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Density fluctuations in liquid rubidium. I. Neutron-scattering measurements*
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We report neutron-scattering measurements of the coherent scattering function S{Q,~) of
liquid rubidium at 315 K, in the range of wave vectors 1.25 «Q «5.5 A . In this range there
is no evidence of peaks at finite ~ in S{Q,~) plotted at constant Q. On the other hand the
Fourier transform I" {Q,t) exhibits structure, notably for Q =2.0 A ', which indicates at least
two characteristic {wavelength-dependent) relaxation times in the liquid. For wave vectors
&3.0 A ~, E{@,t) may be characterized by a single relaxation time. These results, in con-
junction with our results for Q &1.0 A. , offer the possibility of detailed comparisons with

models of the liquid state and with molecular-dynamics calculations.

I. WTRODUCmOX

In this paper we report comprehensive measure-
ments of the coherent scattering function of liquid
rubidium at 315 K, using the inelastic neutron-
scattering technique. The results have been cor-
rected for all known experimental factors, using
data-analysis' and multiple-scattering2 programs
which were developed at this laboratory. In a re-
cent paper' the coherent and incoherent scatter-
ing functions of liquid argon were presented, and

in a forthcoming paper' we shall describe neutron
scattering measurements on molten rubidium bro-
mide. It is our intent to make systematic mea-
surements on a series of typical simple liquids,
in an attempt to clarify the physics underlying the
dynamics of these systems.

Rubidium was chosen for this study for two rea-
sons. First, the dispersion relations for solid Rb
have been measured in some detail, ' and used to
derive a volume-dependent "effective two-body po-
tential, "' which gives good agreement with the
equilibrium properties of liquid Rb. Second, the
neutron scattering cross section" is almost total-
ly coherent, so that the coherent-scattering func-
tion can be measured separately (in contrast with

other alkali metals, ' where the incoherent cross
section is of the same order of magnitude as the
coherent cross section). In this regard it should
be noted that by using different isotopic mixtures
of 'Li and 'Li, both the coherent and incoherent
scattering functions might be obtained, as was
done for argon. However, the large absorption
cross section of 6Li (945 b) makes this experiment
very difficult, and the fact that 'Li and 'Li both
have large incoherent cross sections would pre-

elude extending the measurements of the coherent
scattering function to small momentum transfers.

In many theoretical models' "of the liquid state,
the scattering function is expressed in terms of its
low-order energy moments, sometimes including
an adjustable parameter. The usefulness of neu-
tron scattering experiments on liquids has been
questioned" on the basis of the qualitative agree-
ment with the results obtained from these models,
implying that the low order moments characterize
the function. However, experiments have shown
that the fourth energy moment is required to ob-
tain agreement, and this moment depends explicit-
ly on the interatomic potential. After all, the
fourth energy moment of the scattering function
comPletely characterizes a purely harmonic solid,
the normalized fourth moment being nothing more
than the "dynamical matrix. *' Thus the systematic
testing of theories of liquids which correctly in-
corporate moments up to the fourth or higher,
serves both to probe the interatomic potential
(predominantly at short distances which are not
sampled by atoms in solids}, and to test the ap-
proximations inherent in the theories. Further-
more, detailed comparisons between experimen-
tal results and the results of "molecular-dynam-
ics" calculations can test both the validity of the
molecular-dynamics approach to particular sys-
tems and the assumed potential. In the following
paper" such a comparison is carried out for the
case of liquid rubidium. Good agreement with the
present results is obtained, using the effective
two-body potential of Ref. 6.

The present measurements cover the range of
wave vectors Q from j..25 to 5.5 A '. In Sec. II
we describe the experimental measurements and

1656



DENSIT Y FI UCTUATIONS IN LIQUID RUBIDIUM. I. . . .

the data reduction. The results are presented in

See. III. They include some of the results of a
0

separate experiment, in the range 0.3&Q&1.0 A ',
which is reported elsewhere. " Section IV con-
tains the conclusions we have drawn from this
work.

ll. MEASUREMENTS AND DATA REDUCTION

In an inelastic-neutron-scattering experiment,
one seeks to measure the double differential cross
section

( k, -k) = s —S ( Q, ~),
dQ dw 4p ko

for single scattering from incident wave vector k,
to scattered wave vector k. Here dQ is the solid
angle, sr~ is the bound-atom scattering cross sec-
tion, h Q =I(k,-k} is the momentum transferred
to the system, and he=(h'/2m„)(k, '-k') is the en-
ergy transferred to the system: m „ is the mass
of the neutron, and S(Q, &u) is the scattering func-
tion of Van Hove. " It is the quantity of most inter-
est since it is only related to the properties of the
system under study. In the case of an isotropic
system, only the ma, gnitude of Q is relevant, so
one is concerned with the isotropic function S(Q, &u).

