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Molecular dynamics calculations were made for three thermodynamic states of a model of liquid rubidium

and for two states of the Lennard-Jones fluid in order to investigate the influence of density, temperature and

interatomic potential on the spectra of density fluctuations in these fluids. Here the results for the intermediate

scattering function, the radial distribution function, the velocity autocorrelation function and the transverse

momentum autocorrelation function are presented in tabular form. The procedures employed in this study are

discussed and the major features of these functions are described.
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1. Introduction

One of the most important ways of studying collective
effects in liquids is the observation of density fluctuations
[1]." These can be observed experimentally using inelastic
coherent neutron scattering. Molecular dynamics computer
simulations also provide a way of studying density fluctua-
tions, since the simulations allow one to calculate the
fluctuations in model systems. Studies using these tech-
niques have revealed a striking difference between the
dynamical properties of liquid rubidium and the rare gas
fluids: liquid rubidium has been found to support sound
modes with wavelengths only 11/4 times the interparticle
separation, both experimentally [2] and in simulations [3],
while the rare gas liquids [4] and the Lennard-Jones liquid
[5] cannot support sound waves with wavelengths less than
four times the interparticle separation.

We have used molecular dynamies to study the properties
of these two systems —simulated rubidium and the Lennard-
Jones fluid. The liquid states which we studied were chosen
so that we could determine the relative importance of the
density, the temperature, and the interatomic potential as the
variables which could be responsible for the remarkable
difference between these fluids. Our conclusion was that the
interatomic potential is the main source of this difference.
The analysis which led to this conclusion is presented in ref.
[6].

In this article we present our results for various quantities
describing the microscopic properties of these liquids, as
well as tabulated values of the functions considered in ref.
[6]. The quantities which we have evaluated are: g(r), the
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pair correlation function; F(().t), the intermediate scattering
function; s(¢), the single particle velocity autocorrelation
function; and C ((),t), the time autocorrelation of the trans-
verse momentum current. An analysis of the relative motion
of pairs of atoms, which is based on these molecular
dynamics coordinates, is presented in ref. [7].

We studied a relatively small system of 250 atoms. This
means that some details —for example the line shape of the
sound modes —were not properly accessible in this study.
On the other hand, using a smaller system made it feasible to
perform more calculations, so that we could systematically
vary the density and temperature.

The states which we examined can be specified by giving
the reduced density and temperature. The reduced density is

defined by
n* = Na®|V, (1)

where V atoms are in volume V and the length o corresponds
to the smallest zero of the pair potential. The reduced
temperature is defined by scaling the temperature with the
potential well depth €,

T* = kpT]e, (2)

where kjp is Boltzmann’s constant. The three states of
rubidium which we simulated are listed in table 1. These
were selected to complement Rahman’s investigation of the
state with n* = .905 and T* = .793. [3] The two Lennard-
Jones states which we examined, listed in table 2, were
selected to complement the rubidium simulation and the
simulation of Levesque et al. [5], who studied the Lennard-
Jones liquid with n* = .8442 and T* = .722.

We used the effective pair potential developed by Price et
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TABLE 1. Rubidium parameters
State Label  n* T* e/ks®)  o(A) At (s)
RBI 0.951  0.878 393 4.480  2.207 X 10714
RB2 951 1.11 303 4.480  2.207 X 10714
RB3 855  1.49 407 4.482  2.288 X 10714

TABLE 2. Lennard-Jones parameters. At assumes Argon mass and
parameters (o = 3.4A and € = 120 k p)

State Label 1P n& At (s)
LJ1 0.982 0.950 1.453 X 10714
LJ2 1.31 .950 1.453 X 1074

al. [8] to represent the interaction between the rubidium
jons. Rahman [3] showed that this potential provides a
faithful representation of density fluctuations in the liquid
rubidium state which was studied by neutron scattering in
ref. [2]. It is therefore likely that our results for the other
states are also appropriate to the physical system. A brief
description of how the potentials were constructed is in ref.
[9]. In figure 1 we show the effective pair potential for
rubidium at a reduced density n* = 0.855. The potential
used for rubidium at n* = .951 would be almost indistin-
guishably different if it were plotted in figure 1. The other
potential which we used, the Lennard-Jones 12-6, provides
results which are generally taken to be typical of the rare gas
liquids but are not those of any real liquid. The molecular
dynamics calculations were performed on a collection of 250
particles with cubical periodic boundary conditions. The
particles were assumed to interact through a pair-wise
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FIGURE 1. Effective pair potential for liquid rubidium state RB3.
On the scale, the potentials for the other density would differ from this one only in
the region 4.5 A-7 A where it would lie about one line width above this curve. The
arrow indicates where the potential was truncated.

additive potential truncated at about 2. The arrow in figure
1 indicates where the rubidium potential for density n* =
.855 was truncated. Newton’s equations of motion for the 250
particles were solved using an iterative procedure developed
by Tsai. [10] This scheme conserves the energy and the
momentum of the system. The time steps used in the
integration procedure are listed in tables 1 and 2. The time
scale in table 2 is determined by assuming that the atoms
have the atomic mass of Argon.

The input needed for a calculation includes the potential,
the density, initial values for positions and velocities of the
particles, and the energy. The energies were obtained from
Monte Carlo calculations of the internal energy for the
densities and temperatures of interest [11]. Initial values for
the positions and velocities were obtained by taking values
from an earlier liquid state simulation, rescaling the veloci-
ties, and integrating the equations of motion with the new
potential until the kinetic energy stabilized around the
desired value. We found this to be a good indication that
equilibrium conditions have been achieved provided that
spatially disordered initial positions were used. The positions
and velocities resulting from this process were taken as
initial conditions for our simulation. Each simulation con-
sisted of 2000 time steps of length A¢. The coordinates and
velocities were stored on magnetic tape for subsequent
analysis.

