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Abstract  

The thermodynamic description of the Yb-Sb binary system is developed by means of the CALculations 

of PHAse Diagrams (CALPHAD) method by combining experimental data and first-principles 

calculations based on Density Functional Theory (DFT) in the literature. Two pseudopotentials for Yb 

were compared in the study: one with all 14 f-electrons frozen in the core and the other with 13 f-electrons 

frozen in the core.  It was observed that the pseudopotential with 13 f-electrons frozen in the core 

presented no imaginary modes in the phonon calculations for cubic YbSb and was subsequently applied 

to predict the aforementioned structure’s temperature dependent thermodynamic properties by the DFT-

based quasiharmonic phonon calculations. The current thermodynamic database includes all five phases 

that were considered in preceding modeling studies in addition to the Yb16Sb11 compound, which was not 

considered previously. The study also rectifies the plausible misconception of the high temperature 

transformation of the Yb5Sb3 compound. The associate solution model is used to describe the short-range 

ordering behavior in the liquid phase. The resulting thermodynamic model showed good agreement with 

literature observations. 
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1 Introduction  

The Yb-Sb system has multiple compounds that have electronic, magnetic, and superconducting 

properties of interest to the scientific community [1–3]. This binary system plays a large role in the 

thermoelectric community where the Yb-Sb-containing compounds such as Yb14MnSb11, Ca1-

xYbXZn2Sb2, YbSb2Te4, and YbxCoSb3 [4–11] have shown remarkable figure of merit, zT, values at 

different temperature ranges and are considered candidates for future thermoelectric generators [12]. 

   

A thermodynamic model of the Yb-Sb system, based on the studies by Abulkhaev et al. [13] and Pratt et 

al. [14], was developed alongside the Ho-Sb system [15]. However, the model contains inconsistencies 

with experimental data in the literature such as the absence of the Yb16Sb11 compound [16,17] and the 

inclusion of the hydrogen stabilized orthorhombic Yb5Sb3Hx compound [3,18] as binary phase. The 

model also described the parameterized Gibbs energy function of the intermetallic compounds with the 

Neumann-Kopp approach due to the lack of temperature dependent thermochemical data in the literature 

at that time, an issue addressed in Chong et al.’s work [19]. Furthermore, the model doesn’t take into 

consideration the effect of gas phase in the system, which has been observed to play a large role in the 

thermodynamic stability of Yb-rich compounds at high temperatures [20,21].  

 

The present work aims to re-model the Yb-Sb system based on the latest thermochemical and phase 

equilibria data, see details in Section 2, alongside first-principles calculations based on density functional 

theory (DFT) [19,22,23]. The ultimate goal of the present work is to develop a multicomponent database 

that will help describe the interface stability of Yb14MnSb11 when contacted with metal hot shoes [20,24] 

for high temperature thermoelectric generator applications.  
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2 Literature Review 

2.1 Phase equilibria data 

Bodnar et al. [25] identified six intermetallic compounds by X-ray diffraction analysis (XRD) (Yb5Sb2, 

Yb5Sb4, Yb5Sb3, Yb4Sb3, YbSb, YbSb2) and measured the melting points through an optical pyrometer. 

The study determined that Yb rich portions were in equilibrium with the gas phase and Yb4Sb3 melted 

congruently at 1540 ºC.  Steinfink et al. [26] later showed through XRD patterns that the Yb5Sb4 

compounds identified by Bodnar et al. [25] actually had the Yb11Sb10 stoichiometry with the Ho11Ge10 

crystal structure and magnetic susceptibility measurements determined Yb to be divalent in this state. 

Abulkhaev et al.[13] conducted a study of the whole composition range based on differential thermal 

analysis (DTA), XRD and microstructural analysis. According to the DTA portion of the study , the 

Yb4Sb3 compound melts congruently at 1680ºC but did not comment on observing the gas phase. All 

other compounds were determined to melt non-congruently at lower temperatures. A transformation of 

the Yb5Sb3 intermetallic compound at 1280 ºC was also observed , from a lower temperature 

orthorhombic structure to a high temperature hexagonal structure. The XRD analysis confirmed the 

existence of YbSb2, Yb4Sb3, Yb11Sb10, YbSb, and both α- and β- Yb5Sb3. The temperatures and 

compositions of the invariant reactions and liquidus measured by Abulkhaev et al. [13] will be 

incorporated and given priority over Bodnar et al.’s [25] measurements in the present work because of 

its more correct identification of the intermetallic phases. 

