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ARTICLE INFO ABSTRACT

Keywords: The present report aims to examine detailed Cationic ligands replacement for XAl,Ge; (X = Pr,
Intermetallic Nd, Gd, Tb) compounds by employing the density functional theory (DFT) within full-potential
DFT . . linear augmented plane wave (FP LAPW) method. For the structural determination, the gener-
Magnetic properties alized gradient (PBE-GGA) approximation has been used to get theoretical reliable and analogous
Ferromagnetism

results with the available experimental data. We have further established that the ferromagnetic
phase is more stable and suitable for calculation of the magnetic properties. The two approxi-
mations namely (PBE-GGA and GGA-+U) are used for the investigation of band structures. The
band structures along with density of state (DOS) plots approve the metallic character of XAl,Ges.
There exists a strong hybridization between (Pr, Nd, Gd, Tb) f and (Al, Ge) s, p states. Also, the
examination of magnetic properties confirms a strong ferromagnetism in XAl;Ge, compounds.

1. Introduction

In the last few years, interest in intermetallic compounds has been increasing due to their perplexing properties and various sci-
entific and innovative applications. These intermetallic compounds have a specific electronic structure making them liable for
numerous properties at quantum level. Normally, intermetallic phase shows enormous effect in the broad range of applications from
computer read, shape memory alloys, dentistry and jewelry [1,2] and mostly utilized for innovative outcomes as “colossal
magneto-resistive (C-M-R)” or else “giant magneto-resistive (G-M-R)” materials where magneto-resistance inside metallic thin films is
capable of altering and adjusting resistivity due to the presence of external magnetic field [3,4]. Despite the fact that the significant
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application of GMR can be fundamentally utilized as spin filters, spin valves, and magnetic field sensors [5] as well, the primary uses of
GMR is important for magnetic sensors, which are practically used to read-heads in the hard disk drives, biosensors,
micro-electro-mechanical systems (M-E-M-S)[6], and so on.

In general, intermetallic phases having the formula AMjx 2 (A = rare-earth metals/alkaline-earth metals, M = d-block metals; X =
Group 13-15 elements) incorporate two ubiquitous structure types, with space groups namely ThCr,Sis (14/mmm) [7] and CaAl,Sis
(P3m1) [2], correspondingly. Researchers on the other side have used different crystal structure types to show that the prerequisite for
the arrangement of pristine (CaAl,Siy) structure type is recognized as the whole numeral of (valence electrons) primarily present in per
formula unit should be equivalent to or under 16 [8-10]. The formerly known Pnictide AM2Y5 (A: (electro-positive) Element; M:
metals; Y: P to Bi) follows with no exception into this arrangement; which at first in repudiated affiliations with LyLisY> (Ly: Pr, Ce, Tb,
Nd; Y: P to Bi) [11-13] but later on effectively changed into only (L,LizY5) correct composition [14]. Furthermore, the characterization
of well-known silicides (L,Al»Sis) and Layered ligand-germanides was done by using the chemical formula of (L,AloGes) persevere
[15-18], which basically crystallize in the (CaAl,Siy) pristine crystal structure, as revealed for example [Ln3+(Al3+)2(Si4’)2] with
absent valance composition.

Taking into account the structural information of GdAl,Siy [18] shows a comparable distribution of cation-ligands as per the given
formula which is similar and should be appropriate for other cases like Germanide, moreover it has a specific outward perspective to
benefit from this linking similarity to consider their electronic character more powerful. To begin with the silicides (trivalent
rare-earth-metals) side, only a crystal-structure determination of GdAl;Si; is so far, whereas the lattice constants of other compounds
CeAl,Sis [19] and YAI,Sis [20] were studied. In addition to this no ambiguity existed in past works but comparable connections with
Ln = Gd-Lu, Pr is already set up with no other components of crystallo-graphic data are portrayed [15,16].

