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Abstract: The entropy of conduction electrons was evaluated utilizing the thermodynamic
definition of the Seebeck coefficient as a tool. This analysis was applied to two different kinds of
scientific questions that can—if at all—be only partially addressed by other methods. These are the
field-dependence of meta-magnetic phase transitions and the electronic structure in strongly
disordered materials, such as alloys. We showed that the electronic entropy change in
meta-magnetic transitions is not constant with the applied magnetic field, as is usually assumed.
Furthermore, we traced the evolution of the electronic entropy with respect to the chemical
composition of an alloy series. Insights about the strength and kind of interactions appearing in the
exemplary materials can be identified in the experiments.
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1. Introduction

Entropy provides information about the degrees of freedom or ordering of a statistical
collectivity, i.e., it is macroscopically seen and treated as an entity. This order directly correlates with
changes in the density of states of the respective statistical collectivity. For electrons in crystalline
solids, this information is usually extracted from band structure theory assumptions. It is valid in the
case that the sometimes quite stringent assumptions of the theoretical model are met. Experimental
systems inherently deviate from the ideal solid state model. Due to this, the density of states
calculated theoretically is sometimes not enough to describe the electronic properties in real systems.
Typical cases where changes in the electronic density of states occur are charge order/disorder
phenomena, such as the formation of charge density waves phases, superconducting phases, Fermi
liquid systems, or other correlated electron systems. Further systems that are challenging to describe
by theoretical solid state considerations are disordered solids, such as alloys, amorphous materials,
materials with complex elementary cells, or materials containing a high number of defects induced,
for instance, by the fabrication technology.

A usual approach to evaluate the total electronic entropy Se of a crystalline solid from
experimental data is to analyse the low temperature specific heat capacity, ¢y, measurements under
the assumption of a free electron gas [1]. Here the Sommerfeld coefficient is the relevant value,
experimentally obtained by fitting the low-temperature ¢, data. While this is currently the most
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widely applied method for an Se characterization of crystalline solids, there are some intrinsic
drawbacks to this method. These come on the one hand from the assumption of a free electron gas
and on the other hand from the fact that the relevant materials properties can only be inspected at
low temperature [1]. Both rule out the investigation St changes at phase transition, especially those
occurring at temperatures above 20 K, and such that induce electronic ordering phenomena.

Within this article, we discuss a recently suggested method for the St characterization [2] that
overcomes some of the limitations of the low temperature ¢, analysis, providing a tool for
investigating such mentioned electronic systems by a direct experimental approach. We herein
utilize the thermodynamic description of the Seebeck coefficient, a, originally described by Onsager
[3,4], and later referred to by Ioffe [5] in order to describe the St of solids. The inherent advantage of
the thermodynamic interpretation of « is that it is not bound to any model, provided the statistical
description of the system is significant.

The idea to measure the St through the measurement of macroscopic electronic properties like
the Seebeck of Thomson effect has been discussed in literature [4-8], and dates, in principle, back to
Thomson (Lord Kelvin) who interpreted that the Thomson effect could be seen as the specific heat of
electrons, whereas the Seebeck coefficient would be the electronic entropy (divided by the charge of
the electrons) [9]. Rockwood [9] pointed out that the measurement of thermoelectric transport
properties necessarily only addresses the electrons that participate in the transport. He therefore
specified the term “electronic transport entropy” to distinguish from a “static electronic entropy”.
Furthermore, thermoelectric transport measurement could never be done under truly reversible
conditions since the sample needs to be exposed to a temperature gradient and is therefore not
under isothermal conditions. Still, he came to the conclusion that the measurement of the
thermoelectric coefficients would most likely provide the only practical and generally valid method
by which partial molar entropies of electrons could be obtained. Peterson and Shastry construed the
Seebeck coefficient as particle number derivative of the entropy at constant volume and constant
temperature [8]. Despite this given theoretical framework, examples in which Seebeck coefficient
measurements were aetaally used to quantitatively deduce Sk are rare and recent but still prove the
broad applicability. Our group showed that Sz of a magneto-caloric phase transition could be
obtained by thermoelectric transport characterization [2]. Small entities of particles like quantum
dots can likewise be characterized [10]. At high temperatures, molten semiconductors and metals
were similarly studied [11]. Within this paper, we will discuss the broad applicability of this method.
For the following discussion, we refer to the description of the electronic entropy per particle, Sx, as
derived within a recent review, providing an applied view on the thermodynamic interpretation of «
[12]:

SN=a-e €))

Where e is the charge of the particle.

