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Microscopic dynamics and structure of liquid 'Li 
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Abstract. We report an inelastic neutron %altering (INS) expedment on liquid 'Li at 470 K, 526 K 
and 574 K using thermal neutrons. Fully corrected srmdure factors S(K, o) were obtained. We 
have assessed the quality of the dala by mems of the first frequency moment of S(K, o) and by 
the detailed balance condition. The coherent dynamic sltuctnce factor S,(K. o) and the ilrmhezent 
dynamic s " m  factor &(K, o) were separated by fitting models. We compare the data for 
S ~ K ,  o) at small x with several models using no adjustable parameters. The Lovesey model 
for $(U. 0) gives very good agreement with the experimental data at all t@e temperstures. 
S,(K, o) is not well described by the predictions from simple diffusion, mode-coupling theory 
or the model of Nelkin4hatak. The Lovesey model also gives the best agreement with the data 
when we fit one parameter. 

1. Introduction 

In this paper we present our results of an INS experiment on liquid 7Li with thermal neutrons 
at three temperatures (470K, 526K and 574K) near the melting point. The dynamic 
structure factor S(K, U )  of liquid 7Li is a weighted sum of the coherent dynamic smcture 
factor S&, U )  and the incoherent dynamic structure factor S&, o) because the scattering 
cross sections are almost equal. In particular, S,(K, o) is very interesting because &(K. w )  
can only be measured using neutrons and it has so far only been determined for a small 
number of monatomic liquids (i.e. Na [l], Ar 121). 

The dynamics of liquid lithium has been studied by inelastic x-ray scattering (MS) 
experiments [3], by computer molecular dynamics (m) simulations [MI, and by inelastic 
neutron scattering (INS) experiments 17-10], The sound dispersion in liquid lithium, 
determined by Ms experiments [3] and by INS experiments with epithermal neutrons [9], is 
similar to other monatomic systems. The position of the sound modes follows the predictions 
from hydrodynamics up to K& where KO is the position of the main peak of the static 
structure factor S(K),  and shifts to smaller w for K beyond K@. It follows from the INS 
experiment with epithermal neurons [9] that the dynamics of liquid lithium at very large 
momentum transfers does not deviate from the free-gas behaviour. Sedlmeir [lo] performed 
INS experiments with polarization aialysis (PA) on liquid 7Li at 600 K. This method has the 
advantage that S,(K, o) and S,(K, o) can be separated experimentally. A comparison of 
their data and the present data at 574 K shows that the data differ considerably [ 111. The 
origin is unknown. Part of the present work has been published elsewhere [7,8]. 

Deviations occur between S(K) of liquid lithium determined using x-rays and neutrons. 
It is at present unclear whether these differences are caused by improper corrections (i.e. 
form factor [12] or inelastic scattering [13,14]) or if this reflects the effect of delocalized 
electrons. The integration of S,(K, o) is a way to avoid the correction for inelasticity, 
which can be rather large for lithium due to its small mass. Comparing the S(K) measured 
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with neutrons and x-rays might give insight in the correlations between electrons and ions 
(e.g. liquid Li [151 or liquid Se 1161). S ( K )  at small K for liquid metals is sensitive for 
testing potentials but is often very difficult to measure. The dynamics is probably aproperty 
sensitive to the potential over a larger K range. By measuring S(K,  W )  we can provide data 
to test potentials for liquid lithium. 

The aims of our investigation are%erefore threefold to study the dynamics in liquid 7Li 
near the melting point as a function of temperature and compare the results with predictions 
from theory, to compare S ( K )  determined by integration over & ( K , w )  with S ( K )  from 
literature, and finally, to provide data to test potentials for liquid lithium. 

We describe the theory in section 2, the experiment in section 3, and the results in 
section 4. The discussion of the results and the conclusions are given in sections 5 and 6, 
respectively. 

P H K de Jong et a1 

2. Theory 

In this section we briefly describe the models for S,(K, W )  and &(K,  W )  that we use in this 
paper. The reader is referred to the original papers for full details. 

In the hydrodynamic limit the single-panicle dynamics is described by simple diffusion: 

where 2, is the self-diffixion coefficient. 

between diffusive and transversal modes, gives the first-order correction for S&, 0): 
The mode-coupling theory of de Schepper and Ernst 1171, which describes the coupling 

( iW&,pz) f O [ & f ( W / K 2 ) ]  s, ( K ,  W )  = S, ( K ,  0) + --ReG 
MC SD 1 1  

n VKK* 

where 

K* = 1 6 ~ p M n , V ~  p = I /kBT 

with ks the Boltzmann constant and T the temperature, M the atomic mass, 6 = V/(V + v )  
and v is the kinematic viscosity. The function G is given by 

The Lovesey model 1181 for S&, 0) is given by 

where 
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Here s2 is an integral over the radial pair distribution function and the second derivative of 
the pair potential (see equation (3.2) in 1181); s, is the integral over the third-order memory 
function. By postulating S,"(K, w = 0) = SSD(r, w = 0) one obtains 

= flMDS2. 