 

Escamilla et al.[18] later discovered that the transition between α-Yb5Sb3 and β-Yb5Sb3 was an artifact 

of hydrogen contamination. The study demonstrated it by exposing the orthorhombic Yb5Sb3 to elevated 

temperatures in a dynamic vacuum, leading to the sublimation of hydrogen. This resulted in the formation 
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of only the hexagonal Yb5Sb3 phase and ~5% phase fraction of the Yb16Sb11 Zintl compound, which was 

discovered in a separate study by Escamilla et al. [16].  The claim of the orthorhombic structure being 

hydrogen stabilized is further supported by the work of Lu et al. [3], where the methods applied to form 

both hexagonal and orthorhombic Yb5Sb3 structure were based on Escamilla et al.’s [18,27] synthesis 

method. The aforementioned studies determined the existence of Yb16Sb11, which was not observed in 

the study by Abulkhaev et al.[13], and removed the α-Yb5Sb3 to β-Yb5Sb3 transition from the Yb-Sb 

binary phase diagram. These observations with regards to the phase equilibria of Yb-Sb system were 

included in the present study’s thermodynamic model. All crystallographic information of intermetallic 

phases in the current binary system are displayed in Table 1 and measured melting points and invariant 

reactions are collected in Table 2. 

 

2.2 Thermochemical data 

Sudavtsova et al. [28] conducted isoperibolic calorimetry studies in order to obtain the partial enthalpies 

of mixing in the liquid phase at different temperatures for both Yb and Sb, which are used in the current 

model. Pratt et al. [14] measured the enthalpy of formation of the YbSb compound to be -62±5  kJ/mol-

atom using a direct-reaction calorimeter with certain modifications that were described in full detail in 

the report. This value was used in the thermodynamic modeling of Yb-Sb by Liu et al. [15] and resulted 

in the remaining compounds’ enthalpies of formation to not be lower than ~65 kJ/mol-atom in the 

finalized assessment. Recently, Chong et al. [19] provided DFT-based predictions for 0 K and 

temperature dependent thermodynamic properties of the six intermetallic compounds in the Yb-Sb 

system. The results suggest that the formation enthalpies of the overall system should be more exothermic 

when compared to Pratt et al.’s measurement. Furthermore, it was discussed by Ferro et al. [29] that 



6 

 

multiple measurements of different rare-earth monoantimonides in Pratt et al.’s [14] report showed a 

large scatter when compared to other measurements in the literature and attributed it to the samples 

reacting with the tantalum cylinder used in the calorimeter. A comparison of DFT predictions provided 

by the Materials Project database alongside experimental work, including Pratt et al.’s measurements, is 

illustrated in Figure 1 (a) and (b). Figure 1 (a) shows enthalpy of formation measured by electromotive 

force (EMF) and calorimetry techniques between rare-earth (RE) mono-antimonides with the rocksalt 

structure alongside first-principles predictions from the Materials Project [30,31]. Figure 1 (b) displays 

enthalpy of formation DFT-based predictions and experimental measurements of a different rare-earth 

antimonide structure with RE4Sb3 (RE=rare earth) stoichiometry and 𝐼𝐼4�3𝑑𝑑  spacegroup. The trends 

observed in both figures indicate an enthalpy of formation value that should be between -120 and -100 

kJ/mol-atom rather than -60 kJ/mol-atom for the YbSb and Yb4Sb3 compounds. Furthermore,   Figure 1 

(a) also displays both the scatter in Pratt et al.’s measurements and its discrepancy with the measured 

enthalpies of formation of  DySb and HoSb and the measurements that do agree with other experiments 

and therefore follow the -120 to -100 kJ/mol-atom trend proposed.  

 

Although the trend in Figure 1 (a) suggested an enthalpy of formation in the range of -100 to -120 kJ/mol-

atom for YbSb, the DFT predictions from Materials Project and Chong et al. [19,31] agreed with the 

measurement of -60 kJ/mol-atom from Pratt et al.[14]. This discrepancy motivated Chong et al.[19] to 

compare two different Yb pseudopotentials in order to observe their effect on the energetics of the binary 

system. Figure 2 presents the enthalpies of formation predicted by Chong et al. [19] of all six intermetallic 

phases predicted by DFT calculations using PBEsol as the functional with two different pseudopotentials 

which considered 5p66d2 and 5p66s25d1 electrons as valence electrons, referred to in the study as Yb_2 

and Yb_3, respectively. The results from the Yb_2 pseudopotential show a more negative enthalpy of 
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formation for most of the intermetallic compounds, which lied on their respective convex hull with 

exception of the orthorhombic Yb5Sb3 phase and the YbSb phase. However, the orthorhombic Yb5Sb3 

phase should be above the convex hull since hexagonal Yb5Sb3 is more stable, as stated by Escamilla et 

al. [18].  The YbSb rocksalt structure; however is predicted to be 40 kJ/mol-atom above the convex hull 

and therefore suggests that the compound should not be present in the phase diagram, which does not 

agree with various experimental observations [1,13,25,32,33]. As discussed in other studies[25,34], the 

Yb in the YbSb compound adopts a trivalent state, which could explain the current discrepancy observed 

with the calculations with Yb_2. Figure 2 shows how the Yb_3 pseudopotential predicts the enthalpy of 

formation of the YbSb compound to be -100 kJ/mol-atom, which agrees more with the trend in (a) but 

not with (b) because it renders Yb4Sb3 above the convex hull, as well as YbSb2, Yb11Sb10 and Yb16Sb11. 

