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Detailed Structural, thermoelectric, electronic and magnetic properties of the ternary rare-Earth based XMn2Si2 (X=Dy, Er)
Compounds, are investigated using the full-potential linearized augmented-plane wave (FP-LAPW) method with generalized
gradient approximation (GGA+U) in ferromagnetic phase. The basic calculations of optimization are found with the support of
(PBE-GGA) to realize theoretical consistency with existing experimental consequences, although for the enhancement of magneto-
electronic part the (GGA+U) technique is employed. We have identified theoretically that the ferromagnetic is the most suitable
phase among three studied phases for these compounds agree well with previous experimental works. The electronic band structure
indicates that these compounds are metallic through both spin channels in the FM phase. A secure hybridization occurs between the
elements Dy/Er-f and Mn-d states in the valence band and the Si-p state in the conduction band. The total magnetic moments verify
that the rare-Earth based DyMn2Si2 ternary inter-metallic compound showcases stronger ferromagnetic behavior patterns than the
ErMn2Si2 compound. We estimated the Seebeck coefficient S, electrical and thermal conductivities, and the ZT in this study over
the temperature range of 0 to 800 K. The ErMn2Si2 is a viable contender for high-temperature applications in waste heat
management because of its high ZT values in the high-temperature region in thermoelectric devices.
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The pristine intermetallic materials (zintl) have their precise
electronic structure that continues to construct them responsible for
numerous advanced attributes at the quantum level side.1–5

Nowadays, the interest in the direction of the exploration of
materials containing intermetallic phases have become more
common due to their intriguing characteristics and different wide
range applications and featuring new approaches like shape memory
alloys, in jewelry and dentistry2,3 innovative computer read along
with their inspirational utilization by way of “colossal-magneto
resistive (C-M-R)” or “giant-magneto-resistive consequence”.6,7

Usually, the magnetoresistance is metallic thin films, which are
able to vary the resistivity in relation to the external field.8–14 The G-
MR are diverse applications like spin values, spin filter, are also a
key role in the major magnetic field sensor.15,16 Many symmetries of
intermetallic phases (Zintl) are found and are more important for the
material magnetic properties, which are a highly valuable phase for
the single-molecule magnetics and read head.7,17

The Intermetallic phases having formula of BL2X2 (where B
(rare/alkaline-Earth metals), L (d-block metals); whereas X be a
member of Group 13–15 elements) lies in two persistent types of
structure, having space groups specifically ThCr2Si2 (14/mmm) and
also CaAl2Si2 (P3m1) correspondingly. However, these are em-
ployed in previous research to examine different physical aspects of
intermetallic (zintl phase) compounds.7–10,12,14,16

Recent years have seen a lot of research interest in the ternary
intermetallic compounds with the stoichiometric ratio of 1:2:2 and a
formula with representation RT2X2 where (R)-rare Earths, (T)-

transition metals and (X)-p block elements, respectively.18 Due to
the presence of wide range of intriguing physical features, including
superconductivity, effect of heavy fermion, intermediate valence,
magnetic complex structures along with several transitions, and so
on.19,20 Furthermore, the magnetic-ordering that develops from the
(3d) manganese (Mn) subsystem at higher temperature ranges21

makes the compounds generated when T=Mn particularly fasci-
nating in terms of their magnetic characteristics. Investigations into
the RT2X2 family for magnetocaloric effect (MCE) have recently
been carried out in various works. As a result, various compounds,
including TbMn2Si2

22 and ErT2Si2 (T=Mn, Cu and Cr),23 have been
found to have enormous MCE.