The model of Nelkin-Ghatak for S,(K, w )  [I91 is 

NG 1 U(l - U )  - v2 
K(Y (1 - Up + v* s, ( K , O )  = - (2.3) 

where U ( x ,  y )  = y u ( x ,  y)&, V ( x ,  Y) = Y V ( ~ ,  ~ ) f i  and 

W ( x  + iy) = u ( x ,  y) + iu(x, y) 

is the probability function for complex arguments. The reduced variables x and y are 
defined by 

where U: = k~ T I M  and 01 denotes the average collision frequency. This model has the 
correct large-r limit of S&. w) .  It also has the correct small-c limit provided we set (Y = 

According to kinetic theory the coherent dynamic structure factor S&O) can be 
decomposed into an infinite set of Lorentzians [20,21]. The first three extended 
hydrodynamics modes dominate for K 6 l - l ,  where 1~ is the mean free path between 
collisions 

.,"/D. 

(2.4) 

where Ao(K) and ZO(K) are real, and A * ~ ( K )  and z * ~ ( K )  are either real or complex conjugate 
pairs. This model passes in the small-r limit into the Landau-Placzek triplet, which consists 
of two Brillouin lines ( j  = ?cl) located at os = =kImz*l(r) = C ~ K ,  with c, the sound 
velocity and one Rayleigh line ( j  = 0). The thermal diffusion coefficient aion is given by 
Z ~ / K ' ,  the sound attenuation coefficient by Retil ( K ) / K ' .  

The Enskog mean free path 1~ is (nrxuZg(u)Z/Z)-', where U is the hard-sphere diameter 
and g(u) is the pair correlation function g(r)  for hard-spheres at r = U. We determined U 

from a fit of the main peak of the hard-sphere S ( K )  to the main peak of the experimental 
S ( K ) .  For the determination of U we use neutron data at 470 K and 595 K [14] and x-ray 
data at 523 K [22]. For lithium at 470 K, 523 K and 595 K we find 0.272nm. 0.271 nm and 
0.269nm, respectively. The corresponding 1~ in liquid 7Li is about 0.014nm. Hence the 
three extended hydrodynamic modes dominate for K up to = 70 nm-' . 

3. Experiment 

We have performed the experiment with the time-of-flight (TOP) spectrometer RKS at the 
2MW reactor of our institute. We used an incident energy (wavelength) of 20.5meV 
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Figure 1. Kinematically accessible K-W plane at Eo = 20.5meV. The curyes drawn indicate 
d e w o n  at scmering angles 014.96'. 15.7O. 22.7, 28.X0, 34.7.38.6', 43.0°, 52P, 5 7 2  and 
63P, respectively. Broken veaical line: half width at half maximum (HWHM) of the resolution, 
short broken line: HWHM of SSK, w)  at470 K according to hydrodynamics, broken line: expected 
position of the collective modes up to $KO. The long broken line denotes the integration path 
through K-W space for a detector with a scattering of 2' at an incident wavelength of 0.0695 nm. 

Table 1. Cross xctions for 'Li. 'Li, our 'Li specimen (from [451) and vanadium 1461. The 
bound atom MSS seaions for coherent and incoherent scattering am denoted by ac and ai. 
respectively. The absorption cross section is denoted by oh. 

Cross section (b) 6Li 7Li '~i  (99.975 at.%) V 
ac 0.51(5) 0.619(6) 0.619(6) 0.02 
U, 0 . 4 W  0.68(3) 0.68(3) 4.96 
as = ac + 0; 0.976) 1.30(3) 1.30(3) 4.98 
cx (0.18nm) 940(4) 0.0454(3) O.ZSO(1) 5.08 

(ho = 0.200 nm). The half width at half maximum of the energy resolution varies from 
0.69 meV at the smallest scattering angle (4.96') to 0.8 meV at the largest scattering angle 
(63.8"). In total 52 detectors were used. The beam size is 2.5 x 10cm2. The flux at 
the sample position is 800 n cm-'s-'. The kinematically accessible K-OJ plane is given in 
figure 1. 

We performed measurements on lithium enriched in 'Li because 6Li strongly absorbs 
neutrons (table 1). The lithium sample is contained in a niobium cell (see figure 2) specially 
designed for a vertical scattering geometry such as the RKS. The cell can be used from the 
melting point (454K) to about 1200K. The sample cell was filled in the helium-filled 
glovebox of the Laboratory of Solid State Physics at the University of Groningen to avoid 
the reactions of lithium with oxygen and nitrogen. The cell was sansported under argon 
gas to the electron beam welding facility [23], where it was sealed under vacuum. 

The sample cell was heated by means of two separate heating elements which were 
connected to the ends of the cell. The temperature of the cell was measured by two chromel- 
alumel thermocouples positioned in the ends of the cell. The calculated temperature gradient 
over the sample cell in the present temperature range was about 3 K and the stability in time 
was about 1 K. An aluminium foil (of 0.1 mm thickness) was used as a thermal radiation 
shield. The cell and elements were placed in an aluminium vacuum containment during the 
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. .  

