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Supercooling of liquid-metal droplets for x-ray-absorption-spectroscopy investigations
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A sample preparation technique, suitable for x-ray-absorption measurements of liquid and su-
percooled metals is described. The method is based on an application of the emulsion technique,
consisting in a dispersion of micrometric droplets in an inert rigid matrix. It has been applied to Hg
and Ga resulting in a very fine average droplet size in the submicrometer range. A theoretical proba-
bilistic model, confirmed by experimental data, suggests a log-normal droplet-size distribution. The
supercooling capabilities of the samples are studied by means of x-ray-absorption near-edge struc-
ture measurements showing exceptional supercooling rates: 153 K for Hg and no crystallization at
all for Ga down to 34 K. The problem of a quantitative study of the x-ray-absorption fine structure
is addressed and the nonlinearity in the absorption measurements induced by the nonuniform thick-
ness distribution discussed. A method to calculate the sample metal thickness distribution and to
derive the actual absorption coefficient is presented.

I. INTRODUCTION

In recent times attention has been paid to metastable
states of condensed matter and in particular to super-
cooled and glassy metals. In general, the metals that
can be more easily supercooled are those whose crystal-
lization occurs in low-symmetry phases and whose liq-
uid local structure departs &om the simple close packing.
The supercooling capability of metals is often related to
the appearance of polymorphism of the crystal phases
in the P, T diagram. Supercooling in liquid metals has
been studied initially &om the morphologic and thermo-
dynamic points of view. Earlier studies were carried out
by Turnbull and Cech ' by using samples of emulsified
liquid-metal droplets. This technique was based on the
observation that an efficient way to avoid crystal nucle-
ation is to divide a metal specimen into a large number
of isolated droplets. The main mechanism is the isola-
tion of nucleation catalysts in a very small number of
droplets. In the major part of the droplets nucleation
takes place homogeneously and large rates of supercool-
ing can be achieved. In the original works of Turnbull
and Cech two main experimental observations were re-
ported: (1) The crystal nucleation is retarded in isolated
droplets of diameter less than 100 pm; (2) the smaller
is the particle size, the lower is the solidification tem-
perature. Maximum supercooling temperatures in the
range 0.13—0.25 times the absolute melting temperature
T were reported for various metal droplets. More re-
cently, the droplet technique has been applied to various
metals and compounds achieving very high rates of su-
percooling in the cases of galli»~, bismuth, and tin,
with typical droplets size of about 5—10 pm.

Study of supercooled states is particularly interesting
&om a microscopic point of view. In fact, little informa-
tion is available about structural and electronic proper-
ties of supercooled liquids. A deeper insight into these
problems can be provided by microscopic structural stud-
ies performed by means of x-ray and neutron-diffraction
[S(k)] or x-ray-absorption spectroscopies (XAS) [y(k)].
The supercooling phenomenon produces a freezing of the
local disordered configurations that can be also used as
a device to enhance the intensity of the structural signal
and to improve the understanding of atomic correlations
in liquids. Local structural information, generally lim-
ited to the pair distribution function (g2), can be derived
for supercooled liquids with the same procedures used for
liquids in thermodynamical equilibrium.

Very recently, it has been pointed out that quantita-
tive information about three-body correlations in disor-
dered systems can be derived by XAS. The sensitivity
of the technique to higher-order distribution functions
is due to the strong coupling between the local probe
(excited photoelectron) and surrounding matter. The
multiple-scattering signals contributing to the y(k) probe
the three-body (gs), and the higher-order distribution
functions and, at present, an appropriate method has
been developed to extract structural information &om
experimental data. ' The XAS structural information is
intrinsically local because of the inelastic losses suffered
by the photoelectron in the final state (mean free path

5—10 A.). In addition, the large configurational disor-
der greatly reduces the intensity of the XAS experimen-
tal signal associated with higher-order distribution func-
tions. For this reason very high signal-to-noise ratios are
required. XAS provides complementary information to
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those of x-ray and neutron diffraction, while additionally
it represents a unique probe for the three-body distribu-
tion function. Clearly any information beyond the pair
distribution function is useful for a better characteriza-
tion of the average local liquid structure.

Due to various kinds of experimental difhculties, rela-
tively few structural investigations on supercooled met-
als exist. X-ray-diffraction studies have been performed
on supercooled Hg (Ref. 8 and Gas). As far as x-ray-
absorption measurements are concerned, although the
importance of performing experiments on liquid systems
can be easily acknowledged, a few studies have been real-
ized so far. ' The main technical problems are related
to the preparation of the samples, which have to be ho-
mogeneous 6lms of appropriate uniform thickness of pure
substances. The appropriate thicknesses, depending on
the particular edge considered, are typically 1—20 pm.
XAS measurements on supercooled metals have been re-
ported only for the Ga case.

