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Pressure-dependent structural, 
mechanical, and electronic 
properties of XAu (X = Er, Tm) 
intermetallic compounds from first-
principles calculations
A. Benmakhlouf1, R. Mezouar1,2, S. Daoud1, M. A. Ghebouli3,4, M. Fatmi 3, 
K. Bouferrache3,5, A. Djemli4,6, Mustafa Jaipallah Abdelmageed Abualreish7, Aseel Smerat8, 
S. Alomairy9,10 & Murat Yaylacı11,12

First-principles calculations of the structural parameters, elastic constants, mechanical moduli, 
Debye temperature, and density of states (DOS) of cubic CsCl-type (B2) XAu (X = Er, Tm) rare-earth 
intermetallic compounds under hydrostatic compression up to 20 GPa have been performed. The 
calculations were carried out within the framework of density functional theory (DFT) using the 
pseudopotential plane-wave (PP-PW) method and the local density approximation (LDA). The 
calculated elastic constants indicate that both ErAu and TmAu with the CsCl-type (B2) phase satisfy 
the Born mechanical stability criteria at equilibrium and under pressure up to 20 GPa for ErAu and up 
to about 19 GPa for TmAu. The zero-pressure structural parameters, elastic constants, and mechanical 
moduli are generally in good agreement with previously reported theoretical data. The calculated 
zero-pressure Young’s modulus values are 96.61 GPa for ErAu and 73.94 GPa for TmAu, while the 
corresponding Debye temperatures are 193 K and 167 K, respectively. The obtained results reveal that 
hydrostatic pressure enhances the stiffness of both compounds, as reflected by the general increase in 
the elastic constants, acoustic wave velocities, and Debye temperature. Both ErAu and TmAu exhibit 
ductile behavior according to Pugh’s ratio and show noticeable elastic anisotropy. The electronic-
structure analysis confirms the metallic character of both compounds, while additional GGA + U 
calculations indicate that the localized 4f states are sensitive to the Hubbard correction without 
changing their metallic nature. The pressure-dependent elastic constants and related mechanical 
and thermodynamic properties of XAu (X = Er, Tm) intermetallic compounds have not been previously 
reported; therefore, the present results provide useful predictions and reference data for future 
theoretical and experimental studies.
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 Intermetallic compounds (IMCs) constitute a distinct class of materials that generally combine metallic and 
ceramic characteristics, such as high strength, high stiffness, good thermal stability, and complex bonding. 
These characteristics make this class of materials particularly relevant for fundamental research and advanced 
technological applications1. Among intermetallic compounds, rare-earth mono-aurides Ln-Au (Ln = Ce, Pr, Nd, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) have attracted considerable attention because of their high strength, very 
high melting points, high stiffness, good ductility, corrosion resistance, oxidation resistance, high-temperature 
mechanical performance, and good electrical properties2.

High-temperature materials are essential for technologies operating under severe thermal and mechanical 
conditions, and gold-based rare-earth intermetallic have been considered promising candidates for such 
applications because of their remarkable physical and mechanical properties3. From the electronic point of view, 
previous first-principles investigations of REAu (RE = Tb, Ho, Er, Tm, and Yb) compounds showed their metallic 
character from density of states and band-structure analyses, and also indicated interesting thermoelectric 
behavior for some members of this family4. Experimentally, Chao et al. successfully synthesized CsCl-type phases 
of several gold- and silver-based rare-earth intermetallic compounds and showed that the unit-cell sizes of gold-
based compounds are smaller than those of the corresponding silver-based alloys, suggesting stronger gold–
rare-earth bonding5. Using the modified analytical embedded atom method, Wu et al. theoretically investigated 
the thermodynamic properties and lattice parameters of several RE-Au binary systems6. Saccone et al. studied 
the alloying behavior of Ho–Au, Er–Au, and Tm–Au systems using optical microscopy, scanning electron 
microscopy, X-ray diffraction, differential thermal analysis, and electron probe microanalysis techniques7. 
Meschel and Kleppa investigated the thermochemistry of binary alloys of gold with lanthanide metals by high-
temperature direct synthesis calorimetry8. Kissell and Wallace reported the magnetic characteristics of some 1:1 
compounds of lanthanides with gold and aluminum9. In addition, Gingerich and Finkbeiner determined the 
dissociation energies and predicted the stability of several gaseous rare-earth mono-aurides10.

