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Complete wetting transitions at the liquid-vapor interface of GaxBi1−x alloys �xGa=0.915, 0.88, 0.8, 0.67, and
0.57� have been investigated by ellipsometry. For this purpose we have developed a UHV apparatus equipped
with an in situ phase modulation ellipsometer. The setup allows cleaning of the alloy surface under UHV
conditions. Spectroscopic ellipsometry �0.8 eV�h��4.65 eV� at various constant temperatures and time-
dependent measurements at a constant energy of 2.75 eV, while the sample was continuously cooled down, are
utilized. These complementary approaches promise access to the functional form of the wetting film thickness
with temperature as complete wetting is approached. A multistage analysis is introduced to extract the film
thickness from single-wavelength ellipsometry. For a careful analysis of the spectra, it was necessary to
reinvestigate the complex dielectric functions of the pure components bismuth and gallium. The spectra of the
alloys have been modeled using an effective medium approximation for the liquid Ga-Bi bulk phase covered
by a film of liquid bismuth. In our particular sample geometry, the wetting film thickness grows from one or
two atomic layers to about 30 Å to 50 Å within a few K as one approaches the demixing regime. The data
show the proposed logarithmic divergence of d, typical for short range interactions. In the temperature and
composition range studied they do not agree with the functional form proposed for long range intermolecular
interactions.
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I. INTRODUCTION

Research in the field of surfaces and interfaces, although
possessing a long and successful tradition in chemistry and
physics, is currently especially motivated by the interest in
mesoscopic or nanoscaled systems, whose thermodynamic
properties are strongly governed by the contribution of their
interfaces. In this respect interfacial phase transitions, in gen-
eral, and wetting transitions, in particular, which are still
challenging for both experimentalists and theoreticians, are
of profound relevance. A number of reviews can be looked
up for a general survey of the field of wetting transitions.1–3

In the focus of the present study are binary fluid Ga-based
alloys. First strong indications for the occurrence of wetting
transitions in metallic systems were obtained by ellipsometry
for Ga-Bi4 and for Ga-Pb5 employing Auger electron spec-
troscopy. The phase diagram of Ga-Bi6,7 is sketched in Fig.
1. Both systems exhibit a demixing gap and the respective
Ga-rich phase has the lower density and the higher surface
tension.8–10 To reduce the free energy of the system, a gravi-
tationally thinned film of the Bi-rich �Pb-rich� phase com-
pletely wets spontaneously the Ga-rich bulk phase. On ac-
count of the ellipsometric measurements, the film thickness
in Ga-Bi was roughly estimated as 50 Å. Recent x-ray re-
flectivity experiments are in good agreement with these
results.11,12

Metallic systems are dominated by Coulomb interactions,
which are exponentially screened and therefore short ranged.
In this case theory predicts a logarithmic divergence of the
wetting film thickness as complete wetting is approached
from off coexistence. This was shown by Chatain and
Wynblatt for Ga-Pb approaching the monotectic point along
the solid �Pb�-liquid �Ga-rich� phase line.5 Dietrich and

Schick suggested that complete wetting in these systems is
pinned to this tetra point of four phase coexistence �Pb solid,
Pb-rich liquid, Ga-rich liquid, vapor�.13 The determination of
the wetting film thickness d approaching the liquid-liquid
demixing gap from off coexistence in Ga0.88Bi0.12 using x-ray
reflectivity revealed also a dependence in agreement with d
=� ln�� /���.11,12 Here, � is the bulk correlation length, � is
a measure for the effective surface potential, and �� is the
distance to coexistence.

The objective of this study is a systematic investigation of
the wetting characteristics of Ga-Bi in the range of the de-
mixing gap. The compositions covered are situated on both
sides of the critical point. They are indicated in Fig. 1. We
employ spectroscopic and single-wavelength ellipsometry to
measure the real and imaginary part of the complex dielectric
function ��h��=�1�h��− i�2�h�� of the sample as well as the
thickness of the wetting film. The ellipsometer is firmly at-
tached to an UHV apparatus in which the final step of sample
cleaning can be performed. For the interpretation of the alloy
spectra it was necessary to study the spectra of the pure
components under the same experimental conditions. It is an
advantage for the aim of the present study that the spectra of
pure Ga and pure Bi are rather different and, consequently,
offer a strong contrast.

II. EXPERIMENT

A. Experimental setup

According to the objectives outlined above, the experi-
mental task is to study the thickness and the spectroscopic
properties of wetting films at the liquid-vapor interface of
gallium-bismuth alloys. Any surface study, in particular of
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liquid metals, requires ultrahigh vacuum conditions
�10−9 mbar and better� to obtain access to the free metal
surface without oxides and other impurities. These require-
ments together with the necessary flatness of the liquid metal
surface are major constrains for the design of our experimen-
tal setup.

This is shown in Fig. 2. It utilizes a phase modulation
ellipsometer �UVISEL, Jobin Yvon� and a homemade
stainless-steel UHV chamber. The pumping system consist-
ing of a rotary vane pump, a turbo-pump, and an ion pump
together with a liquid nitrogen trap allows achieving and
maintaining a vacuum of nearly 10−10 mbar after sufficient
bakeout. The entire setup is installed on a passive vibration
insulating system of four air-pillows ④ to damp most vibra-
tions, which are always present in a laboratory. It was found
that such a simple system is sufficient for ellipsometric ap-
plications. The height of the sample ⑤ and the tilt of the
chamber in respect to the liquid surface could be adjusted to
fulfill the reflection conditions with the help of the linear
driver ② and micrometer screws ③, respectively. To obtain
atomically clean liquid surfaces, the setup is equipped with
an argon sputtergun ⑥ and a homemade mechanical tungsten
wire-cleaning device ⑦. Details of alignment and cleaning of
the liquid alloy surface will be described below.

The modulator ⑧ and analyzer ⑨ heads of the ellipsom-
eter are mounted on two inclined ��70° � flanges. A high
stability Xe lamp is connected to the analyzer head with an
optical fiber. Its light is linearly polarized and enters the
chamber through a low strain UHV window. Vacuum tight-
ness of that window is achieved by squeezing an In-wire
ring. The beam ��Ø3 mm� is reflected from the liquid metal
surface and reaches the modulator head through the second
window. The phase of the signal is modulated by an oscillat-
ing �50 kHz� fused silica bar and passes a second polarizer.

