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Abstract Structural, mechanical, spin polarized electronic
and magnetic properties of TmZn and TmCd intermetallic
compounds have been studied using the full-potential linearize
augmented plane-wave plus local orbital method. The struc-
tural and mechanical properties have been studied in terms of
lattice parameter (ag), bulk modulus (By) and its first-order
pressure derivative (Bj), elastic constants (G, Young’s
modulus (Y), shear modulus (G) and Poisson’s ratio (v) in
equilibrium state which are found to be consistent with avail-
able experimental/theoretical values. Spin polarized electronic
properties have been investigated in terms of band structure and
density of state histograms for spin up and spin down channel.
Electronic behavior of TmZn and TmCd shows that studied
materials are metallic ferromagnets with high spin polarization
in which Tm-f state electrons have dominant character.

Keywords Binary intermetallics - Mechanical
properties - Electronic structure - Magnetic properties
Introduction

Binary rare earth intermetallic compounds viz. TmZn and

TmCd exhibit regular and systematic changes in the
physical properties. Binary rare earth intermetallics offers
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high ductility and high-temperature mechanical strength
due to which they are widely used in automobile and
aerospace applications, viz. commercial aircraft turbines,
etc. [1-4]. Binary rare earth intermetallics are extensively
studied also due to their partially filled 4f shells in rare
earth atoms and availability of their single crystals. TmZn
and TmCd crystallize in space group Pm3m (number 221).
In Pm3m space group (221) cubic crystals, the more
electronegative atoms are located at the corners of the unit
cell, while the more electropositive atoms are located in the
center of the unit cell [5]. The typical crystal unit cell for
TmZn and TmCd is shown in Fig. 1. From this figure, it
can be seen that Zn (or Cd) sits at the center of the cubic
unit cell while the rare earth atoms are at the corners.
Neutron diffraction, temperature dependence of ther-
moelectric power and magneto-elastic studies has been
made on several rare earth intermetallic compounds [6—8].
Recently, some more studies on structural, elastic and
electronic behavior have been carried out on many rare
earth intermetallics [9-13]. But mechanical, spin polarized
electronic and magnetic studies have not been made on
TmZn and TmCd. Thus, these compounds have been
considered for mechanical, spin polarized electronic and
magnetic studies. The knowledge of mechanical, spin
polarized electronic and magnetic properties of these
compounds will help in further understanding and con-
trolling the material properties which are necessary for
promoting the future applications of the compounds.

Computational approach
Density functional calculations have been made to inves-

tigate the structural, mechanical, spin polarized electronic
and magnetic properties of TmZn and TmCd intermetallic
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Fig. 1 Typical crystal unit cell for TmZn (or TmCd)

compounds. The calculations have been performed using
an accurate full-potential linearize augmented plane-wave
plus local orbital method (FP-LAPW + lo), implemented
in WIEN2k package [14—18]. In this approach, the unit cell
is divided into two distinct regions: (i) first region contain
all points inside the muffin-tin spheres around the atom (ii)
second region is the interstitial region outside the muffin-
tin spheres. The potential and the density in the interstitial
region are expanded in terms of plane waves while inside
the muffin-tin sphere they are expanded in terms of
spherical harmonics. Inside the muffin-tin spheres, the
expansion of the non-spherical potential and charge density
were carried out up to [, = 10. The generalized gradient
approximation (GGA) has been used to calculate the total
energy, which is based on exchange—correlation energy
optimization [15]. The k and E convergences were checked
by increasing the number of k points and the energy con-
vergences criteria. In the irreducible part of the Brillouin
zone, 14 x 14 x 14 k points were used to calculate the
total and partial density of states. The lattice parameters
were taken to be 3.516 A for TmZn and 3.665 A for TmCd
[19] for the calculations. The radius of muffin-tin spheres
was chosen to be 2.5 a.u. for Tm and 2.4 a.u. for Zn and
Cd.

