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Structural, electronic, and magnetic properties of new predicted half-Heusler YCrSb and YMnSb compounds within
the ordered MgAgAs Cly-type structure are investigated by employing first-principal calculations based on density func-
tional theory. Through the calculated total energies of three possible atomic placements, we find the most stable structures
regarding YCrSb and YMnSb materials, where Y, Cr(Mn), and Sb atoms occupy the (0.5, 0.5, 0.5), (0.25, 0.25, 0.25), and
(0, 0, 0) positions, respectively. Furthermore, structural properties are explored for the non-magnetic and ferromagnetic
and anti-ferromagnetic states and it is found that both materials prefer ferromagnetic states. The electronic band structure
shows that YCrSb has a direct band gap of 0.78 eV while YMnSb has an indirect band gap of 0.40 eV in the majority spin
channel. Our findings show that YCrSb and YMnSb materials exhibit half-metallic characteristics at their optimized lattice
constants of 6.67 A and 6.56 A, respectively. The half-metallicities associated with YCrSb and YMnSb are found to be
robust under large in-plane strains which make them potential contenders for spintronic applications.
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1. Introduction

To meet the essentials of the advance technological ap-
plications, the search for the best materials in general and
for spintronics applications in particular is a challenge. Spin-
polarized ferromagnetic materials are generally supposed to
be the best replacements for conventional materials.!!! The
quest for brand-new materials in the field of spintronics has
guided towards Heusler alloys in the last three decades due to
their ability to be strong candidates for spin based electronic
materials. The important part regarding spintronics is a way
to obtain spin-polarized charge carriers. Half metallic ferro-
magnets (HMFs) are a type of brand new material because of
their distinctive characters and tend to be probably the most
essential components designed for spintronics.?) HMFs have
attracted considerable interest within last three decades due
to their unique property of possessing a semi-conducting be-
havior in one spin direction with a narrow gap at the Fermi
level (Ep) producing 100% polarization at the Er and metallic
behavior in other spin direction. HMFs will be appealing ma-
terials that can result in high performance applications in spin-
tronics devices, as a source of spin-polarized charge carriers
injected, such as spin-field effect transistor (FET), spin-light
emitting diode (LED) along with tunneling devices.*) HMFs
with half-Heusler (HH) structure offer the great possibility of
integrating magnetic devices into semiconductor technologies
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and potential applications in spintronics due to their structural
resemblance to the zinc-blende phase and relatively high Curie
temperature.

In 1983, de Groot et al.'*l initially predicted the Half-
metallic (HM) ferromagnetism by exploring the band structure
calculations of Mn-based materials in semi-Heusler NiMnSb,
which is right now more successful to be synthesized experi-
mentally with single crystalline nature.®! Several studies rele-
vant to HMFs are already expected theoretically and also many
of HMFs are validated experimentally. Half-metallicity is lo-

5-101 and several other kinds of

11-14]

cated in Heusler compounds!
materials which include ferromagnetic metallic oxides,!
nanostructures, '] binary transition metal pnictides (chemical
compounds) as well as chalcogenides acquiring zinc-blended
and rock-salt structural arrangements. [16-20]

Numerous studies have already been conducted on these
types of materials and plenty of them have become HMFs.
But often experimental synthesis of these materials at the room
temperature is difficult, as half-metallicity is lost due to very
small HM energy gap (Egm ) and very large magnetic moments
arises. Small half metallic gap and large magnetic moment
means high stray field. Ey would frequently vanishes in each
of these HH materials when strain mismatch rises at the inter-
face with traditional semiconductor. In addition, HM materials

having a large magnetic moment are not really ideal for spin-
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tronic practical applications, since the big magnetic moment
indicates higher stray fields as well as large energy deficits.
This particular deficiency inspires us to find brand new HM al-
loys that have modest magnetic moment and larger Eyy. The
outcomes offered by this study might be helpful in understand-
ing the applications of these HH materials in the arena of spin-
tronics. Structural, electronic, and magnetic properties of HH
YCrSb and YMnSb are explored in this study for the sake of
their novel applications.

