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Heusler ferromagnets based on Co are important materials for spintronics. This is due to the
exceptional combinations of high Curie temperature and strong spin polarization, including half-
metallicity, found in some of these. We investigate the full Heusler compounds, Co2TiSi, CooMnSi
and CozFeSi using first principles calculations. Co2TiSi and CooMnSi are half-metals, while CosFeSi
is not. The trends in the Curie temperatures are reproduced by the calculated spin wave dispersions.
Remarkably, Co2TiSi is a very itinerant magnet but CozFeSi and Co2MnSi show local moment
behavior regarding the Fe and Mn, while retaining the itinerancy of the Co magnetism. These
materials can therefore be described as itinerant systems with embedded local moment atoms.
This provides an explanation for their exceptional behavior. Our results do not support the half-
metallic character proposed for Co2FeSi. but they are consistent with a higher Curie temperature
relative to the Mn compound. The density of states and transport spin polarizations CozFeSi have
opposite signs. Importantly, although there is a large minority spin density of states at the Fermi
level, leading to a low density of states spin polarization, we find a very strong transport spin
polarization in CogFeSi. This, combined with the large moment, cubic structure and high Curie
temperature supports the further investigation of CosFeSi for spintronic applications that make use

of the transport spin polarization.

I. INTRODUCTION

Magnetic materials applicable to spintronics is a topic
of strong interest. Cobalt and cobalt-based intermetallics
are important magnetic materials, and are useful in tech-
nologies. This includes elemental cobalt, which is a
high temperature ferromagnet with substantially itin-
erant character, Sm-Co hard magnets, such as SmCos,
and SmyCoy7,! as well as compounds showing weakly
magnetic character as in pnictide superconductor re-
lated alloys (BaFey_,Co,Asy and BaCoyAssy).2 The full
Heusler ferromagnets, CoyTiSi, CooMnSi and CosFeSi
are remarkable from this perspective. These materi-
als have been extensively investigated as potential half-
metals,> 17 and furthermore CosMnSi and Co,FeSi show
remarkably high Curie temperatures, T¢. In the case of
CooFeSi, the reported Curie temperature is as high as
1100 K.>* This suggests use in spintronic applications.
However, as discussed below, the properties of CosFeSi
in particular have been controversial, with the material
having different reported Curie temperatures and being
reported as half-metallic, ideal for spintronics, or not.

The high Curie temperature of CoyFeSi has been dis-
cussed in literature in terms of a generalized Slater-
Pauling rule in which the magnetic moment is under-
stood in terms of electron count and T depends linearly
on the magnetic moment.'® Estimates of the Curie tem-
perature based on spin-wave dispersions from spin spi-
ral calculations support this high Curie temperature.'®

However, there are also literature reports of lower Curie
temperatures, Tc~ 980 K, and lower magnetizations in
CogFeSi.2%21 Co,TiSi, which contains non-magnetic Ti,
has Tc=380 K, while Co,MnSi has To=985 K.20:22-24

The present paper examines these issues from the point
of view of density functional calculations and provides a
view of these materials as having a high Curie tempera-
ture and other magnetic properties controlled by the in-
terplay of local moments associated with Fe and Mn that
are embedded in an itinerant ferromagnetic background
associated with the Co, as exemplified by Co,TiSi. We
also find that while CosFeSi is not half-metallic and is
not close to being half-metallic from a density of states
point of view, it does have a high transport spin polariza-
tion. This may enable some types of spintronic devices
based on it, while at the same time making it unsuitable
for other devices that depend on tunneling.

II. METHODS

The results reported here were obtained within den-
sity functional theory (DFT) using the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE
GGA),? except as noted. The calculations were done us-
ing the general potential linearized augmented planewave
method,?® as implemented in the WIEN2k and ELK
codes.?"28 We checked these two codes for consistency
and find no significant differences for these materials.



The reported calculations are done at the experimental
lattice parameters of 5.733 A, for Co,TiSi, 5.645 A, for
CooMnSi and 5.640 A, for CogFeSi. The relaxed lattice
parameters are very similar to these, specifically, 5,747
A, 5626 A, and 5.632 A, for Co,TiSi, CooMnSi and
CooFeSi, respectively. The close agreement of the lattice
parameters supports the validity of the method used.

