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Abstract
Thermodiffusion designates a diffusive motion of particles driven by a temperature gradient. In
liquid alloys this effect can influence the concentration distribution during directional solidifica-
tion and change the homogeneity of grown crystals. The effect has been shown to be very strong
in mixtures with a miscibility gap, due to the halting of mixing, so that the concentration separ-
ation is not held back by interdiffusion anymore, but this has until now not been observed out-
side of organic mixtures. Here, using x-ray radiography, thermodiffusion at the miscibility gap of
liquid Al–In has been measured, with compositions ranging from Al97In3 to Al70.5In29.5. Closer to
the miscibility gap the interdiffusion coefficient diminishes, while the thermodiffusion coefficient
remains virtually unchanged, leading the ratio of the two coefficients (the so-called Soret coeffi-
cient) to diverge. This result is similar to previous investigations on liquid organic mixtures with
miscibility gaps.

1. Introduction

Thermodiffusion, also called the Soret effect, describes the separation of the components of a mixture
toward the hot/cold regions in a nonuniform temperature distribution [1]. The effect is observed to
influence all kinds of matter, from gases, liquids, to solids [2].

Thermodiffusion is relevant in liquid alloys as their high melting points involve high temperatures
and large temperature gradients. In metals, thermodiffusion can affect solders [3] and the manufacturing
of integrated circuits [4], it has been employed for crystal growth [5, 6], and has recently been shown to
be of use in creating metallic nanowires [7].

Through the years, several theoretical models have been proposed to predict the extent of thermodif-
fusion in liquid mixtures, but as we have shown in a previous work, such predictive models are not
accurate for liquid alloys [8].

In previous experimental works of thermodiffusion in binary alloys, closed containers with columns
of the liquid were submitted to a thermal gradient for a certain amount of time, then quickly cooled,
and finally analysed in the solid state [9–11]. To avoid changes of the concentration gradient during
solidification, some experiments instead used a shear cell technique, where the sample is split up into
segments after the annealing time while still in the liquid state [12, 13]. A drawback of both these meth-
ods is that possible free surfaces in the melt cannot be detected, which may be caused by improper
sample filling or trapped gases. Together with temperature gradients, such free surfaces may lead to
Marangoni convection, which can disturb diffusion measurements [14–16]. Recently, in situ x-ray radio-
graphy (XRR) has been shown to allow time- and space-resolved measurements of thermodiffusion in
liquid alloys, where bubbles or free surfaces can be directly detected during the experiment [17]. Using
this time-resolved method it is also possible to determine the coefficients for interdiffusion and ther-
modiffusion simultaneously [8].
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Aluminium alloys are of great importance in the industry, with a huge number of alloys of various
amounts of components being in use [18, 19]. With its low atomic number, it is one of the lightest nat-
urally occurring metals. Combined with the abundance of the element on Earth and its low reactivity,
these aspects underscore its significance in various industrial contexts. Indium and alloys containing
it, are especially interesting in the liquid state, as indium and generally alloys thereof have low melting
points, making them applicable as agents for liquid metal cooling purposes, such as in nuclear reactors
or electronic devices [20–22].

Al–In alloys are scientifically interesting due to having a miscibility gap in the liquid state between
indium concentrations from 4.8 at% to 87.2 at% [23]. Also in the solid state, aluminium and indium do
not dissolve into each other. The inhomogeneity caused by this makes liquid immiscible alloys of indus-
trial interest, making it possible to utilise the different properties of the two phases of the solid alloy,
such as for electrical switches and for self-lubricating bearings [24].

The coefficient for the concentration separation from thermodiffusion, the Soret coefficient, is
defined as the ratio between the thermodiffusion coefficient and the interdiffusion coefficient [1].
Towards the spinodal the thermodynamic factor (TDF) approaches zero [25], and according to the
Darken equation, the mixing of the components is halted as the interdiffusion approaches zero [26].
For a non-diverging, non-zero thermodiffusion coefficient, this would imply a diverging Soret coeffi-
cient when approaching the spinodal, as thermodiffusion is demixing the liquid without any interdiffu-
sion to limit the resulting concentration separation. Whereas thermodiffusion in most mixtures leads to
only a minor concentration separation [8, 27, 28], experiments on thermodiffusion in organic systems
with a miscibility gap have shown the concentration separation increasing rapidly towards the critical
limit [29–33]. This has so far not been investigated for any liquid alloys, although the slowing down of
the interdiffusion coefficient itself towards the spinodal has been previously observed [34–36].

