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Optoelectronic and thermodynamic properties
of the Yttrium filled skutterudite YFe 4P12
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In this work, we sought to understand the structural, electronic, optical, and thermodynamic properties of YFe4P12 compound using the
full-potential and linear augmented plane-wave method (FP-LAPW) based on density functional theory (DFT). Our calculation of the lattice
parameter of this compound YFe4P12 is reasonably in good agreement with the experimental results. Calculations carried out on the elec-
tronic band structure showed that the YFe4P12 compound is classified as a direct-gap half-metal in the minority spins. Moreover, optical
properties, such as the optical absorption coefficient, real and imaginary parts of the dielectric function, optical conductivity, refractive index,
and optical reflectivity have been studied. The effects of pressure and temperature on the lattice parameter, heat capacities, coefficients of
thermal expansion, entropy, and Debye temperature were explored using the quasi-harmonic Debye model.
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1. Introduction

The physical properties of filled skutterudites at low temper-
atures are of considerable interest to researchers. Indeed, a
wide variety of magnetic and electronic states can be demon-
strated in these compounds, including magnetic order [1, 2]
and superconductors [3, 4]. Jietschko and Braun [5] showed
in 1977 that it is possible to insert rare earth in the 2a site
of the binary Skutterudites (between the octahedron TrPn6 to
form a ternary Skutterudites of the “filled Skutterudites” type
of formula RETr4Pn2 (RE= Y, La, Ce, Pr, Nd, Sm, Tm, Eu,
Gd, Tb, Yb, U, Th; Tr = Fe, Ru, Os and Pn = P, As, Sb).
This filling of the empty cage is made possible by the con-
comitant substitution of the transition metal by an element
with one less electron (Iron, Ruthenium, or Osmium) to com-
pensate for the electrons brought by the electropositive ion.
Since then, it has been shown that many other elements can
be inserted into the structure, including alkaline earth [6, 7]
thorium [8] uranium [9], sodium or potassium [10], and thal-
lium [11]. The insertion of these electropositive ions can
lead to excellent thermoelectric properties at high tempera-
tures [12]. Skutterudites have become an illustration of the
recently developed model of Phonon-Glass Electron-Crystal
(PGEC), which can, in principle, lead to the development of
new thermoelectric materials. Other phenomena such as hy-
bridization gap semiconductor (HGS), heavy fermion metal
(HFM), field-induced heavy fermion metal (FIHF), and non-
Fermi-liquid (NFL) make filled skutterudites the most com-
monly used thermoelectric materials [13]. Skutterudites in
general and filled or partially filled skutterudites in particular
have recently become a hot topic, due to their physical behav-
iors being sensitive to changes in their fillings and to changes
in temperature and pressure [14]. A large number of studies

show that they possess fascinating properties such as opti-
cal, thermodynamic, and magnetic properties. Filled skut-
terudites have attracted the attention of researchers for sev-
eral years, which has increased the number of syntheses and,
therefore, expanded their uses in several application areas.
Fe-filled skutterudites have been the subject of several stud-
ies that have shown that these materials possess significant
optical and thermodynamic electronic properties. In addition
to their many known properties such as magnetism and super-
conducting [15, 16] behaviors as well as the metal-insulator
transition, which justifies that skutterudites are among the
most studied and exploited in their family. This work fo-
cuses on the study of the skutterudite alloy YFe4P12, which
has interesting optoelectronic and thermodynamic properties.

FIGURE 1. Crystal structure of YFe4P12.
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TABLE I. Lattice constanta0 (in Å), bulk modulus B (in GPa), its pressure derivative B’ and minimum energy at equilibriumE0 (in Ry)
using GGA (PBE) for both states, non-magnetic state (NM) and ferromagnetic state (FM) atT = 0 K andP = 0 GPa.

YFe4P12

Pres.Cal a0(Å) y z B(GPa) B’ E0(Ry)

NM-GGA-PBE 7.8327 0.353 0.1501 188.4807 8.5806 -25165.1023

FM-GGA-PBE 7.8226 0.353 0.1501 164.0651 6.3822 -25164.9887

Exp. 7.7896a - - - - -

7.789b - - 144b - -

7.7913c - - - - -
aRef. [22],bRef. [24],cRef. [25].