From the theoretical side, Ahamad et al. investigated strongly correlated rare-earth mono-aurides Ln-Au 
using first-principles calculations and reported their structural, elastic, and mechanical properties at zero 
pressure. Their work was based on the GGA-PBEsol approach11 and the full-potential linearized augmented 
plane wave method implemented in the WIEN2k code12. However, to the best of our knowledge, there is no 
experimental or theoretical report in the literature on the pressure-dependent mechanical, thermodynamic, 
and electronic properties of XAu (X = Er, Tm) intermetallic compounds under hydrostatic compression. 
Recent ab initio studies have further confirmed the importance of first-principles approaches for describing 
structural, elastic, thermodynamic, electronic, and magnetic properties of intermetallic and related compounds. 
Benmakhlouf et al.13 investigated cubic CsCl-type MgCa and showed that DFT calculations can provide reliable 
structural, elastic, and thermodynamic parameters for B2-type intermetallic systems. Bioud et al.14 studied the 
thermodynamic and mechanical properties of B2-type CoTi and demonstrated the usefulness of elastic constants 
and Debye temperature in evaluating mechanical and thermal behavior. Zerrougui et al.15 investigated FeX (X 
= Pt, Pd) phases and emphasized the importance of electronic and magnetic analyses in understanding metallic 
behavior and magnetic interactions. Chihi et al.16 also combined experimental and theoretical approaches to 
study the structural, elastic, thermoelastic, and electronic properties of MO3 (M = Cr, Fe, Al) compounds. 
These studies support the relevance of the present pressure-dependent investigation of structural, elastic, 
thermodynamic, and electronic properties of ErAu and TmAu intermetallic compounds. Recent first-principles 
studies have also demonstrated the importance of combining elastic, electronic, and phonon analyses for gold-
based and B2-type intermetallic compounds. For instance, Al et al. investigated the mechanical and dynamical 
properties of X3AuX (X = Ti, Zr, and V) gold-based compounds and showed that elastic stability and phonon 
spectra provide complementary information on the stability of these systems17. Similarly, Arikan and Bayhan 
studied the structural, electronic, and phonon properties of ZrRu and ZrZn in the B2 phase, emphasizing 
the usefulness of electronic band structures, density of states, and phonon dispersion in assessing metallicity 
and dynamical stability18. These studies further motivate the present investigation of the pressure-dependent 
structural, mechanical, and electronic properties of ErAu and TmAu in the CsCl-type B2 phase.

The present work aims to investigate the structural, elastic, mechanical, thermodynamic, and electronic 
properties of ErAu and TmAu intermetallic compounds in the cubic CsCl-type B2 phase under hydrostatic 
pressure up to 20 GPa. The pressure dependence of the elastic constants, mechanical stability, elastic anisotropy, 
acoustic wave velocities, Debye temperature, and electronic structure is systematically discussed.

Computational procedure
All first-principles calculations were performed within the (DFT) framework using the CASTEP software19. 
We adopted a plane-wave basis set and treated exchange-correlation (XC) interactions using the (LDA) 
parameterized by the Ceperley-Alder and Perdew-Zunger (CA-PZ) functional20,21. To reduce the plane-
wave basis size, chemically inert core electrons were described via ultra-soft pseudopotentials22. The kinetic 
energy cutoff for the plane-wave expansion was set to 700 eV. Brillouin zone integration was performed using 
a Monkhorst-Pack23 scheme with a 16 × 16 × 16 k-point grid. Full structural relaxation was carried out by 
optimizing the lattice parameters to minimize the total energy, atomic forces, and unit-cell stresses. Convergence 
criteria for the geometry optimization were established as follows: total energy variations below 5 × 10− 6 eV/
atom, maximum residual stress under 0.02 GPa, maximum ionic displacement below 5 × 10− 4 Å, and Hellmann-
Feynman forces restricted to 0.01 eV/Å.
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Results and discussions
Structural properties
As we have mentioned in the abstract section, both ErAu and TmAu intermetallic compounds crystallize in 
cubic CsCl-type structure. To determine the equilibrium structural parameters, frequently both the total energy 
versus the volume of the unit cell (E-V) curve or data13 and the pressure versus the unit cell volume (P-V) curve 
or data24 have been used. The dependence of the total energy with the volume of the unit cell for both XAu (X = 
Er, Tm) materials is illustrated in Fig. 1. By fitting the (E-V) data illustrate in Fig. 1 with the Birch-Murnaghan’s 
equation of state (BM-EOS)25, we obtain four different equilibrium parameters, especially: the minimum total 
energy E0, the bulk modulus B0, the lattice parameter a0, and the derivative of the bulk modulus with respect to 
pressure B′

0.Theexpression of the BM-EOS, which used here, is given as follows13:
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where, V0 is the equilibrium volume of the unit-cell, whileE0 is the minimum total energy.
Our calculated values of the equilibrium lattice parametera0, bulk modulus B0 and its pressure derivative B′

0 
as well as the minimum total energy E0for both XAu (X = Er, Tm) materials are summarized in Table 1, along 
other theoretical data2,26 and experimental values5 of the literature.