This study focuses on aluminium rich Al–In because for indium rich Al–In the contrast in x-ray
absorption is lower leading to higher uncertainties.

2. Theory

Considering a binary mixture, the mass diffusion is driven by the interdiffusion from the concentration
difference ∆c, and the thermodiffusion from the temperature difference ∆T, so that at the steady state
the interdiffusion and thermodiffusion processes reach an equilibrium defined by [1]

∆c∞ =−DT

D
c0 (1− c0)∆T, (1)

where c0 is the average concentration of the mixture. The ratio between the thermodiffusion and inter-
diffusion coefficients (DT and D, respectively) is called the Soret coefficient ST ≡ DT

D . The transient con-
centration difference between the top and the bottom of the sample is given by [37]

∆c(t) = ∆c∞

1− 8

π2

∞∑
n=0

exp
(
− [2n+ 1]2 t/θ

)
[2n+ 1]2

 (2)

where θ = L2

π2D is the characteristic time, and L is the sample length.
From irreversible thermodynamics theory, the coefficients for interdiffusion and thermodiffusion can

be expressed as [38, 39]

D=
ϕL00R

ρc0 (1− c0)
and DT =

L0q
ρc0 (1− c0)T2

, (3)

where L00 and L0q are the Onsager coefficients for the heat and mass flux, ρ the mass density, R the
molar gas constant, and ϕ the TDF, itself defined as [25]

ϕ =
ci (1− ci)

RT

∂2G

∂ci 2
, (4)

where G is the Gibbs energy. The TDF describes how ideally the mixture is behaving, with ϕ= 1 for an
ideal mixture, and ϕ= 0 at the critical point of an immiscible mixture.

When ϕ→ 0, it leads to D→ 0, while DT is independent of ϕ. Thus, with a non-zero thermodiffu-
sion coefficient, the Soret coefficient increases.
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3. Method

The general setup has been described in detail in an earlier publication [8]. It comprises a specialised
furnace installed in a vacuum chamber. The furnace itself consists of a boron nitride crucible with four
borings in which the samples are inserted. Resistance heaters at the upper and lower ends of the cru-
cible make it possible to set a homogeneous temperature distribution or a temperature gradient along
the sample. A piston mechanism avoids bubbles and free surfaces in the molten samples.

The borings for the sample cells containing Al–In were slightly wider than what was used in our pre-
vious thermodiffusion experiments, at 1.6mm, to fit the wires of the pure components. For this system,
wires of the pure metals were acquired (99.999% pure aluminium wire and 99.99% pure indium wire,
both with 1.5mm diameter supplied from chemPUR), and cut down and polished to lengths so that
the combined metals when mixed would form alloys of desired concentration and total volume. The
indium wire and the aluminium wire were stacked on top of each other in the borings of the sample
cell to form a sample of about 12mm in length.

For this work, experiments on the initial concentrations ranging from Al97In3 to Al70In30 were per-
formed at mean temperatures ranging from 1014K to 1159K, which according to the phase diagram
evaluated by Singh and Sommer should be in the region close to the miscibility gap on the Al-rich
side [23]. The mean temperature of an experiment is determined by the mean of the temperatures at
the top and bottom of the sample.

In the sample cell, the samples were melted while vertical, then while at a homogeneous and stable
temperature, the samples were rotated to a horizontal state to facilitate the mixing to a homogeneous
concentration, before being rotated back to a vertical state. At this point, x-ray imaging at 10 s inter-
vals was activated, and continued until the end of the experiment. After at least two hours of follow-
ing homogeneous temperature and concentration, the bottom heater was turned off to initiate the tem-
perature gradient phase. An x-ray image of such a sample cell is shown in figure 1. The black bends at
the top and bottom are the heating wires. One thermocouple is visible at the top and and one at the
bottom of the image. In the centre are the four Al-In samples with different compositions, whereby
the two samples on the left are demixed, recognisable by the dark area at the bottom of the sample.
Of the two remaining samples, one was not properly compressed by the piston, leading to free sur-
faces, and was thus disregarded from the data set. At least four hours of continuous XRR observation
was then allowed. For x-ray imaging we used a micro-focus x-ray source (XT9160-TED, Viscom AG,
Hannover, Germany) which was operated at 100 kV and 120µA, and a CdTe detector with 100µm pixel
size (XC-Thor series, Direct Conversion AB, Danderyd, Sweden). With the sample cell located between
the source and detector, the resulting images have a resolution of about 20 pixels per millimetre across
the sample. The detector has a range of 4096 grey values, but the weakness of thermodiffusion led to
only 10–70 grey values of difference along the sample due to the atomic migration.

