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U S A

INTRODUCTION'_’ "‘

Due to the fact that thlS conference 1svmeent
to cover the proPertles of llquld metalo I Wlll 1n ;
,my talk on the atomlc motlons conflne myself to'
those aspects Wthh are relevant to thls class of
llqulds It oeems, however, not very 1mportant
whether tbe llquld 1q a metal or not When dlscu531né
the motlon of the atoms or ions. The screenlng o

effect arlslng from the conductlon electrons makes .

"Based on work performed under the auspices of
the U. S. Atomic Energy Commission.
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that the effective interaction between the ions is es-
éentialiy $hQrt‘fange like in non—métals;; The whole
subject for this conferencefis naturally diﬁided into
two quite different although inférnrélatgd parfs; one
on the motion Qf the eledtrons and the other on the
motion of the ions. When discussiﬁg the électron
properties, one mosfiy'neglééts the dynamical aspects
of the ionic motion, taking nowever into account the
diéordéred positions of the ions through the static
structure factor. When considéring the ionic motion
one may assume the electrons to relax essentially in-
stantaneously to an "equilibrium' distribution con-
sistent with the positichs'of the ions and this makes
- that we canfintroduce an;effeotive screened»interaca
tion between the ions. In a solid the Fermi surface
is sharp and this causes the effective ion-ion inter-
action to havé a tail of the form as cos(2 kFr)/rB.
Whether it_is;essentially SO also.in liguid metals
‘seems to be somewhat unclear. The fact that the ions
rgare-gurrounded by a. screening cloud of electrons led
5_’;:'unan:L to conjecture that we can. consider the ions and
. their clouds to form rigid neutral units which ‘inter-
act through an essentially short range interaction.' |

One would like to treat metals as two
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interacting plasmas, one consisting of the conductioﬁ,
electrons and the other conéisting of the iomns.

‘However,: we do not know how to treat properly the

: u;lonlc plasma for whlch the 1nteractlon has both an

-;-essentlally hard core part and a long Coulomb tall

Some - very recent attempts2 totovarcpmc_thls diffi-
culty seem Vary‘1nter¢§t;ng,and_may,;ead‘to a new

\rapprOach,cn,liquid metals,;__:?

r- EXPERIMENTAL SITUATION

The statlc structure of the 1iqu1d 15 normally
staﬁed through the palr—correlatlon functloa g(r)
'and it has been measured accurately both through
x-ray and neutron dlffractlon expcr ments for a large
number of llqulds One has trled to cbiaiﬁ frbm |
:}these data 1nformatlon on the effectlve ion-ion
potentlal u81ng some approx1mate equatlon relatlng
the palr-correlatlon functlon to the 1nteratom1cr.
potentlal (Born—Green euqatlon, Percus YeV1ck equa-
tlon Hyper»netted chaln approx1matlon) 3 It seems,

however, difficult to obtaln suff1c1ently accurate

potentials 1in thls way Wlth the present accuracy of

the experimental data.495,AlsQ, we do not know very
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well how accurafe the theories are, on which the .
procedure is baéed,

Information on the dynamics of.the atomic motion
is obtained mainly from inelastic neutron scatfering.:
The measured scattering cross section, being a fuh§~-
tion of the momentum transfer hq and the energy
transfer fi® in thézscattering process, 1is normally
given through two functions Scohféﬂv)and Sinc(ﬁsw),
Depending on the nuclear properties of the sample the
coherent or the incongrant part5qomiﬁates. Vanadiumn,
for instance, sCatters only dincoherently, whereas
aluminum scatters predeminantly coherently. The

two scattering functions dare Fourier transforms,

Soon(@w) = ;M UTF T aG gy @t at, (D)

- -—)-X"’ t > - ~> \
Sinc<qﬂw) = Jiel(q ) GS(Xat) dx 4t , (2)

of the two Van Hove correlation functions_@(%,t)

and”GS(g,t)f G(%,t) can be written as follows: -

G(;,t) :<1’1(X‘,'t> n(oo)>/n , T (3)
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Where<:..;>sis the density‘auto—correlation'fuhction
of the System, n(x,t) denoting the microscopic
_particle number Ldéhsity.# nis the uniform mean
ﬁ'densify} From the definition in qu (3) it is
evident that!inelastic‘GOherent scattering will give -
' infcrmaﬁion oh=thosej¢ollective'motions which involve
dénsity'fluctuatiOnssﬂ“Fér very -small energy‘ahd:
'momentﬁﬁﬁtraaéferé'wéfShOuId‘eipéct*to’seé’ceftain
characteristic structure'iS'S(ggw),'which'should.
o éorrespond;tofhy&rodynamic*and”%hermodyﬁamic fluthm'
ations of pressure and température.' These motions'
aré ordinary SOund waves and heat diffusion. Diue %o
expérimental restrictions ‘the neutron scattering
 tebhniqué is.limited to rather large wa#91Véctofs’
and‘frequehcies; One'cén*bnl&icover flUCtuatiohs
which have wave lengths less than 10-20 & and fre-