Fwre 2. Drawing of the niobium sample cell. Dimensions in mm. 

experiment. 
Apart from the measurements on 7Li at 470 K, 526 K and 574 K (each for about 90 h), the 

scattering fiom an identical niobium cell (for 112 h), a vanadium spiral foil in an aluminium 
cell (for 160 h) and the empty aluminium cell (for 164 h) were also measured. The niobium 
cell was filled with 'He gas (about 450mbar) in order to get the same transmission (88%) 
as the cell filled with 7Li. The transmission of the sample cell is not strongly temperature 
dependent because the densities at these three temperatures (see table 2) are almost the 
same. 

Table 2. Some properties of liquid Li and liquid 'Li. The properties followed by an asterisk 
refer to 7Li. The data were taken from [29,46481. cp (CV) is the specific heat at constant 
pressure (volume) and S(0) is the long-wavelength limit of S(K). The kinematic viscosity and 
self-diffusion coefficient are given in ndps-' and IO-) nmzps-', respectively. The value of 
the average collision frequency in the hydrodynamic limit a(0) is calculated using the tracer 
data from LOwenberg and Lodding I291 for D. Cl denotes the Einstein frequency. Q at 526 K 
and at 574 K were calculated from the theoretical result at 470 K of Gonz4lez [32] using the 
suggested relation of Levesque and Verlet [33]. 

Property Value 

Melting point T, 453.7 K 
Atomic weight )Li M* 7.016 g mol-' 

Number densify n, ( ~ m - ~ )  

Kin. viscosity U* 

Self-diffusion V* tmer I291 
S(0) 
Q* (ps-') 
a(0)r (Ps-9 

Y = c,/ev 

Self-diffusion v* NMR [301 

Sound velocity c, (ms-') 

T=470K 

44.5 
1.07 
1.10(1) 
6.3560) 
632) 
0.027 

41.Q 
85.7 

4554 

T=526K T=574K 

44.1 43.8 
1.08 1.09 
0.965(8) 

0.033 0.037 
,413 42.4 
69.2 60.7 

4510 4481 

The data were corrected for background, detector' efficiency, multiple scattering, self- 
shielding and TOF resolution, normalized absolutely using the vanadium measurement and 
interpolated to a rectangular K-CLJ grid using the methods given in [24]. A few typical TOF 
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Figure 3. mF spectra for 'Li at 470K (error bars) and the 
3He measurement (full curve) at three selected angles. (a) q = 
28.7'. (b) (p = 48.4'. (c) (0 = 63.8'. 
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Figure 4. Double differential cmss section before (errors) and 
afterdemnvolutio~((dots)(inbnm-lsr' )for1Liat470Kat 
Uuee selected angles. (a) (0 = 28.7O. (b) (p = 48.4'. (c) 9 = 
63.8~. 

spectra for liquid 7Li and the 'He measurement are given in figure 3. The subtraction of 
the background scattering from the 7Li spectra is straightforward because we performed a 
'He measurement. 

The resolution correction is unsatisfactory at small angles. Consequently, the smallest 
scattering angle providing useful data is 20.1" (K.I = 47rsin(p/Z)/& = 1l.Onm-I) for 
470K, 19.0" ( K ~ I  = 10.4nm-') for 526K and 15.7" ( ~ ~ 1  = 8.5nm-') for 574K. In figure 4 
we show a few spectra before and after the resolution correction. The spectra at large angles 
are not strongly affected by the resolution. 



Microscopic dynamics and structure of liquid ?Li 8397 

0 10 20 30 40 50 
n / nm-' 

%@ 

0 10 20 30 40 50 
n / nm- 

U 
0 10 20 30 40 50 

IC / nm-' 
20 

/ PS 

0 10 20 30 40 50 
IC / nm-' 

Figure 5. S(x, o) for %i at 526 K. Circles: energy-gain data: dots: energy-loss data. (a) o = 
0 ps-'. (b) 101 = Zps-'(c) 101 =6ps-'. (d) 101 = 15ps-'. 

470 K 526 K 574 K 
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Figure 6. Quality factors Q for 'Li at 470K 526K and 574K. Full line: 95 % confidence 
limit. 

S(K, w )  is related to the double-differential cross section dzu/dS2& by 

m h4 dZu 
qnfi 4 dZtdh 

S ( # , W )  = 

where m is the neutron mass, fi is the Planck constant divided by 2 ~ ,  us denotes the bound 
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atom scattering cross section and A denotes the wavelength of the scattered neutron. We 
have converted our data to classical S(K,  w) using the approximation of Aamodt and co- 
workers [25] to allow for a comparison with classical models for S(K,  o). In figure 5 we 
show the fully corrected S(K,  o) of liquid 'Li at 526 K at constant w .  The energy-gain data 
are in good agreement with the energy-loss data. We have calculated the quality factor Q 
(defined in (22) in [24]) in order to assess the quality of the data in a quantitative manner. 
The Q values (see figure 6) are in reasonable agreement with the expectation value of Q (1). 
The deviations at smaller w and lower temperature reflect the resolution effect. In figure 7 
we show a few typical S(K,  o) at constant K for the three temperatures. The frequency 
moments (0") of the dynamic structure factor S ( K ,  w) defined by 

