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Abstract. A systematic investigation on structural, electronic, elastic, mechanical and optical properties of novel 1:1
stoichiometric rare-earth HoX (X = Pd, Ag and Cd) intermetallic compounds has been made via ab-initio density functional
theory-based linearized augmented plane wave method as coded in wien2k. An outline of local density approximation and
generalized gradient approximation have been employed. Structural optimization established the stable CsCl-type cubic
structure of HoX (X = Pd, AgandCd) compounds. The determined crystal structure stability, compressibility and fracture
strength of compounds are enhanced with X in the order HoPd > HoAg > HoCd. The interlacing electron dispersion
curves at Fermi-level in band structure and density of states substantiate the metallic nature of compounds. The splitting gap
between the lower and upper valence bands monotonously becomes narrower with the substitution of heavier core-element
(Pd → Ag → Cd). The mechanical constants i.e., bulk modulus (B), Young’s modulus (E), shear modulus (G H ), Pugh’s
ratio (B/G H ), Poisson’s ratio (v) and anisotropic factor (A) have been calculated to corroborate the mechanical properties of
compounds. The cationic nature of Ho-atoms and anionic nature of X-atoms has been evaluated through the effective charge
(Q∗ ) computations. The observed peaks in the low energy region of optical conductivity spectra attribute the intra-band,
while the high energy structures are associated with inter-band transitions in HoX (X = Pd, Ag and Cd) compounds. The
bond order calculations demonstrate the highest strength of HoCd compound among the herein studied compounds.
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1. Introduction
The 1:1 stoichiometric rare-earth intermetallic compounds
have gained considerable significance in scientific research
and technology [1,2]. These compounds have promising set
of physical, electronic and mechanical properties requisite
for developing the commercial aircraft turbines and machines
parts [3,4]. The high melting point, high specific strength and
good ductility may enhance their stability at elevated temperatures [3–6]. Recently, a class of rare-earth intermetallics
(YAg, LaAg, CeAg, LaZn, HoCu, NdAg, LaMg and many
other Sc- and Y-based compounds) have been found to be
ductile and tough at room temperature [1,7,8]. The acoustic,
electronic, thermodynamic and mechanical properties of rareearth intermetallics are crucial for scientific and technological
probes; as well as for advanced material’s design. Singh et al
[9] explored the elastic, acoustic and electronic properties of
rare-earth intermetallic RM (R = Dy, Ho, Er, M = Cu, Zn)
compounds and established the ductile character of R−Cu and
R−Zn families with ductility order R−Cu > R−Z Gschneidner et al [10] carried a wide experimental study on a number of
0123456789().: V,-vol

intermetallics conspicuously on three materials: DyCu, YCu
and YAg. They inferred that the specimens expressed room
temperature ductility and carry single-phase fully ordered B2structure. The American Society for Testing and Materials
analysed some rare-earth intermetallic compounds and mentioned the similar characteristics (described above) of these
intermetallics with commercial aluminium alloys in B2-phase
[11]. In recent era, several first-principles studies have been
established on structural, acoustical, elastic, electronic and
mechanical properties of rare-earth compounds [1,9,12–14]
and for some distinguished intermetallics [15,16]. The data
regarding effective charge (Q ∗ ) and bond order (BO) have not
been reported. The computations on Q ∗ and BO are substantive to recount the charge transfer and to observe the strength
of bonding mechanism.
Generally rare-earth intermetallic compounds have been an
interesting field of research and many critiques/books have
been drafted [10,17–22]. From industrial and technological
significances, there is still a motive to search new intermetallic compounds with effectual upshots. In current work,
an attempt has been made to launch a systematic study on
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structural, electronic, elastic, mechanical and optical
properties of relatively un-explored rare-earth-based intermetallic HoX (X = Pd, Ag and Cd) compounds. A correlation of calculated properties among different substituents (Pd,
Ag and Cd) from same period of periodic table with Ho-atom
is emphasized.