The synthesis of the compounds L,AlySis (Ly,: Y, trivalent rare-earth-metal) was done by rising the temperature range from 800° up
to 1000 °C. They are further crystallized in the pristine structure type namely (CaAl,Si,) with space group (P 3' m1; Z = 1) and it fits to
reported isotypic [21]. For the band structure investigation of both (CaAl,Si; and YAl,Siz), LMTO code was designed, the later YAI,Si;
affirms non-electrovalent makeup concerning to the given formula, and the same compound is also examined in that class by means of
electrical conductivity along with the predominantly bonding mechanism side [21]. Due to the material characterization technique, it
is clear that motley crystal GdAly xMn,Si shifts from GdAl,Sis (CaAlpSiz) to GdMnySiz (ThCraSis) structure phase by substituting a
value of about (x =~ 0.3) for Mn. Moreover, the crystallization was done for EuAl;Ges, EuAl»Si; and YbAly,Ge; compounds for the first
time in same structural phase by methods of heating from 1070 to 1270 K. Among all the three compounds beyond 50 K the (EuAl,Ges
and EuAl;Siy) examined paramagnetic character. Interestingly, both compounds exhibit antiferromagnetic ordering at specific tem-
perature for EuAl,Ge; at Ty = 27.5 K and EuAl,Sis at Ty = 35.5 K respectively [22].

The YbAI,Si; compound conventional response has distinguished between 100 and 300 K temperature ranges. The linear inves-
tigation of inverse susceptibility gives us a specific value of temperature as well as a minor magnetic moment estimation of (Yb) about
2.57up along with extraordinarily inspected negative paramagnetic Curie temperature (T.) at about —382 K. The degree level of
(divalent) ytterbium has developed sharply under temperature 100 K [22]. Besides the non-magnetic 4f'* reasonable ground states
were inspected in Yb basal compounds, whereas close to the Fermi level the high-sharp 4f exhibits the ability to create mediate valency
inside YbAI5Sis. Also, the vanishing band gap is the only fact behind their stability while the existing atoms in My x 5 slabs prove a slight
electronegativity difference.

By considering this position, the excessive electrons are not responsible for the distortion of the crystal structure, though it happens
when the energy bandgap is available. Thus, it is clear that the response like metallic is not because of the presence of the excessive
electron, but mostly from the material metallic character itself [21]. Separately, each compound AAl,Ge; and CaAl,Sia
crystal-structure type is probable to show metallic nature; however the valence shell electron is based on metal A.

The (SEM) and (XRD) are the two well-known techniques so far used for the material characterization of ternary (DyAl,Siy) and
binary (DySiy) silicides with the strong arrangement of both (Al and Si) elements, which further remain unchanged by hardening the
phase mixture [23]. Both aluminum based silicides and germanides AAl;x» where A belong to (alkaline or else rare-earth metal) while
X belongs to (Ge or Si) [24,25] were crystallized in the known [LayOs] type trigonal structure [26], moreover the ordered
double-puckered hexagonal layers of Ge (Si) and Al atoms are chemically prearranged along with the presence of intercalated A
(cations) atoms. The stability among these significant compounds was surprising because of their slight electro-negativity difference
between the double layer atoms. Furthermore, the electron-phonon interaction along with electronic structure have been investigated
for (YAl,Sis) compound [27].

So far researchers have attempted to examine experimentally some of the physical properties of XAl;Gez compounds. But till now,
the absence of theoretical investigation primarily on structural, electronic and magnetic properties has been absent in the literature
chiefly by using DFT. Thus, our concentration in the present research study is generally focused on the improvement of energy band
gap to overcome the lack of theoretical data about XAlyGe; compounds by means of FP-LAPW method.