Elastic constants provide the detailed information about
mechanical behavior of the materials. The elastic constants
and hence other mechanical parameters viz. bulk modulus,
shear modulus, Young’s modulus, and Poisson’s ratio can
be determined by calculating the total energy of the crystal
system [20, 21]:

Total energy of a crystal in strained state is given by:

Eiotal = Eg)tal + P(V - VO) + d)elasticv (1)

where Eﬁnal is the total energy of unstrained crystal, Vj is
the volume of the crystal in initial state, V is the volume in
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strained state, P and ¢, are the pressure and elastic
energy, respectively, defined by:

OEY
P=— total o)
< v > (2)
Vv
Petasic = D) -Cijuieikeji (3)

Here, (i, j, k, [ =1, 2, 3)
In Voigt two suffix notations, ¢, 1S given by:

\%
d)elastic = E 'Cijgigj7 (4)

where Cj; are elastic moduli derived from second-order
derivative of Ey, w.r.t. finite strain is given by:

1 6zElotal

Cij - (V() aﬂiaﬂj >£—0. (5)

A cubic crystal has only three independent elastic
constants, namely, Cy;, Cj, and Cyy. As a result, a set of
three equations is needed to determine all the constants.
Hence, three types of strain must be applied to the starting
crystal.

The first type strain involves calculating the bulk mod-
ulus, given by the formula

By = (Cll + 2C12)/3 (6)

Second type strain involves performing volume con-
servative tetragonal strain given by the following tensor:

e 0 0
0 ¢ 0 ) (7)
(1+2)?

This strain has an effect on the total energy from its
unstrained state given by following equation:

E(e) = E(0) +3(Cy; — Cp2)Voe? + o(&”) (8)

Finally, for the third type of deformation, we use the
volume-conserving rhombohedral strain tensor given by

1
111 (9)
1

&

This volume-conserving rhombohedral strain transforms
the total energy to

1
E(e) = E(0) + ¢ (Cni +2Ci2 + 4C1)Voe® +o(87).  (10)

Here, O (¢°) indicates that the neglected terms in the
polynomial expansion are cubic and higher power of the e.
Using the three elastic constants Cyy, C;, and Cyq4, other
mechanical parameters viz. bulk modulus (B) Young’s
modulus (Y) isotropic shear modulus (G) and Poisson ratio,
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Table 1 Lattice constant, aj (A), bulk modulus, By (GPa), pressure
derivative of bulk modulus, B}, (GPa) equilibrium condition (at 0 K)
for TmZn and TmCd using GGA

Compounds ag By B;
TmZn 3.49 81.23 4.01
Expt. 3.51% - -
TmCd 3.63 54.33 3.54
Expt. 3.66" - -

* Buschow et al. [19]

280 300 320 340 360 380 400 420

Volume [a.u.*3]

(v) can be calculated to show the mechanical behavior
using the following explicit expressions:

G = (Gy + Gg)/2. (11)
Here Gy is Voigt’s shear modulus corresponding to the
upper bound of G values, and Gy is Reuss’s shear modulus

for cubic crystals corresponding to the lower bound values,
expressed as:

Gy = (C11 — Cia +2Cu4) /4 (12)
Gr = 5[(C11 — C12)C44)]/[4Cas + 3(C11 — C12)]. (13)

* @ Springer
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Table 2 Calculated elastic moduli, C;; (GPa), bulk modulus, B (GPa), Young’s modulus, Y (GPa), shear modulus, G (GPa) and Poisson ratio, v

in equilibrium condition (at 0 K) for TmZn and TmCd using GGA

Compounds C] 1 C12 C44 Cl I_CIZ B Y G B/G v A
TmZn (at 0 K) 117.08 63.37 56.10 53.44 81.45 106.71 41.63 1.95 0.28 2.10
Expt. (at 300 K) 103.03%¢ 55.23%° 52.20%° 47.80*° 70.70*° 97.00 38.10 1.86 0.27 2.17
TmCd (at 0 K) 99.11 64.42 43.90 33.60 75.65 79.26 29.90 252 0.32 261
Expt. (at 300 K) - - - 31.37° - - - - - -

2 Wohlfarth et al. [25], ® Morin et al. [8]

And the expressions for the bulk modulus, Young’s
modulus and Poisson’s ratio are given by:

B:C” +2Cpp (14)
3
9GB
= 15
G+ 3B (15)
v = (3B — 2G)/(6B + 2G). (16)

Elastic anisotropic factor (A) is an important parameter
which is the measure of anisotropy of elastic wave velocity

Tm
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Fig. 3 3d-contour plots of the total valence charge density in (100)
plane for a TmZn, b TmCd
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in a crystal. For an isotropic material, anisotropic factor (A)
is unity and expressed as [22]:

2
A Cu

= - 17
Cn—Cn (17)

Results and discussion
Structural and mechanical properties

The theoretical lattice parameters, bulk modulus and its
first-order pressure derivative have been obtained through
fitting the total energy data with the Murnaghan equation of
state [23, 24] given by:

m(1-3) + ()]
(18)

where Ey(V) and V; are the energy and volume at equi-
librium. By and By, are the equilibrium bulk modulus and its
first-order pressure derivative.

