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The electronic structure, x-ray absorption �XAS�, x-ray magnetic circular dichroism �XMCD�, and magneto-
optical spectra of the doped Heusler alloys Co2Cr1−xFexAl �x=0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, and 1�
were investigated theoretically from first principles, using the fully relativistic Dirac linear-muffin-tin-orbital
band structure method. It was shown that the concentration and arrangement of Fe atoms in the lattice play the
leading role in the formation of the magnetic properties of the compounds, determining to a considerable extent
the magnetic states of Co and Cr atoms. The spin polarization of electron states at the Fermi energy is quite
high �about 95%� for the compositions between x=0 and x=0.4, owing to the presence of high peaks of
majority-spin Cr and Co d density of states at the Fermi energy. Further increasing of Fe content leads to the
abrupt decreasing of the spin polarization of carriers. The band structure calculations in the LSDA approxi-
mation reproduce quite well the shape of the XAS and XMCD spectra at the Co, Fe, and Cr L2,3 edges. The
energy dependence of the matrix elements affects strongly the values of both the spin and the orbital magnetic
moments derived from the calculated XAS and XMCD spectra using the sum rules. Our calculations show that
the magneto-optical measurements are sensitive to changes in the structure of compounds �doping, disorder,
etc.� accompanied by changes of the magnetic states of atoms.
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I. INTRODUCTION

The Heusler alloys are the most prominent representatives
of ternary compounds. Since 1903, when Heusler1 first re-
ported on ferromagnetic properties of the Cu2MnAl com-
pound, they are permanently attractive for many investiga-
tors due to the diverse magnetic phenomena.2,3 Currently the
Heusler alloys are at the focus of a large scientific interest
due to their potential for applications in magnetic field sen-
sors and spintronics devices.4 For these purposes materials
with a high spin polarization of carriers, so-called half-
metallic ferromagnets,5 are desirable, and many Heusler al-
loys seem to show this property.

The Heusler alloys are now defined as well-ordered ter-
nary intermetallic compounds, at the stoichiometric compo-
sition X2YZ, which have the cubic L21 structure. These com-
pounds involve two different transition metal atoms X and Y
and a third element Z which is a nonmagnetic metal or non-
metallic element. The numerous theoretical and experimental
studies of Heusler alloys have been carried out, and it has
been shown that composition and heat treatment are impor-
tant parameters determining their magnetic properties.

Recently, a considerable attention is paid to Heusler com-
pounds containing Co in the X sublattice.6 Especially, the
Co2CrAl compound is the only one which preserves the
nearly half-metallicity at the surface7 whereas in other com-
pounds the surface states kill the spin polarization at the
Fermi level. However, some of the interfaces have been
found to almost retain the half-metallicity.8,9 The Co2YZ are
of particular interest because the magnetic moment per Co
atom is known to have values ranging from 0.3�B to 1.0�B
in these alloys.10 It is considered that the magnetic moment
on the Co atom depends strongly on the local environment.11

In order to achieve a desired modification of the elec-
tronic and magnetic properties, the doped Heusler alloys are

intensively studied.12–14 In the doped alloys the atoms in one
of the sublattices are partly substituted by atoms of another
element that may lead in some cases to qualitative changes
of physical properties. For example, a large magnetoresistive
effect of about 30% in a small magnetic field of 0.1 T at
room temperature was recently observed6,15 in
Co2Cr0.6Fe0.4Al whereas the Co2CrAl compound shows no
effect.