The next section contains a description of how the quanti-
ties were constructed, tables of the results and a discussion
of the major features of each function.

2. Results

2.1 Radial distribution function

We evaluated the equilibrium radial distribution function
[12] for each fluid by determining the distance between each
pair of particles (minimized by considering replicas of the
particles as generated by the periodic boundary conditions).
These distances were then sorted into bins of length 0.010.
The bin counts were accumulated over 600 sequential time
steps and then appropriately normalized. The results are
presented in table 3. The number of counts in one bin varied
from 10* to 10° so that the statistical errors are on the order
of 1 percent. The largest r for which we could sensibly
evaluate the pair correlation function g»(r), is one-half the
period of the spatial boundary condition; this maximum is
approximately 3.2 0 for these densities.

The radial distribution functions for these fluids do not
differ strikingly from each other. The only readily apparent
difference is that go(r) for a Lennard-Jones fluid shows a
more rapid initial increase from zero and a sharper first
maximum than the g5 (7) for any of the rubidium states. This
is a natural result of the harder core of the Lennard-Jones
potential.
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TARLE 3, RADIAL DISTRIBUTION FUNCTIONS.

R IS IN UNITS OF SIGMA.

STATE STATE STATE

3 REL  RE2  RBI LJ1  LJ2 3 REl  RB2 RB3 Lt LJ2 R Rl RB2 RB3 LJ1 LJ2
0,70 0,000 0,000 0,001 0,000 0,000 1,54 0,334 0,599 0,694 0,540 0,588 2,38 0.827 0,877 0,958 0.788 0,832
0,72 0,000 0,000 0,001 0,000 0,000 1,56 0,547 0,610 0,707 0.560 0,590 2,40 0,810 0,864 0.941 0.792 0,817
0,74 0,000 0,001 0,003 0,000 0,000 1,58 0,550 0,620 0,714 0,374 0,611 2,42 0,803 0,847 0,923 0.783 0,812
0,76 0,000 0.004 0,009 0,000 0,000 1,60 0,583 0,651 0,718 0,605 0,643 2,44 0,796 0,848 0.924 0,783 0,826
0,78 0,000 0.010 0,028 0,000 0,000 1,62 0,615 0,672 0,716 0,641 0,663 2,46 0,804 0,843 0,914 0,794 0,634
0,80 0,005 0,020 0,051 0,000 0,000 1,64 0,652 0,693 0,735 0,673 0,698 2,48 0,786 0.853 0,922 0,793 0,834
0,82 0,015 0,048 0,104 0,000 0,000 1066 04695 0,723 0,736 0,719 0,744 2,50 0,792 0,837 0,914 0,803 0,854
0,84 0,038 0,112 0,178 0,000 0,001 1,68 0,729 0,750 0,778 0,768 0,796 2,32 0,796 0.855 0,914 0,815 0.848
0,86 0,092 0,209 0,289 0,000 0,007 1,70 0,762 0,802 0,795 0.814 0,844 2,34 0,825 0,877 0,915 0,837 0.884
0,88 0,185 0,332 0,442 0,001 0,023 1,72 0,810 0,823 0,827 0.865 0.884 2,36 0,842 0.891 0,909 0,870 0,885
0,90 0,342 0,533 0,609 0,013 0,064 1,74 0,865 0,879 0,879 0,917 0,920 2,58 0,865 0,896 0,924 0.837 0.908
0,92 0,365 0,798 0,832 0,089 0,240 1,76 0,937 0,920 0.898 0,962 0,978 2,60 0,869 0,908 0,926 0,915 0.928
0,94 0,841 1,090 1,062 0,346 0.671 1,78 0,983 0,972 0,907 1,030 1,025 2,62 0,895 0,929 0,934 0,932 0,951
0,96 1,194 1,451 1,309 0,875 1,301 1,80 1,032 1,014 0,936 1,078 1,047 2,64 0,925 0,948 0,944 0,939 0.970
0,98 1,336 1,726 1,501 1,618 1,951 1,82 1,075 1,064 0,953 1,119 1,089 2,66 0,954 0,963 0,947 0,998 0,968
1,00 1,911 1,911 1,677 2,349 2,488 1,84 1,101 1,079 0,983 1,156 1,125 2,68 0,985 0,974 0,953 1,017 1.002
1,02 2,193 2,116 1,819 2,832 2,830 1,86 1,167 1,127 1,015 1,170 1,174 2,70 1,005 0.994 0,971 1,036 1.01¢
1,04 2,390 2,228 1,937 3.138 2,961 1,88 1,190 1,154 1,037 1.222 1,196 2,72 1,031 1,003 0,968 1,053 1.036
1,06 2,494 2,315 1,945 3.192 2,848 1,90 1,221 1,191 1,073 1,237 1,222 2,74 1,049 1,017 0,969 1.066 1,055
1,08 2,536 2,286 1,961 3.042 2,671 1,92 1.249 1,212 1,098 1,257 1,238 2,76 1,067 1,049 0,974 1,095 1,084
1,10 2,508 2,210 1,935 2,764 2,468 1,94 1,265 1,237 1,107 1,277 1,244 2,78 1,088 1,045 1,004 1,105 1,078
1,12 2,398 2,132 1,915 2,503 2,219 1,96 1,294 1,250 1,112 1,275 1,278 2,80 1,110 1,066 1,005 1,121 1,098
1014 2,234 1,999 1,797 2,144 1,973 1,98 1,315 1,265 1,140 1,280 1,281 2,82 1,113 1,074 1.010 1,115 1,09/
1,16 2,036 1,815 1,715 1.917 1,733 2,00 1,317 1,269 1,169 1,292 1,274 2,84 1,123 1,091 1,025 1,132 1.104
1,18 1,870 1,687 1,645 1,644 1,584 2,02 1,303 1,235 1,164 1,300 1,267 2,86 1,134 1,088 1,027 1,135 1,114
1,20 1,677 1,547 1,552 1,454 1,411 2,04 1,304 1,250 1,170 1,290 1,243 2,88 1,141 1,099 1,031 1,130 1,108
1,22 1,503 1,418 1,478 1,289 1,225 2,06 1,288 1,238 1,171 1,291 1,241 2,90 1,136 1,102 1,033 1,138 1.099
1,24 1,311 1,283 1,339 1,137 1,132 2,08 1,261 1,209 1,165 1,253 1,237 2,92 1,138 1,097 1,042 1,133 1.104
1,26 1,182 1,148 1,286 0,973 1.019 2,10 1,240 1,191 1,175 1,251 1,203 2,94 1,128 1,084 1,043 1,122 1,105
1,28 1,038 1,054 1,190 0.881 0,911 2012 1,222 1,164 1,154 1,224 1,191 2,96 1,126 1,084 1,042 1,115 1,091
1,30 0,939 0,948 1,087 0,790 0,850 2,14 1,202 1,140 1,130 1,190 1.137 2,98 1,117 1,087 1,039 1.090 1,090
1,320,828 0,905 1,042 0,744 0,779 2,16 1,155 1,135 1,124 1,130 1,097 3,00 1,113 1.087 1,048 1,084 1,078
1,34 0,768 0,838 0,974 0,686 0,715 2,18 1,120 1,088 1,114 1,095 1,066 3,02 1,097 1,080 1.044 1,061 1,064
1.36 0,720 0,768 0,933 0,645 0,677 2,20 1,088 1,064 1,094 1,035 1,032 3,04 1,087 1,068 1,044 1,065 1,059
1,38 0,678 0,709 0,891 0,596 0,651 2,22 1,049 1,036 1,079 1,021 0,992 3,06 1,089 1,056 1,048 1,055 1,041
1,40 0,625 04675 0,836 0,566 0,625 2,24 1.014 1,011 1,039 0,983 0,971 3,08 1,048 1,050 1,043 1,028 1,029
1,42 0,583 0,444 0,810 0,553 0,586 2,26 0,987 0,981 1,046 0,939 0,940 3410 1,039 1,044 1,034 1,022 1,004
1,44 0,550 0,637 0,779 0,525 0,573 2,28 0,954 0,951 1,016 0,897 0,923 312 1,031 1,023 1,034 1,009 1,004
1,46 0,339 0,624 0,740 0,532 0,573 2,30 0,915 0,942 1,007 0,885 0,892 3.14 1,014 1,008 1,032 0,995 0,965
1,48 0,519 0,603 0,728 0,522 0,585 2,320,900 0,913 0,990 0,856 0.891 3016 0,999 1,000 1.029 0,990 0,977
1,50 0,529 0,600 0,718 0,533 0,582 2,34 0,873 0,893 0,978 0,830 0.861 3,18 0,989 0,984 1.020 0,975 0,975
1,520,526 0,592 0,706 0,544 0,573 2,36 0,841 0.885 0,957 0,813 0,845