In this paper we present a method of preparation of
samples which matches successfully the above-mentioned
requirements for homogeneous thickness, together with
the possibility of achieving exceptional rates of supercool-
ing, by using the cited droplet technique. The samples
were obtained using a dispersion of very small droplets in
an inert, rigid, and x-ray transparent matrix. An accu-
rate study of the droplet-size distribution is presented in
order to justify the supercooling rates obtained in the ex-
periment. This technique has been applied to the cases of
liquid mercury and gallium. Possible future applications
are limited to low melting point alloys. The supercooling
properties of samples made dispersing micrometric par-
ticles and the treatment of the sample thickness unho-
mogeneities presented in this paper, are, however, widely
general. The use of inert matrices stable at higher tem-
peratures may allow further extensions of the technique.

The paper is organized as follows: In Sec. II the sam-
ple preparation method is described (Sec. II A), together
with a theoretical probabilistic model and an accurate
experimental study of the droplet-size distribution (Secs.
IIB and IIC). The description of the XAS experiment,
which demonstrates the supercooling capabilities for Hg
and Ga, is reported in Sec. III. Finally, the problem
of performing quantitative analysis and the correction of
the efFects related to the intrinsic metal thickness inho-
mogeneity of the sample are discussed in Sec. IV. Section
V contains the conclusive remarks.

rigid matrix. In order to achieve very high supercooling
rates the size of the droplets has to lie in the microme-
ter range, which is also a necessary condition to obtain a
relatively uniform effective thickness for the metal com-
ponent. A second requirement is that the rigid matrix
absorption should be negligible, possibly yielding an ab-
sorptance smaller than 0.5 units.

In order to meet the previous requirements we used
a two-component epoxy resin which guarantees a fast
drying process and does not chemically react with mer-
cury or gallium. A small quantity of metal (about 1%
of the total glue volume) is mixed with one component
of the glue, generating an emulsion by the mechanical
pressure of a spatula (with a bladed edge) on a Hat (typ-
ically glass) surface. Such procedure gradually breaks
the droplets into ones of progressively smaller size. The
mixing phase proceeds until the emulsion appears macro-
scopically homogeneous and the optical microscope in-

spection reveals micrometric dimensions for the droplets.
Finally, the hardener component of the glue is added to
the mixture and, before hardening, the fluid is poured
into apposite slab-shaped shapes of suitable thicknesses.
The anal sample appears macroscopically as a thin uni-
form rigid slab. Microscopically, the emulsion is instead
composed of a very large number of droplets of random
diameter in the micrometer range. An accurate micro-
scopic analysis of the emulsion can be performed on a
very thin transparent layer deposited on a standard mi-

croscope slide (test slide). A microscope photograph of
a typical Hg emulsion is shown as an example in Fig. 1.
Notice the small Hg particles with dark circular shapes
placed at random in the transparent glue matrix.

Because of the low-Z-element contents of the glue, it
absorbs a negligible percentage of the x-ray beam and
metal concentrations of the order of 1'%%up in volume still
produce samples in which the main absorber is the metal.
With such a concentration the appropriate slab thickness
becomes of the order of hundreds of micrometers.

The present technique can be extended to several low

melting point alloys.

II. SAMPLE PREPARATION TECHNIQUE

A. Preparation method

The typical optimal metal thickness for absorption
measurements is in the range 1—20 pm depending on the
edge under investigation. In particular at the L3 x-ray-
absorption edge of Hg it is of the order of 6 pm, while
at the K edge of Ga it is about 10 pm. A suitable way
to gain such low thickness requirements, together with
supercooling properties, is to produce slabs composed of
a large number of micrometric droplets buried in an inert

FIG. 1. Microscope photograph of the emulsion showing
the mercury droplets; the bar corresponds to a 10 pm length.
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B. Fragmentation probabilistic model

In order to interpret the experimental droplet distri-
bution we developed a probabilistic model. Let us model
the formation of the emulsion as the succession of dis-
crete fragmentation steps of the metal droplets induced
under the action of the spatula. After a single step j a
generic droplet of mass mo may be either left unchanged
or split into two or more, suppose n, droplets of masses

moX&, k C (I, . . . , n), where the 0 & X& & I are ran-
dora variables, which obey the obvious mass conservation
constraint P& i X& ——1. After a large number of steps

n (j)

M the emulsion will contain many droplets. The mass of
a single droplet can be described as the product of the
original droplet mass mo times a large number of &ag-
mentation variables,

m = moX~~X~~X~~ X~

and therefore can be thought as the result of a random
multiplicative process. Now, the final mass distribution
will be determined by a very large number of sequences of
this type. Actually, there is some correlation among the
sequences which are generated by the same parent drop
at a given step, but there will be still a lot of sequences
which are uncorrelated in the last L ( M steps. We
will also assume that the history of the particle does not
affect the fragmentation probability and therefore that
((XU) —(X(~)))(X("&—(X(")))) = 0, for j g k. We
will finally assume that the random variables ln(X(~)),
defined in the interval ln(X(~)) & 0, have well defined
moments with limited upper bounds.