A similar trend is observed when comparing the lattice parameters predicted by both pseudopotentials in 

Chong et al.’s [19] work. The lattice parameters of the YbSb compound predicted with the Yb_3 

pseudopotential (6.03 Å) have a much better agreement with the experimental value (6.11 Å) than the 

prediction by the Yb_2 pseudopotential (6.38 Å), due to divalent nature of Yb [18,35]. However, the 

lattice parameter discrepancies between experiments and Yb_3 predictions of the other 5 intermetallic 

compounds have been calculated to be in the range of 2.8-11.4%. Based on these results and the 

suggestions in Chong et al.’s [19]  study, the thermodynamic properties predicted with Yb_2 

pseudopotential will be used to model the Gibbs energy functions of Yb5Sb3, Yb16Sb11, Yb11Sb10 and 

YbSb2.  

 

Chong et al.’s [19] work could not provide reliable thermodynamic properties of the ordered FCC YbSb 

structure since the phonon supercell approach would predict extensive imaginary modes, suggesting 

instability. The improved lattice parameter agreement of the YbSb compound predicted with the Yb_3 
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pseudopotential suggests that it could be the key to approach this issue. Therefore, it is hypothesized in 

this work that Yb_3 pseudopotential can be used to predict temperature dependent thermodynamic 

properties of the YbSb rocksalt structure with no formation of imaginary modes. The resulting 

predictions will be used to parameterize the temperature dependent Gibbs energy function of the 

compound and ultimately include it in the current database.   

3 Methodologies 

3.1 First-principles calculations 

DFT-based first-principles calculations were carried out to predict 0K formation energies and 

temperature dependent thermodynamic properties of the Yb-Sb compounds, using the Vienna ab initio 

simulation package (VASP)[36] with GGA and PBEsol. Core electrons were treated with the projector 

augmented wave method (PAW) [37].  The Methfessel-Paxton method with a smearing width of 0.1 was 

employed to smear the electronic states for structural relaxations. The plane-wave cutoff energy was set 

as 450 eV for crystal relaxation and 520 eV for 0 K static energy calculation. Around 2800 k-points per 

reciprocal atom [38,39] was used. The total energy calculations  were conducted with the tetrahedron 

method and Blöchl corrections [40]. The pseudopotential chosen for Sb followed the recommendation 

from VASP.5.2. The Yb_3 pseudopotential with 5p66s25d1 valence electrons is utilized for final 

calculations, meaning that one of the 4f14 electrons is delocalized into the 5d shell as proposed by Svane 

et al. [34].   
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 Based on the quasiharmonic approach, the Helmholtz energy of a stoichiometric phase can be 

represented as function of temperature (T) and volume (V), composing of three energetic contributions  

𝑭𝑭(𝑽𝑽,𝑻𝑻) = 𝑬𝑬𝟎𝟎(𝑽𝑽) + 𝑭𝑭𝑽𝑽𝑽𝑽𝑽𝑽(𝑽𝑽,𝑻𝑻) + 𝑭𝑭𝒆𝒆𝒆𝒆𝒆𝒆(𝑽𝑽,𝑻𝑻) Eq.  1 

where E0(V) represents the 0 K static ground state energy, Fvib(V,T) the vibrational energy of the lattice 

ions, and Fele(V,T) the energy due to thermally excited electrons [41]. The Helmholtz energy can be 

converted into the Gibbs energy through the addition of a term PV (P is the pressure) which is a negligible 

amount at ambient condition.  

 

The E0(V) contributions for the compound and all end-members are determined through the 4 

parameter Birch-Murnaghan (BM4) fitting shown below [23] 

𝑬𝑬𝟎𝟎(𝑽𝑽) = 𝒂𝒂 + 𝒃𝒃𝑽𝑽−
𝟐𝟐
𝟑𝟑 + 𝒄𝒄𝑽𝑽−

𝟒𝟒
𝟑𝟑 + 𝒅𝒅𝑽𝑽−𝟐𝟐 Eq.  2 

where a, b, c, and d are fitting parameters. The BM4 fitting used data from 6 different volumes. The 

vibrational energy contribution of the lattice can be calculated through the quasiharmonic phonon 

calculations based on the supercell method [23] as, 

𝑭𝑭𝑽𝑽𝑽𝑽𝑽𝑽(𝑽𝑽,𝑻𝑻) = 𝑲𝑲𝒃𝒃𝑻𝑻∫ 𝐥𝐥𝐥𝐥 [𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 ℏ𝝎𝝎
𝟐𝟐𝑲𝑲𝒃𝒃𝑻𝑻

∞

𝟎𝟎 ]𝒈𝒈(𝝎𝝎,𝑽𝑽)𝒅𝒅𝒅𝒅   Eq.  3 

where g(ω,V)[41] is the phonon density of states as a function of volume (V) and frequency (ω) [41]. 

The software phonopy [42] was used to obtain the temperature dependent properties. 