2. Computational calculations detail

The lanthanide based XAl,Ge, compounds are properly classified as intermetallic phases with trigonal structure geometry of space
group (#.164) [29]. For the complete the physical parameters of XAl,Ge, compounds, the density functional theory (DFT) were
accomplished [31,32] which is further based on full-potential linear augmented plane wave (FP-LAPW) scheme as implemented in
WIEN2K code [33]. The structural relaxation together with optimization have been done by utilizing the
generalized-gradient-approximation (GGA-PBE) of Perdew Burke Ernzerhoff [34] and GGA +U [35,36] for treating exchange plus
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correlation potential as well. Moreover, the value of (Ryr* Kyax) is selected as 7.0 to control the K vector larger magnitude in plane
wave. A 1000 K points mesh [37,38] in the (BZ) Brillouin zone together with appropriate muffin-tin (RMT) radii like (2.5, 2.16, 2.39)
(a.u.) for PrAl,Ges, (2.5, 2.09, 2.31) (a.u.) for NdAl,Ge,, (2.5, 2.17, 2.4) (a.u.) for GdAl,Ge, and (2.5, 2.0, 2.23) (a.u.) for TbAl,Ges,
respectively are selected for these lanthanide-based compounds in suitable ferromagnetic phase. In order to achieve energy eigenvalue
convergence, the wave functions in the interstitial region are expanded using plane waves with a cutoff of 7.0. The charge density was
Fourier expanded up to Gmax (Gmax = 12 atom unit (au)’l). Self-consistency is obtained using 1000 K points

3. Result and discussions
3.1. Structural properties

The XAl;Gey (X = Pr, Nd, Gd, Tb) compounds has computed in hexagonal-structure geometry [Fig. 1(a)] [39], related to the
flawless known CaAl,Sis-structure. The bilayer Al in the structure occurs as a corrugated (puckered) Al honeycomb; however, all these
compounds crystallize in the trigonal crystal structure (CaAl,Si,) having space group P3m1 with (#164). The broad interpretation of
(ThCr,Siy) structure is still inspiring one among researcher by virtue of numerous compounds so far own this symmetry type and also
outline supreme properties concerning CaAlsSis type. While the compounds which are crystallize in CaAlySiy structure symmetry
found less in numbers; in view of distinct and accessible features for future electronic flexibility between these two novel types [3,4].
CaAl,Si, type is resolved simply by considering the (Al) element at B-site which particularly has (d*°, d° or d°% electronic configu-
rations [30]. So, the CaAl,Si, type is more sufficient and favorable for d'%and d° configurations as compare to ThCr,Si, type.

The XAl;Gey (X = Pr, Nd, Gd, Tb) compounds show the trigonal crystal geometry as mentioned earlier. The calculated optimized
structural parameters and plots of optimization are portrayed in Table 1 and Fig. 2. Moreover, the studied lanthanide material sta-
bilizes in the FM phase. The energy calculations along with computed plots of optimized volume for the four compounds show the
favorable nature of the FM configuration.

By volume optimization process the theoretical structural parameters of XAloGes (X = Pr, Nd, Gd, Tb) compounds are achieved by
using (PBE-GGA) which consist of lattice parameters (a, ¢ (i\)), bulk modulus, B(GPa) as well as pressure derivative (Bp). To investigate
the entire stable energy (Eo) we have utilized the “Birch Murn-aghan’s equation of state”. The planned optimization plots give
appropriate lowest energy of the primitive unit cell [1].

Our reported structure variables are in good agreement with the experimental mentioned values [28,29,30] as noted in Table 1. A
clear decrease in the compound lattice constants (a (i\) and ¢ (10\)) and volume (V) are observed while calculating through both (PM
and FM) phases by replacing the cation-ligands from Pr to Tb. The main reasons behind this fall are the decrease in atomic sizes and
further increase in electronegativity difference by changing the cations all the way from left to right in the same period. Moreover, the
B(GPa) which define compressibility of materials, the calculated values of the investigated compounds for this property show mix
peculiar increasing and decreasing trend from Pr to Tb as shown in Table 1.

3.2. Electronic properties

3.2.1. Band structure and density of states

The electronic band structure of XAlyGey(X = Pr, Nd, Gd, Tb) compounds with spin up and down configurations are shown in
(Figs. 3 and 4) by using (GGA-PBE and GGA+U) schemes. The significant information like bonding nature amongst atoms and electro-
magnetic properties of the material are determined by calculating the band structure. For simplicity, the Fermi-level is taken at zero
eV. While the investigated compounds energy band structures are designed alongside the high symmetry (I'-M-K-I"-A) points of the

. . . . . Pr, Nd, Gd, Tb

Ge
Al

Fig. 1. Crystal formation of XAl,Ge, (X = Pr, Nd, Gd, Tb). Blue spheres: X; gray spheres: Ge; green spheres Al. The tetrahedral coordination of (Al
atoms) along with Al,Ge; poly-anion is underlined.
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Table 1
Calculated values of lattice parameters, (a, ¢ ([a\)), Vo, B (GPa), Bp and Eq (Ry) for XAl,Ge,(X = Pr, Nd, Gd, Tb) compounds in both (PM and FM) Phases
along with previous published works.