To analyse the data from the x-ray images, the grey values of the pixels along each sample are con-
verted to indium concentration using reference material of known concentration, to which a relation
between grey value and concentration can be determined [40, 41].

Sedimentation of the denser component is not an issue in atomic fluids while outside of the mis-
cibility gap because the thermal energy is higher than the gravitational potential energy by orders of
magnitude [42].

4. Results

The liquid alloys for which experiments were performed are shown in figure 2. The crosses indicate
where the XRR imagery revealed that the alloy were inside the miscibility gap, and thus demixed, while
the dots show where the alloys were found to not demix, and thus returned valid coefficients.

The concentration along one of these samples, the one of liquid Al85In15, is shown at the end of a
2 h isothermal (blue) and at the end of a subsequent 4 h non-isothermal state (orange) in figure 3. The
migration of the heavier indium towards the cold side (to the right in the figure) is clearly observed.

The transient concentration separation ∆cIn for the same sample of liquid Al85In15 is shown in the
centre column of figure 4. From that figure, it is evident that the sample was not near the steady state by
the time the experiment was concluded. The fit of the equation for the transient concentration difference
as given by equation (2) (the black curve) returned a Soret coefficient of ST = (5.0± 1.4)× 10−3K−1

and an interdiffusion coefficient of D= (1.2± 0.3)× 10−9m2 s−1, which gives a thermodiffusion coef-
ficient of DT ≡ ST ×D= (6.1± 2.4)× 10−12m2 s−1K−1. For the lower concentration of indium in the
sample of Al93.5In6.5, the steady state is achieved within the experiment duration, and due to both the

3
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Figure 1. XRR image of a sample cell containing samples of (from left to right) Al87In13.0, Al88.8In11.2, Al91.1In8.9, and Al93.5In6.5 at
a mean temperature of 1015K, captured after over 3 h in a temperature gradient. The two samples with the highest indium con-
centrations were inside the miscibility gap and thus demixed, observed as the dark indium-rich liquid segregated to the bottom
due to gravity, while the brighter aluminium-rich liquid is at the top. The piston for the sample of Al91.1In8.9 malfunctioned, and
consequently free surfaces are visible in that sample. The sample of Al93.5In6.5 functioned flawlessly, and neither bubbles nor free
surfaces, nor any demixing can be observed.

Figure 2. Phase diagram of Al–In with contour lines of the thermodynamic factor, as calculated with the thermodynamic evalu-
ation of Singh and Sommer [23]. The lines are dashed inside the miscibility gap, the innermost line being for ϕ= 0, also called
the spinodal. Where the alloy is solid, the thermodynamic factor is not shown. The coloured dots show the mean concentrations
and temperatures of the measured samples, while the crosses show the same for samples which demixed.

lower concentration with the factor c0(1− c0) in equation (1), in addition to the non-diminishing inter-
diffusion, the concentration separation is much lower than for the sample of Al85In15, as is clear in the
left column of figure 4. Closer to the critical point, however, the concentration separation is found to be
even greater, as is evident in the right column of figure 4, where the transient concentration separation
for a sample of Al78.1In21.9 is shown.
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Figure 3. Imaged concentration distribution along a sample of liquid Al85In15 without temperature gradient (blue) and after four
hours with temperature gradient (orange).

Figure 4. Concentration difference∆c(t) along samples of liquid (a) Al93.5In6.5, (b) Al85In15, and (c) Al78.1In21.9 as a function of
time, all at a mean temperature of approximately 1110K. Above, the corresponding temperature at the two ends of the respective
sample is shown.

The coefficients from all the experiments are shown in figure 5. For the interdiffusion coefficient, the
measurements of Schiller are added for comparison [43], measured at an isothermal temperature using a
shear cell furnace in combination with XRR.

The uncertainty in the reported Soret coefficients is mainly from observed random error, in addi-
tion to diminishing concentration contrast for the samples with low indium concentration, too short
experiment duration leading to difficulty in fitting the exponential equation for the samples with long
characteristic times (i.e. for samples with high indium concentration), and measurement error from the
thermocouples. Meanwhile, the uncertainties in the reported interdiffusion coefficients are majorly from
the observed random error and from the too short experiment duration for the samples with long char-
acteristic times.