We note that there are prior calculations, based on
the DFT+U methodology.? In those calculations it was
found that adding U could lead to half-metallic ferromag-
netism in CoyFeSi for a certain range of the effective Hub-
bard interaction, U.ss in the range between 2 eV and 5
eV, but that values of U. s of 2 eV or higher then leads to
destruction of the experimentally observed half-metallic
state in CooMnSi. Furthermore, as discussed below, the
Co in these materials behaves very much as an itinerant
system, similar to elemental Co. It has been shown that
the use of DFT+U for such itinerant transition metals,
including Fe and Co, leads to results in extremely poor
agreement with experiment, even if first principles de-
rived linear response values of U.s are employed.?0:3!
In fact PBE provides a much better description than
higher level methods such as hybrid functionals, for these
materials.3! This is not to say that DFT+U is inferior to
standard DFT for localized systems, such as many tran-
sition metal oxides.

Very recently, Nawa and Miura have proposed a mixed
scheme where they apply DFT+4U only to some transi-
tion element sites, particularly Fe and Mn in full-Heusler
materials.3? However, in bce Fe, which shows more lo-
cal moment behavior than Co,333* similar to the Fe in
the full-Heuslers, DFT+U calculations yield very poor
agreement with experiment.3! Furthermore, it might be
expected from the fact that Co is to the right of Fe and
Mn in the periodic table that Co should have larger or at
least similar U to Fe and Mn. This is the case according
to reported constrained density functional theory calcu-
lations of U for CosMnSi and CoyFeSi.?® It is not clear
at this time if the mixed approach yields results in bet-
ter accord with experiment for full-Heusler compounds.
It is also noteworthy that GW calculations have been
reported for CogFeSi that find good agreement with re-
ported spectroscopic measurements similar to standard
Kohn-Sham approaches but with an enhancement of the
magnetization.®

Spin excitations were calculated within the framework
of time dependent density functional theory (TDDFT),
using the ELK code. Within TDDFT the magnon dis-
persions can be obtained from the transverse response
function x*(q,w). This is determined by a Dyson-like36
equation,3™3?

X = Xo + xo(1 + fze)X, (1)

where y is the physical (enhanced) susceptibility of the
system, and f,. is the exchange-correlation kernel, which
is a functional derivative of the exchange-correlation po-
tential. In this equation, x( is the bare Kohn-Sham

TABLE I. Basic magnetic properties of the three compounds.
All quantities are per formula unit. The magnetic energy,
Ernag, is the energy difference between the non-spin-polarized
and ferromagnetic solutions. N(EF) is the total electronic
density of states at the Fermi level for both spins. Mc¢, and
Mg are the spin moments in the Co and B (Ti, Mn or Fe)
LAPW spheres and are given per atom. Note that they do not
add to the total magnetization due to small Si and interstitial
contributions.

Mpin Mco Mg Epag N(EF)

(1B) (uB)  (pB)  (eV) (V)
Co2TiSi 2.00 1.02 0.00 0.19 0.97
CozMnSi 5.00 1.06 3.00 1.59 0.77
CoqFeSi 5.52 1.38 2.84 1.36 3.32

susceptibility. Here we used the adiabatic local density
approximation (ALDA) for f,.. The zone integration
for these response calculations was done using a uniform
20x20x%20 k-point mesh in the Brillouin zone.

III. RESULTS AND DISCUSSION

We begin with the electronic structures. CooTiSi
and CooMnSi are found to be half-metals with integer
spin moments of 2 pp/fu. and 5 pp/fu., respectively.
This is in accord with experiment and prior theoretical
work.%19:22:23 We do not obtain a half-metallic state for
CoyFeSi. The calculated spin moment is 5.52 pp /f.u. Ba-
sic magnetic properties of the three compounds are sum-
marized in Table I. The individual moments, as given by
the integrated spin moments in the corresponding LAPW
spheres, are also shown. As seen, the Co spin moments
for half-metallic Co,TiSi and CosMnSi are similar, while
the value for CosFeSi is larger, indicating a difference in
electronic structure.

