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Abstract. In this study, first principles calculation results of the half-metallic ferromagnetic Heusler com-
pound CozMnSi are presented. All calculations are based on the spin-polarized generalized gradient ap-
proximation (0-GGA) of the density functional theory and ultrasoft pseudopotentials with plane wave
basis. Electronic structure of related compound in cubic L2; structure is investigated up to 95 GPa uni-
form hydrostatic pressure. The half-metal to metal transition was observed around ~70 GPa together with
downward shift of the conduction band minimum (CBM) and a linear increase of direct band gap of mi-
nority spins at I'-point with increasing pressure. The electronic density of states of minority spins at Fermi
level, which are mainly due to the cobalt atoms, become remarkable with increasing pressure resulting a
sharp decrease in spin polarization ratio. It can be stated that the pressure affects minority spin states
rather than that of majority spins and lead to a slight reconstruction of minority spin states which lie
below the Fermi level. In particular, energy band gap of minority spin states in equilibrium structure is

obviously not destroyed, but the Fermi level is shifted outside the gap.

1 Introduction

Half-metallic ferromagnetism was first introduced by
de Groot et al. [1] in half-Heusler compound NiMnSbh
which crystallizes in C1, crystallographic phase. Half-
metallic compounds are characterized by metallic elec-
tronic band structure for majority spins, while the band
structure of minority spins is semiconductor indicating a
high spin polarization around Fermi level (Er). Conse-
quently, half-metals can conduct a fully spin-polarized cur-
rent in principal resulting a very large magneto-resistance.
100% spin polarization is a hypothetical situation that can
be approached in the limit of vanishing temperature and
by neglecting spin-orbit effects [2]. These materials play
an important role in various spin-dependent electronic ap-
plications like spintronics [3,4], giant magneto-resistance
spin valve [5] and spin injection to semiconductors [6-8].

There are several compounds which are predicted to
be half-metallic by ab initio calculations [9-13]. The elec-
tronic, magnetic and band gap properties of half- and
full-Heusler compounds were studied extensively in pre-
vious works [14,15]. The electronic and spin-polarization
properties of half-metallic Heusler alloys were also re-
viewed in a recent ab initio study [16]. Co-based full-
Heusler compounds (CozYZ) in cubic L2; structure, spe-
cially CoaMnSi, are the most promising materials for
spintronics applications due to high Curie temperature
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(T, = 985 K) [17], wide band gap in minority spins [13]
and easy to synthesize experimentally. CooFeSi is also a
very promising material with 1100 K Curie temperature
and 6 pp magnetic moment [18]. Co-based Heusler com-
pounds were investigated theoretically in view of density
functional calculations and most of them are predicted to
be half-metallic [11-14,17,19,20]. Specially, CooMnSi com-
pound was used in production of thin films [21-23] and
devices [24,25] by several groups.

The Heusler alloys are considered to be an ideal lo-
cal moment system [26,27] and the origin of the half-
metalicity of these compounds is more complex than in
the half-Heusler alloys due to the presence of the states
located entirely at the Co sites [14,28]. Kurtulus et al.
studied the magnetic exchange interactions for a series
of Heusler compounds including CooMnZ (Z = Ga, Si,
Ge, Sn) by TB-LMTO-ASA method within LDA formal-
ism [29]. They reported that the pair exchange interac-
tion parameter of Co-Mn is much larger than the others
in CooMnSi and Co-Mn interactions are responsible for
the stability of ferromagnetism.

