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The structural, electronic, magnetic, and vibrational properties of full-Heusler compounds Ir2CrSi and IroCrGe
based on the density functional theory are investigated. IroCrSi is half-metallic ferromagnet at equilibrium lattice
constant and preserves its half-metallic behavior under stress. IroCrGe just represents half-metallicity under stress.
For this reason, we changed the equilibrium lattice constant from —4%ao to +4%ao in a range of a = (ao + x%ao),
where x = 1,2, 3,4, and calculations were done for these new lattice parameters. In all of this interval IroCrSi
holds its half-metallic property. The dynamical stability at equilibrium lattice constant and under stress have been
investigated. The Ir2CrSi compound has dynamical stability at lattice constant a = ao — 3%ao and a = ap — 4%ao.
The estimated Curie temperatures of IroCrSi and Ir2CrGe at equilibrium lattice constant occur to be 616.3 K and

415.3 K, respectively.
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1. Introduction

In ferromagnetic materials, spin polarization near the
Fermi surface plays an important role in spintronics [1-7].
These materials attracted much attention, especially
in magnetoelectronics [8], tunneling magnetic resonance
(TMR) [9-11], and spin waves [12-14]. Therefore, half-
metallic ferromagnetics (HMFs) are important materi-
als for spintronics, because they have a band gap at the
Fermi surface in one of the spin direction and this ex-
hibits 100% spin polarization at the Fermi surface [15].
The Heusler alloys are highly regarded for technological
applications because of their relatively high Curie tem-
perature [16-18] compared to other half-metallic com-
pounds [19]. Groot and his coworkers [20| predicted
half-metallic ferromagnetism in the half Heusler com-
pound NiMnSb. Up to now, many compounds with
this property have been discovered. The Heusler com-
pounds are divided into two groups: half-Heusler and
full-Heusler compounds [21-26]. The general formulae
for half-Heusler and full-Heusler compounds are XYZ and
XoYZ, respectively, where X and Y are transition metals
and Z is one of the sp element from the III, IV, and V
main groups. The full Heusler compounds crystallize in
L2, structures in which four fcc lattices penetrate along
the main diameter and each element is located in one of
these fcc lattice. The half-Heuslers have C'1, structure
which is similar to the L2; structure, with no elements
in one of the fcc lattice points. Birsan [27] investigated
the electronic structure and magnetic properties of full-
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Heusler ZroCrAl and found that this compound is half
metal with HgoCuTi structure and because of its high
spin polarization it is a good candidate for polarized spin
currents. In 2019 Boumia et al. [28] studied structural,
electronic and magnetic properties of new full-Heusler
alloys RhyCrZ (Z = Al, Ga, In). They used generalized
gradient approximation (GGA-PBE), the Blaha modified
Becke—-Johnson (TB-mBJ) potential, and GGA+U. They
showed that these compounds are stable in CusMnAl-
type structure and can be synthesized experimentally,
the compound RhyCrZ (Z = Al, Ga) are half metal fer-
romagnets and they are suitable for spintronic appli-
cations. Krishnaveni [29] studied electronic structure,
magnetic, half metallic, mechanical, and thermodynamic
properties of IroMnAl and IroMnGa. He showed that
these compounds are stable in ferromagnetic state and
IroMnAl is half metal. Iridium based Heusler alloys
have been extensively reviewed, such as: IroCrAl [30],
IroMnSi [31], IrsVGa and Iry VGe [32], IraMnAl [33]. The
rapid development of spintronics and magnetoelectron-
ics has led to significant growth in the investigation
of half-metallic ferromagnets. Iridium based binary al-
loys are used in spintronic devices, memory storage de-
vices, giant magnetoresistance (GMR), and tunneling
magnetic resonance (TMR). Iridium has one of the high-
est melting points (2739 K), so Ir and its alloys has been
used as an antiferromagnetic layer in magnetic record-
ing, spark plugs, dip pens, rings, and tooth fillings. In
addition, electrical and electrochemical applications of Ir
have increased [34].