In simple metals, a formal expression of a can be derived from band structure arguments as in
the case of the Mott formula [13]. Often, a single parabolic band model is assumed. Herein, the
relation between a and the density of states becomes evident, thus establishing a direct connection
between a and Se. While the general thermodynamic interpretation of a does not rely on any kind of
model, the Mott formula already contains simplifications and assumptions. From the description of
the quantity S~ as introduced in Equation (1), it is suggested that there exists an absolute value of Sy
since a is a quantity that also has an experimentally accessible defined zero-level rather than a
relative one where only changes in the quantity can be considered. The case of a = 0 occurs, for
example, (i) in the superconducting state of matter, where electrons all condense at the state of
lowest energy possible and therefore per definition a situation of zero entropy [14] and (ii) in the
compensated case that electrons and holes exactly transport the same amount of heat, i.e., intrinsic
semiconductors have zero Seebeck coefficients [15]. The latter is an often-seen zero crossing of an
n-type conductivity mechanism to a p-type conductivity mechanism. Then, the measured o = 0
corresponds to the overall observable a of the material. Naturally, the contributions of the
individual bands contain electronic entropy contributions with Sk, individual subband # 0. The full
evaluation of St from «a requires a correct description of the collectivity of electrons in the system.
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This is the point in the complete line of argumentation where assumptions and simplifications
necessarily enter the picture. In order to experimentally obtain the entropy of the entity of electrons
that participate in the transport, referred to as electronic entropy, Sk, the number of electrons
contributing to the Seebeck voltage needs to be known. In principle, any experimental procedure to
obtain the charge carrier density, n, could be used. Herein, it is, as, for instance, suggested in [2,11]:

Se=n-Sn=n-a-e (2)

In this work, we measure the ordinary Hall coefficient Rx to obtain #n, using the relation Ru =
1/(n-e). By doing so, we introduce the strong assumption of a parabolic single-band transport model
that is inherent to any Hall measurement. Combining both quantities, we can give a measure of Se:

Se=a/Ru 3)

We present examples that highlight the relevance of the entropy interpretation of a and provide
insight into the electronic properties: (1) magneto-structural phase transitions of an intermetallic
Ni-doped iron rhodium phase, FeossNioo2Rhio2 (FeRh) [16], and an intermetallic lanthanum iron
silicon phase, LaFenSiis (LaFeSi) [17-21]; (2) alloying in the copper—nickel (CuNi) solid solution
series.

2. Materials and Methods

All samples characterized within this work were obtained by arc melting, and followed by
specific temperature treatments to ensure a homogenous microstructure. Details about the
fabrication and structural characterization of the samples can be found in [22] and in [23] for
LaFenSiis (LaFeSi). The samples investigated in the present paper stem from the same batches as
the indicated references. In the case of the CuNi alloy series, the processing followed a combination
of homogenization (973 K, 5 h) with quenching in H20, hot rolling (1173 K) and recrystallization (973
K, 1h).

The transport characterization was performed depending on the temperature range using
physical property measurement systems of the Quantum Design DynaCool series and the Versalab
series using the thermal transport option for a and the electrical transport option for the Hall
characterization in standard Hall bar geometry [24]. For the CuNi alloy series, a Linseis LSR 3 device
was used to measure the near-room temperature a (315 K) and electrical conductivity, o.

The microstructure of the samples was routinely investigated by scanning electron microscopy
and X-ray diffraction.

3. Results and Discussion

As briefly discussed above, the entity of carriers needs to be known for the statistical
interpretation of a. Following Equation (2), we utilize n obtained from a Hall-effect measurement.
Herein, one has to be aware of the fact that this evaluation method may be affected by multi-channel
transport, whiehis induced by multiple bands. However, given a minimal set of regularities, we can
compare a homogenous series of samples or one sample under different experimental conditions
consistently.