The electronic and magnetic properties of Co2CrAl and
Co2FeAl compounds as well as quaternary Heusler alloys
Co2Cr1−xFexAl have been investigated using the first-
principles calculation.16–20 In Ref. 16 the origin of the half-
metallicity in a series of Heusler alloys was discussed and it
was shown that their total magnetic moment follows the
Slater-Pauling behavior Mt=Zt−24, where Mt is the total
magnetic moment in �B per unit cell and Zt is the total num-
ber of valence electrons. Galanakis17 using the Korringa-
Kohn-Rostoker method combined with the coherent potential
approximation �KKR-CPA� formalism showed that the total
spin moment in the quaternary Heusler alloy Co2Cr1−xFexAl
varies linearly between Co2CrAl and Co2FeAl by varying the
concentration of Cr and Fe. Miura et al.18,19 investigated the
effect of the atomic disorder on the half-metallicity of
Co2Cr1−xFexAl compounds. They have shown that disorder
between Cr and Al does not significantly reduce the spin
polarization of the parent alloy Co2CrAl, while disorder be-
tween Co and Cr makes a considerable reduction of the spin
polarization. However, it has become clear that the disorder-
ing between the Co and Cr sites is unlikely to occur ener-
getically. It was observed that the spin polarization of
Co2Cr1−xFexAl decreases with increasing Fe concentration x
in both the ordered L21 and the disordered B2 structures, and
that the effects of the disorder on the spin polarization is
significant at low Fe concentrations. Block et al.20 studied
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the effect of uniform strain and tetragonal distortion on the
electronic and magnetic properties of Heusler compounds
Co2CrAl and NiMnSb using the self-consistent first-principle
calculations. They show that the half-metallic character of
the Heusler phases is lost with only a few percent uniform
stress or tetragonal distortion of the lattice. The orbital mag-
netism in some half-metallic Heusler alloys including
Co2CrAl and Co2FeAl have been studied recently by
Galanakis21 using the fully relativistic screened Korringa-
Kohn-Rostoker �RKKR� method. It was found that the cal-
culated orbital magnetic moments are negligible with respect
to the spin moments, in contrast to the values obtained from
the experimental x-ray magnetic circular dichroism �XMCD�
spectra using sum rules.22,23

Besides theoretical investigations some important experi-
mental results have been reported recently for the doped
Heusler compounds Co2Cr1−xFexAl and related alloys.22,24–26

References 22 and 24 reported the observation of the tunnel
magnetoresistance at room temperature for the magnetic tun-
nel junction that utilizes Co2Cr0.6Fe0.4Al and Co2MnAl, re-
spectively, as an electrode. Reference 25 reported the obser-
vation of phase separation in Co2Cr1−xFexAl.

In the present study, we focus our attention on the x-ray
magnetic circular dichroism in the doped Heusler alloys
Co2Cr1−xFexAl. The XMCD technique developed in recent
years has evolved into a powerful magnetometry tool to
separate orbital and spin contributions to element specific
magnetic moments. XMCD experiments measure the absorp-
tion of x rays with opposite �left and right� states of circular
polarization. Recently x-ray magnetic circular dichroism in
the ferromagnetic Co2Cr0.6Fe0.4Al alloy has been measured
at the Co, Fe, and Cr L2,3 edges.23 Using the magneto-optic
sum rules the orbital moments of Co, Fe, and Cr have been
deduced to be 0.12, 0.33, and 0.04�B, respectively. The au-
thors also have calculated the Co, Fe, Cr, and Al partial den-
sity of states for the Co2Fe0.5Cr0.5Al compound using the
linear-muffin-tin-orbital �LMTO� band structure method in
the atomic sphere approximation �ASA� to interpret the
XMCD spectra. However, they do not include the spin-orbit
�SO� interaction in their calculations and, hence, were not
able to obtain the XMCD spectra as well as the orbital mo-
ments.

This paper is organized as follows. Section II presents a
description of the doped Heusler alloys Co2Cr1−xFexAl crys-
tal structure and the computational details. Section III is de-
voted to the electronic structure for Co2CrAl and Co2FeAl
compounds and XMCD spectra of the doped Heusler alloy
Co2Cr0.625Fe0.375Al calculated in the fully relativistic Dirac
LMTO band structure method. We also present the theoreti-
cal calculations of the Kerr spectra of Co2FeAl compound.
The calculated results are compared with the available ex-
perimental data. Finally, the results are summarized in Sec.
IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The Heusler-type X2YZ compound crystallized in the cu-

bic L21 structure with Fm3̄m symmetry �No. 225� is formed

by four interpenetrating fcc sublattices. The X ions occupy
the 4b Wyckoff positions �x= 1

4 , y= 1
4 , z= 1

4 �. The Y ions oc-
cupy the 4a positions �x=0, y=0, z=0�, and the Z ions are
placed at the 4b sites �x= 1

2 , y= 1
2 , z= 1

2 �. Both the X and Y
atoms have eight nearest neighbors at the same distance. Y
atom has eight X atoms as nearest neighbors, while for X
there are four Y and four Z atoms.