The intensity after the monochromator is measured by a high
sensitivity photo multiplier tube �PMT� for the ultraviolet-
visible �UV-VIS� range and an InGaAs photodiode for near
infrared �NIR�. From the modulated signals the complex re-
flection ratio can be obtained, 	=tan 
ei�. It depends on the
amplitude ratio tan 
 and the phase shift � occurring upon
reflection at the interface.14 In this work the two intensities IS
and IC were measured. For our particular settings of polar-
izer, modulator and analyzer they are connected to 
 and �
in the following ways: IS=sin 2
 sin � and IC=cos 2
.15,16

After the assembly of all components at the chamber, the
precise angle of incidence � was determined by fitting the
film thickness d and � to the well-known spectrum of an
aged silicon wafer covered with a SiO2 film. All data pre-
sented in this paper are based on a fixed angle of incidence of
�=71.15° ±0.05°. The absolute accuracy of the ellipsometer
is specified for 
 and � with 0.1°. Recording several spectra
under constant conditions, we obtained a reproducibility of
0.05° for both 
 and � in almost the entire energy range. At
the high and low energy ends of the spectra this error can be
a little bit higher ��0.08° �. A long time drift of 
 and � at
a fixed energy of 2.75 eV was found to be around 0.15°.

B. Crucible and sample preparation

Pure liquid Ga and Bi have high surface tensions17 and
strive for a curved free surface if the sample size is small.
This is not suitable for any optical reflectivity study, since
the light beam diverges after the reflection and the angle of
incidence is not well defined. To avoid this disadvantage and
reduce the total amount of high purity metals, a Mo crucible
with a hemispherical cavity has been used.8 If the crucible/
sample interface is perfectly clean, the alloy wets the molyb-
denum and forms a flat sample/vacuum interface. The Mo
crucible, which is inert for both components in the full tem-
perature range of this study, was polished mechanically, then
rinsed with acetone and ethanol and finally heated up to

FIG. 1. High temperature Ga-rich part of the Ga-Bi phase dia-
gram �solid lines� �Refs. 6 and 7�. Vertical dashed lines show the
experimental paths of time-dependent and spectroscopic experi-
ments. Full circles present measurements where no wetting film was
detected, open circles present measurements where a wetting film
has formed. CP is the critical point at xGa,c=0.7 and Tc=263 °C.
Dashed-dotted lines describe interfacial passages for two kinetic
measurements described in Figs. 7 and 8 along the paths
A1B1B2CMD for xGa�xGa,c and A2B2CMD for xGaxGa,c,
respectively.

FIG. 2. Experimental setup of the phase modulation ellipsom-
eter �UVISEL, Jobin Yvon� connected to the homemade UHV
chamber: ①, pumping system, turbo and ion pumps �10−9 mbar�; ②,
sample height adjustment along z axis; ③, micrometer screws to tilt
the whole apparatus in the xz and yz planes; ④, vibration damping
system; ⑤, Mo crucible with the liquid alloy on the heater; ⑥, Ar
sputter gun; ⑦, wobble stick and mechanical cleaning device; ⑧

and ⑨, modulator and analyzer heads of the ellipsometer.
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1100 °C under vacuum better than 10−5 mbar. After this
thermal treatment, the crucible was transported under
vacuum into a glovebox �M. Braun, O2, H2O less than
1 ppm�.

Even though the purity with respect to metallic impurities
was given for Ga with 7 nines and for Bi with 5 nines there
was always some nonmetallic slag visible on the surface. For
purification the metals have been melted in a syringe. After
flowing out of the tip of the syringe the nonmetallic impuri-
ties stuck to the wall. After this procedure both metals were
always stored in solid state in the glovebox. For sample
preparations the respective amounts of both metals �20–30 g
of Ga, 6–20 g of Bi� were transferred in the crucible. The
weighing accuracy was better than 1 mg, which leads to a
negligible error of the mole fraction. The sample was solidi-
fied and quickly transported �in air� into the UHV chamber.
It was placed on a cooling plate to ensure that the alloy
remains solid during the following 15 h bakeout procedure.
After a vacuum of about 10−8 mbar was achieved, the sample
was shifted onto the heating element ⑤ using a linear driver.
To homogenize the sample it was heated up with a resistance
furnace to 250–300 °C for several hours. The temperature
was measured with a NiCr-Ni �Type K� thermocouple in-
serted into the bottom of the crucible. The vertical and radial
temperature gradients were estimated previously to be below
1 K at the temperatures of interest.4 The temperature was
controlled using a conventional �PID�-controller. The long
term temperature stability was better than ±0.5 K. The ther-
mocouple was calibrated at the melting point of pure Bi. The
absolute accuracy was also better than ±0.5 K.

In spite of all precautions the liquid surface was covered
with a thin but clearly visible layer of some impurities, pre-
sumably oxides. In this stage of the experiment, the sample
did not wet the crucible. The alloy was sputtered for about
half an hour using the Ar-ion source ⑥, which is very effi-
cient as long as the oxide film covers the entire liquid sur-
face. But after a certain time ��20 min� the film breaks into
islands, which can float freely on the clean mirrorlike metal
surface. Then the sputtering becomes ineffective since the
oxide pieces evade the ion beam. For further cleaning we use
a wire cleaner ⑦ similar to that described by Indlekofer
et al.18 It consists of a heatable tungsten wire �Ø0.5 mm,
length 10 mm� fixed to a wobble stick, which allows it to
move the wire along the entire surface of the liquid sample.
The wire is brought into contact with the oxides, they stick to
it and can be removed from the metal surface. For good
sticking, the wire was heated to about 400 °C. The wire is
then cleaned inside a protective container by heating it up to
about 1200 °C for several seconds. Sputtering and wire
cleaning have to be repeated several times until the surface is
perfectly clean. Another important aspect is that now the
liquid sample wets the crucible, which leads to a perfectly
flat surface ideal for ellipsometry. After such a procedure no
re-formation of oxide films was noticed for weeks as long as
the vacuum conditions of 10−9 mbar were maintained. Dur-
ing sputtering and particularly during evaporation of the im-
purities from the wire cleaner, the windows of the chamber
were shielded using magnetically driven metal screens. After
sputtering and mechanical cleaning of the liquid surface, a
small but unknown amount of alloy material was removed.