The diameter of a droplet 6 is proportional to the cu-
bic root of its mass m; therefore, neglecting additive con-
stants, the following relation holds for the experimental
random variable A defined as A—:lnh:

faster than n! and therefore they are not well defined;
the upper cutoK becomes progressively more important
with increasing the order n of the moment. This incon-
sistency can be easily bypassed with (and justifies) the
use of A as the appropriate random variable to describe
the droplet diameter distribution. A is predicted to ap-
proach a Gaussian distribution whose parameters A and

u& can be easily estimated &om a sample.

C. Droplet-size distribution (experimental
determination)

As already mentioned, the supercooling capabilities of
a liquid metal dispersed into droplets are intimately re-
lated to the average droplet size. s In order to exhaustively
characterize the samples we performed a statistical anal-
ysis of the actual droplet-size distribution by means of an
optical microscope analysis of the test slides. A series of
photographs like the one reported in Fig. 1 were digitized
and analyzed, with an appropriate software, obtaining
the diameters 6 of a very large number of droplets. As
an example of such an analysis we report in Fig. 2 the
diameter probability density histograms f(6) for three
difFerent samples. From top to bottom the histograms
refer to a "coarse grain" Hg emulsion (a), a finely emul-
sified Hg sample used for the XAS measurements (b), and
a Ga sample emulsion used in the experiment. Looking
at Fig. 2 it is evident that in all cases the majority of
the observed droplet diameters lies in the submicrome-

I I I I I I I I I I I I2—
Hg (a)

—1 ( ) = —[1 ( ) +1 (X(')) +1 (X('))
3 3

+1 (X"')+ "+1 (X' ')1 (2)

Under the previous hypotheses, in the limit of a large
number of steps M ~ oo, the central-limit theorem
holds. Therefore the distribution of A is predicted to
approach a Gaussian distribution with a given mean
(A) = A and variance n&z. Consequently the droplet diam-
eter distribution function L(6) approaches a log-normal
distribution, namely,

1 (In b —X)2

L(6) = 2' g

6/2+0„'

0
2—

Hg (b)

Some criticism to this log-normal model must be pointed
out. In the real samples there are natural upper limits
for the droplet size; these are, for instance, the diameter
of the original droplet mixed with the glue and the slab
thickness. Under the conditions in which we operated,
these limits were well outside range of probable droplet
radii, but even in this case they create problems when
one tries to estimate the moments of the droplet diam-
eter distribution &om a sample. It is well known that
the moments of the log-normal distribution grow much

0
0

8 (p,m)

FIG. 2. From top to bottom: [Hg (a)] Histogram of the Hg
droplets diameter of a coarse emulsion as determined &om the
microscope photographs analysis. b is the droplet diameter in
p,m; in the ordinate scale the corresponding probability den-
sity f(h) is reported; [Hg (b)] same for the Hg emulsion used
for the XAS measurements; (Ga) same for the Ga sample.
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ter range, indicating that the present emulsion prepara-
tion technique allows to achieve droplet sizes smaller than
those previously reported in the literature for mercury
and gallium. This is probably due to the great viscosity
of the emulsi6er, which prevents droplet reaggregation.

The droplet-size distribution presents an evident pos-
itive asymmetry with a signi6cant number of large pos-
itive fluctuations in the diameters, con6rming qualita-
tively what is expected from the log-normal model. This
occurrence can be directly appreciated by a visual in-
spection of Fig. 1, noticing the occasional "giant" drops
present in the emulsion. It should be noted that the
optical microscope analysis does not allow any size dis-
tinction for particles smaller than 0.2—0.4 pm due to the
obvious resolution limit given by the visible light wave-
length. It is also likely that, due to contrast limitations,
some smaller droplets are lost in the counts; for this rea-
son the low diameter tail of the histograms should be
taken with caution.