P H KdeJong et al 

can also be used to assess the quality of the data. The theoretical values for n = 0 and 
n = l a r e  

(3.3) 

(3.4) 

where crc and 0; denote the coherent and incoherent scattering cross sections (table 1) and 
fiyl is the recoil energy. In general, the integral in (3.2) cannot be calculated exactly using 
experimental data because of the limited w range. Nevertheless, for K 2 22 nm-', where the 
experimental accessible w range allows for the calculation of the integral in (3.2). we find 
good agreement between the experimental (w ' )  and the theoretical value (see figure 8). For 
K smaller than 22 nm-' too much of S ( K ,  w) extends beyond the maximum w and numerical 
integration is not possible. 

An assessment of the quality of the data by using {WO) is not useful. Firstly, (ma) at 
small K consists of S&, w )  and a part of S&, o) because experiments [3,9] show that a 
large fraction of S&, 0) falls beyond the maximum accessible w in the present experiment. 
Secondly, deviations occur between the S(K)  data from literature near KO for temperatures 
close to 470 K. We will compare the present S(K)  and S ( K )  from literature in section 4. 

4. Results 

4.1. Static structure factor 

We extract S ( K )  from (WO)  using (3.3) and the cross sections from table 1. In figure 9 we 
show the present S ( K )  and S ( K )  from literature (listed in 1261). The present S ( K )  at 470K 
is for K < 23 nm-', in agreement with x-ray data at 463K [22J and 464K [13], and with 
neutron data at 470 K 1141. The height of the main peak of the present S ( K )  is furthermore 
in agreement with the neutron data at 470K. The present S ( K )  at 470K deviates from the 
three S(K)  from literature for K beyond 26nm-'; S(K) at 526K is in good agreement with 
x-ray data at 523K [22] and S ( K )  at 574K is in good agreement with neutron data at 
595K [14]. 
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4.2. Separation of the coherent and incoherent contributwns 

At small K, S(K, w )  of liquid 7Li consists of predominantly S&, 0) due to the low value 
of S(0) (see table Z), the limited o range of the spectrometer and the large sound velocity 
(see figure 1). The widths of these contributions differ by about a factor ten (see next 
subsection): S,(K, o) is much broader than S,(K. w).  This enables us to determine S,(K, w )  
at small K by correcting for S&, w). The areas and the widths of S,(K, w )  and S&, o) 
become comparable in the K region where S(K) has its main peak. Consequently, we 
distinguish two regimes: a K regime where $(IC, w )  dominates S(K, w)  and a K regime 
where S(K) has its main peak. 

4.2.1. Dynamics at small K. In the hydrodynamic limit S&. w )  becomes a Lorentzian and 
S,"(K, w) predicts a central Lorentzian and two shifted Lorentzians located at cs K which 
fall beyond the accessible,w range (see table 2 and figure 1). We have fitted our data 
for each K separately with a sum of two Lorentzians in order to determine the incoherent 
contribution. We use one Lorentzian for S&, w )  and one Lorentzian for the central line of 
S&, w). The number of free parameters is reduced to three by fixing the area of one of the 
Lorentzians to ui/crs (0.523). the expected area of S ~ K ,  0). The root mean square deviation 
(RMSD) averaged over the K values is 1.4 for 470 K, 0.9 for 526 K and 1 .O for 574 K. The 
RMSD is defined by 

where N denotes the number of data points, p denotes the number of parameters, Ai is the 
difference between the experimental data and the model, and vari~is the estimated variance 
of the experimental data. 

The experimental incoherent dynamic structure factor Si(., U )  is obtained by subtracting 
the Lorentzian with the variable area from the experimental S(K, w).  The correction for 
coherent scattering is typically of the order of 14% for SACK, w = 0). 

Firstly, we will investigate the agreement between the experimental data and the four 
models for S,(K, U ) ,  namely S,""(K, a). Sf""(., o), S,"O(K, w )  and S,""(K, w), using no 
adjustable parameters. We study the RMSD of the model with S&. w). .the reduced half 
width zi/KZpf S&, w )  and the reduced top value K*$(K, w = 0). Secondly, we will fit the 
models to S,(K, o) using one adjustable parameter. 

We compare our data on ?Li neafthe melting point with the @edictions of the mode- 
coupling (MC) theory of de Schepper and Ernst 1171 because Montfrooy and co-workers [27] 
found that this MC theory might well be relevant for liquid Na near the melting point. It is 
not to be expected that this MC theory, which describes the coupling between diffusive and 
transversal modes, gives a good description of the data, since the velocity autocomelation 
function of liquid lithium near the melting point (computer molecular dynamics~ results of 
Canales and co-workers 1281) has a prominent negative dip. 

