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First-principles spin-polarized density functional theory (DFT) investigations of the structural, electronic, magnetic,
and thermodynamics characteristics of the half-Heusler, CoMnTe and RuMnTe compounds are carried out. Calculations
are accomplished within a state of the art full-potential (FP) linearized (L) augmented plane wave plus a local orbital
(APW +lo) computational approach framed within DFT. The generalized gradient approximation (GGA) parameterized
by Perdew, Burke, and Ernzerhof (PBE) is implemented as an exchange correlation functional as a part of the total energy
calculation. From the analysis of the calculated electronic band structure as well as the density of states for both compounds,
a strong hybridization between d states of the higher valent transition metal (TM) atoms (Co, Ru) and lower valent TM
atoms of (Mn) is observed. Furthermore, total and partial density of states (PDOS) of the ground state and the results of
spin magnetic moments reveal that these compounds are both stable and ideal half-metallic ferromagnetic. The effects of
the unit cell volume on the magnetic properties and half-metallicity are crucial. It is worth noting that our computed results
of the total spin magnetic moments, for CoMnTe equal to 4 uB and 3 uB per unit cell for RuMnTe, nicely follow the rule
Uiot = Z¢ — 18. Using the quasi-harmonic Debye model, which considers the phononic effects, the effecs of pressure P and
temperature 7" on the lattice parameter, bulk modulus, thermal expansion coefficient, Debye temperature, and heat capacity
for these compounds are investigated for the first time.
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1. Introduction

The magnetic materials particularly of the crystallo-
graphic phase Cly, of the half-Heusler compounds have been
an active field of research, as a consequence of their frequently
emerging novel properties and field of applications since their
first discovery by Fritz Heusler.!'! In 1983, Groot et al.!!
discovered the half-metallic ferromagnetism in half-Heusler
NiMnSb and PtMnSb compounds, and further revealed their
More-
over, the importance of these materials has been uncovered by

potentials for promising technological applications.

viewing the novel features of the electronic band structure and
magnetic behavior of half-Heusler NiMnSb compounds. !
The target of recent research related to half-Heusler materi-
als is to investigate ferromagnetic half-Heusler compounds ex-
hibiting the magnetic shape memory effect, magnetic field in-
duced super-elasticity, and large strain-induced changes in the

n.[4201 In this regard, several efforts have been

magnetizatio
devoted and a lot of them are on the way to studying their elec-

tronic, magnetic, and thermodynamic properties of these sys-
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tems on the basis of band structure calculations,?!! however,
some aspects are still vague. To contribute to this active area
of research, which is expected to soon undergo a revolution
in technological applications because of the multi-functional
properties that can be offered by a single half-Heusler ternary
compound, we study the structural, electronic, magnetic, and
thermodynamic properties of CoMnTe and RuMnTe by one
of the most accurate approaches to electronic band structure,
i.e. first-principles. The main difference between NiMnSb
and, CoMnTe and RuMnTe compounds is that the magnetic
moments of Co and Ni are higher than the Ru moment. 3]
Surprisingly, the properties of a large number of Heusler com-
pounds can be predicted by the direct counting of valence
electrons. Based on their Cl1;, structure and the total num-
ber of valence electrons, the compounds CoMnTe and RuM-
nTe are expected to exhibit their half-metallic ferromagnetic
natures. Electronic band structures of CoMnTe and RuMnTe
compounds exhibit their metallic natures for spin up, and show
their semiconductor behaviors for spin down. The effects of
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the unit cell volume on the magnetic properties and the half-
metallicity are crucial. It is interesting to note that the scale
of the total spin moment is exactly consistent with the total
number of valence electrons. Moreover, by applying a quasi-
harmonic Debye model to CoMnTe and RuMnTe compounds,
calculations of heat capacity at constant volume (Cy ), heat ca-
pacity at constant pressure (Cp), Debye temperature (), ther-
mal expansion (&), and the Griineisen parameter () in a tem-
perature range of 0 K—-1200 K in steps of 100 K and in a pres-
sure range of 0 GPa—45 GPa in steps of 5 GPa are performed,
and the obtained results are in nice agreement with those from
the Debye theory, which is extensively applied to a wide range
of materials.