The rest of this paper is arranged as follows. In Section 2,
the details of computational technique are elaborated. Within
Section 3, the particular stableness, electronic and magnetic
attributes are presented and discussed. Finally, various con-
clusions are presented in Section 4.

2. Computational details

To cope with the exchange and correlation potential,
all computations are executed within density function theory
(DFT) using the generalized gradient approximation (GGA)
available as Perdew—Burke—Ernzerhof (PBE) functional.[211 A
cycle of self-consistent scheme is performed to find out the
structural and electronic properties of YCrSb and YMnSb HH
materials by solving the Kohn—Sham equations.*?! through
utilizing the full-potential linearized augmented plane wave
method (FPLAPW) (23] g implemented within the WIEN2K
simulation code.**! A k-point mesh of 15 x 15 x 15 is chosen
for the calculations of these HH materials each with muffin-tin
sphere radius of 2.5 a.u (atomic unit), for Y, Cr(Mn), and Sb
atoms, respectively, and the value of Ryt X Knax 1S set to be
9. Expansion of site-centered potentials and densities is taken
with the angular momentum up to ln.x = 10. The particular
Brillouin zone (BZ) integration is completed from the stan-
dard tetrahedron approach. 2! For the two consecutive compu-
tations, the actual convergence criterion in this self-consistent
information with regard to ionic relaxations is 10™> eV/unit
cell.

3. Results and discussion
3.1. Structural arrangements and stability

HH alloy with general formula XYZ has only one mag-
netic sublattice, where X and Y are the transitional metals and
Z is the main group element. HH materials belong to a fam-
ily relating to traditional semiconductors such as Si or GaAs,
and crystalize into non-centrosymmetric cubic MgAgAs—Cly
structure (space group F-43m, No. 216) having 1:1:1 stoi-
chiometry, which is ternary arranged different from the CaF,
and can be derived from the tetrahedral ZnS-type structure. %%
The Wyckoff positions of the three interpenetrating fcc lat-
tices are 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4,
1/4), and the 4d (3/4, 3/4, 3/4) site is empty. In essence X,
Y, and Z atoms can occupy these Wyckoff positions 4a, 4b,
and 4c sites, respectively. Three unique phases (X1, Xy, Xq)
are possible for X, Y, and Z atoms by changing these atomic
positions in a unit cell, for instance Xp, Xy, and Xy phases can

5.27] Atomic layout

be organized at distinct Wyckoff position
for each phase is presented in Table 1. For an illustration, the
crystal structures of YCrSb alloy for three possible atomic ar-

rangements are shown in Fig. 1.

Table 1. Site preferences of X, Y, and Z atoms in three atomic arrange-
ments X, Xy, and Xpyp in the Cly, half-Heusler structure. The 4d site is
empty.

Phase  4a(0,0,0) 4b(1/2,1/2,1/2)  4c(1/4,1/4,1/4)
X z X Y
X1 X Y Z
Xm Y z X

Exploration of XYZ materials within three feasible ar-
rangements is essential because a few experimental researches
display that the composition associated with half-Heusler ma-

5.127-291 The crystalline

terials rely on the atomic disordernes
framework of Cly-type structure associated with this kind of
material can be reviewed properly from Refs. [30] and [31].
In our latest information, there is no experimental nor theo-
retical report so far, relating to both YCrSb and YMnSb HH

materials. Murnaghan’s equation of state!3?! is utilized to find

X7 structure

Xir structure

Xy structure

Fig. 1. (color online) Conventional unit cells of YCrSb half-Heusler alloy in the MgAgAs (Clp) structure for the three distinct Xy, Xy,

