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Structural, electronic, magnetic and thermodynamic properties of TbInZs (Z = Cu, Ag, and Au) mate-
rials with two types of Heusler regular and inverse structures have been investigated in the framework
of density functional theory. The non-magnetic, ferromagnetic and antiferromagnetic states are pre-
sented using first principles calculations. We applied the full potential linearized augmented plane
waves method implemented in the Wien2k code, and the generalized gradient approximation was used
to describe the exchange—correlation potential. The results obtained for the density of states and band
structures reveal the metallic character of the studied compounds. The structural properties show that
the most stable state for TbInZs (Z = Cu, Ag, and Au) compounds is the ferromagnetic state. The
magnetic susceptibility and electrical Conductivity as a function of chemical potential are calculated
using Perdew—Burke—Ernzerhof generalized gradient approximation. Furthermore, the variations of the
lattice parameter, heat capacity, Debye temperature and entropy as a function of temperature have
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been investigated.
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1. Introduction

TbInZs (Z = Cu, Ag, Au) materials have a va-
riety of properties which are very interested in
many fields such as spintronics [1]. In order to
describe these different characteristics, simulation
is necessary to predict the various properties of
such innovative materials since fascinating phenom-
ena in rare earth containing materials arise from
the complex interaction between local rare earth
“4f” electrons and roaming “s, p,d* electrons. The
TbInZs (Z = Cu, Ag, Au) materials were syn-
thesized with a composition alike to full-Heusler
L2; (group no. 225) [2-4]. In fact, the structure
was clarified from X-ray powder diffraction using
Cr K, and Cr K, radiation [2-4| and the ThInZ,
(Z = Cu, Ag, Au) alloys are ferromagnetically or-
dered at T = 0 K and P = 0 Gpa. Recently, the full-
Heusler are divided into two types of structures:

e the regular Heusler L.2; which corresponds to
the space group Fm3m (no. 225), where the
elements Z1, Z2, Y, and X, respectively, oc-
cupy the positions (0, 0, 0) (1/2, 1/2, 1/2),
(1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) [5];
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e the second structure is the inverse Heusler C1,
in the cubic F43m space group (no. 216), the
occupied positions are Z; (0, 0, 0), Zo (1/4,
1/4,1/4),Y (1/2,1/2, 1/2) and X (3/4, 3/4,
3/4), respectively, (see Fig. 1) [5].

In this work, we performed calculations according
to first principles using the full potential linearized
augmented plane waves (FP-LAPW) [6-8] method

@x=Tb @Z=Cu.Ag Au

Y=In @ Z=Cu,Ag Au

Fig. 1. (a) Regular and (b) inverse structure for
XYZs> (Z = Cu, Ag, Au) Heusler compounds.
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TABLE I

Lattice constant ao [A], bulk modulus B [GPa], and
its pressure derivative B’ using GGA-PBE for three
states, non-magnetic (NM), ferromagnetic (FM) and
antiferromagnetic (AFM).

Structures ‘ States ‘ ao [A] ‘ By [GPa) ‘ B’
ThInCus
NM 6.6894 74.6 4.8
regular
FM 6.6769 85 4.1
structure
AFM 6.6773 81.3 4.6
NM 6.7529 68 4.7
inverse FM 6.7441 | 76.2 4.2
structure AFM 6.7470 71.4 4.8
exper. [1] | 6.616 - -
TbInAg,
NM 7.1018 66.3 3.7
regular
FM 7.0507 67.7 4.8
structure
AFM 7.0504 65 5.1
NM 7.0933 58.9 4.7
inverse FM 7.0672 | 63.3 4.8
structure AFM | 7.0680 60.7 5
exper. [2] | 6.934 - -
TbInAus
NM 7.0551 74.1 5.1
regular
FM 7.0359 77.2 5.8
structure
AFM 7.0432 76.2 5.2
NM 7.0349 80.4 3.8
inverse FM 7.0087 82 5.1
structure AFM 7.0048 77.5 5.4
exper. [3] | 6.913 - -

based on the density functional theory and imple-
mented in the Wien2k code [7, 8]. The generalized
gradient approximation [7-10] was used to describe
the exchange-correlation potential.

