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We have investigated the electronic structure and magnetism of Mn-doped hall-Heusler alloys by
asing the Korringa—Kohn-Rostoker coherent potential approximation (KKR-CPA) method within the
local density approximation (LDA). Half-Heusler compounds can be aitractive for spmironic
applications because the crystat structure and lattice constant of these compounds are similar to those
of M-V and Ti-V} compounds, which are often used in present semiconductor technologies. The Curie
temperatures of Mn-doped half-Heusier alloys are calenlated by the mean field approximation, random

phase approximation, and Monte Carlo simulation. Based on our caiculation results, we discuss whether
or not the half-Heusler-based dilute magnetic semiconductors are useful for realizing semiconductor

spintronics.
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1. Intreduction

Spintronics has attracted considerable attention in the
sclentific and industrial fields, because the combination of

‘the two degrees of freedom of the electron spin and the

electron charge promises new functionalities. Half-metallic
ferromagnetism is essential for realizing spintronic applica-
tions.”? In such haif-merallic systems, the two spin bands
show very different behavior. The majority spin band shows
typical metallic behavior with a finite density of states at the
Fermi level (Eg), whereas the minority spin band exhibits
semiconductor behavior with a band gap at Ep. After haif-
metallic ferromagnetism was theoretically predicted in a
NiMnSh system,” researchers have successfully searched
for new half-metaliic systems such as La;_ Sr.MnGs;,

" {0,MnGe, Co,MnSi, and CrAs.*® These materials might
prove useful for applications in metal spintronics, for

example, in MRAMs, spin-FET's, magnetic-heads, etc.
Dilute magnetic semiconductors (DMSs) are expected to
be one of the materials to realize applications for semi-
conductor spintronics. Ever since half-metallic ferromagnet-
ism was observed in DMSs,” researchers have tried to
establish semiconductor spintronics based on DMS materi-
als, The basic challenge is the fabrication of a DMS with
ahigh Curie temperature (T¢), and this has been the subject
of many investigations. To obtain a high-T¢ in DMSs,
Imagnetic impurity doped i~V and H-VI semiconductors
[(GaMmAs, {In.Mn}As, and (Zn,Cr)Te] were mainly exam-
ined in the previous efforts.”'¥ In this paper, we focus on
Semiconducting half-Heusler compounds XYZ as host crys-
tals, which are doped with transition metals by replacing Y
dtoms by Mn atoms. Many interesting physical phenomena
such as half-metallic ferromagnetism, thermoeleciric con-
Version, and shape-memory alloys have been discovered
With the Heusler alloys.!" Half-Heusler compounds consist
of two fransition metal elements X and ¥ and cne s.p

—
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element 7. These compounds with half-metallic ferromag-
netism obey a sum rule for the total magnetic morent per
wnit cell, Mg = Ziat — 18,1 where Zy s the total
number of valence elecirons in the half-Heusler compounds.
According to this rule, half-Heusler compounds with 18
valence electrons {FeVSb, CoTiSb, NiTiSa, NiZrSn, etc.)
are expected to be semiconductors. Such half-Heusler
compounds can be atiractive for spintronic applications
since their crysial structure and lattice constant are similar o
those of TII-V and 1-VI compounds, which are often used
in present semiconductor technology. In the haif-Heusler
systems, we can expect strong magnetic interaction between
the doped Mn atoms. For instance, in FeVSh, the valence
and conduction bands are formed by the d states of Fe and 'V,
respectively. Therefore, due 1o strong dyi—dr. hybridisation,
the magnetic interaction between Mn atoms is very stroag.
In addition, for these metallic systems, the solubikity should
be much higher since many ordered compounds exist and no
major problems with compensation defects are expected,
Tobola er al,'* and Nanda and Dasgupta'> have already
investigated the electronic structures of Mn-doped haif-
Heusler semiconductors by first-principles calculations.
However, accurate investigations of the exchange coupling
constants and Tc were not included in their studies. The
main purpose of this study is to calculate the exchange
coupling constants and 7¢ of Mn-doped half-Heusier
compounds by using first-principles calculations and the
Monte Carlo method. Based on our calculated resulis, we
discuss whether a half-Heuster type DMS is effective for the
realization of spintronic applications.

Our calculational method is briefly summarized in §2.
The results are presented and discussed in §3. Section 4 is
devote to the summary of our stady.