2. Crystal structure

Heusler compounds (X2Y Z) are defined as the ternary in-
termetallic compounds.!!! At the stoichiometric composition,
the half-Heusler compounds (XY Z) each crystallize into a Clb
structure. The elements associated with the X, Y, and Z are
(Co, Ru), Mn, and Te, respectively. The unit cell consists of
four interpenetrating face-centered cubic sublattices with the
positions (0, 0, 0) for Co and Ru, (1/4,1/4,1/4) (for Mn, and
(3/4,3/4,3/4) for Te. The site (1/2,1/2,1/2) is vacant in
the half-Heusler compound. The crystal structure of the half-
Heusler CoMnTe compound is shown in Fig. 1 as a prototype.

Fig. 1. (color online) Crystal structure of the CoMnTe.

3. Computational details

Computations regarding geometry optimization, elec-
tronic structure calculations, and magnetic properties are per-
formed within the FP-L(APW+lo) computational approach
as realized in the WIEN2k package.!??! To incorporate an
exchange correlation functional part into total energy func-
tional calculations, GGA-PBE!?3! is used, whereas to include
the relativistic effects, the scalar approximation suggested by
Koelling and Harmon is adopted. To control the size of the

basis set for reasonable convergence, the value of cutoff pa-
rameter Ry, “Kmax = 8.0, and the value of / = 10 is used
to control the expansion of the partial waves inside the Muf-
fin tins spheres. The values of radius Ry are chosen to be
proportional to their ionic radii such that the spheres do not
overlap. By the use of total energy convergence test to obtain
the energy precision of 10~ Ry/formula unit, 3000 k-points
are adopted in the first part of the Brillouin zone.

To study thermal effects, quasi-harmonic Debye model
realized in the Gibbs program!®¥ is used. This model is
sufficiently flexible in giving all thermo dynamical quanti-
ties by incorporating the obtained results of energy and vol-
ume. We give, here, a brief description of this model.[?*-2"]
In this model, non-equilibrium Gibbs function G*(V;P,T) is
described in the following form:

G*(ViP,T)=E(V)+PV+Ayip (0 (V);T), (1)

where E(V) represents the total energy/formula unit, PV is
the constant hydrostatic pressure condition, @ (V) is the Debye
temperature, and Avjp, is the lattice vibration that is expressed
as

96
Avip (0:T) =nkgT {87,4—31n (1— e*@/T) —D(@/T)} o))

In Eq. (2), n represents the number of atoms/formula unit,
kg the well-known Boltzmann constant, and the last term
D(®/T) on the right-hand side represents the Debye integral.
Here for an anisotropic solid, ® is expressed by the following
expression:

By

f(o)y/ 3

/
| sy

h
e as
z n
In Eq. (3), M is the molecular mass, and Bg the adiabatic bulk
modulus, which is estimated in terms of static compressibility
by using the following relation:

d’E(V
B,=B(V)=V dV(Z)’ )
where f(Vv) is defined as
SPRPACLCITIIACT i b
Fv)=43 2(31—2\/) +(31—v) »

and Vv is the Poisson ratio in the above relation.

Minimization of the non-equilibrium Gibbs function
G*(V;P,T) with respect to volume Vat constant pressure and
temperature is attained as

dG*(V;P,T) _
(=), 0 “

By solving Eq. (6), one can obtain a relation for V(P,T), i.e.
thermal equation of state (EOS). Using Eq. (6) for different
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thermal properties, i.e., isothermal bulk modulus (Br), spe-
cific heat capacity values at constant volume (Cy) and at con-
stant pressure (Cp), and thermal expansion coefficient & can
be evaluated using the following formulas:

_(9*G*(V;PT)
Br (PT)=V (‘9‘/2>P,T7 @)
30/T
Cp=Cy(14+ayT), )
a= v (10)

- BrV’
where 7 is the Griineisen parameter and is calculated from the

following expression:

_dln@(V)
dInV

(1)