In order to simulate the structures where the Y sublattice
is occupied by both Fe and Cr atoms, we have considered the
lattice with tetragonal cells that are formed by two cubic
cells shown in Fig. 1. The tetragonal cell contains eight sites
of the Y sublattice, and in this way it is possible to construct
the systems Co2Cr1−xFexAl where x is equal to 0.125, 0.25,
0.375, etc.

We now turn to a description of the magneto-optical ef-
fects, which refer to various changes in the polarization state
of light upon interaction with materials possessing a net
magnetic moment, including rotation of the plane of linearly
polarized light �Faraday, Kerr rotation�, and the complemen-
tary differential absorption of left and right circularly polar-
ized light �circular dichroism�. In the near visible spectral
range these effects result from excitation of electrons in the
conduction band. Near x-ray absorption edges, or reso-
nances, magneto-optical effects can be enhanced by transi-
tions from well-defined atomic core levels to valence states
selected by transition matrix element symmetry. There are at
least two alternative formalisms for describing resonant
x-ray magneto-optical �MO� properties. One approach uses
the classical dielectric tensor.27 Another one uses the reso-
nant atomic scattering factor including charge and magnetic
contributions.28,29 The equivalence of these two descriptions
�within dipole approximation� is demonstrated in Ref. 30.

Using straightforward symmetry considerations it can be
shown that all magneto-optical phenomena �XMCD, MO
Kerr and Faraday effects� are caused by the symmetry reduc-
tion, in comparison to the paramagnetic state, caused by
magnetic ordering.31 This symmetry lowering has conse-
quences only when SO coupling is considered in addition.
Therefore, in order to calculate the XMCD properties one
must account for both magnetism and SO coupling at the
same time when dealing with the electronic structure of the
material considered.

FIG. 1. �Color online� Schematic representation of the L21

structure. The cubic cell contains four primitive cells.

ANTONOV et al. PHYSICAL REVIEW B 72, 054441 �2005�

054441-2



For the polar Kerr magnetization geometry and a crystal
of tetragonal symmetry, where both the fourfold axis and the
magnetization M are perpendicular to the sample surface and
the z axis is chosen to be parallel to them, the dielectric
tensor is composed of the diagonal �xx and �zz, and the off-
diagonal �xy components and has the form

� = � �xx �xy 0

− �xy �xx 0

0 0 �zz
� . �1�

In the polar geometry the expression for the complex Kerr
angle can be easily obtained for small angles and is given
by32

�K��� + i�K��� = − �xy���/D��� , �2�

where

D��� = �xx����1 +
4�i

�
�xx��� , �3�

with �K being the Kerr rotation and �K being the so-called
Kerr ellipticity. ��� �� ,��x ,y ,z� is the optical conductivity
tensor, which is related to the dielectric tensor ��� through

������ = 	�� +
4�i

�
������ . �4�

The optical conductivity tensor components, or equiva-
lently, the dielectric tensor are the basic spectral quantities of
the medium and can be evaluated from the optical and Kerr
effect measurements. The optical conductivity can be com-
puted from the energy band structure by means of the
Kubo-Greenwood33 linear-response expression,34

������ =
− ie2

m2
Vuc
�
k

�
nn�

f��nk� − f��n�k�

�nn��k�

�n�n
� �k��nn�

� �k�

� − �nn��k� + i/
,

�5�

with f��nk� the Fermi function, 
�nn��k���nk−�n�k, the en-
ergy difference of the Kohn-Sham energies �nk, and ��−1

is the lifetime parameter, which is included to describe the
finite lifetime of excited Bloch electron states. �nn�

� are the
dipolar optical transition matrix elements, which in a fully
relativistic description are given by

�nn��k� = ��nk	c�	�n�k
 , �6�

where �nk is the four-component Bloch electron wave func-
tion, � are Dirac matrices.