The statistical analysis in terms of the logarithmic vari-
able A is shown in Fig. 3. The order of the histograms cor-
responds to that of Fig. 2. The lack of information on the
short distance tail of the histograms appears now to be
widely expanded by the logarithmic scale. We performed
a fit on the reliable part of the histograms minimizing

the y residual between experimental data and theoreti-
cal Gaussian model. The 6tting Gaussians are reported
as solid lines in Fig. 3 that become dashed below the res-
olution limit of the analysis. The y test performed in
the range of available experimental data confirms in the
three cases the reliability of the log-normal model within
the 90% confidence level. Clearly while the large diame-
ter tail of the distribution can be accurately sampled the
smaller diameter tail could be partially explored only for
the Hg (a) and Ga samples. The number of measured
droplets N and the fitting parameters A and e& for the
three droplet diameter distributions are reported in Ta-
ble I. The present experimental findings are sufFicient to
support the log-normal model; in particular the predicted
Gaussian shape is satisfactorily followed on the right lobe
of the histograms. It should be noted that, as far as the
XAS experiment is concerned, the probability to cross a
single droplet, and therefore its weight in determining the
sample absorption coefBcient, is proportional to its cross
section (diameter squared). Then the weight of a single
droplet increases exponentially with ln(b) = A, that is,
like exp(2A). Thus possible ignorance on the left tail of
the distribution afI'ects in a negligible manner the 6nal
predicted spectrum.

In the next section the supercooling properties of these
samples will be demonstrated.

I I I I I
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X-ray-absorption measurements at the Hg L3 edge
(12282 eV) and Ga K edge (10367 eV) have been per-
formed at the LURE laboratories (Orsay, Paris France)
on the D42-EXAFS 1 beam line (bending magnet source)
equipped with a Si (331) channel-cut monochromator
during dedicated beam time. The ring was operating at
1.85 GeV with a typical current of 300 mA. The sample
chamber was equipped with a He cryostat that allowed a
fine temperature regulation.

The experiments have been performed by cycling the
temperature going &om above the melting points T
of the metals to a low-temperature target. Fast x-ray-
absorption near-edge-structure (XANES) spectra have
been recorded lowering the temperature to monitor the
increase of structural ordering, and in particular the oc-
currence of supercooling, the crystallization of the super-
cooled liquid, and the melting of the crystal above T
Spectra in a wider energy range have been also recorded
for a quantitative study of the x-ray absorption fine struc-
ture (XAFS) subject to separate publications.

FIG. 3. Histograms of the logarithm of the Hg droplets di-
ameter [Hg (a) and Hg (b)]. In the horizontal scale A is the
random variable In(b) (b is the droplet diameter in pm). The
ordinate scale reports the corresponding probability density.
The solid curves are the Gaussian Gtting the histograms, with
parameters A and a&, estimated from the sample; they are re-
ported with dashed lines in the region below the correspond-
ing optical microscope resolution limit. In the lower panel the
corresponding histogram is reported for the Ga sample.

Sample
Hg (a)
Hg (b)
Ga

N

722
586
823

—0.55(8)
—1.9(1)
—0.75(8)

2

TABLE I. Results of the statistical analysis of three emul-

sion samples; N is the number of counted droplets, and A

and o& are estimated average and variance of the logarithmic
random variable A.
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The XANES features are determined by the entire
short-range atomic arrangement around the photoab-
sorber site. In this energy region the cross section is
indeed affected by a full multiple-scattering regime where

many higher-order distribution functions are involved.
The current interpretation of the XANES is based on full
multiple-scattering calculations, that allows one to obtain
a qualitative identification of the local atomic distribu-
tion often resulting in information on the local symmetry
or bond-angle values. In the specific case typical patterns
for liquid and crystalline specimens can be easily recog-
nized. Crystalline samples present characteristic sharper
features, while, due to the large configurational disorder,
the XANES of liquids is characterized by evident broader
features.

T
supercooled

Liquid —phage

A. Hg sample, evidence for supercooling 0.01 n —Hg

Several XANES spectra have been recorded at different
temperatures in the energy range E E [12260, 12 360] eV.
Some representative spectra, recorded during the cool-
ing and heating cycle, are reported in Fig. 4, and the
corresponding derivatives with respect to the energy are
reported in Fig. 5. The derivative curves allow a better
identification of the differences among XANES spectra.
Previous published spectra of liquid and polycrystalline
Hg are jn agreement with our data zi The cooling pro
cess has been carried out from room temperature down

f2.2
I

12.3
E (keV)

FIG. 5. Hg XANES derivative spectra. Each spectrum is
labeled with the corresponding recording temperature. The
upper and lower horizontal scales refer to the left-hand and
right-hand curves respectively. The vertical scale spectra (see
the reference bar on the left-bottom side of the figure) is in
terms of (absorptance main edge jump units)/eV. The left
curves belong to liquid and supercooled states, while the wight
ones refer to the sample crystallized in the a phase.