4. Results and discussion
4.1. Total energy and electronic structure

For both Heusler CoMnTe and RuMnTe compounds, first
of all, the total energies for their paramagnetic and ferromag-
netic states are calculated in terms of the volume per formula
unit. It is found that the paramagnetic phase has high energy as
compared with the ferromagnetic phase. Our optimized results
for volume (Vp), energy (Ey), equilibrium lattice constant (ag),
and bulk modulus (B) calculated for the ferromagnetic phase
are shown in Table 1. These results are obtained for both com-
pounds by fitting data for energy as a function of volume to
the Murnaghan equation of state*?], as shown in Figs. 2 and
3. The energy difference (AE) between paramagnetic and fer-
romagnetic states is also calculated and the results are given in
Table 1. There are no experimental results available to us for
these compounds, but our values for CoMnTe are in excellent
agreement with those obtained by Selcuk Kervan et al.[3! us-
ing the full potential linearized augmented plane wave method.
At equilibrium lattice constants calculated spin-polarized band
structures in the ferromagnetic phase for minority spin elec-
trons are demonstrated in Figs. 4 and 5 for CoMnTe and RuM-
nTe compounds respectively. From Figs. 4 and 5, it is obvious
that the majority spin electrons exhibit metallic natures of the
compounds and the minority spin channels display a band gap
of 1.08 eV for CoMnTe and 0.83 eV for RuMnTe around the
Fermi level, revealing their semiconducting natures. However,
the natures of the band energy gaps are found to be indirect
between the I point of the highest occupied band (valence
band) and the X point for the lowest unoccupied band (conduc-
tion band). These semiconducting natures of the minority spin
electrons and metallic natures of the majority spin channel of
these compounds are very analogous to those of NiMnSb and
FeMnSb[*3 and show that these systems are half-metallic fer-

romagnetic.
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Fig. 2. (color online) Curves of total energy versus volume per for-
mula unit for the paramagnetic (PM) and ferromagnetic (FM) states of
CoMnTe.
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Fig. 3. (color online) Curves of total energy versus volume per for-
mula unit for the paramagnetic (PM) and ferromagnetic (FM) states of
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Fig. 4. Electronic band structure for minority spin electrons in CoMnTe.

Table 1. Predicted values of equilibrium lattice constant ag, volume
Vo, energy Eyp, and bulk modulus B for the ferromagnetic phase and AE
energy difference between paramagnetic states and the ferromagnetic
states.

ap/A Vo/au? B/GPa B Eo/eV  AE/eV
CoMnTe 5.876 342.347 118.869 4.832 —254398.605 1.583
5.86° 119.972 1.55%

RuMnTe 6.092 381.373 124.485 5.978 —339800.069 1.254

4 Ref. [30]
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Fig. 5. Electronic band structure for minority spin electrons in
RuMnTe.

To further depict the electronic structures of these com-
pounds, spin-projected total and partial density of states
(DOS) are also calculated and are represented in Figs. 6 and
7 for CoMnTe and RuMnTe, respectively. The negative val-
ues of total and partial densities of states correspond to the
minority-spin electrons. Examinations of Figs. 6 and 7 reveal
that the densities of states near the half-metallic gap, where the
influences of the s and d states are insignificant, are dominated
by the d-states of Co, Ru, and Mn. It is noted that the bond-
ing d states are largely contributed from Co and Ru, whereas
antibonding d states are predominantly belonging to the Mn
characteristic. The corresponding d—d bandgap near the Fermi
level originates from the strong hybridization between d states
of higher valent TM atoms and the d states of lower valent
TM atoms. The vertical dashed lines in the DOS presented in
Figs. 6 and 7 represent the Fermi level (Ef), which is fixed to
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Fig. 6. Calculated spin-projected total and partial DOSs of CoM-
nTe.

For the spin-up states, the Fermi levels of CoMnTe and
RuMnTe are located on the tails of the peaks of the partial
densities of states (PDOSs) of Co and Ru, which are situated
at = —0.47 eV for Co and at = 0.24 eV for Ru; alternatively,
the Fermi levels can be considered to be located on the tail of

the peak at ~ —0.48 eV of the total density of states (TDOS)
for CoMnTe and on the tail of the peak at ~ 0.23 eV of the
TDOS for RuMnTe. By contrast, the Fermi levels are located
at the energy gaps for the spin-down states. The positions of
the main Co peaks are located at —1.47 eV for the spin down
—2.68 eV for the spin up, whereas for Ru they are sit-
—3.04 eV for the

spin up. Total densities of states result from the contribution

and at
uated at —2.59 eV for the spin down and at
of each partial density of states; it is noticeable that the main
peaks remain approximately at the same positions as in the
partial densities of states. Similar profiles of the densities of
states are noted in both compounds. However, the band gap in
the spin down is wider for CoMnTe. From the further analyses
of TDOS in Figs. 6 and 7 it is found that the s and p states of
Te reside in the lowest parts of the total densities of states and
Te-s states are situated at ~12.6 eV below EF.
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Fig. 7. Calculated spin-projected total and partial DOSs of RuM-
nTe.