The input parameter for S,""(K,O) and S f lC(~ ,o )  is 2,. The input parameters for 
S,"'(K, w )  are 'D and R. The input parameter U for S:G(~, U )  is determined by setting 
(Y = v,"/D; 2, and U have been determined experimentally for liquid ?Li (see table 2). We 
have interpolated and extrapolated the available data to the present temperatures by making 
use of the models proposed by the authors. Lowenberg and Lodding [29] measured 2, 
of 7Li using a tracer technique. Murday and Cotts 1301 measured 2) of liquid 7Li, liquid 
Na and liquid HzO using NMR. They find that their data for liquid Na and liquid H20 are 
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about 5% too low with respect to other published data. In the remainder of this paper we 
used the tracer data from Lowenberg and Lodding 1291 for D. The term L-2 is an integral 
over the second derivative of the interatomic potential and the pair correlation function (see 
equation (2.37) in [31]). Gonzalez and co-workers 1321 performed this integral for liquid 
7Li at 470K. Their theoretical result for L-2 is 41 ps-'. Levesque and Verlet [33] suggest 
that 0' varies with temperature and density as T'''n:. We used this relation to calculate 
C2 at 526K (41 .8~~- ' )  and at 574K (42.4~~-I) .  

The smallest scattering angle providing useful data and the method of separating the 
two contributions limit the available K range to 14-18nm-l for 470K, 12-18nm-' for 
526 K and 11-18 nm-' for 574 K. We only take into account data where Si(.. w )  is more 
than 1% of the maximum value of $ ( K ,  w). For the data at 470 K, 526 K and 574K we 
have 154,282 and 370 data points, respectively. We determine the RMSD (listed in table 3) 
over the full K range. In figure 10 we show $ ( K .  w )  and the predictions from S,""(K, w )  
and S ~ O ( K ,  0). We find that S,"(K. w )  gives a very good agreement with $ ( K ,  w)  at all 
three temperatures. The agreement between the other models for &(K.  w )  and Si(., w )  is 
significantly worse. 

I , 
i i 2  
3 
V I  

0 '  I 

0 ' I O  ' 2 0  30 4 0  

K / nm-' 
Figure 8. Ratio of (0')  and the theoretical value for 'Li at 470K, 526K (shifted by +2) and 
574 K (shifted by f4). 

Table 3. RMSD of the models for S&, 0) using no adjustable parameters with &K. 0). The 
values used for U, R and 2, (tracer dab+ are listed in table 2. 

T=470K 7=526K T=574K 

S,S"(x. w )  1.79 1.44 1 n9 
SYc@. 0) 1.98 1.61 2.01 
SY(g.0) 1.36 0.93 1.11 
S s " ( K . 0 )  1.85 1.49 1.79 

In figure 11 we show ZJK' of Si(., w )  and K ' S ~ ( K ,  w = 0) with the predictions from 
the four models for S,(K, w). 



8402 P H K de Jong et a1 
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1 .o 
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K / nm-' 
Figure 9. S(K) for 'Li at 470K. 526K (shifted by +LO) and S74K (shiRed by +2.0). Circles: 
present resulk. The diffraction data are listed in an overview Micle [26]. S ( K )  at 470K (full 
curve: neutron diffraction data at 470K [14]; broken CUNe: x-ray diffraction data at 464K [13]; 
domed cum: x-my diffraction data at 463K [221), S(K) at 526K (full curve: x-ny data at 
523 K [22]). S(x)  at 574 K (full curve: neutron diffraction data at 595 K [14], ). The lines at x 
= 0 denQte S(0). 

We have also fitted the models for S,(K, o) to $(K. o) using one adjustable parameter. 
For S$"(K, o) and S,""(K, w )  we fit 21, for S ~ " ( K ,  o) we fit LY and for S ~ ( K ,  o) we fit either 
ZJ or S2. For fitting Q we use the tracer data for D, for fitting 2, we use the theoretical 
values for Q. The results are given in table 4. The uncertainty in the fitting parameter is 
determined using the F test with a 0.025 level of significance. 

Table 4. Results of the fitting of models for SJK, U )  with one acjustable parameter to S:(K. 0). 

The enhies in the table contain the value of the fitting parameter followed by the RMSD. D is 
given in units of IO-'nm2ps-l, Q and a are given in ps-'. 

T =470K r = 5 2 6 ~  T = 574K 
S:D(~. U) D 5.9(2) -1.62 8.2(1) : 1.02 10.1(1) : 1.10 
S?%.o) 'D 633) : 1.99 9.1(3) : 1.61 11.4(2) : 1.99 
S,"o(K. 0) 2, 6.7(2) : 1.35 9.1(1) : 0.92 11.1(1) : 1.17 
SY(K.0)  41(4) : 1.37 46(2) : 0.89 45(2) : 1.14 
S?'(K,O) CI 94(4) : 1.71 75(1) : 1.28 65(1) : 1.60 