FIGURE 2. The total energies for both non-magnetic (NM) and ferromagnetic (FM) configurations with the GGA-PBE approximation as a
function of volume and lattice constant.
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FIGURE 3. The band structure of YFe4P12 at the equilibrium structure using GGA-PBE approximation with spin polarization.

2. Computational details

The calculations were performed using the wien2k code
[17]. The code made it possible to calculate the density
of states and the total energy of the crystal. This process
is based on the density functional theory DFT [18]. We
treated the term exchange and correlation using the GGA-
PBE (Perdew, Burke, and Ernzerhof) [19] for the both non-
magnetic (NM) and ferromagnetic (FM) states. The basic
functions, electronic density, and potentials were developed
in spherical harmonics up tolmax = 10 to obtain the con-
vergence of the eigenvalues, while the charge density was
extended up toGmax = 12. However, in the interstitial re-
gion, these functions are considered extended plane waves
and are developed in the Fourier series with a cutoff param-
eterR;MT × Kmax = 9, which presents a good compro-
mise between calculation accuracy and reasonable execution
time. The integration in the reciprocal space was carried out
with a mesh of14 × 14 × 14, giving rise to 5000 points k
in the irreducible Brillouin zone (IBZ) [20], which is suffi-
cient to achieve convergence. For this prediction, we chose
muffin-tin radii (RMT ) equal to 2.5, 2.37, and 1.85 for the
three atoms Y, Fe, and P, respectively.

3. Results and discussion

3.1. Structural properties

In this section, we are interested in structural determination,
which is the first important step in understanding materials

from a microscopic point of view. We used the FP-LAPW
method to study the skutterudite alloy YFe4P12 in its GGA-
PBE version with spin polarization. Filled skutterudites have
a crystallographic structure similar to that of binary skutteru-
dites: they crystallize in space group Im3, with Y at 2a (0,
0, 0), Fe at 8c (1/4,1/4,1/4), and P at 24g (0,y = 0.353,
z = 0.1501) positions, respectively [21, 22]. Figure 2 shows
the variation of total energy for both non-magnetic (NM) and
ferromagnetic (FM) states as a function of volume and lattice
constant for YFe4P12 using the Murnaghan equation of state
(EOS) [23] to determine the lattice parameter, bulk modu-
lus, and its derivative. It is clear that the most stable struc-
ture for the compound YFe4P12 corresponds well to the non-
magnetic configuration (NM), or this configuration (NM) al-
ways presents the minimum total energyE0 than the ferro-
magnetic configuration (FM). The internal parametersy and
z, which define the position of the pnictogen atoms, are de-
termined by minimizing the energy while keeping the volume
fixed at the experimentally observed value. Table I shows
the structural results obtained for the YFe4P12 material. Our
calculation of the lattice parameter and bulk modulus of this
compound is reasonably in good agreement with the experi-
mental results [14,22,24,25].

3.2. Electronic properties

The energy bands provide the possible energy of an electron
as a function of the wave vector. Therefore, these bands are
represented in the reciprocal space. Figure 3 shows the struc-
tures of the electronic bands according to the directions of
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FIGURE 4. The partial density of states of YFe4P12: at the equilib-
rium structure using PBE-GGA approximation.

the high symmetry of the Brillouin zone associated with the
ground state [20]. The figures are completed with the corre-
sponding partial density of states in Fig. 4 obtained by solv-
ing the Kohn-Sham equations using the FP-LAPW method
for the compound YFe4P12. In the case of YFe4P12 alloy, the
most important remark is the presence of a metallic character
in the majority spins and a semiconductor character with a
direct gap(Γ − Γ) of 0.493 eV in the minority spins, which
means that the YFe4P12 alloy is a half-metallic. This means
that the non-magnetic YFe4P12 material is not attracted to a
permanent magnet. In the case of the YFe4P12 alloy, we note
the partial density of states (PDOS) calculated in GGA-PBE.
Below the Fermi level, the states are entirely dominated by
the Fe-d states, with some contribution from the Y-d, P-s,
P-p, and P-d states. Around the Fermi level, the states are
dominated by Fe-d and P-p. The states located about 1 eV
and more above the level of Fermi come essentially from the
states Y-d, Fe-d, P-s, P-p and P-d.