Expression �5� for the conductivity contains a double sum
over all energy bands, which naturally separates in the so-
called interband contribution, i.e., n�n�, and the intraband
contribution, n=n�. The intraband contribution to the diago-
nal components of � may be rewritten for zero temperature
as35

������ �
��p,��2

4�

i

� + i�D
, �7�

with �p,� the components of the plasma frequency. Equation
�7� is identical to the classical Drude result for the ac con-
ductivity, with �D=1/D, and D the phenomenological
Drude electron relaxation time. The intraband relaxation time
parameter �D may be different from the interband relaxation
time parameter �. The latter can be frequency dependent,36

and, because excited states always have a finite lifetime, will
be nonzero, whereas �D will approach zero for very pure
materials.

Within the one-particle approximation, the absorption co-
efficient � for incident x-ray of polarization � and photon
energy 
� can be determined as the probability of electron
transitions from an initial core state �with wave function � j
and energy Ej� to a final unoccupied states �with wave func-
tions �nk and energies Enk�,35

� j
���� = �

nk
	��nk	J�	� j
	2	�Enk − Ej − 
����Enk − EF� ,

�8�

with J�=−e�a� being the dipole electron-photon interaction
operator, where a� is the � polarization unit vector of the
photon vector potential �a±=1/�2�1, ± i ,0� ,az= �0,0 ,1��.
�Here +/− denotes, respectively, left and right circular pho-
ton polarizations with respect to the magnetization direction
in the solid.�

In order to simplify the comparison of the theoretical
x-ray isotropic absorption spectra to the experimental ones
we take into account the background intensity which affects
the high energy part of the spectra. The shape of x-ray ab-
sorption caused by the transitions from inner levels to the
continuum of unoccupied levels was first discussed by Rich-
tmyer et al. in the early 1930s.37 The absorption coefficient
with the assumption of equally distributed empty continuum
levels is

���� =
C�c

2�


Ecf0

� dEcf

��c/2�2 + �
� − Ecf�2 , �9�

where Ecf =Ec−Ef, Ec and �c are the energy and the width of
a core level, Ef is the energy of empty continuum level, Ef0

is
the energy of the lowest continuum level, and C is a normal-
ization constant which has been used as an adjustable param-
eter.

Concurrent with the x-ray magnetic circular dichroism ex-
perimental developments, some important magneto-optical
sum rules have been derived in recent years.38–41

For the L2,3 edges the lz sum rule can be written as35

�lz
 = nh

4
L3+L2

d���+ − �−�

3
L3+L2

d���+ + �−�
, �10�

where nh is the number of holes in the d band nh=10−nd, �lz

is the average of the magnetic quantum number of the orbital
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angular momentum. The integration is taken over the whole
2p absorption region. The sz sum rule is written as

�sz
 +
7

2
�tz
 = nh


L3

d���+ − �−� − 2
L2

d���+ − �−�


L3+L2

d���+ + �−�
,

�11�

where tz is the z component of the magnetic dipole operator
t=s−3r�r ·s� / 	r	2 which accounts for the asphericity of the
spin moment. The integration �L3

��L2
� is taken only over the

2p3/2 �2p1/2� absorption region.
The details of the computational method are described in

our previous papers,42–44 and here we only mention several
aspects. The calculations �corresponding to zero tempera-
ture� were performed for the experimentally observed lattice
constants, using the spin-polarized fully relativistic linear-
muffin-tin-orbital �SPR LMTO� method45,46 in the atomic
sphere approximation �ASA� with the combined correction
term taken into account. The calculations was based on the
local spin-density approximation �LSDA� with the
Perdew-Wang47 parametrization of the exchange-correlation
potential. Brillouin zone �BZ� integrations were performed
using the improved tetrahedron method48 and charge self-
consistency was obtained on a grid of 349 k points in the
irreducible part of the BZ. The basis consisted of transition
metal s, p, d, and f and Al s, p, and d LMTO’s.