In the hydrodynamic limit the ratio of the area of the Rayleigh mode to the area 
of the Brillouin modes is given by (y  - I), where y = cp/cy is close to unity for 
lithium (see table 2). Hence, in the hydrodynamic limit the Rayleigh mode comprises 
only a very small part of S(K). We observe a contribution centred around w = 0 in 
the present K region. This has also been observed for lithium in INS experiments with 
PA analysis [lo], in K S  experiments [3], and in CMD simulations of liquid lithium 161. 
From the Lorentzian with half width ZO, representing the central contribution, we determine 
at 514K an ionic thermal diffusion coefficient ai,, using zo = ajOo~'. The fitted value 
(0.13(3) nm'ps-I) is in good agreement with the result of CMD simulations of Gonzalez 
and co-workers [341 (0.14 ndps-') using the neutral pseudo-atom (NPA) potential [5]. 
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dotted curve: S?(c(~. 0). 
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Fire 10. (Continued) 
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This is the first experimental value for ai, since aioo could not be determined from the 
INS experiment with PA analysis [lo] or the IXS experiment [3]. The NPA potential is a 
suitable potential for liquid lithium because the results of the CMD simulation [6] are in 
good agreement with the present experimental data. 
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4.2.2. D y m i c s  near KO. In this section we discuss the separation of the coherent and the 
incoherent contributions near .q using models for $ ( K ,  o) and &(K. o). We use the model 
of Nelkin-Ghatak SF'%, o) for S,(K, o) 1191 and we describe S&, o) in terms of three 
extended hydrodynamic modes (SEH@, 0)). The number of free parameters, seven (a in 
SrG(., o), and the six Parameters in S z H ( ~ ,  U)),  was reduced by imposing the first, first 
and second, and first through third frequency moments on S,"(K, U).  The weight factor 
wine (ujjuJ for S r G ( ~ ,  o) was determined from a fit to S(K. o) at small K where &(K.  U )  

dominates S&, w). The fitted values 0.52(1) at 470K, 0.51(1) at 526K and 0.50(1) at 
574 K are in reasonable agreement  with the theoretical value (0.52( 1)). The weight factor 
W,,h for S,""(K, o) was taken as (I  - Hence we have used 

to fit the data. The RMSD of the weighted least-squares fit was of the order of unity. In 
figure 12 we show five parameters of the fits. The error bars connect the values obtained 
using different initial guesses for the fit parameters and from the fits with the first, first and 
second, and first through third frequency moments imposed. 

5. Discussion 

5.1. Static structure factor 

We note the following about S ( K )  of liquid lithium. 
(i) We have determined for the first time S ( K )  of liquid lithium by integration of &(K, w ) .  

The present S ( K )  are, apart from S ( K )  at 470K beyond 26nm-', in agreement with S ( K )  
from literature. The largest deviations between the x-ray data and the neutron data from 
literature occur in the K range 15-20nm-'. However, the accuracy of the present S ( K )  does 
not allow us to address the problem of differences between x-ray and neuhun data. 

(U) The neutron diffraction experiment from Ruppersberg and Egger [14] at 470 K and 
at 595 K was made using neutrons with a small incident wavelength (AD = 0.0695 nm). 
In a neutron diffraction experiment SJK, o) is integrated at each scattering angle by a 
detector along a curved path through K--O space. In figure 1 we show the integration path 
for a detector at a scattering angle of 2" using an incident wavelength of 0.0695nm: this 
corresponds to the smallest scattering angle available in the experiment of Ruppersberg and 
Egger [14]. Recent experiments on liquid lithium [3,9] provide indications that the position 
of the sound modes follow the expected behaviour (also given in figure 1) up to ~012. Hence 
a considerable part of S&. o) falls beyond the accessible o range for small K values in the 
neuixon diffraction experiment [14]. The neutron diffraction data were normalized such that 
both the long- and short-wavelength limits, were correct. Their S(K) might be influenced 
by this erroneous normalization procedure. 

(iii) An accurate determination of S(K) of liquid lithium at small K by neutron scattering 
is very difficult because of the low value of S(0) (see table 2), the large incoherent 
contribution and the limited accessible o range. Firstly, (ma) has to be measured in an 
INS experiment with an accuracy better than 0.1% in order to have an accuracy of about 1% 
in S ( K )  (for S ( K )  0.1). Our present (0") has an accuracy of about 2% for a measuring 
time of about 90 h. Hence the duration of the present INS measurement will have to be 
prolonged by more than a factor 4M). Secondly, the determination of S(K)  is very sensitive 
to the values of the scattering cross sections of 7Li. For example, if we use the listed 
values for the scattering cross sections (uc = 0.619b and ui = 0.68 b, see table 1) and we 
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find S ( K )  = 0.05 from the data analysis, then using values for the scattering cross sections 
(uc = 0.625 b and 0; = 0.65 b) which lie within the uncertainty yields S ( K )  = 0.10. This 
calculation shows that the determination of S ( K )  of liquid 'Li requires more. accurate valu& 
for the scattering cross sections. Finally, the determination of S ( K )  of liquid lithium at small 
K by neutron diffraction measurements requires a large correction for inelastic effects. One 
either needs accurate experimental (or simulated) S,(K, w )  at small K extending over a wide 
w range or reliable models for SJK,  w )  in order to perform this correction properly. 