and Xjyy atomic arrangements.
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out the lattice constants. Prior to studying electronic and mag-
netic properties, stabilities of the crystal structure of YCrSb
and YMnSb are checked by optimizing the total energy as a
function of volume for all the three possible states. Varia-
tions of total energy with volumes of YCrSb and YMnSb com-
pounds for all the three possible Xj, Xy, and Xy phases are
shown in Fig. 2. It is obvious that Xj structures for the both
compounds obtain the least minimized total energies com-
pared with those of the other Xy and Xy feasible structures.
Consequently, it is concluded that X structure is the most pre-
ferred phase because of its least minimized total energy and
all further computations are performed at this specific ground
state phase. The outcomes are ascribed to the following rea-
sons: (i) within the Xp structure, Cr sorts the nearest neighbor
(NN) surrounds with both Y and Sb, although Sb has both Cr
and Y as NN pairs for the Xy structure; (ii) the size of Y is
greater than that of Cr. Therefore, a strong bond is established
between Cr and Y resulting in the minimum total energy in the
X structure. In the Xy structure, Sb is not in the NN arrange-
ment with Cr.
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Fig. 2. (color online) Variations of computed ferromagnetictotal energy
with volume per unit cell for the three feasible atomic arrangements X,
Xi1, and Xy of both half-Heusler (a) YCrSb and (b) YMnSb with MgA-
gAa (Cly) structure. The unit 1 Ry = 13.6056923(12) eV

The optimized lattice constants of the YCrSb and YMnSb
HH materials for stable Xj phase are 6.673 A and 6.565 A,
respectively. For these two studied compounds with the fer-
romagnetic state, the computed lattice constant, total energy,
bulk modulus B (in unit GPa) and first order derivative of the

modulus B’ evaluated by using unit cell volume at zero pres-
sure for the three unique phases are detailed in Table 2. As
yet, neither experimental data for the bulk moduli nor the lat-
tice constants of the studied compounds are available to be
compared with the theoretical results.

Table 2. Values of Optimized lattice constant aop (in unit A), the bulk mod-
ulus B (in unit GPa), the pressure derivative of the bulk modulus B, the total
energy (in unit Ry) of the YCrSb and YMnSb materials.

Compound Structure aoy /A B/GPa B’ Eit/Ry  Half-metallicity
X1 6.673 64.6 4.71 —21840.5260 Yes
YCrSb Xn 6.839 57.8 4.44 —21840.5081 No
Xm 7.068 44.25 4.07 —21840.4419 No
X1 6.565 68.10 4.78 —22056.0804 Yes
YMnSb Xn 6.760 60.86 4.61 —22056.059 No
Xm 7.038 42.33 4.20 —22055.9851 No

Spin-polarized (magnetic phase) and non-spin polarized
(non-magnetic phase) calculations are also carried out for each
of YCrSb and YMnSb compounds within the stable X struc-
ture. The variations of total energy with volume are pre-
sented in Fig. 3 respectively for the non-magnetic (NM), fer-
romagnetic (FM), and anti-ferromagnetic (AFM) states, which
clearly indicate that ferromagnetic state is energetically more
favorable than non-magnetic and anti-ferromagnetic states.
Furthermore, the total energy difference between NM and
FM phases (AEgM-nM) With stable X-structure is given in Ta-
ble 3. As can be seen, the values of AEgy.NM are negative for
both the studied compounds, implying that the FM phase of
such materials is actually much more steady than NM phase.
Therefore the next discussion provides the actual ferromag-
netic phase.
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Fig. 3. (color online) Variations of calculated total energy with volume

(a) YCrSb and (b) YMnSb in stable Xy phase for non-magnetic (NM), ferro-
magnetic (FM) and anti-ferromagnetic states.

107402-3



Chin. Phys. B Vol. 25, No. 10 (2016) 107402

Table 3. Calculated values of formation energy Efo, (in unit eV) per
formula unit, spin-up band gap E, (in unit eV), half-metallic gap Exm
(in unit eV), and the energy difference between ferromagnetic and non-
magnetic states AEpy.nm (in unit eV) for YCrSb and YMnSb HH ma-
terials.