Liquid-phage

Supercooled

0.1 a —Hg

i8.3
E (keV)

FIG. 4. Hg XANES spectra at various temperatures in the
cooling and heating cycles. The upper and lower horizon-
tal scales refer to the left-hand and right-hand curves respec-
tively. The heights of all spectra are reported in terms of the
absorptance main edge jump units (see the reference bar on
the left-bottom side of the figure).

to 60 K with a rate of 60 K/h. Successively, the sample
has been heated up to room temperature with the same
rate. This procedure has been repeated several times
providing similar results. During the typical XANES ac-
quisition (lasting about 1 min) the temperature drift was
less than 1 K.

The reference spectrum for the liquid phase, recorded
at 242 K, 4 K above T =234.3 K, is reported in the up-
per sections of Fig. 4 and Fig. 5. The spectra, recorded
during the cooling process, are reported in the rniddle-left
sections, while spectra at nearly equivalent temperatures
recorded during the heating process are shown in the
middle-right sections. No abrupt change of the XANES
spectra during the cooling process is seen at T while
such an effect has been observed at about 150 K, indi-
cating a retarded crystallization of the droplets. Below
this temperature the spectra recorded during the cool-
ing and heating processes were indistinguishable (lower
panels), while an evident hysteresis is shown in the tem-
perature range (150 K —T ) by the middle-right section
spectra, indicating the presence of nonequilibrium super-
cooled states.

The XANES reported in the lower panels are repre-
sentative of the o.-Hg crystalline phase. ~7 The n phase
is stable at ordinary pressures certainly above 90 K.
At lower temperatures n-Hg is metastable, but the appli-
cation of an external pressure of at least a few tenths of
Gpa is required to induce a transition to the stable phase
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P-Hg (Ref. 19). Hg droplets cooled down to 5 K were ob-
served to crystallize and maintain the o.-Hg structure
The crystallization of Hg droplets into the P-Hg phase, or
even in the other high-pressure structures p and b, has
never been observed and is anyway unlikely. In addition,
an analysis of the extended XAFS (EXAFS) oscillations
(not included in this paper) indicates undoubtedly that
our sample crystallized in the o.-Hg phase.

The o.-Hg spectra present sharp features and, in par-
ticular, one can identify four successive minima (a, 5, c,
and d) in the derivative spectrum (Fig. 5). These fea-
tures are extremely sharp in the 80 K spectruxn due to
the &eezing of thermal vibrations, but, despite a smear-
ing due to increased Debye-Wailer effects, they can be
also easily identified in the other spectra, reported in the
middle-right panels, up to T . We verified that raising
the temperature above T a sudden change of the spec-
tra occurs, for the crystallized samples, corresponding to
the melting in thermodynamic equilibrium conditions.

In spite of the very fine droplet distribution the XAS
signal is dominated by the contribution of droplets in the
pxn range, which, as far as the melting point is concerned,
behave like bulk Hg.

Differently Rom the crystalline one, the liquid Hg
derivative XANES shows only two broader minima (A
and B) which are also detectable in the supercooled spec-
tra (middle-left sections). Lowering the temperature in
the supercooled state, minima A and B become progres-
sively sharper and, in particular, the B minimum appears
to split into two minima, apparently similar to c and d.
However, this splitting is not accompanied by a simul-
taneous appearance of the sharp features a and 6 of the
solid. Thus minima c and d xnust be associated with an
increase of local ordering, independent of the appearance
of the long-range order typical of crystalline phases. We
estimated that in the 153 K supercooled sample there is
no evidence for the presence of a macroscopic percentage
of crystallized droplets exceeding about 5%. The abrupt
change of the spectra during the cooling process observed
at about 150 K indicates a simultaneous crystallization
of all the droplets within a 5 K range.

The present investigation demonstrates the supercool-
ing capabilities of the Hg emulsion in epoxy resin with
micrometric droplet sizes, reaching the limiting super-
cooling temperature of 153 K [relative supercooling ratio
(T T„)/T = 0.3-6] which is slightly lower than previ-
ous rates: 173 K reached by Bosio.

which required longer acquisition time were recorded at
the temperatures of 310 K, 298 K, 200 K, 124 K, 80 K,
and 34 K. X-ray-absorption spectra at 310 K, represen-
tative of liquid gallium in thermodynamic equilibrium,
have been recorded several times on different specimens.
XANES spectra of a reference sample (hereafter called
sample C) of solid crystalline gallium, prepared as a thin
film (about 10 pm thick) of pure gallium (Ventron-Alfa
'99.99%) held within two Kapton sheets, have been mea-
sured at 295 K and, below the melting point (T =302.9
K), at the same temperatures of the 8 sample. Spec-
tra recorded at five different temperatures of both spec-
imens S and C are reported in Fig. 6, in the lower-left
and lower-right panels respectively. A XANES spectrum
of liquid gallium is reported in the upper panel of Fig.
6 for comparison. It is evident that XANES spectra of
the two samples are different throughout the overall ther-
mal cycle. Both spectra preserve the same shape in the
entire range of temperatures investigated, without show-