2. Computational details
The first-principles calculations are performed using density
functional theory (DFT) approach, treating exchange and correlation energy within local density approximation (LDA)
and generalized gradient approximation (GGA) a formalism
of Perdew–Burke–Ernzerhof (PBE) [23]. The wien2k simulation package based on linearized augmented plane wave
(LAPW) method is utilized [24]. The basic functions, which
are constituted by the smallest radius of muffin-tin spheres
(RMT ) and the largest value of reciprocal lattice vector (K max ),
is expanded up to RMT K max = 7.0. The spherical harmonics
within RMT are allowed to expand with angular momentum
of lmax = 10. The charge density of electrons in the interstitial region are Fourier expanded upto G max = 12. To
achieve total energy convergence of the system, the execution of self-consistent filed calculations are tolerated up to a
value <10−4 Ry. A total of 10,000 k-points are employed
for the first Brillouin zone integration. The computed net
amount of energy is subjected to Birch Murnaghan’s equation
of state (EOS) [25] to evaluate the ground state parameters of
HoX (X = Pd, Ag and Cd) compounds.

3. Results and discussion
3.1 Structural properties
Rare-earth intermetallics own CsCl-type structure with space
group Pm 3̄m (no. 221). In this type, the rare earth element
(Ho) resides on (0, 0, 0) Wyckoff position and the transition metal atom occupies (0.5, 0.5, 0.5) site of the unit cell
[26]. The representative crystal structure of HoX unit cell
in CsCl-type is shown in figure 1. To assure the phase stability and to acquire the ground state structural parameters
at equilibrium volume, the HoX compounds are subjected
to volume optimization under LDA and GGA schemes.
The structural optimization curves with respect to LDA
and GGA between total energy and volume of HoX (X =
Pd, Ag and Cd) compounds are plotted in figure 2a, b and
c, respectively. Figure 2 clearly indicates that these compounds possess high crystal stability with respect to energy
with LDA and as well as with GGA approach. The determined structural parameters such as lattice constant (a o ),
equilibrium volume (V o ), bulk moduli (B) and total equilibrium energy (E o ) are manifested in table 1. It is ascertained that compounds become energetically more stable with
X substituent in the order Pd → Ag → Cd, subsequently

Figure 1. CsCl-type crystal structure of HoX (X = Pd, Ag and
Cd) compounds.

the total energy at equilibrium volume, E o of compounds
with respect to different potentials follow the inequality as
Pd → Ag → Cd (GGA) < Pd → Ag → Cd (LDA). The
decrease of B value with X substituent from Pd → Ag → Cd
suggests that the compounds become more compressible and
the compressibility expected the order HoPd > HoAg >
HoCd. The ao and Vo values of HoX compounds vary in
similar manner with X substituent (Pd → Ag → Cd). The
smallest Vo of HoPd with highest B value ensures that HoPd
compound is most rigid among the present studied compounds
(table 1). The optimization curves (figure 2) and numerical
data (table 1) cumulatively provide the comprehension of
structural parameters and the stability of HoX compounds
in CsCl-phase, thereby render HoPd compound with least
and HoCd compound with highest values of ao , E o and Vo ,
respectively. It is observed that ao , Vo , E o and B values keep
the trend irrespective of the potentials (LDA, GGA). However, the comparison of LDA with GGA results signposts that
LDA underestimate the outcomes for ao , Vo and overestimate
B, E o to that of GGA. Since GGA rendered the most profound results of structural parameters i.e., lower E o , which
is a sign of higher stability of compounds. Therefore, GGA
scheme is accomplished to investigate the elastic, electronic
and optical properties of HoX compounds using optimized
lattice constants through GGA.
3.2 Electronic properties
The calculated electron dispersion curves of HoX (X =
Pd, Ag and Cd) compounds along selected high symmetry
 → X → M →  → P → X directions within first Brillouin zone are demonstrated in figure 3a, b and c. These plots
are obtained in the energy interval of −20.0−10.0 eV. The
considered greater negative energy portion is to observe the
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Figure 2. Phase stability curves (energy vs. volume) in comparison with GGA and LDA schemes of HoX(X = Pd, Ag and Cd) compounds.
Table 1. Calculated crystal and electronic structure data along with bulk modulus (B) and total equilibrium energy (E o ) of
HoX (X = Pd, Ag and Cd) compounds.

