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Van Hove has proposed that the atomic motions
in liquids can be studied in terms of a time-
dependent pair correlation function, obtainable
by Fourier transformation of neutron scattering
measurements over neutron energy and momen-
tum.! This pair correlation function G(r,?) is
“classically” the average number density at the
point T at the time ¢, when it is known that there
was an atom at the origin at time 0. It is a natu-
ral extension of the instantaneous pair correla-
tion function g(T), first obtained by Fourier in-
version of x-ray scattering measurements; in
fact its value at time zero is given by G(T, 0)
=g(T) +6(T). The correlation function has been
discussed further by other workers.2™* It has
been studied experimentally for the rather special
case of water,? %7 but not in full generality. In
this Letter we present the first experimental de-
termination of G(T,?) for a simple liquid, liquid
lead at a temperature (620°K) just above its melt-
ing point.

For the particular case of neutron scattering by
a classical monatomic liquid, the partial differ-
ential scattering cross section per atom has the
form
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where b is the coherent scattering length, l?o and
k’ are the ingoing and outgoing neutron wave
vectors, and E,and E’ are the ingoing and out-
going neutron energies. Q= Il-fo -K’| is the magni-
tude of the change of wave vector, and iw=E, - E’
is the change of neutron energy. The Van Hove

correlation function is given by
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where
i@, =[ S(Q, w) coswtdw. (3)

The fact that the function S depends only on the
magnitude of the vector @ is shown by writing S
as a function of @, not 6 In the same way G is
written as a function of 7, not T.

Hereafter » will be given in angstroms, @ in
reciprocal angstroms, ¢ in units of 10°!% second,
and units will be omitted.

In our experiments so far, about fifty energy
distributions of monoenergetic neutrons scattered
by liquid lead have been measured, using neutrons
of wavelengths 1.36 A (Series I), and 2.22 A
(Series II) from a crystal spectrometer at the
NRU reactor, and neutrons of wavelength 4.13 A
(Series III) from the rotating-crystal spectrom-
eter,® also at NRU. The results were in agree-
ment with limited studies on liquid lead already
reported.?”!! Series I were complete energy dis-
tributions and covered a range of @ from 1 to
7 A"l The distributions of Series II and III were
limited to energies near the incoming energy and
to values of @ from 1 to 4 for Series II and 2 to
2.2 for Series III. Several typical energy distri-
butions are shown in Fig. 1, together with reso-
lution functions obtained from the elastic inco-
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FIG. 1. A selection of energy distributions of neutrons scattered from liquid lead at 620°K, each with its
resolution function (appropriate to the incident energy). All patterns have been corrected for background,
for container scattering, for instrument sensitivity, and all except (a) for multiple scattering. [ Figure 1 (a)
is thought to contain ~ 10 % multiple scattering.] The factor 2°/k, of Eq. (1) has also been removed. Figures
1 (a), (b), and (c) show energy distributions obtained under different resolutions at the main diffraction peak.
In Fig. 1(b) the resolution function has been normalized at the peak to illustrate the energy broadening.
Figures 1(a) and (b) are in agreement that the half-width at half maximum of the distribution is ~3.5x 10~
ev, compared with the 8x 10~ ev expected on simple arguments of diffusion broadening by small motions
[references 2 and 3]. The shape is roughly Lorentzian. Figures (c) to (h) show Series I distributions at
different values of @,. The intensities are consistently normalized but note the different ordinate scales.