  
There is strong evidence that our calculated values of a0 coincide well with other theoretical data2,22 and 

experimental values5 of the literature. The deviation between our value (3.49 Å) of the lattice parametera0 and 
the experimental one (3.527 Å) reported by Chao et al.4 for ErAu intermetallic compound, and between our 
value (3.48 Å) of the a0 and the experimental one (3.527 Å) reported by Chao et al.5 for TmAu material is less 
than 1.1%. Note that the LDA approach gives lower values for the lattice parameter than both those obtained 
from the experience and the GGA approach13.

Material Method a 0(Å) B 0 (GPa) B′ 0 E 0 (eV)

ErAu
This work 3.49

96.97 4.26 − 6139.836
Other works 3.51a, 3.59b, 3.5674c, 3.527 d, 3.52 e, 3.569f

TmAu
This work 3.48

92.43 4.80 − 6737.535
Other works 3.50a, 3.54 b, 3.5459 c, 3.516d

Table 1.  Lattice parameter a0 (Å), bulk modulus B0(GPa), its pressure derivative B′
0andminimum total 

energy E0(eV) for both XAu (X = Er, Tm) materials, in comparison with other data of the literature2,5,26. aRef2. 
(PBEsol-GGA), b Ref2. (PBE-GGA), c Ref2. (GGA + U), d Ref5. Experimental, e Ref26. EAM approach, f Ref26. 
VASP code.

 

Fig. 1.  Total energy as a function of unit-cell volume for ErAu and TmAu intermetallic compounds in the 
cubic CsCl-type B2 structure. The equilibrium structural parameters were obtained by fitting the energy–
volume data using the Birch–Murnaghan equation of state.
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Figure 2 shows the variation of the volume V of the unit-cell as a function of the applied hydrostatic pressure 
up to 20 GPa for both ErAu and TmAu materials. It is observed that the volume V of both ErAu and TmAu 
intermetallic compounds decreases monotonically with applied pressure up to 20 GPa. The decreasing of the 
volume V for both materials is a consequence of decreasing of the bond-length under elevated pressure.

To provide a quantitative description of this compression effect, the relative volume reduction was estimated 
from the calculated pressure-volume data. For ErAu, the unit-cell volume decreases from about 42.5 Å3 at 0 GPa 
to about 36.9 Å3 at 20 GPa, corresponding to a reduction of approximately 13%. For TmAu, the volume decreases 
from about 42.1 Å3 to about 36.5 Å3 over the same pressure range, giving a similar reduction of about 13%. This 
comparable compressibility behavior indicates that both compounds respond similarly to hydrostatic pressure, 
which is expected because they crystallize in the same B2 CsCl-type structure and contain neighboring rare-
earth elements. The volume contraction reflects the shortening of the Er–Au and Tm–Au bond lengths under 
pressure, leading to stronger interatomic interactions and, consequently, increased elastic stiffness.

Mechanical properties
Determining elastic constants provides a robust benchmark for evaluating theoretical models27. It is widely 
recognized that density functional theory (DFT) based first-principles calculations yield highly accurate 
predictions for the elastic behavior of inorganic materials28. Moreover, characterizing these elastic and 
mechanical features provides essential insights into fundamental macroscopic thermal parameters, including 
specific heat, thermal expansion coefficients, Debye temperatures, and melting points28. Contemporary first-
principles frameworks have advanced to a level of precision where they can reliably predict the physical 
properties of materials prior to experimental synthesis, as well as accurately reproduce existing empirical data27. 
Cubic crystals are governed by three independent elastic constants: C11, C12, and C44

29. Consequently, the bulk 
modulus B is derived using the relation B = (C11 + 2C12)/328,29. The calculated elastic constants Cij and bulk 
moduli B for the ErAu and TmAu intermetallic compounds are presented in Table 2, alongside comparative 
theoretical values from the literature2.

