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Measurement of the liquidwtructure factor of supercooled gallium and mercury

D. G. Carlson, ~ J. Feder, t and Armin Segmuller
IBM Thomas J. 8'atson Research Center, Forktosen Hezghts, ¹ F. 10598

(Received 14 August 1973}

The structure factor of supercooled liquid gallium and mercury has been measured as a
function of temperature with Cu-Ea x radiation. The use of samples consisting of a planar
array of a large number of small droplets of about 10-](fm diameter allowed supercooling
down to 70'C and 40 C below the melting points of gallium and mercury, respectively. The
experimental data are analyzed and discussed in view of recent theories of the liquid-solid
transition.

INTRODUCTION

The liquid- solid phase transition and metasta-
ble supercooled liquids are the subject of much
current research. Experiments on supercooled
materials are generally very difficult to perform,
since any irregularity on the surface or within the
volume of a sample may nucleate the thermody-
namically stable (solid) phase. However, in very
small samples, extreme supercooling is often ob-
served. In the beautiful experiments of Bosio
et aI, ' droplets of gallium less than 100 p, m in
diameter were supercooled down to 150'K, which
is about half the normal melting point of 300'K.

Traditionally, one considers the dynamics of the
freezing process in terms of homogeneous nuclea-
tion theory. ' The liquid is considered to probe for
the stable state by fluctuations that create small
erystallites within the liquid. If a crystallite
reaches a certain critical size, it will continue to
grow and the liquid freezes.

More recently, theories of the liquid state have
related the stability of the liquid to the dynamics
of its collective modes. " In this approach the
collective-mode frequencies 0, are determined by
the poles of the density linear-response function

X(q, ur), which may be expressed as

x(q, ~) = x "(q, ~)
1 —}{"(q, (u) V'"(q) '

where y "(q, cu) = —[1+iv'~'zta(z)]/kT is the density
response function of a classical noninteracting
gas y

e 2uV 1/2
ut(z) =,~, dz, z =, u, =

7T ~ S —8 qQO, PPl

and m the atomic mass. From the fluctuation-
dissipation theorem, the effective-interaction po-
tential V'"(q) can be related to the static-liquid-
structure factor (LSF) by

S(q) = -&TED(q, 0}= [1+P V'"{q)]-'.

If the theory is to be used in the hydrodynamic
regime, i.e., in the limit of small q and ~, it has
to be modified to include thermal conduction, etc.
The normal-mode frequencies are given by the
poles of Eq. (1), which may be expressed by

Z, u(Z, ) =fz 'i'/[1-S(q)]. (3)

Equation (3) has an infinite number of solutions.
Following Schneider et al. ,' the frequency with the
smallest imaginary part is taken as the normal
mode frequency. For modes with wave vectors fi

where q is the magnitude of the wave vector
of the first maximum in S(q) as a function of q, the
eigenfrequencies are purely imaginary; 0, is then
portional to the damping of these density-diffusion
modes. To first order in Z„Eq. (3) has the so-
lution

n, = i z '"qu, /[1-—S(q)],

so that near q„ the largest value of S(q) produces
the smallest value of ~A, ~, and hence the longest
relaxation time is obtained for q =q . Equivalently,
Eq. (3) or (4) shows that the damping of the mode
with q=q is smallest, i.e., it is the least stable.
Since S(q ) is expected to increase with decreas-
ing temperature, excitations with q = q become
increasingly long lived and less stable. The sta-
bility limit of the liquid is reached when Q, =O for
q =qm.

The temperature dependence of the LSF has re-
cently been measured in rubidium' and gallium'
by inelastic neutron scattering. In these experi-
ments one measures the dynamic structure factor
S(q, ~), which, in the region q-q, is expected to
have the form'

s(q, ~) = z-'"q~/(ja, ~'+ ~') .
This Lorentzian form of the quasielastic line
seems to fit the data for gallium. Since )0,( is small-
est for q =q the quasielastic linewidth should be
smallest at the maximum of S(q). This narrowing
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of the quasielastic line was first pointed out by
de Gennes, ' who showed that

J sPS(q, (u) d(u

JS(q, (o) d(s mS(q)

for a classical liquid. Thus, both Eqs. (4) and (6)
predict a narrowing of the quasielastic peak as
the temperature is reduced. This is the critical
slowing down associated with the stability limit
of the liquid state.

In a search for the stability limit of the liquid
phase, observations of the LSF in the supercooled
liquid become desirable. Supercooling to 0 'C in
gallium has recently been achieved by Page et al. '
in neutron-scattering experiments. Much larger
supercoolings have been achieved in the present
experiments in which x-ray scattering from a col-
lection of small droplets was studied.

EXPERIMENTAL PROCEDURE

The samples were produced by ultrasonic dis-
persion of the molten metal in alcohol with sodium
oleate as an emulsifier. The droplets were sepa-
rated according to size using the size dependence

of the sedimentation rate of the colloidal suspen-
sion of gallium droplets in alcohol. In this way a
rather uniform size of about 10-p. m-diam droplets
could be obtained. The droplets cleaned with
alcohol were distributed on a 12-p, m Mylar sheet
as a random monolayer. Once mounted, a sample
was never removed from the helium atmosphere
of the cryostat.