2.2 Intermediate scattering function

The intermediate scattering function F((),t) is the time
autocorrelation function of the spatial Fourier component of
the density wavevector (). It is constructed from molecular
dynamics data by evaluating

F(Q. 1) ={Ng(7 + )N_o(7)) (3)
where
1 @
Nolt) = Vi }_::] expliQ - ry(1) ] (4)

is the (Jth Fourier component of the number density at time
¢t and the angular brackets (- - ) indicate an average over
time origins 7. The wavevector () must be consistent with the

periodic boundary conditions. We took ()’s parallel to the x,

y. and z axes of the cubical system. In each direction we
considered 10 magnitudes,

Q; = 2mj/L. I, 2, 000, 1@, (5)
where L is the size of the system. For given (), we first
evaluated N ,(¢) for each of the 2000 available ¢ values.
These coefficients were then used to construct products
Not + 7) N_ Q(T) for 180 time origins 7, with the origins
separated by 10 time steps. The average of these products is
our estimate for F'((),¢). The averages for a given () ; involved
products over 180 time origins and over the three ()’s parallel
to the cube axes, yielding a total of 540 samples. With this
size sample, the statistical fluctuations about zero as t —
are expected to be on the order of 0.05. The maximum time
interval considered was 100 A¢, the approximate time for a
sound wave to cross the cubical system. If longer times are
correlations are introduced into

considered, spurious

F(Q.t).
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Our results are presented in tables 4-8. The first row of
each table contains F((,0). The subsequent rows list
F(Q.t)/F(Q.0) at intervals of 5A¢. This time resolution is
sufficient to represent the main features of the functions.
Intermediate values can be reliably estimated by three point
interpolation procedures.