‘quencies higher than lOl

.2«1013 per/sec. The very
1ohg5wavelengthfflUctuations are coveféd_in light
=-Scatterihg-and ultrasonic measurements, aﬁd these
experimentSﬂhave?confirméd,the conclusions drawn
from hydrodynamics and thérmodynamics.
'Tﬁe-function Gs(g,t);~relating'the:incoherent

~scattering to the atomic motions, can be written in
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the form

GF, ) = £ ax<o (Fa E - F (000G - F,(0))>
| T

Where"%i(t) denotes the trajectory of‘anyjatcm_”i“.
Tt tells us how an atom diffuses from ifs ihifiai
position at t = 0. This fact made Vineyard® to
conjecture that GS(§,t) should be giVenlépﬁroXimately
by the ordinary diffusion equation. Later experi-
ments have shown that on the small time SCgle”éoﬁsid—
: ered here simple diffusion theory is hot.very. |
adequate. |

Quite early experiments by Larsson et al.7 on
polycrystalline and liguid aluminum gave some very
striking results (Fig. 1). They found hardiy“any
change in the scattered spéétrum Wheh melting the
. sample and this strongly indicated that both trans-
Verse‘and 1ongitudiﬁal’modes,'similér to those in
solids, exist in the liquid phase. Measurements on
liquid lead by Dorner et al‘.8 and by Randolph and

9

Singwi” have also indicated the existence of high
frequency transverse and longitudinal modes in the

liquid state. However, it seems at present to be a
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sqmewhatgcontrovefsial"questidn‘whether tféﬁé%érSe
waves of the kind we have in solids really é%{ét and
propagéte in'thesé'liquids,w\Fiéﬁfe 2 shbsta“set
_of_scattering&spectraifbr'Solidhéndlliquid:1ithium

' obtained recehtly bnyocking,lQ Iﬁ'ShOUld,be hOted
that here both coherent and ihCoherent.scéttering
’ngﬁribute, the incoherent part contributing pértic~ '
j_‘.uil__arly ﬁo the_Quasi—elastic-sééﬁferihg.

...+As a general remark, T manytate_thaf the

experimental data are often difficult to analyse for

' several reasons. Firstly, in most cases it is not

,possiblé to-separatelunambiguou81y théhcbhérentyénd
the ianherent parts.“WSecohdly,‘the théoriés oﬁ!
.which¢the»analysiskisibaSed“is not gOOd'enOUghifbr
;dpawing any-firm‘conclusiOns,*é£ léas£vfor fﬁé’Cohér-

ent part.

- MOLECULAR DYNAMICS

With big computers available it is nowadays' 
poésible to'soive nuﬁérically NeWtbn?s equationé
for a-éystem inlQOQ particlespor SO. Rahmanl; has
’dﬁring récént~yéér$ undertaken such a ?rogram and he

has in great detail studied the;diffusive motion of
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single atoms in liquid argon. The results have been |
presented through the:velocity auto-correlation -
function<f?(t)'?(02>, Which on the basis of
Langevinfs equation ehouldvdecay strictly exponen-
tially in time. Figure 3 shows the results obtained
by Rahman. The fact that the auto-correlation »
function becomes negative after some time tells us
that the atoms, if initially moving in one direction,
will on fhe average reverse the direction after a
short~time. In fact, using for liquid sodium a
‘potential with a weak long range tail as in solids.

Paskin end Rahmanlz

found the velocity auto-correla-~
tion function to have several demped oscillations. |
Rahman has also interpreted his data in terms of a
memory function I'(t), defined through the equation
.t |
Do)+ Sre-tHeHat' =0, (5
A 5 -

where

0 (1) =<FE) FODAYDS

Figure 4 shows the form ofr (t) obtained for liquid
argon. The interestingvpoint here'iewthatlr(t)

shows an initial rapid decrease feliowed by a



vneak and slowly varylng tall On tne basis of
Langev1n's equatlon one should expectl‘(t) to be es-
sentially a.ﬁ(t) function. The long tall is respon-
sible for some of the characterlstlc structure in
the velocity auto—correlat;on function. I w1ll later
come back to a phySical explanation of the charac~'
terlstlc features ofI'(t) B
Rahman has also 1nvest1gated the poss1ble col-
lective motlon in llquld argon.;‘Flgure 5 shows the ;
.time evolntion of the space Foufier tfansform of the
| current—current correlatlon functlonf<3(x t) 3(00))5

