
g J_ ~'r/y 

COOOUlBHMR 
OObBAMHBHHOro 

MHCTMTYT8 
RABPHblX 

MCCnBAOB8HMM 

AY6Ha 

E14-92-79 

I. Padureanu 1 , Ch. Rotarescu 1 , I. Po§lescu 1
, 

0. E. Kudryashov 2
, I. E.Ovchinnikov 

ON THE STRUCTURE AND ATOMIC MOTIONS 

IN LIQUID SODIUM 

1 lnstitute of Atomic Physics, Bucharest, Romania 
2 lnstitute of Physics of Latvian Academy of Sciences, 
Riga, Latvia 

1992 



naAypeaHy ~- H Ap. 

0 CTpyKType H ABH>+<eHHAX aTOMOB 
B >KHAK0M HaTpHH 

E14-92-79 

nony'leHbl MHKp0CKOnH'lecKHe CTPYKTYPHble QlYHKUIIIIII >+<l!IAKOro HaTplllA 

B o6nacrn TeMnepaTyp T = 100-600° C C HCnOnb30BaHHeM npH6nl!l>KeHHA 

TeepAblX C<pep H HeihpOHHblX Alll<ppaKUHOHHblX AaHHblX npH ManblX BOnHOBblX 

eeKTopax Q. np1-1 nOMOI..UH 3THX AaHHblX 6blnH nony'leHbl KoppenAUHOHHble 

QlYHKUHH npOAOnbHblX TOKOB, aBTOKoppenAUHOHHaA Q)YHKUHA CKOpOCTei:i H 

cneKTp 'laCTOT Ha OCHOBe AHHaMH'lecKHX MOAenei'.1 : 06061..UeHHoro cpeAHero 
nonA, BA3Koynpyroro nonA H QlYHKUHH naMATH. 

Pa6oTa BblnOnHeHa B na6opaTOpHH Hei1TpOHHOi1 Q)H3HKH O~A~. 

Coo6meHHe O6be,1HHCHHOro HHCTHryTa llJCpHbll( HCC.1CJOBaHHH . .1fy6Ha 1992 

Padureanu I. et al. 

On the Structure and Atomic Motions 
in Liquid Sodium 

E14-92-79 

The microscopic structure function for liquid Na in the temperature range 

T = 100°C-600°C from the hard sphere approach and neutron diffraction 

data at the low momentum transfer measurements are obtained. These data 

are used within the mean field, viscoelastic and memory function approach 

theories to derive the self and effective current longitudinal correlation func­
tion and its spectral function. 

The investigation has been performed at the Laboratory of Neutron Phy­
sics, JINA. 
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INTRODUCTION 

. . In. this, paper are . presented . the results concerning the, 

static structure factor S{Q), and the radial distribution 

function g{r) in the liquid s~dium as well as the temperatur,e 

influence~n these. microscopic properties in the range 100°C. 

- 600°C .. The results are ba:sed 6n a hard sphere approach; 

The parameters needed in a such·as approach are obtained fro~ 

neii't~on diffract.ion experiments performed in the region of 
. ' 

the small momentum transfer'.' The.structure data were used in 
' '. 

the theoretical dynamic models based on the·. mean field theory 

11 I , . vi~coelastic theory I 21 and the memory function approach · 

' I 3 I · ~o _d~~ermine the dynamic structur,e factor s c { Q, w) for 

c'orrelated atomic motions. · A three p~le approximatio!1." model 

· is ·used for seif ·motion·'via S {Q, w). 
.. . ' .. : . : . . . l 

/.The total dynamic fupcticm S{Q, w) wa~ 

perimental ·.results at T=413K I 41 . It is 

. . . . 

compared to the.ex-

concl uded that good 

. · agr~ement is · obtained between the, theory and .experiment . 

. Therefore, . the theoretical s {Q, w) . and S {Q, w) could be 
,. . '• · . · C. · . l ·· · 

c.onsidered as .the, real components. for .coherent and incoherent' 
,, • ' ' ••• ., ' < •• ,. 

scattering in liquid sod.ium for. all. investigated temperature. 

As the neutron 'scattering on liquid sodium does · not in-

. volve the isotopic. effects, the ,experimental separation of 
• • . • 6, • 

s {Q,w) ands {Q,w) is not possible . 
• C . l . 

· Based on the above conclusion we have analyzed further the 

; t~mperature dependence of the longitudinal, c~rrent . correla­

tion functions on J
1
{Q,w) and ~c(Q,w.) . 