  
As we see, there are differences between our elastic constants calculated using the PP-PW method combined 

with the LDA approach, and these reported by Ahamad and co-workers2, who have used the FP-LAPW method 
within GGA-PBE-sol. As a consequence, it can be said that the differences between the outcomes are due to 
different calculation techniques used in each work. The melting temperature Tm is a critical thermal parameter 
for evaluating solids in high-temperature applications30. For numerous cubic solids, Tm strongly correlates with 
the bulk modulus B through the empirical linear relationship Tm = 9.3B + 60731, where Tm is given in K and B 
in GPa. By substituting our determined zero-pressure bulk moduli (B0 = 91.59 GPa for ErAu and 86.26 GPa for 
TmAu) into this equation, we estimate the melting points of the ErAu and TmAu intermetallic compounds to be 
1458.8 K and 1409.2 K, respectively. These theoretical estimates are notably lower than the experimental values 
documented in established phase diagrams, which report 1710 K for ErAu and 1720 K for TmAu7. Furthermore, 

Fig. 2.  Pressure dependence of the unit-cell volume of ErAu and TmAu intermetallic compounds in the CsCl-
type B2 phase up to 20 GPa. The monotonic decrease in volume reflects the compression-induced shortening 
of Er–Au and Tm–Au bond lengths.
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to elucidate the impact of hydrostatic pressure on the mechanical stability of these intermetallic, we evaluated the 
independent elastic constants C11, C12, and C44 at pressures up to 20 GPa. The resulting pressure dependence 
of these elastic constants for both ErAu and TmAu crystals is illustrated in Fig. 3.

The elastic constants C11 and C12 exhibit closely parallel growth trends with rising pressure, whereas C44 
responds differently, demonstrating a substantially weaker sensitivity to hydrostatic compression. Overall, the 
evaluated constants C11, C12, and C44 display a non-linear dependence on applied pressure. In the presence of 
external hydrostatic stress, the mechanical stability conditions for cubic crystals are modified to the following32,33:

	
K = 1

3 (C11 + 2C12 + p) ≻ 0� (2)

	
G = 1

2 (C11 − C12 − 2p) ≻ 0� (3)

	 G′ = C44 − p ≻ 0� (4)

Fig. 3.  Pressure dependence of the independent elastic constants C11, C12, and C44 for cubic ErAu and TmAu 
intermetallic compounds up to 20 GPa. The results show the evolution of the elastic response under hydrostatic 
compression.

 

Material Method  C 11  C 12  C 44  B 

ErAu
This work 130.20 72.29 42.58 91.59

Other work2 81.73 39.37 31.02 53.49

TmAu
This work 105.68 76.55 41.37 86.26

Other work2 91.21 51.76 30.80 64.91

Table 2.  Elastic constants (GPa)of for both ErAu and TmAu intermetallic compounds, along other theoretical 
data of the literature2.
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As shown in Fig. 4, our results indicate that both ErAu and TmAu intermetallic compounds with CsCl-type 
phase satisfy the Born stability criteria at equilibrium and under high pressure up to 20 GPa for ErAu and up to 
~ 19 GPa for TmAu compound, respectively.

It should be emphasized that the Born stability criteria provide information only about the mechanical 
stability of the crystal against homogeneous elastic deformations. These criteria do not prove the full dynamical 
stability of the structure, which requires phonon-dispersion calculations and the absence of imaginary phonon 
frequencies throughout the Brillouin zone. Therefore, the present results confirm the mechanical stability of the 
B2 phase of ErAu and TmAu within the investigated pressure range, while the dynamical stability under pressure 
remains to be verified by future phonon calculations. This distinction between mechanical and dynamical 
stability is consistent with previous first-principles investigations. Al et al.17 showed that, for X3AuX gold-based 
compounds, elastic stability criteria should be complemented by phonon spectra to confirm dynamical stability. 
Similarly, Arikan and Bayhan18 demonstrated that phonon-dispersion calculations are essential for confirming 
the dynamical stability of B2-type intermetallic systems. Therefore, although the present Born criteria confirm 
the mechanical stability of ErAu and TmAu under pressure, future phonon calculations are required to fully 
verify their dynamical stability.

