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The effect of spin-orbit coupling and orbital polarization (OP) corrections on the spin and orbital magnetism
of full Heusler alloys is investigated by means of local spin-density calculations. It is demonstrated that OP
corrections are needed to explain the experimental orbital moments M;. Model calculations employing one
ligand field parameter yield the correct order of magnitude of M;, but do not account for its quantitative
composition dependence. Spin-orbit coupling reduces the degree of spin polarization of the density of states at
Fermi level by a few percent. We provide arguments that Co,MnGa and the Co,YZ compounds with Y=Fe
might not be half metals as suggested by recent experiments for Z=Si.
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I. INTRODUCTION

Intense experimental'™ and theoretical>® efforts have
been devoted to Heusler alloys® recently. An intriguing prop-
erty, disclosed for Co,YZ Heusler compounds by Kiibler ef
al.,' is so-called half metallic ferromagnetism,!! where one
spin band is metallic and the other is semiconducting. Much
of the recent interest is just due to this feature,!? a 100% spin
polarization at Fermi level that promises potential applica-
tion in spin-electronic devices. It is, however, frequently
overlooked that half metallicity is bound to well-ordered
bulk compounds in most cases'3 and considerable experi-
mental difficulties often prevent the preparation of well-
ordered thin films'* as a precondition for the desired appli-
cation.

Apart from the mentioned application-driven interest, the
magnetism of ideally ordered bulk Heusler compounds still
poses a challenge to the theoretical understanding of elec-
tronic structure. If orbital magnetism is neglected, any half
metallic ground state is invariant with zero Pauli susceptibil-
ity in an external field smaller than a critical field." It is also
obvious that the spin magnetic moment per unit cell in such
a state must be integer. A number of other, system-specific
theoretical!®'0-1 and experimental studies??! of spin-only
magnetism leading to half metallicity of the full Heusler al-
loys have been published. On the other hand, less attention
has been paid in the past to the orbital degrees of freedom in
these compounds. It is clear that the concept of half metal-
licity neglects spin-orbit coupling. For instance, neither com-
plete spin polarization at the Fermi level nor integer mag-
netic moments can be expected if spin-orbit coupling is taken
into account.?>?3 It is thus interesting to study the magnitude
of the related deviations from the idealized case.

Commonly, ligand fields largely quench the orbital mag-
netic moment in cubic systems containing 3d transition met-
als. Elmers et al.** have shown in their x-ray magnetic cir-
cular dichroism (XMCD) studies, however, that the orbital
moment in the cubic Co,FeAl full Heusler compound is
quite sizeable, M;~0.5 ug/f.u., and even somewhat larger
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values were reported for this compound in a more recent
study by the same group.”® With the same method, Miya-
moto et al. and Wurmehl et al. also found noticeable orbital
moments in Co,MnGe (Ref. 27) and in Co,FeSi,?® respec-
tively.

Galanakis®® considered the orbital magnetic moments of
different Heusler compounds in a theoretical approach using
the local (spin) density approximation [L(S)DA]. He em-
ployed a fully relativistic Korringa-Kohn-Rostoker (KKR)
multiple-scattering Green’s function method and found very
small orbital magnetic moments on each constituent. Com-
pared with the mentioned experimental results, the orbital
moments found by Galanakis are smaller by factors of 2—4.
This problem was also observed for the alloy system
Co,Cr,_,Fe, Al by Wurmehl et al., who found?® only a slight
improvement by using OP corrections, and for Co,FeSi by
the same group. In the latter case, neither OP corrections nor
relativistic LDA+ U calculations could close the gap between
measured and calculated orbital moments, though both ap-
proximations improved the mismatch in comparison with
LSDA.?8

With the intention to resolve this discrepancy, we focus
the present investigation on Co,YZ full Heusler compounds
with Y=Mn or Fe; Z=Al, Ga, Si, or Ge. All combinations of
these elements are considered. Some of them, such as
Co,MnSi and Co,MnGe, were found to be half metallic in
earlier electronic structure calculations.'” We study the mag-
netic and electronic properties of these eight compounds
with a particular emphasis on the influence of spin-orbit cou-
pling and orbital magnetism. The underestimation of orbital
moments in the LSDA approach reported by Galanakis and
Wurmehl is confirmed. We demonstrate, however, that ex-
plicit consideration of orbital polarization effects brings the-
oretical and experimental data systematically in better coin-
cidence. Finally, we suggest an alternative explanation for
the recently?® measured magnetic moment of Co,FeSi that
can resolve the apparent discrepancy between the two experi-
mental facts of integer total moment and large orbital mo-
ment.
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The paper is organized as follows: Section II contains
details about the crystal structure and the numerics. Section
III presents the results and discussion (calculated spin mo-
ments, orbital moments, a qualitative model for the orbital
moments, volume dependent properties of Co,FeSi, and re-
marks about half metallicity). Finally, the paper is summa-
rized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The considered full Heusler alloys Co,YZ adopt the or-