FIGURE 5. The real partε1(ω) and imaginer partε2(ω) of dielec-
tric function of YFe4P12.

3.3. Optical properties

In this part, we discuss the optoelectronic properties of
YFe4P12 using first-principles calculations based on the gen-
eralized gradient approximation. Characteristics such as the
dielectric function, refractive index, reflectivity, optical con-
ductivity, and optical absorption have been reported. The
information gathered in this study may be useful in photo-
voltaic applications. To characterize the linear optical prop-
erties of the cubic symmetry YFe4P12 material, it suffices to
process a single dielectric tensor component. The dielectric
function is considered the most important parameter in linear
optics that explains the absorption and polarization properties
of materials. The real part of the complex dielectric function
ε1 is plotted in Fig. 5 representing the storage capacity of a
material and can be related to polarization. The imaginary
part of the dielectric functionε2 describes the optical adsorp-
tion in the crystal and related to the band structure of the ma-
terial. From Fig. 5, it can be observed that the real and imag-
inary parts of the dielectric function exhibit almost the same
qualitative behavior with some differences in the details. We
observed that for smaller frequencies, the curve of the real
part has a maximum close to the absorption edge. The de-
crease in the peak can be explained by interband transitions.
Optical absorption in crystals is mainly due to interband tran-
sitions,i.e. the promotion of electrons from occupied valence
bands to empty conduction bands. Regarding the imaginary
part, one can note the presence of peaks followed by regions
modulated by the peak structures related to the critical points
of the Brillouin zone. The main peak ofε1(E) is atE = 0.15
eV, while that ofε2(E) occurs atE = 3.73 eV whereE is the
photon energy. The refractive index (n) is an important fun-
damental parameter in device design. The calculatedn(E)
spectrum for YFe4P12 is shown in Fig. 6, which shows the
appearance of 6.34 peaks from the excitonic transitions that
occur at the edges ofE = 0.15 eV. Knowledge of the com-
plex dielectric function makes it possible to derive another
measurable quantity: the reflectivity spectrum. The results
for YFe44P12 are shown in Fig. 7. Note that the maximum of
the reflectivity has a value of around58.7% and is around
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FIGURE 6. The refractive indexn(ω) of YFe4P12 compound.

FIGURE 7. The reflectivityR(ω) of YFe4P12 compound.

FIGURE 8. The conductivityσ(ω) of YFe4P12 compound.

~ = 13.79 eV. The peak at this stage is related to interband
transitions, which are modified by excitonic effects. Regions
characterized by low energy levels exhibit remarkably high
reflectivity. This distinctive feature suggests the presence of
robust conductance in these particular energy ranges. In other
words, the crystal exhibits enhanced reflectivity, meaning its
ability to efficiently transmit and reflect light in these low
energy ranges, thus indicating strong conductive properties.
The optical conductivity spectra of the YFe4P12 alloy as a

FIGURE 9. The absorption of YFe4P12 compound.

function of photon energy are shown in Fig. 8. As shown in
this figure, the optical conductivity is highly dependent on the
photon energy. Its maximum value is reached for photon en-
ergy of approximately 3.85 eV. When the photon energy ex-
ceeded 40 eV, the optical conductivity disappeared. The oc-
cupied states are excited towards the unoccupied states above
the Fermi level by the absorption of photons. This inter-band
transition is called “optical conductivity” and photon absorp-
tion is called “inter-band absorption”. Optical conductivity
means electrical conduction in the presence of the electric
field included in the light. Figure 9 shows the optical ab-
sorption coefficient spectrum of YFe4P12. The penetration
of light into a material of a particular wavelength before ab-
sorption can be determined using the optical absorption coef-
ficient. The latter was calculated based on the photon energy.
Note that the optical absorption coefficient increases with in-
creasing photon energy up to approximately 9.68 eV, then
decreases up to approximately 23.54 eV. From a quantitative
perspective, the change in the optical absorption coefficient
as shown in Fig. 9, depends on the energy of the absorbed
light.