The compounds DyMn2Si2 and ErMn2Si2 belongs to RT2X2

family with attracting magnetic features. The first material was
synthetized by D. Rossi et al. in 1978,24 while the later one was
synthetized and characterized in 1981 by Szytuła, A. and I. Szott.25

as a tetragonal (body centered) structure. Generally, the compounds
are totally based on a bonding nature like Mn2Si2 is covalent with a
large charge transfer of R2+. The structure is stable due to one-layer
charge being [Mn2Si2]

2− and others are parted by (non-magnetic)
R2+ cations, which show the magnetic effect. Later, an antiferro-
magnetic ordering and an extra magnetic phase around 473 and 55 K
were discovered in the DyMn2Si2 combination by means of
magnetic analysis.25 A complicated structure with numerous mag-
netic possible transitions at temperature underneath 85 K linked to
long range dysprosium interaction and canted manganese (Mn)
moment was shown by magnetic and Mossbauer experiments.26

Additionally, an AFM transition related to Mn-Mn interaction was
seen at 511 K. Moreover, four transitions for DyMn2Si2 at low
temperatures (T < 100 K) are reported by Ono and co-authors.27 ThezE-mail: maalidph@yahoo.co.uk
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magnetization curve’s, though, differs significantly from the findings
presented in the reference26 at low magnetic (B) fields and reported
weak ferromagnetic transitional (83.4 K) temperatures. According to
the authors, the found discrepancy is caused by a significant
magnetic anisotropy. Subsequent magnetic experiments on
DyMn2Si2 single crystals28 revealed a magnetic-transition at 44 K
(a temperature lower than the only transition detected by Szytuła, A.
and I. Szott25) and three lower-temperature differences.

The X-ray diffraction and magnetization findings have been used
to explore the magnetic, structural, and magnetocaloric features of
the intermetallic ternary DyMn2Si2 material. Furthermore, the
proximity of two subsequent transitions, caused a table-like magne-
tocaloric effect (MCE) throughout a large temperature range.29 As a
result, the unusual magnetic characteristics of the compound
DyMn2Si2 were intriguing for low temperature range magnetic
refrigeration.

Due to their exceptional physical features and possible uses as
high temperature thermo-electrics, REMn2Si2 (RE = Rare Earth)
crystals have piqued the curiosity of many researchers.30 Solid-state
reaction and techniques of arc-melting were used to create ternary
RE-manganese silicides.31 Lead-based metal flux synthesis offers
the quickest way to create single crystals of ternary RE-transition
metal silicides. In earlier research, the researcher described the lead
flux synthesis conditions for YMn2Si2, and

32 ErMn2Si2 crystals.
Later, Okada, Shigeru, et al. described the experimental setup for

producing comparatively large single crystals of REMn2Si2 from a
high-temperature lead flux in an argon environment.33 The middle
section of the lanthanide series was chosen. The compounds belong
to these families can crystalize in a variety of structure types, which
favors the existence of diverse magnetic and electrical properties.
Depending on the T and X elements, the researchers have found that
the temperatures range from low <2 K to high >300 K for observing
magnetic ordering in these compounds.34 Additionally, significant
magnetocaloric impact and magnetoresistance were found in nu-
merous compounds belonging to these families. These mentioned
properties make these compounds suitable candidates for use in
magnetic refrigeration.

The DyMn2Si2 compound showed complex magnetic structure
along with multi-magnetic transitions. Mn ions in the compound
exhibit antiferromagnetic (AFM) order at high temperature TN ∼
425 K. Three magnetic-phase transitions were achieved for the
compound DyMn2Si2 at temperatures below T < 40 K.35 The
apparent transition around 38 K is attributed to a long-range
(ferromagnetic) interaction among (Dy-Dy) ions, based on the
neutron diffraction and Mossbauer results, while T1 ∼ 31 K can
also be connected to a canted (ferrimagnetic) transition resulting
from such a long-range exchange mechanism among magnetic (Dy-
Dy) and (Mn-Mn) sub-lattices.36,37 The antiferromagnetic anomaly
identified around T2 ∼ 20 K is linked to modifications with in AFM
structure of the Mn sub-lattice.

The ErMn2Si2 and ErMn2Ge2 compounds displayed ferromag-
netic/anti-ferromagnetic characteristics at low/high temperatures,
according to magneto metric experiments on polycrystalline
samples.38 The ErFe2Ge2 compound stays paramagnetic at 4.2 K,39

While ErFe2Si2 compound ordered antiferromagnetically just at Neel
temperature of 2.6 K.40 A rise in the intensity of over-all reflections
is evident here in the neutron diffraction pattern recorded at low
temperature 4.2 K, suggesting that a ferromagnetic ordering exists. It
was established by the examination of the intensities that the
magnetic moments (μEr ≈ 9 μB) are confined to Er atoms and are
aligned to the c-axis perpendicularly.41 In the range of temperature
from 1.8 to 293 K, a neutron diffraction analysis of the polycrystal-
line compounds was conducted.41 An array + − + − of ferromag-
netic layers composed of Mn atoms make up the antiferromagnetic
collinear structures of ErMn2Si2 and ErMn2Ge2 both at RT and
LNT. The magnetic moment with value (≈2 μB) of Mn atom in
these compounds are parallel to the c-axis.