dered L2,-type structure (space group Fm3m), which may be
understood as the result of four interpenetrating face-
centered-cubic (fcc) lattices. The Y and Z atoms occupy two
fcc sublattices with origin at (0 0 0) and (1/2 1/2 1/2), re-
spectively. The Co atoms are located in sublattices with ori-
gins at (1/4 1/4 1/4) and (3/4 3/4 3/4).

We have carried out density functional calculations®' us-
ing the relativistic version’? of the full-potential local-orbital
(FPLO) minimum-basis band-structure method.’* In this
scheme the four-component Kohn-Sham-Dirac (KSD) equa-
tion, which implicitly contains spin-orbit coupling up to all
orders, is solved self-consistently. For the present calcula-
tions, the following states were included in the valence basis:
the 3s3p;3d4sdp states of Co, Mn, Fe, Ga, and Ge and the
2s2p;3s3p;3d states of Al and Si. The inclusion of Ga, Ge,
and transition metals 3s and 3p semicore states together with
2s and 2p semicore states of Al and Si into the valence basis
was used to account for their non-negligible overlap with
neighboring core states. The Al and Si 3d polarization states
were used to improve the completeness of the basis set. All
radial basis states are provided numerically on a grid and
adjusted to the potential in each iteration step. The site-
centered potentials and densities were expanded in spherical
harmonic contributions up to /,,.=12. The convergence of
the total energies (107 hartree) with respect to the k-space
integrations was checked separately for each of the consid-
ered Heusler alloys. We found that 30X 30X 30=27 000 k
points in the full Brillouin zone were sufficient in all cases.
The related stability of charge and magnetic population num-
bers was better than 1074,

The Perdew-Wang parametrization® of the exchange-
correlation (XC) potential in the LSDA was used. In the local
spin-density approximation for bcc Fe and hep Co, magnetic
spin moments are obtained within typically 5% deviation
from experiment. On the other hand, the orbital moments of
Fe and Co are found a factor of 2 smaller compared with
experimental values in this approach. For a better description
of orbital magnetism in the d shell of Fe and Co atoms,
different orbital polarization OP corrections to LSDA have
been suggested (see Ref. 35 for an overview). Here, an OP
correction term for an unfilled / shell as far as possible de-
rived from KSD theory by Eschrig et al.’® is added to the
LSDA exchange and correlation energy functional:

1 1-N,
EPP® = - 52 plNrr<l + T>M12w (1)
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where o=1(]) denotes the majority (minority) spin direc-
tion. The variables ny, ¢, and ¢,,, are occupation numbers,
KSD bispinor orbitals, and scalar local / basis functions, re-
spectively. The / and m denote azimuthal and magnetic quan-
tum numbers, and the M, are angular momentum expecta-
tion values. The coefficient p; slightly linearly increases
within a shell. For Mn, Fe, and Co, the related numbers are
56.0, 57.6, 59.2 meV, respectively. In order to compare our
results with a frequently employed empirical OP correction
suggested by Eriksson et al.,*” in a spin-dependent form for
incompletely filled d shells, we alternatively added a term
EZOP( ):—E(,BIUMZZU/Z to the total energy functional. Here,
B, is the related Racah parameter.>®> The final values of spin
and orbital moments are obtained from corresponding pro-
jections on the atomic basis states.??

III. RESULTS AND DISCUSSION

We optimized the equilibrium lattice parameters using
LSDA total-energy calculations. The calculated lattice con-
stants a are 2-3 % smaller than the experimental (mostly,
room-temperature) values,*® see Table I. Such deviations are
common in the LSDA. We also checked that the OP correc-
tions do not significantly change the evaluated lattice con-
stants. If not indicated otherwise, the LSDA lattice constants
are used in the further calculations in order to be model
consistent. The LSDA and LSDA +OP spin and orbital mo-
ments for each single constituent are summarized in Table I.