. From J l { Q, w) :::: , { w2 /Q2
) S l { Q, w) the frequency spectr!-lm of 

the velocity self correlation function: 

~{t)= <V(O)V(t)>/<V(0) 2>, 

1· and finaly ~(t;T) is ~lso obtained. In addition to the struc­

' ture data S(Q;T). g(r;T). a 'Lennard Jones pair interacUon 

potential in the dinami.cal models is ·used .. 

The present analysis is a continuation of the investlga-:­

. tiori of· the liquid sodium performed ·by us fn .the papers I 4, 

s. 6,71. ,~=~~~ _ 
-- -~ij 



EXPERIMENTAL MEASUREMENTS. THE HARD SPHERE APPROACH 

The inelastic neutron. scattering experiments on liquid 

sod~um perf~rmed at the IBR-2 reactor in JINR Dubna 141 have 

been continued aL the VVR-S reactor in IAP Bucharest by n~ut~ 

ron diffraction. The latter measurements· were rece>rde·d at . 

various temperatures· in the region of the low wave vector .. 

transfer 0. 31- 1 :S Q<:S1. 51-l • 

Using the conclusion of other papers IBI we also deduced 

1 
I 

' - . -

that for values of Qs 1/4Q , (where Q corresponds to the 
• · 0 · . · 0 · · 

first maJCimum) S(Q) is equal to its value at Q~O within the' 
·· 1 

experimental errors. 

For liquid sodium• Q~21_; 1 I 91 Q/4 = 0. sl- 1
. and th~ value 

. 0 .•, 
of S(O) ~ S(0.51-1 

). The experimentally determined value of 
/ ' ' I 

S(O} has been used within .the hard sphere approach to obtain 

the packing density of hard sphere, 11, as a ·func:tio~ o.f tem­

perature. As it is. known for 
. 4 4· 

Q->0:S(Q->0}= (1-71) /(1+271) . (1) 

The ~tructure factor S(Q) for. simple liquid•can be obtai­

ned as'a rigorous solution of the Percus-Yevick theory (P~Y) 

1.101 for the case of a· hard sphere pair interaction potential 
t(r). ·· · 

The solution of the (P-Y)·integral equation'is 

S(Q )=[1-nC(Q )]-1 

1 1 
(2) 

where n is the atomic density, Q1=Qer, er is ·the diameter of 

the hard sphere and C(Q) the direct correlation function. 
1 

1 

C(Q )=-4rrer3 J dx x 2 [sin(Q x}/Q1x](a+px+7x3
). (3) 

1 O .r 1 

The parameters er, a, p, 7 are calculated from the packing 

:\".density 11: 

11:;=rr/6ner3
; a=(1+271) 2 /(1-71) 4

; P=-611(1+71/2) 2 /(1-11) 4
; (4). 

) 7"71/211( 1+271) 2 
/( 1-lJ) 

4
• 

The structure factor S(Q;T) obtained in the temperature •. 

2 

1 
· i·-

:1 
I,. 

'.1 

range 100°C- 600°C' is shown in Fig.1. As one, can see agree!Jle­

nt between the hard sph~re data and experimental ones is qui­

te· good .. The ~ffect of the attracti;e part of the· potential· is 

small at any Q value between 0.21- 1 and 91-
1 

corresponding to 

(wave lengths from 301 to 0.61. For Q>71-
1 

the experimental 

possibilities· are limited while the theoretical modeling ind-
, , , ' ! ' •. - ' • 

icat.es the existence of the atomic order at higher Q- values. 

TEMPERATURE DEPENDENCE OF THE RADIAL DISTRIBUTION FUNCTION 

As the simple liquids metals are isotropic systems, the 

, . radial distribution function g( r, T) =g( Ir I, T). 

The static structure facto_r s(Q) is correlated with g(r) · 

by the relation: 

S(Q,T)=1+(4rrn/Q)J[g(r,T)-1]r sin Qr dr. (5) 

To obtain g(r) correctly, S(Q; T) should be obtained- over a· 

large ra~ge of Q values to get the limit S(Q;T) ->L 

This is very difficult experimentally. and, theref.ore; .• the 

Fourier transformation of the experimental data · between the 

Q - ,-and Q limits is affected by errors. 
mln max · 

Theoretical determi_nation ·or S(Q) allows one' to avoid .this. 

difficulties. In Fig. 2 the radial distribution function 

g(r;T) is shown. 
From the intersection of g(r;T) with r-axis the tempera-, I •• 

· ture d~penderice of, the parameter er(T) is obtained.-This para­

meter was used in the Lennard Jones pair interaction potenti-· 

al for dynan'lics calculations. 

DYNAMIC STRUCTURE FACTOR CALCULATION 

The scattering function S (Q,·w) has been obtained from 
. ' C . 