where 3(*,t) §:V'(t)a (X - X, (t)) is the micro-
| _— ,

vscopiC'cnrrent densitj,v This cufrent auto-correla-
tion function tells’us how a current perlodlcally
varying in space, prOpagates, We know from hydrody-
namics that for suffioiently long wavelengths the
longitudinal-waves propagate with a definite velocity
and is damped due to frlctlonal forces and heat
d1f1u81on From Flg 5 we see a clear tendency of
hav1ng a damped perlodlc tlme dependence for smaller
wave vectors but still far from the hydrodynamlc
limit. ‘Alsop.we see that for,wave,vectors around- .. -
the value for which tne static strnctnre factor has
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a sharp meximum the motion is slowed down compared
to the motion for neighboring wave vectors.  This
“particular effect was first predicted from very |
simple theoretical arguments by De Gennes.15

Due to theiveryfétfikihg experimental results
obtained especially in liquid aluminum it would 'be
very desirable to have results ffomeOmputér calcu-
lations for aluminum witha realistic interatomic
potential. It seems that so far moleculsr dydafiics
‘has nét.éuppdrted*ﬁhe ideas ofutreating‘thé atomic
uotlons on some kind of cryotaLllne model, which,
however, scemed to be rather strongly suppgrted by
thelexperimental data on'aluminumf Rahman intends
'Fto umdertake such an 1nvest1gatlon in order to shed

BN

some llght on thlo que tlon.:

-THEOR?T‘

As far as the collectlve aspects of the atom1c
mo+1ons»are concerned, ,b present theowetlcal |
’, 81ﬁuat1on is qu1te uncléar; 'One has been able to
explaln rétner nloely many of the expewlmental’
TGSUltb on the ba81s of qua81 Cryqtalllne modelslbr 15
1ntrodu01ng concepts ll&e atomlc dlsplacements from

3
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o certaih."equilibrium”“positions‘ahd prdpagafing~f
phonons 81mllar to those in eollds.,-These appreaches
“have, however, been very 1ntu1t1ve and have led to
some‘conceptual d;fflcultles whlch‘havennot-beenih
’\remOfe&ff“Aﬁ”pfeseﬂf‘severél*ihteresting5aPPTOeCHeS'
lgdfe’being“%fiea ‘which are more closely related to

2 16 19 A more proper dlscuSSlOn of

first pr1n01ples.
- self- motlon i's ‘éasier to pursue aDd for that leason:
~uhe theoretlcal underebandlng of the self—motlon 18.
more complete than. that of the collectlve motlon
:There is 'né tlme to rev1ew hewe the various theoretm
.1cal apprOaches,_ T will conflqe myeeli to one of
them, whlch seeme prOMlSlﬁb.%O me and 4n thch I have

'been 1nvolved myselfr

vlqet us fler consider the eelf»motlon of the

f“V7atoms and ‘derive an equatlon fer the Ve1001tj alto«

T cOrrelatiOnvfunctIOnwﬁ(ti E<§V{tbwv(ox>ﬁ(V*)>.

Newton's equ-aﬁrion* lorone ‘OF the atoe ifr'ic'z-w‘ ca%ed* by

" an index ‘zero; can’ be’ writtep A the form -

" '”x?o( t):"l}/? ./‘d-f\‘/\f(?o(t)- _f)ﬂ(”z?,t) 0% L) |
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where V(X) is the interatomic potential, M is the

atomic mass and #(x,t) = 3 5 (¥ - ia(t)) denotes
140

the microscopic density of the surrgunding'atoms.
We may now ask ourselves the following question. |
Knowing the trajectory of the zeroth atom, how will
the average dehsify around this atom vary in time?

The fcllowing expression for the average density can

be obtained from Liouville‘s equation:l8’19
, t : : |
o (£,t) = ng(E - X (1)) - np fdt' Sdx ¢ x

¢ (Ft,x t'1F (1) e - T 6" xvvE - Z(t")

I 4 (7)

Here f = 1/k.T, n is the equilibriun particle density,
g(X) is the static pairecorfelation*function'and
G(%tj'iﬂt" Xd(t)) is the‘density~density correlation
function of the surrounding atoms‘with due consider-
ation of the presence of the zeroth atom. ILike the
ordinary Van Hove corrélatipn function it can be
split up into a self part and a diétinct part. It
contaiHSfall necéssary informationvof the transport
properties of the medium surrounding the zeroth atom.
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.Inserting Eqg. (7) into Eq. (6); multiplying-with>w
7V(dj“and9averaginngver all initial velocities we

; gef an equatiéﬁzﬂdr¢>(t); infan’earlier version of
the théory G(%t;»gvt'[xo(t)) Waéreplaced_byvthe* 
self part»GSCEt; E't"]xo(tj) and this Was furthérmoré'
’approximated to have the fprm*{a(i - i;(t)) GS(§