4.2. Origin of the half-metallic gap

Admixture of the several elements is responsible for the
peculiarities of half-metallic ferromagnetism of CoMnTe and
RuMnTe. The half-metallic behaviors of these compounds are
closely related to the symmetry of their Cly, crystal structure,
the number of valence electrons, covalent bonding, and the
large swap splitting of the Mn-3d electron band states.3*! As
described by Galanakis ez al.,[*>% the main reason for the
creation of bonding and anti-bonding bands is because of the
strong hybridization between the d states of the lower valent
TM (Mn) atoms and the higher valent TM (Co and Ru) atoms.
Filled bonding states are located typically at a higher valent
TM atom site, while unoccupied anti-bonding states are at a
lower valent TM atom site. Minority-occupied d state bonding
is largely contributed from Co and Ru, whereas anti-bonding
d states predominantly belong to the Mn characteristic. These
types of structures are stable when solely the bonding states
are occupied. The elements containing sp states are very im-
portant for half-Heusler compounds because of their particular
role in tuning their several physical properties and structural
stabilities of C1y, compounds. Each Mn atom is surrounded by
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six nearest neighbors Te atoms in the structure under investi-
gation. The strong electrostatic repulsion of the e, states at the
Te atoms leads partly to the splitting of 3d states of Mn atoms
into low-lying t, triplet states; this phenomenon is a result of
the interaction of Mn with the Te-p states. The development of
the band gap is a result of the separation of occupied d bond-
ing states from unoccupied d anti-bonding states because of
the shifting of Mn-3d states to higher energies in the minority
band, as schematically shown in Fig. 8; whereas in the major-
ity band, by the shifting of Mn-3d states to lower energies, a
common 3d band together with Co-3d states is formed. A sim-
ilar reason can be applied to RuMnTe to explain its band gap
origin. Thus, CoMnTe and RuMnTe are half-metal in the mi-
nority band with a gap at Er and metallic in the majority band.
Therefore, in the sense of their band gap origin, these com-
pounds are comparable to the semiconducting compounds like
GaAs as the GaAs is strengthened by hybridizing the higher
Ga-s and p states with the lower As-s and p states.

The calculated values of the total and partial magnetic
moment [ are listed in Table 2. The values of L are 4 up
and 3 up per unit cell, respectively, for CoMnTe and RuM-
nTe, and the biggest part is contributed from the Mn atom. Up

to now, there have been no experimental results on magnetic
moments available to compare with our values. Our computed
magnetic moments for the CoMnTe compound are in excel-
lent agreement with FPLAW and the pseudo potential values
obtained by Sel¢uk Kervan and Nazmiye Kerval*"! and by Lin
et al.,3! respectively. The total magnetic moment of the half-
metallic half-Heusler compound is estimated by applying the
rule Wt = Z; — 18, where Z, =N 1 +N | and oy =N T —N |.
N 1 represents the number of spin-up electrons, and N | the
number of spin-down electrons.

anti-bonding 3xto, Mn
states ; N,
S 2xe,
Y — .. w——d1, d2, d3
Y d4, d5
gap F
di1, d2, d3 e !
d4,d5 & i
NN . : ’:
y 3xtog ; bonding
Co O —— states
2xe

Fig. 8. Schematic illustration of the origin of the gap in the minor-
ity band in CoMnTe.[¢]

Table 2. Values of magnetic moment per formula unit (t), M (M = Co, Ru, Mn, and Te) magnetic moment ({if), magnetic moment

in the interstitial region (Ujn), Fermi level Eg, and HM gap (Ey).

