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Mixed-valence or mixed-configuration rare-earth compound and sometime as 

fluctuating-valence or fluctuating-configuration rare-earth compound are a number of 

compound with the character of atomic-like f levels and the wide s-d band coexist at 

the Fermi surface[44]. The nature of fluctuating-valence of rare-earth element is that 

both the 4fn and 4fn-1 configurations contribute to the intermediate-valence 

wavefunction[45]. The mixed-valence state can be thought of as a mixture of 4fn and 

4fn-1 ions, the energies of which are nearly degenerate[45]. Three elements (pressure, 

temperature and element substitution) can cause these valence-fluctuation phenomena.  

In rare earth systems, elements with valence fluctuation feature involving Ce, Sm, 

Eu, Tm and Yb, are energetically found to be near each other and can be inverted by 

externally applied or internally generated constraints. Such inversion involves a 

change in the valence state of the rare earth ion. In this study, we just studied Yb, Eu, 

and Sm related sulfides. 

1.2.2 Property and structure characteristic of valence change rare-earth sulfide 

The archetypal valence instability occurs in FCC samarium monosulfide (SmS) 

due to the pressure-induced phase transformation from semiconducting to metallic 

phase [46]. Both lattice parameters and resistances of SmS have an abrupt decrease 

under the effect of pressure without any change in the crystal structure [46]. The 

reduction of lattice constant is connected with the diameter of Sm ion because the 

diameter of bivalent and trivalent Sm ion is 1.14 and 0.96 Å, respectively. The 

reduction of cell constant is attributed to the partial transformation of Sm2+ to Sm3+ 

resulting from the hybridization of 4f electrons and the 5d conduction band with the 

decrease of energy gap. The energy band gap of SmS with NaCl structure reduced 

from 0.2 eV to 0.065 eV following the increase of pressure to around 6.5 kbr [47].  

In order to determine the presence or absence of the mixed-valence and electronic 

structure, semiconductor and metallic SmS were analyzed by optical reflectivity[48] 

and angle-resolved photoemission spectroscopy[49]. X-ray absorption and resonance 

photoemission spectroscopy show mixed valency of Sm2+ and Sm3+ states in 

semiconducting SmS at low temperature (T=30 K) and high-resolution 

temperature-dependent valence-band photoemission spectroscopy show a pseudogap 

within 20 meV of the Fermi level at low temperatures [50]. In order to further 

understanding of phase transitions, many SmS-based ternary sulfides were researched.  
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Other rare earth elements (Y[51, 52], La[53] and Eu[54]) and transition metal 

elements (nickel [55] and manganese [56]) diffusion in samarium sulfide single crystal, 

polycrystalline and film were studied to improve the thermovoltaic effect in samarium 

sulfide based materials.  

Europium monosulfide (EuS) is very similar with SmS in crystal structure and 

atom size. Similar with SmS, EuS also has phase transformation under hydrostatic 

pressure. The effect of pressure on magnetic transitions of EuS under hydrostatic 

pressure up to 10 kbars was reported and the magnetic exchange interactions vary in 

an important way with volume [57]. The behavior of EuS under pressure is an example 

of the competition between a structural NaCl-CsCl transition and f - d mixing[58].  

EuS, as the ideal Heisenberg ferromagnet, had attracted sustained interest as the 

model crystals for investigations of magnetism in magnetic semiconductors[59]. In 

NaCl structure of EuS, only nearest-neighbor J1 and next-nearest-neighbor J2 exchange 

interactions are important[60]. the exchange-parameter J1 and J2 are in essential 

agreement with the inelastic-neutron-scattering but in marked disagreement with 

Swendsen's Green's-function theory and its application to the calculation of the 

ferromagnetic and paramagnetic Curie temperature[60].  

Electron-beam-excited luminescence spectra for EuS show a series of low-energy 

broad corresponding to 4f7-4f 65d transition and high-energy sharp peaks arising from 

intra-atomic transitions within the 4f configuration in the Eu ions [61]. A proposed 

energy level diagram for EuS has been derived previously from the optical data [62]. A 

slight indication of two crystal-field split 5d subbands can be deduced from the 

calculated density of states of EuS [62]. EuS microcrystal-embedded oxide thin films 

[63]and novel EuS nanocrystal containing paramagnetic Mn(II), Co(II), or Fe(II) ions 

[64] were prepared and their effective optical Faraday effects were investigated.  

Specific heat measurements of EuS between 10 K and 35 K show a sharp peak at 

16. 2 K and the dominant exchange interaction is between nearest neighbor Eu2+ ions 

[65]. The ferromagnetic Curie temperature of EuS increases linearly for hydrostatic 

pressures up to 4 kbar at a rate of 0.28 K/kbar because the interaction of the magnetic 

moments in EuS depends much stronger on the volume than the common 

superexchange mechanism [66]. The variation of specific heat is connected with the 

isothermal entropy change so it is meaningful to test the magnetic and thermal 
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properties of EuS for the possible application of magnetic refrigerant materials, which 

is based on the isothermal entropy change induced by the variation of an applied 

magnetic field [67]. The high magnetocaloric effect of EuS, as compared to the usual 

Gd3Ga5O12, made it as a first candidate for a low field refrigeration cycle (~ 1T)[67].   