52. Separation of the coherent and incoherent contributions 

5.2.1. Dynamics at small K .  We note the following about our investigation of the dynamics 
at small K .  

(i) We have determined $ ( K ,  o) of a monatomic liquid at three temperatures close to the 
melting point. From a comparison of the experimental data with four models for &(K, w )  
using no adjustable parameters we find that SSm(., UJ) gives a very good description of 
Si(., w )  at all three temperatures. The agreement between Si(.. w )  and the other models 
is significantly worse. The poor agreement between the experimental data and the models 
SfD(., w )  and S,"'(K, w )  in the present K range is not remarkable considering that they are 
only valid in the hydrodynamic limit. We remark that S&, w) of liquid Na close to the 
melting point [l] (using the values for 'D and R listed in table 1 of [I]) and liquid Ar [18] 
are also well described by the Lovesey model. 

(ii) The reduced half width and reduced maximum value of $ ( K ,  w )  are not particularly 
useful quantities for comparing models with experimental data because they contain only a 
small part of the information available (S& 0)). &(K,  0) is a more sensitive quantity for 
testing models. 

(iii) The best agreement between Si@, w )  and the models for S&, o) with one adjustable 
parameter is obtained for S,"(K, w) where we either fit 2) or R. The fitted 'D are in good 
agreement with the tracer data from Lowenberg and Loddmg [29]. The fitted R value at 
470K is in good agreement with the theoretical result of Gonzalez and co-workers [32] 
and the fitted R at 526K at 574K are consistent with the predicted scaling relation 
from Levesque and Verlet [331. The agreement between $ ( K ,  w )  and S,""(K, w )  improves 
considerably if we fit D. However, the fitted 'D deviates considerably from the most 
accurate value in the literature. We cannot obtain good agreement between S,"'(K, w )  and 
the experimental data by fitting 'D. This shows that S,(K, w )  in the present K range cannot 
be described by these hydrodynamic models. $ ( K ,  w) can be reasonably well described 
by S,""(K, w )  by fitting U. The fitted value for U is slightly larger than its value in the 
hydrodynamic limit. The same occurs in liquid Na near the melting point [l]. We have 
assumed that U in liquid 'Li near the melting point is K independent, l i e  U in liquid Na 
near the melting point. In order to investigate whether U is K dependent we have fitted 
SFG(~, w )  to the data with a K-dependent U. The RMSD, determined over the full K range, 
improves by about 0.04. This shows that U is not strongly K dependent. 

(iv) S,""(K, U), S,"(K, w )  and S ~ " ( K .  w )  predict that the reduced maximum value of 
& ( K ,  w )  approaches the hydrodynamic limit from above and that the reduced half width 
of & ( K , w )  approaches the hydrodynamic limit from below. One should therefore be 
cautious to conclude that mode-coupling might be relevant by merely studying these two 
quantities [7, 271. 

(v) We can describe the temperature dependence of D, determined from the fitting 
with S,"(K, w), with an Arrhenius relation and with a model that has a linear temperature 
dependence. More accurate data for 'D extending over a wider temperature range are 
necessary to discriminate between theoretical models for 2, (e.g. [34]). 
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(vi) The differences between the models for &(K.w) in the present K range are 
small. This is in contrast with the huge differences between the conesponding velocity 
autocorrelation functions @(t). For instance, in the hydrodynamic limit Q ( t )  has an 
exponential decay whereas @(t) according to the Lovesey model has a prominent negative 
dip and shows oscillatory behaviour [NI. We remark that an experimental determination 
of the Fourier transform of O(t) by extrapolating S&, o) to K -+ 0 is extremely difficult. 

(vii) Morkel and co-workers [35] find indications for ,the existence of modecoupling 
effects in liquid Na at 803 K. In order to study whether the same occurs in liquid lithium we 
performed additional measurements at higher temperatures (up to 843 K). The data analysis 
is under progress. 

5.2.2. Dynamics near KO. From the fitting of models to the experimental data near K~ we 
find the following. 

(i) The data at 470K are inconclusive as to whether a sound propagation gap occurs (for 
example, as in liquid argon at moderate densities [36] or CMD simulations of Lennard-Jones 
liquids [37]) because the data can be described with a triplet (one extended Rayleigh mode 
and two extended Brillouin modes) as well as with a sum of three central Lorentzians. 
Overdamped sound modes in liquid lithium near the melting point are unlikely because 
collective modes are less damped in liquid metals. More accurate data with a good resolution 
are needed to give an unambiguous answer to this question. The data at 526K and at 574 K 
provide indications that the collective modes extend beyond KO. This is very similar to the 
results on liquid Cs [38] near the melting point and to the results of experiments on liquid 
Ar 1391 at a comparable density. 

(ii) The widths of the sound modes near Q appear to be proportional to K ;  this has also 
been observed in expenmental results (e.g. Cs [40]), in results from CMD simulations (i.e. 
Cs [41]) and in results of calculations (i.e. Zuilhof and co-workers [42]). 