ing any hysteresis effect, indicating that local structure
is not subject to abrupt changes, contrary to the Hg
case. This has to be expected for the crystalline sam-

ple C, representative of crystalline gallium (right panel),
as temperature has been maintained below the melting
point. In the case of the sample S, the XANES spectra
show exactly the same features characteristic of the liq-
uid phase. The absence of si.gnatures of phase transitions
means that crystallization has not taken place and indi-
cates the presence of large rates of supercooling. The lack

10.35 10.4 10.45
I I I I I I I I I I I I I

—Si0 K

A

B. Ga sample

Gallium K-edge XANES spectra of the above-
mentioned emulsions of micrometric droplets (hereafter
called sample 8) have been recorded at different tem-
peratures in the energy range E E [10330,10430] eV.
Cooling-heating cycles were performed sixnilarly to the
Hg case with lower limiting temperature of 34 K. Fast
XANES acquisitions, performed during the cooling (heat-
ing) processes, allowed us to monitor the continuous or-
dering (disordering) of local structure. Low-noise spectra

10.85
I I

10.4 10.35
E (keV)

10.4

FIG. 6. Ga XANES spectra. Each spectrum is labeled
with the corresponding recording temperature. The lower-left

panel spectra were obtained with a Ga/epoxy resin emulsion

(sample 8); the lower-right panel spectra refer to a 10 ym
uniform Gs layer sample in the crystalline phase (sample C).
The upper panel reports the liquid-phase reference spectrum.
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of abrupt changes has been verified by repeating many
times the thermal cycles (below and above the melting
point) and observing the continuous slight sharpening or
broadening of the XANES features obtained decreasing
or increasing the temperature. In particular, one can
verify that the white line A preserves the same rounded
shape in liquid gallium and in the spectra of sample S of
the lower-left panel. On the contrary, the white line of
crystalline gallium has throughout a different shape with
a shoulder in the right side. Moreover, one can identify a
second feature B in the XANES of liquid gallium, which
gradually shifts a few eV and becomes more evident in
sample S with decreasing the temperature. On the other
hand, spectra of crystalline gallium are characterized by
two peaks Bq and B2 which are not detectable either in
the liquid or in the supercooled sample. Froxn these ob-
servations we conclude that the preparation procedure
described in this paper allows one to produce a specimen
of gallium that does not crystallize down to 34 K. Crys-
tallization to other crystalline phases, different &om a-
Ga, is also ruled out by the absence of sudden changes of
XANES spectra. Moreover, the presence of a high level of
structural disorder of the atomic structure of the S sam-
ple is also confirmed by EXAFS analysis. 6 Of course,
at very low temperature, viscosity is so high that atomic
diffusion is not possible anymore. A theoretical estimate
for a glass transition temperature of 74 K, in the case of
gallium, suggests that below this temperature atoxnic
configurations are frozen in a metastable state character-
ized by static disorder. In conclusion we demonstrated
that Ga emulsions of the type presented in this paper
allow one to reach exceptional supercooling rates (up to
the theoretical limit) in a continuous and reversible way,
overcoming previously established experimental limits of
200 K (Ref. 4) and 180 K, i corresponding to relative
supercooling ratios (T T„)/T in th-e range 0.33—0.40.

IV. THICKNESS INHOMOGENEITIES

cussed in literature. ' Nevertheless in the present con-

text we shall develop a specific treatment and derive a
few useful equations. Let us consider the sample thick-

ness l = l(x, y) as a random variable defined on the plane
orthogonal to the beam direction. If Ip and I~ are the in-

cident and transmitted intensities respectively, assuming
a constant Hux in the beam section, then the intensity Iq
revealed after the saxnple will be

dzdy Ipe "'*'"~ = Ip dl P l e "', 4
S

S p

where p is the absorption coefficient per unit length at a
given energy. In the right-hand side integral we have in-

troduced the thickness probability density P(l). The ex-

pression is proportional to the moments generatrix func-

tion of the random variable t: G~(t) = E(exp(tl)} cal-
culated at the value t = —p of the parameter t E( . )
stands for expected value of . As usual the absorptance
is defined as

Ia = ln —= —ln Gi( —p)—: 4i( p—), —p

Ig

where by definition O~ (t) is the cumulant generatrix func-

tion of the random variable l @i(t).can be expanded in
powers of t according to the well known cumulant expan-
sion

ci(t) = ) . t~,K~
l

j=1

where K~ are the cumulants of the distribution. The first
four cumulants expressed in terms of the moments about
the mean M„(l)are given by