(X)4a:(Y)4b:(Z)4z: Eg/eV EHM/SV AEFM-NM /eV Efor/eV P/%

YCrSb 0.78 0.43
YMnSb 0.40 0.13

—1.68
-1.19

—3.557 100
—6.770 100

To confirm that the studied materials can possibly be
synthesized experimentally, formation energy (AHj) is also
taken into consideration for the YCrSb and YMnSb materials
which can be explained by using the following equation:

AHyr = Evycrvn)sb — £y — Ecivn) — Esp,

where Eycrmn)sp 18 the total energy of the YCrSb and YMnSb
materials calculated by the first principal calculations and
Ey, Ecrvn), Esp are energies of the corresponding individual
atoms. Usually, negative formation energy signifies the stable-
ness of the compound. Formation energies for the YCrSb and
YMnSb HH materials are listed in Table 3. The lower value
of formation energies for the studied compounds indicate that
these materials can be synthesized experimentally.

3.2. Electronic properties

The electronic structure affects an essential part to iden-
tify the HM properties associated with HH materials. Band
structures of YCrSb and YMnSb alloys are shown in Figs. 4
and 5, respectively. The left panel demonstrates the spin-up
(majority) state, and the right panel indicates the bands for
the spin-down (minority) state. The different colors in Fig. 4
represent different physical meaning. They show the contri-
butions of s, p, and d orbitals of Y, Mn/Cr, and Sb atoms to
electronic band structure. They reveal the information about
which orbital of the atoms in the alloy is contributing more
near the Fermi level and which atom orbital is in the core state.
They also represent each eigenvalue along the k-path which
we have previously selected during the SCF cycle.Obviously,
it can be noted that half-metallicity has semiconducting gap
(Eg) around the Fermi level (EF) in the majority spin (spin-up)
state (Figs. 4(a) and 5(a)), and that the band crosses the Er
and thus displays metallic nature in minority spin (spin-down)
state (Figs. 4(b) and 5(b)). For both YCrSb and YMnSb HH
materials in the majority spin channel, there are clear gaps E,
and Epy in the majority band. The Eg is the energy band
gap which is the spacing between the valance band maximum
and the conduction band minimum, and the Eyy is the short-
est distance twixt the most occupied valance band energy and
the Er. This particular parameter Ery possess specific sig-
nificance for the half metallicity of the ferromagnetic material
rather than E, along the Er. The presence of non-zero flip gap
(Eum) for both the compounds in the majority spin channel
indicates that they are true HMFs. The values of Eg, Exm, and
EF calculated for both YCrSb and YMnSb HH materials are

presented in Table 3. It can also be seen that the band tran-
sition for the YCrSb is direct (I'-I") while an indirect band
transition is found for the YMnSb (I'-X) HH material. It can
also be noted that bands near the Ef are triply degenerated at
I' for the majority spin channel.
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Fig. 4. (color online) Spin-resolved band structures of half-Heusler YCrSb
(a) spin up and (b) spin down. Fermi level is set to be zero.
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Fig. 5. (color online) Spin-resolved band structures of half-Heusler YMnSb
(a) spin up and (b) spin down. Fermi level is set to zero.

The number of states for each period of energy which are
occupied by the specific energy levels is usually explained by
the density of states (DOS) of the system. To examine the
electronic natures of the YCrSb and YMnSb materials, to-
tal and partial DOS within the magnetic phase designed for
spin-up and spin-down channel are also measured by utiliz-
ing the PBE-GGA. The particular DOS graphics are displayed
in Fig. 6 to analyze the Eg in the majority spin state of the
studied materials at the equilibrium lattice constant. The spin-
dependent total and orbital electronic DOS of YCrSb and
YMnSb are presented in Fig. 6. Large spin splittings in these
materials occur from Cr/Mn (d-tzg) states with a small contri-
bution from Y (d-tz¢) states. The contribution by the Sb atom
near the Ef is quite small in comparison with the Cr/Mn (d-
tzg) and Y (d-tpg) atoms. Also Sb atom has symmetrical state
below the Er having energy around —10 eV.
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Fig. 6. (color online) Spin-polarized densities of state for the total and individual atoms at the equilibrium lattice constant for the Xy

phase (a) YCrSb and (b) YMnSb.