The band structures of ferromagnetic CooTiSi,
CooMnSi and CogFeSi are shown in Fig. 1, along
with the corresponding electronic densities of states.
These electronic structures are similar to those reported
previously.”19:22:23:40 Both Co,TiSi and CosMnSi show
gaps in the minority spin leading to half-metallic behav-
ior, while CosFeSi does not have such a gap and is not
a half-metal according to these calculations. This is also
evident from the non-integer spin magnetization, as men-
tioned above. Importantly, there is a dispersive minority
spin band that dips below the Fermi level, Fr, at the X
point in CogFeSi. This extends to ~-0.6 eV, relative to
Er, and almost touches the next lower minority band at
X. This makes it impossible for small changes to lead to
half-metallic behavior.

Thus transport in both spin channels is expected for
CogFeSi. However, we find a very strong spin polariza-
tion for transport even though the density of states in
the minority spin is substantial. This means that even
though it is not a half-metal according to our calcu-
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FIG. 1. Calculated band structures of the Coz BSi compounds (top). Majority spin bands are shown in blue and minority spin
in red. Note that all three compounds have very dispersive majority spin bands (blue) crossing the Fermi level, and much less
dispersive minority spin bands (red) just above the Fermi level, Er. Electronic densities of states are in the bottom panels.
Majority spin is shown as positive and minority spin is negative. Projections are of d-character in the corresponding LAPW
spheres of radii 2.3 Bohr and 1.8 Bohr, for the metal and Si atoms, respectively.

lations, CooFeSi may nonetheless be a useful material
for spintronics especially considering its cubic structure
and high Curie temperature. Furthermore the density of
states and transport spin polarization are opposite. This
is an interesting case because experiments in between the
diffusive and tunnelling regimes may then measure par-
ticularly low spin polarization, while more ideal devices
in the diffusive regime may be able to exploit the high
transport spin polarization.

This rather unusual situation where one has high trans-
port spin polarization and low opposite sign density of
states spin polarization is due to the specific band struc-
ture of the material. The majority and minority spin
Fermi surfaces responsible for this are shown in Fig. 2.
The majority spin shows two large sheets of Fermi sur-
face, with a nearly spherical shape. The minority spin
shows two sheets, These are one flattened sheet at the
X-point of the Brillouin zone and a small section at the
K point (the center of the connection between two W
points). As seen in Fig. 1, the minority spin Fermi sur-
face originates in much less dispersive bands than the
majority spin Fermi surface. This is also evident in the
density of states of Fig. 1. The Fermi level occurs in
a flat region of density of states for the majority spin,
characteristic of wide bands, while the minority spin is
at the onset of a relatively narrow peak in the density of
states derived from Co d and Fe d states.

The spin polarization for quantity f is defined as

Co,FeSi

$

Majority

Co,MnSi
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FIG. 2. Majority (top, left) and minority spin (top, right)
Fermi surface of CogFeSi. along with the majority spin Fermi
surfaces of half-metallic CooMnSi (bottom, left) and Co2TiSi
(bottom, right).



TABLE II. Electronic properties at the Fermi energy. N(Er)
is given in eV~! per formula unit and o/7 is given in 10%*

(Qms) ™
N(Er)y N(Er)y Po (0/7)r (0/7)) Ps
Co,TiSi 0.97 0.00 1.00 0.31 0.00 1.00
CooMnSi  0.77 0.00 1.00 0.82 0.00 1.00
CogFeSi 0.71 2.61 -0.57 1.46 0.10 0.87
= fT — fi (2)
fr+ 1

Here f can be the conductivity, o, to produce the
transport spin polarization, P,, the density of states,
D=N(EF), for the density of states spin polarization,
Pp, or other quantities.

We did transport calculations based on the calculated
electronic structure using the BoltzTraP code.*! This
code yields the transport integral for the conductivity, o
modulo an undetermined scattering time, 7. The value
quoted is from calculations at 50 K, but there is very
little temperature dependence. The value of the trans-
port spin polarization at 300 K is only 2% smaller. The
obtained value of o /7 is proportional to the product of
electronic density of states N(Fr) and average Fermi ve-
locity, < U% > at low temperature. In a parabolic band
model with fixed number of carriers the resulting o/7 is
inversely proportional to the effective mass, m*, reflect-
ing the fact that although they lead to high density of
states flat bands are unfavorable for transport.