Compounds
ao (Å)
Vo (a.u.3 )
B (GPa)
E o (Ry)
Electronic structure
Energy gap between
lower and upper VB (eV)
DOS at Fermi level

HoPd

HoAg

HoCd

GGA (LDA)

GGA (LDA)

GGA (LDA)

3.5093 (3.3676)
291.650 (257.638)
66.552 (94.953)
−35351.15 (−35325.51)

3.6620 (3.4955)
331.176 (287.979)
44.084 (72.178)
−35891.60 (−35865.65)

3.7812 (3.6069)
364.992 (316.583)
39.018 (59.669)
−36449.05 (−36422.784)

13.23

12.60

9.26

80.03

88.84

88.96

underneath phenomenon in the lower valence band to core
states. The Fermi-level (E F ) is set at an energy value of E F =
0.0 eV. From figure 3a, b and c, it is evident that the electron
dispersion curves are continuous from valence to conduction
bands crossing E F and thus, reflect the conducting features
of HoX compounds. The metallic character of HoX compounds is dominated by Ho-atom as its states overwhelm the

E F and its neighbourhood. This metallic-like and dominant
characteristic of Ho-atom is also obvious in density of states
(DOS) spectra shown in figure 4a, b and c (middle panel).
Figure 4a, b and c depicts the total density of states (TDOS)
(top most panel) along with atom-resolved partial DOS (lower
two panels) of HoX compounds. The E F is set at 0.0 eV
and the DOS spectra are confined in −20.0−10.0 eV
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Figure 3. Calculated electronic band structures of HoX (X = Pd, Ag and Cd) compounds.

energy interval. The 0.0 eV energy gap at E F in TDOS
supports the metallic-like character of HoX compounds as
was seen in electron dispersion plots. Large number of states
of Ho-atom are located in −0.5−0.5 eV energy and a sharp
peak of higher magnitude at E F confirms its dominant contribution to TDOS, while the transition atoms (Pd, Ag and Cd)
weakly participate at E F . The X -atom mainly constitute the
states in valence band below E F . The total number of states
at E F (N (E F )) associated with HoPd, HoAg and HoCd compounds are computed as 90.0, 106.4 and 104.2 states per eV
respectively. Such dandier N (E F ) make these intermetallics
very good conductors of electricity by providing the greater
number of states for electrons to conduct from valence band
to conduction band via E F . The contribution of Ho- and Xatoms to TDOS spectra is comprised by ‘A’, ‘B’ and ‘C’ peaks,
where the small peak like feature ‘A’ and highest peak ‘C’ are
from Ho-atom, while the origin of peak ‘B’ corresponds to
X -atom. Furthermore, the shifting of peak ‘B’ towards lower
energy site in TDOS is due to the substitution of distinct ionic
core of X -atom (Pd, Ag and Cd), but its magnitude (number
of DOS) increases gradually as obvious from PDOS (bottom
panel of figure 4a,b,c). The noted values of number of DOS
of peak ‘B’ in TDOS are 13.1, 24.5 and 55.6 states per eVin HoPd, HoAg and HoCd compounds, respectively. Since,
the TDOS evaluate the density of electrons, the main cause
of conduction in intermetallics can be attributed mainly to
rare-earth element in present intermetallic compounds. In
figure 4, two demonstrable phenomena are observed in the
valence band region with the substitution of X - with Hoatom; (i) shifting of states and (ii) splitting of states, which
have significant effect on the band structure of compounds.
By varying X -atom from Pd → Ag → Cd, the states lying
below the E F gradually shift towards lower energy and cause

the upper valence band to split into two parts. This splitting of
upper valence band induces the monotonous shortening of the
energy gap between the lower valence band to core states as X
is substituted from Pd → Ag → Cd. The calculated energy
gaps between detached valence bands are 13.23, 12.60 and
9.26 eV for HoPd, HoAg and HoCd compounds, respectively
(figure 3). The splitting of upper valence states is large in
extent in HoCd compound, which divides the valence band
into three segments, with energy separation values of 3.09
and 9.26 eV for upper and lower segments, respectively.
The degeneracy of d-orbital states has been observed to
split into doubly degenerate d-eg and triply degenerate d-t2g
orbitals, which are located on distinct energy ranges comprising few states in the conduction and few in the valence
region. The broken degeneracy under the influence of cubic
crystal field effect shifts d-eg orbitals towards higher energy
site than d-t2g orbitals in HoX (X = Pd, Ag and Cd) compounds. To emphasize the further insights, the band structures
with band character of d, d-eg and d-t2g orbitals of Ho- and X (Pd, Ag and Cd) atoms in HoX compounds have been shown
in detail in figures 5–7. Figure 5 represents the band character of Ho-(d, d-eg and d-t2g ) and Pd-(d, d-eg and d-t2g )
bands in HoPd compound. It can be seen that main contribution in the conduction region is from the d-band of Ho-atom,
in which the Ho-d-eg states lie on the upper edge, while
the Ho-d-t2g states are found on the lower edge along the
energy axis. The Ho-d-t2g orbitals show valley like character
at ‘’ and ‘M’ k-points rather the d-eg orbitals, which showed
almost linear features. The d-orbitals of Pd-atom clearly show
their contribution in the upper valence part in the HoPd compound. As long as the splitting of Pd-d-band is concerned,
its character is in contrast to Ho-d-band i.e., the Pd-d-eg
orbitals are situated on the lower energy site compared to
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Figure 4. Band structure plots showing d-t2g and d-eg character bands of Ho and Pd atoms in HoPd compound.