However, a shift of the sample composition was not ob-
served. This was seen from the cooling curves.

III. RESULTS

In this section we present the results of spectroscopic and
time-dependent �kinetic� single-wavelength ellipsometric
measurements at the vacuum-liquid alloy interface. The
spectra have been evaluated either using a two-phase model
or in the case of the presence of a wetting film, a three-phase
model. Within the framework of the first, the optical
properties—real and imaginary part of the dielectric
function—can be directly calculated from the ellipsometric
angles 
 and � or, equivalently, from the quantities IS and
IC. The latter model comprises the Ga-rich bulk phase, pure
liquid Bi as the wetting film phase, and the vapor as ambient
phase �see Ref. 14, p. 283�. The angles 
 and � in this
model depend on the optical properties of the bulk phase and
the film phase as well as on the film thickness d, which is
here the quantity of interest. The film thickness can only be
evaluated unambiguously when the spectra of the bulk phase
and film phase are known with sufficient accuracy. This re-
quires a good knowledge of the spectra of the pure compo-
nents as well as of the homogenous alloys. For the spectro-
scopic characterization of the homogenous alloy phase, we
employed the Bruggeman effective medium approximation
�EMA�,19 which was developed to describe composite mate-
rials. Within this formalism the spectrum of the alloy can be
calculated using the spectra of the pure components as input,
weighed with the volume fraction. The procedure works sur-
prisingly well for Ga-Bi alloys. This was verified by calcu-
lating the mole fraction of the alloy from the spectra. The
agreement was within 0.01 units on the mole fraction scale.

A. Pure liquid Ga and Bi

The ellipsometric data in the whole spectroscopic range
have been evaluated using the standard two-phase model:
substrate and vacuum. The optical properties expressed, e.g.,
as the real and imaginary part of the dielectric function can
be obtained directly from the primary ellipsometric intensi-
ties IS and IC. For each temperature, several spectra were
recorded and averaged. In Fig. 3 the spectrum of liquid Ga at
256 °C is shown together with spectra available in the
literature.20,21 Both measurements deviate slightly from our
spectra but outside the error limits. The data of Ref. 20 have
been obtained at 850 °C and a shift of �1 and �2 is expected
on account of the lower electron density and the lower con-
ductivity. The origin of the deviations to Ref. 21 is not quite
clear. However, Teshev and Shebzukhov do not give a pre-
cise description of their experimental conditions as far as the
purity of the metals, the quality of the vacuum, and the
cleanness of the surface is concerned. In Fig. 4 the spectra of
liquid Bi at 298 °C is shown in comparison to published
data.20,22,23 The agreement is satisfactory within the error
limits. Spectra at other temperatures are deposited as supple-
mentary material.24 In all further calculations we used our
spectra as input data.

We have analyzed the spectra of the pure liquid compo-
nents within the simple Drude free-electron model to extract
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parameters such as the plasma frequency �P and the damp-
ing frequency �D of the free electrons.25 �P is proportional to
the square root of the number density of the free electrons,
which can be related to the mass densities of the metals26

assuming three valence electrons for Ga and five for Bi. �D is
closely related to the electronic mobility and the dc conduc-
tivity �0. It can be compared to direct measurements of the
resistivity of the metals.27 The best fit values of Ne and �0 at
various temperatures are shown in Table I�a� for Ga and
Table I�b� for Bi. The agreement between the values ex-
tracted from the spectra using the simple model and those
obtained from direct measurements lies within 1.5% to 6%.

B. Ga-Bi alloys

The interfacial and wetting properties of liquid Ga-Bi al-
loys have been probed at constant overall composition ap-
proaching the coexistence line on cooling. We have recorded
on the one hand various ellipsometric spectra at constant
temperature for several compositions in the liquid-liquid de-
mixing range �xGa=0.915, 0.88, 0.8, 0.67, and 0.57�. On the
other hand, we have measured the ellipsometric angles at a
constant energy of 2.75 eV as a function of time as the
sample was cooled down slowly.

The upper part of Fig. 5 shows the initial ellipsometric
data in terms of IS spectrum and IC spectrum obtained at
293 °C for Ga0.88Bi0.12. At this temperature the alloy can be
treated as a homogeneous mixture of both components.
However, on account of the lower surface tension of liquid
Bi in comparison to Ga there is always a thin microscopic
layer of Bi adsorbed at the interface—see a model
calculation28 of the surface phase diagram of Ga-Bi. Even
under the good conditions, in our experiment, it is difficult to
resolve a monolayer employing ellipsometry at a liquid sur-
face. Hence, the two-phase model is used to describe the
spectra within an effective medium approximation. Using
our spectra of the pure components the volume fraction of
Ga, fGa, is the only parameter that can be easily converted to
the mole fraction xGa. From the fit we obtain a composition
of xGa=0.88±0.01, which coincides nicely with the weighted

mole fraction. The same good agreement was observed for
all data points drawn with full circles in the phase diagram
�Fig. 1�. This gave us some confidence for the applicability
of the Bruggeman EMA for the description of the spectra of
liquid Ga-Bi alloys. Moreover, in the case of the presence of
a wetting film—i.e., a liquid Bi layer on top of a Ga-rich
bulk phase—the correspondent three-phase fit to the spectra
self-consistently approached the correct composition of the
bulk phase when film thickness and composition was set as
fitting parameters. In a second run the composition was fixed
and the film thickness was the only parameter to be deter-
mined.