A. Calculated spin moments

OP corrections turned out to influence the spin moments
only marginally. Thus we discuss only LSDA spin moments
(Table I). As expected, the Mn and Fe atoms as Y compo-
nents carry the largest spin moments (2.65u—3.09u3) in the
considered compounds. The sp atoms are weakly spin polar-
ized and couple antiferromagnetically with Mn, Fe, and Co.
One should note that the Mn and Co spin moments in the
case of Co,MnZ increase when we substitute Si for Al or Ge
for Ga. This is in accordance with the Slater-Pauling
behavior®® discussed by Galanakis et al.!® The total spin
magnetic moments of Co,MnAl, Co,MnSi, and Co,MnGe
are very close to an integer value (4ug, Sup, and 5ug, re-
spectively). In particular, Co,MnSi and Co,MnGe are found
to be half metals in the calculations, if spin-orbit coupling is
neglected. The tiny deviation from integer Bohr magneton
number is due to spin-orbit coupling that slightly reduces the
spin moment. The compound Co,MnAl is very close to half
metallicity (see Fig. 1, and Table IV) without spin-orbit cou-
pling, while the isoelectronic Co,MnGa is not a half metal in
our approach. The probable reason for this dissimilarity is
the larger size of the Ga atom compared with the Al atom
that leads to a stronger hybridization with the transition-
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TABLE I. Spin (M,) and orbital (M;) moments for constituents of the Co,YZ full Heusler alloys together with total spin and total orbital
moments and their sum, calculated at the LSDA lattice constant. The first line for each compound gives the LSDA results and related model
results (see text) in parentheses. Lines with the indices a and b show results of calculations with orbital polarization corrections suggested
by Eriksson e al. (Ref. 37) and by Eschrig er al. (Ref. 36) added to the LSDA-XC energy functional, respectively. The last two columns are
the theoretical and experimental lattice constants in atomic units (a.u.). The influence of OP corrections on the spin moments and on the
lattice constants is marginal and left out of the table. The experimental lattice constants are taken from Villars et al. (Ref. 38).

Co,YZ M SCO M ZCO M 2{ M ?{ MSZ M;otal M}otal ptotal aLSPA s

Co,MnAl 0.740 0.014 (0.068) 2.650 0.010 -0.133 3.997 0.038 4.035 10.56 10.88
a 0.023 0.008 0.054 4.051

b 0.027 0.007 0.061 4.058

Co,MnSi 1.022 0.029 (0.077) 3.028 0.010 -0.078 4.994 0.069 5.063 10.44 10.69
a 0.040 0.013 0.095 5.089

b 0.045 0.015 0.107 5.101

Co,MnGa 0.715 0.011 (0.067) 2.698 0.014 —-0.089 4.039 0.036 4.075 10.56 10.91
a 0.020 0.013 0.053 4.092

b 0.024 0.017 0.065 4.104

Co,MnGe 0.978 0.031 (0.065) 3.089 0.015 -0.050 4.995 0.078 5.073 10.62 10.86
a 0.044 0.020 0.109 5.104

b 0.049 0.023 0.122 5.117

Co,FeAl 1.116 0.050 (0.058) 2.704 0.040 (0.051) —-0.098 4.838 0.140 4.978 10.54 10.83
a 0.058 0.072 0.189 5.027

b 0.067 0.082 0.217 5.055

Co,FeSi 1.198 0.038 (0.065) 2.671 0.072 (0.031) -0.034 5.033 0.149 5.182 10.40 10.67
a 0.053 0.127 0.235 5.268

b 0.060 0.159 0.281 5.314

Co,FeGa 1.114 0.040 (0.056) 2.738 0.054 (0.061) —-0.061 4.905 0.134 5.039 10.56 10.84
a 0.060 0.077 0.197 5.102

b 0.071 0.090 0.232 5.137

Co,FeGe 1.257 0.045 (0.067) 2.752 0.080 (0.038) 0.006 5.272 0.170 5.442 10.60 10.85
a 0.063 0.140 0.267 5.539

b 0.074 0.184 0.333 5.605

metal valence states and a related broadening of the bands,
see Fig. 1. The gap in the minority spin density of states is
more narrow than the related gap of Co,MnAl and the broad-
ened minority states cross the Fermi level. A different situa-
tion is found for the case of Co,MnSi and Co,MnGe. Here,
the Fermi level is situated close to the unoccupied minority
states since the number of valence electrons is by 1 larger
than in the Co,MnAl and Co,MnGa compounds. Thus the
gap narrowing by replacing Si with Ge does not destroy the
half metallicity.