- X, t - t'):},‘GS(§5t)‘being the ordinary Van Hove
séif correlation function. ¢(§'— i;(t)) is a
function which is ZerOVWhenéver'i_falls insidé the
Whard core't radius of the zeroth atom. These
approkimations should have no significéﬁt'effect'on

our conclusions. The_eQuation to be fulfilled by

o (t) was brought in théﬁformlg‘v
, t R - o |
@Ee(m e e -t et =0, (®)
o)

where ' (t) depends explicitiy on the interaction
potentiai and the static pair-correlation funétion,'
which were assumed to Be kﬁoWn;  Figure 4 shows\F(t)
for 1iéﬁid argon*(dotted qurvé}_compared with the
results obtainedAby Rahman_from molecular dynamics.

| (dashed cﬁrve). .The”rapid.initial déCrease‘ih F(t)'

arises in thiS'treatment:from“the hard core - =
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collisions between the atoms. The slowly varying .
tail inI(t) is connected with the smooth attractive

part of the‘potential'as well as with the hard core

part.
Assumingao
Gg(x,t) =07 a(t)) ~3/2 exp( -x~/a(t)) (9)
with ‘
-
alt) =g/ (6 - )P (8 at' o (10)
o |

an approximation commonly used in this context and 
proved to be quite good, we obtain an approximate
expression for the Van Hove self-correlation func-
tion. If we had reﬁéined the full generalizedean
Hove function in Eg. (7) we should have found that
the equation for Gs(ﬁ,t) would also contain the
distinct\part Gd(fgt) = G(¥X,t) - Gs(igt)}

We may rewrite Eq. (7) in such a form that the

n

- current density of the zeroth atom, fg(f;t), appear
explicitly. Multiplying the equation with 3;(0,0)

and averaging over all initial configurations we can

~54 4—



obtain an equation for.howithgfdengity or ﬁhe‘currént
of a surrounding atom is’corrélafed.to,the_Qurreht

of the zeroth atom at a different tiMe°.that.is the
dlstlnct part of the current- cuvrent correiatlon o
function, denoted by C(d)(x t). ,Approx1matlons haVe
to be made in oraer‘to}proceed ‘and in a certaiﬁ,,'
approximation,‘for:which it js‘no'time to explain

here, the followlng equatlon was. obtained: el

5t (d)<x B -nf TS at'vfdggv G oG -,
) |

£ - 'to> g(f _ _}szg%n - fw)XVVC}){V _ __2”) C(S) (

8B
+ ) |
<"t ) - nf 3 S at’ /dx ax™ C(S)(x é‘x";,
7,0 |
) o c e

. — 9 | — ) ) ~—>i‘ —ff .S;..‘: "’” v :
t -t g (%' - vrv6V<X - X)) C<5/;(X ?:_,t ) -

(11)
Here
'—g(§) = statiC‘péir~corré1atiOn‘functibh,”l
g(%,¥) = static trlple correlatlon function, .

Vix) = 1nteratomlc potentlal

C%f (%,t), (d)(f t) = gelf and dlstlnct parts

- 0f the current-current correlation functlon.
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, etc. denote the Cartesian cOordinatésQ

We see that the distinct correlation function is
through Eg. (11) coupled to the self part. This
work is under'progress and some improvements have
:probably have to be made before the theory will work
properly. It does however give in the present stage
the cofréct short time behavior up to times of the
order tq. Whether it gives the longer time behavior

reasonably correct is not clear at present.
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Fig. 1.

FIGURE CAPTIONS

Cohefehtly'Scéttefédjnéu%rOh”épééfré from

Z’én;aiﬁminum;ﬁbijchéfaifaf 630.°C and liquid.

sluminum at 677°C. ‘The angle of observation

was in both cases 60°. (After K. E. Larsson

in "Thermal Neutron Scattering®, Ch. 8,

. Fig. 2.

Fig. 3.

Fig. L.-

ed. by P. A.-Egelstaff, Academic PréSs,
New York, 1965)

Scattered néutron»spectrum'from solid»
(l6é‘C) and 1iqui&'(205°c)'iithiumw7 for

various scattering angles. (After S. J.

‘Cocking, proc. Int. Symposium on Tnelastic

Neutron Scattering, Copenhagen, 1968)
The velooity auto~correlation function ¢(t)

for liquid argon, obtained by Rahmar

(Ref. (10)).

The memory function I'(t)/r(o) for liquid

‘argon‘obtainéd by'Rahmah from molecular

dynamics (dashed curve) and from our theory
(dotted curve’).‘_The full_curve‘shows the
results when neglecting certain relaxation

effects.
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Fig. 5.

Shows the time evolution of the space

Fourier-transformed longitudinal curfent-

~current correlation function for liquid

...,argon for various values of the wave vector
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