The cryostat was mounted on a GE-diffractom-
eter under computer control. Copper Ke radia-
tion emitted from the line focus was collimated to
a horizontal divergence of 0.6'. The planar array
of sample droplets was kept stationary at an angle
of 45' to the incident beam, allowing the observa-
tion of the intensity scattered in transmission up
to angles of about 130'(28). The scattered beam
was filtered by an 8-p, m nickel foil and monitored
through receiving slits of 0.4' (28) width by a pro-
portional counter with pulse-height discriminator.
The vertical divergence of the incident and scat-
tered beam was restricted by Soller slits to about
40

The use of small droplets on a Mylar foil allows
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FIG. 1. Liquid-structure factor S(q) of gallium at 323
and 233 'K, respectively.

FIG. 2. Normalized liquid-structure factor N(q, T)
= [S(Q}y—S(g)323 K ($)323 K of gallium for T =273 and
233 'K, respectively.



402 CARLSQN, FEDE R, AND SE GMULLER

x-ray measurements to be done in transmission,
even with heavy-atom elements, and thus is a con-
venient procedure also for small. -angle scattering.
The background introduced by the Mylar sheet,
however, is a disadvantage.

Statistical errors in our fixed time measure-
ments varied from 1% at the peak of the LSF to
4 jp near q = 6 A '. Since the peaks in the LSF were
of primary interest, the fixed-time, rather than
fixed-count mode was used.

The total x-ray scattering from a liquid sample
is given in electron units by

I =I (8)T(8)Iqt f 'S(q)+ 0, ]+I„
where P(8) = 2(1+cos628), Iq is the number of atoms
irradiated by the primary beam that can scatter
into the detector, T(8) is the transmission factor
(which differs from unity due to absorption in the
sample), f is the atomic-scattering factor, S(q)
is the LSF, o, is the Compton incoherent cross
section, and I~ is the background intensity.

For our experimental conditions, T(8) is con-
stant within 3%, and multiple scattering correc-
tions are negligible. However, N is an unknown

parameter. It was chosen to bring S(q„) at 293 'K
for gallium and at 273 'K for mercury into agree-
ment with values published recently. ' " These
values of N were then used at all temperatures,
giving very good agreement with previous work
done above 273 'K.

The atomic-scattering factor of gallium taken
from the International Tables" included the dis-
persion corrections. Since no self-consistent
field values were available for the Compton-scat-
tering cross section o, of gal). ium, it was extrapo-

lated from the closest neighbor, germanium. "
The background was determined with a blank
Mylar foil in the sample holder.

The data analysis over the whole range of q
was done only for gallium. In the case of mercury,
only the peak intensities were measured as a func-
tion of temperature.

DISCUSSION OF RFSUI TS

Figure 1 shows S(q)», and S(q)2» for gallium;
S(q)r is the LSF at temperature T and wave number
q. The change of S(q) with temperature is readily
seen from Fig. 2, where we have plotted the
normalized LSF, N(q, T) = [S(q) r- S(q)~, ]/S(q)~„
for T=273 and 233'K. The local maxima at
q =2.5, 3.2, and 4.9 A ' correspond to the first
maximum, shoulder, and second maximum of the
LSF. These three features increase at comparable
rates as the temperature decreases. From Eqs.
(3) and (4) one expects the corresponding normal-
mode frequencies in these regions to decrease
with decreasing temperatures, whereas the eigen-
frequencies in the intermediate q regions actually
increase. From these results it then appears that
the mode that first becomes unstable could occur
at any wave number q-2. 5, 3.2, and 4.9A
the "soft mode" could have a wave number different
from q . It is of particular interest to note, that
the relative intensity actually increases most
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FIG. 3. Maximum value of the liquid-structure factor
S(q„)vs temperature for Ga and Hg.
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FIG. 4. Eigenfrequency of liquid-normal mode with
wave number equal to q calculated from x-ray data and
theory of Schneider et al. {Ref.4) for Ga and Hg, re-
spectively.
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rapidly for the shoulder on S(q) at q-3.2 A '.
In Fig. 3 we have plotted S(q„) for gallium and

mercury. S(q ) is seen to increase as the temper-
ature decreases, but the sample crystallized be-
fore S(q ) diverged. Using the measured values
of S(q ), Eq. (4} may be solved for Q„which then
is proportional to the damping of the slowest de-
caying density modes. The results obtained are
plotted in Fig. 4 for gallium and mercury. The
damping is seen to decrease with decreasing
temperature; however, one is clearly so far from
the stability limits that an estimate of the super-
cooling temperature is not meaningful.

For gallium, the rate of change of 0, with T,
dQ, /dT =0.00'Ix10~ sec ' K ', is in fair agree-
ment with a recent neutron-scattering experiment. '
Measurement of the linewidth of the quasielastic
peak a~ as function of T yielded dh&a/d T = (0.009

~0.002}&&10"sec ''K '. However, since the full
linewidth at half-maximum height must be of the
order of b,~ =20„our linewidths are larger than
those of Page et al. ' by a factor of 2.

If one uses the de Gennes sum- rule, Eg. (5},
one finds that (uP) '~'/iA,

( is of the order of 1.5.
Thus, there must be considerable intensity for
large values of u& in S(q, &u) that does not show up
in the quasielastic peak at q„as measured by
Page et al. '
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