2. Calculational Method

Our calculational procedure 1s divided into three parts,
First, the electronic structure and magnetism of Mn-doped
haif-Heusler compounds are calculated by the Korringa—
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Kohn-Restoker method combined with coherent potential
approximation (KKR-CPA) within the local density approx-
imation (LDA) of density functional theory.'®!” The CPA is
the most accurate single site method for a disordered system,
and the KKR-CPA is the most sophisticated implementation
to treat the electronic structure of disordered compounds. To
take the relativistic effects into account, the scalar relativis-
tic approximation is employed, The form of the potential
is restricied to the muffin-tin type. The unit cell of a
half-Heusler structure (Cly, structurey X¥7 consists of three
fce sublattices with basis atoms X at (0,0.0), ¥ at
(1/4,1/4,1/4), and Z at (3/4,3/4,3/4). In the Mn-doped
half-Heusler type DMS, the ¥ sites are randomly substituted
with Mn atoms. One extra empty muffin-tin potential at
{1/2,1/2,1/2) is used in addition to those of the normal
atomic sites in our calculation. Lattice distortions due to
impurity doping are neglected and experimental lattice
constants of semiconducting half-Heusler compounds are
used.’®

Next, in order to estimate the strength of the magnetic
interaction between Mn atoms, we calculate the exchange
coupling constants J; between two Mn atoms at sites § and
J as a fuaction of distance. The method developed by
Liechtenstein ef al. is used for the calculation.!” According
to this method, two Mn atoms are embedded into the
ferromagnetic CPA medium generated by the KKR-CPA
method and then the exchange coupling constants are
calculated by mapping the total energy change due to
infinitesimal rotations of the two Mn moments at sites i and j
to the classical Heisenberg model. As a result, ./, is given by

Er
.]{j = @ Im

where A; = r(."Ti - IEL‘, Qéw is the atomic 7-matrix of the
magnetic impurities at site ¢ for the spin up (down) state.
T, is the scattering path operator between sites i and j for
the spin up (down) state. Tr; is the trace over the orbital
variables.

Finally, based on the results of first principles calcula-
. tions, the 7cs of Mn-doped half-Heusler compounds are
calculated by using the mean field approximation (MFA),
the random phase approximation {(RPA), and the Monte
Carlo simulation (MCS). Within the MFA, we can calculate
TYFA from

dE Tro (AT A1, 0

MFA
kBTC = "'CZJn{L
i

(2)

where ¢ is the Mn concentration and kg is the Boltzmann
constant. As pointed out by Sato®™ and Berggvist,2! the
MFA strongly overestimates the Tp due to the lack of
describing the magnetic percolation effect. On the other
hand, the RPA and MCS take the magnetic percolation effect
into consideration and predict the T accurately; in partic-
ular, the MCS gives the exact numericat value. In the RPA,
TEPA is calculated by using the Tyablikov decoupling for
magnon Green’s function.?*?* According to this method, we
can calculate the TE by
wea 2f 11\
ke TE = 2 (N Z E) : 3)

094713-2

where V is the number of Mn atoms and E, is the eigenyaj,
of the Hamilionian matrix H, which is defined by g
5{10_4;; i Jiw) — Sy For the MCS, we use the 4th g,
curnulant infersection method by Binder, which is haseq o
finite size scaling.*” The 4th order cumulant for Magng;,
ization is calculated by

7Y s caleulated from the intersection of the 4th o

carmulant for three super cell sizes {10 x 10 x 10, 4y
M4 x14 and 18 x 18 x 18). In the MCS, T: can K
accurately calculated within the statistical error and i
clagsical Heisenberg model. Exchange coupling constantg i
to i5 shells are included in this simulation. We take 3
different random configurations of magnetic sites for g
ensemble average and perform 240000 Monte Carlo steps