In any case, o/ is sufficient to calculate the transport
spin polarization with the assumption that the scattering
time is the same for the two spin channels. This assump-
tion has been applied to complex magnetic systems, for
example, STRuO3, where a reasonable description of ex-
perimental data is found. This includes predictions, as
in SrRuQOg3, where an unexpected transport spin polar-
ization opposite to the magnetization was predicted and
then found experimentally.*>~4 In general, the scattering
mechanisms can have spin dependence and in general this
depends on sample details. Nonetheless in a high spin
polarization material such as we find for CosFeSi this is
unlikely to lower the spin polarization strongly, and fur-
thermore in CogFeSi the density of states is higher in the
minority spin channel, which would suggest if anything
a lower 7 for that spin channel with an enhancement of
the already high transport spin polarization.

As seen, the density of states spin polarization of
CooFeSi is modest and negative. However, the trans-
port spin polarization is very high. Additionally, it is
interesting to observe that it is positive, in other words
that it has opposite sign to the density of states spin
polarization. Returning to the electronic structure, it
may be noted that the minority spin gap in the parent
compound, CoTiSi, is between groups of Co d derived
bands with relatively high density of states reflecting rel-
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FIG. 3. Spin excitations plotted as the imaginary part of
the susceptibility from TDDFT calculations. The left panels
show the I'-X direction, while the right panels show I'-L.
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atively flat dispersion (note here we refer to CooTiSi as
the parent, because Ti is non-magnetic and the other
compounds have magnetic atoms on the Ti site). On
the other hand, the Fermi level lies in a lower density of
states region for the majority spin which has substantial
non-transition metal (Si) character. The corresponding
bands are considerably more dispersive as is evident in
the band structure. In the cases of CooMnSi and CosFeSi
the Fermi level lies above the d bands for majority spin,
i.e. it is in a region of broad Si derived bands with little d
character. This is similar to the band character of NiSi,
which is an electrode material with a remarkably high
conductivity.#> 47 On the other hand, the minority spin
Fermi level lies in a region of d bands, in particular in a
gap between d bands for CooMnSi and in the lower part
of a d band peak CogFeSi.

Magnetic tunnel junctions have been fabricated using
CosFeSi by Gersci and co-workers.” The magnetoresis-
tance in this type of device is governed by the density of
states spin-polarization, Pp,*®° although there is also
a dependence on the nature of the interfaces and tun-
neling probabilities that may depend on details of the
band structure. This is discussed in detail in Ref. 50.
In any case, Gersci and co-workers obtained a value of
the spin polarization P=0.50 from these measurements.
This is close in magnitude to the value of Pp=-0.57 from
our band calculations. One may note that P occurs in
products in the Julliere formula,*® 59

TMR =2P,P,/(1 — P, P), (3)
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FIG. 4. Energy dependent imaginary susceptibilities for dif-
ferent crystal momenta, along I'-X, where 0 corresponds to I'
and 1 corresponds to X.

where the tunneling magnetoresistance TM R is con-
trolled by the spin polarization of the density of states
polarization at the Fermi level of the two materials, P;
and P, so that the absolute sign may be difficult to de-
termine.

Point contact Andreev reflection (PCAR) measure-
ments were reported on different samples.”'? In this
method a superconducting tip is brought into contact
with the sample and the Andreev reflection is mea-
sured using the dependence of the conductivity on bias
voltage.?1 3 These studies yielded PCAR polarizations
in the range 48% to 59%. The PCAR spin polarization is
equal to the transport spin polarization in the case where
there is strong scattering in the sample, i.e. in the diffu-
sive limit. However, these measurements require a junc-
tion with a superconducting material, and therefore must
be done at low temperature, where the transport may be
intermediate between diffusive and ballistic. In the bal-
listic regime the transport is governed by states weighted

Co,TiSi —— |
Co,MnSi — |
Co,FeSi

E (eV)
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FIG. 5. Fixed spin moment energy as a function of magneti-
zation. The energy zero is taken as the energy of a non-spin-
polarized calculation. Note that for CosMnSi and CozFeSi
the zero moment solution has opposite Co and Mn or Fe mo-
ments, and an energy below the non-spin polarized solution.
Energies and magnetizations are per formula unit.

by the band velocity in the direction of transport, rather
than the square of the band velocity. This introduces
both geometry and sample dependence.®' 55 Nonetheless
those measurements are indicative of sizable spin polar-
ization, but are inconsistent with true half-metallic be-
havior.