The middle panel and the lower panel of Fig. 5 show the
development of IS spectrum and IC spectrum as the liquid-
liquid coexistence is approached. To make the changes vis-
ible we plotted IS�T�− IS�293 °C� and IC�T�− IC�293 °C�. It
is particularly interesting to see the strong change in IC and
IS in the small temperature interval from 248 °C to 242 °C.
The solid lines represent three phase model fits to the spec-
tra, which describe the experimental data at temperatures of
257 °C and 248 °C well within the experimental error. In
close vicinity to liquid-liquid coexistence at 242 °C, the fit
quality becomes clearly worse. As one approaches the com-
plete wetting state at liquid-liquid coexistence, the three-
phase model comprising a homogeneous liquid Bi film in
contact with a homogeneous liquid Ga-Bi alloy seems to be
a suboptimal description for the system. So far, the reason
for this is not clear. Probably a diffuse or rough boundary
between substrate and film could account for this discrep-
ancy. This was suggested from x-ray reflectivity results.11,12

However, since the deviations between experimental data
and fit are still small �less than 2% in terms of IC and IS� the
three-phase formalism was applied to all spectra to obtain a
consistent description of the wetting film thickness in the
temperature range studied. The thickness of the wetting films
obtained in this way are shown in Fig. 6 as a function of the
temperature distance from liquid-liquid coexistence, �T=T
−Tcoex. At each temperature the system was equilibrated for
2 to 4 h. Three to five spectra were recorded and evaluated
using the three-phase model.

FIG. 4. Real and imaginary parts of the dielectric function for
pure liquid Bi: �, this work at 289 °C �see also Table I�b��; solid
lines, free-electron Drude fit to �; dashed-dotted line, 285 °C �Ref.
23�; �, 390 °C �Ref. 22�; and �, 500 °C �Ref. 20�.

FIG. 3. Real and imaginary parts of the dielectric function for
pure liquid Ga: �, this work at 256 °C �see also Table I�a��; solid
lines, free-electron Drude fit to �; �, 250 °C �Ref. 21�; �, 850 °C
�Ref. 20�.
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At large values of �T different starting thicknesses be-
tween 3 and 8 Å are obtained for different Bi compositions.
The reason for this is not fully understood, but we have to
mention that a film thickness of 3 Å is at the resolution limit
of our experimental setup. Probably a slight change in the
alignment of the ellipsometer with respect to the liquid sur-
face accounts for this effect. An improved surface cleaning
strategy after the first experiment at xGa=0.915 and a differ-
ent spectral range could be other reasons. Nevertheless, all
these experiments show a strong increase of the wetting film
thickness as �T=0 is approached. In particular the measure-
ment at xGa=0.915 shows an important experimental obser-
vation: there is no detectable change of the liquid alloy sur-
face over a long time period in our vacuum chamber.
Different symbols ��, �� in Fig. 6 represent two runs sepa-
rated by several days. A comparison of all three experiments
can also help to get an insight in the maximum of the abso-
lute experimental uncertainty of this study. It is estimated to
be of the order of about one to two Bi layers. The error bars
in Fig. 6 show the relative uncertainty of d at constant con-
ditions of the alignment of the ellipsometer.

IV. DISCUSSION

The discussion of our results focuses on three main topics.
First, we analyze qualitatively the ellipsometric results ob-
tained at a selected wavelength on slow cooling from the
homogeneous phase region above the critical point down to a
temperature below the monotectic point. Second, we de-
scribe the strategy to extract the functional form of the film
thickness of the wetting film as the liquid-liquid coexistence

range is approached. In the last section we discuss the evo-
lution of the film thickness obtained from the single-
wavelength cooling curves as well as from ellipsometric
spectra as a function of the chemical potential distance, ��,
to bulk liquid-liquid coexistence.

A. Analysis of cooling curves

Exemplarily for the temperature dependence of the ellip-
sometric parameters 
 and � measured for various mole
fractions in the composition range between 0.57�xGa
�0.88 we present here the results for xGa=0.80 in Fig. 7 and
for xGa=0.57 in Fig. 8. As can be seen from the phase dia-
gram in Fig. 1 the former sample is located on the Ga-rich
side of the critical point and the latter on the Bi-rich side.
The starting points of both experiments are indicated with
arrows at A1 and A2 in Fig. 1. The upper part of Fig. 7 shows
the temperatures of the furnace and the sample as a function
of time. The furnace was cooled down slowly with a cooling
rate of 3 K/h. The time intervals indicated at the top of the
figure with roman numerals are related to different thermo-
dynamic states and phase regions. Range I indicates the ho-
mogeneous region above the liquid-liquid miscibility gap, II
is in the demixing gap, III corresponds to the monotectic
reaction, and IV lies in the two-phase region where a Ga-rich
liquid coexists with solid Bi. In the lower part of Fig. 7 the
variations of the ellipsometric parameters 
 and � with time
are shown.

In our context here, case I �or phase region I� is of special
interest: 
 and � decrease continuously and accelerate as the
demixing gap is approached. In this temperature range the

TABLE I. �a� Pure liquid Ga. Sample temperature T, chamber pressure P0, and the results of the fits of the Drude free-electron model to
the ellipsometric spectra: �p and �D are the plasma and the damping frequency, Ne is the density of free electrons, �0 is the electronic dc
conductivity. The errors of �p and �D are less than 2%. Comparison to direct measurements of density and conductivity is given in the last
two columns. �b� Pure liquid Bi. Same notation as in �a�.

�a�

T �°C� P0 �10−9 mbar�

This Work from Fits to the Spectra Direct measurements

�p �eV� �D �eV� Ne �1023 cm−3� �0 �104 �−1 cm−1�

Ref. 26 Ref. 27

Ne �1023 cm−3� �0 �104 �−1 cm−1�

70 1.1 14.62 0.829 1.551 3.564 1.574 3.75

130 1.2 14.60 0.833 1.547 3.447 1.565 3.592

173 1.4 14.59 0.859 1.544 3.333 1.560 3.494

215 2.1 14.53 0.886 1.533 3.208 1.553 3.391

256 2.3 14.51 0.908 1.527 3.112 1.547 3.301

�b�
289 2.6 14.49 3.85 1.523 7.335 1.444 7.603

296 3.8 14.47 3.85 1.518 7.315 1.443 7.580

312 5.9 14.45 3.87 1.514 7.276 1.440 7.528

335 9.0 14.43 3.895 1.510 7.191 1.437 7.458

352 11 14.46 3.95 1.516 7.120 1.433 7.395

378 30 14.51 4.01 1.527 7.080 1.429 7.318
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results shown in Figs. 5 and 6 were obtained. The behavior
of 
 and � reflects the continuous increase of the thickness
of a Bi-rich layer on top of the Ga-rich bulk as the complete
wetting state at two-phase coexistence is reached. This is in
agreement with theoretical expectations for the approach to a
complete wetting state from off coexistence.13 Moreover, it is
also in agreement with independent experimental results ob-
tained by grazing x-ray reflectivity measurements for Ga
-Bi alloys.11,12 As will be discussed quantitatively in Sec.
IV C the wetting film thickness d scales in a characteristic
manner with the chemical potential distance, ��, to the co-
existence regime.