3. Results of the Calculations

Figure 1 shows the density of states of Mn 10% doped (aﬁ')
FeVSh, (b) CoTiSb, (c) NiTiSn, and (d) NiZrSn calculats
by the KKR-CPA method. As pointed out above, these hogis
are half-Heusler semiconductors with Zyw = 18, As in the '
zinc-blende type DMS, the Mn atoms are tetrahedrall;
coordinated, so the behavior in the band gap is dominated
the Mn e, and #,, states. The e, states lie energetically below
the r, states, which hybridize strongly with the valence s
states of Fe, Co, or Ni atoms. Thus, the behavior is similar
that of Mn in compound semiconductors like (Ga,Mn)AL
where the Mn 7, states hybridize strongly with the p statgs
of the As valence band. In the Mn-doped FeVSb syste
as shown in Fig. 1{a), by replacing V with Mn atoms t
electrons of Mn fill the e, state, and the 1, states
completely empty. The iotal magnetic moment, loca
mostly at the Mn atomn, can be easily estimated to be 2Zug 0
Fe(V,Mn)Sb. As a result, the Fermi level is focated betwest
the e, and the #,, states. In this case, it is suggested that
superexchange interaction becomes ferromagnetic for
combination of the Mn-d states in the tetrahedral symme
try.*>*" The electronic structure of Fe(V,Mn)Sh is ver:
similar to those of V-doped III-V systems.”® On the of
hand, the other systems show a different behavior of dens
of states. As shown in Figs. 1(b1{d), one more eject
fills one of the three Mn 13, states and the Fermi level li
within the Mn 1, impurity band. Therefore, similar fo ¢
(Ga,CrIN system, the total magnetic moment per Mz atd
of Co(TL.Mm)Sh, NiTi,Mn)Sn, and Ni(Zr,Mn)Sn can
estimated to be 3. In this situation, due to the broaden
of the Mn r, impurity band with an increasing
concentration, the state weight is transferred to a low
energy, leading to energy gain and stabilization of ferf
magnetism.”* This ferromagnetic interaction is cal
Zener’s double-exchange interaction. The positions of the?
states are similar to those of (Ga,Mn)As, which stabilizes?
ferromagnetism by the p-d exchange interaction; i’lowﬁ“’
the double-exchange interaction in this case dominates st
the r, states are occupied by one electron only and @
somewhat higher in energy.

Figure 2 shows the exchange coupling: constants J
Fe(V,Mn)Sb, Co(Ti,Mn}Sbh, Ni(Ti,Mn)Sn, and Ni(Zr,M
calculated by Liechtenstein’s formula as a function

Fig. 1.
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Fg 1. Calculated density of states of Mn 10% doped (a) FeVSb, (b) CoTiSb, (¢) NiTiSn, and (d) NiZrSn by using the KXR-CPA method. The solid
and dashed Hines indicate total and partial Mn d density of states, respectively. The horizontal axis shows the energy relative to the Fermi level.
The lower table shows the local and total magnetic moments of the Mn atoms in Mn [0% doped half-Heusier alloys (in ja).
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Fg 2. Calculated exchange coupling constants of Mn doped (a) FeVSb, (b} CoTiSh, (¢} NiTiSn, and (d) NiZrSn as a function of the distance between
two Mn atoms by using Liechtenstein’s formula. Mn 5% (solid lines), 10% (dotted lines), and 20% (dashed lines) cases are indicated, respectively.

the distance between two Mn atoms, Mn 5, 10, and 20%
Cases are shown in the figure. In the case of Fe{V,Mn)Sb,
the exchange coupling interactions are very smail and
do npt depend on the Mn conceniration. This behavior is
% typical case for ferromagnetic DMS stabilized by the
Yperexchange interaction. On the other hand, as shown
- Figs, 2(b)-2(d), the exchange coupling constants of

Co(Ti,Mn)Sb, Ni{TiL,MnmSn, and Ni(Zr.MnSn are strong
only for the nearest neighbors and decay exponentially
with the distance between two Mn atoms. This is because the
wave function for deep impurily states 1n the band gap
decays exponentially. Such short-ranged interactions affect
many physical quantities such as Curie temperalure,
electric conductivity, magnon dispersion, etc., in the dilute
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Fig. 3. Calculated Curie temperatures of Mn-doped (a) FeVSh, (b} CoTiSh, (c) NiTiSn, and (d) NiZrSn as a function of the Mn concentration, The Cume:
temperature is caleulated by mean field approximation (MFA; solid Hnes), random phase approximation {RPA; dotled lines), and Monte Cads

simulation (MCS; dashed lines).

systems. The values of the nearest neighhor’s coupling for
Co(Ti,Mn)Sbh, Ni(Ti,Mn)Sn, and Ni(Zr,Mn)Sn are stronger
than those of (Ga,Mm}As™?D and even -of (Zn,CryTe.i0
Therefore, we can expect high-7¢ values for Mun-doped
Co(Ti,Mn)Sb, Ni(Ti,Mn)Sn, and Ni(Zr,Mn)Sa in the high
concentration region.