The energy versus volume curves (obtained using opti-
mization method) for TmZn and TmCd are shown in
Fig. 2a, b. It is clear from these figures that equilibrium
volume increases while equilibrium energy decreases from
TmZn — TmCd. Its reason is increasing the molecular
weight from TmZn — TmCd. Because molecular stability
increases with increasing the molecular weight due to
which molecules vibrate in the least volume of the unit cell
for occupying the equilibrium state. Hence, equilibrium
unit cell volume increases and equilibrium energy
decreases from TmZn — TmCd.

The calculated lattice parameter (ag), bulk modulus (By)
and its first-order pressure derivative (Bf) are shown in
Table 1. Calculated values of lattice parameter show good
agreement with experimental values [8, 25]. Calculated
values of elastic constants (Cq1, Cip, C44 and C;;—C1,) are
shown in Table 2. To best our knowledge, experimental
values of elastic constants for TmZn are given in the

Elotal = EO(V)
ByVoy

T BB, - 1)
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Fig. 4 a Spin polarized B0
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literatures which show good agreement with available
experimental values. Our Cyq, Cy,, Cy44 and C1—Cy, values
are found to be underestimated by about =12 %, ~13 %,
~07 % and =~ 11 %, respectively, for TmZn compared to
the experimental value of Wohalfarath et al. [25]. Fur-
thermore, calculated values of elastic constants (C;) satisfy
all mechanical stability conditions (Cy,—Cy, > 0, C;; > 0,
C44 >0, Cy; + 2C1», > 0) and cubic stability condition
(C12 < B < Cyy) [26] that lead to the validity of calculated
elastic constants.

The bulk modulus (B) is a material property indicating
the degree of resistance of a material to compression.
Larger the bulk modulus, greater is the degree of resis-
tance. Shear modulus, G represents the resistance to plastic
deformation. The calculated values of B and G are shown
in Table 2. It can be observed from Table 2 that
Brmwzn > Brmcgq Which indicates that degree of resistance of
TmZn is larger than TmCd. The ratio B/G is a parameter
which indicates the brittle or ductile behavior of the
material proposed by Pugh [27].The critical value of B/G is
1.75. If B/G > 1.75, then material indicates ductile
behavior. Otherwise, the material behavior is brittle in
nature. In our case, B/G value for both the compounds
TmZn and TmCd is greater than 1.75 (Table 2). Therefore,
both the compounds are ductile and TmCd is found to be
more ductile compared to TmZn. Poisson’s ratio (v) also

NET A P 7T A H

NET AP

show ductile/brittle behavior of a material. If v > 0.27,
compounds are ductile otherwise brittle in nature. In our
case, v ~0.28 for TmZn and v ~0.32 for TmCd. There-
fore, values of v for TmZn and TmCd also justify that both
the compounds are ductile in nature. Furthermore, Pois-
son’s ratio also indicates the compressibility of a material.
As v — 1/2, material tends to incompressibility [28] and at
v = 1/2 the material is nearly incompressible. In our case,
value of Poisson’s ratio is v &0.28 for TmZn and v ~0.32
for TmCd which show that both the compounds are com-
pressible. The stiffness of a material is explained using
Young’s modulus (Y) [29]. Higher value of Young’s
modulus indicates larger stiffness. In our case, Yrmyz, >
Ytmca, indicating TmZn is stiffer than TmCd. Another
important parameter is elastic anisotropic factor (A) which
is the measure of anisotropy of elastic wave in a crystal.
For an isotropic material, A = 1. In our case, A > 1 indi-
cating that both the compounds are anisotropic [22].