As one enters the demixing gap in range II the formation
of the wetting film is completed and the temperature of the
sample drops from 258 °C to 222 °C. The composition of
the wetting film at the interface is related to the composition
of the bulk phase on the Bi-rich side of the coexistence
curve. This is illustrated by the path B2 to C in the phase
diagram. Along this change of state 
 and � decrease
slightly, which can be explained by the variation of the com-
position of the coexisting phases according to the phase dia-
gram. A change of the composition is accompanied by a
mass density change, which may also lead to a variation of
the gravity limited wetting film thickness.

The behavior of the sample temperature is remarkable:
although the furnace cools down with a constant rate of
3 K/h the cooling rate of the sample temperature accelerates
with the formation of the wetting film. This peculiar behavior
is even visible before the sample enters the two-phase region.
The reason is a change of the thermal emissivity of the
sample surface. At high temperatures in range I the surface
consists of the Ga-rich phase with only a microscopically
thin Gibbs adsorbed Bi layer. Approaching coexistence the
wetting film thickens, which is shown in Fig. 6. In principle,
the dependence of the thermal emissivity on the film thick-
ness has to be taken into account.29 For Ga-Pb this was done
by Turchanin et al.30 Here we restrict ourselves to a rough
estimate and consider the emissivity of pure Ga and Bi, re-
spectively: For the perfectly flat surface of a liquid metal the
emissivity ��h�� depends on the reflectivity R�h��: ��h��
=1−R�h��.31 The reflectivity of Ga and Bi can be calculated
within the Drude free-electron model using the parameters of
Table I. Then the product ��h��	�h��, where 	 is Planck’s
blackbody energy distribution function, is integrated for T
=550 K in the relevant energy range h��1 eV. In compari-
son to a true black body, the liquid Ga surface exhibits a
radiative heat loss of only 8% and liquid Bi of 17%. The
difference in heat loss between a pure liquid Ga sample and
a pure liquid Bi sample accounts for our sample size of
Ø50 mm to about 1.1 W. This is a notable amount in com-
parison to the power consumption of the furnace of about
10 W. Thus, at the same furnace temperature, a Ga-Bi
sample covered with a Bi-rich wetting layer is a bit colder
than a sample without.

Range III is the time interval where the monotectic reac-
tion takes place. Solid Bi precipitates in the sample. In this
stage four phases coexist at a tetra point: the Ga-rich liquid
M in Fig. 1, the Bi-rich liquid C, solid Bi, and the vapor
phase. According to Gibb’s phase rule, the sample tempera-
ture approaches a constant value of 222 °C. During this
change Bi crystallizes not only in the bulk but also at the
surface since the Bi-rich wetting film phase is already
present. In the foot print of the light beam the alloy surface
may become inhomogeneous. Hence, 
 and � change in an
unreproducible way.

As the monotectic reaction has finished, the sample
reaches range IV and the alloy surface is again a homoge-

FIG. 5. Primary experimental data—intensities IS and IC. Upper
section: IS and IC measured at 293 °C for a Ga0.88Bi0.12 alloy; solid
lines show the fit within the framework of the two-phase model
with an EMA used as substrate. Middle section: Variation of IS at
temperatures approaching the liquid-liquid coexistence line shown
as difference relative to IS �293 °C� to magnify the effect with
temperature; solid lines present the three-phase model fits with
EMA for the Ga-rich alloy as substrate and pure liquid Bi as film.
Lower section: Same presentation for IC.

FIG. 6. Thickness of the wetting film approaching the liquid-
liquid coexistence line ��T=T−Tcoex� for xGa=0.915 ��,�—two
runs, same sample�; 0.88 ��� and 0.8 ���. Error bars represent the
uncertainty of the three-phase model fit only.
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neous Ga-rich liquid. Crystalline Bi precipitates in the bulk
phase of the liquid and is not any longer visible for the
ellipsometer. It is noteworthy to mention that now the sample
temperature approaches the exact linear continuation of the
sample temperature curve in range I. On further cooling the
composition of the bulk liquid phase changes from M to D in
Fig. 1. It is remarkable that 
 and � now mirror the behavior
in range I approaching range II. Indeed, we observe the re-
versal of complete wetting along the liquidus line from M to
D. This part of the curve will be analyzed quantitatively in
Sec. IV B. It is in agreement with x-ray reflectivity results of
Huber et al.11 as well as with the analysis of Auger spectra
for the Ga-Pb system by Chatain and Wynblatt.5

These results as well as our data here were obtained as the
liquidus line �path M to D, separating the homogeneous liq-
uid Ga-rich phase from the two-phase region with a Ga-rich
liquid and solid Bi� was reached on cooling from the liquid-
liquid demixing regime. The Bi-rich wetting film is already
present and no nucleation barrier has to be crossed. It exists
along a small portion of the liquidus line. Below T
=218 °C the liquid wetting film has vanished. To our opin-
ion this specific path in the phase diagram should be distin-
guished from the approach to the liquidus line at constant
composition from the homogeneous Ga-rich liquid above the
monotectic point. At least for xGa�0.95 second harmonic
generation experiments32 as well as ellipsometry33 revealed
the spontaneous formation of a solid Bi-rich film covering
the Ga-rich bulk liquid within minutes. If there is a compe-
tition between wetting and surface freezing in close vicinity
of the monotectic point is experimentally still unresolved.