So far, various properties have been observed to be dependent
primarily on constituent element or composition.42 Interestingly, a

significant MCE was found in the RT2X2 series compounds.43,44

This MCE was linked to a field-induced first order magnetic
transition from an antiferromagnetic to a ferromagnetic state.
Studies of magnetism and heat capacity have been utilized to
analyze the magnetic characteristics and magnetocaloric effect
(MCE) in the ternary ErMn2Si2 compound. The calculated magne-
tization with value at 2 and 7 T was 7.92 μB, which was significantly
less than the saturated magnetic moment (9.0 μB) of a free Er+3

ion.20 The value of the (Mn) moments and the magnetic phase of the
Mn sublattice are highly sensitive to the interatomic (Mn-Mn)
distance, d Mn-Mn, for said RMn2X2 (X = Si/Ge) systems.44 The
magnetic alignment along the c-axis in neighboring Mn is ferro-
magnetic whenever d Mn-Mn is bigger than critical values of dMn-Mn

(∼2.85 Å), while antiferromagnetic at low values, based on the
interlayer coupling (ITC) model.45

The magnetic ordering transition, which was also validated by
the magnetization measurement, is what causes the k-shape spike too
appeared about 4.5 K in specific heat C(T) curves beneath zero field.
At the same temperature 4.5 K, a second order magnetic phase
transition from paramagnetic to ferromagnetic has additionally been
detected along with a large reversible MCE.20 Furthermore, the heat
capacity C of ErMn2Si2 at fields of 0, 1, and 5 T was observed to be
low temperature dependent magnetic refrigeration. According to the
data that has been so far reported, both the reported discrepancy in
the magnetic behavior in addition to the complicated magnetic
parameters remain to be explained properly of these compounds.

There is no theoretical work in the literature from the above
discussion present on pristine rare Earth based XMn2Si2 compounds.
However, some experimental work has already been reported on
rare-Earth based compounds because of their interesting physical
properties such as superconductivity, magnetic order, heavy-fermion
capabilities, valence fluctuations, giant MCE, and so on.19,20,42

Currently, we focused first on the structure, thermoelectric, elec-
tronic and magnetic properties. This was partially inspired by a
research gap of XMn2Si2 (X=Dy, Er) compounds by employing the
FP-APW method. We have calculated all these parameters by using
the DFT and linked them with the existing results in the literature.

Computational Detail

Computationally these calculations were achieved for XMn2Si2
by using density functional theory (DFT).46–50 The calculation was
carried out for the full potential linearized augmented plane wave
(FPL-APW) as defined by the Wien2k code.51 In order to analyze
exchange and correlation potentials, generalized gradient approx-
imations (GGA-PBE)52 and GGA+U53,54 are used. The improved
results, especially for electronic and magnetic features, are then
compared among the noted approximations for best possibilities.
The application of the spin-polarized (GGA+U) technique,53 which
also incorporates an on-site Coulomb repulsion, is the only possible
way to further increase the clarity of presentation of d/f localized
electrons. We have used Ueff = 7 eV9,12 for the XMn2Si2 compounds
in order to treat only the d and f states. Moreover, spherical
harmonics were organized together with aid of two steps to
implement, i.e., (E-D) electronic-densities and probably potential.
The charge density was Fourier expanded up to the Gmax = 12 atom
unit (au)−1 for these two potentials by circular atomic sites with a
cutoff value of lmax = 10. Where Gmax shows the leading vector in
Fourier expansions. By using the scalar-relativistic approach, wave
functions are increased to extend in the interstitial domain (ID) to
plane waves with a cutoff value of RMT × Kmax was set to 7.0. The
RMT provided the average radius of muffin-tin spheres while Kmax