. thre~ theore.tical models. These models do not invol_ve an· ad-, 

justable parameter. The input data are S(Q;T), g(r;T) and the 

potential. t(r;T). We write down here the main formulae ~sed. 
, ' I , • , , • 

for calculation. According to the model of the Pathak-Singwi 

l 11 . dynamic structure factor Sc (Q, w) is given by the rela--

ti'on. 3 



-KBT 
s (Q,w)= rrnw 

C 

x·· (Q, w) 
BC 

[1-'l'(Q)X' (Q,w)] 2+[t/l(Q)X .. (Q,w)] 2 
SC. BC . 

• (6) 

All functions depending on (Q, w) variables are obtained, 

from the · structure data. The main quantity to be calculated 

is the potential dependent part of the fourth order momentum 

of S(Q,w), named P
4

<Q). 

P4(Q)= Jdrg(r)[1-cos(Qr)]/Q2(QV) 2~(r) 

<w
4
>= Q

2
KaT/M

2
S(Q)[3KBT+nP4(Q)]. 

(7) 

The second model used for S(Q,w) is proposed in the paper 
• , . C 

121. According to the approach described in this paper. 

S (Q,w) is calculated as follows: 
C 

Q
2

KaT ~(Q)[a(Q)-b(Q)] 
S (Q,w)= ---- --------------------------- (8) 

c rrM w~(Q)[w2 -a(Q)]2+Iw2-b(Q)]2 

where ·a(Q)=3KaTQ2/M - nQ2P (Q)/M · 
4 

b( Q) ;Q2KaT/MS (Q) 

1/~(Q):::2/✓rr [a(Q)-b(Q)] 112 . 

Another theory proposed in the paper 131 gives for s;(Q,w) 

.the following relation: 

1 w2n 2S(Q)K(w) 
0 C 

- rr 2 2 •• 2 2 2 • • 2 
[w +wn K (w)-w] +cwn K (w)] 

C , 0 C 

Sc(Q,w)_ ,, ( 9) 

2 2 2. ·n (Q)=w1-wo, 2 2 2 4 2 
w =KBTQ tMS(Q); w1=<w >/<w > • 0 . 

The functions K
1

(w), K 
11

(w) depend on the structure data, 
C C 

and these quantities·have their usual meanings. 

To calculate the function S
1 

(Q, w) corres.ponding to the·. 

self motion, we have used the model of the paper [11]. 

4 

r 
\ 

t 
I 
\ 

1i 

i 

I 

' 

I 
j · 
l 

IJ1·1· .· i ; I 
'' ") 

\/ f'<,, ' 

i 

. " 1 
. s (Q, w)=rr 

. I 

o = <w2> = Q2KaT/M 
1 

0 = 2<w2>+02 
2 

~(Q)o102 
---------------------------
{~~(Q)(w2-~ -o )}2+(w2-o )2 

. 1 2 · _1 

2 n . d 2
~ r r 

n = H Jdrg(r)-2- 2 ; ~(Q)=1/~vo 2 ; ~=2/vrr 
d r 

( 10). 

there n can be regarded as the oscillation frequency sodium 

atoms. 

The. total scattering function is obtained from the rela­

tion: 

S(Q,w)=[a s (Q,w)+a s (Q,w)]/(a +a) (11) 
C C . I I I C. 

where a ,a are the total cross sections for incoherent and 
• I C 

c~herent scattering. 

A first. comparison of these calculations with the experi­

mental data from inelastic neutron scattering on sodium at. 

T=413K has already been performed'in the paper l4l. All three· 

models for Sc(Q,w) give rather closed results. 

LONGITUDINAL CURRENT CORRELATION FUNCTIONS 

The longitudinal cu~rent correlation functions J
1

(Q,w) and 

J(Q,w) have been obtained from the relations.1121 

In Fig.3 

J (Q,w)=~: S (Q,w) 
I .. Q2 I 

w2 
J(Q,w)=-2 S(Q,w). 

. .Q .. . 
are shown the functions 

(12) 

J (Q,i),(c=hw) for vari-
1 . . 

ous temperatures and in Fig. 4 are shown J(Q. c) calculated 

from~ the: three models for s ( Q, w) at Q;,,1. 9Jt- 1 . The function 
' C · t , 

J (Q, w) . in Fig. 3 is not normalized by the weight CT /(CT +a ) 
I . . • I I c 

while in Fig. 4 the eff~ct.i ve current correlation function 

J(Q, c)' is obtafr1ed according to the relation·. 