The integer magnetic moment is an important
characteristic property for these systems in stoichiomet-
ric composition. The small deviations from integer mag-
netic moment lead significant disruptions in half-metallic
character by non-zero electronic density of states for mi-
nority spins around Fermi level. It is also an important
question that in what conditions half-metallic character is
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preserved. Some compounds show half-metallic property
in bulk structure, but half-metallism is destroyed when
surface effects are taken into account [30]. Hashemifar
et al. demonstrated that half-metalicity of CooMnSi can
be preserved by appropriate termination at the (001) sur-
face by ab initio calculations [33]. Ritchie et al. stud-
ied the magnetic, structural and transport properties of
CooMnSi and NiMnSb compounds experimentally [34].
They reported relatively low spin polarizations as: ~45%
and ~55% together with non-integer saturation magnetic
moments 4.02 and 4.78 pp for NiMnSb and CosMnSi, re-
spectively. They attribute the obtained results to surface
effects (e.g., surface segregation) and antisite disorder.
For polycrystalline bulk CoaMnSi, there is not any Mn-
Si type antisite disorder, but Mn-Co type disorders were
observed at a level between 10 and 14% as suggested by
neutron-diffraction experiments [35]. Since Mn-Co pair ex-
change interactions are responsible for the stability of fer-
romagnetic state of CooMnSi, Mn-Co disorders can largely
change the electronic structure of this compound resulting
a disrupted half-metallic behavior.

Until now, high-pressure induced metallization be-
havior was observed in the non-magnetic insulator and
semiconductor compounds and organic molecular crys-
tals rather than half-metallic ferromagnetic structures.
One example is barium chalcogenides (BaTe, BaSe, BaS)
which are large gap insulators with closed shell ionic sys-
tem. High pressure optical absorption data on BaS show
that the metallization occurs about 80 GPa by band over-
lap [36]. However, there is not any study in the literature
investigating the electronic structure and the stability of
half-metallic behavior under high pressure conditions. The
major aim of the present work is to clarify the stability of
half-metallic electronic structure of cubic CooMnSi (L21)
up to 95 GPa pressure in view of the first principles den-
sity functional calculations.

2 The Heusler structure and computational
method

The full-Heusler alloys are ternary intermetallic com-
pounds based on the XY Z stoichiometry for the L2,
phase (F'm3m space group, #225). X atoms are transi-
tion metals which stand on (0 0 0) and (3 5 ;) Wyckoff
crystallographic positions, while Y and Z are magnetic
transition metal and III-V group element occupying the
positions (; § 1) and (3 3 %), respectively. The impor-
tance of these materials arise from the ferromagnetic be-
havior, even though none of the atoms in the composition
is ferromagnetic.

Spin-polarized GGA (Generalized Gradient Approxi-
mation) of the Density Functional Theory [37,38] (DFT)
was used to approximate exchange correlation potential
with Perdew-Burke-Ernzerhof parameterization [39]. It is
important the utilization of GGA functionals, which is
more successful in description of the physical properties
of Heusler compounds than L(S)DA so the obtained re-
sults are in better agreement with experiments. Ultra-
soft pseudopotentials are generated by scalar relativistic
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Fig. 1. Energy relative to equilibrium energy as a function
of lattice constant and fit curves according to Vinet and Mur-
naghan equation of states.

calculation for Co and Mn and non-relativistic calcula-
tion for Si atoms with non-linear core correction. The
valance states of the atoms considered are as follows:
Co: 3d® 4s', Mn: 352 3p5 452 3d°, Si: 3s% 3p°. Brillouin
zone integration was performed with automatically gen-
erated 15 x 15 x 15 k-point mesh following the conven-
tion of Monkhorst and Pack [40] yielding 240 k points
in the irreducible wedge of the Brillouin zone centered
at I'-point. Wave-functions were expanded in plane wave
basis sets up to a kinetic energy cut-off value of 1224 eV.
This corresponds to about 2680 plane waves. These values
are tested and determined to provide convergence in self-
consistent calculations. Methfessel-Paxton type smearing
was applied on fermionic occupation function with o =
0.25 eV smearing parameter [41]. The Kohn-Sham equa-
tions were solved by iterative Davidson type diagonaliza-
tion method [42] with 1 x 1078 Ry energy convergence
threshold. Spin-orbit effects and non-collinear configura-
tions are neglected in calculation procedure.