Figure 3 shows the Tps of (a) Fe{V.MmSh, (b) Co-
(Ti,Ma)Sb, (¢) Ni(Ti,Mn)Sn, and (d) Ni(Zr,Mm8n calcu-
lated by using MFA, RPA, and MCS. The horizontal axis
denotes the Mn concentration. For estimating the T¢ of
DMS, the magnetic percolation effect is very important
because below the percolation threshold, the ferromagnetic
interaction cannot spread over the entire crystal 22V If only
the nearest neighbor’s interaction is considered, the perco-
lation threshold is 20% for the fec lattice. The MFA
overestimates the T since it cannot take the magnetic
percolation effect into account, As understood from the
MFA equation, the dilution effect is included only as a
concentration factor c. In Fe(V,Mn)Sb, ferromagnetic supes-
exchange interaction is very weak and shows a linear ¢
dependence for the TMFA gince the energy gain by
ferromagnetic  superexchange interaction is given by
e(t*/ AEcp), where ¢ is the effective hopping matrix element
between the e, and the ty, states, and AFcg is the crystal
filed splitting. In the other systems, as shown in Figs. 3(b)-
3(d), the TX™* is approximately proportional to ./c. We
can understand this concentration dependence by consider-
ing the double exchange mechanism. The energy gain in the
ferromagnetic state is proportional to the band width in the
double exchange mechanism. This explains the /¢ behav-
iors, since the band width of the impurity bands is propoz-
tional to /¢ according (o the CPA theory. In Ni(Zr,Mn)Sn,
the TMFA value saturates at approximately Ma 25%. then
decreases with the Mn cencentration. This strong suppres-
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sion of ferromagnetism for high concentrations is due to
anii-ferromagnetic contribution of the superexchange int
action. On the other hand, RPA and MCS, which take
magnetic percolation effect into account, provide a mog
reatistic estimation of the 7¢. As shown in Fig. 3, below
percolation threshold, all systems show the paramagne
state or ferromagnetic state with a very low Ty value. We
can understand the paramagnetic or weakly ferromagne
behavior from the fact that for low concentrations,
nearest neighbor’s interaction can only make small no
interacting clusters in which the interaction aligns
magnetic moments in the small clusters well, but canr
spread over the entire crystal. When the Mn concentrati
increases and reaches the percolation threshold, the sto
nearest neighbor’s interaction can percolate the entf
crystal. As a result, in the high Mn concentration regio
room temperature ferromagnetism can be expected becau
the main contribution to ferromagnetism, as shown in Fig.
is the necarest neighbor’s interaction. However, in the o
concentration region below 10%, the calculated Tcs
very low, which is similar to the results for compou
semiconductors,?2Y
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4. Summary

In order to fabricate DMS based on half-Heusler allo}
we have investigated the electronic structures and maghé
ism of Mn-doped half-Heusler semiconductors (FeV3
CoTiSh, NiTiSn, and NiZrSn) by using first principl
calculations. From the magnetic behavior peint of Vi
these systems are very similar to transition metal COP
-V and [-VI compounds.™*® The electronic structt!
of these systems are determined by the localized e, St
and the strongly hybridising 2, states in the band gﬁP-F.
Ma-doped FeVSh, the Fermi level is located between h
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4nd the 722 states, and the ferromagnetic state is stabilized by
:the ferromagnetic superexchange interaction. In the other
<ystems, the #, states are fully occupied and the threefold
Jegenerate f2g states are occupled by one efectron only. As a

- qesult, the double exchange interaction stabilizes ferromag-

m in these systems. The Curie temperatures of Mn-
doped half-Heusler alloys have been calculated by mean
feld approgimation, random phase approximation, and
Monte Cario simuiation. As for the compound semiconduc-
wor systems, mean field approximation strongly overesti-
pates the Curie temperature. According to our resulis, Mn-
doped CoTiSb and NiTiSn have room temperature ferro-
magnetism for high Mn concentration of approximately 25—
30%. If the high concentration doping is possible, realization
of the semiconductor spintronics can be expected by using
nalf-Heusler type dilute magnetic semiconductors. However,
gqnce many ordered half-metallic Heusler alloys like
NiMoSt or CoMnSh exist and have high Curie temper-
atures, it s not clear if these disordered Heusler alloys will
nave advantages for spintronics applications.
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