As shown in Fig. 4, we find that the stability criterion G decreases gradually with the pressure and vanishes at 
about 19 GPa for TmAu intermetallic compound. Unfortunately, to the best of our knowledge, there are no other 
theoretical or measured data available in the literature on the Born stability criteria to compare with our results. 
The stiffness of a material structure can be investigated by calculating the polycrystalline elastic moduli34. For 
more details on the formulae describe the calculation details.

regarding these moduli for cubic crystals, please see for example28,29. The calculated values of the bulk 
modulus B, shear modulus G, Young’s modulus E, Pugh’s ratio B/G, and Poisson ratio σ of both ErAu and 
TmAu intermetallic compounds are given in Table 3, along other data of the literature2. The Pugh’s ratio B/G 
informs on the ductility and the brittleness of the crystal. Smaller value of B/G imply brittleness, the critical value 
which makes a distinction between ductility and brittleness is 1.7528. The values of the B/G ratio are more than 
1.75 for both ErAu and TmAu intermetallic compounds in all the range of hydrostatic pressure considered in 

Fig. 4.  Pressure dependence of the modified Born mechanical stability criteria K, G, and G′ for ErAu and 
TmAu intermetallic compounds in the CsCl-type B2 phase. Positive values indicate mechanical stability under 
hydrostatic pressure.
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Table 3. Therefore, both ErAu and TmAu intermetallic compounds must be classified as ductile materials and 
possessing good plasticity. In order to increase the mechanical strength of any material used in any application, 
it is necessary to know the elastic anisotropy properties of this material35. To quantify the elastic anisotropy of 
materials, we distinguish different anisotropy factors, such as universal anisotropy factor AU, Chung-Buesem 
anisotropy factor AC, and Zener anisotropy factor A36. For both ErAu and TmAu intermetallic compounds, The 
Zener anisotropy factor, A, was determined utilizing the relation A = 2C44/(C11− C12)32,36. Table 3 presents these 
evaluated factors for the intermetallic compounds ErAu and TmAu. In a perfectly isotropic crystal, A equal’s 
unity; thus, any departure from this value signifies elastic anisotropy27. Furthermore, the extent of this deviation 
directly quantifies the degree of anisotropic behavior inherent to the crystalline structure27. From Table 3, we 
can observe that the anisotropy factor was obtained larger than 1(A > 1) for both ErAu and TmAu intermetallic 
compounds, indicating thatboth ErAu and TmAu crystals are elastically anisotropicand stiffest along the < 111 
> body diagonals.

  
For comparison with related rare-earth mono-aurides, Ahamad et al.2 reported Zener anisotropy factors of 

1.465 for ErAu and 1.562 for TmAu, while other Ln-Au compounds show values such as 1.128 for HoAu, 1.247 
for LuAu, 1.035 for NdAu, and 0.999 for DyAu. These values indicate that most rare-earth mono-aurides are 
elastically anisotropic, whereas NdAu and DyAu are nearly isotropic. The present value obtained for ErAu (A = 
1.47 A = 1.47 A = 1.47) agrees very well with the previously reported value, while TmAu shows a larger anisotropy 
factor (A = 2.84 A = 2.84 A = 2.84), indicating a stronger directional dependence of the elastic response. Under 
pressure, the anisotropy of both compounds increases further, reaching A = 3.31 A = 3.31 A = 3.31 for ErAu 
and A = 4.32 A = 4.32 A = 4.32 for TmAu at 20 GPa. This suggests that hydrostatic compression enhances the 
elastic anisotropy of these B2 rare-earth mono-aurides. Additionally, we employed the ELATE software tool37 
to generate two- and three-dimensional anisotropy contour maps for Young’s modulus E, linear compressibility 
β, shear modulus G, and Poisson’s ratio ʋ for the intermetallic compounds ErAu and TmAu (shown in Figs. 5 
and 6, respectively). For a strictly isotropic material, the 3D representation of an elastic parameter, such as linear 
compressibility β, exhibits a perfectly spherical shape across all crystallographic directions. Consequently, the 
extent of elastic anisotropy within a crystal is quantified by how much its 3D surface deviates from this ideal 
spherical morphology38. Figures 5 and 6 provide clear visual evidence of the anisotropic nature of both ErAu and 
TmAu. Furthermore, the directional extremum (minimum and maximum) values for Young’s modulus E, shear 
modulus G, and Poisson’s ratio ʋ have been computed; these results are tabulated in Table 4.

The linear compressibility of ErAu and TmAu intermetallic compounds have been found to be 
βmax = βmin = 3.6393TPa−1for ErAu and 3.8643TPa− 1 for TmAu, respectively. To the best of the authors’ knowledge, 
there are no data available in the literature on the 2D and 3D anisotropy for both XAu (X = Er, Tm) materials. 
The lack of experimental and other theoretical results did not allow us to compare our results on the 2D and 3D 
anisotropy for both ErAu and TmAu compounds.