Coherent neutron scattering determines S((), w) [1], the
cosine transform of F((), t):

©

dt F((), t)cos wt. (6)

S, w) = f

0

TAELE 4, [INTERMEDIATE SCATTERING FUNCTIONS FOR RE1. VALUES FOR
T = 0 ARE NORMALIZED TO F(Q+0), THE TIME IS IN UNITS
OF AT.
WAVE VECTOR D IN INVERSE ANGSTROM UNITS.
+219 438 657 876 1,095 1.314 1,537 1,752 1.971 2,190
TIME
0 ,0736 ,0266 ,0358 05467 IIR LG15 3.49 1,20 584,492
S 961 LBEY 774 730 LB20 947 L 9RB 944 LRES  (uAS
10 .B47 ,538 .,285 213 ,414 ,800 ,935 LBIZ 570 991
15 675 160 -.106 -.17% 055,632 911 .4BO . 29% ,3&S
20 4468 - 111 - 167 -,192 -, 110 482 L8446 555 .124 244
25 4202 -.186  .041 ,019 -.079 347 .B2S 457 ,051 233
30,030 -,076 275,196 ,052 .292 .7BB ,3B4 ,033 .23
35 -.116 129 336 212 169 247,757 330 033 L iR4
40 -,232 312 212 112 ,211 ,225 ,729 .291 .026 .15
45 -,290 ,392 ,037 ,018 185 219 704 281 010 145
50 -.292 ,341 -,045 -,001 117 ,219 .4B1 ,239 -,009 ,149
95 -.242 ,202 ,003 L031 043 225 659 218 -.025 147
40 -,134 ,047 ,110 ,068 -,008 ,231 ,438 198 -.075 ,178
65 -.041 -,054 179 .078 -.026 233 .518 180 -.019 .17
70,080 -,065 170 044 -,013 ,229 ,599 171 -,017 154
75 194,001 110 L04R .0I2 217 LGBZ L1469 -.016 140
80  ,289 ,099 ,0358 ,029 ,034 ,199 ,S4é .174 -,003 ,12%
8% .334 .178 ,047 ,000 ,040 .173 852 177 023 Li&d
90  .385 ,203 ,061 -,02% ,029 ,145 ,538 ,177 OBk .115
95 379 168 072 -,040 011 113,522 .170 L0855 .10
100,341 ,097 ,062 -.022 -,004 084 509 ,141 0968 093
TARLE S, INTERMEDIATE SCATTERING FUNCTIONS FOR REB2. VALUES FOF

T > 0 ARE NORMALIZED TO F(Qs0). THE TIME IS IN UNJTS
OF AT.

WAVE VECTOR Q@ IN INVERSE ANGSTROM UNITS,

+219  ,438 ,657 876 1,095 1.314 1,533 1,752 1.971 2,190

TIME
0 ,0327 ,0341 ,0444 ,0688 148 612 2.14 1,32 706 723
S 959 845 777 759 .B21 925,974 949 .B&4 .B4AY
10,836 462 281 272 ,423 733 ,905 .B23 ,570 .G520
15 661 034 -,118 -,063 ,072 515 .825 .68 209 .288
20,444 -,265 -,198 -,089 -,087 313 741 552 157 192
25,228 -,345 -,018 051 -.078 144 L4646 447 100 L 1G5
30,023 -,234  ,199 .148 ,012 067 ,597 .364 ,0B3 ,150
35 -,139 -.024 ,280 ,109 ,087 ,021 ,G35 ,303 .0BO .141
40 -,252 ,160 189 -,002 .121 006 .481 253 ,084 149
5 -.303 .251 .,018 -.064 118 ,016 ,433 ,220 OBl 128
50 -.301 ,224 -.104 -,042 ,082 ,029 ,391 .,187 ,083 .111
55 -.246 124 ~,131 L0146 .036 ,047 355 .162 .088 .089
40 -.158 ,005 -.072 ,044 -,002 .,047 .,324 ,138 ,083 .084
65 -.044 -,078 ,011 ,025 -,015 .042 ,299 ,123 .071 .081
70,072 -,101 L0853 -,023 ,007 .,021 .281 113 039 .086
75 181 -,070 0446 -,064 045 -,005 .248 111 041 ,083
80 248 -,014 ,015 -,062 .063 -,021 ,258 .117 ,027 052
S ,326 031 -,012 -,022 049 -,028 ,248 ,129 .013 025
90 349,049 -,014 ,015 ,007 -,024 ,237 137 ,012 .011
95 .340 033 -.00% ,017 -.,031 -,007 ,224 ,142 ,020 .01t
100 4297 -.,007 -,006 -,003 -,035 .010 .207 .144 ,023 .016

Some features of S((). w) for these states have been discussed
elsewhere [6]. For the three rubidium states, the oscillations
in F(Q. t)forQ < 1.1547" lead to maxima in S((). @) for ®
# 0. This is evidence for sound modes with wavelengths as
small as 1/4 the interparticle separation. On the other hand,
for the Lennard-Jones states, only the results at the smallest
() show evidence for a sound mode. Transforming the
F(Q.t)s was complicated by considerable noise for t =
100 At.

We have not attempted further line shape studies as the
details are obscured by this noise.

TABLE 6. INTERMEDTAYE SCATTERING FUNCTIONS iOR RE3. VALUFS FOR
T > 0 ARE NORMALIZED TO F(Q,03, THE 1iML I8 IN UNITS
OF AT.
WAVE VECTOR @ IN INVERS: ANGSTROM LINITS.