provided larger magnitude K vector values inside the plane wave.
We chose the value of non-overlapping muffin-tin radii for these
element as (2.4, 2.0, 1.9) and (2.4, 2.0, 1.9) for (Dy, Mn, Si) and (Er,
Mn, Si) in “au” in that order respectively. We proposed the 1000 k
points55–57 Monkhorst–Pack mesh in the irreducible Brillouin Zone
for rare-Earth based XMn2Si2 compounds. Moreover, its thermo-
electric properties have now been studied using the semi-classical
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Boltzmann transport theory, which is performed in the Boltztrap
program.58–60

Result and Discussion

Structure properties.—In this section, the structure properties of
XMn2Si2 (X=Dy, Er) clarify distinct structure parameters like
lattices constant, bulk modulus, binding energy or optimization
energy, and unit cell volume.

According to the studies, the XMn2Si2 crystallizes in a tetragonal
ThCr2Si2-type structure with a (I4/mmm) space group, in which the
atoms of an elements Dy/Er, Mn, and Si, respectively, occupying the
(2a), (4d), and (4e) positions. In these structures, the atoms are
organized to create a series of X-Mn-Si-Mn-X-Mn-Si-Mn-X planes
that are perpendicular to the tetragonal c-axis and contain the same
kind of atoms. The Dy/Er atoms located in the core of the tetragonal
unit cell are surrounded by eight (Mn and Si) each atom from
adjacent layers. The optimization process is formed by relaxed
geometry in Fig. 1. The optimization process is performed in three
different phases i.e. Paramagnetic (P-M) Phase, the ferromagnetic
(F-M) Phase, antiferromagnetic (AF-M) Phase. The structure para-
meters are investigated by means of geometry volume-optimization
process for the reported materials. The total energy of XMn2Si2
(X=Dy, Er) is investigated among three phases under (GGA-PBE)
approximation. There is no descriptive experimental and theoretical
study on XMn2Si2 (X=Dy, Er). Therefore, the structural stability is
calculated from ground state energy. The ground state energy is
calculated using the following expression

E E E E E2 2 1.1f tot X Mn Si= − − − [ ]

The Etot is the total ground energy of XMn2Si2 (X=Dy, Er), while
E E E2 2X Mn Si− − are the total energies for each X= (Dy, Er), Mn,
and Si, respectively. The negative value of the ground state energy in
Table I indicates that XMn2Si2 (X=Dy, Er) are thermodynamically
stable. The achieved lowest ground state energy of these compounds
is in ferromagnetic phase in comparison with other calculated
Paramagnetic and Antiferromagnetic (PM/AFM) phases. Due to
the optimized plot as shown in Fig. 2 and calculation of energy, the
structure as shown in Fig. 1 stabilizes in the ferromagnetic phase.
Moreover, the calculated results show that XMn2Si2 (X=Dy, Er) are
favorable materials for the ferromagnetic configuration. The com-
pounds’ structural characteristic behavior is governed by deter-
mining atomic lattice locations as well as cell dimensions. Our
calculated structural data (Table II) theoretically agree well with

previous experimental works20,24,33,61 that have reported the ferro-
magnetic response of the materials, particularly at low temperatures.

We currently have only experimental lattice constants as cited
above for both compounds to compare, as well as volume for
DyMn2Si2, to support our findings. In the structure when the Er
Cation is substituted by Dy atom, the values of (ɑ and c (Å)), (V0)
and B decrease as the three different (PM, FM and AFM) phases are
calculated. This noted reduction is due to decrease in the atomic
sizes of the cations as one move in the period from Dy to Er element.
Lastly, the bulk modulus (B), which measures compressibility,
exhibits a clear downward trend from Dy → Er, making ErMn2Si2
a more compressible combination than DyMn2Si2.

Electronic properties.—The band structure and density of states
of XMn2Si2 (X=Dy, Er) compounds with up and down spin
channels is determined by (PBE-GGA) in Figs. 3a, 4a and (GGA
+U) potentials in Figs. 3b, 4b respectively. The band structure of
these compounds is interviewed by symmetry points (Γ, H, N, Γ, P)
of the Brillouin zone, while the calculated TDOS and PDOS are
plotted in the range of energy between −6 eV and 6 eV, to
conceptualize the electronic features of the physical structure.