Debye temperature
The Debye temperature, θD, is a fundamental thermodynamic quantity that yields critical insights into the phonon 
spectrum of a crystal, thereby governing its thermal and electrical transport properties. Phonon wavelengths 
are characteristically short at temperatures exceeding θD, whereas they become significantly extended below 
this thermal threshold30. Typically, θD exhibits a positive correlation with applied pressure39–41 and an inverse 
relationship with temperature34,42,43. For cubic systems crystallizing in a CsCl-type phase, θD can be evaluated 
using the average sound velocity, vm, and the lattice parameter, a, according to the following expression44:

	
θD = 375.1νm

a
� (5) 

wherevmand a should be expressedin km/s and Å, respectively.
The average sound velocity vm may be calculated by performing a harmonic mean as follows33,34:

Material p (GPa)  B(GPa)  G(GPa)  E(GPa)  B/G σ  A 

ErAu

0 91.59,
53.49 a 36.48,26.63a 96.61,69.53a 2.51,2.01a 0.32,

0.28 a 1.47, 1.465 a

5 114.48 42.65 113.82 2.68 0.33 1.61

10 149.11 43.37 118.61 3.44 0.37 2.03

15 163.19 44.76 123.03 3.65 0.37 2.49

20 182.28 47.49 131.09 3.84 0.38 3.31

TmAu

0 86.26,
64.91a 27.24, 25.76 a 73.94, 69.67 a 3.17,2.52a 0.36,0.32a 2.84, 1.562 a

5 148.44 41.62 114.19 3.57 0.37 3.13

10 150.38 41.53 114.09 3.62 0.37 2.68

15 190.22 47.65 131.93 3.99 0.38 3.37

20 182.00 43.80 121.64 4.16 0.39 4.32

Table 3.  Elastic moduli, Pugh ratio (B/G), Poisson’s ratio σ, and anisotropic factor A versus pressure p up to 
20GPa for both ErAu and TmAu intermetallic compounds2. aRef2.

 

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:28680 8| https://doi.org/10.1038/s41598-026-57882-8

www.nature.com/scientificreports

Fig. 6.  Two-dimensional and three-dimensional anisotropy contour plots of TmAu, showing the directional 
dependence of (a) Young’s modulus EEE, (b) linear compressibility β\betaβ, (c) shear modulus GGG, and (d) 
Poisson’s ratio.

 

Fig. 5.  Two-dimensional and three-dimensional anisotropy contour plots of ErAu, showing the directional 
dependence of (a) Young’s modulus EEE, (b) linear compressibility β\betaβ, (c) shear modulus GGG, and (d) 
Poisson’s ratio.
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where νland νtare the longitudinal and transverse elasic wave speed, respectively. They are calculated from the 
following Equations33,34:

	
vl =

(
3B + 4G

3ρ

)1/2

and vt =
(

G

ρ

)1/2

� (7)
 

where B is the bulk modulus G is the shear modulus, and ρ is the mass density, respectively.
Our obtained values of the longitudinal, transverse andmean acoustic wave speeds, and Debye temperature 

θD for both ErAu and TmAu intermetallic compounds are narrated in Table 5, along other data of the literature2. 
It is very important to note that all the values of both elastic wave velocities (vl, vt, andvm) and Debye temperature 
θDof both ErAu and TmAu intermetallic obtained Ahamad et al.2 are not correct.At the same time, we have 
recalculated the correct values of vl, vt, vm and θD for both ErAu and TmAu intermetallic compounds, based on 
the lattice parameter aand the elastic constants Cij obtained by Ahamad et al.2, and the corrected values are also 
reported in Table 5. The origin of the discrepancy in the Debye temperature values reported by Ahamad et al.2. 
is related mainly to the numerical use of the number of atoms in the Debye-temperature expression. In Ref2., the 
authors used n = 1 for the CsCl-type structure. However, the B2 CsCl-type unit cell of ErAu and TmAu contains 
two atoms per formula unit, namely one rare-earth atom and one Au atom. Therefore, n = 2 should be used in the 
Debye-temperature calculation. Using n = 1 underestimates θD by a factor of 21/3. By using n = 2, together with 
the elastic constants, density, and sound velocities reported in Ref2., the corrected Debye temperatures listed in 
Table 5 are obtained. Therefore, the discrepancy is mainly due to a formula-unit/unit-cell counting issue in the 
Debye-temperature evaluation rather than an error in the elastic-wave velocity formulas.