In present study we want to examine structural,
electronic, magnetic, and vibrational properties of
IroCrX (X = Si, Ge) compounds to consider whether
these compounds are suitable in spintronic application.
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2. Computational method

The calculations are done and performed based on the
density functional theory (DFT), using the GGA method
in the scheme of Perdew—Burke-Ernzerhof (PBE) [35].
We have used the QUANTUM ESPRESSO package [36]
and PWscf method. The cut-off energy for wave func-
tion of 40 Ry and cut-off energy for charge density ex-
pansions of 400 Ry are considered. The K-point meshes
of 12 x 12 x 12 is used to model the first Brilouin zone.
Also the g-point mesh of 2 x 2 x 2 are used to obtain
phonon dispersion curves and phonon density of states
by using Quantum ESPRESSO. To achieve the self-
consistency the convergence thresholds set as 10~7 a.u.
for total energy.

3. Results and discussion

In order to find a stable structure for IroCrSi and
Ir;CrGe compounds, two common structures for the
proposed full-Heusler have been compared. Two pos-
sible types of structures for full-Heusler IroCrSi alloy
are indicated in Fig. 1 and the parameters are shown
in Table I.

. . . .
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Fig. 1. Crystal structures of IroCrSi full-Heusler alloy
in (a) type a and (b) type b .

The possible atomic arrangement of IroCrX. TABLE 1
Type a Type b
Ir (0,0,0) (0,0,0)
Cr (0.25,0.25,0.25) (0.5,0.5,0.5)
Ir (0.5,0.5,0.5) (0.25,0.25,0.25)
X (0.75,0.75,0.75) (0.75,0.75,0.75)
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Fig. 2. Total energy as a function of lattice parameter

(a.u. = atomic units) for two types of atomic arrange-
ments of the IroCrSi.

TABLE II
Equilibrium lattice parameter, bulk modulus, total mag-

netic moment and partial magnetic moments of Ir, Cr
and X = Si, Ge.

a B Mot My Mcy Mx
[a.u] |[GPa]| [ps] | [ps] | [ps] | [u4sB]
IroCrSi | 11.4772 | 203.7 | 3.94 | 0.4146 | 3.1219| 0.0416
IraCrGe | 11.6834 | 188.3 | 3.92 | 0.3933 | 3.1487 | 0.0556

Compd.

Figure 2 shows the total energy as a function of lattice
parameter for IraCrSi compound in type a and b struc-
tures for ferromagnetic state. As shown in Fig. 2, type
a is the most stable structure. Therefore, we do the rest
of the calculations with this stable structure for IroCrX
(X = Si, Ge). In this stable structure, the Ir atoms oc-
cupy A (0,0,0) and C (0.5, 0.5, 0.5) sites, Cr atom
is in B (0.25, 0.25, 0.25) position and X atom is in D
(0.75, 0.75, 0.75) position in the Wyckoff coordinates.
The location of the Ir and Cr atoms depends on the num-
ber of their 3d electrons. Elements with more 3d electrons
usually occupy the A and C sites and elements with fewer
3d electrons occupy B sites. For IraCrX (X = Si, Ge),
the Ir atoms have more valence electrons than Cr atom.
Therefore, Ir tends to occupy A and C sites.

By fitting the total energy as a function of volume to
the Murnaghan equation of state [37], equilibrium lat-
tice parameter a, and bulk modulus B are calculated,
as shown in Table II. Also the total moment and partial
magnetic moments are listed in this table. Total mag-
netic moments do not exactly have integer values and
have a magnitude of 3.92 up for IroCrGe and 3.94 up
for IryCrSi. The latter exhibits half-metallic property at
equilibrium lattice constant and half-metallic band gap
is 0.105 eV. According to the Slater—Pauling rule [38], for
full-Heusler alloys the total magnetic moment could be
obtained from equation

Moy = (Ztot - 24) HUB, (1)
where Zi.; is the total number of valence electrons and
up is the Bohr magneton.
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Fig. 3. Total energy as a function of lattice parameter
in the FM, AFM, and NM states for the Ir2CrSi at type
a structure.
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Fig. 4. Total DOS for IroCrSi. Negative numbers on
the vertical axis represent the minority spin states.

For the stable structure of type a, we have plotted the
total energy in terms of lattice constant for the antiferro-
magnetic (AFM), ferromagnetic (FM), and non-magnetic
(NM) states. As one can see in Fig. 3, ferromagnetic
state has lower total energy than AFM and NM states.
Therefore, ferromagnetic state is stable state for both
compounds, however, it is slightly different than the an-
tiferromagnetic state.