Figure 8 is organized in the same way as Fig. 7: range I
represents the homogeneous phase above the demixing gap

�range II�. The monotectic reaction is represented by range
III and the temperature range below the monotectic tetra
point by region IV. The cooling rate of the furnace is 10 K/h.
Unlike Fig. 7, 
 and � are almost constant in range I ap-
proaching the miscibility gap. Since complete wetting can
only occur on the Ga-rich side of the demixing range, we
have a homogeneous alloy without a wetting film until the
coexistence curve is reached. In range II we observe a con-
tinuous decrease of both 
 and �, which corresponds to the
compositional change of the Bi-rich phase exposed to the
light beam. The evolution of 
 and � is interrupted by an
anomaly around 3.5 h. It can be related to the onset of an
oscillatory instability of the wetting film under the given
thermal conditions. This phenomenon is probably analogous
to a similar wetting film instability that was recently found in
a Ga-Pb alloy.30 We have studied this surprising effect in
more detail34 and it will be the subject of a forthcoming
publication.35

Ranges III and IV in Fig. 8 are similar in comparison to
those presented in Fig. 7. The monotectic reaction is accom-
panied by changes of 
 and �, which are difficult to inter-
pret. In range IV the same path M to D �see Fig. 1� as in the
previous sample is probed. Here we observe again the thin-
ning of a complete wetting film as we cool the sample down
further.

B. Evaluation of the wetting film thickness from single-
wavelength measurements approaching liquid-

liquid coexistence

As was shown in Figs. 5 and 6 the wetting film thickness
approaching the coexistence line from the homogeneous
phase can be determined from the ellipsometric spectra in the
energy range between 0.8 eV and 4.65 eV. This was
achieved with the aid of the three-phase model assuming a
liquid Bi-rich film and a Ga-rich bulk phase. The composi-

FIG. 7. Time-dependent measurements at h�=2.75 eV on con-
tinuous cooling of a Ga0.8Bi0.2 alloy: upper part—cooling curves for
heater and crucible; lower part—ellipsometric angles 
 ��� and �
���. On cooling along path A1B1B2CMD �see also Fig. 1� the fol-
lowing phases are exposed to the light beam at the surface of the
sample: homogeneous liquid region A1→B1 �region I�, within mis-
cibility gap B1→B2→C �region II�, crucible temperature stays al-
most constant at the monotectic temperature 222 °C �region III�,
afterward the sample continues to cool down further on path M
→D �region IV�.

FIG. 8. Time-dependent measurements at h�=2.75 eV on con-
tinuous cooling of a Ga0.57Bi0.43 alloy: upper part—cooling curves
for heater and crucible; lower part—ellipsometric angles 
 ��� and
� ���. Cooling proceeds in a similar way as described in Fig. 7, but
along the path A2B2CMD. The disturbance at �3.5 h is discussed in
text.
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tion profile is approximated as a step function and a possible
concentration gradient across the film is neglected. X-ray
reflectivity experiments have been interpreted in terms of a
rough interface between film and substrate employing a con-
tinuous composition profile.12 Thus, the film thicknesses ac-
cessible by ellipsometry have to be regarded as effective val-
ues.

Besides the spectra, recorded at distinct and constant tem-
peratures, it seems to be worthwhile to evaluate the dense
sequence of 
-� couples obtained on cooling in ranges I and
IV. This promises a deeper insight into the variation of the
wetting film thickness approaching complete wetting. The
procedure has to be carried out in several steps. Since the
equations of 
 and � as a function of the film thickness d
cannot be inverted analytically to calculate d directly, we
have to apply a nonlinear least-squares-fitting routine to each
dataset consisting of one pair of 
 and �. An essential pre-
requisite is a physically meaningful choice of the complex
dielectric functions for both the film, �Film, and the underly-
ing substrate phase, �Bulk. The latter is easy to obtain since it
can be calculated within the two-phase model from 
 and �
sufficiently far away from complete wetting. In a first itera-
tion, we choose �Film from direct measurements of the bulk
phase with a composition that can be assumed for the film.
Alternatively, �Film can be calculated employing the Brugge-
man approximation �EMA�. In the next step, we fit for each
pair of 
 and � �in ranges I and IV, Fig. 7� the correspond-
ing film thickness and obtain a dataset of d of zeroth order as
a function of the temperature T. In a third step, a flexible
function with only a few parameters is chosen to achieve a
phenomenological description of d�T�. Both full datasets

�T� and ��T� are then �fourth step� fitted simultaneously to
optimize the parameters for the functional description of
d�T� as well as �Bulk and �Film. The agreement between fits
and datasets was within the scattering of the experimental
values. It turned out that �Bulk consistently approaches a
stable value measured about 10 K away from the two-phase
regime. However, for such an optimal fit of 
�T� and ��T�
we have to allow some variation for �Film although in close
borders. This is not surprising since deviations from the bulk
values might occur for a thin film phase with a thickness
between one monolayer to about 50 Å. With the new values

of �Bulk and �Film, we fitted again the film thickness d for
each 
-� pair to obtain the final relation of d with tempera-
ture. The result is presented in the inset of Fig. 9 for the
approach to complete wetting from above the demixing gap
�range I in Fig. 7�. The result for complete wetting below the
monotectic temperature �range IV in Fig. 7� is presented in
the inset of Fig. 10. The numerical details for the treatise
described above are presented in the Appendix.

For case I it turned out that the absolute value of the film
thickness depends very sensitively on the choice of �Film. The
absolute accuracy lies within a factor of two. The reason for
this is the small compositional difference between bulk phase
�xBulk=0.8� and film phase �xFilm�0.6� and, consequently, a
small contrast between �Bulk and �Film. However, the func-
tional form of d�T� is not affected by the choice of �Film and
d�T� can be calibrated with the help of the three-phase fits of
the spectra �Fig. 6�. For case IV the compositional difference
between bulk phase �xBulk=0.9� and film phase �xFilm�0.4�
and, thus, the contrast between �Bulk and �Film is much more
pronounced. This leads to a smaller absolute error �about
20%� for the film thickness.