Kg ——l,

K2 ——M2(l) = a

A. Effects on the signal

In order to perform. a quantitative structural analy-
sis of the XAS signal the measurement should provide
a quantity proportional to the absorption cross section,
which generally requires a sample of constant thickness.
It is clear that the samples prepared with the emul-
sion technique, as far as the x-ray-absorption measure-
ments are concerned, have an effective metal thickness
that varies randomly point to point over the surface of
the sample orthogonal to the x-ray beam, the thickness
depending roughly on the number and size of crossed
droplets. Clearly in the limit of very small droplet sizes
(and consequently a large number of droplets intercepted
by each ray) the thickness tends to be uniform. Con-
versely if the average dimension of the droplets is () 1
pm) comparable to the total effective metal thickness (
6 pm for Hg) the thickness variation are not negligible
anymore.

The effects on the absorption measurements in the case
of samples of variable thickness have been widely dis-

Ks ——Ms(l),
K4 ——M4(l) —3M2(l) .

According to Eqs. (5) and (6) the experimental absorp-
tance results

Ip K2 2 K3 3 K4 4ln —=Kg@ — p + p — p +.
Ig 2 31 4r

(8)

Ip 2

ln —= pl ——p
Ig 2

(9)

Equation (9) contains a nonlinear correction that un-
derestimates the absorption coefficient especially in cor-
respondence of its maxima. In general a sample inho-

From Eq. (8) it is evident that the absorptance coincides
with pl only in the case of a singular thickness distri-
bution P(l) = b(l —l), while, in general, nonlinear cor-
rections appear. For instance, considering a sample with
a Gaussian thickness distribution with variance o& the
observed absorptance would be
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mogeneity produces a flattening of the x-ray-absorption
spectrum, which increases as the moments of the thick-
ness distribution become larger. The nonlinearity of
Eq. (8) is in general an intrinsic problem in powder or
droplets samples, but as we shall see, the accurate knowl-
edge of the moments of the thickness distribution allows
one to estimate and eventually remove the nonlinear cor-
rections.

0.15

0.10

I I I

)
I I I I

i
I I I I

)
I I I I

B. Sample thickness distribution

The thickness distribution function and relative cor-
rections can be estimated in several simple cases of inho-
mogeneities. For instance a sample of thickness lo with a
hole aRecting a percentage u of the sample surface pro-
duces a P(l) = ab(l) + (1 —a)b(t —to), and a wedged
shape sample produces a uniform thickness distribution
in a given thickness range. From these models the cu-
mulants, or even the whole generatrix function, can be
directly calculated.

For the emulsified samples presented in this work the
reliable probabilistic model for the droplet diameter pre-
viously formulated can be used to derive the actual sam-

ple thickness distribution by using a computer simula-
tion. In the following we shall consider the Hg case for
which the thickness requirements are more stringent. For
such simulation we used the accurate experimental in-
formation on the droplets-size distribution (Table I) to-
gether with the above mentioned log-normal model (Sec.
IIB) for a droplet fragmentation. Spheres with random
diameters (with a log-normal distribution with param-
eters A and 0&~, see Table I) were positioned at random
into a slab volume of realistic thickness. Excluded volume
problems were considered by eliminating all new spheres
overlapping those previously positioned. The droplet
density was given according to the measured metal con-
centrations (1.3'%%up into the true Hg sample). The presence
of an upper bound for the droplet radii was also consid-
ered.

For any ray striking onto the sample it is straightfor-
ward to calculate the local efFective metal thickness. The
sample metal thickness distribution has been obtained
sampling a very large number of parallel rays placed at
random on the simulated slab. The corresponding his-

togram for the Hg case is shown in Fig. 7 which represents
the simulated probability density P(t). The simulation
allowed also a reliable evaluation of the cumulants up to
the fourth order.

By means of this kind of simulation one can discrimi-
nate whether the nonlinear corrections of the absorption
signal are important or not. In the case of an average
drop diameter smaller than 1/20 of the optimal thickness
of the sample, the sample can be considered uniform in
thickness. In our case the distribution is broad enough to
generate nonlinear corrections in the absorptance of the
order of the 15% which should be taken into account.