3.1. Magneto-Structural Phase Transition

The first example is related to meta-magnetic phase transitions in two magneto-caloric
materials, namely Ni-doped FeRh and LaFeSi. They represent examples for a system that can be
described with a band magnetism model (FeRh) [25] and a system with a component of localized
ionic magnetism (LaFeSi) [26]. General information on the total entropy change in the phase
transition of FeRh can be found in Ref. [2] and references therein, as well as a discussion of St of this
phase transition derived by transport measurements. Additionally, LaFeSi is a well-studied material
with respect to magnetic and lattice entropy [26-28]. Due to soft phonon states close to transition, the
lattice entropy change is large [29], but a combined contribution of lattice entropy and St was
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suggested [27]. Details on the transport properties of LaFeSi are given in literature with respect to
[28,29] and the anomalous Hall effect [30].

The impact of the applied magnetic field on the transport of the mobile charge carriers shows a
clear distinct signature in both materials, which we will discuss in the following. Both magnetic
systems behave differently, as best seen in a. In the case of FeRh (Figure 1a), it can be seen that the
temperature of the phase transition depends on the magnetic field. This is a striking difference of the
Se evaluation by transport experiments and calorimetric measurements that—for intrinsic
reasons—do not allow this difference to be unveiled. The a far from the phase transition is
independent of the strength of the magnetic field, as emphasized in the inset in Figure 1a that shows
an enlarged view of the data in the main panel. In contrast, in the case of LaFeSi (Figure 1c), the o far
from the phase transition shows a clear difference in the value depending on the magnetic field.
Interestingly, the magnitude of a increases as a magnetic field is applied. The inset to Figure 1c
shows the measured Hall coefficient, and the black lines indicate the levels used for the entropy
evaluation as was similarly done in [2]. We get a value corresponding to the ASe at the phase
transition, as depicted in Figure 1b,d. In both cases, we see AStof a comparable magnitude around 4
J K-'kg1. Moreover, the absolute values of the obtained St are also comparable. Furthermore, in both
cases, an increase of ASt is observed when a magnetic field is applied. However, the apparent origin
of the increase in ASe for both materials is different. In the case of FeRh, the first order
meta-magnetic transition shifts to lower temperatures as the field is applied (Figure 1a,b).
Accordingly, a follows a monotonic trend until the phase transition occurs. In the case of the LaFeSi,
the amount of Si (x = 1.8) is on the threshold for changing the transition type to the second order [28].
Therefore, the transition temperature does not shift significantly, and only a slight broadening is
observed. In this case, it is the change of the over-all entropy level with the applied magnetic field
(Figure 1c,d) that causes the increase in ASe. In the case of LaFeSi, this could be an indication of the
interaction between itinerant electrons and localized moments, causing the increase of Se with
magnetic field. There is no such interaction in the FeRh case, as magnetism resides to a dominant
part within the conduction electrons. Besides minor numerical corrections to the presented results
(compare discussion Ref. [2]), it is clear that this method of analysis provides an insight to the
interactions relevant to the conduction electrons that go beyond what typical calorimetric
experiments can offer.
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Figure 1. Seebeck coefficient and entropy evaluation in Ni-doped FeRh (a,b) and LaFeSi (c,d). Inset to

(a): enlarged view of the high temperature region. Inset to (c): Measured Hall coefficient of LaFeSi.
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3.2. Alloying

The differential evaluation of a systematic series of homogenized CuNi alloys with respect to
their lal, o, n, and St at room temperature is shown in Figure 2. Herein, it is the specific situation of
alloys that they typically cannot be accurately calculated or predicted by usual band structure
models. However, the full alloy series is experimentally accessible. There are no structural phase
transitions reported, and, also, all investigated samples were homogenous with respect to their
microstructure and composition by scanning electron microscopy and X-ray diffraction. The
dependence of o on the Ni content (Figure 2a) presents two minima at around 30 at.%-Ni and at
around 70 at.%-Ni, which are better seen in the inset to Figure 2a, where the data of the main panel
are presented in logarithmic vertical scale.