A solid hybridization among the d-orbitals of Y, Cr, and
Mn atoms is found, which divides the d orbitals of these atoms
into d—e, and d-tp, states. A semiconducting gap is found for
the majority-spin channel. It can be visualized that states near
the Er for both majority and minority spin states are mostly
contributed due to the Cr/Mn (d—tyg) and Y (d—tp,) atoms,
which is comparable to various other transition-metal element
based HH materials.[3-33]

To clarify the origin of the semiconducting gap, d—d hy-
bridization nearby the Fermi energy level can be revealed in-
side Fig. 7. Cr and Mn atoms are enclosed by Sb atoms, see-
ing them at NN and Y as next neighbor. Both Cr and Mn 3d
states split up into the triplet associated with d—tp, states and
a doublet associated with e, states because of the crystal field
theory. In the majority spin channel, the d—tp, and e, states of
Mn and Cr ought to be occupied in the minority spin states but
electrons are depleted in the majority spin state due to the ex-
change interaction. These states turn out to be unoccupied and
develop the semiconducting gap. Furthermore, the electronic
spin-polarization at the Er can be expressed by the following
relation: 34!

_ p 1 (Ep)—p | (Ep)
~ pt(ER)+p L (EF

where p 1 (Ep) and p | (EF) are the densities of states at the
Er for the majority and minority spin states, respectively. The
studied HH YCrSb and YMnSb materials have 100% spin-
polarization (see Table 3), proving that electrons at the Ef are
fully spin-polarized. That confirms the HM characteristics.
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Fig. 7. (color online) Schematic representations of origin of semicon-
ducting gap in the majority spin state in the stable X; structure for the
YCrSb.

3.3. Magnetic properties

The origin of magnetic moment for the HH alloy is de-
scribed in this subsection. The total and individual magnetic
moment of the atoms per unit cell in the unit of multiples of
Bhor magnetron for the YCrSb and YMnSb for the Xj struc-
tural phase are presented in Table 4. The structures of HH ma-
terials can be decomposed right into a zinc blende (ZB) sub-
structure along with variants within the occupancy from the
interstitial lattice sites. There are three main mechanisms, 33!
which govern the magnetic properties due to HM in the ZB
structure: (i) the d-states of the Cr and Mn atoms (here it
can even be Y-atom) split into triply (t2¢) and doubly (es) due
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to the crystal field effect, (ii) bonding and antibonding states
are formed when the sp3-type state of Sb interacts with these
triplet states, (iii) populations of the electrons change in the
majority and minority spin channel due to the exchange inter-
action. The local magnetic moments of the crystal are formed
by the remaining electrons of the Cr and Mn atoms. Due to
the resemblance of HH alloy composition to the ZB structure,
the magnetic moment arranged in Table 4 can be ascribed to
the Mn and Cr atoms. As the HH materials contain only one
magnetic sublattice consisting of the atoms on the octahedral
sites, 2] which is also indicated in Table 4, the Cr and Mn
atoms mainly contribute to the total magnetic moment for the
studied HH materials and occupy the octahedral sites in the
stable Xy structure. It can also be understood from the elec-
tronic arrangements. Electronic configurations for the Cr and
Mn are (3d)°4s and (3d)°4(s)2, respectively. For pure met-
als, Cr and Mn, electronic spins form the magnetic moments
according to the first Hund’s rule but when these types of tran-
sition metals (Cr, Mn) are made into alloys, the availability of
3d-electrons will change because of diverse electro-negativity.
In the stable X structure, Sb is the NN for the Cr and Mn in
the HH YCrSb and YMnSb materials because of this a small
charge is transferred from Cr and Mn to Sb by leaving lots
of d-electrons at Cr and Mn atoms that govern the magnetic
moments for these HH materials respectively.