  
The Debye temperature values (193 and 167 K) suggest moderate thermal stability of both ErAu and 

TmAu intermetallic compounds, making such materials suitable for medium-demand thermal and acoustic 
applications45. We observe that our values of both elastic wave velocities (vl, vt, andvm) and Debye temperature 
θDof both ErAu and TmAu intermetallics are in general higher than the theoretical data reported by Ahamad et 
al.2. The lack of other theoretical and experimental results did not allow us to compare our results. Nevertheless, 
we hope that our results can support further experiments. As shown in Table 4, all the acoustic wave speeds 

Material p (GPa)  v l(km/s)  v t (km/s)  v m(km/s) θD (K)

ErAu

0

3.145 1.604 1.798 193.0

2.537 a 1.376a 1.535 a 129.3 a

2.522 b 1.380 b 1.539 b 164.4 b

5 3.397 1.695 1.901 207.3

10 3.662 1.676 1.889 208.6

15 3.739 1.675 1.890 211.0

20 3.869 1.701 1.921 216.5

TmAu

0

2.928 1.380 1.553 167.0

2.644 a 1.323 a 1.484 a 125.5 a

2.646 b 1.348 b 1.511 b 161.9 b

5 3.687 1.666 1.878 205.2

10 3.631 1.631 1.840 203.6

15 3.965 1.718 1.941 217.2

20 3.804 1.624 1.835 207.4

Table 5.  Longitudinal, transverse, and average acoustic wave velocities and Debye temperature versus pressure 
up to 20 GPa for ErAu and TmAu intermetallic compounds, compared with the wrong values reported in Ref2. 
and the correcte values. aRef2,bRef34.

 

Emin Emax Gmin Gmax ʋmin ʋmax

ErAu 78.58 110.6 28.96 42.58 0.179 0.456

Anisotropy 1.41 1.47 2.55

TmAu 41.367 107 14.565 41.37 − 0.074 0.778

Anisotropy 2.587 2.84 ∞

Table 4.  The min and max limits of young’s modulus E, shear modulus G, and Poisson’s ratio ʋ of both ErAu 
and TmAu intermetallic compounds.
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and Debye temperature θD increase monotonously (except the fluctuation observed at p= 15GPa for TmAu 
intermetallic) but non-linearly with increasing pressure from 0 up to 20 GPa. Similarly, the Debye temperature 
increases also with increasing pressure for cubic perovskite BaHfO3 under pressure up to 80 GPa33, and for 
XThSn (X = Pt, Ni) thermoelectric materials46.It can be noted that Debye temperature θD of both ErAu and 
TmAu intermetallic compounds are smaller than the value (413.7 K) of θD reported for NiThSn half-Heusler 
semiconducting compound34, and vey smaller than the calculated value (991.9 K) of θD reported for perovskite-
type NaBeH3 hydride material28.

Electronic structure: band structure, DOS and PDOS
The electronic properties of material play a dominant role on the relationship between the magnetic momentsand 
the stability of the structure47. Furthermore, the examination of the electronic density of states (DOS) at the Fermi 
level as a function of the volume helps on the determination of the electronic contribution to the heat capacity Cp 
in material48. Figure 7a and b show the total density of states (TDOS), which often describes the behavior of the 
band structures, and the partial density of states (PDOS), which evaluate the individual atom contributions to 
the TDOS, for both ErAu and TmAu intermetallic compounds. The PDOS of both ErAu and TmAu intermetallic 
com materials pounds exhibits non-zero values at Fermi level, which indicates the metallic feature of both 
compounds. For both materials XAu (X = Er, Tm), the density of states (Fig. 7a and b) is dominated by the Au 
5d band in the − 6 to − 3 eV energy range and by the rare-earth 4f states near the Fermi level. This shows that the 
way they bond is similar in both and it is because of the Au 5d and rare earth 4f hybridization. The Au partial 
DOS is remarkably similar in both intermetalliccompounds, with the 5d band peaking at approximately − 4.9 eV 
in ErAu material and − 4.8 eV in TmAu compound, with comparable intensities of around 8.0–8.5 electrons/eV. 
This similarity confirms that the Au sublattice contributes a nearly unchanged electronic background across the 
two systems, and that the primary source of differentiation between ErAu intermetallic compound and TmAu 
material lies in the rare-earth 4f manifold.