The measured cubic lattice constant of Co2FeAl is equal
to 0.5730 nm.49,50 For Co2CrAl however the published re-
spective data are confusing, a=0.5887 nm �Ref. 49� and a
=0.5727 nm �Ref. 50�. Unfortunately, these quite different
values were transferred to reviews and handbooks, the first
one can be found in Ref. 2, the second one in Ref. 51, and
both in Ref. 52. The recent x-ray diffraction measurements53

indicate the value of a= �0.574±0.003� nm for Co2CrAl
compound. Also the recently measured lattice constant of
Co2Cr0.6Fe0.4Al compound �a=0.5737 nm� �Ref. 23� con-
firms that both Co2FeAl and Co2CrAl compounds have al-
most the same lattice spacing. In the present calculations we
have used the value of 0.5730 nm for the lattice constants of
all compositions considered.

In our magneto-optical calculations we adopt the perfect
crystal approximation, i.e., �D→0. For the interband relax-
ation parameter we used �=0.4 eV. The Kramers-Kronig
transformation has been used to calculate the dispersive parts
of the optical conductivity from the absorptive parts.

Finally, the intrinsic broadening mechanisms have been
accounted for by folding XMCD spectra with a Lorentzian.
For the finite lifetime of the core hole a constant width �c, in
general from Ref. 54, has been used. The finite apparative
resolution of the spectrometer has been accounted for by a
Gaussian of 0.4 eV.

III. RESULTS AND DISCUSSION

A. Results for Co2CrAl and Co2FeAl

�a� Energy band structure: The total and partial DOS’s of
Co2CrAl are presented in Fig. 2. The results agree well with

previous band structure calculations.7,16,18,20 The occupied
part of the valence band can be subdivided into several re-
gions. Al 2s states appear between −10.0 and −6.0 eV. The
energy states in the energy range −6.0 to 2.0 eV are formed
mainly by Co and Cr d states. Our calculations show that
Co2CrAl has local magnetic moments of 0.720�B on Co and
1.602�B on Cr. The orbital moments are equal to 0.013�B
and 0.008�B on the Co and Cr sites, respectively. The results
are in good agreement with recent RKKR calculations.21 The
interaction between the transition metals is ferromagnetic,
leading to a total calculated moment of 2.970�B.

The crystal field at the Co 4b site �Td point symmetry�
causes the splitting of d orbitals into a doublet e �3z2−1 and
x2−y2� and a triplet t2 �xy, yz, and xz�. The crystal field at the
Cr 4a site �Oh point symmetry� splits Cr d states into
eg �3z2−1 and x2−y2� and t2g �xy, yz, and xz� ones. The
hybridization between Cr and Co d states plays an important
role in the formation of the band structure of Co2CrAl. It
leads to the splitting of the d states into the bonding states
which have predominantly Co d character and the antibond-
ing states with stronger contribution of Cr d states. The ma-
jority and minority spin bonding states are found below
−2 eV and −0.5 eV, respectively.

It is important to note, that the antibonding Cr d–Co d
states form a sharp peak in the DOS of the majority-spin
electrons at the Fermi level. The presence of the peak at EF
can be responsible for the antisite disorder in Co2CrAl. In-
deed, Miura et al.18 show that the disorder of Cr-Co or

FIG. 2. The total �in states/�cell eV�� and partial �in states/�atom
eV�� density of states of Co2CrAl.
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Cr-Al types leads to a considerable reduction of the corre-
sponding peak in the Cr partial DOS at the Fermi level.