 

3.2 Thermodynamic modeling 

The Gibbs energy functions of pure Yb and Sb were obtained from the Scientific Group Thermodata 

Europe (SGTE) database [43]. The YbSb2, YbSb, Yb11Sb10, Yb4Sb3, Yb16Sb11 and Yb5Sb3 phases were 
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modeled as stoichiometric compounds. The liquid phase was modeled with the associate model to 

describe strong short-range interactions that are believed to exist due to the high congruent melting 

point of the Yb4Sb3 compound as generally performed in the literature [44,45] and supported by the 

recent ab initio molecular dynamic simulations for the Ba-Bi system.[46] 

 

The Gibbs energy of the YbSb2, YbSb, Yb11Sb10, Yb4Sb3, Yb16Sb11 and Yb5Sb3 above room 

temperature are described using the SGTE model as follows 

𝑮𝑮𝒀𝒀𝒀𝒀𝒙𝒙Sb𝒚𝒚 − 𝑯𝑯𝑺𝑺𝑺𝑺𝑺𝑺 = 𝒂𝒂 + 𝒃𝒃𝒃𝒃 + 𝒄𝒄𝒄𝒄 𝒍𝒍𝒍𝒍𝑻𝑻 + 𝒅𝒅𝑻𝑻𝟐𝟐 + 𝒆𝒆𝑻𝑻−𝟏𝟏 + 𝒇𝒇𝑻𝑻𝟑𝟑   Eq.  4 

where a, b, c, d, e and f are the model parameters[47] evaluated from the temperature dependent Gibbs 

energy predicted by the quasiharmonic approximation from Chong et al., [19] and HSER refers to the 

enthalpies of face centered cubic (fcc) Yb and rhombohedral-Sb at 298.15K and 1 bar.  

 

The large difference in melting point between Yb4Sb3 and its constituents indicate a strong interaction 

between Yb and Sb in the liquid phase. The associate chosen for this system is Yb4Sb3, in accordance 

with the composition of the highest melting compound and the compound melting congruently, which is 

a reasonable assumption to make based on these facts [48]. The Gibbs energy function of the liquid phase 

is expressed as 

𝑮𝑮𝒎𝒎
𝑳𝑳𝑳𝑳𝑳𝑳(𝑻𝑻,𝒚𝒚𝒊𝒊) = ∑ 𝒚𝒚𝒊𝒊𝑮𝑮𝒊𝒊𝑳𝑳𝟑𝟑

𝒊𝒊=1 + 𝑅𝑅𝑅𝑅∑ 𝒚𝒚𝒊𝒊𝒍𝒍𝒍𝒍𝒚𝒚𝒊𝒊 + ∑ ∑ 𝒚𝒚𝒊𝒊𝒚𝒚𝒋𝒋 ∑ 𝑳𝑳𝒊𝒊,𝑗𝑗
𝒗𝒗,𝐿𝐿�𝒚𝒚𝒊𝒊 − 𝒚𝒚𝒋𝒋�

𝒗𝒗𝒏𝒏
𝒗𝒗=0

𝟑𝟑
𝒋𝒋>𝑖𝑖

𝟐𝟐
𝒊𝒊=1

𝟑𝟑
𝒊𝒊=1   Eq.  5 

where R, T and yi are the gas constant, temperature and the mole fraction of specie i in the liquid phase 

respectively. The i and j represent the 3 species Sb, Yb, and Yb4Sb3 of the binary system in the alphabetic 

order. In the 𝐺𝐺0 𝑖𝑖
𝐿𝐿 parameter represents the Gibbs energy of pure Sb, Yb and the Yb4Sb3 specie in the 

liquid phase. The interaction parameter, 𝑳𝑳𝒊𝒊,𝑗𝑗
𝒗𝒗,𝐿𝐿, is of the form as follows 
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𝑳𝑳𝒗𝒗 𝒊𝒊,𝑗𝑗
𝑳𝑳𝑳𝑳𝑳𝑳 = 𝑨𝑨𝒗𝒗,𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑩𝑩𝒗𝒗,𝐿𝐿𝐿𝐿𝐿𝐿 𝑻𝑻   Eq.  6 

where Liq
ji

vL ,  is the vth interaction parameter between species i and j, and the model parameters ALiqv,  and 

BLiqv,  are evaluated based on the experimental thermochemical and phase equilibria data related to the 

liquid state. The Gibbs energy function of the Yb4Sb3 specie is described as 

𝑮𝑮𝒀𝒀𝒃𝒃𝟒𝟒𝑺𝑺𝒃𝒃𝟑𝟑
𝑳𝑳𝑳𝑳𝑳𝑳 (𝑻𝑻) = 𝟒𝟒

𝟕𝟕
𝑮𝑮𝒀𝒀𝒀𝒀𝑳𝑳 + 𝟑𝟑

𝟕𝟕
𝑮𝑮𝑺𝑺𝑺𝑺𝑳𝑳 + 𝑨𝑨 + 𝑩𝑩𝑩𝑩 + 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪   Eq.  7 

where A, B and C are modeled to experimental and thermochemical experiments available in the 

literature. The first-principles data and experimental data are combined for parameter evaluation by 

calling the PARROT module in the Thermo-Calc software.[49] 

4 Results and discussion 

4.1 DFT-based first-principles calculations  

Figure 2 has strong implications about the valence state of Yb as its compositions change throughout this 

binary system. Figure 2 suggests that the divalent structures in the system are Yb11Sb10 , Yb4 Sb3, 

Yb16Sb11, Yb5Sb3, YbSb2 since these structures lie on the convex hull and have good lattice parameter 

agreement [19] with experiments when the  Yb_2 pseudopotential is applied in the DFT calculations. 