YbS differed from SmS and EuS by the presence of hole-type conduction and the 

energy band structure of YbS can be determined with the optical investigations[68]. 

Diffusive reflection spectra of YbS powders had a step due to electronic transitions 

with energies near 1.2 eV[68]. The optical-absorption band gap of YbS due to the 

lowest 4f- 5d transition has been studied as a function of pressure and the rate of 

closure of this gap with pressure lead to a metal-semiconductor transition in YbS [69]. 

The optical response and lattice-parameter measurements indicated the onset of a 

4f-shell instability near 100 kba [70]. In these above mentioned researches, the 

influence of pressure on the stability and band structure of YbS had been researched.  

In the metallic and semiconductor SmS, both bivalent and trivalent Sm ions had 

the crystallographic equivalence of the cation sites and a metallic like conductivity 

band is present near the Fermi energy. Moreover, a thermally activated hopping of the 

charge carriers occurred for Eu3S4 and Sm3S4 with the Th3P4 structure. However, 

cations with different valence in Yb3S4 occupy inequivalent lattice site so the valence 

distribution is static and no fluctuation is possible. The energy gaps of Sm3S4 are 

similar with these of SmS and its band conduction involved a thermal activation of 

charge carriers and a hopping conduction with temperature dependence frequency 

factor [71].  

1.2.3 Research and application of valence change rare-earth sulfide 

Similar with other heavy rare-earth sulfides, there is little research about 

preparation and characterization of ytterbium monosulfide. SmS based film can be 

employed as strain-sensing layer of resistant strain gauge. This application is based on 

the sensitivity of SmS under pressure. On the other hand, SmS based sulfides are 

expected to be employed as high temperature thermoelectric materials. Kazanin M. M. 

et al.[72] have optimized thermal electromotive force by slightly variation and control 

of composition or rare-earth/transition element doping. The mechanism of the 

formation of thermal electromotive force and influence elements were investigated.    

The study of EuS is focus on the preparation and characterization of nano-size 
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sulfurization products. We wish to understand the influence of characteristics of 

starting material on the sulfurization processes. Meanwhile, raw materials with 

different characteristics can be obtained optimal process parameters in order to provide 

a meaningful reference for future industrial production. The sulfurization process of 

Eu2O3 is different with other rare earth sulfide because there is no Eu2S3. Therefore, it 

is meaningful to systematically study the sulfurization process of Eu2O3.  

(2) Research of phase transformation processes and sintering for mixed-valence 

rare earth sulfides. Stability of rare earth sulfides is defining factors of rare earth 

sulfides during industrialization application. Stability of rare earth sulfides is 

connected with dissociation energy on the surface layer of sulfide, so the vapor 

pressure of sulfur affected the stability of rare earth sulfide and phase transformation 

processes. In this study, synthetic ytterbium sulfides and europium sulfides were 

treated under different atmospheres to study their stability and phase transformation. 

We also researched the sintering process for valence fluctuation rare earth sulfides.  

(3) Novel and possible application of valence fluctuation rare earth sulfide  

For the application of rare earth sulfide, we should consider the different 

characteristics for different rare earth elements and compounds and then choose 

different application fields. How to choose the application of rare earth sulfides? What 

factors need to be considered?  

We take EuS as an example. To store and transport hydrogen fuel, it is effective to 

liquefy hydrogen; therefore, a magnetic refrigerant material with a large specific heat 

near the liquid hydrogen temperature is required. Near the liquid helium temperature, 

medium and heavy rare-earth compounds exhibiting large specific heats due to 

magnetic phase transitions and possessing large total angular momentum quantum 

numbers are at the level practically required of magnetic refrigerant materials. 

However, Er3Ni and HoCo2 have minimum specific heat values near the liquid 

hydrogen temperature, and oxysulfides that contain heavy rare-earth elements and 

possess specific heat peaks have small specific heats near the liquid hydrogen 

temperature. Recently, we discovered that polycrystalline EuS, which also contains a 

bivalent cation (Eu2+), has a large specific heat peak (0.7 J·K-1·cm-3) near 16.5 K, 

which is the liquid hydrogen temperature. So, it is interesting and meaningful to 

research the possibility for EuS as novel magnetic refrigerant material for liquid 
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hydrogen.  

Different with YbS and EuS, SmS has small resistivity, so it is possible to be used 

as high temperature thermoelectric materials. It is expected to optimize the 

thermoelectric properties by controlling the composition.  

Not every valence fluctuation rare earth sulfides (even rare earth sulfide) can find 

a suitable or possible new application. Such as ytterbium sulfide, it is not fitting for 

thermoelectric materials due to large resistivity and magnetic refrigerant material. It 

need further explore for its application.  
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