2. Computational method

We have used full-potential linearized augmented
plane wave (FP-LAPW) [6-9] method based on
density functional theory and implemented in
the Wien2K code [8, 9]. Indeed, in our calcula-
tions of TbInZy(Z = Cu, Ag, and Au) materi-
als with two types of Heusler regular and inverse
structures, a generalized gradient approximation
GGA-PBE [8-11] was applied in three states: non-
magnetic (NM), ferromagnetic (FM) and antiferro-
magnetic (AFM). The wave functions, electron den-
sities and potential are developed on the basis of
spherical harmonic combination multiplied by the
radial functions within the non-overlapped spheres
that surround the atomic sites (muffin-tin sphere).
That is to say, the quantum orbital number (cut-
off radius) was limited to lnmax = 10 on a plane
wave with a cut-off radius Rkn.x = 8 basis in
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Fig. 2. (a, b, ¢) Normalized energy as a func-

tion of volume of TbInZ; (Z = Cu, Ag, Au) using
GGA-PBE approximation for the three states, non-
magnetic (NM), ferromagnetic (FM) and antiferro-
magnetic (AFM), at regular and inverse structure
Heusler.

the rest of space (interstitial region), where Ry is
the smallest radius of the muffin-tin sphere. The
value of muffin-tin radii of Tb, In, Z = Cu, Ag, Au
atoms is 2.5 Bohr, where k,,,. is the modulus of the
largest vector of the reciprocal lattice. The Fourier
development of the charge density was performed
for the wave vector Guax = 12. For the integra-
tion of the first Brillouin zone, 47k points are used
for the three compounds. Thus, the convergence of
each self-consistent calculation is necessary to op-
timize the structural properties, and the iteration
is repeated until the total energy converges to less
than 10~* Ry. The energy separating the valence
states and those of the heart is E.,; = —6 Ry.
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3. Results and discussion

3.1. Structural properties

The exchange and correlation potential has been
treated in this work by the approximation of the
generalized gradient GGA-PBE [8-11] for two types
of Heusler structures (regular and inverse) [12].
The stabilization of the non-magnetic or magnetic
state (ferromagnetic or antiferromagnetic) is deter-
mined from the minimization of energy as a function
of volume using the Murnaghan equation of state
(EOS) [13]. The optimization curves of the total en-
ergies of TbInZy (Z = Cu, Ag, Au) alloys in three
states non-magnetic, ferromagnetic and antiferro-
magnetic for two types of Heusler structures (regu-
lar and inverse) are shown in Fig. 2. It is clear that
the most stable structure for the ThInZy (Z = Cu,
Ag, Au) compounds corresponds well to the type of
regular Heusler structures, and the results are lead-
ing to a more stable ferromagnetic configuration in
comparison to non-magnetic and antiferromagnetic
configurations for all three compounds. The calcu-
lated values of the crystal parameters and the bulk
modulus By for the TbInZs (Z = Cu, Ag, Au) al-
loys are summarized in Table I and compared with
some experimental results from the literature [2-4].
A good agreement is found.

3.2. Electronic and magnetic properties

The band structures of ThInZs (Z = Cu, Ag,
Au) compounds were calculated using the values
of the theoretical lattice parameters, which we ob-
tained by the FP-LAPW method based on density
functional theory (DFT) and implemented in the
Wien2K code. Figures 3-5 show the band structures
obtained by GGA-PBE for the compounds ThInZs
(Z = Cu, Ag, Au) in the spin majority and mi-
nority directions according to the directions of the
high symmetry in the Brillouin zone [14]. For the
majority and minority spin configurations consid-
ered, the gap values are zero. These compounds are

ThInCu,

ThInCu,
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Fig. 3. The band structure of TbInCuz in fer-
romagnetic (FM) state using GGA-PBE approxi-
mation with spin polarization at regular structure
Heusler.
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Fig. 4. The band structure of TbInAgs in fer-
romagnetic (FM) state using GGA-PBE approxi-
mation with spin polarization at regular structure

Heusler.
ThinAu, ThbInAu,
20 P N
s | S TN
<P o
o ;""'\/\ = _
’»\//\/ ™
3 —A/\/\; !
R e M
m = W
y— —_—
10 10
15 T 15
201 | 1 | | 20
w oL r X WK w oL T X WK
Fig. 5. The band structure of TbInAus in fer-

romagnetic (FM) state using GGA-PBE approxi-
mation with spin polarization at regular structure
Heusler.

therefore ferromagnetic metals. Indeed, we notice
the non-homogeneity of the band structures of
TbInZy (Z = Cu, Ag, Au) alloys in the direction
of majority and minority spin, which indicates that
the spin polarization at the Fermi level is not zero.