The symmetrized scattering function is defined by

S(Q, (u)=e ""~"&rS(Q,~),
where k~ is Boltzmann's constant and T is the tem-
perature of the system.

The measurements were made using the hybrid
time-of-flight spectrometer" at the Argonne CP-5
reactor. Measurements were made with two differ-
ent incident neutron energies E„4.94 and 33.0
meV, with over-all energy resolutions [full width
at half-maximum (FWHM)t of 0.24 and 1.0-1.15
rneV, respectively. %'e shall refer to these two
sets of measurements as experiments 1 and 2.

For experiment 1, using the lower incident en-
ergy, measurements were made at 31 scattering
angles y ranging from 1'l.4'to 118.8'(elastic Q's,
defined by Q=2k, sin —,'y, ranging from 0.5 to 2.7
A '). Single detectors were used in the vicinity of
the first peak in the structure factor Q, =1.53 A ',
giving a resolution in Q (FWHM) of 0.01 A ': at
the lower and higher angles, two or three detec-
tors were ganged together, resulting in resolutions
of -0.025 A '. Data at the highest angle were
marred by the (111) aluminum Bragg peak from
the sample container. For the second experiment,
using the higher incident energy, measurements
were made at 15 angles from 26.4' to 108.0' (elas-
tic Q's from 1.8 to 6.5 A '). The scattering angles
were chosen to avoid picking up Bragg peaks from
the container. The resolution in Q was -0.05 A '.

The rubidium, obtained commercially (quoted
purity 99.9@),was contained in a cylindrical alumi-
num container, o.d. 1.68 cm, wall thickness 0.045
cm, with a usable sample height of 9.6 cm. Hori-
zontal disks made of boron nitride (0.09 cm thick),
separated by 1.68 cm, were used to reduce multi-
ple-scattering effects. " The sample container had
heaters at top and bottom, and was surrounded by
several layers of aluminum foil used as radiation
shields. The temperature was controlled at 315 K
to within *3 K, and the temperature difference
across the sample was generally less than 1 K.

Separate runs were made with the rubidium in
the container and with the empty container. For
the higher-energy experiment, time-independent
backgrounds were measured by placing a cadmium
shutter" in the beam for 1 min in every 30 min.
This shutter w'as not available at the time of ex-
periment 1. Experimental runs were also made'
in order to normalize the data, to determine the
timing of the incident beam, and to measure the
energy resolution. The latter measurements were
made using an aluminum container, identical to
the container used for the sample measurements,
but filled with -0.5 g cotton: the widths of the in-
coherent elastic peaks due to the hydrogen scatter-
ing were determined.

Representative plots of the raw data are shown
in Fig. 1 for both incident energies. The container
run has been normalized to the sample run. The
energy resolution is indicated by the width of the
elastic peak from the aluminum container. In Fig.
2 the same data are shown after conversion to the
form of a symmetrized scattering function S(Q, e).
Time-independent backgrounds were first sub-
tracted from the raw data, and the container
counts were then corrected for attenuation in the
presence of the sample (this correction factor is
between 0.93 and 0.94 in all eases). The data
shown in Fig. 2 have been corrected for self-
shielding, but not for multiple scattering. The
self-shielding factor, calculated following Carpen-
ter, " is between 0.91 and 0.92. Shielding by the
container represents a further 0.9 jo correction.
Multiple scattering contributions, and the total
cross section of rubidium, were calculated using
the program MSCAT. ' These contributions are
shown in Fig. 2. Note that in most cases the multi-
ple scattering is multiplied by a factor of 10. The
multiple scattering was calculated using the kernel
S(Q, &u} obtained by Rahman"; beyond Q-8.6 A ',
the model kernel of Pathak and Singwi" was used.
Multiple-scattering contributions were also com-
puted using the Pathak Singwi kernel exclusively.
The zeroth and fourth classical energy moments,
which constitute the input to this model for the ker-
nel, were obtained from the effective potential of
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FIG. 1. Plots of raw
data from the tom experi-
ments. The horizontal
axis is proportional to
neutron time of flight.
The normalized counts
from the empty container
are indicated by continuous
lines.
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Ref. 6 and a pair-distribution function obtained
from the molecular-dynamics calculations. " The
sensitivity of the moments to the kernel used in
the multiple scattering correction is discussed in
Sec. III.