Hiot/ 1B Uco/UB URu/UB UMn/ 1B Hre /1B Mint/ 1B Eg/eV HM gaps/eV
CoMnTe 4.00 0.39 - 3.49 —0.01 0.14 9.13 1.08
4.00 0.382 3.50 —0.04* 1.132
4.00° 0.40° 3.48P
RuMnTe 3.00 - —0.29 3.28 —0.03 0.05 10.50 0.83
aRef. [31] P Ref. [30]

Nine minority bands of half-Heusler compounds are fully
occupied, which is in accordance with the straightforward rule
of 18 regarding half-metallicity in the Cly, structure.[37#?1
CoMnTe has 22 valence electrons per unit cell and RuM-
nTe has 21.9 valence electrons that are contributed from Co,
8 valence electrons from Ru, 7 valence electrons from Mn,
and 6 valence electrons from Te. The value of the calcu-
lated total magnetic moment nicely follows the above rule, i.e.
Mot = Z¢ — 18.

The calculated magnetic moment at the Mn site is 3.28 g
in RuMnTe but it is increased if Ru is replaced by Co
(~3.49 up), as shown in Table 2, while the contribution of Te
is negative. The magnetic moment at the Co site is 0.39 pg,
which is significantly larger than at the Ru site (—0.2 up).
Thus, the replacement of Co by Ru modifies the total mag-
netic moment from 4 pug to 3 pug. In fact, all half-Heusler
compounds containing Mn each have a large value of total
magnetic moment due to the contributions of Mn in the full-
Heusler compounds. 3!

To see the influences of strains on the magnetic charac-

teristics of the CoMnTe and RuMnTe, we study the variation

of the magnetic moment with the unit cell volume. Figure 9
depicts the variations of the total magnetic moment and spin
moment of Co, Ru, Mn, and Te atoms with cell volume. It
is clear from Fig. 9 that when CoMnTe and RuMnTe unit
cells are expanded, hybridizations between Co, Ru, and Mn
decrease; as a result, the spin moments of the Co and Ru de-
crease, while the Mn spin moment increases. However, to-
tal magnetic moments/formula units almost remain unchanged
for both CoMnTe and RuMnTe compounds. The variation in
the total moment is found to be less than 0.01 pp for each com-
pound during contraction and expansion, as compared with the
predicted equilibrium unit cell volume. It is interesting to note
that during the contraction and expansion, the change in the
number of occupied minority-spin states is also small. Regard-
ing the Ef contraction, it shifts it upwards in energy whereas
the expansion shifts it downwards.>* The half-metallic gaps
remain non-zero when the unit cell volume is changed from
—5% to +5% for CoMnTe and RuMnTe but for NiCrSe, re-
inforcement of the half-metallicity behavior is reported during
expansion and vice versa.l>*! Thus, these results signify the

crucial role of unit cell volume in the magnetic properties and

087103-5



Chin. Phys. B

Vol. 23, No. 8 (2014) 087103

half-metallicity.
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Fig. 9. (color online) The unit cell volume dependences of the to-
tal magnetic moments (square symbols) and the spin moments of Co
and Ru (circle symbols), Mn (up triangle symbols), Te (down triangle
symbols), and interstitial (diamond symbols) for CoMnTe and RuM-
nTe.

5. Thermodynamic properties

The values of thermodynamic parameters are computed
at the level of the quasi-harmonic Debye model approach for
half-Heusler CoMnTe and RuMnTe compounds. These cal-
culations are done for specific heats at constant volume (Cy)
and constant pressure (Cp), Debye temperature (0), thermal
expansion coefficient (), and Griineisen parameter (y) in the
temperature range of 0 K—1200 K in steps of 100 K and at
pressure ranging from 0 GPa to 45 GPa in steps of 5 GPa.

It is seen from Figs. 10 and 11 that the isothermal bulk
modulus increases at the constant temperature as pressure in-
creases, whereas the isothermal bulk modulus decreases at the
constant pressure with the increase of temperature. In Figs. 12
and 13, our calculated results for Cy and Cp each as a func-
tion of temperature are illustrated for CoMnTe and RuMnTe
compounds.

The specific heat capacity is closely related to the temper-
ature dependence of fundamental thermodynamic functions,
and it is the most important parameter for linking thermody-
namics with dynamics and microscopic structure. It is clear
that when the temperature is below 650 K, the Cy and Cp vari-
ations are very close together exhibiting strong dependence
on temperature due to the anharmonic approximation used in
this scheme of calculations. While at high temperatures, the
Cy approaches to a constant value (= 75 J-mol~!-K~1), obey-
ing Dulong and Petit’s rule, which is followed by all solids
at high temperatures, owing to the suppression of the anhar-

t.1291 It is remarkable that the specific heat capac-

monic effec
ity at constant pressure Cp increases monotonically with the
increase of temperature.