Spin polarized electronic and magnetic properties

Electronic charge density in terms of 3d-contour plots has
been calculated to know the nature of chemical bonding in
TmZn and TmCd which are shown in Fig. 3a, b. From
Fig. 3a, b, it can be seen that there is no bonding charge to
link the Tm and Zn (or Cd) and charge density distribution

ﬁ @ Springer
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Fig. 5 a Spin polarized electron dispersion curves along high symmetry

is spherically symmetric around each atom which indicates
that atoms have ionic character.

Electronic behavior of TmZn and TmCd has been shown
in terms of energy bands and total, partial density of states.
The calculated band structures along the high symmetry
directions I', AH, N, >, A and P in the Brillouin zone for
spin up and spin down channel have been shown in
Figs. 4a, 3b for TmZn and Fig. 5a, b for TmCd. Zero value
of energy gap in the both spin up and spin down band
structures indicates the metallic character, whereas zero
energy gap in one band structure (either spin up or spin
down) is the consequence of half metallic character of the
material [30]. It can be seen from these figures that most of
the valence bands lie from —7.0 to 0.0 eV for TmZn and
—9.0 to 0.0 eV for TmCd (where Fermi level, Eg is con-
sidered at the origin). In both the cases (spin up and spin
down configuration) and for both the compounds TmZn
and TmCd, the conduction bands are crossing the Fermi
level (Eg) and overlapping significantly at the Fermi level
(Ep) (i.e., zero energy gap), indicating typical conducting
behavior. This behavior indicates that TmZn and TmCd
exhibit the metallic character.

Figures 6a, f and 7a—f show the total density of states
(TDOS) and partial density of states (PDOS) plots for

w @ Springer
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directions in the Brillouin zone for a TmZn_up, b TmCd_dn

TmZn and TmCd, respectively. In case of TmZn, it is
observed that there are three peaks in the majority spin
channel below the Fermi level at around —7.0, —1.6 and
—1.1 eV. The peak at around —7.0 eV is due to mainly Zn-
d states (see Fig. 6e). The sharp peaks at —1.6 and
—1.1 eV are due mainly due to hybridization of Zn-p and
Tm-f states of majority channel (see Fig. 6d, f). For spin
down, three peaks were also observed in the minority spin
channel below the Fermi level at around —7.0, —0.5 eV
and third one peak is just near the Fermi level. The DOS at
around —7.0 eV is due to Zn-d states. DOS at around
—0.5 eV is due to hybridization of Zn-p and Tm-f (see
Fig. 6d, f) states and DOS near the Fermi level are due to
Tm-f states.

Similarly, in case of TmCd, three peaks were observed
in the majority spin channel below the Fermi level at
around —9.0, —1.5 and —1.0 eV. The peak at around
—9.0 eV is due to Cd-d states (see Fig. 7e). The sharp
peaks at around —1.5 and —1.0 eV are mainly due to
hybridization of Cd-p and Tm-f states (see Fig. 7d, f).
Three peaks were also observed in the minority spin
channel below the Fermi level at around —9.0, 0.8 eV and
third one peak is just near the Fermi level. The sharp peak
at around —9.0 eV is the result of Cd-d states while the
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Fig. 6 Calculated total density a0

of states for a TmZn; b Tm and
Zn; c partial density of states for
Tm-s, Zn-s orbital; d partial

density of states for Tm-p, Zn-p 20
orbital; e partial density of states
for Tm-d, Zn-d orbital; f partial
density of states for Tm-f orbital
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peak at around —0.8 eV is due to hybridization of Cd-p and
Tm-f states (see Fig. 7d, f). The sharp peak near the Fermi
level is dominated by Tm-f states. It is evident from
Figs. 6a—f) and 7a—f that minority spin channel of Tm-f
states are dominant near the Fermi level which is respon-
sible for the magnetic moment. A little DOS of Zn-p (or
Cd-p) are found to be empty above the Fermi level for the
conduction.

The electron spin polarization at the Fermi energy (EFg)
for a material can be calculated by the equation [31, 32]:

-5 o 5 10 15
Energy {eV)

_ D1 (Ep) — D | (Eg)
D1 (Ep)+D | (Ep)

Here, D 1 (Eg) and D | (Ef) are the density of states for
majority and minority spin channel at the Fermi level,
respectively. Here, T and | denote the spin up and spin
down. The value of P identifies the type of materials, viz.
zero value of P shows paramagnetic and anti-ferromagnetic
character of materials even below the magnetic transition
temperature. The finite value of P indicates the

(19)
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ferromagnetic material below Curie temperature [33].
Furthermore, 100 % spin polarization of electrons at Fermi
level is obtained when the value of D 1 (Eg) or D | (EF) is
zero and the material is said to be fully spin polarized.