Pd-d-t2g orbitals. These results reflect the unlikeliness of
hybridization between the d-bands of Ho-atoms with dbands of Pd-atoms. The character of d-band for Ho- and

Ag-atoms in HoAg compound is plotted in figure 6. It can be
observed that the characters of Ho-d-eg and Ho-d-t2g orbitals
in HoAg are slightly identical to that observed in HoPd
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Figure 5. Band structure plots showing d-t2g and d-eg character bands of Ho and Ag atoms in HoAg compound.

compound, but found to be slightly shifted towards lower
energy. This obviously signifies the different interatomic
interactions of distinct neighbourhood of Ho-atom produced
with the effect of replacing Pd-atom with Ag-atom. The

position of Ag-d-band is found towards lower energy than that
of Pd-d-band i.e., Pd-d-band originates at ≥3.0 eV energy,
while the Ag-d-band is rooted from < −3.0 eV, this may be
due to the heavier core of Ag-atom than Pd-atom. A minute
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Figure 6. Band structure plots showing d-t2g and d-eg character bands of Ho and Cd atoms in HoCd compound.

difference of energy between Ag-d-eg and Ag-d-t2g orbitals
demonstrates that the degeneracy of Ag-d-band is almost sustained compared to that of Pd-d-band due to the less extent of
splitting behaviour in Ag-d-band. Figure 7 depicts the character of d-bands of Ho- and Cd-atoms in HoCd compound.
It can be seen that Ho-d-band shifted towards lower energy

site keeping the trend similar as observed in HoPd and HoAg
compounds or it can be said that the E F rises up towards higher
energy as the heavier ionic core-element (Pd, Ag and Cd)
is combined with Ho-atom to comprise HoPd, HoAg and
HoCd compounds. The d-bands’ character of Cd-atom has
been plotted in −10.0−10.0 eV energy due to the low lying
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Figure 7. Band structure plots showing f -character bands of Ho in HoX (X = Pd, Ag and Cd) compounds.

Cd-d-eg and Cd-d-t2g orbitals. Moreover, the identical
characters of Cd-d-eg and Cd-d-t2g orbitals i.e., having
almost similar roots with respect to energy, indicate that Cdd-band preserved the degeneracy up to the large extent as
compared to Pd- and Ag-atoms, therefore, the d-band degeneracy comply the order as Cd > Ag > Pd. To elaborate the
character of orbitals at the E F in HoX compounds, the Ho-f
orbital has been plotted in figure 8. The presence of f-orbital
states at E F declares that it dominantly furnish the interface
for electrons to conduct from valence band into the conduction band. Summing up the discussion relating band structures
with band character plots, it is noted that the conduction band
is dominated by the d-band of Ho-atom, the states responsible
for conduction at E F are comprised by the Ho-f-orbital, while
the valence band states are provided by the X-(Pd, Ag and
Cd) atoms in HoX compounds.
3.3 Elastic constants and bulk mechanical insights
The knowledge of elastic constants is helpful to understand
thermodynamic, macroscopic, mechanical and fundamental

solid state properties [27]. An algorithm, simpatico with
Wien2k software, developed by Golesorkhtabar et al [28] is
employed for computing elastic constants, and details can be
found in ref. [28]. In general, the three independent elastic
constants (Cij s) are essential for cubic crystals and calculated Cij values for HoX compounds are listed in table 2.
Table 2 also comprises the data on bulk modulus (B), Young’s
modulus (E), shear modulus (G H ), Pugh’s ratio (B/G H ),
Poisson’s ratio (v) and anisotropy factor (A) which are calculated by expanding the formalism of Voigt–Russell–Hill
(VRH) as:

B=

1
(C11 + 2C12 ),
3

(1)

E = 9BG H /(3B + G H ),

(2)

G H = (G V + G R )/2,

(3)

v = (3B − E)/6B,

(4)

A = 2C44 /(C11 − C12 ),

(5)
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Figure 8. Total and element resolved density of states spectra of HoX (X = Pd, Ag and Cd) compounds.
Table 2. Elastic constants, Cij (C11 , C12 and C44 ), bulk modulus (B), shear modulus
(G H ), Young’s modulus (E), B/G H ratio, Poisson ratio (v) and anisotropic factor ( A)
in units of GPa (except unit less quantity) of HoX (X = Pd, Ag and Cd) compounds.
Compounds
HoPd
HoAg
HoCd

C11

C12

C44

B

E

GH

131.6 40.20 15.87 70.69 66.25 24.65
59.43 40.46 24.85 46.79 45.23 16.89
56.39 38.23 39.34 44.28 56.73 22.04

where G H (Hill’s modulus) depends on G V and G R Voigt’s
and Reuss’s moduli, respectively. The G V and G R are calculated by Cij using the following relations:
G V = (C11 − C12 + 3C44 )/5,
G R = 5C44 (C11 − C12 )/4C44 + 3(C11 − C12 ).

(6)
(7)

The calculated Cij and B values for HoX compounds are
plotted in figure 9a and b for comparison. The deduced universal criteria of mechanical stability: (C11 > 0, C44 >
0, C11 − C12 > 0, C11 + 2C12 > 0) [29,30] is subjected
to examine the stability of HoX compounds using Cij values. The computed Cij values prescribe that HoX compounds
are mechanically stable as they fulfill the given criteria. The
Pugh’s criterion [31] for fracture strength of a compound is
described by B × ao product (where B is the bulk modulus and ao the lattice constant). The estimated B × ao values
are 233.55, 161.43 and 147.53 for HoPd, HoAg and HoCd
compounds, respectively. These results show good fracture
strength in the order HoPd > HoAg > HoCd. It is obvious
that replacing the different elements (X) with Ho-atom affects
the fracture strength i.e., it decreases successively with the

B/G H
2.86
2.77
2.00

v

A

0.34 0.34
0.33 2.62
0.28 4.33

substitution of heavier ion (X). Generally, E measures the
stiffness of a material i.e., higher the value of E, the stiffer is
the material, which signifies the presence of covalent bonding characteristics in the material [32]. Apparently, HoPd has
highest stiffness among present studied compounds as it has
exhibited largest value of E (66.25 GPa) (table 2). The brittle and ductile nature of compounds can be characterized
on the basis of v and B/G H information [31,33]. The typical values of v and B/G H are 0.26 and 1.75, respectively.
If B/G H >1.75 and v>0.26, the compound displays ductile
character, while for B/G H < 1.75 and v < 0.26, the compound shows brittle behaviour. Following the above criteria,
the data presented in table 2 shows that all the HoX compounds exhibit ductile nature. Moreover, for HoPd, HoAg
and HoCd compounds, the interatomic bonding behaviour
can be examined by looking into the computed ν values. For
metallic bonding, v > 0.25 while for non-ionic bonding,
v < 0.25 whereas for ionic behaviour, the critical value of
v = 0.25. The v values exhibit that HoX compounds have
metallic character, which gradually decreases as heavier element is anticipated with Ho (table 2). A (anisotropy factor) has
also been calculated for all HoX compounds. It is well known
that for isotropic nature, the compound should have A = 1.
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Figure 9. (a) A comparative view of cubic elastic constant (Cij ) and (b) bulk modulus of HoX
(X = Pd, Ag and Cd) compounds.
Table 3. Effective charge (Q ∗ ) and bond order (BO) data of HoX (X = Pd,
Ag and Cd) compounds.
HoPd
Effective charge

(Q ∗ )