211 422,634,845 1,056 1,267 1,478 1,490 1,901 2,11

TIME
0 ,0552 ,0588 ,0731 118 250 .738 2.05 1.41 826 779
S .968 .879 B30 ,796 .8B43 921 944 P31 LBST 79N
10 877 572 448 355 496 736 B73 779 G52 L A00
15 740,202,099 ,004 179 527 764 614 297 14
20,570 -.101 -,056 -,106 -.001 .354 ,45B .479 .142 059
25,386 -,254 -.022 -.046 -.048 ,227 542 371 .1046 058
30,205 -,247 0BT ,048 -,024 ,145 ,481 .280 .075 .0%)
35 041 -.126 151 099 L016 093 416 208 049 024
40 -,092 ,031 141,096 035 L0467 L34S 147 015 -.001
43 -,189 150 .082 ,06% .029 .052 .324 .102 -,007 -,004
50 -.245 .1i88 ,027 ,038 ,006 ,043 ,291 ,071 -,023 019
95 -.262 142,010 010 -.022 040 261 051 -,051 029
40 -.245 ,040 ,024 .003 -,043 ,038 ,231 .040 -.0BE 041
5 -.201 -.071 .03% ,018 -,055 .037 ,204 ,037 -.121 040
70 -.138 -.146 038 ,034 -,062 ,034 .iRO 041 -,134 025
75 -.067 -.160 025 ,041 -.,050 .026 197 044 -, 120 .0OZY
80  ,003 -,115 ,020 ,037 -.014 ,014 ,140 .049 -,097 ,019
85,065 -,035 .031 024 .020 ,00& 125 Q34 -.074 003
90 114 ,04% ,034 021 ,045 -.003 ,110 .014 -,043 -,011
5 146 105 069 022,058 -,011 ,097 -.008 -.063 -.012
100,141 124 ,064 ,016 .073 -,020 ,OR4 -,025 -.070 000
TABLE 7. INTERMEDIATE SCATTERING FUNCTIONS FOR LJi. VALUES FCR

T > 0 ARE NORMALIZED TOD F(Qs0).
OF AT.
WAVE VECTOR IN REOUCED UNITS (Ra).
+980 1,961 2,941 3,922 4,902 5.883 4.863 7.844 8,824 9,800

THE TIME IS IN UNITS

TIME
0 ,0234 .0231 ,0328 ,0590 ,1346 ,462 2,58 1,52 708 .572
S .978 .917 867 870 P01 969 994 981 .943 .913
10 914 ,707 549 ,4681  ,BRBS ,978 926 ,809 723
1§ 816 460 299 .458 ,780 ,955 ,857 ,655 5N
20,696 260 180 «307 J678 ,930 786,525 ,399
25,965 153 195 $236 WG90 ,R04 721,432 324
30,435 137 249 W220  ,521 ,B79 664 371 277
35 318 175 276 W22 466 WBDE 413,333,241
40 219 221 259 .2 L2320 ,423 ,834 ,567 L2307 .21
45 145 244 219 188 2346 390 .B1Z .526 .284 .18
90,097 ,23% 181 .171 ,228 ,364 792 ,489 ,258 .1%4
55,074,203 154 176 207 345 773,455 231 L.127
40,074 166 4137 L1B0 176 .328 795 424,209 104
65,093 139 L1256 170 140 312 737 397 193 .097
70,125,130 126,142 113,297,720 ,373 ,180 .099
75 166 4133 134 110 101 281 703 353 147 104
80,208 .14 ,143 ,090 ,101 ,263 ,487 336 149 108
85,247 151 149,093 108 243 470 324 129 104
90 .%78 154 ,145 ,109 ,121 ,221 ,652 ,313 ,105 098
95,298 149 129 127 .141 197 L4635 303 .0B2 .089
106,307 ,133 ,107 135 L1555 174 4617 292 ,059 078
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INTERMEDIATE SCATTERING FUNCTIONS FOR LJ2. VALUES FOR
T > 0 ARE NORMALYZED TO F(Qs0), THE TIME 1S IN UNITS
OF AT.

WAVE VECTOR IN REDUCED UNITS (g},
,980 1,961 2,941 3,922 4,902 5,883 6,863 7,844 8.824 9.80%

TARLE 8.

TIME
0 ,0293 ,0313 ,0394 ,0726 164 609 2.45 1,37 768 .86
5 .973 ,908 .842 ,850 ,891 .957 .98 949 926 .893
10,894 6B ,500 ,540 .457 .BSé 956 .B94 741 L4670
15 779 414 207 ,289 ,435 ,738 ,914 .BO0 GO0 479
20,637,212 088 166 303 631 .B70 707 462 370
25,485 110 113 135 ,256 .542 824 624 371 XU
30,339,101 .175 132,249 .47t ,784 554 300 291
35,212,145 195 137,249 415 749 495 241 263
40 114,193,175 132 .238 370 716 446 190 234
45 ,049 217 139 130 215 333 ,4B4 ,404 150 214
50,020 ,210 115 126 .188 ,303 ,659 371,122 201
55,023 184 105 114 L1463 277 433,344 109 182
40  ,052 152,101 ,091 .140 .248 412 ,323 110 160
65 100 128 ,100 041 124 ,221 591 304 120 .141
70 156 115 104 026 111 191 .289 126 137
9 212 110 113 .001 103 1645 276 123 A2
80 ,260 ,108 119 -,011 .100 .141 (264 L1190 L1013
&8s ,293  ,108 107 -.017 101 .122 297 112 4117
90  ,309 ,107 ,073 -,019 .105 ,105 +249 106 110
75 +306 106 031 -,020 108 091 »241 .098  .102
100 .286 101 ,009 -.021 106 .0BO ,473 .232 .987 .0dY

2.3 Velocity autocorrelation function

The normalized velocity autocorrelation function is defined

as

N
E (13(()) . 12([))

W) ="y (7)
g (lo; [*)

Our results for yi(z) are presented in table 9. These were
obtained by averaging over the 750 velocity components and
over 20 time origins separated by 100 time steps. For such
an average, the expected fluctuations of i(z) about zero as ¢
— o are on the order of 0.01.