In our both the cases, neither D 1 (Eg) nor D | (Ep)
vanish at the Fermi level (see Fig. 6a for TmZn and Fig. 7a

* @ Springer

Energy (eV)

for TmCd) which gives finite value of P, implying both the
compounds are typically metallic ferromagnets. The spin
polarization is found to be P ~92 % for TmZn and
~93 % for TmCd. High percentage values of P for both
the compounds indicate that spin polarization is high in
which mainly 4f-electrons of rare earth atom are
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Fig. 7 Calculated total density
of states for a TmCd; b Tm and
Cd; c partial density of states for
Tm-s, Cd-s orbital; d partial 20 |
density of states for Tm-p, Cd-p
orbital; e partial density of states
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density of states for Tm-f orbital
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contributed mostly (see Fig. 6a, f for TmZn and Fig. 7a, f
for TmCd).

In the present research paper, we have performed spin
polarized electronic calculations. Therefore, it is necessary
to discuss about the magnetic character of these com-
pounds. In magnetic properties, the integer value of mag-
netic moment is a characteristic feature of half metallic
ferromagnets, whereas fractional value of magnetic
moment indicates the characteristic feature of metallic
ferromagnets [30]. Calculated magnetic moments on

-5 o 5 10
Energy {eV])

individual atoms and molecules are shown in Table 3. The
total magnetic moment is found to be 1.2939 ug/formula
unit for TmZn and 1.2961 ug/formula for TmCd. The
calculated magnetic moments have been shown up to four
digits after decimal. However, it does not mean that the
magnetic moment is accurate up to four digits. The accu-
racy of magnetic moment calculated by WIEN2k package
depends on the criteria of convergence and value of RMT
which we are taking. These criteria have been used in the
present study up to good accuracy. From Table 3, it can be

* @ Springer



282 J Theor Appl Phys (2015) 9:273-284

Fig. 7 continued
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Table 3 Calculated spin Rare earth Interstitial region Zn Cd Total magnetic moment
magnetic moments (ug) of
TmZn and TmCd TmZn 13133 0.0145 —0.00478 - 1.2939
TmCd 1.2996 -0.0014 - —0.0021 1.2961
TmCu [30] 1.3626 —0.0080 —0.00815 — 1.3465
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seen that total magnetic moments have fractional value
which favors our results of metallic ferromagnets [30]. The
total magnetic moments contain three contributions: one
from the rare earth atom (Tm), Zn (or Cd) atoms and the
interstitial region. Zn (or Cd) atoms and the interstitial
region are found with negligible negative magnetic
moments. Thus, it is concluded that net spin magnetic
moment is dominated by the 4f-state electrons of the rare
earth atom (Tm). The validation of calculated magnetic
moment has been made by comparing present values with
available theoretical values of magnetic moment for similar
type of compounds [34]. Our calculated values match with
good accuracy to similar type of compounds. Thus, our
calculated values of magnetic moments are justified.

Conclusions

An accurate method named full-potential linearized aug-
mented plane-wave plus local orbitals (FP-LAPW + lo)
using generalized gradient approximation (GGA) has been
used to study the structural, mechanical, spin polarized
electronic and magnetic properties of TmZn and TmCd
intermetallic compounds. The calculated lattice parameter
and bulk modulus for TmZn and TmCd compounds are
consistent with experimental/theoretical values. Calculated
values of elastic constants and other mechanical parame-
ters are found to be in good agreement with available
theoretical/experimental values and indicate the ductile
nature of TmZn and TmCd. 3d-contour plots and band
structure histograms indicate the ionic character of TmZn
and TmCd which is consequence of metallic character.
Spin polarized electronic calculations show that studied
compounds are metallic ferromagnets with high spin
polarization in which mainly 4f-electrons of Tm are taking
part. Magnetic behavior of TmZn and TmCd is found to
be consistent with ferromagnetic nature and the total spin
magnetic moment is also dominated by 4f-state electrons
of the thulium.
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tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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link to the Creative Commons license, and indicate if changes were
made.
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