It is instructive to examine the data shown in
Figs. 1 and 2 for Eo=4.94 meV and @=36.6', The
"inelastic" peak in the raw data is largely due to
the well-known t4 factor which must be included in
order to obtain S(Q, &a&). A similar peak is evident
in the plot for cp=47.4'in Fig. 1. Note that the
peak at y= 36.6'persists when the data are plotted
on an energy scale (Fig. 2). Since the wave vector
Q is changing with +, an apparent inelastic peak
may show up in a constant-angle plot, depending
on the detailed topology of S(Q, +), even when there
are no inelastic peaks in plots of S(Q, ~) at con-
stant Q. This occurs most frequently when Q is
somewhat smaller than Q„and Eo is small. In
the past, peaks such as those shown in Figs. 1 and

2 have been used to produce a dispersion curve for
the liquid. We emphasize that in the range 1.25
&Q &5.5 A ', no inelastic peaks exist in plots of
S(Q, ru) at constant Q. On the other hand such
peaks do exist at smaller values of Q. '4

III. ANALYSIS OF RESULTS

Having subtracted the multiple scattering, the
data at different angles were interpolated to select-
ed values of Q, and then corrected for energy res-
olution. Representative plots of S(Q, e), at four
values of ~, are shown in Fig. 3. The data from
the two experiments are indicated by different sym-
bols. Note the change of scale, in the plot for ~
=0.0 ps ', in the region of Q-Qo. It is immediately
apparent that the data from the two experiments do
not join smoothly for ~=0.0 ps ', whereas at +
=2.0 ps ' the agreement is much improved. The
lack of agreement at very small v is believed to
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be a resolution effect. The results from experi-
use of the betterment 1 are clearly superior, because o e

energy reso u ion.1 t' These results indicate struc-
0

ture in S(Q, &o), for Q's between -2 and -2 A

comprising aa narrow peak superimpose upon a
r resolu-broad peak. Because of the poorer energy reso u-

tion of experimen t 2 this peak cannot be correctly
unfo e ylded b the resolution correction program. As

1 w and thea resu lt S(Q ~) is depressed for small &u, an
over-all agree-FWHM of S(Q, &u) is too large. The over-a ag

ment between the two experiments, for larger val-
ues of ~, is very satisfactory.

4-6 we show a series of constant Q plotsIn Figs. — we
-1(, ). Th plots for 1.25&Q&2.5 A (Fig. )

2.0«5.5 A ' (Fig. 5) were obtained from
experiments 1 and 2, respectively. We also s ow

(Fig. 4) three plots for Q&1 A ', obtained from a
ate experiment. '4 The results of experiment

1 can be used to construct S(Q, ~) for Q=
although the statistical accuracy is lolow. In fact,

this result was used to help establish the normal-
ization of the small-Q experiment, as discussed
in detail in Re .ef. 14. A smoothed representation of
the S(Q, &u) obtained from experiment 1 is shown as

Fi s. 5 and 6 were obtained from a sumshown in igs.
of Gaussian functions, as described in Re .
the extent that a functional form was fitted to the
data, the points in Figs. 5 and 6 arere smoothed.
The errors were estimated from the errors in the
raw data, and from the size and reliability of the
reso u

'
olution correction. The data from experiment

1 are un ec1 affected by this correction, excep Q
e eriment=1.5 A '. Furthermore, the data from exper m

2 are considered reliable, except at Q=3.0 A ',
where there is s 'till some evidence of a narrow
peak superimposed upon a broader peak.

Fi . 5 we see discontinuities in the slope of
S(Q, &u), in particular for Q= 2.0 and
though the exact shape of the results may be sen-
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is shown in Fig. 7 together with the molecular-dy-
namics results, "and the neutron diffraction re-
sults of Page et al. 2o The present data oscillate
about a value of about 1.04 at the larger Q's.
There appears to be an over-all error in the nor-
malization of our data, which is probably due to
poor performance of the beam monitors. Apart
from this discrepancy, the data are in good agree-
ment with Rahman's calculations" except at 'Q Qp.
In this region there is considerable experimental
data, and we believe the present results are good
to better than 5%. On the other hand there are siz-
able discrepancies between our data and those of
Page et al. ,

"especially in the region 1.25&q&1.5
A '. At larger values of Q, the oscillations in S(Q)
obtained from this experiment and from the molec-
ular dynamics calculation are not in phase with
those of Ref. 20.