The significant dispersion of three valence bands maximum at the
symmetry high H point is clearly observed. By applying PBE-GGA
potential, all three bands dominantly emerge while passing the Fermi
level, hitting or touching the conduction band, and remaining in the
region in spin up channels of XMn2Si2. While the few valence bands
maximum displays dispersion along both basal-plane Γ−H and Γ−N
directions spin down channel of XMn2Si2, and most surprisingly,
also on the c-axis, the Γ−P line. This indicates that almost all
directions are likely to have excellent conductivity for XMn2Si2.
Additionally, for both of the studied compounds, a band with a gap
appears at Γ, below as near the valence band maxima. The presence
of such multiband behavior is indeed a dominant beneficial feature
of thermoelectric materials.

Furthermore, the disappearance of two valence bands through
(GGA+U) with a single band appearance and shoulder on both side
at high (H point) symmetry in XMn2Si2 compounds. Additionally,
single band dispersion has become more prominent of conduction
band minimum at (N and Γ−P basal points) spin up channel. While
both the compounds follow the (PBE-GGA) potential in spin down
channel where few maxima of valence bands and minima of
conduction bands show dominant dispersion along basal-plane Γ
−H, Γ−N and Γ−P directions.

In spite of this, the conduction band minimum of XMn2Si2
follows the similar trend, with a dominant single band dispersion at
high (N) symmetry point via the (GGA+U) from up-spin channel
while stay within the region through (PBE-GGA) of conduction
band (which denotes that the conduction bands are fully filled and do
not contain any further electrons) with the absence of an over-
lapping-mechanism is observed with the valence bands.

The bands clearly split whenever the GGA+U is computed,
although both rare-Earth-based XMn2Si2 compounds continue to
show their metallic character. The valence band drops down and the
conduction band goes up at the high symmetry (Γ point) by
bounding d-states while computing the GGA+U approximation.

Additionally, there exists no energy gap (absent gap) at the Femi
level, expressing the nature of being purely metallic, whereas bands
in spin-up channels are significantly closer to one other than spin-
down channels nearby the Fermi energy level. Although these
adjacent states allow for easy electron mobility, this also has a
long-term effect on the system’s conductivity. Due to the crossing
band mechanisms overall the Fermi level as well as the absence of a
gap for both channels of spin when analyzing (PBE-GGA and GGA
+U) separately, the rare-Earth based XMn2Si2 (X=Dy, Er) com-
pound band structures overall tend to represent full-metallic nature.

Due to the observed total and (p, d, and f) partial states that
crossed the Fermi level of energy in both channels of spin
dominatingly, both the understudy compounds exhibit full metallic

Figure 1. Crystal Structure of XMn2Si2 (X=Dy, Er) Compounds.
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behavior. As a result, we may infer from Figs. 4a, 4b that the orbital
contribution in Ferro-magnetic phase XMn2Si2 (X = Dy, Er) is
really quite comparable.

Additionally, it is easy to see from the DOS in which the current
activity is at (EF) frequently originates from Mn-d state. Moreover,
the elements Dy/Er-f and Mn-d states in the valence band and the Si-
p state in the conduction band exhibit substantial hybridization. Such
conditions are the cause of the metallic characteristics of the
materials.

Both the Dy/Er-f and Mn-d states have prominent occurrence and
participation at the Fermi energy level, as well as XMn2Si2
compounds dominant spread from high to low energy in the area
of valence band. The usage of the (GGA+U), which handles
localized f/d-shell electrons of the Dy, Er and Mn atoms, is what
causes the f/d-states for both compounds to shift toward lower
energies in the up-spin channel while staying in the same positions
in the down spin channel.