C. Scaling of the wetting film thickness growth

The approaches toward the demixing gap from the homo-
geneous phase �A1 to B1 in Fig. 1� as well as the route along
the liquidus line below the monotectic temperature �M to D
in Fig. 1� represent two special paths toward and away from
complete wetting. Along these paths the wetting film is not a
stable bulk phase and its formation costs a certain amount of
free energy. These energetic costs are provided by a
thickness-dependent contribution arising from the repulsion
of the interfaces of the wetting film. The latter depends on
the specific intermolecular interactions in the film and be-
tween film and the adjoining bulk phases. The energetic dis-
tance between the actual state of the system and the state at
liquid-liquid coexistence is usually measured with the help
of the quantity ��, which is related to the chemical poten-
tials of both components: �Bi and �Ga. Depending on the
nature of the intermolecular interactions, different depen-
dences of the wetting film thickness d with �� are

FIG. 9. xGa=0.8: thickness of the wetting film versus �� and
versus T �inset� extracted from single-wavelength measurements
corresponding to region I in Fig. 7. The solid line is a fit of d
proportional to ln���−1�.

FIG. 10. xGa=0.8: thickness of the wetting film versus �� and
versus T �inset� extracted from single-wavelength measurements
corresponding to region IV in Fig. 7. The solid line is a fit of d
proportional to ln���−1�.
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predicted:36 for algebraically decaying, i.e., long range inter-
actions like van der Waals forces, d should be proportional to
��−1/3. In the case of short range interactions, like the expo-
nentially decaying screened Coulomb potential in a liquid
metal we expect d to be proportional to ln���−1�.

To have access to the quantity �� we assume that the
molar free enthalpy of the mixture, Gm�x ,T�, can be ex-
pressed as an analytical function in the relevant composition
and temperature range. As usual the equilibrium composi-
tions of the coexisting phases � and � are defined by a com-
mon tangent construction,37 which ensures for the chemical
potentials at the coexistence of the phases � and �: �Ga���
=�Ga��� and �Bi���=�Bi���. The free enthalpy as a function
of composition and temperature is available in the
literature.12 Huber et al. fitted the coefficients of Redlich-
Kister polynomials in the framework of an extended regular
solution model to describe quantitatively the thermodynam-
ics of the mixture and the liquid-liquid demixing phase line
in the interesting temperature and composition range.38 Once
Gm�x ,T� is known the �i follow by the method of intercepts
�x=xGa�: �Ga�x ,T�=Gm�x ,T�+ �1−x���Gm�x ,T� /�x�T and
�Bi�x ,T�=Gm�x ,T�−x��Gm�x ,T� /�x�T. According to
Dietrich and Schick, �� is calculated at constant tempera-
ture in a plane spanned by the independent coordinates a
= ��Bi+�Ga� and b= ��Bi−�Ga�.13 The sum of the chemical
potentials can be related to the pressure of the system,
whereas the difference can be regarded as a measure for the
composition. �� is then the absolute value of a vector con-
necting two points in that plane, i.e., ����2= ��a�2+ ��b�2.
The situation is nicely illustrated for our present system in
Fig. 2 of Ref. 12.

For case I in Fig. 7, �� is calculated along path A1 to B1,
i.e., it measures the distance between xGa=0.8 and xGa
=xGa,coex in terms of the chemical potentials along the
Ga-rich branch of the coexistence curve ranging from the
critical point down to B1. For case IV, xGa=xGa,sl is not con-
stant, instead it is given as the composition along the liquidus
line from M to D. The relevant composition xGa,coex in this
case is measured along the Ga-rich branch of the metastable
extension of the liquid-liquid demixing curve below M. This
last line is shown in Fig. 1 as a dashed line.

In Fig. 9 and Fig. 10 we present the evolution of the film
thickness d as a function of �� for case I and for case IV,
respectively. For clarity the insets in the figures show the
film thickness as a function of temperature. Included in the
figures are fits according to d=� ln�� / ���−�0�� which is
the proposed logarithmic divergence of the film thickness
assuming short range interactions. � is the bulk correlation
length, � is a measure for the strength of the effective sur-
face potential, and �0 accounts for the experimental uncer-
tainty of the exact location of the demixing temperature at
the given mole fraction. In Fig. 11 we have rescaled the
information of Fig. 6 for the sample with xGa=0.88 and show
d as a function of ��. It has to be emphasized that unlike
Figs. 9 and 10, each film thickness value was determined at
constant temperature from a full spectrum employing the
three-phase model. For this composition x-ray reflectivity
experiments of Huber et al. allow an independent compari-
son of the wetting film thickness.11,12 Unfortunately, from

these two publications it is not possible to understand how
the authors calculated the �� scale. Thus, the film thickness
values were scanned from their d vs T diagram in Fig. 3�b�
of Ref. 11. In a second step, the chemical potentials
�Ga�xGa=0.88,T�, �Bi�xGa=0.88,T� and, finally, ���T� were
determined as described above. The x-ray reflectivity results
are included in Fig. 11 and the error bars reflect the symbol
size in the original publication. In the inset the film thickness
d is shown in a linearized form versus ln���−1�.

We have summarized the fitting results in Table II. First of
all, the temperature correction parameters �0 correspond in
all cases to a temperature uncertainty not bigger than 0.2 K.
Thus, it needs no further consideration, since it is signifi-
cantly smaller than the temperature error arising from the
experimental determination of T and the uncertainty of the
knowledge of the phase diagram. Besides this the following
observations are worth noting.

In the experiments shown in Fig. 11 �xGa=0.88� we find
the correlation lengths � in the range of 4 to 7 Å and poten-
tials � of the order of 100 to 250 J /mol. The discrepancy is
only seemingly, since � strongly depends on the choice of
the data points included in the fit and on the error of the
ellipsometric determination of the film thickness. Omitting
the last two data points at the upper end of the �� scale and
allowing for an error of the ellipsometric d values of about
3 Å, we obtain almost agreement for � and � between x-ray
reflectivity and ellipsometry. This also means that on the
basis of the present ellipsometry and x-ray data, � and �
should be interpreted carefully.