C. Data correction

The target of any XAS experiment is to measure the
actual absorption coefficient p (proportional to the cross

0.05

0.00
10

1 (y,m)

I I

20

FIG. 7. Histogram of the thickness distribution in the sim-

ulated Hg sample. The abscissa l is the random sample thick-

ness; the ordinate scale reports the corresponding probability
density P(l).

section). This aim can be achieved either by using sam-

ples with negligible thickness fluctuations or, provided
the thickness distribution and its cumulants are known,
solving for p Eq. (8). This can be obtained using an
iterative procedure based on the equation

Z, , X, , Z4 4
lp o + p — p, + p3! 4t

starting from p = 0. Notice that the nonlinear correc-

tions are of the order of Kz. /( j!(l) ) and are usually small
enough to guarantee a fast convergence of the iteration.

I et us now consider a specific example of the procedure
for correcting the raw data from the nonlinear corrections
due to the inhomogeneities of the thickness. In Fig. 8
we report the experimental Hg L3 299 K spectrum as
measured (labeled n,„~)and the same spectrum after
the application of the nonlinear corrections performed
according to Eq. (10) with the cumulants derived &om
the computer simulation (labeled n, „).The corrected
spectrum is about 15' higher than the measured one,
but the amplification factor is not constant, the peaks
of the spectrum being subject to a larger magnification.
Anyway, the nonlinear efFects are only of the order of a
few percent as shown at the bottom of the figure by the
ratio (n,„~/n,„)between the two spectra. Moreover the
differences between the relative extracted fine structure
signals are indeed negligible (being, at maximum, of the
order of 0.002 of the absorptance jump value) as shown
in Fig. 9.

This example shows that, although our preparation
technique provides samples intrinsically affected by thick-
ness inhomogeneities, this problem can be successfully
taken under control. Besides, the droplet-size analysis,
in conjunction with a computer simulation, allows one to
calculate reliably the first cumulants of the thickness dis-
tribution and to apply the nonlinear corrections account-
ing for the main systematic errors affecting the data.



49 SUPERCOOLING OF LIQUID-METAL DROPLETS FOR X-RAY-. . . 11 757

0.02 I I I I

I

I I I I

I

I I I l
I

I I I I

A~ 1.5— 0.01

O

t5

C4

o 1.0

eorr

+exp

~ 0.00
A

—0.01

0.5
1.15

C$

o41.10
5

12200
I i i s s I i s

12400 12600

E(eV)

FIG. 8. Raw absorption spectrum of liquid Hg at 299 K
(a ~, dotted curve), the same spectrum corrected for the
nonlinear terms (n„„,solid curve), and (lower panel) ratio
(cL,„p/a,„)between the two spectra. The horizontal scale
reports the x-ray photon energy in eV.

V. CONCLUSIONS

In the present work we described a novel sample prepa-
ration technique, suitable for x-ray-absorption measure-
ments of liquid and supercooled metals. The samples are
emulsions of micrometric metal droplets in an inert rigid
matrix. At present the method proved to be useful to
confine liquid samples with micrometric thickness in the
case of metals with very large surface tension like Hg.

The technique has been applied to Hg and Ga where
a microscope analysis of the emulsions revealed a very
fine average droplet size in the submicrometer range. %e
developed a probabilistic model which provides a theo-
retical prediction (log-normal) for the droplet-size dis-
tribution. This model was directly verified by compar-
ing it with experimental droplets distributions. By using
the sample preparation technique we recently succeeded
to perform an accurate XAS experiment on liquid Hg
(Ref. 15) and Ga.~s Possible future applications will con-
cern extensive investigations of supercooled liquids by
XAS, which would provide complementary information
with respect to S(k) measurements.

The supercooling capabilities of the samples have been
studied by XANES spectra as a function of the sample
temperature obtaining exceptional supercooling rates:
153 K for Hg and no crystallization at all for Ga down to

—0.02
2

I i & t g I ( s & s I & t i s

4 6 8

k (A-')
10

FIG. 9. EXAFS spectra of liquid Hg at 299 K before and
after the nonlinear correction for the sample inhomogeneity,
solid and dashed curves respectively. The dot-dashed curve is

the difference between the dashed and solid curve. The hori-

zontal scale reports the photo electron wave vector k in A

the ordinate scale reports dimensionless units representing the
ratio between the structural oscillations of the absorption co-
efficient and the corresponding atomic background. The non-

linear corrections are therefore lesser than 0.002. In the back-
ground no account was taken for the 2p3~24f double-electron
excitation edge at k —6 A
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34 K. Clearly the quantitative structural analysis should
be possibly performed on XAS spectra taken in a wider
energy range including many EXAFS oscillations.

The intrinsic inhomogeneous nature on the samples
provides absorption spectra distorted by nonlinear ef-
fects. In order to obtain accurate x-ray-absorption struc-
tural data we developed a method to calculate the actual
sample metal thickness distribution and to derive the ac-
tual absorption coefBcient. The XAS investigations on
liquid and supercooled metal that are now being under-
taken will benefit from the extensive application of these
procedures.
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