Electronic charge density is also another way to
study the electronic properties of these compounds.
Figures 6-8 give the predicted results of the total
and partial density of states [15] of TbInZ, (Z =
Cu, Ag, Au) alloys calculated by the GGA-PBE.
We notice the predominant f state of the Th atom
at the Fermi level and the valence band. However,
a small contribution of the d state of Cu, Ag and
Au atoms is present at higher levels of the valence
band. The lowest level of the valence band is clearly
occupied by the d state of the In atom for the
two compounds ThInCus and TbhInAus. The total
and local spin magnetic moment of each element
per unit cell of ThInZ, (Z = Cu, Ag, Au) mate-
rials are calculated using the generalized gradient
approximation GGA-PBE to understand the mag-
netic interactions. The results are listed in Table II.



Comparative Study of Structural, Electronic, Magnetic. . .

TABLE II

Total and local magnetic moment of ThInZs (Z = Cu, Ag, Au) at T = 0 K and P = 0 GPa obtained using
GGA-PBE approximation with spin polarization (in ferromagnetic state).

Magnetic moment [ug|
Tb In Z = Cu, Ag, Au Interstitial Total
TbInCus 5.91535 —0.01121 0.00865 (Cu) 0.08458 6.00603
TbInAgs 5.82209 —0.01957 —0.00515 (Ag) 0.11366 5.90588
TbInAus 5.82029 —0.00724 0.00024 (Au) 0.09164 5.90518
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Fig. 6. The total and partial density of states Fig. 7. The total and partial density of states

of ThInCuy in ferromagnetic (FM) state using
GGA-PBE approximation with spin polarization at
regular structure Heusler.

The value of the total magnetic moment in the three
alloys comes mainly from the Tb atom and the low
contribution of Cu, Ag and Au atoms. On the other
hand, the contribution of In atom is almost negli-
gible. These results are likely to give rise to a fer-
romagnetic character between the electrons of the
f state of the Tb atom and the electrons of the d
state of the In, Cu, Ag and Au atoms.

The magnetic susceptibility () and electrical
conductivity of the compounds are computed by
employing the BoltzTrap code [22]. The variation of
the magnetic susceptibility (x) [16] as a function of
the chemical potential is shown in Fig. 9. It is clearly
seen that the highest values of the magnetic suscep-
tibility are found in the two compounds TbInAgs
and TbhInAus. The curves show a maximum value of
the magnetic susceptibility of ~ 3.43 x 1078 m? /mol
corresponding to the chemical potential value of
0.542 eV and 3.09 x 10~% m3 /mol corresponding to
the chemical potential value of 0.562 eV for the two
compounds ThInAgs and ThInAus, respectively.
For the material TbInCus, the magnetic suscepti-
bility is higher compared to the other two materials
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of TbInAg, in ferromagnetic (FM) state using
GGA-PBE approximation with spin polarization at
regular structure Heusler.

TbInAgs and TbhInAus in the interval from 0.39 eV
to 0.49 eV of the chemical potential and then at
0.492 eV of the chemical potential. The value of
the magnetic susceptibility gradually decreases un-
til reaching zero for the material TbInCuy. When
the magnetic susceptibility is weakly positive, the
TbInZs (Z = Cu, Ag, Au) materials have a param-
agnetic character. These materials become param-
agnetic beyond the Curie temperature.

The variation of electrical conductivity [9, 17]
as a function of chemical potential is displayed
in Fig. 10. Our results show that the maximum elec-
trical conductivities at 1.14x 102! (Q cms) ™1, 1.03x
10%! (Q cm s)~! and 9.62 x 10%° (Q cm s) ! are ob-
tained for a chemical potential at 0.467 eV, 0.458 eV
and 0.437 eV for the three compounds ThInCus,
TbInAgs and ThInAus, respectively. Therefore, the
electrical conductivity is high and thus the current
is free to flow. All the three compounds exhibit ap-
proximately the same behavior, and the curves show
that they have a metallic character. The more elec-
trically conductive a material is, the less resistance
it offers to the current flow.



150 <
i(a)

100 4

504 |

A. Touia et al.

EF !
N Tb1 total
B In1 total
[ Aui_total

) 1|
O odd — _LA
[a] i ‘”
50 ‘. |
-100 - §
! Spin-dn| TbIllAllz
a0 15 10 5 0 3 10
E [eV]
150 =
{®
100,
» 21
o i
A o4 ,.L,,T,, —
A4 1
50 4 \
100 - ‘
Spin-dn|
a0 1; 10 5 0 s 10
E [eV]

Fig. 8. The total and partial density of states
of TbInAuy in ferromagnetic (FM) state using
GGA-PBE approximation with spin polarization at
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Fig. 9. The magnetic susceptibility (x) as a func-
tion of chemical potential for TbInZs (Z = Cu, Ag,
Au) in ferromagnetic (FM) state using GGA-PBE
approximation at regular structure Heusler.
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Fig. 10. The electrical conductivity (o) as a func-
tion of chemical potential for TbInZs (Z = Cu, Ag,
Au) in ferromagnetic (FM) state using GGA-PBE
approximation at regular structure Heusler.