Representative results are plotted in figure 2a for rubidium
(RB3) and in figure 2b for the Lennard-Jones fluid (LJ1).
The functions for rubidium are much more oscillatory than
those for the Lennard-Jones fluid. This is in accord with
previous observations of other states of these fluids [12, 13]
and with theoretical results suggesting a correspondence
between oscillating velocity autocorrelation functions and
propagating short wavelength sound modes [14].

2.4 Transverse current correlation function

One of the characteristics of a liquid is the inability to
support a shear stress. However, it is possible to consider
transverse momentum currents in liquids since these currents
do not involve particle displacements. Rahman showed that,

TABLE 9.  Normalized velocity autocorrelation functions. The time is in
units of At.
Time RB1 RB2 RB3 L1 LJ2

2 0.964 0.959 0.969 0.960 0.959
4 0.858 0.847 0.874 0.849 0.837
6 0.696 0.681 0.728 0.688 0.661
8 0.499 0.485 0.554 0.501 0.465
10 0.291 0.282 0.372 0.314 0.277
12 0.095 0.096 0.204 0.147 0.118
14 —0.072 —0.058 0.064 0.012 —0.001
16 —0.198 | —0.167 —0.040 —0.087 —0.079
18 —0.277 =0:231] —0.107 —0.148 —0.121
20 —0.311 208253 —0.139 —0.178 —0.136
22 —0.305 | —0.239 —0.143 —0.182 509132
24 —0.268 | —0.201 —0.126 —0.170 =(0), 1LY
26 = 02213 —0.148 —0.097 —0.148 —0.097
28 =), 151 —0.093 —0.063 S 08122 —0.078
30 —0.092 —0.042 —0.030 —0.096 —0.063
32 —0.043 —0.002 —0.003 =0:073 = 08053
34 —0.010 0.024 0.017 —0.055 —0.048
36 0.008 0.036 0.029 —0.042 —0.046
38 0.010 0.037 0.034 —0.036 —0.045
40 0.009 0.028 0.032 —0.034 —0.042
42 —0.015 0.015 0.026 —0.034 —0.038
11 —0.033 —0.001 0.017 —0.035 —0.033
46 —0.048 —0.015 0.007 —0.037 —0.028
48 —0.058 —0.025 —0.002 —0.039 —0.024
50 —0.062 —0.029 —0.009 —0.041 —0.021
52 —0.058 —0.028 —0.014 —0.042 —0.019
54 —0.050 =0:023 —=0.015 —0.041 —0.016
56 —0.039 —0.015 —=0.013 —0.038 —0.015
58 —0.026 —0.006 —0.007 —0.034 —0.014
60 —0.013 0.004 —=0.001 —0.031 =0:012
62 —0.001 0.013 0.006 —0.027 —0.011
64 0.008 0.019 0.011 —0.024 —0.010
66 0.015 0.022 0.015 —0.021 —=0.011
68 0.018 0.022 0.018 —0.018 —0.014
70 0.018 0.021 0.018 —0.016 —0.018
72 0.017 0.019 0.017 = 0:01'5 —0.022
74 0.013 0.016 0.014 —0.014 ~0.025
76 0.010 0.013 0.010 —0.013 —0.025
78 0.006 0.009 0.005 =0012 —0.023
80 0.005 0.006 0.002 = 01012 —0.019

for sufficiently large wavevectors, an appropriately defined
transverse momentum current took on the character of a
propagating mode. [15]. The transverse current variable is

-

Jr(Q, t) =

my;" (t)expliQ) - r; (1) ] (8)

;

where v 7 is the projection of the velocity of particle j onto the
plane perpendicular to (). The transverse current correlation
function is then

CrQ. 1) =Y2(J2(Q. 0)- Jr(—Q. V). (9)
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FIGURE 2. Velocity autocorrelation functions for (a) RB3 and (b)LJ1.
The rubidium functions contain damped oscillations about zero while the Lennard-Jones

functions do not.

Our results for C(Q, t)/C4((, 0) are listed in tables 10-
14. We evaluated them by the same procedure used to
construct F((), t), as described above, except that the
average includes two polarizations. The expected fluctuations
about zero as t — @ are on the order of 0.03.

The trend of these functions with increasing () is shown in
figure 3 for the states RB1 and RB3. For ()’s much smaller
than those available in present computer simulations, the
longtime behavior of C ;((), t) is expected to be

Cr(Q, t) < exp[—nQ*t/mn]

where 7) is the shear viscosity of the liquid [1]. We have

(10)

noted that the function displayed in figure 3e goes over to an

TABLE 10. TRANSVERSE CURRENT CORRELATION FUNCTIONS FOR RE1.
THE TIME IS IN UNITS OF AT.
WAVE VECTOR @ IN INVERSE ANGSTROM UNITS.
2219 ,43B ,657 .876 1,095 1.314 1.533 1,752 1.971 2,190
TIME
0 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1.000
S .976 921 ,8G52 ,789 745 737 715 728 .718 .70R
10,911 718 ,495 319 230 .,215 .186 .227 ,246 210
5 «B820 ,457 105 -,098 -.161 -.151 -.137 -,082 -.061 -.078
20 714 ,197 -.182 -,297 -,275 -.229 -.181 -.151 -,156 -,133