These claims can be further supported by Bodnar et al.[35] that the valence state of Yb in the Yb11Sb10, 

Yb5Sb3 and YbSb2 structure is +2 due to the magnetic susceptibility of the structure through the Faraday 

technique. This measurement can be further supported by the fact that the Yb11Sb10 and Yb5Sb3 can be 

found in other alkaline rare-earth (Sr,Ba) pnictide (Sb,Bi,As) systems where the alkaline rare-earth 

metals tend to be divalent. By this logic, it is reasonable to assume that Yb is divalent in the Yb16Sb11 

structure since it is found in the aforementioned systems as well. Bodnar et al. [35] also measured that 

the Yb4Sb3 compound contained both +2 and +3 Yb atoms, which is further supported by Suga et al.’s 
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[50] study, which determined that average valence of Yb to be ~+2.3 through X-ray photoemission 

spectroscopy. This could imply that formation of the structure could be more exothermic if the Yb 

pseudopotential could handle these multi-valent cases. These experimental observations agree with the 

aforementioned computational observations in Chong et al.’s [19] work and illustrate the need for a 

pseudopotential that can handle such multivalence phenomena in order to more correctly model the 

stability of systems that show this electronic behavior.  

 

Figure 3  and Figure S 1 in the supplementary information present the electronic density of states and 

electronic band dispersion plot of the YbSb compound, respectively. These figures show that some of 

the states were partially filled with respect to the Fermi level at 0 K, which suggest that the compound 

should in fact be a conductor. Even though Abdusalyamova et al. [51] suggested that YbSb had a 

bandgap of 0.8 eV, a more recent experimental study conducted by Kawamura et al. [32]  indicated that 

YbSb was metallic in nature, which agrees with the DFT-based prediction.  

 

The dielectric tensor and Born effective charges of the YbSb compound were computed in the present 

work and presented in Table S 2 and Table S 3 of the supplementary information, respectively. The 

values suggest that the structure has dipole-dipole interactions. Figure 4 (a) and (b) show the phonon 

dispersions and the phonon density of states of the YbSb compound predicted using the Yb_3 

pseudopotential with a 64 atom supercell. The phonon dispersions have 6 phonon bands based on the 2-

atom YbSb primitive cell without imaginary modes, demonstrating the importance of treating one of the 

4f14 electrons as delocalized by using the Yb_3 pseudopotential. The removal of imaginary modes 

suggests that Yb indeed has a valency of +3 in the YbSb compound. The valency of the structure 
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comparing Yb_3 and Yb_2 pseudopotentials was further studied through Bader charge analysis as well 

as Born effective charges, which are presented in the supplementary material.  

 

The temperature dependent heat capacity of YbSb predicted by the quasiharmonic approximation  with 

the Yb_3 pseudopotential is compared with the Neumann-Kopp prediction in Figure 5, alongside the 

heat capacities of its elemental constituents (Yb and Sb) provided by SGTE. The kink at 553 K is present 

in both the Neumann-Kopp prediction and the heat capacity of Yb. The temperature at which this occurs 

is well below the fcc-bcc transformation (1038 K) and the melting point of Yb (1097 K). The possibility 

of a magnetic transition was also implausible based on the study of Lock et al. [52], who deemed the 

majority of atoms to have zero magnetic moment. The study conducted by Berg et al. [53], of which the 

SGTE model is based on, proposed that the kink could be related to the excitation of electrons in the 14f 

shell into the conduction band. This hypothesis; however, is yet to be tested and published in the 

literature.  

 

4.2 Thermodynamic modeling 

The temperature dependent thermodynamic properties of the YbSb phase, predicted by the Yb_3 

pseudopotential, were used to model its Gibbs energy function. The Gibbs energy models of other 

intermetallic compounds are based on the thermodynamic properties predicted by Chong et al. [19] using 

the Yb_2 pseudopotential. Figure 6 compares the enthalpy of formation data in the system at 298.15 K 

between the model by Liu et al. [15] and the current work. As it can be see, this study’s convex hull is 

lower in energy and is based on more data points rather than just Pratt et al.’s[14] work. As mentioned 

earlier in the manuscript, the enthalpy of formation of YbSb calculated with the Yb_3 pseudopotential 
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will not be considered in the current modeling work, hence, was not plotted in Figure 6. The 

thermodynamic model shows good agreement with the DFT predictions, with the largest discrepancy 

being a 3.6kJ (4.2%) difference between the model and the DFT prediction for Yb11Sb10. Model 

parameters of all phases are collected in Table 2. The comparison of the thermodynamic properties 

between CALPHAD database and the predicted DFT calculations can be found in the supplementary 

information.  