Mean Q ∗
Charge transfer (Q ∗ )
Bond order (BO)
TBO
Cell vol. (a.u.3 )
TBOD

HoAg

Ho

Pd

Ho

Ag

Ho

Cd

18.108
−0.892

10.892
+0.892

18.229
−0.771

11.771
+0.771

18.363
−0.637

12.637
+0.637

HoPd
0.483
291.650
0.00166

The elastic anisotropy exists, if A deviates from unity. For all
the compounds, the calculated A values are not equal to unity,
which means that the compounds exhibit anisotropic nature
[1]. To the best of our knowledge, no data has been reported
on Cij and bulk mechanical constants of HoPd, HoAg and
HoCd compounds for comparison, hence, the present work
may assist as a reference for future investigations.
3.4 Bond order and effective charge (Q ∗ )
The total bond order (ραβ ) calculation reveals the quantitative
strength of a bond between two atoms and is defined as:
ραβ =



∗n n
Ciα
Cjβ Siα,jβ ,

HoCd

(8)

n,occ i,j

where α, β is the pair of atoms, i, j are the orbital angular momentum numbers, n is the band index, C represents
 r). The
the eigenvector coefficients of Bloch function b(k,
ραβ can depict the overall picture of strong and weak connections in complex structures. All HoX compounds consist
only two atoms; therefore, ραβ represents the strength of the

HoAg
0.519
331.176
0.00157

HoCd
0.574
364.992
0.00157

binary compounds. The observed values of ραβ demonstrate
that HoPd is the weakest and HoCd is the strongest, while the
HoAg compound has intermediate strength. The ratio of total
bond order (TBO) to unit cell volume constitutes the total
bond order density (TBOD), which as a whole determines the
cohesion of a compound, is also calculated and reported along
with the TBO values in table 3. The TBOD of HoAg and HoCd
has same value (0.00157), whereas HoPd has a little larger
value (0.00166), because as the volume of unit cell gradually
increases with X substituents (X = Pd, Ag and Cd).
The effective charge (Q ∗ ) calculation describes the microscopic information related to electronic structure of materials,
because Q ∗ provides the quantitative evaluation of transfer of
electronic charge from one neutral atom to another in a compound. The Q ∗ for a particular atom ‘α’ can be defined as the
quantitative measure of valence electrons of the atom ‘α’ that
can resolve the transfer of electronic charge (gain or loss of
charge) as:

Q ∗α =


i

n,occ j,β

n
Cα∗n Cj,β
Siα,jβ ,

(9)
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Figure 10. Calculated dielectric function of HoX (X = Pd, Ag and Cd) compounds.

where C nj,β term represents the eigenvector coefficients, while
j and β are orbital and atomic labels, respectively, and n is
the band index. The computed Q ∗ data of HoX compounds is
summarized in table 3. It is noted that the mean Q ∗ value of
Ho-atom in HoX compounds is not constant, rather it varies
from 18.108 to 18.363 electrons per atom when X-atom is
substituted in the order X = Pd, Ag and Cd. As the Q ∗ calculation can quantitatively estimate the charge transfer (Q ∗ ),
therefore, the associated Q ∗ values of all the atoms are also
calculated and are listed in table 3. The Q ∗ values in present
work depict that Ho-atom has charge losing tendency, while
the X-atom carries the charge gaining behaviour. The maximum electronic charge (Q ∗ = 0.892 electrons per atom) is
being lost by Ho-atom and gained by Pd-atom in HoPd compound. Similar trend is found for HoAg and HoCd compounds
i.e., Ho-atom loses and the X -atom gains electronic charge.
The magnitude of Q ∗ decreases (from 0.892 to 0.637 electrons per atom) in HoX compounds when X -atom is combined
with Ho-atom in the order X = Pd, Ag and Cd. The charge
losing behaviour of Ho-atom and charge gaining behaviour
of X -atom designate the cationic and anionic nature of Hoand X -atoms in HoX compounds, respectively.
3.5 Optical properties
Optical properties of materials are important specifically to
examine metals, semi-metals and semi-conductor materials,
which have partially filled bands [34,35]. The assessment
of optical constants enlightens the response of materials to
electromagnetic radiation mediated via photons and electrons
efficiently. The most important parameter in this regard is the
complex dielectric function ε(ω) = ε1 (ω) + iε2 (ω); where
ε1 (ω) and ε2 (ω) are the real and imaginary parts, respectively. The ε1 (ω) ascribes the characteristics of a material to
induced scattering and polarization to incident light i.e., estimates that how much incident light will slow down inside
the material and ε2 (ω) represents the extent of absorption of
energy from electric field due to the motion of dipole [36].
The response of HoX compounds for ε1 (ω) and ε2 (ω) is