Compounds Lattice Constant Vo B(GPa) BP Eo Eo
a C FM PM
PrAl,Ge,(FM) 4.2 6.77 747.6391 65.0230 5.0000 —27,853.40 —27,853.34
Exp®
NdAl,Ge, (FM) 4.261 6.811 736.1338 85.2557 2.5005 —28,627.96 —28,627.82
Exp” 4.269 6.832 107.83
GdAl,Ge, (FM) 4.251 6.714 725.0322 67.2295 5.0000 —31,928.94 —31,928.39
Exp* 4.253 6.716 105.20
TbAl,Ge, (FM) 4.231 6.613 656.8720 544.897 5.0000 —32,806.06 —32,805.64
Exp” 4.238 6.661 103.61
@ Ref. [28].
P Ref. [29].
¢ Ref. [30].
286277
PrALGe, NdAL,Ge,
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Fig. 2. Optimized plots of XAl,Ge, (X = Pr, Nd, Gd, Tb) compounds.

Brillouin zone (BZ). The compounds valence band maxima through various spin up while some down spin states show leading principal
dispersion along basal-plane '—K direction, and mostly along the c-axis, the '—A line, while conduction band minima show principal
dispersion along the whole basal plane in various spin states whereas mostly arise along with high symmetry M and I" directions
through both approximations. This describes that the conductivity of XAl,Ge, is almost in all directions are likely to be strong.

Moreover, the lanthanides (Pr, Nd, Gd, Tb) f character mainly contributed in the minima of conduction band, whereas the Al/Ge
elements p character dominantly contributing in the maxima of valence band, apart from this the wide feature is extremely resembling
for the XAl;Ge; band structures in spin-up/down configurations.

Though, there are two differences in details first the disappearance of Gd-d orbital in GdAl,Geg, second the overlap among the (Al,
Ge) s, p and the Gd f orbitals are turning into active. So, the overlapping mechanism between the (valence and conduction) bands are
dominant enough in spin-up/down types in GdAl,Ge;, than the remaining understudy compounds as plotted in (Fig. 5). Furthermore,
one has noticed that the plotted bands have (larger and more extensive) dispersion along the M and I" high symmetry directions,
reflecting effective inter-layer coupling in XAloGea(X = Pr, Nd, Gd, Tb). Additional significant characteristics in the band structures of
XAl;Gez compounds are the crossing or intersection mechanisms of (valence and conduction) bands together with the Fermi level
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Fig. 3. Band structures of XAl,Ge, compounds in ferromagnetic phase while computing GGA-PBE in spin-up/down configurations.

location in spin-up/down configurations.

The valence band touches both the Fermi level and conduction bands in spin-up state of PrAl,Ge; at almost all the high-symmetry
points, while in spin-down state it stays below the Fermi level but when it comes to conduction bands it clearly crosses the Fermi level
at the high symmetry points (M and I'), followed by the compound NdAl,Ge; with the similar trend through both (GGA and GGA+U)
approximations. Moreover, the valence band in GdAl,;Ge; stays below the Fermi level whereas conduction band cross it deeply at (M
and I') points in spin-up/down configurations, lastly the compound TbAl,Ge; follow the similar trend through spin-up state whereas
shows peculiar behavior by touching the Fermi-level and few conduction bands between the high symmetry points (M and I') as
depicted in (Figs. 3 and 4) for GGA and GGA+U approximations. Thus, the XAl;Gey(X = Pr, Nd, Gd, Tb) compounds display no energy
gap at the Fermi-level which further confirm pure conductivity measurements among them.