The strong hybridization between the minority spin Cr d
and Co d states leads to the opening of a gap of 0.18 eV.
Thus, according to the spin-polarized calculations Co2CrAl
is a half-metallic ferromagnet if the spin-orbit coupling is
neglected. Although spin-orbit splitting of the d energy bands
for both the Co and Cr atoms is much smaller than their spin
and crystal-field splittings this interaction destroys the en-
ergy gap for the minority spin states. The Fermi level falls
within a region of very small but finite minority-spin DOS.
In this case the spin polarization of electron states at the
Fermi energy is equal to 98%. Similar results were obtained
in Refs. 55 and 56 for some other Heusler alloys. Authors
show that the spin-orbit interaction can cause a nonvanishing
density of states within the minority-spin band gap of half-
metals around the Fermi level and reduce the spin polariza-
tion at the EF.

It is important to note that there is a hybridization quasi-
gap in DOS at around 5 eV above Fermi level �Fig. 2� due to
transition metal d-Al sp hybridization. This feature is typical
for the whole series of Heusler alloys Co2Cr1−xFexAl and is
reflected in corresponding transition metal L2,3 x-ray absorp-
tion spectra �see below�.

Figure 3 shows the spin and symmetry projected partial
densities of states of Co2FeAl. Co2FeAl has local magnetic
moments of 1.106�B on Co and 2.695�B on Fe. The orbital
moments are equal to 0.047�B and 0.064�B on Co and Fe,
respectively. The interaction between the transition metals is
ferromagnetic, leading to a total calculated moment of
4.811�B.

The energy of Fe d states is lower than the energy of Cr d
ones and, in contrast to Co2CrAl, majority spin Co and Fe d
states in Co2FeAl are almost completely occupied. The cen-

ter of the majority spin Fe d states is shifted below the cor-
responding Co states because of the stronger exchange inter-
action in the Fe d shell. As a consequence there is no gap
between bonding and antibonding Co d–Fe d states.

Similar to Co2CrAl the minority spin d states are split into
well separated bonding and antibonding states, the latter be-
ing unoccupied. However, the gap between the bonding and
antibonding states is closed and the density of states at EF is
small but finite. Thus, even if the spin-orbit coupling is ne-
glected, Co2FeAl does not exhibit a half-metallic behavior.

�b� MO spectra: Let us consider now the magneto-optical
properties of Co2CrAl and Co2FeAl compounds. The Kerr
rotation and ellipticity measurements have been done in
Refs. 50 and 51. For Co2CrAl the measured Kerr rotation �K
in the energy range between 1.5 and 2.0 eV is equal only to
−0.01 degree in excellent agreement with our calculations. In
Co2FeAl the Kerr rotation in this energy range is about
−0.4 degree. Also for this compound the agreement between
experiment and calculations is rather good both in the Kerr
rotation and ellipticity �see Fig. 4�.

Additionally we have studied effects of some kinds of
point defects on the magnetic and magneto-optical properties
of Co2FeAl. If one of eight Fe atoms in the tetragonal cell is
substituted by a Co atom, the shape of the magneto-optical
spectra changes only slightly. It follows from the calculations
that the Co impurity in the Fe sublattice is forced to increase
its local magnetic moments up to Ms=1.531�B and Ml
=0.113�B. These values are much closer to those ones char-
acteristic for the Co metal, as one would expect due to eight
official Co atoms that are the nearest surrounding of the Co
impurity.

FIG. 3. The spin and symmetry projected partial density of
states of Co2FeAl.