(iii) The value of 01 has a maximum near KO. The value of a is two times its value 
in the hydrodynamic limit (table 2). In liquid Na near the melting point [l] the increase 
of o( with respect to its hydrodynamic value is only 25%. The maximum in a at K~ in 
liquid "Li results in a minimum in the reduced half width z ~ / K ' .  In figure 13 we plot A 
(= z ~ ( K o ) / ( D K ~ ) )  of a number of monatomic liquids for which &(K, o) is available; A, 
which is a measure of the deviation from simple diffusion, appears to be of the order of 
10-20% for these systems. Our results suggest that the deviation from simple diffusion is 
much stronger in 7Li than in other monatomic liquids. 

(iv) We have inserted the half widths at KO of the fitted S:'(K. o) at 526 K and 574 K in 
figure 2 of [43]. For U we use the values determined in section 2. Our results show a clear 
deviation from the theoretical curve and the results for other dense fluids: the present data 
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are about 30% too high. A similar deviation occurs with the results from a CMD simulation 
of liquid lithium [28]. 

The anomalous behaviour of both S,(K, w )  and S&, w )  of liquid 'Li with respect to other 
monatomic systems and theoretical models might be due to an incorrect separation of the 
coherent and incoherent contributions near KO. The most direct way to address this problem 
is by performing INS experiments with PA on liquid 'Li. Efficient use of the neutrons is made 
when INS with PA is only used for the determination of &(K, w )  and not for the determination 
of S&. w); S&, U )  can then be determined by subtracting S,(K, w )  from the total S(K, w )  
measured without PA. Other ways to study this problem are to obtain more accurate INS data 
with an improved resolution near KO or by making a detailed comparison with the results 
of CMD simulations of liquid lithium (see, for example, Canales arid co-workers [6]). 

6. Conclusions 

We have reported on an INS experiment on liquid ?Li at 470 K, 526 K and 574 K with the 
RKS spectrometer at our institute. The quality of the fully corrected S(K,  w )  is assessed by 
means of the detailed balance condition and by the first frequency moment (0') of S ( K ,  0). 

We find that the data at all :me temperatures satisfy the detailed balance condition; (0') 

can not be used as a consistency check for small K because of the limited w range. For 
K > ZZnm-l, (0') is in accord with the theoretical value. 

S ( K )  of liquid 7Li is determined by integration of S&, 0). The results are compared 
with S(K)  from literature; S ( K )  at 470K is in accord with.x-ray data at 463 K and 464K 
up to 23 nm-l and with neutron data at 470K up to 25 nm-' . For K beyond 26 nm-' the 
present S(K) at 470 K differs from the three other S ( K ) ;  S'(K) at 526 K is in agreement with 
x-ray data at 523 K and S(K) at 574 K is in agreement with neutron data at 595 K. The 
accuracy of the present S ( K )  does not allow for a comparison of the present neutron data 
with x-ray data. Hence more accurate data are needed for studying correlations between 
electrons and ions in liquid lithium. 

We have determined the incoherent dynamic shucture factor Si(., w )  from S(K, w )  for 
K up to 18nm-' by correcting for the coherent contribution. The data are compared with 
four models for S&. w). namely the simple diffusion model, the mode-coupling model, the 
Lovesey model and the model of Nelkin4athak. using no adjustable~parameters. We find 
that the Lovesey model gives the best agreement with the experimental data. The other 
models for S&, w) give a poor description of the data. We remark that the Lovesey model 
also gives a good description of S&, w )  of liquid Ar and liquid Na near the melting point. 

We have also fitted these four models for S&, w )  to Si(., w )  using one adjustable 
parameter. The Lovesey model gives the best agreement with the experimental data. The 
fitting parameter (either ZJ or S2) is in good agreement with independent results. The simple 
diffusion model with a fitted D gives a good agreement of the data. However, the value 
of 2, is too low with respect to the literature value. By fitting D we cannot obtain good 
agreement between the mode-coupling model and the experimental data. This means that 
the hydrodynamic models, simple diffusion and mode-coupling, cannot be used to describe 
the data in the present K range. The agreement between the model of Nelkin-Ghatak with 
a K-independent collision frequency (Y and the experimental data is reasonable. The value 
of a! is slightly larger than its value in the hydrodynamic limit. This is similar to liquid Na 
near the melting point. 

We have separated the coherent q d  incoherent contributions near K O ,  the position of the 
main peak of S(K),  by fitting models. The reduced half width of S&, w )  shows a narrowing 
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near K~ which is much stronger than in other monatomic systems. On the other hand, the 
coherent contribution is broader than the results of a CMD simulation and broader than the 
predictions of a theoretical model which works very well for dense monatomic fluids. The 
anomalous behaviour of both the incoherent and coherent conkibution might be due to an 
incorrect separation of the two contributions. This problem can be solved by performing 
INS experiments with polarization analysis on liquid 7Li near KO with good resolution. 
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