5
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Figure 5. Soret (first row), interdiffusion (second row) and thermodiffusion (third row) coefficients measured for liquid Al–In at
mean temperatures of 1015K (first column, blue), 1062K (second column, orange), 1110K (third column, green), and 1158K
(fourth column, red).

5. Discussion

We present a unique data set, where the strong increase of the Soret effect towards the miscibility gap
for the first time is measured outside of organic mixtures. In our measurements, the Soret coefficient
was found to be always positive for the investigated concentration range. A positive Soret coefficient
means that the heavier element (indium) migrated to the colder side, which was previously found to
also be the case for Ag–Al [8]. Furthermore, the Soret coefficient was observed to be increasing when the
TDF decreased, i.e. when approaching the miscibility gap. Closest to the critical point, which Singh and
Sommer places at 1110.0 K at a indium-concentration of 33.6 at% [23], the magnitude of the measured
Soret coefficient is observed to be the largest, as seen in the results measured at a mean temperature of
1110K (green datapoints) in figure 5, while the measurements at lower indium concentrations (meas-
ured at 1015K, blue datapoints, and 1062K, orange datapoints) or at a higher temperature (1158K, red
datapoints) do not increase as much.

Schiller earlier investigated the interdiffusion in liquid Al–In alloys on the aluminium-rich side [43],
where the experiments of this work were also conducted. Using long capillary diffusion couples and
XRR, they investigated the interdiffusion coefficient in alloys with the mean concentrations ranging from
1.5 at% to 10.5 at% indium at isothermal temperatures ranging from 953K to 1273K. The measurements
of liquid Al97In3 from our work were in agreement with the results of Schiller, but for higher indium
concentrations, the interdiffusion coefficient was here found to decrease much more pronounced than
what was found by Schiller when approaching the miscibility gap. Such a decrease in interdiffusion coef-
ficient closer to the miscibility gap is in agreement with equation (3), and has also been found for other
liquid alloys with miscibility gaps [34–36].
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Figure 6. The curves show the different calculated phase diagrams for the Al–In system, calculated from thermodynamic evalu-
ations for which the the reference is indicated in the legend. The bars show the temperature range of each measured sample in
this work. A cross is in the bar if the sample was observed to demix while in the given temperature gradient.

In our experiments, while the Soret coefficient and interdiffusion coefficient change by up to an
order of magnitude depending on concentration and mean temperature, the thermodiffusion coeffi-
cient DT is remarkably stable for the investigated alloys. This behaviour has also been observed in the
investigations of thermodiffusion in organic mixtures [30–32]. While the uncertainty in this measure-
ment is quite high for DT, the trend is striking: the increase in the Soret coefficient and decrease in
the interdiffusion coefficient when closing in on the miscibility gap cancel out for DT, leaving it prac-
tically independent on the change in the TDF when approaching the miscibility gap at higher indium
concentration.

Furthermore, we note that the thermodiffusion coefficient measured here is quite similar to the one
we measured for liquid Ag–Al at a temperature of 1017K in an earlier publication of ours, where the
thermodiffusion coefficient for liquid Ag30Al70, Ag25Al75, and Ag20Al80 was measured to between (3.9±
1.0)× 10−12m2 s−1K−1 and (6.0± 1.9)× 10−12m2 s−1K−1 for the different Ag–Al alloys, using a similar
setup to the one used in this publication [8, 41].

The observation that the interdiffusion and Soret coefficients flatten out at indium concentrations
above 20 at% especially for the measurements at 1110K in figure 5 is not expected, as equation (3) dic-
tates that D should further diminish and ST further increase as the TDF further approaches zero when
closing in to the spinodal. This could indicate that the sample was partly in the miscibility gap, although
we argue that such a scenario was clearly visible when it occurred, as seen in the separated samples
of figure 1. Demixing on a nano-scale below the resolution of the XRR detector could be argued (in
figure 1, 1 pixel is equivalent to roughly 52µm), but as the demixing when cooling down below the
miscibility gap at the end of the experiment was observed to happen rapidly on a macro scale, we find
such a hidden sub-pixel demixing unlikely. Another possible explanation for the lack of further change
in the coefficients at higher concentrations could be that the rate of interdiffusion is getting so slow in
the region close to the spinodal that other disturbances, like convection, are getting more significant for
the mass transport, disturbing the measurements. An argument for the validity of the measured Soret
and interdiffusion coefficients is the similarity of the measured thermodiffusion coefficient for the differ-
ent concentrations, hinting to that the alloys from where results are reported in figure 5 were indeed not
within the miscibility gap, and could instead mean that the miscibility gap itself (and thus the TDF) is
inaccurately modelled by the thermodynamic evaluation in that region of the phase diagram.