 

The Yb4Sb3 associate is considered for the liquid phase in the present study to describe the short-range 

ordering. Figure 7 shows the fractions of species in liquid at 1973 K, above the congruent melting point 

of Yb4Sb3. As it can be observed, the closer the composition is to the molar fraction of 0.6, the greater 

the amount of the Yb4Sb4 associate, indicating the strong interactions between the Yb and Sb to form the 

associate. Figure 8 (a) and (b) presents the partial enthalpy of mixing energies of Yb and Sb in the liquid 

state measured by Sudavtsova et al. [28] and from the CALPHAD modeling by Liu et al. [15] in 

comparison with the present work. As it can be seen in Figure 8 (a), the experimental partial enthalpy of 

mixing differs between 50-80kJ/mol from Liu’s model and 5-20kJ/mol from the present work. Though 

the difference between Sudavtsova et al.’s [28] experiments and the current model’s calculations are still 

relatively high , it is believed that the discrepancies are acceptable due to the scatter of datapoints and 

lack of error bars in the data. Figure 8 (b) presents a similar result except there is a much larger scatter 

in the measurements by Sudavtsova et al.[28] (1-80 kJ/mol). Nevertheless, the present model has better 

agreement with the experiments than Liu’s model. 

 

Figure 9 (a) shows the phase diagram calculated from the present thermodynamic model. As it can be 

seen the invariant reactions observed by Abulkhaev et al. [13] were reproduced within the proposed error 



15 

 

range. The invariant reaction between the high temperature and low temperature of Yb5Sb3 at 1405°C is 

not considered in the present work as discussed above. The melting point of Yb16Sb11 was chosen to be 

an average of the melting points of Yb5Sb3 and Yb4Sb3 at  1627°C. The invariant reactions and melting 

points calculated from the present model can be found in Table 2. Figure 9 (b) shows the Yb-Sb phase 

diagram calculated with Liu et al.’s database superimposed on this current work’s model. As it can be 

seen there is good agreement of the liquidus lines and the invariant reactions between both models. The 

largest discrepancy can be observed on the Sb rich side between x(Sb) of 0.7 and 0.9, where Liu et al.’s 

phase diagram has liquids that is lower in temperature by ~50 K, which has minimal impact on the 

agreement with the experimental data as shown in Figure 9 (a). 

 

Figure 10 (a) presents the proposed phase diagram by Bodnar et al. [25], in which it was observed that 

Yb5Sb3 was in equilibrium with the gas phase and not the liquid, in contrast to the observations by 

Abulkhaev’s work [13]. With the Gibbs energy of the gas phase from the SGTE SSUB5 thermodynamic 

database [43], Figure 10 (b) shows that on the Yb rich side there is a temperature range between 1200-

1450°C where the gas phase is in equilibrium with Yb5Sb3, in agreement with the observations by Bodnar 

et al.[25] Furthermore, it predicts that Yb16Sb11 is also in equilibrium with the gas phase, and Yb4Sb3 

melts congruently as also observed by Bodnar et al.[25]. This is an important finding, since it is known 

that the vapor pressure of Yb is quite high [21] and its vaporization temperature is 1196°C and yet it is 

not discussed in Abulkhaev’s study [13]. Figure 10 (c) presents the vapor pressure of Yb and Sb at 

1400°C as a function of composition of Sb. The Sb vapor pressure plotted, represented by the solid black 

line, is the summation of all 4 of the vapor pressures of the individual Sb gas species present in the 

database. The red dashed line represents the vapor pressure of Yb at xSb=~0.6, the vapor pressure of ~30 

Pa, indicating substantial sublimation and the need to verify the compositions after the DTA experiment, 
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which were not carried out in either work [13,25]. More experimental work on the equilibria data in the 

Yb-Sb system is desirable. 

 

5 Conclusions 

The Yb-Sb binary system has been remodeled using the CALPHAD approach based on available 

experimental data in the literature and first-principles calculations in the present work. Based on 

experimental and computational evidence, the Yb16Sb11 compound is included and the high temperature 

transformation of Yb5Sb3 is removed. Finite temperature predictions the phonon method of the YbSb 

compound with two different Yb pseudopotentials are compared. The liquid short-range order in the 

system is described through the associate model. The resulting thermodynamic model is compared with 

the thermochemical and phase equilibria data found in the literature with satisfactory agreement. This 

model will be used to develop the thermodynamic model of Mn-Sb-Yb ternary system with the 

Yb14MnSb11 Zintl phase. 
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Table 1 Crystallographic data of the intermetallic phases in the Yb-Sb binary system. The table 

presents the enthalpy of formation values predicted by DFT with the PBEsol functional alongside Yb_2 

pseudopotential from Chong et al.’s work [19] as well as the calorimetric measurement of YbSb by 

Pratt et al. [14]. The table presents the charge of Yb measured and predicted in different structures. 