We also did calculations including spin-orbit coupling
to check whether orbital moments could explain the dif-
ference between the spin-magnetization and the reported
low temperature magnetization as reported by Wurmehl
and co-workers.®>* We find orbital moments parallel to
the spin moments, as expected based on Hund’s third
rule for a more than half full shell. However, the values
are myp=0.040 pup for Co and m4,=0.067 pp for Fe,
for a total orbital moment of 0.147 up per formula unit.
This is far too small to explain the discrepancy.

An interesting puzzle is then the high Curie temper-
ature. This was explained using an itinerant Slater-
Pauling relation. The explanation is based on half-
metallicity and a linear connection between the magne-
tization and the Curie temperature.'® However, we do
not find half-metallicity and this is consistent with other
recent calculations and several experiments. Within this
picture, CooFeSi might be expected to have significantly
lower Curie temperatures if the magnetization were lower
than the half-metallic value. On the other hand, the
strong experimental evidence of finite spin polarization
is difficult to reconcile with a half-metallic state and
therefore with a spin magnetization of 6 pup per for-
mula unit. We therefore compare the spin excitations
of CooMnSi and CooFeSi, using density functional calcu-
lations. These calculations do not produce a half-metallic
state and therefore address the question of whether the
high Curie temperature is linked to half-metallicity. The
result of these TDDFT calculations is shown in Fig. 3.
Cuts at different k-points along I'-X are shown in Fig. 4.
As seen, the spin excitations of CoyTiSi become incoher-
ent away from the zone center. This is a consequence of



the itinerant nature of the material and especially transi-
tions to minority spin states just above the Fermi level as
seen in the band structure. It should also be noted from
Fig. 4 that there are additional small broad peaks in
the imaginary susceptibility at energies above the lowest
magnon branch, especially towards the zone boundary
in CooTiSi and CogFeSi. In a local moment Heisenberg
picture, with three magnetic atoms per unit cell, three
magnon branches may be expected, while with two mag-
netic atoms per cell, as in CoTiSi, two branches may
be expected. In itinerant materials, the spectral func-
tion reflects electronic excitations, and can have different
numbers of peaks, often with considerable damping. The
present materials show complex behavior with low ampli-
tude broad peaks at higher energy, reflecting the itinerant
nature of the magnetism.

One notes that the energy scales for CooMnSi and
CoyFeSi are similar, but that CosFeSi has a higher stiff-
ness near I'. A fit of the spin wave dispersion to a
quadratic form appropriate for a ferromagnet yields a co-
efficient D=197 meV A2 for Co,MnSi and D=222 meV
A? for CoyFeSi. This is consistent with a ~15% higher
Curie temperature in the Fe compound, although it is
not a half-metal. A similar fit for CoTiSi yields a much
smaller D=86 meV A2, consistent with its much lower
Curie temperature.

Magnetic materials are often classified according to the
extent to which they are itinerant or local moment in
nature.?658 In the local moment limit, stable moments
are present on the ions due to intra-atomic interactions.
These are subject to inter-site interactions that provide
the magnetism through ordering of the moments. Local
moment magnets can often be described by the Heisen-
berg or related spin models. The opposite, itinerant
limit, is exemplified by materials such as ZrZns, and to a
lesser extents elemental Ni and Co.%” In this limit, there
are not stable moments, but instead ordering arises from
conduction electrons, and in fact magnetic states may
not even exist for some ordering patterns. This is seen
for example from merging of spin-wave excitations seen
by neutron scattering into a Stoner continuum at high
wavevectors.”® This can lead to very high ordering tem-
peratures, such as the very high Neel temperature found
in SrTcO3.50 Both of these types of magnetism can be de-
scribed by DFT calculations, as exemplified by work on
BaMnsAss, YoNi; and other materials.61-64 The Slater-
Pauling curve that was used to understand the Curie tem-
peratures of Heusler compounds is based on an itinerant
framework. In order to address the issue of the magnetic
nature of these compounds we did calculations including
fixed spin moment calculations.5%:66