The Al–In system is interesting as there is no consensus on where the critical point lies, where crit-
ical temperatures from 1103K to 1209K have been proposed over the last four decades [23, 44–47]. This
disagreement leads to very different thermodynamic evaluations of the liquid, from where the different
phase diagrams can be calculated for the concentration range investigated in this work. The resulting
phase diagrams are overlaid in figure 6.

7



J. Phys.: Condens. Matter 38 (2026) 095701 A Krüger et al

During our experiments, demixing was observed with the XRR imagery in a sample of Al88.8In11.2 at
1023K, while a sample of Al84.5In15.5 at 1073K was in a mixed state, but demixed when the bottom
heater was turned off, leading the sample temperature to span from 1057K to 1069K. The sample of
Al70.5In29.5 in a temperature gradient spanning from 1103K to 1118K was not observed to demix based
on the XRR imagery. All these observations are the closest to the evaluation of Singh and Sommer [23],
although the mentioned lack of demixing of Al70.5In29.5 suggests that the critical temperature should be
modelled slightly lower than what they report.

Table 1. List of complete results from the experiments conducted in this work.

cIn (at.%) T (K) ∆T (K) ST (10
−3K−1) D (10−9m2 s−1)

DT

(10−12m2 s−1K−1)

3.0 1014 −10 0.8± 0.3 6.0± 1.6 4.8± 2.2
3.0 1062 −10 0.8± 0.3 6.9± 1.9 5.4± 2.4
6.5 1015 −10 0.6± 0.2 5.8± 1.6 3.7± 1.7
6.5 1063 −13 0.9± 0.3 5.7± 1.5 5.1± 2.0
6.5 1110 −15 1.1± 0.3 5.8± 1.5 6.3± 2.4
6.5 1157 −18 1.2± 0.3 3.6± 0.9 4.2± 1.6
11.2 1063 −13 1.3± 0.4 3.2± 0.8 4.2± 1.6
11.2 1110 −16 1.4± 0.4 2.4± 0.6 3.4± 1.3
11.2 1157 −19 1.3± 0.4 2.8± 0.7 3.8± 1.4
13.0 1063 −13 1.8± 0.5 3.1± 0.8 5.6± 2.1
15.0 1108 −20 5.0± 1.4 1.2± 0.3 6.1± 2.4
15.5 1111 −16 3.0± 0.8 3.4± 0.9 10.4± 4.0
15.5 1111 −16 3.4± 0.9 3.1± 0.9 10.6± 4.1
15.5 1159 −18 2.4± 0.7 3.7± 1.0 8.9± 3.4
21.2 1111 −16 4.3± 1.2 2.0± 0.6 8.5± 3.6
21.2 1111 −16 4.3± 1.2 1.9± 0.6 8.1± 3.4
21.2 1159 −18 2.8± 0.8 2.4± 0.7 6.7± 2.7
21.9 1109 −21 7.0± 1.9 1.4± 0.4 10.2± 3.9
24.9 1111 −15 6.3± 2.1 1.1± 0.5 7.0± 4.0
24.9 1111 −15 6.5± 2.0 1.4± 0.5 8.9± 4.3
29.5 1111 −15 6.8± 2.1 1.3± 0.5 8.5± 4.3

6. Conclusion

Thermodiffusion in the liquid binary alloy Al–In has been experimentally investigated at the Al-rich side.
The liquid Al–In system has a miscibility gap, which according to theory and earlier measurements

on organic systems implies that the Soret coefficient diverges when closing onto the spinodal. We show
that by using in situ XRR on Al–In a strong increase in the Soret coefficient near the spinodal can be
measured, together with an observed strong decrease in the interdiffusion coefficient. A Soret coefficient
of up to (7.0± 1.9)× 10−3K−1 was observed, with indium migrating towards the cold side, which is
among the highest Soret coefficients ever measured in a liquid alloy.

Furthermore, by comparing the observed demixing data with the calculated phase diagrams from
the different published thermodynamic evaluations, we have shown that the evaluation of Singh and
Sommer [23] is the best for the Al–In alloy, as the other calculated phase diagrams do not accurately
predict the demixing close to the miscibility gap for concentrations ranging from 10 at% to 15 at%
indium.
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Table of complete results

The complete results from the experiments in this work are listed in table 1.
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