I T N e e R
Amount Ni (at. %) Amount Ni (at. %)

Figure 2. Thermoelectric and transport properties across alloy system Cu-Ni at room temperature,

alloy composition was obtained with Energy-Dispersive X-Ray spectroscopy: (a) electrical

conductivity, (b) the Seebeck coefficient in absolute values, (c) the carrier concentration derived from

the Hall coefficient, (d) calculated electronic entropy. Lines and shades are guides to the eye.

In the trend of |al (Figure 2b), a broad maximum can be seen slightly below to the equiatomic
composition, close to the composition of the highest chemical disorder, a similar situation to that of
other entropic parameters of such alloys [31], but a shoulder at a composition of about 70 at.%-Ni is
also evident. This observation of high |alfor a high chemical disorder reflects the general finding
that high configurational entropy is a prerequisite for the observation of large lal [32]. Because of
the close relationship between large |a| and high configurational entropy, it was recently suggested
to even use configurational entropy as a gene-like performance indicator for the computational
search of new thermoelectric materials [33].

The parameters o and |al follow inverse trends with respect to one another. Additionally, these
trends match the description of & under the Mott formula [13]. Consequently, the investigated alloy
series represents a good electronic model system. There is no clear trend in the data of n. (Figure 2c)
The pure metals Cu and Ni have the highest n. Different effects superimpose to a more sophisticated
dependence of n on the alloy composition: (i) the effect of change in the average lattice parameter by
the alloying [31] should create a gradual increase in n as the amount of Nickel increases; (ii)
additionally, with the addition of Ni (Ni: 3d® 4s? 2 electrons per Ni atom) into the Cu matrix (Cu:
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3d0 4s'; 1 electron per Cu atom) more charge will also be added [34]. A linear increase is
schematically depicted by the dashed line in Figure 2c. The overall result of these measurements is a
clear minimum at approximately 65 at.%-Ni. This already indicates that additional degrees of
complexity add to this simplified picture.

The combination of lal and n to extract the St allows us to gain additional information
compared to the individual transport coefficients. Figure 2d shows a curve in St with maximum at
approximately 30% of Ni and an additional clear minimum at approximately 65% of Ni. Coming
from the Cu-side of the phase diagram, the increase in St points out an increase in the available
states for the transport electrons, which may be intuitively understood: the disorder in the
non-periodic electrostatic potential leads to an increase in the entropy of the transport electrons. This
increase in St reaches a maximum close to the point where the maximum chemical disorder is
expected, following the trend of |al. Coming from the Ni-side of the phase diagram, |al increases
and n decreases. The |al, similar to the Cu-side of the phase diagram, shows higher values because
of a higher degree of chemical disorder in the system. But the |l does not follow a monotonic
trend; instead, it has a plateau. This, combined with the reduction of n in the same composition
region, results in a sharp minimum of Se. This minimum exactly coincides with the onset of
ferromagnetism in the alloy series. Hence, the entropy evaluation provides an insight on how the
magnetic ordering mechanism in this alloy affects the localization of charges, possibly due to
interactions between d- and s-orbitals. While there is no one-to-one correspondence between the
experiment and the microscopic origin, it still provides a meaningful measure of the intensity of
correlations in the electronic transport system, which are not easily accessible by usual ab-initio
methods.

4. Conclusions

In conclusion, this proposed method provides a good instrument for the characterization of
electronic interactions or correlations in the material, although the absolute values of Se or ASe
obtained may, in some cases, need to be corrected (further discussed in [1]). In the case of
magnetocaloric materials, the effect of the magnetic field on the electronic entropy change can be
traced. In the case of alloys, the effect of the atomic disorder can also be traced on the free electrons.
In order to gain deeper insight on the physics of disordered systems or systems with concurring
interactions, the goal of future research might be to develop the statistical methods under the point
of view of thermodynamics that would allow us to describe the statistical collectivity of electrons. In
this way, we could transform the qualitative results of our experiments into quantitative predictions.

Author Contributions: Conceptualization: N.P. and G.S.; methodology: CW.,, BW.,, MK, AK,, J.F,, and N.P.;
resources and supervision: K.N.; writing—original draft preparation, N.P., C.W., G.S.; writing—review and
editing, N.P., CW., G.S. All authors have read and approved the final published version

Funding: This project (Grant No. 100245375) is funded by the European Regional Development Fund (ERDF)
and the Free State of Saxony.