Furthermore, the disappearance of the Dy/Er-f and Mn-d states
from spin up channels at even further lower in energy by utilizing
(GGA-PBE) and higher in energy by utilizing (GGA+U) in the
valence band region and further higher in energy in the conduction
band region by using both potentials, while the appearance of the
same Dy/Er-f and Mn-d states at or near the fermi level through
down spin on both sides by computing (GGA-PBE) and (GGA+U)
is evidently shown in compound DOS plots. Similarly, Si-p state in
the region of the valence and conduction bands across the noted

energy range via both potentials makes a negligible contribution.
According to previously published research,2 the employed value for
XMn2Si2 is (U=6 eV), which is a highly accurate estimate to cope
with the f and d states of the Dy/Er and Mn atoms, respectively.

In contrast, there is no any sharp appearance, but there is a slight
contribution to the various spin states of XMn2Si2 from the X-f and
Mn-d states in the vicinity of the conduction band, as shown using
the GGA-PBE and GGA+U potentials. Curiously, the XMn2Si2
compounds essentially non-symmetric appearance in their multiple
states (X-f, Mn-d, and Si-p) spectra by both channels, which reside
in valence and conduction bands, contradicts the stoner
argument’s.4,7,12,16

Magnetic properties.—Spin polarized computations using the
PBE-GGA and GGA+U potentials are used to examine the magnetic
properties of XMn2Si2 (X=Dy, Er) compounds. The Table II
provides an overview of the individual (Dy/Er, Mn, and Si) and
interstitial magnetic moments, (total for each cell mc) magnetic
moments of the rare-Earth based compounds under consideration.

According to the tabulated data, Dy/Er and Mn atoms are the
greatest effective contributors to the total cell of XMn2Si2 magnetic
moment, having strong parallel ferromagnetic values, as opposed to
Si atoms, which are making an antiparallel influence through both
potentials. Therefore, all additional sites besides the silicon (Si) site
contribute to enhancing the overall ferromagnetic character of the
aforementioned compounds.

Table I. Calculated lattice parameters, a (Å), c (Å), ground-state volume V0 (a.u)3, Bulk modulus B (GPa) for ferromagnetic XMn2Si2 (X=Dy, Er)
ternary compounds.

Compounds
Lattice constant (A)0

V0(a.u)
3 B(GPa) Bp

Eo

a C FM AFM PM

DyMn2Si2 3.924 10.421 532.1491 128.5707 5 −30131.7587 −30131.6513 −30131.5
Expa,b,c) 3.918a) 10.438a) 160.23a)

3.915b) 10.440b) 160.0b)

3.923c) 10.453c) 160.9c)

ErMn2Si2 3.882 10.415 528.9282 125.5115 5 −31994.4761 −31994.43 −31994.37
Expd) 3.896d) 10.415d)

a) Ref.33 b) Ref.24 c) Ref.62 d) Ref.20

Figure 2. Optimization plots showing energy verses unit cell volume XMn2Si2 (X = Dy, Er) Compounds.
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Table II. Calculated total, interstitial and local magnetic moments of DyMn2Si2 and ErMn2Si2 compounds with both (PBE-GGA and GGA+U) potentials.

Compound minterstial mDy Er/ mMn mSi mcell

DyMn2Si2
(PBE-GGA)

0.15375 4.75813 1.69901 −0.05546 8.19898

(GGA+U) Exp 0.25300 4.73943 3.69418 −0.11059 12.15961

ErMn2Si2
(PBE-GGA)

0.12747 2.50885 2.04071 −0.07047 6.59558

(GGA+U) 0.30667 2.50885 4.04746 −0.11904 10.67237
Expa) ———————————-

–

—————————————— —————————————— ————————————— 9.0a)

a Ref. 20.
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Additionally, the ferromagnetic nature of the stable magnetic
ground state is supported by the (non-negative) values of the net-
magnetic moments of the DyMn2Si2 and ErMn2Si2 compounds by
utilizing both the PBE-GGA and GGA+U potentials, as shown in
the optimization graphs in Fig. 2 and previously published research
investigation2,4,16 for the both rare-Earth based compounds. Due to
the ferromagnetic character, both in our calculation and in earlier
research,20,24,33,61 the parallel magnetic moment for these com-
pounds is the main focus of our work.

Besides this, the computation based on the GGA+U produces a
value with such a larger magnitude in contrast to certain other
approximation potentials that have been previously identified since it
primarily agreements with localized (f and d-shell) electrons of the
Dy/Er and Mn atoms and rises their magnetic moment to a lesser
extent than the PBE-GGA.