25 603 -,020 -,316 -.291 -.186 -.132 -,078 -,082 -.,127 -.087

30 4493 -,179 -.317 -.178 -,045 -,008 ,010 ,003 -,064 -,015
35,389 -,274 -,239 -,055 .047 ,043 ,015 ,018 -.019 ,0i3
40,292 -,311 -.133 ,017 ,057 ,026 -.038 .,011 -.,001 015
45,206 -,301 -.041 ,032 .007 -.008 -,090 ,009 0046 -,013
50,131 -,258 ,023 ,019 -.054 -,028 -,083 -,002 ,005 -.014
55,066 -.196 054 -,001 -.085 -,020 -,057 -.012 ,031 .008
&0 +011 -, 128,056 -,010 -.072 -,001 -,03B ~.,020 ,042 ,011

5 -.035 -,060 .042 -,011 -,023 ,015 -.027 -.024 .,016 .023
70 -,073 -,003 ,024 -,013 ,028 .024 -.028 -,017 -.,000 ,034
75 -,103 ,040 ,010 -,014 ,052 .021 -.009 -.001 -.010 042
80 -.125 L0648 -.000 -,013 .035 ,006 ,009 ,O01i -,025 .021
as -,138 .082 -,006 -,009 -,000 -,006 .018 .,005 -,025 .008
90 -,144 ,0Bé -,005 -,007 -,019 -,007 ,029 -.020 -.01H 001
95 -.143 083 -.001 -,013 -,007 -,004 ,017 -,030 -,018 ,014
100 -.136 ,074 011 -,028 ,017 -.015 -.,003 -,037 -.024 ,034

exponentially decaying form for ¢ > 40A:. An apparent
viscosity of 0.28 ¢p can be obtained by fitting this curve to
an exponential for ¢ >40As. This value is consistent with
reported values of the viscosity of liquid rubidium [16].
Before we could claim that this is the viscosity, it would be
necessary to go to smaller () ’s and show that 7 is independent
of (). This would require a significantly larger system. While
we cannot say with certainty, even in this best case, that we
observed the small () regime, our results for intermediate ()
unambiguously show a change from a monotonically decaying
C (Q, t) at small ) to damped oscillatory time dependence at
larger (). This transition is a gradual one and does not appear
to depend strongly on the interatomic potential.

TARLE 11, TRANSVERSE CURRENT CORRELATION FUNCTIONG FOR FRZ.
THE TIME IS IN UNITS OF AT,
WAVE VECTOR 0 IN INUERSE ANGSTROM UNTTE.
«219 438,657 .BY6 1,095 1,314 1,523 1,752 1,971 2.190
TIME

0 1,000 1,000 1,000 1.000 1,000 1,000 1,000 1,000 1,000 1.000

S 979 ,919 LREZ 792 749 725 71T LWT1E L7 +701
10,923 ,713 507 .33 «231 0,195 214,204,197 LD0F
15 845 464 142 -.058 -.150 -.147 -,079 -,093 -. 072 -.54v
200 754 232 - 114 -:239 —.252 -, 199 -.124 -.125 -.09% -,098

28 4660 049 -,230 -.242 -0 183 -, 101 - ,066 - 085 -, 047 -.084
30 +566 -,074 -,220 -.145 -,042 -.012 -,019 013 -,004 -.034

35 J475 -,145 -, 168 -,091  L015 .021 ,002 .034 029 -,00&
40 o391 -4172 -,084 -,052 013 034 ,005 ,007 .024
S o315 =172 -,005 -.030 -,008 ,017 -.001 -,023 -.002
50,247 -,158 ,032 -,012 -,011 ~,010 .0G7 S -.034 -.018
98 191 - 131 L0746 -.000 007 -.019 014 y =028 - 002
&0 144 -,102 073,009 ,017 -.012 .010 =007 -,003
S +107 -,0746 4051 010,000 L0123 001 -.008
70 078 -,058 .01¢ -, 009 ,018
75 4057 -.049 -,013 - J 017