The Co,FeZ compounds are normal ferromagnetic metals
with both majority and minority bands crossing the Fermi
level, see Fig. 1. The Fe and Co spin moments are less af-
fected by changing the alloying element Z in these com-
pounds and the total spin moment stays close to Sup per
formula unit. This behavior violates the Slater-Pauling be-
havior, as it was already discussed by Galanakis et al. for the
two cases of Co,FeAl and Co,FeSi.!° The particular case of
Co,FeSi is discussed in more detail in Sec. III D.

B. Orbital moments

Total and site-resolved orbital moments calculated in dif-
ferent approximations are given in Table I. Relativistic

LSDA produces orbital moments induced from spin polariza-
tion via spin-orbit coupling. Our LSDA calculated orbital
moments are in a very good agreement (within a deviation of
0.005u or less) with the orbital moments evaluated for four
of the considered compounds by Galanakis.*

The orbital moments are in all cases small compared with
the spin moments as it is usual in cubic 3d transition metals.
In particular, the Mn orbital moments are tiny since the Mn
3d shell is close to half filling. Comparing the orbital mo-
ments of Fe and Co in Co,FeZ with those of Mn and Co in
Co,MnZ reveals that the former are considerably larger.

To our knowledge, there are only three XMCD experi-
ments to determine orbital moments for the considered com-
pounds. Since the ratio M;/ M, is more closely related to the
original experimental data than the individual moments, we
compare experimental and theoretical results of this ratio in
Table II. It should be pointed out that the analysis of the
XMCD experiments give forth the ratio M,/ (M,—7(T,)). The
magnetic dipole term (7,) comes about by the anisotropy of
the atomic spin density due to spin-orbit coupling or ligand
field effects.*0-*2 However, for 3d transition-metal atoms in a
cubic environment, the 7(7) is typically by a factor of about
1073 smaller than the spin magnetic moment M ?%*} and
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FIG. 1. (Color online) Total densities of states of all considered
compounds close to the Fermi level, obtained by fully relativistic
LSDA calculations. Majority (minority) spin channels with dashed
red (solid blue) lines are shown in the upper (lower) parts of the
individual panels.

therefore can be neglected in the considered cubic com-
pounds.

From their XMCD studies, Miyamoto et al. obtained a
ratio of about 0.07 for Co and of about 0.01 for Mn in
Co,MnGe.?” The Co value is more than two times larger than
that obtained by our LSDA calculation, 0.03. The same
LSDA value has been found by Galanakis et al.,® and an
even smaller value of about 0.02 has been obtained by Pi-
cozzi et al.,'"’ by means of generalized gradient approxima-
tion FLAPW calculations. However, when we compare the
orbital magnetic moments calculated with the two variants of
OP corrections (0.044u5/Co and 0.049uz/Co, Table I)
which account for the direct nonrelativistic interaction of the
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orbital moments with the inner field, they are in a much
better agreement with experiment. This enhancement to
about 0.05 is slightly dependent on the lattice constant, Table
II. Also, the LSDA+OP ratios for Mn are almost equal to the
experimental value of 0.01, whereas the related LSDA re-
sults are smaller (0.005 in our calculation, 0.007 in Ref. 30,
and 0.003 in Ref. 17).

A further XMCD study was recently carried out on qua-
ternary alloys by Elmers et al., including the case of
Co,FeAl.>*? They found that the ratios of M,/ M for Co and
Fe are 0.14+0.02 and 0.06+0.02, respectively. These ratios
are found to be 0.045 for Co and 0.015 for Fe in our LSDA
calculations. Even the application of OP corrections results
in values that are roughly two times smaller than the experi-
mental values.

Most recently, an XMCD experiment was reported by
Wurmehl et al. for Co,FeSi.?® Their M,/ M, ratios, extrapo-
lated to 0 K, are 0.1 for Co and 0.05 for Fe, respectively. Our
corresponding LSDA ratios amount to 0.032 for Co and
0.027 for Fe. Using the two variants of OP corrections re-
veals a very good agreement with the experimental value for
Fe, but both of them give two times smaller values than the
experiment for Co (about 0.05-0.06 for both elements). It
should be noted that our result is closer to the experimental
result for Fe than the LDA+U result given in Ref. 28 (0.05
for Co and 0.02 for Fe, respectively).

Summarizing this section, orbital polarization corrections
reduce the difference between calculated and measured ratios
M,;/M; in comparison to plain LSDA for all six considered
cases. In the mean, LSDA yields about 40% of the measured
ratio, while LSDA+OP(b) yields about 70%, with moderate
sensitivity to the choice of the lattice parameter.