In addition, the interstitial site and individual (Dy/Er, Mn, and Si)
atoms encourage the overall net moment, whereas the Si site opposes
it, based on the measured values of XMn2Si2 compounds magnetic
moment by both potentials, as shown in Figs. 4a, 4b. This is because
Dy/Er-f and Mn-d states emerge most frequently over the noted
energy range. The antiferromagnetic interaction in between valence-
band electrons is seen by the opposing sign appearing in the
magnetic moments of the Inst, Dy/Er, Mn, whole cell, and Si
elements.

Because Dy and Mn are perfectly aligned with the compounds
net magnetic moment, DyMn2Si2 exhibits higher ferromagnetism.
As seen in Table II, the value of mMn changes from (1.69901) to
(3.69418) when the d states of the Mn atom are bound by the GGA
+U potential.

At last, because of the differences in electro negativity between
the atoms of Dy (1.22) and Er (1.24), the total magnetic-moments
align parallel through both approximation potentials verify that the
rare-Earth based DyMn2Si2 ternary inter-metallic compound show-
cases stronger (ferromagnetic) behavior patterns than the ErMn2Si2
compound. As a result, the greater overall electronegativity differ-
ence, the higher the magnetic-moment in magnitude demonstrated
by the DyMn2Si2 compound, indicating stronger ferromagnetism.

Thermoelectric Properties.—BoltzTraP is the algorithm used to
compute thermoelectric parameters based on semi-classical
Boltzmann theory.58–60 For thermoelectric materials, particularly
those used in detectors and cooling equipment, low and high
temperature refrigeration, thermal energy provides a source for the
creation of electrical energy. A material is said to be more efficient if
it contributes less thermal conductivity and higher electrical con-
ductivity and Seebeck coefficient. We estimated the Seebeck
coefficient S, electrical and thermal conductivities, and the ZT in
this study over the temperature range of 0 to 800 K.

In a thermoelectric device, electrons can go from an area of high
temperature to one of low temperature because high temperature
produces greater thermal energy. According to the band structure
and density of states shown in Figs. 3a, 3b and 4a, 4b, electrical
conductivity is the movement of free charge carriers. Figure 5 shows
that excited electrons in XMn2Si2 contribute to electrical conduc-
tivity. The DyMn2Si2 and ErMn2Si2 exhibit a clear reduction in
electrical conductivity because the collisions between electrons and
positive metal ions become more rapid, lowering the relaxation time
and resistivity as a result within a specific temperature range. It is the
second-most significant factor in heat conversion, following tem-
perature, and it depends on free electrons and lattice vibrations to
create thermal conductivity. Free charge carriers are primarily
responsible for the production of heat transmission in the case of
semi-conductors and metals.

The compound DyMn2Si2 exhibits a progressive rise, whereas
ErMn2Si2 exhibits a steady decrease from their initial starting values
until 150 K, after which a gradual decrease is observed throughout
the temperature range covered by the study. Interestingly, both
compounds share the same magnitude at 600 K before reaching their
minimum at 800 K. Additionally, at the initial and final given

Figure 3. (a) Band structure of XMn2Si2 (X=Dy, Er) Compounds in
ferromagnetic phase by using PBE-GGA approximations. (b) Band structure
of DyMn2Si2 and ErMn2Si2 Compound in ferromagnetic phase by GGA+U
approximations.
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temperatures, the ErMn2Si2 compound exhibited the highest value of
electrical conductivity when compared to DyMn2Si2. Even in high-
temperature zones, rare-Earth-based materials XMn2Si2 show no
growth in the value of the electrical conductivity curve as the
temperature rises.

Less heat conductivity is necessary for excellent thermoelectric
materials. Figure 6 shows that the thermal conductivity curves for
the rare-Earth based material XMn2Si2 are increasing across the full
temperature range (300–800 K). When contrasted to the plot of
electrical conductivity to opposing fluctuation patterns in the thermal
conductivity62 of certain compounds, the Wiedemann–Franz law
cannot be proven. The thermal conductivity curves began with a
similar lower value for both the compounds at a temperature of
around 50 K and progressively climbed with temperature while
sharing the same magnitudes in the range of 250–350 K until
reaching their highest value at a temperature of about 800 K.