Table 4. Calculated values of total and local magnetic moment (in unit
ug) of the individual atom and interstitial site for YCrSb and YMnSb
HH materials.

Compound Y/ug  Cr/ug  Sb/pg Interstitial/pg Total/pp
YCrSb  0.17336 3.41594 —0.06046  0.47179 4
YMnSb —0.00442 2.94109 —0.02969  0.09358 3

3.4. Location associated with half-metallicity

In the experimental fabrication of HH alloys on a sub-
strate to make device applications, lattice mismatch may hap-
pen due to the influence of various factors. For this “strain en-
gineering” technique®>! is usually used to obtain the required
electrical and physical properties of HH alloys through devel-
oping layered alloys by lattice mismatched substrates. There-
fore, it is essential to further investigate the lattice parameter
strain engineering by exploring the robustness belonging to the
HM through changing the lattice constants of these two stud-
ied materials. Total magnetic moments and the spin moments
of the Y, Cr, Mn, and Sb atom, with respect to lattice parame-
ter are shown in the Fig. 8. When the lattice parameters of HH
YCrSb and YMnSb materials are expanded, the hybridization
between Y and Cr/Mn decreases, which leads to the rise in the
spin moment of Cr/Mn and decrease in Y. The Ef found in-
side the gap and the number of majority spin states change a
little in all these lattice variations. In addition, it is also ob-
served that by varying the lattice constants in a wide range,

there is slightly change in the overall total magnetic moment,
and the overall total magnetic moments remain nearly 4 ug
and 3 pp for YCrSb and YMnSb, respectively. It is also dis-
covered that for the optimized equilibrium lattice constant for
the stable X phase, the magnetic moments have integer values
for both compounds, which is viewed as the character associ-
ated with HMF. Thus, these types of substrates may be han-
dled as ideal applicants for the spintronic devices. Through
the computations, the HM can be found to reach up to com-
pression and expansion of —10.1% to 3.6% for YCrSB and
for —12.3% to 2.7% for YMnSb. This verifies that magnetic
properties can be tuned for these substrates by expanding and
compressing their lattice parameters.
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Fig. 8. (color online) Lattice parameter dependences of the total magnetic
moment, and the spin moments of Y, Cr/Mn and Sb atoms for (a) YCrSb
and (b) YMnSb, respectively.

4. Conclusions

In this work, structural, electronic, and magnetic prop-
erties of HH YCrSb and YMnSb materials with three differ-
ent atomic arrangements (Xj, Xy, and Xpy) are investigated
by using FP-LAPW method. Calculated formation energies
confirm that these compounds are chemically stable. Results
revel that both YCrSb and YMnSb are true HMFs having in-
tegral magnetic moments of 4 pug and 3 g, respectively. The
total magnetic moments of the studied materials are mainly
contributed by the Cr and Mn atoms respectively. The particu-
lar d—d hybridization between the transition-metal elements Y
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and Cr/Mn sorts the semiconducting gap inside the majority-
spin as some other transition-metal centered HH materials.
We find that half-metallic gaps are 0.43 eV and 0.13 eV for
the YCrSb and YMnSb HH compounds, respectively. The
electronic structure and DOS calculations indicate that both
YCrSb and YMnSb HH materials show semiconductor na-
tures in majority spin channel and in contrast, conducting trend
observed in minority spin channel. It is found that YCrSb
and YMnSb preserve their HMs for lattice constant ranges of
5.77 A-6.85 A and 5.92 A-6.81 A, respectively and retain
100% spin polarization at the Ef.
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