Acknowledgments: The authors want to thank D. Seifert and R. Uhlemann in IFW Dresden for technical
support. Further, G.S. and N.P. want to thank Anja Waske and Sebastian Fahler in IFW Dresden for fruitful
discussions. M. K. and B.W. greatfully acknowledge financial support from the Germany Federal Ministry for
Economic Affairs and Energy under Project Number 03ET1374B.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ashcroft, N\W.; Mermin, N.D. Solid State Physics; Brooks/Cole Thomson Learning: South Melbourne,
Australia, 2012.

2. Pérez, N.; Chirkova, A.; Skokov, K.P.; Woodcock, T.G.; Gutfleisch, O.; Baranov, N.V.; Nielsch, K ;
Schierning, G. Electronic entropy change in Ni-doped FeRh. Mater. Today Phys. 2019, 9, 100129.

3. Onsager, L. Reciprocal Relations in Irreversible Processes. I. Phys. Rev. 1931, 37, 405-426.



Entropy 2020, 22, 244 7 of 8

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Onsager, L. Reciprocal Relations in Irreversible Processes. II. Phys. Rev. 1931, 38, 2265-2279.

Ioffe, A.F.; Stil'Bans, L.S.; Iordanishvili, E.K.; Stavitskaya, T.S.; Gelbtuch, A.; Vineyard, G. Semiconductor
Thermoelements and Thermoelectric Cooling. Phys. Today 1959, 12, 42.

Rockwood, A.L. Partial Molar Entropy and Partial Molar Heat Capacity of Electrons in Metals and
Superconductors. ]. Mod. Phys. 2016, 7, 199-218.

Rockwood, A.L. Partial molar entropy of electrons in a jellium model: Implications for thermodynamics of
ions in solution and electrons in metals. Electrochim. Acta 2013, 112, 706-711.

Peterson, M.; Shastry, B.S. Kelvin formula for thermopower. Phys. Rev. B 2010, 82, 195105.

Rockwood, A.L. Relationship of thermoelectricity to electronic entropy. Phys. Rev. A 1984, 30, 2843-2844.
Kleeorin, Y.; Thierschmann, H.; Buhmann, H.; Georges, A.; Molenkamp, L.W.; Meir, Y. How to measure
the entropy of a mesoscopic system via thermoelectric transport. Nat. Commun. 2019, 10, 5081.

Rinzler, C.C.; Allanore, A. Connecting electronic entropy to empirically accessible electronic properties in
high temperature systems. Philos. Mag. 2016, 96, 3041-3053.

Goupil, C.; Seifert, W.; Zabrocki, K.; Miiller, E.; Snyder, G.J.; Miiller, E. Thermodynamics of Thermoelectric
Phenomena and Applications. Entropy 2011, 13, 1481-1517.

Cutler, M.; Mott, N.F. Observation of Anderson Localization in an Electron Gas. Phys. Rev. 1969, 181, 1336~
1340.

Roberts, R.B. The absolute scale of thermoelectricity. Philos. Mag. 1977, 36, 91-107.

da Rosa, A. Thermoelectricity. In Fundamentals of Renewable Energy Processes; Elsevier: Amsterdam, The
Netherlands, 2013; pp. 149-212.

Nikitin, S.; Myalikgulyev, G.; Tishin, A.; Annaorazov, M.; Asatryan, K.; Tyurin, A. The magnetocaloric
effect in Fe49Rh51 compound. Phys. Lett. A 1990, 148, 363-366.

Fukamichi, K.; Fujita, A.; Fujieda, S. Large magnetocaloric effects and thermal transport properties of
La(FeSi)13 and their hydrides. J. Alloys Compd. 2006, 408—412, 307-312.

Fujieda, S.; Hasegawa, Y.; Fujita, A.; Fukamichi, K. Thermal transport properties of magnetic refrigerants
La(FexSil-x)13 and their hydrides, and Gd55i2Ge2 and MnAs. J. Appl. Phys. 2004, 95, 2429-2431.