The possibility of experimental fabrication of these
compounds have been investigated by calculating the co-
hesive energy. The cohesive energy (FE..) is calculated
using the following relation [39]:

Eeon = (QEH + Egtf)m + EX

atom atom) - Egiglrxv (2)
where Egiom is the total energy of isolated atom and
Eiotar is the total energy of full-Heusler. When the co-
hesive energy is positive, the compound has structural
stability. Cohesive energy is 23.77 eV and 22.09 eV for
IroCrSi and IraCrGe, respectively, so they have struc-

tural stability.
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Fig. 5. Partial DOS for (a) Ir, (b) Cr, (c) Si, for
IroCrSi. Negative numbers on the vertical axis repre-
sent the minority spin states.

To investigate the physical properties of these com-
pounds, we have considered the band structure and den-
sity of states here. The total density of states of IroCrSi
has been plotted in Fig. 4. As shown in this figure, the
spin majority states have metallic behavior while spin mi-
nority states have insulator behavior. Therefore, IroCrSi
show a half-metallic behavior. Moreover, it means that
the Fermi level is in the conduction band for spin up state
and in the gap for spin down. Since the half-metallic gap
for this compound is 0.105 eV and electron spin polariza-
tion P is 100% at the Fermi surface [40], IroCrSi is a good
candidate for spintronic applications. To investigate the
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origin of half metallic ferromagnetic the partial density
of states for this compound are plotted in Fig. 5. As seen
in this figure, the half-metallic gap mainly caused by e,
and to orbitals of Cr and Ir. As it is seen, the contribu-
tion of s electrons in the Ir, Cr, and Si density of states
(DOS) is very small. The peaks in the total DOS, which
are located below the Fg, correspond to hybridization of
the d-orbital of Ir and Cr atoms. The peaks, which are
located above Er correspond to the anti-bonding state
of Ir and Cr atoms. In equilibrium lattice constant the
Ir5CrGe has no half-metallic gap at the Fermi surface,
and its electron spin polarization P is 99%.

According to Table II, for both compounds the largest
contribution to total magnetic moment is due to the
Cr which is very close to the total magnetic moment
value. The band structure of IroCrSi compound is plotted
in Fig. 6. As it is visible, there is a gap in minority spin
states, that shows the semiconductor behavior. There is
a direct gap of 0.433 eV for minority spin channels at the
I' point.

The Curie temperature (7¢) is one of the important
quantities for the applicability of a compound in spin-
tronics. It is calculated by using the mean field approxi-
mation (MFA) as [41]:

2AEArM-FM

TC - 3k'B ) (3)
where kg is the Boltzmann constant and AEapy_FM 1S
the energy difference between the antiferromagnetic and
ferromagnetic states. The Curie temperature at equilib-
rium lattice constant is 616.3 K and 415.3 K for IroCrSi
and IryCrGe, respectively. In fact, those are very good
temperatures for spintronic applications.

To construct the spintronic devices, usually a layer of
half-metallic materials is grown on a substrate of semi-
conductor [42]. In this process, the lattice constant of
half-metallic materials may be changed and phase state
transitions from ferromagnetic to nonmagnetic occur.
The variation of the lattice parameter influences the spin
polarization and magnetic moment. Thus, the investiga-
tion of the relationship between the half-metallic charac-
ter of Ir,CrX (X = Si, Ge) and the lattice parameter is
useful. For this reason we changed lattice constant in the
interval from —4 to +4 percent of the equilibrium lattice
constant (a = ag + x%ag, © = 1,2,3,4), and performed
the calculations for density of states. The compound
IroCrSi in all ranges and the compound IroCrGe in the
range of —2%ag to —4%ag, show half-metallic property.
It seems that these full-Heusler alloys are suitable for
growth on various semiconductor substrates to manufac-
ture spintronic devices and spin valve.

Figure 7 shows the total magnetic moment of IroCrSi
in terms of lattice constants. As we can see, even for
higher values of lattice constants, the magnitude of total
magnetic moment is almost constant, and half-metallicity
is preserved. When the lattice constant is smaller than
10.58 a.u., the reduction in the magnetic moment indi-
cates the transition from ferromagnetism to nonmagnetic
phase.
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Fig. 6. Band structures for IroCrSi (a) for spin up and

(b) for spin down.
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Fig. 7. Total magnetic moment (ug) as a function of
lattice parameter for IraCrSi.

