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Abstract—The surface composition and surface tension of Ga–Tl binary melts were studied in situ by Auger
electron spectroscopy and sessile drop method over the entire range of volume concentrations at tempera-
tures from liquidus temperatures to 773 K. The surface was shown to be enriched with thallium, whose con-
centration increases with temperature. The differences between the obtained surface tension values and the
literature data were revealed, and reasons for them were analyzed.
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Currently, there are many techniques and instru-
ments for determining the characteristics of metals
and alloys in the liquid state such as surface tension,
density, work function, etc. Their disadvantage is the
inability to control the state of the surface and its
chemical composition. In this case, the adsorption
and the surface concentrations of components in
alloys are calculated, if necessary, using the experi-
mental values of surface tension. However, there are
unique methods that allow direct analysis of the sur-
face composition, both in the solid and liquid state.
Today the most popular methods are photoelectron
spectroscopy and Auger electron spectroscopy. It was
interesting to experimentally measure in situ the sur-
face tension and surface composition of metals, com-
bining the capabilities of surface analysis techniques
and one of the methods for surface tension determina-
tion. The goal of this study was to investigate the sur-
face of Ga and Tl and their binary alloys in the liquid
state under the same experimental conditions simulta-
neously using Auger spectroscopy and the sessile drop
method.

EXPERIMENTAL
The experiments were performed on an ultrahigh-

vacuum unit (10–8 Pa) of a surface spectrometer,
which made it possible to study a liquid metal drop
formed according to the rules of the sessile drop
method. A detailed description of the unit was given in
[1]. The liquid under study was placed on a graphite
substrate in the form of a sessile droplet with a maxi-
mum diameter. The surface tension was calculated by

the sessile drop method [2] using the tables of [3]; the
surface concentration was calculated taking into
account the matrix effects [4].

The alloys were prepared from metals with
99.99 at % (Tl) and 99.999 at % (Ga) purity in the
working chamber of an Auger spectrometer. In addi-
tion to pure metals, the surfaces of four gallium–thal-
lium melts with 4.8, 12.2, 83.5, and 92.9 at % Tl at
temperatures from liquidus temperatures to 773 K
were studied by these methods. After the preparation
of the alloys in ultrahigh vacuum, the Auger spectra of
their surface contained the lines of the Auger electrons
of carbon (KLL, 270 eV), oxygen (KLL, 510 eV), and
additionally sulfur for gallium (LMM, 150 eV) in addi-
tion to the metal peaks. The surface contaminants
were most effectively removed by heating at 573 K with
simultaneous ionic bombardment of the surface (Ar+,
600 eV, 1–2 μA) for a few hours.

After the sample was kept at the temperature of
experiment for 30–40 min at a heating/cooling rate of
1 K/min, Auger surface analysis for the presence of
contaminants was performed; if the latter were absent
(or were at a minimum level), the Auger spectrum was
recorded, which was used for calculations of surface
concentrations. At the same time, a high-resolution
photo of the droplet profile was taken.

The time of experiment was a few dozens of min-
utes. During this time, the surface of the sample was
contaminated as a result of adsorption from the resid-
ual gas; therefore, periodic f lash heating with ion
bombardment at 573 K was used to remove the
adsorbed layers.
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Table 1. Surface tensions at the melting temperature (σ,
mJ m–2) of pure gallium and thallium according to the data
of [5–11]

The purity of the metals was 99.999; dσ/dT, mJ m–2 K–1.

σ –dσ/dT Ref. σ –dσ/dT Ref.

Gallium Thallium
714 0.088 [6] 513 0.11 [9]

738 at 333 K – [7] 456 0.106 [10]
720 0.061 [8] 491 0.01 [11]
860 0.160 – 456 0.106 [5]

565 0.14
RESULTS AND DISCUSSION

The experiments showed that the Auger spectrum
of thallium was characterized by Auger lines of the
NOO series at 84 eV, and the lines of pure liquid gal-
lium had a rather intense LMM peak at 1070 eV. For
liquid metals, the intensity ratio Tl/Ga of the Auger
lines was 1.1. The indicated peaks were used to evalu-
ate the surface concentrations of the binary alloys.

The surface tension of pure gallium and thallium
was measured under the given conditions simultane-
ously with monitoring the state of the surface. Each
value was determined with an accuracy of 3%. The
results of the surface tension measurements of pure
gallium and thallium are well approximated by the
equations

where Tm is the melting point of the metal. The results
of these studies are given in Table 1 in comparison
with the literature data.