In XAl>Gey, just a single conduction band mostly crossing the Fermi energy (FE) level at (M and I') the high symmetry points appear
in majority band structures of spin-up/down configurations. The valence bands are totally filled and has no further need to hold holes
for the XAlyGey compounds. Finally, the band structure (BS) of XAl;Ge; illustrate metallic behavior because of the overlapping and
intersection mechanisms of conduction band minimum together with valance band maximum across the Fermi-level with absent
energy gap in spin-up/down configurations.

The benefit of calculating density of state (DOS) function is to explore how much (s/p/d/f) each state share its contribution to both
valence and conduction bands. The examinations of DOS verses energy are plotted in the range between (—5 and 5 eV) for XAl,Gey(X =
Pr, Nd, Gd, Tb) compounds in Ferromagnetic phase in spin-up/down configurations while utilizing GGA+U approximation as
appeared in (Fig. 5). The support of electronic states together with mechanisms among ions are definitely perceived by total and partial
(TDOS/PDOS) density of states.

Though, the understudy XAl,Ge; compounds depict full metallic behavior on the grounds that their total and partial (s, p, d, f)
density of states curves dominantly crossing the Fermi-level in spin-up/down configurations. Which can further be clarify from the
total DOS where the effective improvement at (EF) arises from (Pr, Nd, Gd, Tb) f states. Moreover, there is a solid hybridization of X-f
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Fig. 4. Band structures of XAl,Ge, compounds in ferromagnetic phase while computing GGA+U in spin-up/down configurations.

states with both (Al and Ge) s, p states lie between the regions of valence/conduction band in spin-up/down configurations. These
states are the significant reason for the materials to hold metallic properties. The predominant contribution in PrAl,Ge; compound is
due to the lanthanide element Pr-f state which arise sharply further a straight line of Pr-d state spread over the entire energy range.
While remaining three compounds (NdAlxGez, GdAlyGe, and TbAl,Ges) follow the same trend with little changes in detail like the
same straight line due to Gd-d state disappeared clearly seen in GdAloGes compound by using spin-up/down configurations.

In addition to this the Pr/Nd/Gd/Tb f states display strange behavior on the Fermi point in spin-up orientation and away from the
Fermi in the conduction band high energy region at around 1.8 eV with the spin-down orientation of both PrAl,Ge; and NdAl,;Ge;
compounds. Apart from this a sharp spike of Gd-f state while peak with a shoulder of Tb-f state appears in the up-spin state aside from
the Fermi in the lower valence band region at around —4.7 eV and further remain lies near to the Fermi in both GdAl,Ge; and TbAl;Ge,
compounds with spin-down states. At last, the participation of Al and Ge elements (s, p) states are very comparable over the whole
energy range in all the four examined compounds in the valence together with conduction bands area of spin-up/down configurations.

Generally, the DOS of revealed XAl,Ge, compounds illustrate (metallic behavior) in spin-up/down configurations across the Fermi
Energy Er.

3.3. Magnetic properties

In order to achieve more descriptive information about the material magnetic properties along with broad understanding, we have
assessed the magnetic measurements in different manners like the m® (total each cell magnetic moment) of XAl,Gex(X = Pr, Nd, Gd,
Tb) compounds together with their interstitial and individual atomic (X, Al and Ge) magnetic moments by utilizing (PBE-GGA and
GGA+U) approximations are indicated in Table 2. All the magnetic moments with non-negative values show that the magnetic ground
states of XAl,Ge, compounds are ferromagnetic. The computation through GGA+U gives higher values in contrast with PBE-GGA for
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Fig. 5. Plotted DOS of XAl,Ge, compounds in ferromagnetic phase using GGA+U in spin-up/down configurations.