The total magnetic moments and half-metallic gaps
under different stresses for both compounds are listed
in Table III. Also the total density of states for differ-
ent stresses are plotted in Figs. 8 and 9. As we can see
in Table III, for IryCrSi the total magnetic momentum
at this interval vary between 3.92 upg to 3.95 up and the
largest half-metallic gap is 0.129 eV at ag + 3%aq lattice
constant. We see that by increasing the lattice constant,
the total magnetic moment increases. Also half metallic
gap increases by increasing the lattice constant except
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TABLE III

Energy of half metallic gap and total magnetic moment,
under stress, for IroCrX (X = Si, Ge) full-Heusler alloys.

Compounds | Exm [eV] | Eam [eV] | Miot [18] | Miot [pB]
under stress | IraCrSi | Ir2CrGe | IroCrSi | IroCrGe
ao — 4%ao 0.062 0.063 3.92 3.91
ao — 3%ao 0.075 0.077 3.93 3.91
ao — 2%ao 0.085 0.04 3.93 3.92
ao — 1%ao 0.096 - 3.94 3.92
ao 0.105 - 3.94 3.92

ao + 1%ao 0.114 — 3.94 3.92
ao + 2%ao 0.121 - 3.95 3.92
ao + 3%ao 0.129 - 3.95 3.92
ao + 4%ao 0.053 - 3.95 3.92
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Fig. 8. Total DOS for IroCrSi, under stress.

at ag+4%ag lattice constant. Thus IroCrSi keeps its half-
metallic properties under this stress. IroCrGe has half-
metallicity in the ranges of ag—2%ag to ag—4%ag. In this
interval the magnetic moment is 3.91 yg and 3.92 ug.
The largest half-metallic gap is 0.077 €V at ag—3%ag lat-
tice constant. In Table III one can see that IroCrGe has
no half-metallic gap from ag to ag +4%ag. It means that
with increase in the lattice constant the half-metallic gap
is vanished. Comparing Iro CrGe with respect to IroCrSi,
one of the reasons could be that the atomic radius and
atomic mass of Ge is larger than Si. Also, electron ar-
rangements of Si and Ge are 3s523p? and 3d'°4s%4p?, re-
spectively.

In this part at first the dynamical stability of IroCrSi
is investigated in equilibrium lattice constant and under
stress. It is required to plot the phonon dispersion curves
and phonon density of states. Since there are four atoms
in the unit cell there are twelve phonon modes for any
wave vector, three acoustical and nine optical branches.
At the equilibrium lattice constant, the phonon frequency
has negative value so it does not have dynamical stability.
However, as shown in Fig. 10, this alloy has dynamical
stability under stress at a = ag—3%ag and a = ag—4%ag

total DOS,
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Fig. 9. Total DOS for Ir;CrGe, at equilibrium lattice

constant and under stress.
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Fig. 10. The phonon dispersion curves and phonon to-

tal DOS for Ir2CrSi at (a) a = ao — 3%ao and (b)
a = ao — 4%ao lattice constants.

lattice constants. In this diagram all phonon frequencies
are positive. We know that positive frequency indicates
dynamical stability of the compound. We found that
the dynamical stability exists at lowest lattice constant,
lowest spin magnetization and lowest half-metallic gap, in
the desired interval, which may show that this compound
has more stability under stress.
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4. Conclusions

The structural, electronic, magnetic, and phonon prop-
erties of full-Heusler compounds IryCrX (X = Si, Ge)
are investigated by using the first-principle calculations
and GGA approximation. The calculated results show
that the type a arrangement and ferromagnetic phase is
most stable. The total magnetic moment was 3.94 up
and 3.92 pp for IryCrSi and IroCrGe, respectively. The
IroCrSi compound exhibits the half-metallic property.
The half-metallic band gap of IroCrSi was 0.105 eV. Also
we investigated the half-metallicity and dynamical sta-
bility under stress in the intervals of a = ag & 2%aq, x =
1,2,3,4. We found that IroCrSi preserve half-metallicity
in all ranges and has dynamical stability at lattice con-

stant equal to a = ag — 3%ap and a = ay — 4%aqg.
The Ir;CrGe compound shows the half-metallic property
in a range of a = ag — 2%ag to a = ag — 4%ag lat-

tice constant. The Curie temperatures of IroCrSi and
IryCrGe are estimated at equilibrium lattice constants
to be 616.3 K and 415.3 K, respectively. At equilibrium
lattice constant and under stress IroCrSi is half-metallic
ferromagnet. IroCrSi has 100% spin polarization and
IroCrGe has 99% spin polarization at the Fermi surface,
so IroCrX (X=Si, Ge) are suitable for spintronic devices.
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