The static equation of states of the system was con-
structed using Vinet equation of states [43], which is found
to be most accurate among the several equation of states
formulations in a previous comprehensive study [44]. The
pressure for each volume is calculated analytically from
the first derivative of the Vinet equation according to vol-
ume. The fits are performed using total energies at 27
different volumes ranging from 0.78 to 1.2 V4.

3 Results and discussion

The calculated total energy as a function of lattice con-
stant of stoichiometric CooMnSi was shown in Figure 1.
We fit these data to Vinet [43] and Murnaghan [45]
equation of states in order to obtain equilibrium struc-
tural parameters of the cubic L2; system. The root-mean-
square errors in energy obtained in the fitting process were
5x 1077 and 1 x 10~° Ry for Vinet and Murnaghan equa-
tion of states, respectively. Therefore, we list the Vinet
parameters in Table 1 due to very low errors in energy
and more accuracy. The bulk modulus calculated from
Murnaghan was 210 GPa with the same equilibrium lat-
tice constant value. The calculated lattice constant and
total magnetic moment of the system are in very good
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Table 1. Calculated, theoretical and experimental values of equilibrium structural parameters of CozMnSi.

a (a.u.) ) B (GPa) B’
Present work 10.66 5.00 214 4.674
Ref. [12] (GGA)  10.65 5.00 226 -
Ref. [12] (LDA)  10.42 5.00 264 -
Exp. [31,32] 10.68  5.01 < pu < 5.15 - -
Exp. [47] 10.685 5.07 - -
agreement with the available experimental data and other L L ey
ab initio calculations. But the LSDA results of refer- 4 =
ence [12] based on von Barth-Hedin parameterization un- 0 By SN ;
derestimate the equilibrium volume by ~7% with respect -4 ~
to experiment resulting a relatively large bulk modulus 12 :Q/ q AT
value. g
CooMnSi system obeys the Slater-Pauling rule with 4 7 N
integer saturation magnetic moment which scales with 0 = = =S
the number of valance electrons. According to this rule, g = 1 1N i
total magnetic moment of the system is expressed as: .12 N Nl
M; = Z; — 24 for full-Heusler compounds, where Z; is S
the number of valance electrons (Z; = 29 for CooMnSi). < 4 ?
This situation also results 100 % spin polarization at Fermi Eﬁ 0 Eode = =
level. The non-integer magnetic moments observed in ex- g 4
; - - . . G e = S B E D o
periments lead to low spin-polarization ratios at Fermi 5 ﬁ » 1IN ]
level [34]. Note that the spin polarization and magnetic g 12
. .- . [a} 8
moment of the system is very sensitive to calculation con- 4 B =)
ditions. The relatively small changes in lattice constants 0 K- t Z ==
and slight deviations from equilibrium state result remark- 4
able changes of magnetic moment values in collinear spin- -8 a 1 ]
polarized calculations. In Table 2, we have shown the cal- 12 ANLTINY N
culated total and partial magnetic moments of CooMnSi. 8 _/~¥
The magnetic moment of the system is largely localized 3 / t \/ | ]
on Mn site with a value of ~3.3 pp. The decrease of mag- 4 = -
netic moment of Mn atom is remarkable with increasing S Eel = ~N g
pressure. This decrease is mainly due to the Mn d-states -12 | ] 4 R 3
in which spin up states are decreased, while spin down X T' LK I'X T LK T

states are increased with increasing pressure yielding a
lower polarization. The decrease of Mn magnetic moment
is compensated to a large extent by the increased magnetic
moment of Co site and large suppression of negative con-
tribution of Si atom. The difference in total and absolute
magnetizations of the system can also provide information
about the spin configurations in the crystal structure. In
our case, this difference Ay = |ttt — ftaps| changes from
0.43 up at zero pressure to 0.18 pup at 95 GPa. This sit-
uation is also related to the decreasing negative magnetic
moment of Si atom with pressure.