Phases Pearson 
Symbol 

Space 
Group Mehod 

ΔH 
(kJ/mol-

atom) 
Ref Yb 

charge Ref 

Yb cF8 𝐹𝐹𝐹𝐹3�𝑚𝑚    2 [54] 

Yb5Sb3 hP16 𝑝𝑝63
/𝑚𝑚𝑚𝑚𝑚𝑚 DFT -98.48 [19] 2 [35] 

Yb16Sb11 tP56 𝑃𝑃4�21𝑚𝑚 DFT -101.94 [19] -  
Yb4Sb3 cl28 𝐼𝐼4�3𝑑𝑑 DFT -100.24 [19] 2.34 [35,50] 

Yb11Sb10 tl84 𝐼𝐼4/𝑚𝑚𝑚𝑚𝑚𝑚 DFT -96.70 [19] 2 [35] 
YbSb cF8 𝐹𝐹𝐹𝐹3�𝑚𝑚 Experiment -62 [14] 3 [34,35] 

   DFT -64.03 [19]  
YbSb2 oS12 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 DFT -68.29 [19] 2 [35] 

Sb hR6 𝑅𝑅3�𝑚𝑚    N/A  
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Table 2 Invariant reactions in the Yb-Sb system  

Reaction type Reaction T/K Method Reference 

Eutectic Liquid ↔ Rhombohedral+YbSb2 893±10 Experimental [13] 

  880 Calculated This work 

Peritectic Liquid+YbSb ↔ YbSb2 1118±15 Experimental [25] 

  1078±5 Experimental [13] 

  1080 Calculated This work 

Peritectic Liquid+Yb11Sb10 ↔ YbSb 1348±10 Experimental [25] 

  1340 Calculated This work 

Peritectic Liquid+ Yb4Sb3↔ Yb11Sb10 1678±10 Experimental [13] 

  1684 Calculated This work 

Congruent Liquid ↔ Yb4Sb3 1813±10 Experimental [25] 

  1953±15 Experimental [13] 

  1963 Calculated This work 

Peritectic Liquid+ Yb4Sb3 ↔ Yb16Sb11 1900 Calculated This work 

Peritectic Liquid+ Yb16Sb11 ↔ Yb5Sb3 1813±15 Experimental [13] 

  1823 Calculated This work 
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 Eutectic Liquid ↔  Yb5Sb3+ BCC_A2 1083±5 Experimental [13] 

  1063 Calculated This work 

Peritectic BCC_A2↔FCC_A1+Yb5Sb3 1038±5 Experimental [13] 

  1033 Calculated This work 
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Table 3 The parameters of the present thermodynamic modeling of Yb-Sb system  

Phase and model Model parameters 

Liquid, 
(Sb,Yb4Sb3, Yb) 

𝐺𝐺𝑌𝑌𝑌𝑌4𝑆𝑆𝑏𝑏3 − 74000 + 0.2𝑇𝑇 + 0.571428𝐺𝐺𝑌𝑌𝑌𝑌
𝐿𝐿𝐿𝐿𝐿𝐿 + 0.428571𝐺𝐺𝑆𝑆𝑆𝑆

𝐿𝐿𝐿𝐿𝐿𝐿
 

 𝐿𝐿0 𝑆𝑆𝑆𝑆,𝑌𝑌4𝑆𝑆𝑏𝑏3
𝐿𝐿𝐿𝐿𝐿𝐿 = −55000 + 14𝑇𝑇 

𝐿𝐿1 𝑆𝑆𝑆𝑆,𝑌𝑌4𝑆𝑆𝑏𝑏3
𝐿𝐿𝐿𝐿𝐿𝐿 = 24000 

𝐿𝐿0 𝑌𝑌𝑌𝑌,𝑌𝑌𝑏𝑏4𝑆𝑆𝑏𝑏3
𝐿𝐿𝐿𝐿𝐿𝐿 = −41500 + 25𝑇𝑇 

 𝐿𝐿1 𝑌𝑌𝑌𝑌,𝑌𝑌4𝑆𝑆𝑏𝑏3
𝐿𝐿𝐿𝐿𝐿𝐿 = 20500 − 4𝑇𝑇 

BCC 
(Sb,Yb) 

𝐿𝐿0 𝑆𝑆𝑆𝑆,𝑌𝑌𝑌𝑌
𝐵𝐵𝐵𝐵𝐵𝐵 = −209850 

 
FCC 

(Sb,Yb) 
𝐿𝐿0 𝑆𝑆𝑆𝑆,𝑌𝑌𝑌𝑌
𝐹𝐹𝐹𝐹𝐹𝐹 = −210825 

 
YbSb2 

 
𝐺𝐺𝑌𝑌𝑌𝑌𝑌𝑌𝑏𝑏2 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = −230740 + 409.9𝑇𝑇 − 81.98𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) − 0.00395𝑇𝑇2 + 207313𝑇𝑇−1 − 2.17 × 10−6𝑇𝑇3  
(J/mol-formula) 