herent scattering by vanadium metal. series of measurements. It was then possible to
The flat specimen of liquid lead has a trans- remove the resolution from the transformed func-
mission of ~78%. The energy distributions thus tion i(Q, ) by simple division, rather than by un-
contained a component due to multiple scattering folding it from S(Q,w). In the present context
which amounted? to about 29% of the distribu- these approximations are not serious. The meas-
tions at large Q. The integrated intensity® and urements of the angular distribution by Sharrah
energy distribution of this component were as- and Smith® were used to extrapolate the functions
sumed to be isotropic. The average of distribu- i(@,?) for small ¢ to @ =9.
tions obtained at small angles of scattering In Fig. 2 a selection of the functions (@, ) and
(@ <1.4) was taken to be the multiple scattering G(r,?) are presented as computed from the meas-
component, and was subtracted point-by-point urements. The part of G(r,?) representing the
from the other distributions of the same series. atom which at £=0 is at the origin, called the
In constructing the function S(Q, w) from the ex- self-correlation function, ! is plotted on different
perimental data several approximations were scales from the remainder of G(z, ?).
made, which will be removed in the final analysis. De Gennes* has shown in a very general way
(1) The wave vector change was assumed to be that the mean square energy transfer is related
independent of the outgoing energy, and to depend to the angular distribution (@, 0) by the expres-
only on the angle of scattering ¢; that is @ =@, sion
=2k, sin(¢/2). (2) No correction for the resolu- i(Q,0)= (» BT/M)(hQ)’/ (rw)?, (4)
tion in @ space was applied. (3) The energy re-
solution was assumed to be constant in a given where kg is Boltzmann’s constant and M is the
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mass of the atom. This relation can be used as

a rather stringent test of the consistency of ex-
perimental data. Figure 2(a) shows the function
i(@, 0) as measured directly (Series I), and as
computed from the measured mean square energy
transfers by means of Eq. (4). The agreement is
considered to be reasonably good.

For a classical system at small times, the
self-correlation function is expected to be inde-
pendent!s 2 of the state of the system—whether
solid, liquid, or gas. Under these conditions,
for small ¢ and large @, the function #(Q, t) takes
the form for a perfect gas

iQ, ) = exp[-(k ;T /2M)QF). (5)

In Fig. 2(c) the measured curve for i(Q, 1) is
shown, together with a curve calculated from
Eq. (5) for =1, to which the measured curve in-
deed appears to be asymptotic.

The radius at half maximum of the self-corre-

lation function, and the half-widths at half maxi-
mum of the first peak in the pair correlation
function—the correlation function for first neigh-
bors—are plotted as functions of time in Fig. 3.
The half-width of the correlation function for
first neighbors was taken somewhat arbitrarily
to be the difference between 3.50 A and the posi-
tion at half maximum on the inward edge of the
peak. Also shown are calculated curves? ® for
the radius at half maximum of the self-correla-
tion functions of a perfect gas, and of a diffusing
atom making infinitesimally small jumps and
having the measured!® coefficient of self-diffusion
2.5x10°% cm?/sec.

From Figs. 2 and 3, G(r,t) may be followed in
some detail. At {=0 the instantaneous pair cor-
relation is in good agreement with that obtained
by Sharrah and Smith.? At small times, up to
t=2, the principal effect is the rapid motion out-
wards of the atom at the origin at gas velocities.
For ¢ from 2 to 8, the atom at the origin and the
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FIG. 3. The radius at
half maximum of the
self-correlation function
(closed circles) and the
half-width at half maxi-
mum of the correlation
function for first neigh-
bors (open circles) as
functions of the time.
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atoms in the first shell move in a somewhat com-
plicated way. At times ¢28x107!® sec the atoms
seem to be settling down into a diffusive type of
motion, but the rate of diffusion appears to be
less than the rate of self-diffusion measured by
tracers. This suggests that, in addition to the
small motions (“jitter”) of the atoms, which show
up as a continuous diffusive expansion of the cor-
relation functions, there also occur significant
numbers of comparatively large diffusion “jumps.”
Such behavior was previously postulated® to ex-
plain the results on water. The distribution of
“jump sizes” could possibly be studied by means
of the shapes of the correlation functions. The
present results, however, are not sufficiently
precise for this to be possible.

Details of the experiments and of the analysis
will be published on conclusion of the work.
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The theory of Townes et al.’ of the Knight shift
in the frequency of nuclear resonance in a metal
predicts a fractional change of

AH 87 (IzpF(O)Iz)AV
T o % @
a

where x is the magnetic spin susceptibility per
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unit volume, n, is the atomic density, and the
square of the wave function is evaluated at the
nucleus and averaged over the Fermi surface.?
The measurements of Reif® and of Androes and
Knight* indicate shifts for superconducting
mercury and tin almost as large as that for the
metals in the normal state. This would seem to
indicate according to Eq. (1) that the supercon-