the investigated compounds except PrAl,Gey, because (GGA+U) treats localized f/d-shell electrons of (Pr, Nd, Gd, Tb) lanthanide
atoms and slightly (increase or decrease) its overall magnetic moment in correlation with other approximations. The magnetic mo-
ments of the total cells are primarily composed of the (X = Pr, Nd, Gd, Tb) atoms together with minor contributions in detail of atom at
interstitial sites as well as Al/Ge atoms. The X atoms in XAlyGe; compounds have high values of magnetic moments from the remaining
attached atoms. By considering magnetic moment investigation, we have observed that the magnetic moment of the lanthanide (X =
Pr, Nd, Gd, Tb) atoms are higher enough as compared to Al/Ge atoms which is primarily because of the f states of the (Pr, Nd, Gd, Tb)
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Table 2
Magnetic moments of the interstitial region (m'™®), single atoms (MP*N/64/Tby and overall cell for XAl,Gey(X = Pr, Nd, Gd, Tb) compounds
computing both schemes (Bohr magnetrons pp).

Compounds minte M Pr/Nd/Gd/Tb mAl MCe meell
PrAl,Ge, (PBE-GGA) 0.62155 0.34961 2.24181 0.03758 0.00494 0.02568 2.98990
GGA+U _ 2.14188 —0.00544 2.49050
Exp. — —0.00632!
Other calc. 0.00298 [

NdAl,Ge,(PBE-GGA) 0.24860 0.32153 3.32957 3.30272 0.00420 —0.01883 3.54891
GGA+U 0.00514 —0.00918 3.61618
Exp. _ _

Other calc.

GdAl,Ge, (PBE-GGA) 0.17335 0.20145 6.92442 —0.00773 —0.02090 7.04052
GGA+U 6.92517 —0.00832 —0.01395 7.08209
Exp. _ _ _ _ _
Other calc.

TbAl,Ge, (PBE-GGA) —0.03397 0.16356 5.68817 —0.02085 —0.01340 5.58569
GGA+U _ 5.74105 —0.00692 —0.01346 5.86385
Exp. _ _ _ _ _
Other calc. _— _— _— _—

4 Ref. [40].

atoms emerging predominantly over the whole energy-range in spin-up/down orientations, as depicted in the compound DOS plots
(Fig. 5). The major source of magnetization comes from unoccupied X-f orbitals, additionally the X-f states are particularly demon-
strating the incomplete or partially filled sub-f states, which clearly valid for ferromagnetism in the investigated compounds. Apart
from this, magnetic moment with negative values expresses the true explanation of Al/Ge atoms in the unit cell at all sites offering the
rise in anti-parallel participation to the overall ferromagnetic direction because of an employment of other constituent’s atoms. Thus,
both the aluminum and germanium sites further polarized (anti-parallel magnetic moment) with a negative number and will in general
be bring down the materials overall ferromagnetic nature. Also, the determined values through both approximations of the magnetic
moment at interstitial site together with total cell for XAl;Ge, compounds supporting while (Al/Ge) opposing the net magnetic
moment with the negative decimal numbers. The opposite sign turns out among the magnetic moments of (Inst, X, Al, Ge and total cell)
reveals that electrons in their valence band associate in anti-ferromagnetic aspect. The non-integer positive magnetic moments declare
that all these four lanthanide-based compounds have solid ferromagnetic metallic-behavior. The contrast inside the two computed
values is due to the certainty of (GGA+U over GGA) as noted in Table 2 inside the extremely correlated framework.

4. Conclusions

We have examined the structural, electronic and magnetic properties for XAl,Ge; (X = Pr, Nd, Gd, Tb) basal compounds by
employing Full-potential linear augmented plane wave (FP-LAPW) method within density functional theory (DFT). Our theoretical
structural parameters of compounds are reliable and analogous with experimental available data. We have further established that FM
is more stable than PM phase and also suitable for the calculation of compounds magnetic properties. The two approximations namely
(PBE-GGA and GGA+U) are used for the investigation of band structures. The spin-polarized configurations were continuously
analyzed by GGA+U scheme by utilizing Uefr = 7 eV. The calculated band structures along with density of state (DOS) plots approve
metallic character of XAl;Ge; by solid hybridization present among (Pr, Nd, Gd, Tb) f and (Al, Ge) s, p states. Also, the examination of
high positive magnetic moments confirms strong ferromagnetism in the said compounds.
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