FIG. 4. Calculated polar Kerr rotation �lower panel� and ellip-
ticity �upper panel� spectra of the Co2FeAl compound having a
perfect lattice �solid line� and containing vacancies �dashed line�
and Co atoms as antisite defects �dotted line� in the Fe sublattice.
Theoretical results are compared with the experimental spectra
�solid circles� taken from Ref. 51.
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If vacancies are created in the Co2FeAl structure by re-
moving one Fe atom in the tetragonal cell, the effect on the
magneto-optical spectra is quite strong. The energy depen-
dence of the Kerr rotation and ellipticity becomes more
smooth and the overall shape of the curves is closer to the
experimental ones. Note, that the vacancies destroy the fea-
ture at 3.5 eV in the Kerr rotation that is observed experi-
mentally for the Co metal and is very sensitive to the hybrid-
ization of the valence-band electron states in the Co-based
systems with other transition metals.57,58 It can also be as-
sumed to be a Fe deficiency in samples used to obtain the
presented experimental results.51 The Co atoms surrounding
the vacancy in the Fe sublattice are significantly affected by
this defect. The local magnetic moments of these Co atoms
are decreased in comparison to those in the perfect lattice,
Ms=0.784�B and Ml=0.039�B. The vacancy site itself has a
small spin magnetic moment of the opposite sign �Ms

=−�B� induced by extended valence-band electron states.

B. Doped compounds Co2Cr1−xFexAl

�c� Electronic structure: We have calculated the electronic
and magnetic structures as well as the XMCD spectra of the
pseudoternary Heusler series Co2Cr1−xFexAl for x=0 0.125,
0.25, 0.375, 0.5, 0.675, 0.75, and 1. For the calculations of
the doped compounds Co2Cr1−xFexAl the configurations of
Cr and Fe atoms were chosen that are the most symmetrical
ones for the given value of x.

Our calculations show that the spin polarization of the
electron states at the Fermi level for mixed compounds has
quite a high value above 95% with x varying from x=0 up to
x=0.4, and then it decreases rather abruptly. This result, in
fact, supports the conclusion already drawn in Ref. 18. The
spin-orbit interaction taken into account in the fully relativ-
istic calculations reduces the spin polarization at the Fermi
level, and this effect becomes more pronounced with increas-
ing Fe content.

The comparison of calculated results obtained for differ-
ent Fe contents in the doped compounds shows that the local
magnetic moments are determined rather by the kind of the
atomic surrounding than by the actual value of x. As can be
seen from Table I, the local magnetic moments of Co atoms
are very close to each other if the nearest surrounding of Co
atoms is the same in the different doped compounds. We

have presented in Table I the maximal and minimal values of
Ms from all calculated ones for the given local atomic con-
figuration. The differences in the Ml values do not exceed
0.001.

The spin magnetic moment of Fe atoms varies in different
doped compounds from 2.695�B to 2.808�B and depends
mainly on the Fe-Fe distance. Comparison of calculated re-
sults for different local atomic configurations in various
doped compounds shows that the maximal value of Ms is
reached if there are no other Fe atoms in the vicinity of the
considered Fe atom, and this value decreases with the num-
ber of Fe neighbors in the Y sublattice. The calculated orbital
magnetic moment of Fe atoms lies between 0.061�B �small
x� and 0.064�B �x approaching to 1�.

The magnetic states of Cr atoms were found to be very
sensitive to the local atomic surrounding, although the varia-
tions of Ms are relatively small �between 1.518�B and
1.618�B�. It should be noted, that the calculated values of Ml
may have opposite signs even in the same doped compound
if the Cr atoms occupy nonequivalent positions in the Y sub-
lattice. The orbital magnetic moments of Cr atoms vary from
−0.015�B to 0.018�B. Comparing these values of Ms and Ml
with those for the Co2CrAl compound, one can see that the
doping with Fe atoms leads either to increasing or to de-
creasing local magnetic moments of Cr atoms. Unfortu-
nately, we have not found clear trends in the formation of the
Cr magnetic moments like those ones observed for Fe atoms.
It is only determined that the Cr magnetic moments strongly
depend not only on the kind of surrounding atoms but also
on the arrangement of these atoms around the Cr atom.

It can be concluded from the calculated results that the
local magnetic state of Fe atoms is the most stable one in the
doped compounds. It strongly influences the magnetic states
of Co and Cr atoms and plays therefore the leading role in
the formation of the magnetic properties of these com-
pounds.