80  ,042 -,045 -,035

85 -.045 ~.040 034 -,007 t

g0 6 -.044 -,026 ,030 -.002 015

94 =043 -,002 018 -,001 -,003 -,010 .0

100 5 -,042 L0177 004 -,0062 L0111 -,009 -.012 -



TARLE 12. TRANSVERSE CURRENT CORRELATION FUNCTIONS FOR REZ. TAELE 13, TRANSVERSE CURRENT CORRELATION FUNCTIONS FOR LJI.
THE TIME IS IN UNITS OF AT, THE TIME IS IN UNITS OF AT,
WAVE VECTOR § Th INVERSE ANGETRON UNITS, WAVE VECTOR IN REDUCED UNITS (Qo)
AT L6340 BAS 1,086 14267 14478 1,690 1,901 2.112 980 1,941 2,941 3,922 4,902 5,883 4.B4% 7,844 2,824 9,805
TINE
G 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,00 9 1,000 1,000 1,000 1,000 1,000 1.000 1,000 1,000 1,000 1,000
J935 LB73 LBIZ 762 717 722 L4697 709 5,980 ,923 L7893 L 762 L 73S 721 7SS L, 7S4 747
773 L5790 ,419 292,213 219 10,927,733 J349 070 L2446 L3229 ,295  J31é L39O
(5784279 082 -.038 -,090 -.007 15 .857 ,503 ) =022 =.079 =077 =077 ~,005 016 002
V395,070 - 137 -,026 -,072 - 20,779 L 2B2 ~,033 =197 - 187 -.158 =152 ~,098 ~.090
£ 243 -, 033 - -0 050 -,002 -.047 25 499,098 -\ 213 -,149 -, 112 =080 -, 095
(130 -, 066 - 022,032 -, 002 30 618 -.040 -,161 ~,064 ~.037 -,0346 -,052 ~,087 -
,054 =,064 ~,001 037,052 7 35,541 -,136 -, 164 -, 118 -,012 =,006 -,009 -0 077
(008 -, 050 035 007 L0320 044 40 447 -,194 -,138 -,085 003 -,012 -,011 -,037 -,051
-,018 -.036 ,047 003 -.01F 035 5,399 -,222 -, 109 -,066 -.004 -,017 -,007 - 013
~,028 -,027 ,038 ,011 -.014 014 50,336 -,228 -,085 -,045 -,028 ~,002 006 - 018
-0032 -,019 ,023 020 -,011 ~,005 011 -,030 55,280 -,215 -,059 -,020 ~,044 -,004 014 L033
-,033 -,022 ,008 ,029 -,020 -,031 -.004 -,030 60 230 -,191 -,034 -,008 -,031 -,014 ,036 007
-.031 -.030 ,000 .044 -,017 -,044 -,012 -,034 > 5,188 -,157 -,015 -,010 -,017 - L 050 -,043
-0027 -,033 -,005 ,048 -.014 -,023 -,010 -,023 ~,031 70 151 -,120 -,003 -, 01& -.017 - ,030
75 .248 -,022 -,029 -,005 031 -,013 ,001 -,027 ,000 -,02% 75 +121 -,082 -,004 -,026 -,027 ~.037 012 -,00
8O 225 -,017 -,015 002 ~,008 ,004 ,034 -.017 ,005 ~,00¢ 80,095 -.050 ~.006 4020 -,043 ~.008 —,020 -
5,203 -,015 -,003 -.001 -.031 ,024 ,043 ,005 -,008 -,00; S ,072 -,026 ~,008 -,007 -,034 .004 -,034 -
90,183 -,017 -,003 -.015 -,029 ,044 025 -,001 -,023 ,005 90  ,053 -.014 -,001 010 ,003 ~,007 —,013 -.
S L166 -,022 -,014 -.030 -,023 034 019 -,007 -,030 008 95,037 -,007 012 030 034 -.022 003 -
100 o149 -,029 -,029 -,029 -,005 -.000 ,004 -.015 ~,008 ,027 100 025 -,003 021 .041 041 -,032 017 -,004 -.
TABLE 14, TRANSVERSE CURRENT CORRELATION FUNCTIONS FOR LJ2.
THE TIME I8 IN UNITS OF AT,
WAVE VECTOR IN REDUCED UNITS (Qo) .
980 1,941 2,941 3,922 4,902 5,883 4,863 7.844 8,824 9,805
TINE
0 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
S 973 913 L84l 774 735 491 703 710 723 494
10,906 708 497 L322 222 188 197 234 262 211
15 .B19 476 174 -.014 -,089 -,082 -,078 -,031 -,025% -,030
20 724 267 -,039 -,169 -,145 -, 119 -, 134 ~,090 -,121 ~,069
25,427 103 -,148 -,183 -,091 -.082 -.112 -,047 -, 116 -,038
30 533 -,011 -.189 -,124 -,045 -,043 -.065 ~,003 -,078 -,005
35,443 -,087 -.180 -,051 -.035 -.028 -,045 ~,019 -,058 -,003
40,360 -,135 -,142 -,003 ~,040 -,016 -,039 -,049 -,044 -,003
5,282 -,160 -,082 013 -,048 -,025 -,018 -,04é -,033 -,019
50,211 -,163 ~,029 ,029 -,044 -,025 ,011 -,048 -,019 -,036
S5 146 ~,149 ,001 032 -,037 -,016 012 -,029 ,010 -,025
40,089 -.119 018 023 -,057 ,009 -.006 -,004 ,024 -,027
S .038 -,080 022 017 -.061 ,025 -,029 -,025 ,028 -,013
70 -.005 -.046 025 001 -,045 ,034 -.009 -,045 ,015 -,007
75 -.042 -,017 ,012 -,014 -,027 ,038 ,019 -,057 -,004 ,008
80 -,072 -,003 -.004 -,014 .005 ,027 0146 -.050 -,019 ,027
S -.096 007 -.015 -,023 ,033 ,005 013 -.024 -.030 .0064
90 -.114 ,006 -.017 -,035 039 -.021 .001 .002 -.032 -,020
95 -,126 ,008 -,008 -,038 ,034 -,030 -,004 014 -.037 -, 024
100 -,133 ,007 -,000 -.,037 017 -,017 -,004 ,020 -,024 -,017

3. Concluding Remarks

The dynamical properties of the two fluids considered here
are quite different. The most obvious difference is the
striking disparity in the spectra of density fluctuations.
However, the results which we have obtained for the other
functions, especially the velocity autocorrelation function,

confirm previous suggestions that the difference is more
pervasive. In general, liquid rubidium appears to be more
resilient and elastic than the Lennard-Jones fluid. While it is
plausible that this behavior would result from the softer core
of the potential in rubidium, formulating a theory which
quantifies this intuition remains as an outstanding problem
in the theory of liquids.
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FIGURE 3. Normalized transverse current correlation functions for RB1 (a — d)
and RB3 (e-h).
The ( values are (a) .2194 ~; (b) .4384 ~%; (c) .657A ~; (d) .876A ', (e) .2114 ~'; (f) .4224 1
(g) .634A ~1; (h) .845A 1. These functions show the effect of increasing () on the transverse current
correlations. Similar results obtain for the Lennard-Jones fluids as is indicated in tables 13-14.
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