C. Ligand field model for the orbital moments

In order to better understand the origin of the relatively
small but yet different orbital moments of Co, Mn, and Fe in
the distinct Heusler alloys compiled in Table I, we performed
a simple model calculation for the LSDA orbital moment of
the 3d shell, based on the model described in Ref. 44. The
value of the orbital moment is determined by an interplay

TABLE 1II. Comparison of available experimental (XMCD) and calculated ratios M;/M,. Calculated data obtained by LSDA and
LSDA+OP(b) (Ref. 36) are given for both LSDA and experimental lattice constants.

Element in compound ~ Expt. LSDA at a"SPA  LSDA+OP(b) at ¢"SPA  LSDA at ¢®?  LSDA+OP(b) at a®*P"
Co in Co,MnGe 0.07 0.032 0.050 0.034 0.056
Mn in Co,MnGe 0.01° 0.005 0.007 0.006 0.008
Co in Co,FeAl 0.14+0.02° 0.045 0.060 0.041 0.072
Fe in Co,FeAl 0.06+0.024 0.015 0.030 0.020 0.033
Co in Co,FeSi 0.1¢ 0.032 0.050 0.037 0.064
Fe in Co,FeSi 0.05" 0.027 0.060 0.026 0.050

4Reference 27.
PReference 27.
‘Reference 24 and 25.
dReference 24 and 25.
®Reference 28.
fReference 28.
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FIG. 2. (Color online) Co 3d partial DOS for Co,MnSi (upper
panel) and Co,MnSi (lower panel). The threefold degenerate #,,
(twofold degenerate e,) states are shown with dashed red (solid
blue) lines in majority (1) and minority (|) spin subshell.

between the ligand field and the spin-orbit coupling. The
ligand field splitting tends to quench the orbital moment
while spin-orbit interaction partially restores it. Since the
systems at hand are cubic, the ligand field splits the five-fold
degenerate 3d spin subshell in threefold degenerate 7,, states
(Iyz),|zx),|xy)) and twofold degenerate e, states (|x*
—-y%),|3z2=7?)) in the standard notation of real d orbitals.
Each of the real spherical harmonics has zero orbital mo-
ment. Figure 2 shows this situation for two examples,
Co,MnAl and Co,MnSi, in the absence of spin-orbit cou-
pling. Assuming the quantization axes for spin and orbital
moments to be the same (z direction) and the majority spin
projection to be positive, the Hamiltonian matrix of the sum
of spin-orbit and ligand field interactions in the subspace of
the #,, and e, functions for minority spin reads

lyz): 0 —i&2 0 0 0

|zx): +i&2 0 0 0 O

[xy): 0 0 0 - 0|, (4)
|x? = y%): 0 0 & A O
1322 = 12): 0 0 0 0 A

where A is the ligand field splitting between the e, and ty,
levels and &; iz,ifz,i is the spin-orbit coupling operator with
the positive spin-orbit coupling constant £ Under the condi-
tion §¢<A, which is usually fulfilled in 3d transition metals,
the new minority 7,,-like eigenstates have energies —£/2,
—-&/A, and £/2 and the e -like eigenstates have energies A
and A+&/A. The orbital moment is calculated by the fol-
lowing approximate expression:

PHYSICAL REVIEW B 74, 224410 (2006)

5 ex
My=— 2, D {L); X sgn(o) f PDOS(i,0)dE, (5)

o=1,] i=1

where (1.);=1, 4¢/A, -1 are the orbital moment projections
of the minority 7,,-like new eigenstates and (/.);=0, —4£/A
are the orbital moment projections of the minority e,-like
new eigenstates. PDOS is the partial density of states for the
I,-like and e,-like new eigenstates.

Using a calculated spin-orbit coupling constant & of 0.054
(0.045) eV for Co (Fe) and typical ligand field splitting A of
1 eV, we obtained the numbers given in parentheses in Table
I. These orbital magnetic moments are in qualitative agree-
ment with the orbital moments obtained by the full calcula-
tion, though the individual numbers differ by factors up to 6.
While the model provides the principal mechanisms of spin-
orbit coupling on the orbital moment, the reason for the de-
viations lies in the simplification of the model Hamiltonian,
where the action of the ligand field is described by a single
parameter. The densities of states presented in Fig. 2 show
that this approximation is not well justified: 1,, and e, states
are not simply split but exhibit considerably different shapes
of the DOS.