5 



J(Q,c)=cr /(er +er )J (Q,c)+cr /(er +er >J cQ,c). (13) 
··!_lei c Ice 

The function Ji (Q, c) has a sm~ll maximum located at the· 

energy transfer c=3meV and a second one at c=15meV; These 

details are observed at T=100°C. A relatively significant 

dependence on temperature is observed. 

Thus with an increase of the temperature the first maximum 

·disappears' slowly. The second maximum is shifted to .the s~al,.;, , 

ler Q values .. Unfortunately, we _ cannot compare our results 

· with_ other authors, because the existing data are obtained' 

for temperat.ure not far from the melting point and· are not 

tabulated. 

In the paper :12: are plotted the results on liquid sodium 

at T=400K compared to the molecular dynamic calculations. 

An approximate estimation leads to the conclusion that our 

results for T=400K1are in agreement with the results presen~ 

tedin paper I 121 except the conclusion that the peak at. 

c=3meV is on resolution effect. 

THE FREQUENCY SPECTRUM. AND VELOCITY SELF CORRELATION. 

FUNCTION 

The freq~ency distribution spectrum· of the .velocity self 

correlation function is obtained from the incoherent scatte-· 

_ring function according to the relation 

2M 
p(c)=iiRiiT 

2M 
lim J (Q,c)=iiKeT 

l 
QqO 

2 

lim ~\s
1 

(Q, c). 
QqO Q 

(14) 

The res~lts obtained by the extrapolation method at vari­

ous temperatures are shown in Fig. 5. ,A maximum at 12-13 meV 

is present in p( c)' for temperatures not far melting point. 

This maximum coincided with the main maximum observed in 

J {Q, c) for T=1°00°C. The comparison of p(c) fo; T=125°C with. 
l , . . . 

that of the paper 1121 at T=400K shows good agr~ement. The 

small differences observed may be are due to p(c) determined 

in p~p~r 1121 as the.limit Q->O is taken equally with-J (Q,c) . 1 . 

6 
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for Q=0.69.Jt- 1
• The temperature dependence of p(c) is very 

signifi~ant.· It consists in the successive_ shifting o! the 

position of the main peak, c, to smaller c as T increases.; 
m . . 

This behavior can be seen ·from Fig_. Sa. . . 

As T increases a better location of the main peak in p(c) 

is also observed. From p( c) we have calcul_ated the velocity 

self,correlation function ~(t) according to the relation: 

~(t) =:S!'.:{~2.!'.:{~2.2'.: = Jp( c) coswtdt • 
<v(O)> 

(15) 

In Fig. 6 is shown the temperature; dependence of ~(t). At 

the lower temperatures not far from the melting point Ht) . . 

has a complicated beha\[ior . 

It decreases rapidly from t=O at t=0.1*10- 12s becomes ·ne­

gitive. After that it slowly oscillatei in the field of the 

surrounding atoms (as in' a "cage") with_ the frequency _cor­

responding t~ the c observed in the frequency spectrum~ 
m • .. 

At a_ given t inside this "cage" there is an ordered str_uc-

ture given by the radial d_istribution function g(r). The 

fluctuations in the atomic surrounding Uie cage lead to the 

break up of the initial order. During this process our atom 

in the "cage"· loses its initial velocity due .to the collisi­

on. Correlation of the _velocity depends on the temperature. 
.. , . . 0 

At temperature as high as T=600 c, Ht) has an exponential 

behavior ~(t)= e-t/'t" with the relaxation time -r. 

·CONCLUSIONS 

The neutron diffraction data measured at low mom·entum 

transfer are used within the formalism of a ha_rd sphere to 

obtain the static structure factor S(Q) and theradial distri~ 

bution function g(r) over the temperature range 

T=100°C-600°C. 

From the comparison with the X-ray measurements it is con­

cluded that a ·hard sphere formalism gives rather a good des~ 

cription of S(Q) as a,function of T (the packing de!}sity.de-. 

pends of T). 

7 
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.The dynamic structure functions are calculated from vari­

ous models having a~ input data, S(Q) and g(r). and compared 

with the experimental measurements by inelastic neutron scat~ 

tering. It is concluded that S (Q,w;T) and S {Q,w;T) obtained I C . , 

iri this way,· can be considered the coherent and the incohe-

rent ·components of the total scattering function,S(Q,w). 
. , 

. The longitudinal current correlation functions_ obtained 

from the dynamic structure functions are in good agreement 

with the measurement and with molecular dynamic calculations 

for T th~re where they exist. 

The frequency distribution function p{c) and the_ velocity 

self correlation function show a rather sensitive dependence 

on_temperature. 
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Fig. 6. The temperature dependence of the velocity 

selfcorrelation function J{t). 
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