Many physical properties of solids are closely related

to the Debye temperature (8) and Griineisen parameter (7).

The variations of the results of these parameters are shown
in Table 3. It is found that the Debye temperature increases
with increasing pressure whereas the Griineisen parameter de-
creases when the temperature is kept constant. However, at the
constant pressure, the Debye temperature decreases and the
Griineisen parameter increases as the temperature increases.
Table 3. Calculated values of Debye temperature 6(K) and Griineisen

parameter () of CoMnTe and RuMnTe at various pressures and tem-
peratures.

T/K P/GPa 0 15 30 45
91 46l 2579 574.97
RuMnTe @ 36391 46166 52579 5749
300 y 279 214 182 163
CoMyTe O 36383 47793 55828 622.18
y 271 241 220 204
RuMnTe @ 34722 45415 52093 57143
600 Y 203 218 184 164
ComnTe O 34766 46632 54994 61563
¥ 276 244 222 206
RuMnTe @ 32605 44582 51580 567.68
900 y 312 222 187 165
327. 3. . .
comnte ° 2758 45380 540.85 60851
Y 280 248 224 208
RuMnTe @ 29780 43665 51009 563.78
1200 Y 339 228 189 167
ComnTe O 30563 44027 53138 601.06
Y 286 251 227 209
400
350
&
& 300
>~
E]
= 250
o] L
Q
g 200
ﬁ L
& 150
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Temperature/ K

Fig. 10. (color online) Curves of bulk modulus versus temperature
at different pressures for RuMnTe and CoMnTe.
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Fig. 11. (color online) Curves of bulk modulus versus pressure at
different temperatures for RuMnTe and CoMnTe.
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temperature at various pressures for the half-Heusler alloys RuM-
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Fig. 13. (color online) Variations of specific heat capacity Cp with
temperature at various pressures for the half-Heusler alloys RuM-
nTe and CoMnTe.
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Fig. 14. (color online) Variations of calculated values of thermal
expansion o with temperature at various pressures for half-Heusler
alloys RuMnTe and CoMnTe.

The volume thermal expansion coefficient (o) reflects the
temperature dependence of volume at constant pressure:

a= L
S v\dT ),

Figure 14 shows the variations of the thermal expansion coeffi-

cient with temperature at different pressures. From this figure,

we can see that the thermal expansion increases sharply with
temperature going up to 300 K then slowly for temperature
higher than 300 K, and gradually turns into a linear increase.
At a fixed temperature, the higher the pressure the smaller the
thermal expansion coefficient is, indicating that high pressure
suppresses thermal expansion. At zero pressure and 300 K, the
values of the thermal expansion o for RuMnTe and CoMnTe
are 4.89 x 107> K~ ! and 5.71 x 1073 K~!, respectively.

6. Conclusions

First-principles DFT studies related to CoMnTe and
RuMnTe are performed. Our studies confirm that these com-
pounds are half-metallic ferromagnetic materials. It is found
that these materials behave as metals for the majority spin
bands and exhibit semiconducting characteristics for minor-
ity spin bands. The origin of the band gap is traced out in
the strong hybridization between the d states of higher valent
TM atoms and lower valent TM atoms. The role of the ele-
ments containing sp states is crucial in tuning several physical
properties of half-Heusler compounds and structural stability
of Clp compounds. Our calculated values of the total mag-
netic moment L, are 4 ug and 3 ug per unit cell for CoMnTe
and RuMnTe, respectively, and most of it is contributed from
the Mn atom. The total spin moment scale is accurately in
agreement with the total number of valence electrons cotained
by the atoms of these compounds. The calculated value of pi
is in line with the rule of po = Z; — 18. The effect of the unit
cell volume is found to be decisive for the magnetic properties
and the half-metallicity characteristics. Finally, the thermody-
namic properties including the isothermal bulk modulus, heat
capacity, Debye temperature, and the thermal expansion coef-
ficients of the half-Heusler CoMnTe and RuMnTe compounds
are investigated using the quasi-harmonic Debye model. The
observed variations accord well with the results of the Debye

theory, which is regularly applied to several materials.
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