Another, yet more simplified, model was suggested some
time ago by Eriksson et al.*’ and, in parallel, by Ebert et al.*0
In that model, spin-orbit coupling was assumed to shift the
m; subbands rigidly. Such a shift yields negative orbital mo-
ment contributions in the majority spin subband and positive
orbital moment contributions in the minority spin subband,
in accordance with the third Hund’s rule. Applied to half
metals, a rigid shift would give zero orbital moment contri-
bution for the spin channel which has a gap at the Fermi
level. That means the rigid shift model would provide nega-
tive orbital moments for at least the two half metallic com-
pounds considered here, in contradiction with the full calcu-
lations and with experiment on Co,MnGe.

As a consequence, the change of the orbital moment pro-
jection of the states due to spin-orbit coupling considered in
the present model, Eq. (4), is crucial for obtaining the cor-
rect sign of the orbital moment. The values given in Table I
are composed of relatively large (about 0.3up) and almost
compensating contributions from the two spin channels.
Thus the quantitative result is sensitive to the discussed sim-
plification of the model.

D. Volume dependent properties of Co,FeSi

The compound Co,FeSi went into the focus of interest
recently, when Wurmehl e? al. measured a large total mag-
netic moment of about 6ug.?® This value, which is higher
than previously measured values of 5.18up (Ref. 47) and
5.7up (Ref. 48) indicates half metallic behavior. Indeed, re-
lated LDA+ U calculations yield a gap in the minority spin
DOS at the Fermi level and a total moment of 6ug. It was
concluded that Co,FeSi is a half metal with important corre-
lation effects.?®2° On the other hand, both LSDA and
LSDA+OP calculations yield much smaller total moments,
(~5.2up—5.3up) at theoretical lattice constant, see Table I,
and a large DOS in both spin channels, see Fig. 1.
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TABLE III. Comparison of available experimental and calculated total magnetic moments per formula unit. Calculated data obtained by
LSDA and LSDA+OP(b) are given for both LSDA and experimental lattice constants. The degree of order within the L2, structure has not
always been analyzed. All experimental data were obtained at low temperature.

Compound Mte‘;tp M{%p, at a-SPA M g;(b) at atSPA M%p, at a®P M‘S{,(b) at a®*?
Co,MnAl 4.01£0.05* 4.035 4.058 4.066 4.095
Co,MnSi 4.90,° 5.07+0.05¢ 5.063 5.101 5.071 5.114
Co,MnGa 4.05+0.054 4.075 4.104 4.150 4.162
Co,MnGe 4.93°5.11+0.05 5.073 5.117 5.078 5.129
Co,FeAl 4.96,¢ 5.20" 4.978 5.055 5.083 5.193
Co,FeSi 5.18,15.74 5.97+0.05 5.182 5.314 5.664 5.800
Co,FeGa 5.1315.15™ 5.039 5.137 5.149 5.270
Co,FeGe 5.54" 5.442 5.605 5.700 5.857

280% B2 structure, Ref. 49.
PReference 47.

“Reference 49.

dReference 49.

“Reference 47.

fReference 49 and 50.
gReference 47.

hReference 25.

iReference 47.

iDisordered DOj structure, Ref. 48.
kReference 28.

Reference 47.

MReference 21.

"Reference 47.

The question arises of why this compound shows strong
correlation effects, while the other, chemically very similar,
compounds are well described by LSDA(+OP) theory. This
fact is demonstrated in Table III, where experimental total
moments are compared with total moments calculated at
both theoretical and experimental lattice constants. Concern-
ing the Mn-containing compounds it can be stated that the
agreement between experiment and theory is within two
times the experimental error bounds (including the scatter of
experimental results) for both choices of lattice parameters
and for both LSDA and LSDA +OP approaches.

The situation is less satisfactory for the Fe-containing
compounds. Here, on the one hand, significant scatter in the
experimental data is found, pointing to sensitivity with re-
spect to the preparation. For instance, the experimental scat-
ter could be caused by different degrees of disorder in the
samples, as observed for Co,FeAl earlier.20 Also, the calcu-
lated data confirm such a sensitivity; while the total moment
of Mn-containing compounds is almost insensitive to lattice
expansion, the Fe-containing compounds show considerably
different moments at a“SPA and a®P", respectively. To be
specific, LSDA+OP(b) data will be compared with experi-
ment, since this approach describes the M,;/M| ratio reason-
ably well.

The calculated total moments of Co,FeAl, Co,FeGa, and
Co,FeGe are close to (at a*S°) or moderately larger than (at
a®P) the measured ones. On the other hand, the calculated
total moments of Co,FeSi are within the scatter of the ex-
perimental moments. Most obvious is the large dependence
of the total moment of Co,FeSi on the lattice spacing: it

changes by 10% between theoretical and experimental lattice
constant.