3.4. Thermodynamic properties

Thermodynamics is a science concerned with the relation-
ships that exist within matter between very general proper-
ties, such as energy, pressure, or temperature, as well as with
how the state of these systems evolves. To study the thermal
properties of YFe4P12 at high temperatures and pressures, we
applied Debye’s quasi-harmonic approximation [26, 27].The
quasi-harmonic Debye model allows us to obtain all thermo-
dynamic quantities from the properties of the energies and
volumes calculated at equilibrium. In Fig. 10 we present the
variation in the lattice parameter as a function of temperature
at different pressures for YFe4P12. WhenT < 100 K, the lat-
tice parameter was almost constant for all applied pressures.
WhenT > 100 K, this parameter increases with temperature
for a given pressure, whereas when the pressure increases,
the crystalline parameter decreases for a given temperature.
The growth rate of the lattice parameter with temperature
decreased when the pressure was increased. Generally, it is
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FIGURE 10. The variation of lattice parameter as a function of
temperature for YFe4P12 at different pressures.

FIGURE 11. The variation of bulk modulus B as a function of tem-
perature for YFe4P12 at different pressures.

noted that the temperature increases the volume of the ma-
terial; however, the pressure decreases it, from where these
opposite effects are observed. It can be noted that the calcu-
lated value for the lattice parameter at room temperature and
zero pressure is 7.83Å. Figure 11 shows the variation in the
bulk modulus as a function of temperature under the effect of
pressure. From this figure, we can notice that for a tempera-
tureT < 100 K, the bulk modulus is constant. This behav-
ior was observed for the lattice parameter, which can be ex-
plained by the fact that this temperature range is insufficient
to increase the volume of the material and, subsequently, its
compressibility. WhenT > 100 K, the compressibility de-
creases significantly with temperature for a given pressure,
indicating that at this temperature, the volume of the YFe4P12

material increases considerably. A rapid change in the vol-
ume implies a rapid decrease in the bulk modulus. Decay
is important at low pressures. At a given temperature, bulk
modulus increases with increasing pressure. Subsequently,
the hardness of this material decreases with temperature and
increases with pressure. We can conclude that the decrease in
temperature and the increase in pressure have similar effects
on YFe4P12. It can be noted that, atT = 300 K and zero
pressure, the bulk modulus is 156.45 GPa. Knowledge of the
heat capacity of a substance not only describes its vibrational
properties but is necessary for many applications.

FIGURE 12. The variation of heat capacityCV as a function of
temperature for YFe4P12 at different pressures.

FIGURE 13. The variation of heat capacityCP as a function of
temperature for YFe4P12 at different pressures.

Two well-known limiting cases for this quantity are correctly
described by the elasticity theory [27]. At high temperatures,
the heat capacity at constant volumeCV does not depend
much on temperature and tends towards the Dulong-Petit
limit CV (T)≈ 3R for mono-atomic solids [26, 27], which is
true for all solids at high temperatures. At sufficiently low
temperatures,CV is proportional toT 3 [27]. The variation in
the heat capacityCV as a function of temperature at pressures
ranging from 0 GPa to 15 GPa is shown in Fig. 12. At low
temperatures, the heat capacityCV manifests itself more and
more clearly in the direction of increase,i.e. it varies propor-
tionally to T 3. However, at high temperatures, the heat ca-
pacity at constant volume increases slowly and tends towards
the Dulong-Petit limit corresponds to the value of 411.153
J/mol.K. At zero pressure andT = 300 K, the value ofCV

is 349.6324 J/mol.K. However, we also note that the effect of
pressure on the heat capacityCV is small; for a given temper-
ature the values ofCV for different pressures are very close.
The variation in heat capacity at constant pressureCP as a
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FIGURE 14. The variation of thermal expansion coefficient as a
function of temperature for YFe4P12 at different pressures.