σ =Ga m860 – 0. 6( )1 – ,T T

σ =Tl m565 – 0. 4( )1 – ,T T
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Fig. 1. Surface concentration (Т = 573 K) and surface ten-
sion (Т = 773 K) isotherms for the Ga–Tl binary system:
(1) unpublished data of 1976; (2, 3) our data. 
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According to Table 1, the scatter of values is rather
wide for both metals. Many researchers recommended
the σ values given in [5]. Several publications sug-
gested higher σ values. For example, according to
Wobst [9], the surface tension of pure thallium at the
melting temperature is 513 mN/m, whereas the values
recommended in [5] are much lower.

The Ga–Tl system is one of the few systems whose
melts were studied by us at different times. Previously,
surface tension measurements were performed by the
“large” drop method in the “classical” version, which
usually suggests using a glass measuring cell placed in
a thermostat (unpublished data of 1976). In this case,
the surface tension isotherm had clearly pronounced
extrema, which were explained by the formation of
clusters in the surface layer of the melts (curve 1,
Fig. 1).

The surface tension measurements with strict con-
trol of the situation on the surface gave the σ values
used to construct the isotherm shown in Fig. 1
(curve 2). In addition to pure metals, the surface ten-
sion was measured for eight alloys with 4.8, 12.2, 25.7,
37.8, 47.3, 62.3, 83.5, and 92.9 at % Tl. The results of
the calculation of the surface composition are shown
in Fig. 1 (curve 3). Segregation for this system was
studied only for solutions adjacent to the pure compo-
nents because of the high Tl vapor pressure and the
peculiarities of the state diagram of the Ga–Tl system.

The above surface tension values are higher than
the literature values. The difference can be explained
by the following. The literature data on σ were mostly
obtained in a vacuum of 10–3–10–5 Pa, where the
effect of residual gases on the surface state is rather
strong. In some papers [12], the residual pressure in
the working chamber was 10–7 Pa, but effective mea-
sures to clean the metal surface were not taken, and the
σ values for Ga and Pb [12] were obtained at the level
of the commonly accepted reference values. At the
same time, it is known that even under ultrahigh vac-
uum conditions, a monolayer coating of surfactant
impurities forms within a few seconds on the atomi-
cally clean metal surface, which can significantly
reduce the surface tension. Later, the effect of these
carbon-containing impurities on the surface tension
was evaluated in [1] by measuring σBi immediately
after the formation of a sessile drop and after obtaining
an atomically clean surface, while strictly monitoring
the surface condition.

In contrast to the literature data, our σ values were
obtained in the absence of oxygen in the residual
atmosphere of the working chamber due to the use of
ion pumps at the main stage of the ultrahigh-vacuum
station. The effect of oxygen on σ was considered
using indium as an example in our previous study [13].
After creating a sessile drop, σIn was measured in ultra-
high vacuum while gradually removing the surfactant
impurities and during the exposure in an oxygen
F PHYSICAL CHEMISTRY A  Vol. 93  No. 11  2019
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medium in the range from 0 to 4000 L starting from
the atomically clean surface [13].

In all the studies discussed above, the presence of
surfactant impurities decreased the σ values; as the
carbon-containing compounds were removed from
the sample surface, the surface tension increased by a
few dozen mJ/m2. The σ values presented in this paper
evidently cannot be used as reference data because
they were obtained under nonequilibrium conditions.
This is confirmed by continuous evacuation during
the experiment, the significant volume of the vacuum
chamber compared with the sample size, and the pres-
ence of a temperature gradient between the design ele-
ments of the working chamber of the spectrometer and
the sample.

The results may be affected by the incorporation of
argon ions during the cleaning of the sample surface,
which will change the profile of the drop. This possi-
bility was confirmed by a computer simulation of ion-
atomic collisions in SRIM (Stopping and Range of
Ions in Matter) [14]. The mean free path of Ar+ ions
used in the present work (600 eV) in gallium was cal-
culated, which was 1.7 nm.

We tried to assess the effect of each factor on the
results by reducing the power of the evacuation sys-
tem, leveling the temperature of the design elements of
the unit, and changing the energy of argon ions, but
the resulting deviations were within the measurement
error of 3%.

Thus, the results were a consequence of several
effects that cannot be refined under our conditions:
the lack of equilibrium with the vapor phase, cleaning
the surface to the atomically clean state, and possible
dissolution of argon, used for etching the surface, in
the surface layers of Ga.
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