The reason for this sensitivity is elucidated in Fig. 3. At
the theoretical lattice constant, the Fermi level is situated in a
steep slope at the band edge of an almost empty minority
spin 3d band. The related band structure is shown in Fig. 4
and compared with the band structure of Co,MnSi. The
dominating spin character of the states is indicated by red
dashed lines (majority) and blue full lines (minority). Spin-
orbit interaction mixes the spins, but this effect is small in
the considered 3d elements, see Sec. III E. At the Fermi

5 i
0 —
o=
5 5
f‘é ————— 1.02a,,,
i‘ 10 alheory i'!
: I
15 i’ Co,FeSi
20 :
-0.5 0 0.5 1
E-¢,[eV]

FIG. 3. (Color online) Density of states of Co,FeSi close to the
Fermi level, evaluated for two different lattice parameters. Theoret-
ical lattice parameter: full black lines; 1.02-fold experimental lattice
parameter: dashed red lines. Majority (minority) spin DOS are
given in the upper (lower) part of the figure.
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FIG. 4. (Color online) Band structure of Co,FeSi (upper panel)
and Co,MnSi (lower panel) close to the Fermi level. The spin char-
acter is indicated by the red dashed lines (majority spin) and blue
full lines (minority spin).

level, almost pure majority spin bands are present in
Co,MnSi, whereas flat minority spin bands cross the Fermi
level in Co,FeSi. The latter give rise to the discussed steep
band edge (Fig. 3) and thus to the sensitivity of the magnetic
moment of Co,FeSi with respect to the lattice spacing. Simi-
lar flat bands are present in Co,MnSi as well, but here they
are unoccupied due to the larger exchange splitting of Mn in
comparison with Fe.

If the volume of Co,FeSi is increased, the flat minority
spin band becomes more narrow and is further emptied. In
turn, the exchange splitting increases, reinforcing the magne-
tovolume effect. At a lattice constant slightly larger than the
experimental one, the band is empty (Fig. 3, red dashed line).
The resulting dependence of the total moment on the lattice
parameter in all three employed approximations is shown in
Fig. 5. An expansion of slightly more than 1% beyond the
experimental lattice parameter brings the calculated LSDA
+OP(b) moment into the range defined by the experimental
error bounds of the newest data.”® At this spacing, the ratios
M,/M,, calculated with LSDA+OP(b), amount to 0.08 for
Co and 0.045 for Fe, in very nice agreement with the experi-
mental values of 0.1 and 0.05, respectively.”® This model
dependence of the magnetic moment on the lattice param-
eters could be experimentally checked under pressure to de-
cide whether Co,FeSi is a half metal or not.

These results suggest an alternative explanation of the
measured integer total moment of Co,FeSi, contrasting the
suggested correlation-induced half metallicity. While the
LDA+U approach yields a half metallic state with an integer

PHYSICAL REVIEW B 74, 224410 (2006)
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FIG. 5. (Color online) Volume dependence of the calculated
total magnetic moment of Co,FeSi. LSDA: black line with dia-
monds; LSDA+OP(a): red line with squares; LSDA+OP(b): blue
line with bullets. The dashed lines show the range of experimental
errors in Ref. 28 [(5.97+0.05)up at T=5 K].

total moment and a total orbital moment of about 0.2up at
the experimental lattice constant,”® the LSDA+OP(b) ap-
proach yields the experimental total moment at a 1.5-2 %
expanded lattice constant, and a total orbital moment of
about 0.35up. This is close to the experimental value of
about 0.45up, estimated from the measured moment ratios
and the calculated site spin moments given in Ref. 28. The
degree of spin polarization at the Fermi level (see Sec. III E)
is very small in the suggested alternative approach, see Fig.
3.

What remains open is the question of why a lattice expan-
sion is needed to simulate the experimental situation. It is
clear from Fig. 3, that the electronic structure of well-ordered
Co,FeSi at theoretical lattice spacing bears a tendency to-
ward enhancement of the magnetic moment. A small site
disorder, that cannot be completely excluded on the basis of
the existing data,”® could provide such a moment enhance-
ment, as it was found for the sister compound Co,FeAl,?
which is much less susceptible to parameter changes than
Co,FeSi, see Table III.

Summarizing this section, we propose that the measured
moment of Co,FeSi need not be caused by a correlated half
metallic state. It could, e.g., arise from a small but influential
disorder of the sample. In the latter case, the spin polariza-
tion at Fermi level would be very small.

