrast what are basically
two very different types of force field as applied specifically to describe
condensed phases of metallic Cu. We shall start with liquid metal Cu.

Following the proposal of Johnson and March [1] to invert the
liquid structure factor S(g) to extract a pair potential ®(r) for a given
liquid metal, the work of Reatto et a/. [2] has brought the proposal to
full fruition for liquid Na near its freezing point. Perrot and March [3]

*Corresponding author.
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have subsequently given a density functional theory of the pair
potential ®(r) for liquid Na for the same thermodynamic state, which
exhibits all the major characteristics of the ‘diffraction’ potential of
Reatto er al. [2].

Very recently, work of Rajagopalan and Srinivasa Rao [4] has
appeared, in which the diffraction data on S(¢) reported by Waseda and
Ueno [5] has been inverted to determine a pair potential &(r) for liquid
Cu at 1423 K. The comparison of their inversion ®(r) with the earlier
pair potential by Arai and Yokoyama [6] is shown in Figure 6 of ref. [4].
The agreement is excellent. However, we must stress here that this pair
potential only applies at the atomic volume 2 corresponding to the
thermodynamic state of the liquid metal Cu at which the structure factor
S(¢g) was measured. We shall return to this point briefly, after turning to
discuss the crystalline face-centred-cubic phase of metallic Cu.

2. PAIR POTENTIALS FOR FACE-CENTRED
CUBIC Cu LATTICE

Carlsson et al. [7] have reported an ab initio pair potential for face-
centred cubic Cu. Their method consisted in calculating the cohesive
energy E.(r;) as a function of the nearest neighbor distance r; at some
15 atomic volumes, out to a volume at which £, had decreased to less
than 0.015 eV. The form E.(r))=u exp (—brﬁcrf) was adopted for r,
greater than those explicitly used. They then give a procedure by which
E.(r)), for a given lattice (in the present case fcc) could be inverted to
yield a pair potential ®(r). Their potential is redrawn in Figure 1, where
it is compared with the liquid potential [4] discussed above. The other
pair potentials in Figure 1 are the potential of Englert, Tompa and
Bullough [8] (ETB) and that of Johnson and Wilson [9] (labelled &)
and the potential of ref. [4] (shown by dots). As Carlsson er al. |7]
emphasize their potential has significantly greater depth than the other
potentials primarily because of definition. Specifically, for the potential
of ref. [4], the cohesive energy is a sum of a volume-dependent-term,
denoted by £, below and a pair potential sum:

E.=Eq+)_ ®(ry, ). (1)

i<j
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FIGURE 1 Shows four different pair potentials ¢(r) for condensed phases of metallic
Cu. Lowest curve at large r is potential of Carlsson er al. [7]. Black dots refer to potential
obtained from inversion of liquid structure fuctor S(g) in ret. [4]. o1y denotes potential
of ref. [8]. while ¢, is pair potential recorded in ref. [9]. (see also Fig. 2 below over
reduced range of r).

Nevertheless. the liquid metal potential (dots) in Figure | (correspond-
ingto Q) '=0.07554 A" %) has some similarity to the potential given by
Carlsson et al. [7] for fce Cu. (see also Figure 2 over smaller range of r).

Our purpose below is to examine whether the cohesive energy E.(r)
for fcc Cu can be useful analyzed in a very different, quantum-
chemical. fashion.

We note first that for K (also considered in bec lattice by Carlsson
et al.) Rubio and March [10] have shown that their density functional
curves for various lattices with different coordination numbers - can



08: 06 28 January 2011

Downl oaded At:

210 N. H. MARCH AND A. K. RAY

| - = =%
i
- a
—— Liquid —
y e
] | atuee /'.
/J
-~
| o L
ed
// L]
,'/ L}
//
\ / "
\\ .I// "
A =
T A
— g
]
] L] _
2 i 2 28 } .1

r

FIGURE 2 Liquid pair potential for Cu at 1423 K and number density p=0.075 54
A~ (Upper curve at large r: redrawn from Rajagopalan and Srinivasa Rao {4]). Lower
curve shows, for comparison pair potential extracted from theoretical calculations of
cohesive energy of face-centred cubic Cu over a wide range of near-neighbour distance
ri. (Modified from Carlsson er al. [7].) See also Figure 1, over wider range of r ref. 7).

indeed be represented to useful accuracy in terms of free-space dimer
potential energy curves. More specifically, using dimer 'S, and °%,,
potential energy curves for K; in free space, Rubio and March {10]
show that the cohesive energy FE.(r;) of the s-p metal K is well
described as a function of coordination number z by the form [11]

E.(rn) = (1/2)zR(r1) = f(z)g(r), (2)

which emerges from the use of the Heisenberg Hamiltonian with near-
neighbor interactions. The function f(z) is slowly varying with z, being
4 for fecc (z=12) and bce (z=8) and 3 for simple cubic (sc:z=6).
Rubio and March have proposed the approximation f(z)~2.9 for the
diamond lattice (see also below) with z=4. Here, R(r) is the triplet
332, potential energy curve of the free-space dimer, while g(r)) is the
‘exchange’ contribution which is half of the difference between the
triplet *¥u and the singlet 'S¢ potential energy curves.
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2.1. Quantum-Chemical Form (2) Applied to Cu Metal