computed and shown in figure 10a and b. Figure 10a depicts
the plot of ε1 (ω) of herein studied compounds that goes up
through 0.0 eV in low energy region reflecting the conducting
features. It can be noted that the response of HoPd compound regarding ε1 (ω) is considerably quick i.e., it increases
as the photon energy raises from 0.0 eV and reaches its
maxima at ≈0.1 eV with a shoulder on the higher energy
side at ≈0.23 eV whereas both HoAg and HoCd compounds
have shown almost similar response unlike HoPd. The ε1 (ω)
increases with incident photon energy and solo sharp peak is
observed at ≈4.60 eV for HoCd and a sharp peak at ≈0.5 eV
with low energy shoulder at ≈0.39 eV for HoAg are found
with the identical steeper downward slope. All the three ε1 (ω)
curves intersect the energy axis and enter into the negative
region after 0.45, 0.54 and 0.57 eV for HoPd, HoAg and
HoCd compounds, respectively. This indicates the presence
of free electrons for conduction, which propose the metalliclike nature of studied compounds. The calculated negative
energy interval of ε1 (ω) are 0.251, 1.01 and 1.547 eV for
HoPd, HoAg and HoCd compounds, respectively. It can be
observed that the substitution of an atom with higher ionic
core in combination with Ho-atoms shifts the ε1 (ω) intensity
maxima towards higher energy and also broaden the negative
energy interval.
The ε2 (ω) of HoX compounds are presented in figure 10b
in 0.0−5.0 eV energy range. The ε2 (ω) curves show the highest intensity at low energy region below 0.33 eV which may
attribute to the high absorption of incident photons corresponds to the intra-band transitions. The HoX compounds
show a valley like structure at ≈0.36 eV and a sharp increase
in intensity of ε2 (ω) for HoPd and HoCd compounds with
peak values of 0.52 and 0.55 eV, respectively, accompanied
by an acute decrease. The conduction of HoAg compound
is rather different, which has wider valley and low intensity
peak structures at (≈0.68 eV) as compared to HoPd and HoCd
compounds. These sharp peaks in ε2 (ω) spectra are in association with absorption of photon energies for the inter-band
transitions in respective compounds. The ε2 (ω) spectra show
non-interesting features above 1.0 eV energy.
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Figure 11. (a) Calculated optical conductivity, (b) electron energy loss function, (c) refractive index (inset shows
peculiarity at 0.5 eV) and (d) reflectivity plots of HoX (X = Pd, Ag and Cd) compounds.

The optical conductivity (σo ) and electron energy loss
function (L(ω)) plots of HoX compounds are shown in
figure 11a and b, respectively. It is obvious that HoX compounds carry cubic symmetry therefore, only the total σo fulfill
the purpose i.e., no need to compute its distinct axial components as they showed the similar character due to symmetry
offered by cubic structure. It is ascertained that σo spectra are
rich in structures for all the compounds with various salient
features. The σo values are very high in the low energy zone
near 0.0 eV reflecting intraband transitions and then fall down
with increase in photon energy (figure 11a). There appear two
optically active regions (σ1 and σ2 ) for σo , where the compounds respond a lot to incident photon energy and exhibit
fine structure peculiarities, σ1 region lies in 0.0−10.0 eV and
σ2 lies in 18.0−28.0 eV energy intervals. In σ1 region, two
prominent peaks positioned at 6.24 and 7.02 eV, three sharp
peaks positioned at 2.36, 6.19 and 7.84 eV, and three less
intense eminent peaks positioned at 3.05, 4.80 and 10.08, eV
are observed for HoPd, HoAg and HoCd compounds, respectively. On the other hand, σ2 region comprises greater number
of peak like structures, which appear at higher photon energies and are stronger in intensity as compared to the peaks of
σ1 region. There appear five prominent peaks between 20.70

and 27.40 eV, four peaks between 20.00 and 26.50 eV and
four peaks between 19.50 and 26.00 eV in HoPd, HoAg and
HoCd compounds, respectively. These eminent peaks in both
σ1 and σ2 regions are the signs of higher optical conductivity,
which ultimately corresponds to such conduction electrons
in compounds that readily absorb particular photon energies
from the incident light.
The loss of energy of fast moving electrons passing through
a particular material can be calculated with the following
equation:

 
ε2 (ω)
1
,
= 2
L(ω) = Im −
ε(ω)
ε1 (ω) + ε22 (ω)

(10)

where L(ω) is the loss function and ε(ω) is the dielectric
function with its real ε1 (ω) and imaginary ε2 (ω) parts. The
L(ω) spectra for HoX compounds are displayed in figure 11b.
These spectra exhibit multiple sharp peaks at various energy
values, which reveal that HoX compounds are rich in structures. The L(ω) spectra also possess multiple active regions
for all the compounds at different energies, i.e., 8.05−13.33
and 24.01−34.35 eV intervals. The prominent peaks of
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different compounds have minute differences in intensities
and lie in the regions mentioned above, but are slightly displaced with respect to energy. A closer view of L(ω) spectra
reveals that the eminent peaks of HoPd and HoAg compounds
own approximately identical intensities, but greater in magnitude than HoCd compound. These high intensity peaks in
energy loss spectra for all the compounds reflect the features associated with the plasma resonance points (the point
where fast moving electrons transfer maximum of their energy
into the offered medium) and corresponding frequencies are
termed as bulk plasma frequencies.
To observe the behaviour of electromagnetic radiation with
HoX compounds, the refractive index, n(ω) has been calculated using the following equation:
1
n(ω) = √ ε1 (ω) + ε12 (ω) + ε22 (ω)
2

1/2 1/2

.

(11)

Figure 11c shows the plot of n(ω) with incident photon energy.
It can be seen that n(ω) has greater values at lower photon
energies and all the compounds showed a hump at about 0.5
eV and then sharply decrease up to 1.5 eV. The n(ω) decreases
uniformly after 1.5 eV and all the compounds displayed n(ω)
less than unity after 8.0 eV (for ultraviolet and above) spectrum of light. This obviously exhibit that the light lower in
energy to ultraviolet spectrum refracted more to that of higher
in energy when incident on these compounds. The optical
reflectivity, R(ω) contemplates the response from the surface
of compound when exposed to incident radiation and is determined by employing the relation,
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the high structural and mechanical stabilities of studied
compounds. The large number of electronic states at Fermilevel i.e., 80.04, 88.84 and 88.96 states per eV of HoPd,
HoAg and HoCd compounds respectively, are dominated
by Ho-f states, depicted their good metallic features. The
Pugh’s ratio (>1.75) and Poisson’s ratio (>0.26) of HoX
compounds designate the ductile characteristics and the determined anisotropy is in the order AHo Cd >AHo Ag >AHo Pd . The
computation on effective charge demonstrated the charge
loosing tendency of Ho-atom (cationic character) and charge
gaining behaviour of X -atom (anionic character). The optical
conductivity spectra of all HoX compounds showed almost
identical aspects and found to be rich in structures indicating
some interband and intraband optical transitions at particular
photon energies. The electron energy loss function possesses
multiple sharp peaks which may be associated with plasma
frequency resonance points. The computed optical reflectivity
spectra of HoX compounds contemplated that maximum part
of low energy incident radiations is reflected than refracted
(transmitted) and reflectivity decreases as the energy of incident radiations increases.
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The R(ω) is computed in the optical energy range of 0.0–
12.0 eV and the response of HoX compounds is displayed in
figure 11d. The R(ω) is non zero for 0.0 eV optical energy,
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part (<20%) is refracted (transmitted) of the incident radiations of almost low energy (≈0.0 eV). As the energy of
incident radiations increases, the R(ω) gradually decreases
up to (≈6.5 eV) and then becomes almost constant. It can be
seen that all the three compounds displayed almost identical
trends with minor peculiarities in detail.

4. Conclusions
The structural, electronic, elastic, mechanical and optical
properties of binary HoX (X = Pd, Ag and Cd) rare-earth
intermetallic compounds have been scrutinized using DFTbased first-principles approach under GGA scheme. The
APW method coded in wien2k software is utilized for the
investigation of stated properties. The calculated ground state
energies (≈ −36000 Ry) and mechanical checks revealed
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