The first moment, divided by the exact theoret-
ical value, "

OJ
~ 0

oooI—
0.0 I.O 2.0 3.0

I

6.0

FIG. 3. Corrected scattering function S(Q,~) for four
values of ~. Note the change of scale in the top plot,
in the region of the principal peak in the structure fac-
tor. The closed and open circles refer to experiments
1 and 2, respectively.

sitive to the method of correction for energy reso-
lution, there is no doubt that such features do ex-
ist in the data. The molecular-dynamics calcula-
tions" also show such effects, which are related
to the existence of two distinct relaxation process-

where M is the mass of a rubidium atom, is shown
in Fig. 8. Here the moments are on average -11%
high. This increased discrepancy might indicate
an inadequate correction for multiple scattering.
However, our own calculations indicate that this
correction is -0.04+0.004 for S(Q), and between
10 and 20%, with a possible error of ~2/q in the
case of (&u). The errors were obtained from a com-
parison between calculations using two different
choices of kernel (Sec. II). In the region of Q's be-
tween 2.0 and 2.75 A ', in the case of experiment
2, the high values of (ru) are probably due to the in-
adequate correction for energy resolution de-
scribed above. At larger values of Q, the fluctua-
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FIG. 4. Scattering func-
tion 8 (Q, ( ) for three val-
ues of Q —1.0 A ~. These
results @&ere obtained from
a separate experiment
(Ref. 14). The solid line
in the Q =1.0-A ~ plot is
a smoothed representation
of the S(Q,cu) derived from
experiment 1. (See text. )
C losed circles: energy-
gain data; open circles:
energy-loss data.
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FIG. 5. Scattering function S(Q,~) for six values of Q between 1.25 and 2.5 A . These results were obtained from
experiment 1.

tions in (Id) are probably related to the relatively
large statistical errors in the large-energy-trans-
fer regions of S(Q, &d).

The agreement between the results obtained from
this experiment and the independent values of S(Q)
and (oI) is a good indication of the over-all reliabil-
ity of the data presented here. %e would reern-
phasize the absolute necessity for such compari-
sons in assessing the reliability of experimental
data, on S(Q, Id}. As the data presented here were
absolutely normalized with no adjustable parame-
ters, reasonable agreement for the zeroth and
first energy moments is a necessary but not suffi-
cient test for the reliability of the data. It should
also be noted that, as discussed in Ref. 3, the
first moment is a very stringent test of the high-
energy-transfer region of S(Q, &u} where both the
statistical errors and the multiple-scattering cor-
rections are largest.

In Figs. 9 and 10 me show plots of the interme-
diate-scattering function

F(Q, t)= S(Q, &d)e' 'dOI,

which was obtained from the S(Q, &d) plots shown in

Figs. 5 and 6. Since the final S(Q, Id) is written as
a sum of Gaussians, the Fourier transforms are
easily obtained. " The plots of F(Q, t) for Q~2.5
A ', are of particular interest. Except at Q= 1.5
and 1.75 A ', there is clear evidence of structure
which indicates at least two characteristic relax-
ation times. This structure is also observed in

the molecular dynamics calculations. " An attempt
to fit E(Q, t} at Q= 2.0 A ' using a Gaussian mem-
ory function with a single relaxation time proved
unsuccessful. On the other hand, the same ap-
proach works mell over the entire region of mea-
sured momentum transfers in the ease of liquid
argon. " The F(Q, t) obtained from this experiment
is compared with molecular dynamics results in
the following paper. "

Dt Fig. 11 we show the full width at half-rnaxi-
mum height of S(Q, &0). Again we note the lack of
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parts are represented by closed and open circles, respectively.

agreement between the two experiments. Since
the narrow peak in S(Q, &u) is not properly ex-
tracted in experiment 2, the FWHM is artificially
augmented. At larger values of Q, the widths ap-
proach the ideal-gas limit

( i.g) = 2 [2(in') k T/M )
' 'q .

In the vicinity of Q=Q, our results compare very
well with those of Suck and Glaser. " We are how-

ever in definite disagreement in the region of the
second peak. Though the lower-resolution results
(the open circles) are no doubt too high, particu-
larly at @~2.5 A ', resolution effects are becom-
ing less important at @=3.0 A ' and here the two

sets of data differ by a factor of 2. The reason
for this is unknown. The calculations of Rahman"
support the present measurements. The measure-
ments of Egelstaff et al."on Rb at 200'C only ex-

0
tend down to Q-4 A ', so no con.clusions concern-
ing the widths for @=2.8 A ' can be drawn from
their work.