In addition, XMn2Si2 where (X=Dy, Er) compounds showed
minimum and maximum values of thermal conductivity at high
temperatures (800 K). Consequently, materials with poor heat
conductivity can be crucial for a variety of applications.4,50,62 The
electrical conductivity in Fig. 5 basically follows the exact opposite
trend.

We may learn more about the nature or kind of material by using
the Seebeck coefficient. Figure 7 shows that the Seebeck coefficient
curves of XMn2Si2 (X=Dy, Er) initially started with the maximum
values and tend to decrease gradually, where a clear upward and
downward hump appear in the S curve (negative region) over the
mentioned temperature range of 0 to 800 K. The Past few studies
calculated the transport properties in the same manner as we
investigated in this work. Further they have reported positive/
negative Seebeck coefficient with high ZT as well for the same
and different class of the compounds.4,14,16,63,64

Figure 4. (a) Density of State (DOS) XMn2Si2 (X=Dy, Er) Compounds in ferromagnetic phase by using PBE-GGA approximations. (b) Density of State (DOS)
XMn2Si2 (X=Dy, Er) Compounds in ferromagnetic phase by GGA+U approximations.
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These compounds display negative values for the Seebeck
coefficient (S) over the whole range of temperature, XMn2Si2
exhibits n-type conduction performance because of negative sign

appeared at the moment of observation here on plotted data. These
electron carriers predominate in electronic transport. Additionally,
across the indicated temperature range, the DyMn2Si2 compound has
the highest value of the Seebeck coefficient of the two understudied
compounds.

By using the figure of merit (ZT), the thermoelectric performance
was estimated. A material with a high ZT value is more effective. As
seen in Fig. 8, the rare-Earth based XMn2Si2 compound’s ZT curves
begin at their minimum values, which is thought to be the lower
values at around 50 K. When a temperature is raised further, the ZT
curves for DyMn2Si2/ErMn2Si2 are gradually/dramatically increased
till 400 K. Further onward, in the high temperature range, both the
spectra increase linearly with temperature and reach their maximum
value at 800 K. The similar behaviour of ZT with Seebeck
coefficient were observed in few other studies for the same and
different class of the materials.4,14,16,63,64

Furthermore, Er-based compounds have a high ZT value in
magnitude at 800 K, which means the material response in a high
temperature range is significant as compared to DyMn2Si2. The
ErMn2Si2 is a viable contender for high-temperature applications in
waste heat management because of its high ZT values in the high-
temperature region in thermoelectric devices.

Conclusions

In this research work, DFT calculations are performed by using
different approximations (PBE-GGA and GGA+U) to study the
structural, thermoelectric, electronic, and magnetic properties of
pristine rare-Earth based DyMn2Si2, and ErMn2Si2 compounds. The
calculated parameters like lattice constants and the stable structure
optimization in the FM phase are reliable with other experimental
reported results. The designed band structures organized by DOS plots
announce complete metallic-character by robust hybridization appear-
ances between Dy/Er-f and Mn-d states in the valence band and the Si-
p state in the conduction band. Similarly, the attained entire magnetic-
moments align parallel to the over-all ferromagnetic direction (by both
potentials), which reveals stronger ferro-magnetism in the examined
pristine intermetallic Rare-Earth based compounds. Furthermore, Er-
based compounds have high ZT and high electrical and thermal
conductivities values in magnitude at 800 K, which means the
ErMn2Si2 material response in a high temperature range in thermo-
electric devices is significant as compared to DyMn2Si2.
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Figure 5. Variation of Electrical Conductivity with respect to temperature
for XMn2Si2 (X=Dy, Er) Compounds.

Figure 6. Variation of thermal-Conductivity for XMn2Si2 (X=Dy, Er)
Compounds with respect to temperature.

Figure 7. Variation of Seebeck coefficient (S) with respect to temperature
for XMn2Si2 (X=Dy, Er) Compounds.

Figure 8. Variation of ZT with respect to temperature for XMn2Si2 (X=Dy,
Er) Compounds.
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