To further examine the influence of localized rare-earth 4f electrons, additional GGA+U calculations were 
performed by applying an effective Hubbard parameter Ueff=6 eV to the Er-4f and Tm-4f states. The calculated 
band structures obtained using both GGA and GGA+U are shown in Fig. 8. The comparison indicates that 
the inclusion of the Hubbard correction mainly modifies the position and dispersion of the 4f-derived bands, 
confirming the sensitivity of the electronic structure to the treatment of localized 4f electrons. Nevertheless, 
several bands still cross the Fermi level in both compounds, demonstrating that the metallic character of ErAu 
and TmAu is preserved after the inclusion of the Hubbard correction.These additional GGA+U calculations 
were introduced to address the localized nature of the Er-4f and Tm-4f electrons and to provide a more reliable 
description of the 4f-derived electronic bands. The results show that the Hubbard correction affects mainly the 
rare-earth 4f states, while the metallic character remains unchanged. The most significant structural difference 
between the two DOS profiles concerns the energy position and distribution of the 4f states. TmAu intermetallic 
compound has a noticeable splitting of the 4f manifold into two sharp peaks at − 2.26 eV and − 0.09 eV (Fig. 7b). 
These peaks are almost the same size of ~ 13 electrons/eV. In ErAu intermetallic compound, the two peaks are 
not as symmetrical, the first one is at energy of ~ − 4.28 eV, while the second peakis positioned at energy of ~ 
− 0.09 eV. The difference between these peaks is about 4.2 eV. This is because the crystal field environments and 
exchange splitting strengths are different for ErAu material and TmAu intermetallic compound. TmAu material 
has one more 4f electron than ErAu compound. It can be noticed also that both compounds exhibit a large DOS 
at the Fermi level driven by the 4f states (Fig. 7a and b) suggests a stronger tendency toward magnetic ordering 

Fig. 7.  Total density of states (TDOS) and partial density of states (PDOS) of (a) ErAu and (b) TmAu 
intermetallic compounds in the CsCl-type B2 structure. The Fermi level is set to 0 eV, and the main states near 
the Fermi level are dominated by rare-earth 4f contributions.
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compared to ErAu intermetallic compound. However, the higher and more symmetric N(EF)) observed in TmAu 
material (Fig. 7b) suggests a relatively stronger possible magnetic tendency compared to ErAu intermetallic 
compound. Nevertheless, this statement should be understood only as a qualitative indication based on the DOS 
profile. The Stoner-like argument alone is not sufficient to determine the true magnetic ground state or the local 
magnetic moments. In fact, the available Materials Project data for the B2 phases of ErAu and TmAu classify 
both compounds as non-magnetic metallic systems, with zero total magnetization. This supports the revised 
interpretation that the finite 4f contribution at the Fermi level should not be considered as direct evidence of a 
magnetic ground state.

It can also be noticed that both compounds exhibit a noticeable DOS at the Fermi level mainly driven by 
the rare-earth 4f states, as shown in Fig. 8a and b. This feature may qualitatively suggest a possible magnetic 
tendency within a Stoner-like picture. However, the present DOS results alone cannot be used to determine 
the true magnetic ground state or the local magnetic moments of these compounds. Therefore, dedicated spin-

Fig. 8.  Calculated electronic band structures of (a) ErAu and (b) TmAu in the B2 phase using GGA and 
GGA + U approaches. The Hubbard correction was applied to the localized Er-4f and Tm-4f states using 
Ueff = 6 eV. The Fermi level is set to 0 eV.
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polarized calculations are required for a rigorous magnetic assessment. In this context, the additional spin-
polarized GGA + U calculations performed in the present revision provide a more appropriate treatment of the 
localized 4f states. The full simultaneous inclusion of spin-orbit coupling and DFT + U remains a limitation of 
the present computational setup and is proposed for future work.

Conclusion
we examine the effects of applied pressure up to 20 GPa on the structural characteristics, elastic constants, and 
related macroscopic properties of the intermetallic compounds ErAu and TmAu crystallized in the CsCl-type 
(B2) phase. Calculations were performed utilizing pseudopotential plane-wave formalism within the local density 
approximation (LDA). As pressure increases from 0 to 20 GPa, the elastic constants and derived thermodynamic 
parameters, including acoustic wave velocities and the Debye temperature (θD), exhibit a predominantly 
monotonic yet non-linear evolution, albeit with minor fluctuations. Evaluation of the Born stability criteria 
confirms that the B2 phase remains mechanically stable both at equilibrium and under compression up to 
approximately 20 GPa for ErAu and 19 GPa for TmAu. At ambient pressure, our LDA-derived elastic constants 
display slight deviations from the prior theoretical predictions. Additionally, analysis of the total and partial 
density of states (TDOS and PDOS) corroborates the intrinsic metallic character of both systems. Crucially, a 
pronounced density of states at the Fermi level, primarily driven by the 4f orbitals, implies that both ErAu and 
TmAu satisfy the Stoner criterion for magnetic instability.
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