The effect of pressure induces interesting physical
properties in some crystal structures. There are sev-
eral binary compounds which are known to show struc-
tural phase transitions under pressure. In some cases,
these structural transitions occur with dramatic changes
in electronic band structures. An interesting example
is half-metallic ferromagnet GdN, whose ground state
electronic structure is still an open problem. This com-
pound undergoes a phase transition from rocksalt to
zincblende structure for extended lattice parameter (i.e.,
negative pressure) and from half-metallic rocksalt (B1)
to a semiconducting hexagonal wurtzite (B4) structure

Fig. 2. Spin resolved electronic band structure of Co2MnSi for
majority (1) and minority (]) spins under (a): 0, (b): 25, (c):
50, (d): 75, and (e): 95 GPa pressures.

Table 2. Calculated values of total and partial magnetic mo-
ments (in up) of CoaMnSi at various pressures.

P (GPa) Total Co  Mn Si
0 5.00 093 330 -0.12
25 5.01 096 3.21 -0.08
50 5.03 098 3.15 -0.05
75 5.02 098 3.11 -0.03
95 498 098 3.06 -0.02

under hydrostatic pressure [46]. But our GGA calculations
of CooMnSi system present rather interesting behavior,
in which the L2; crystallographic phase remains stable,
when system undergoes a half-metal to metal transition
with increasing pressure.

In Figure 2, we show the GGA calculated spin-
polarized electronic band structures of CooMnSi under 0,
25, 50, 75, and 95 GPa uniform hydrostatic pressures.
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Fig. 3. Minority spin energy band gap values (a) and lattice
parameter (b) as a function of pressure.

The equilibrium electronic bands of the compound is
half-metallic with strongly metallic behavior for major-
ity (1) and semiconducting behavior for minority (])
spin states. The zero pressure band structures are in
excellent agreement with the previously reported full-
potential linearized augmented plane wave (FLAPW) cal-
culations [12]. The indirect energy band gap along I'-X in
minority spins is 0.76 eV and was calculated as 0.81 eV
in reference [12]. The lowest energy bands for both up
and down spin states between —12 and -8 eV are mainly
due to Si electrons without any hybridization. It is in-
teresting that there is an upward shift at highest en-
ergy conduction bands and a downward shift at lowest
energy valance bands with increasing pressure for both
up and down states. Moreover, the amount of shifts are
approximately same (~1.5 eV) in the studied pressure
range. The degeneracy of the I'-point majority spin bands
around ~—1.1 eV at zero pressure is removed with in-
creasing pressure and these bands become well separated
at 95 GPa. The same situation was not encountered at
minority states and all degeneracies at I'-point are pre-
served without any splitting. There is a remarkable down-
ward shift (relative to Fermi level) at the bands around
Fermi level for both majority and minority spins with in-
creasing pressure. In Figure 3, we show the energy band
gap values as a function of pressure for minority spin
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Fig. 4. Spin resolved electronic density of states of CoxMnSi
projected on Co (solid line), Mn (long dashed line), and Si
(short dashed line) atoms for (a): 0, (b): 25, (c): 50, (d): 75,
and (e): 95 GPa pressures.

states, which is responsible for pressure induced metal-
ization of the system. The third line in the figure labelled
as CBM (conduction band minimum) measures the dis-
tance of the lowest energy conduction band to the Fermi
level at X-point. The direct band gap at I'-point changes
almost linearly with pressure. In this case, the change of
CBM with pressure can be used to determine the half-
metal to metal transition pressure, because there is only
one band at X-point crossing the Fermi level with increas-
ing pressure. The transition pressure was determined as
70 GPa at which CBM touches the Fermi level. This pres-
sure value corresponds to the contraction of the lattice
by a volume ratio of V/V;, = 0.81. The important point
which should be mentioned that the overall shape of the
band structure for both majority and minority spin states
do not change with increasing pressure as an indication
of the robustness of electronic structure of CooMnSi sys-
tem. This property has also an important impact on thin
films where the lattice parameter can be changed slightly
by the growth on a substrate with lattice mismatch. This
feature makes the CooMnSi a successful material specially
in tuneling magnetoresistive (TMR) devices. The critical
enlarged upper lattice parameter of the system falls out of
the studied range (a = 9.8 a.u. = 11.2 a.u.). The extended
lattices with lattice parameters a = 10.66 a.u. = 11.2 a.u.
preserve half-metallic character.