YbSb 𝐺𝐺𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = −214850 + 247.92𝑇𝑇 − 50.68𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) − 0.000482𝑇𝑇2 + 79696𝑇𝑇−1 − 3.23 × 10−7𝑇𝑇3                                       
(J/mol-formula) 

Yb11Sb10 𝐺𝐺𝑌𝑌𝑏𝑏11𝑆𝑆𝑏𝑏10 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = −2282010 + 2736.8𝑇𝑇 − 556𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) + 0.00432𝑇𝑇2 + 1040607𝑇𝑇−1 − 9.18 × 10−6𝑇𝑇3 
(J/mol-formula) 

Yb4Sb3 𝐺𝐺𝑌𝑌𝑏𝑏4𝑆𝑆𝑏𝑏3 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = −766156 + 891.8𝑇𝑇 − 184𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) + 0.00162𝑇𝑇2 + 236985𝑇𝑇−1 − 3.46 × 10−6𝑇𝑇3                                                                                                                       
(J/mol-formula) 

Yb16Sb11 𝐺𝐺𝑌𝑌𝑏𝑏16𝑆𝑆𝑏𝑏11 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = -2960444 + 3332𝑇𝑇 − 696𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) + 0.00408𝑇𝑇2 + 957485𝑇𝑇−1 − 7.77 × 10−6𝑇𝑇3    
(J/mol-formula) 

Yb5Sb3 𝐺𝐺𝑌𝑌𝑏𝑏5𝑆𝑆𝑏𝑏3 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = −851897 + 989.6𝑇𝑇 − 205𝑇𝑇 𝑙𝑙𝑙𝑙(𝑇𝑇) − 0.00312𝑇𝑇2 + 218237𝑇𝑇−1 − 2.04 × 10−6𝑇𝑇3                                                                                                                   
(J/mol-formula) 
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Figure 1 (a) Measured [14,30] and DFT predicted [31] enthalpies of formation of compounds with the 

rocksalt rare-earth-pnictide ReSb structure (b) and the Re4Sb3 𝐼𝐼4�3𝑑𝑑 structure (Re=Rare-earth metal) . 
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Figure 2  Enthalpies of formation of intermetallic compounds in the Yb-Sb system predicted by DFT at 

0 K applying both Yb_2 ( ) and Yb_3 ( ) pseudopotentials from Chong et al.’s work [19]. Zoomed in 

image shows the enthalpies of formation of orthorhombic and hexagonal Yb5Sb3 predicted with Yb_2 

and their relation to the convex hull. 
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Figure 3 Electronic density of states of the rocksalt YbSb compound predicted by first-principles 

calculations based on DFT with the Yb_3 pseudopotential. The energies are referenced to the Fermi 

energy (blue line). 
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Figure 4 (a) Phonon dispersion of the YbSb phase in the rocksalt structure plotted along the presented 

symmetrical principal directions. (b) Total phonon density-of-states as a function of frequency (THz). 
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Figure 5 Heat capacity as a function of temperature of the YbSb compound predicted by the Neumann-

Kopp approximation ( ) and phonon supercell calculations ( ) alongside the heat capacity from the 

SGTE database of FCC Yb ( ) and Rhombohedral Sb ( ) for comparison.  
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Figure 6 Enthalpies of formation at 300 K of the intermetallic compounds in the Yb-Sb system, with the 

dashed and solid curves representing Liu et al.’s [15]  and this study’s CALPHAD modeling, 

respectively. The square symbols ( ) represent the DFT-based calculations using Yb_2 pseudopotential 

[19] and the triangle ( ) represents experimental value measured by Pratt et al.[14]. 
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Figure 7 Mole fraction of species in the liquid phase as a function of mole fraction of Yb at 1973 K 

from the present study’s CALPHAD modeling.  
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Figure 8 (a) Partial enthalpy of mixing of Yb at 1030 K and (b) Sb in liquid at 1140 K of both Liu et 

al.’s [15] and the present work’s models compared with experimental data from Sudavtsova et al. [28] 

at multiple temperatures. 
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Figure 9 (a) Calculated phase diagram of the Yb-Sb system in the present study compared with 

experimental data [13] (b) Calculated phase diagram of this study and Liu et al.’s [15] work (Blue and 

pink dashed lines). 



38 

 

7  

 

 

Figure 10 (a) Proposed phase diagram by Bodnar et al. [25]: ( ) single-phase solid region; ( ) two-

phase solid region; ( ) liquid; ( ) liquid and solid (b) Calculated phase diagram including the gas 

phase modeled in the SGTE database at the total pressure of 101325 Pa. (c) Partial vapor pressures of 

Yb and Sb at 1673 K as a function of composition.  
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