We also show in Fig. 11 the mean frequency +

which was obtained as the average of the two fre-
quencies corresponding to the half-height of
S(Q, &u). The ideal gas value is simply given by

( &g) „)i tQ '/2M . -—

Both (d and the FTHM show oscillatory behavior.
Such behavior has been observed in both helium"
and neon. " As was pointed out by Buyers et al. ,

"
this behavior reflects oscillations in the higher
moments of S(Q, &u), which do not decay as rapidly
as the oscillations in S(Q). In general, this type
of behavior is to be expected in all liquids. "

IV. DISCUSSION

In Sec. III we have described the results of mea-
surements of the coherent scattering function of
liquid rubidium for wave vectors between 1.25 and

o
5.5 A '. In an earlier paper, " similar results
were presented for wave vectors between 0.3 and

0
1.0 A '. These two experiments provide a detailed
description of the dynamical properties of this sim-
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pie liquid metal over the complete range of inter-
esting wave vectors. As such, the combined re-
sults offer the possibility of detailed comparisons
with both simple models and molecular-dynamics
calculations. In the following paper, "the results
are compared with molecular-dynamics calcula-
tions using the potential of Ref. 6.

It should be noted that for @~1.25 A ', there is
no evidence of peaks at finite &u in S(Q, &u) at con-
stant Q. Thus, we find no evidence of propagating
collective excitations in this range of wave vectors,
in contrast to the regime" @~1.0 A '. %'e feel
that this distinction is a fundamental property of
the liquid, and that it is not useful to discuss "dis-
persion curves" in the regime @~1.25 A '. Such
curves have been derived by Cocking' and by Suck
and Glhser ' by two distinct procedures. The for-
mer author used a 2.0-meV incident beam, and
identified the peaks in the time-of-flight spectra
with a dispersion relation for the liquid. As dis-
cussed in Sec. II, the peaks in such data are sim-
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FIG. 11. Position of the peak in S(Q,~), and the full
width at half-maximum of the peak. The results for the
ideal gas, and the measurements of Suck and Glaser
(Ref. 24) are also shovvn. The symbols have the same
significance as in Fig. 3.
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ply a result of the technique of measurement, and
vanish when the data are reduced to S(Q, &v) at con-
stant Q. In fact, since the time-of-flight data mea-
sure a quantity proportional to E&'S(Q, &u), where
E& is the final energy, the data are closely related
to ~'S(Q, &o) when Ez»EO A.s is well known, this
function always has a peak at finite +, even for the
ideal gas. Suck and Glaser derive their "disper-
sion curve" by considering the peaks in S(Q, &u) at
constant co. In this case, the peaks are real, but
they do not represent propagating collective ex-
citations, since no peaks occur at finite ~ values
in S(Q, &o) at constant Q. Such a result could arise
from a dispersion curve with infinite slope (d&u/dq),
but as the derived curves have a finite slope, this
is not the case here. "

The present results indicate definite differences
between the scattering functions of liquid Rb and
liquid Ar. Nonetheless, the scattering functions
are in many respects similar, in contrast to that
of a molten salt. Recent coherent neutron scatter-
ing experiments on RbBr (Ref. 4) at 9'l3 K show
marked differences in S(Q) as well as in S(Q, &u).

These differences no doubt result from the strong
Coulomb forces in the ionic liquid.

The present results suffer in the range 2.5~@
~3.5 A ', because of poor energy resolution in

experiment 2. A further experiment, using an in-
cident energy of 20-25 meV, should provide use-
ful information about the detailed behavior of
S(Q, &u) in this interesting range of wave vectors.
Such an experiment has been performed by Suck
and Glaser, "and is presently being analyzed.

Experiments at higher temperatures, both in
this range and in the range @&1.0 A ', would help
toward a fuller understanding of this material.

The latter experiment would be a formidable task,
in view of the long counting times required.

It would also be useful to measure the incoherent
scattering function of an alkali meta1 over a wide
range of momentum transfers, as was done for ar-
gon, in order to compare experiment with models
which use the incoherent scattering function as in-
put. One method of attempting this might be to
scale the present results for the coherent scatter-
ing function of Rb to make them applicable to Na,
and to use these results to obtain the incoherent
scattering function of sodium from the measured
mixture of coherent- and incoherent-scattering
functions. The moments of the final result would
serve as a useful check of the validity of this ap-
proach. Before doing this, detailed molecular dy-
namics calculations on sodium would be useful in
order to evaluate the applicability of this technique.

Note added in Proof We h.ave been informed by
Suck (private communication) that the discrepancy
between the results of Ref. 24 and the present re-
sults for the F%HM near Q =2.8 A ' was due to
difficulties with their correction for empty-con-
tainer scattering. There is no discrepancy be-
tween their reanalyzed measurements and the
present results.
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