We begin with CooTiSi. This may be regarded as the
parent compound of Co;MnSi and CosFeSi, where the
magnetic Mn or Fe atom is replaced by the magnetically
inert element Ti. The connection between the three com-
pounds is emphasized by the similar structures in the
electronic densities of states for the Co sites (lower pan-
els of Fig. 1), although the Fermi levels differ due to
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FIG. 6. Fixed spin moment moments as a function of the
total moment per unit cell. The moments are per formula
unit, i.e. the moment in the two Co atoms (upper panel) and
in the B (Ti, Mn or Co) atom (lower panel).

the different electron counts. We attempted to stabilize
an antiferromagnetic solution for CosTiSi in which the
two Co atoms in the unit cell have opposite spin. We
did this by performing self consistent calculations with
various initial conditions, and also by performing fixed
spin moment calculations with the total moment set to
zero and opposite moments as the initial condition. The
only solution that we were able to find was one in which
the moments were zero. As mentioned the fact that mo-
ments are only stable for some arrangements means that
this is not a local moment system, and is instead itiner-
ant. This itinerant nature of Co,TiSi is consistent with
the conclusions of Barth and co-workers.?2:23

However, in contrast to Co,TiSi, fixed spin moment
calculations for CooMnSi and CogFeSi with zero total
moment do have spin polarized solutions. In particular
with the total moment set to zero we find Mn and Fe
moments opposite to the Co. This indicates stability of
the Fe and Mn moments. The calculated energies as a
function of spin magnetization for the three compounds
are shown in Fig. 5. The corresponding moments in the
transition element LAPW spheres (radius 2.3 Bohr) are
shown in Fig. 6. As seen, the magnetic energy scales
for CooMnSi and CosFeSi are much higher than that of
Co,TiSi. Also the minimum energies for CoTiSi and



CooMnSi are at integer spin magnetization, while that of
CosFeSi is not, in accord with the self-consistent calcu-
lations.

The individual moments show that there is practically
no polarization of Ti, as expected. Importantly, the Co
moments behave very differently than the Fe and Mn
moments. In particular, the constraint of the fixed spin
moment is achieved almost entirely through variation of
the Co moments, while the Mn and Fe moments are much
stiffer. This means that the Fe and Mn atoms behave as
if they have local moments, while the Co backbone is
itinerant in nature.

Therefore, the magnetic behavior of CosMnSi and
CogFeSi can be understood in terms of local Mn or Fe
moments interacting with an itinerant electron system.
Interestingly, this is similar to the well known spintronic
material, (Ga,Mn)As, where itinerant holes mediate in-
teractions between Mn local moments.5” The difference
in the present case is that here the itinerant background
is already an ordered ferromagnet.

IV. SUMMARY AND CONCLUSIONS

We report a density functional study of the ferro-
magnetic cobalt-based Heusler silicides, in particular
CoaMnSi, CosFeSi and the parent compound CosTiSi.
We find that CosFeSi is not half-metallic, similar to prior
standard density functional studies. However, we find
nonetheless that although not a half-metal, it has a very
high transport spin polarization, and interestingly this is
opposite to the density of states spin polarization. While
this is not important for tunneling magnetoresistance de-
vices, such as those used in read heads of hard disk tech-
nology, it is germane to other spintronic applications in-

volving spin polarized currents. We also find that the
spin excitations from our calculations, which do not yield
a half-metallic state for CosFeSi, are nonetheless consis-
tent with the experimental observation of a higher T
for CooFeSi than for CooMnSi. Fixed spin moment cal-
culations imply that the magnetic ordering can be under-
stood in terms of local moments on Mn or Fe interacting
through an itinerant ferromagnetic background associ-
ated with the Co-Si framework of these compounds.

It is important to note that the chemistry and prop-
erties of CogFeSi are compatible with conventional
electronics®® and that transition metal silicides have been
extensively used as electrode materials for Si devices.*>
Moreover CosFeSi has a cubic crystal structure. The
lattice parameter is ~4% larger than that of Si, and is a
very close match to both Ge and GaAs. These facts along
with the high Curie temperature and high transport spin
polarization suggest further investigations of CosFeSi as
a spintronic material. The results also suggest additional
experiments to confirm the low temperature spin magne-
tization of well ordered CosFeSi.
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