Shen, B.G.; Sun, J.R; Hu, F.X,; Zhang, HW.; Cheng, Z.H. Recent Progress in Exploring Magnetocaloric
Materials. Adv. Mater. 2009, 21, 4545-4564.

Hu, F.-X; Shen, B.-G.; Sun, J.; Cheng, Z.; Rao, G.-H.; Zhang, X.-X. Influence of negative lattice expansion
and metamagnetic transition on magnetic entropy change in the compound LaFei14Siis. Appl. Phys. Lett.
2001, 78, 3675-3677.

Hu, F.-X,; Ilyn, M,; Tishin, A.M.; Sun, J.R.; Wang, G.J.; Chen, Y.F.; Wang, F.; Cheng, Z.H.; Shen, B.G. Direct
measurements of magnetocaloric effect in the first-order system LaFe11.75i1.3. |. Appl. Phys. 2003, 93, 5503
5506.

Baranov, N.; Barabanova, E. Electrical resistivity and magnetic phase transitions in modified FeRh
compounds. J. Alloys Compd. 1995, 219, 139-148.

Glushko, O.; Funk, A.; Maier-Kiener, V.; Kraker, P.; Krautz, M.; Eckert, J.; Waske, A. Mechanical properties
of the magnetocaloric intermetallic LaFe11.25i1.8 alloy at different length scales. Acta Mater. 2019, 165, 40—
50.

Haeusler, ]. Die Geometriefunktion vierelektrodiger Hallgeneratoren. Electr. Eng. 1968, 52, 11-19.

Lu, W.; Nam, N.T.; Suzuki, T. First-order magnetic phase transition in FeRh-Pt thin films. ]. Appl. Phys.
2009, 105, 07A904.

Gercsi, Z.; Fuller, N.; Sandeman, K.G.; Fujita, A. Electronic structure, metamagnetism and thermopower of
LaSiFel2and interstitially doped LaSiFel2. |. Phys. D Appl. Phys. 2017, 51, 034003.

Jia, L.; Liu, G.J,; Sun, J.R.; Zhang, HW.; Hu, F.-X,; Dong, C.; Rao, G.; Shen, B.G. Entropy changes associated
with the first-order magnetic transition in LaFe13-xSix. ]. Appl. Phys. 2006, 100, 123904.

Hannemann, U.; Lyubina, J.; Ryan, M.P.; Alford, N.M.; Cohen, L.F. Thermopower of LaFe 13—x Si x alloys.
EPL 2012, 100, 57009.

Gruner, M.; Keune, W.; Landers, J.; Salamon, S.; Krautz, M.; Zhao, J.; Hu, M.Y.; Toellner, T.; Alp, E.E.;
Gutfleisch, O.; et al. Moment-Volume Coupling in La(Fel-x Si x )13. Phys. Status Solidi (B) 2017, 255,
1700465.

Landers, J.; Salamon, S.; Keune, W.; Gruner, M.; Krautz, M.; Zhao, J.; Hu, M.Y; Toellner, T.S.; Alp, E.E.;
Gutfleisch, O.; et al. Determining the vibrational entropy change in the giant magnetocaloric material
LaFel1.65i1.4 by nuclear resonant inelastic x-ray scattering. Phys. Rev. B 2018, 98, 024417.



Entropy 2020, 22, 244 8 of 8

31. Madelung, O. Cr-Cs—Cu-Zr; Springer: Berlin/Heidelberg, Germany, 1994.
32. Gruen, D.M,; Bruno, P.; Xie, M. Configurational, electronic entropies and the thermoelectric properties of
nanocarbon ensembles. Appl. Phys. Lett. 2008, 92, 143118.
33. Liu, R; Chen, H.; Zhao, K;; Qin, Y.; Jiang, B.; Zhang, T.; Sha, G.; Shi, X.; Uher, C.; Zhang, W.; et al. Entropy
as a Gene-Like Performance Indicator Promoting Thermoelectric Materials. Adv. Mater. 2017, 29, 1702712.
34. Hurd, C.M. The Hall Effect in Metals and Alloys; Springer Science and Business Media LLC: Berlin, Germany,
1972.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