FIGURE 15. The variation of Debye temperature as a function of
temperature for YFe4P12 at different pressures.

function of temperature at different pressures for the YFe4P12

alloy is shown in Fig. 13. When the temperature increased,
the variations inCP were similar to those ofCV at low tem-
peratures. At high temperatures,CP behaves differently than
CV , it does not tend towards a constant value. The effect
of pressure on the heat capacity at constant pressureCP was
similar to that ofCV due to its proportionality to the temper-
atureT 3. Thermal expansion is the expansion of the body
volume caused by heating. The coefficient of linear ther-
mal expansion is related to the strength of atomic bonds.
Strong atomic bonding results in smaller thermal expansion
and higher melting points. The variation in the coefficient
of thermal expansion as a function of temperature at differ-
ent pressures for the YFe4P12 compound is shown in Fig. 14.
At a given pressure, we can see that the coefficient of ther-
mal expansion increases rapidly with temperatureT at lower
temperatures (approximatelyT < 400 K), and above this
value of 400 K the rate decreases, and the dependence of the
coefficient of thermal on temperature is small for high tem-
peratures. Moreover, increasing the pressure decreased the
rate of decrease. At zero pressure, the variation of the co-
efficient in thermal expansion with temperature was greater.
Figure 15 shows the evolution of the Debye temperatureθD

with the temperature at several pressures. We see thatθD is
almost constant from 0 to 100 K and decreases linearly when

FIGURE 16. The variation of entropy as a function of temperature
for YFe4P12: at different pressures.

the temperature increases. For a fixed temperature, the Debye
temperature increases with increasing pressure. By compar-
ing this curve with that in Fig. 11 relating to the bulk mod-
ulus, we notice a similar behavior, that is, the Debye tem-
perature and bulk modulus evolve in the same way. Our cal-
culation ofθD at zero pressure and ambient temperature is
equal to 605.77 K. This could indicate that Debye’s quasi-
harmonic model is a very reasonable alternative to account
for thermal effects without a computationally expensive task.
Entropy can be interpreted as a measure of the degree of dis-
order of a system at a microscopic level. The higher the en-
tropy of the system, the fewer its elements are ordered, inter-
related, and capable of producing mechanical effects. This
can be explained by an increase in the incidence of molecular
disorders. The probability of molecules occupying different
positions increased. In Fig. 16, we show the variation in en-
tropy S with temperature and pressure for the YFe4P12 alloy.
For a given pressure, the entropy S increased sharply with in-
creasing temperature and decreased with increasing pressure
at a given temperature. It can be seen in the figure that the
entropy S increases rapidly with temperature, and it takes a
finite value at low temperatures. Entropy decreases with in-
creasing pressure and increases with temperature. Entropy
is more sensitive to temperature and pressure. We notice
that the crystal structure is still preserved at 800 K because
YFe4P12 alloy was systematically prepared by the reaction
of stoichiometric amounts of each metal and red phospho-
rus powders at pressures between 4 and 5 GPa. The reaction
temperatures were between 1000◦C (1273.15K) and 1100◦C
(1373.15 K). These products were characterized by powder
X-ray diffraction using CuKa radiation and silicon as a stan-
dard at ambient pressure [22].

4. Conclusion

This work aimed at a detailed study of the physical prop-
erties of filled Skutterudite YFe4P12 material in its cubic
structure using the full-potential and linear augmented plane-
wave method (FP-LAPW) based on density functional the-
ory (DFT). This method has proven to be more effective than
other calculation methods encountered in solid-state physics.
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The generalized gradient approximation (GGA-PBE) was
used to determine the exchange and correlation potential. Be-
fore studying this material, we investigated the study of its
structural properties. We first calculated the ground state
properties of compound YFe4P12, such as lattice constants,
bulk modulus, and its derivative. The obtained results were
in good agreement with those determined by the available ex-
perimental measurements. The results obtained on the band
structure showed a metallic character in the majority spins
and a semiconductor character with a direct gap(Γ − Γ) of
0.493eV in the minority spins, which means that the YFe4P12

is a half-metal. The dielectric function, refractive index, re-
flectivity, optical conductivity, and optical absorption were

qualitatively analyzed, and the calculated optical properties
revealed a strong response of this material in the energy range
between visible light, extreme IR regions, and UV regions,
making it a good candidate for optoelectronic applications.
The thermal properties were determined in the temperature
range of 0-800 K, where the quasi-harmonic model remained
fully valid. To the best of our knowledge, comparable exper-
imental results for the optical part are not available, even the
temperature and pressure dependence of the lattice parame-
ter. These results ensured the reliability of the current first-
principle calculations, so this is a detailed predictive study.
It appears that this alloy exhibits a thermodynamically stable
behavior and can be developed experimentally.
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