We return at this point to the d-electron metal Cu. It is relevant to note
that Cha et al. {12] have performed photoelectron spectroscopy of
Cu,-~clusters, with » from 1 to 18 atoms. They compare their data on
Cu,, clusters with the calculated level structure of Na, clusters [13].
The role of interaction of s and p electrons with the 3d electrons in Cu
has to be considered, to account for the quite different behavior of the
two types of clusters. The Cu clusters with up to 18 atoms exhibit gaps
of 0.2-1.5 ¢V between the individual atomic shells and as Cha ¢r al.
[12] stress they should therefore behave as semiconductors. Never-
theless, these workers conclude that the electrons in the outermost
orbital corresponding to the 4S atomic states are truly delocalized in
the Cu,, clusters.

With this as background, we return to the cohesive energy curve
E.(r)) obtained by Carlsson ¢r «l. [7] for fcc Cu. We have used in eqn.
(2) the Cu, potential energy curves IE_H and %, plotted by Morse [14].
It then rapidly becomes apparent that the second term on the right-
hand side of eqn. (2) is larger than the first. This immediately tells us
that the energy differences between fcc and body-centered cubic
structures will be very small for Cu metal. while lower coordination
structures are unlikely to be favored over a range of near-neighbor
distance which one might hope to explore experimentally.

Ec(r)) constructed from the quantum-chemical approximation,
based on the Heisenberg Hamiltonian [11] is plotted in Figure 3.
The quantum-chemical approach is not fully quantitative in its
prediction of the equilibrium lattice constant see ref. [7] for density
functional curve as it is largely dominated by the minimum in the
ground-state 'Eg potential energy curve of the dimer. However, we can
construct using eqn. (2) the E(ry) for a lower coordination lattice, and
therefore, for comparison we have added in Figure 3 the results for bec
-=8), simple cubic (z=6). for which the quantity f(z) in eqn. (2) is
equal to 3 and for the diamond ( f(z)=2.9) lattices.

Finally, we return to the connection between the curves of Figure 3
and the liquid pair potential shown in Figure 1. This latter pair
potential must only be used to compare points of the same atomic
volume €} on E(r) plots for different lattice coordination numbers-not
for equal r.
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FIGURE 3 Use of quantum-chemical model as a function of coordination number = to
compare cohesive energies £, of fec (z=12), bee (z = 8), simple cubic (z=6) and diamond
(z=4) lattices for Cu. Note that the correct equilibrium near-neighbour distance r for fec
Cu is somewhat greater than that predicted by the quantum-chemical model. Energies of
fec and bee lattices are close together because f(z)=4 for both z=12 and 8, and term
involving f(z) in egn. (2) dominates E. over a substantial range of r.

3. SUMMARY AND FUTURE DIRECTIONS

Motivated by the recent work on the inversion of the structure factor
S(g) of liquid Cu, at 1423 K and atomic volume Q= 132.4A% to
obtain a pair potential ¢(r, (2) to use in eqn. (1), we have first brought
this potential into contact with that obtained by Carlsson ¢r al. [7],
Figures 1 and 2 show the two potentials, compared also with earlier
work on solid Cu. As discussed by Carlsson et al. 7], there are no
oscillations in their ¢(r) derived from the cohesive energy E.(r) of fcc
Cu as a function of near-neighbor distance r. As anticipated, this is to
be contrasted with the (relatively mild) oscillatory behavior [4, 5] of the
‘diffraction’ potential ¢(r, ) of eqn. (1).

Secondly, we have explored further the utility of the quantum-
chemical model represented by eqn. (2) for solid Cu phases. Figure 3
the quantum-chemical result for fcc (z=12), Cu, obtained from the
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Cu dimer potential energy curves given by Morse [14]. There is fair
agreement with the density functional curve of ref. [7]. though the
equilibrium lattice constant is a little too short from the chemical
approach. This agreement has prompted us to predict cohesive energy
curves E.(r,) for other structures and the results are also recorded in
Figure 3. Over a substantial range of r, the term f(z)g(r) in eqn. (2)
dominates E.(r) and high coordination structures are therefore
favoured by the chemical model.

Returning to potentials of the *diffraction’ form as in eqn. (1), one
can only predict energy differences between different lattice structures
at constant atomic volume € in the absence of accurate knowledge of
E,. Thus, the liquid metal potential shown in Figure 1 can give only
the locus of constant volume curves as one moves between the different
(now lattice) structures in Figure 3. Clearly, when good structural data
becomes available for states of liquid Cu. say along the liquid-vapour
coexistence curves towards the critical point, it will be of considerable
interest to construct the loci referred to above, thereby connecting the
cohesive energy curves for different lattices as depicted in Figure 3.
Finally, the chemical model of eqn. (2) seems worthy of much wider
study, in view of encouraging results for heavier alkalis for K, Rb and
Cs [10], and now for a variety of phases of Cu.
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