3.3. Thermodynamic properties

The thermal properties are determined in the
temperature range from 0 to 800 K for the three
compounds TbInZ, (Z = Cu, Ag and Au) where
the quasi-harmonic model [18] remains fully valid.
The pressure effect is studied in the range 0-20 GPa
for all three compounds. The effects of temperature
on the lattice parameter are represented for three
compounds in Fig. 11a—c. Note that for a given pres-
sure value, the lattice parameter increases with the

increase of temperature.

While, for a determined

temperature, the mesh parameter is inversely pro-

portional to pressure.

Figures 12a—c and 13a-c represent the varia-
tion of the heat capacity Cy and Cp as a func-
tion of temperature for different values of pressure.
We notice that at low temperatures, Cyy and Cp
are proportional to 7°. However, in high temper-
atures (T' > 400 K), Cp always has this increas-

ing rate and Cy tends

6.85

towards a linear regime.
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as a function of temperature for TbhInZ, (Z = Cu,
Ag, Au) at different pressures.
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Fig. 12. (a, b, ¢) The variation of heat capacity C
as a function of temperature for TbInZ, (Z = Cu,
Ag, Au) at different pressures.

This is the Dulong—Petit limit [19-21], which is
equal to 99.02 J/(mol K), 99.94 J/(mol K) and
99.48 J/(mol K) for the compounds ThInCus,
TbInAgs and ThbInAus, respectively.

The results relating to the Debye temperature 6p
are displayed in Fig. 14a—c. We can notice that 0p
is almost constant from 0 to 100 K then decreases
linearly with temperature for 7' > 200 K. Whereas,
the Debye temperature increases linearly with pres-
sure for a constant temperature. The static values
of the Debye temperature (at T =0 K and P = 0)
calculated from the quasi-harmonic model for three
compounds ThInCus, ThInAgs and TbhInAus are
294.79 K, 244.3 K and 222.49 K, respectively.

The variation of entropy S as a function of
temperature at different pressures for the com-
pounds TbInCusy, ThInAgy and ThInAus is shown
in Fig. 15a—c. For a given pressure, entropy S in-
creases sharply with increasing temperature and
decreases with increasing pressure at a given
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Fig. 13. (a, b, ¢) The variation of heat capacity Cp
as a function of temperature for TbInZ, (Z = Cu,
Ag, Au) at different pressures.

temperature. Entropy can be interpreted as a mea-
sure of the degree of disorder in a system at the
microscopic level. The higher the entropy of the sys-
tem, the less its elements are ordered, linked to each
other, capable of producing mechanical effects.

4. Conclusion

We studied the structural, electronic, magnetic
and thermal properties of the three compounds
TbInZy (Z = Cu, Ag and Au), using an ab ini-
tio method, i.e., full-potential linearized augmented
plane wave (FP-LAPW) method implemented in
Wien2k code and within the framework of the den-
sity functional theory. The exchange and correlation
potential has been treated as part of the generalized
gradient approximation (GGA-PBE).

First, the structural properties at equilibrium
have been determined, such as the lattice param-
eter, total energies and the bulk modulus and its
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derivative. The results obtained for the three com-
pounds fit the experimentally determined values
very well, which leads to the conclusion that ThInZ,
(Z = Cu, Ag, Au) alloys are stable in the ferromag-
netic state (FM). Band structures of the ThInZ, (Z
= Cu, Ag, Au) compounds have been calculated.
We notice the metallic and paramagnetic charac-
ter for the investigated materials, therefore they
are considered as very good candidates for spin-
tronic applications. Both total and local magnetic
moments of TbInZs (Z = Cu, Ag, Au) alloys are pre-
sented — they are mainly characterized by the high
contribution of the Th-f atom. The thermodynamic
properties of ThInZy (Z = Cu, Ag, Au) compounds
have been studied via the Debye quasi-harmonic
model. The results obtained clearly indicated that
the temperature increases the structural parame-
ters, while the pressure decreases them, showing
their opposite effects. However, we conclude that
thermodynamic quantities such as heat capacity
and system disorder increase with increasing tem-
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Fig. 15. (a, b, ¢) The variation of entropy as
a function of temperature for TbhInZ, (Z = Cu, Ag,
Au): at different pressures.

perature and decrease with increasing pressure, and
it is clear that the three materials have high Debye
temperatures. In the absence of theoretical and ex-
perimental results concerning these parameters, our
study consists of a detailed predictive study.
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