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Experimental method to detect phase transitions via the chemical potential
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We propose an experimental method to confirm theoretical predictions concerning the detection of phase
transitions in solids via the measurement of the chemical potential as a function of temperature. Here, as
experimental evidence of the validity of these predictions, we perform indirect measurements of the chemical
potential vs temperature for Gd, Cr, and TiNi samples by means of an electrochemical experiment. This made
it possible to easily localize all critical temperatures connected either with magnetic phase transitions@TC ~Gd!,
TN ~Cr!# or structural phase transformations in the shape-memory alloy NiTi. The values of the critical
temperatures, obtained in this way remain in exceptionally good agreement with the results of the auxiliary
heat flow measurements and the existing literature data concerning critical temperatures. We hope that further
development of the experimental techniques, based on chemical potential measurements, can provide a new
experimental tool in the search for phase transitions~induced by temperature, pressure, concentration, etc.! in
real materials, regardless of the type of phase transitions and irrespective of the underlying mechanism.
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During the past decades many different methods h
been proposed to detect phase transitions in solids. Howe
there exists a new possibility based on a single measurem
of the chemical potential predicted recently in a number
theoretical papers~see Refs. 1–9, and references cit
therein!, where a broad class of temperature or concentra
driven phase transitions has been investigated. Nume
calculations performed for many microscopic models exh
iting magnetic, superconducting, reentrant, and struct
phase transitions have revealed that all critical temperat
can be read off from the characteristic behavior of the che
cal potential at the critical point. It turned out that the critic
temperatures of the system are associated with the kinks~or
jumps! in the temperature plot of the chemical potenti
These tiny kinks localize the critical temperatures connec
with various types of phase transitions sufficiently we
Based on this observation we put forward a hypothesis~see
Refs. 2–9! that the measurement of the chemical poten
temperature dependence should also contain unambig
information about critical temperatures of the real system
can be accomplished under the assumption that the mea
ment accuracy~as was predicted in Refs. 2–9! can reach
1024–1023 eV. Moreover, we suggested~see, e.g., Ref. 6!
that such a measurement should also bring into the ope
the normally unnoticed transitions between the metasta
and ‘‘exotic’’ states.

Taking these observations into account we could not re
the temptation to check the effect experimentally. For t
purpose we have adopted a simple experimental method
we utilized a galvanic cell where one of the electrodes is
investigated metallic sample while the other one is the re
ence electrode. According to the Nernst’s formula~see, e.g.,
0163-1829/2001/63~5!/052101~3!/$15.00 63 0521
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Ref. 10! the difference between the chemical potentials
electrodes is proportional to the measured voltage

m (sample)2m (ref)5 l ~f (ref)2f (sample)!, ~1!

wherel is a constant. Thus, by changing the temperature
the electrolyte bath, one can measure the voltage as func
of temperature and, accordingly, the relative chemical pot
tial temperature dependence. To demonstrate the effect
a measurement has been performed for three diffe

FIG. 1. Plot of experimentally measured EMF@multiplied by
(21)# vs temperature for Gd sample. The inset shows the heat
dependence on temperature~DSC!.
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samples which were chosen intentionally to exhibit tw
types of magnetic phase transitions~Gd,Cr! and structural
transformations~TiNi !.

The single crystals of Gd (99.99%), Cr~spectral pure,
Johnson Mattey!, and the polycrystalline TiNi alloy with
nominal composition of 51 at. % of nickel and 49 at. %
titanium~made by Advanced Material Technology, Belgium!
were studied. TiNi sample was treated, prior to our exp
ment, at 850 °C for one hour with deformation 10% a
treated again at 400 °C also for 1 h. The electromotive fo
~EMF! measurement has been performed similar to R
11,12. Two electrodes were dipped in one minor solution
hydroxide of potassium. The AutolabTM21 instrument has
been used where the first electrode was the investig
sample, the second one was the reference electrode—a
rated calomel electrode. The EMF has been measured
rectly with the accuracy of 0.1 mV as a function of tempe
ture.

In a complementary heat flow experiment the transform
tion temperatures were determined by the differential sc
ning calorimetry~DSC! using a Perkin DSC 7 type equip
ment operating at a cooling/heating rate of 0.25 °C/s. T
first measured Gd sample undergoes the phase trans
from ferromagnetic to paramagnetic state~see, e.g., Ref. 13!
at the Curie temperatureTC. In Fig. 1 this critical tempera-
ture can easily be identified by the pronounced discontinu
jump in EMF ~jump in the relative chemical potential!. This
result is also supported by the auxiliary plot of the heat fl
~see the inset in Fig. 1!.

In the case of the second measured sample~Cr! it is well
known that at the Neel temperatureTN ~see, e.g., Ref. 14! the
phase transition from antiferromagnet to paramagnet ta
place. Again, the transition pointTN can be read off from the
plot of the EMF in Fig. 2. However, in the plot of the he
flow this critical temperature is hardly noticeable. This
probably due to the fact that the critical temperatureTN is
relatively high and in this particular case an additional pur
paramagnetic reference sample should be measured and
responding heat flows subtracted. In other words, the m
surement of the relative chemical potential is much m
sensitive in this case.

In exactly the same way the measurement of the EMF

FIG. 2. The same as in Fig. 1 but for Cr sample.
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temperature for the third sample~TiNi alloy! was performed.
Due to the relatively narrow temperature range available
our experiment only the end of the Martensitic transform
tion ~Af !, as well as the beginning~RAs! and the end~RAf!
of the R transformation~see Refs. 15–17 for details! could
be detected~see Fig. 3!. The values of the critical tempera
tures corresponding to transitions As, RAs, RAf coinci
pretty well with the values measured in Ref. 17 and d
played in the inset to Fig. 3~heat flow measurement!.

From the results of the present paper we have seen
the idea, initially proposed in Refs. 2–9, of finding pha
transitions in real substances by means of a chemical po
tial measurement as a function of temperature is not o
realistic but also successful. The method has been dem
strated for different types of phase transitions~ferromagnet-
paramagnet, antiferromagnet-paramagnet, and struc
phase transitions!. This fact, and our earlier theoretical inve
tigations, suggest that it can be extended over all ph
transitions either of the first or the second order. At
first glance the method possesses some noticeable ad
tages. It is sufficiently sensitive which can lead to t
additional information gain in comparison to other metho
Also the curves obtained in this way are very subtle~com-
pared to the smeared out curves of the DSC experim!
and may report the local changes in a sample very o
hidden for other methods. Moreover, the information ab
the values of critical temperatures for magnetic systems
be obtained without applying the magnetic field which m
in turn influence the investigated system and hence—
measured value of the critical temperature. The obvio
drawbacks of the experiment we used to demonstrate
applicability of the chemical potential measurement~here the
galvanic cell! are the relatively narrow temperature ran
available for the experiment and the restriction to the me
lic samples only. These disadvantages hinder as yet
broader popularization of the chemical potential measu
ment as a method to detect all kinds of phase transiti
which may appear in real solids by performing a single m
surement. We expect, however, that these difficulties can
overcome in the nearest future by adopting a suitable exp
mental technique.

FIG. 3. The same as in Fig. 1 but for TiNi alloy sample~DSC,
here endothermic process!.
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