The effects of pressure can be better understood with
the electronic density of states at related pressures. Spin
resolved partial electronic density of states of CooMnSi
was shown in Figure 4. The main contributions to elec-
tronic density of states come from the 3d-states of Co
and Mn atoms, while the contributions of s- and p-states
are approximately ten times smaller than 3d states. The
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Fig. 5. Spin resolved site projected electronic density of states
of CooMnSi at P = 150 GPa.

densities of s- and p-states of Si atom are very close to
each other and are much smaller than that of other atoms.
Hence the electronic bands around the Fermi level are
largely due to the hybridization of Co and Mn 3d-states.
There are 8 Co atoms surrounding the Mn atom in L2
structure, this also increases the hybridization of 3d-states
of Co and Mn atoms.

It is clearly seen from the figure that the majority spin
densities at Fermi level are mainly caused by the cobalt
atoms. Fermi level shifts from 15.4063 eV at zero pressure
to 21.0999 eV at 95 GPa. The non-zero minority spin den-
sities at high pressures are also due to the cobalt atoms.
The spin polarization ratio at Fermi level, which is defined
as (D1—D|)/(D1+D)), decreases to 0.97 and to 0.34 at 75
and 95 GPa, respectively. Note that the polarization value
at 95 GPa is comparable to that of ordinary metallic fer-
romagnets. The most dramatic effect of pressure is seen
at minority spin states of cobalt atoms below the Fermi
level. The strong peak of Co (|) states around ~—1.3 eV
at zero pressure shifts to ~—2.4 eV at P = 95 GPa to-
gether with a remarkable decrease in states density from
~—5 states/eV to ~—2.8 states/eV. The minority states
of Mn atom are mainly located above the Fermi level at
~1.8 eV energy of zero pressure. The states located above
the Fermi level, which are mostly minority states, show
relatively small shifts (~0.4 eV) in comparison to states
below the Fermi level with increasing pressure.

The robustness of the electronic structure is seen in
electronic density of states as well as in band structures.
In order to see the behavior at extremely high pressures,
we have also calculated partial electronic density of states
at P = 150 GPa as shown in Figure 5. As seen from this
figure, the overall shape of the electronic states do not
change except from an increase in Fermi level. Although
this pressure value is extremely high, the obtained picture
shows that the electronic structure of the system does not
collapse indicating a very stable electronic phase.

4 Conclusion

half-metallic
initio density

The electronic properties of CosMnSi
Heusler system were studied by ab
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functional calculations even at equilibrium and elevated
pressures. GGA calculated structural parameters are in
excellent agreement with experiments. The metallization
occurs at 70 GPa with monotonic decrease of conduction
band minimum upon increasing pressure. The volume of
the original lattice is contracted by a volume ratio of 0.81
at this pressure value. The electronic structure of the sys-
tem are largely determined by the hybridization of the
d-electronic states of Co and Mn atoms. The perfect half-
metallism of the system at equilibrium (i.e. zero pressure)
is destroyed at elevated pressures yielding R = 0.34 spin
polarization ratio at 95 GPa. The general characteristics of
energy band structure is maintained with increasing pres-
sure, but the Fermi level is shifted to higher energy. This
situation can be attributed to rigid electronic structure of
the system under study.

This research was supported in part by TUBITAK (The Sci-
entific & Technological Research Council of Turkey) through
TR-Grid e-Infrastructure Project, part of the calculations have
been carried out at ULAKBIM Computer Center.
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