E. Half metallicity

We have finally studied the effect of spin-orbit coupling
and orbital polarization on the half metallicity of the consid-
ered full Heusler alloys. The spin-polarization degree (SPD)
of the density of states (DOS) is defined by

nT(SF) - ”L(SF)

SPD = s
VlT(sF) + nL(SF)

(6)
where n?(gy) corresponds to majority () and minority (])
spin DOS at the Fermi level. In Table IV, we present the
SPD values in percent, with and without spin-orbit coupling
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TABLE 1V. Spin-polarization degree for half ferromagnetic
Co,YZ full Heusler alloys. SPD values at LSDA lattice constants
without spin-orbit coupling (SO: no) and with spin-orbit coupling
(SO: yes) are given in percent.

Y SO Al Si Ga Ge

Mn no 97 100 81 100
yes 95 97 81 99

Fe no 39 =77 43 -67
yes 38 =72 41 -65

at LSDA lattice constants. Recall, in perfect half metals, SPD
amounts to 100%. According to our band-structure calcula-
tions, only Co,MnSi and Co,MnGe are fully spin polarized
in the absence of spin-orbit coupling. However, spin-orbit
coupling reduces SPD by 3% and 1%, respectively, for those
intermetallic compounds. Adding OP corrections to the
LSDA-XC functional does not significantly change the spin-
polarization degree.

Moreover, the calculated SPD values for the considered
compounds indicate that the Mn-based full Heusler alloys
seem to be more suitable candidates for half metallicity,
whereas SPD values for Fe-based full Heusler alloys consid-
erably deviate from 100%. For instance, Co,FeSi has a rela-
tively large negative SPD value at LSDA lattice constant.
From Fig. 3 and the discussion in previous section it is,
however, obvious that lattice expansion considerably reduces
the SPD value.

Recently, Karthik er al>' have shown in their point-
contact Andreev reflection (PCAR) experiments that
Co,FeAl is a normal ferromagnet with PCAR spin polariza-
tion value of 56%. This finding is in qualitative agreement
with our result (SPD 38%) and KKR result (30%) obtained
by Miura et al.> One should note that there is no one-to-one
correspondence between PCAR data and SPD values ob-
tained from the DOS.>? Only in an ideal half metal are both
values equal to 100%. Note further that the measurement of
spin-polarization value at the Fermi level is a quantity very
sensitive to the sample preparation. Picozzi et al. have shown
that defects such as Mn and Co antisites destroy the half
metallicity for Co,MnSi and Co,MnGe.>

Concerning Co,FeGa, our calculated SPD (41%) falls in
between two other calculated values (37%, LMTO-ASA cal-

PHYSICAL REVIEW B 74, 224410 (2006)

culation by Umetsu et al.;* 58%, FLAPW result by Zhang et
al.?"). All these results qualitatively match the related PCAR
data (58%).2!

The fully ordered Co,MnSi with L2, structure is predicted
to be a half metal in our calculations which is in good agree-
ment with LSDA results obtained by Ishida et al.'® with the
LMTO-ASA method and by Kandpal et al? with the
FLAPW approach. In contrast with these theoretical predic-
tions, Ritchie et al. in their PCAR experiments have found
that Co,MnSi is a normal ferromagnet with PCAR spin po-
larization of 55%.2° As they discussed the PCAR values are
strongly dependent on surface segregation and disorder.

IV. SUMMARY AND CONCLUSIONS

Density functional FPLO calculations were performed for
Co,YZ (Y=Mn,Fe, and Z=Al,Si,Ga,Ge) full Heusler al-
loys. We have calculated the spin and orbital moments of
individual components in each compound including spin-
orbit coupling and two variants of orbital polarization correc-
tions.

Calculated orbital moments are in a reasonable agreement
with experiment if orbital polarization corrections are taken
into account. A rigid-band model for the orbital moment
yields the wrong sign in the case of half metals. Considering
changes of the character of ligand field states split by spin-
orbit interaction yields orbital moments with the correct sign
and order of magnitude, but a single ligand field parameter
does not provide quantitative agreement with the full calcu-
lations. A large value of about 0.18uy is predicted for the Fe
orbital moment in Co,FeGe. Further experiments to check
this prediction are desirable. An explanation is proposed for
the recently measured total moment of Co,FeSi and its or-
bital contributions. This explanation relies on a combination
of orbital polarization enhancement (mainly driven by ex-
change) and residual site disorder. It predicts almost bal-
anced spin-up and spin-down densities of states.
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