For the single-wavelength experiment performed on slow
cooling of the sample �xGa=0.8� we obtain a correlation
length �=15 Å, which is a factor 2 or 3 higher than in the
previous case and a potential �=7 J/mol, which is a factor
of 20 to 30 lower. Since the composition of this sample is
closer to the critical point at xGa=0.7, an increase of the
correlation length is expected. In addition, the composition
of the bulk phase and the wetting film is not as different as in

FIG. 11. xGa=0.88: thickness of the wetting film versus ��
extracted from ellipsometric spectra in the homogeneous phase re-
gion above the demixing gap. �, this work; solid line, fit according
to d� ln���-1�; �, data of Huber et al. as scanned from their Fig.
3�b� in Ref. 11 �error bars correspond to symbol size�; dashed line,
fit according to d� ln���−1�. Inset: Same data presented as d versus
ln���−1�.
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the case of xGa=0.88 and, therefore, a smaller potential pa-
rameter is reasonable. However, the situation is not yet clear,
since the small but finite cooling rate might possibly influ-
ence the results due to the fact that equilibration can be ex-
tremely slow.

Two experiments concerning complete wetting below the
demixing gap at 222 °C�T�218 °C are included in Table
II �case IV in Figs. 7 and 8�. The potential parameters are
similar and lie between 70 and 80 J /mol but the correlation
length accounts for 14 Å and 21 Å, respectively. The only
difference in both experiments is a cooling rate of 3 K/h in
the former and of 10 K/h in the latter case. It is known that
the kinetics of wetting phenomena can be pretty slow and in
so far it is not clear if we can exclude an effect of the cooling
rate on the results. This problem and a refinement of the
simple three-phase model for the interpretation of our spectra
have to be considered in future experiments.

Last but not least, even though � and � differ to some
extent in the experiments shown here, it has to be pointed out
that fits according to d���−1/3 never gave physically sig-
nificant results. This means that the functional form of d
with �� proposed for short range interactions is probably
correct, at least in the composition and temperature range of
our experiments. The expected13 crossover to long range
van der Waals behavior approaching complete wetting is not
yet discernable. It occurs possibly at a larger wetting film
thickness in comparison to those observed in this study. The
wetting film thickness is also dependent on the height of the
Ga-rich subphase so that the crossover might become visible
after changing the sample geometry and, thus, the subphase
height.

V. CONCLUSIONS

Single-wavelength and spectroscopic ellipsometry are
useful tools to probe bulk and surface properties of metallic
alloys. They are relatively inexpensive and complementary
to microscopic probes like x-ray reflectivity or grazing x-ray
diffraction. It was shown that the optical properties of liquid
Ga as well as liquid Bi can be quantitatively described using
the classical Drude model for free electrons. In addition, the
spectra of liquid homogeneous alloys of Ga and Bi are quan-
titatively modeled in the framework of a Bruggeman effec-
tive medium approximation. This was not a priori expected

since effective medium models have been developed for in-
homogeneous composites consisting of domains of the pure
components big enough to maintain their bulk optical prop-
erties. Perhaps this result can be generalized for alloys with a
tendency for demixing in their phase diagram. On the other
hand, it is highly questionable if such an EMA approach
works for compound forming alloys.

The main objective of the present investigations was fo-
cused on the wetting film thickness as the complete wetting
state at liquid-liquid coexistence is approached via different
routes in a binary fluid alloy. It is surprising that under our
present experimental conditions the complete wetting state at
liquid-liquid coexistence is not stable ad infinitum. An inter-
play between heat influx from the furnace and—due to a
wetting film thickness dependent emissivity of the
sample—a varying heat loss leads to oscillatory instabilities
with a period of several hours.

Single-wavelength as well as spectroscopic ellipsometry
clearly revealed the wetting film thickness divergence ap-
proaching or departing liquid-liquid coexistence. It increases
from the microscopic Gibbs adsorbed layer to about
30 Å to 50 Å in close vicinity to coexistence. While the ab-
solute value of the film thickness can be calibrated by ellip-
sometric spectra at constant temperature, the single-
wavelength measurements on continuous cooling elucidate
how the wetting film scales with the distance to complete
wetting at coexistence. In all experiments we found clear
evidence for the logarithmic divergence, typical for short
range wetting. The parameters describing the scaling proper-
ties are the bulk correlation length � and the effective inter-
face potential �. Depending how close the exact path toward
complete wetting is located at the bulk critical point � varies
between 5 Å and 15 Å. The relatively broad bandwidth of �
between 7 J /mol and 250 J /mol is not yet easy to explain.
Different compositions of bulk and film may contribute to
our result, but at present it is not clear if this is the only
explanation. A deeper interpretation may be possible when
the influence of the cooling rate can be estimated.
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222→218 21 78 −0.3 IV, Fig. 8
�10 K/h�
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DOGEL, NATTLAND, AND FREYLAND PHYSICAL REVIEW B 72, 085403 �2005�

085403-10



Huber and P. Pershan �Harvard University� for submitting
their results on the phase diagram calculations prior to pub-
lication.

APPENDIX

Case I

For the simultaneous fits of the 
�T� data set and ��T�
data set at a constant energy of 2.75 eV, we obtained for an
optimal phenomenological description of the film thickness d
�in Å� as a function of T �in °C�

d�T� = 1.47 + 37.7 exp�−
T − 258.8

1.3
�

+ 16.57 exp�−
T − 258.8

0.138
�

and the following values for the complex dielectric functions
of substrate phase and film phase

�Bulk = �1,Bulk − i�2,Bulk = − 17.79 − i10.68,

�Film = �1,Film − i�2,Film = − 14.38 − i13.25.

Fitting each 
-� pair with these �Bulk and �Film yields d�T�
as presented in the inset of Fig. 9.

Case IV

For the simultaneous fits of the 
�T� data set and ��T�
data set at a constant energy of 2.75 eV, we obtained for an
optimal phenomenological description of the film thickness d
�in Å� as a function of T �in °C�

d�T� = exp�1004 − 9.746T + 2.361 � 10−2T2�

and the following values for the complex dielectric functions
of substrate phase and film phase

�Bulk = �1,Bulk − i�2,Bulk = − 22.38 − i7.42,

�Film = �1,Film − i�2,Film = − 14.11 − i13.19.

Fitting each 
-� pair with these �Bulk and �Film yields d�T�
as presented in the inset of Fig. 10.
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