A large magnetoresistance of about 30% observed6,15 in
the Heusler alloy Co2Cr0.6Fe0.4Al is evidently caused by the
presence of doped Fe atoms since no significant magnetore-
sistive effects were found in Co2CrAl. It could be supposed
that the doped compound with x�0.4 may be really optimal
for technological applications because of a significant Fe
content in combination with a high spin polarization of elec-
tron states at the Fermi level.

Figure 5 shows the spin and symmetry projected partial
density of states of Co2Cr1−xFexAl with x=0.375. In the

TABLE I. Calculated local magnetic moments �in �B� of Co atoms that have different nearest atomic surrounding in the doped
compounds Co2Cr1−xFexAl. For each configuration the range of x values is given, where this configuration is present in the structure models
used in our calculations.

Surrounding
of Co atom

Range
of x

Ms

Mlmin max

4 Cr �0.0, 0.250� 0.713 0.721 0.014

3 Cr+1 Fe �0.125, 0.375� 0.821 0.847 0.024

2 Cr+2 Fe �0.250, 0.750� 0.924 0.961 0.033

1 Cr+3 Fe �0.625, 0.875� 1.011 1.013 0.041

4 Fe �0.750, 1.0� 1.106 1.110 0.048
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model structure there are three nonequivalent positions for
Fe atoms, and two nonequivalent positions for each Co and
Cr atoms. We found that the Co as well as Fe partial DOS’s
are quite similar for the different types. However, Cr�1� and
Cr�2� atoms have visible difference in the energy distribution
of deg

states in the vicinity of the Fermi level.
�d� XMCD spectra: At the core level edge XMCD is not

only element specific but also orbital specific. For 3d transi-
tion metals, the electronic states can be probed by the K, L2,3,
and M2,3 x-ray absorption and emission spectra.

Recently x-ray magnetic circular dichroism in the ferro-
magnetic Co2Cr0.6Fe0.4Al alloy has been measured at the Co,
Fe, and Cr L2,3 edges.23 Due to the differences in the mag-
netic states of atoms that occupy nonequivalent positions in
the lattice of the doped compound, the interpretation of the
experimental results with the aim to determine the local mag-
netic moments becomes a nontrivial problem because in the
experiment a superposition of signals from magnetically dif-
ferent atoms is measured.

To explain the experimental XMCD spectra of
Co2Cr0.6Fe0.4Al alloy we calculated the electronic structure,
x-ray absorption and XMCD spectra for the compound
Co2Cr1−xFexAl with x=0.375 using fully relativistic spin-
polarized LMTO method.

The experimentally measured dichroic lines have different
signs at the L3 and L2 edges of Co, Fe, and Cr.59 In order to
compare relative amplitudes of the L3 and L2 XMCD spectra
we first normalize the corresponding isotropic x-ray absorp-
tion spectra �XAS� to the experimental ones taking into ac-
count the background scattering intensity as described in
Sec. II. Figure 6 shows the calculated isotropic x-ray absorp-
tion and XMCD spectra at the L2,3 edges of Co in the LSDA
approach together with the experimental data.23 The contri-

bution from the background scattering is shown by the dotted
line in the upper panel of Fig. 6. The two nonequivalent Co
ions produce similar XAS’s with almost identical energy po-
sitions and intensities, therefore we present in Fig. 6 XAS
and XMCD spectra as a sum over the nonequivalent atoms.

Because of the dipole selection rules, apart from the 4s1/2
states �which have a small contribution to the XAS due to
relatively small 2p→4s matrix elements� only 3d3/2 states
occur as final states for L2 XAS for unpolarized radiation,
whereas for the L3 XAS 3d5/2 states also contribute.35 Al-
though the 2p3/2→3d3/2 radial matrix elements are only
slightly smaller than for the 2p3/2→3d5/2 transitions the an-
gular matrix elements strongly suppress the 2p3/2→3d3/2
contribution.35 Therefore neglecting the energy dependence
of the radial matrix elements, the L2 and the L3 spectrum can
be viewed as a direct mapping of the DOS curve for 3d3/2
and 3d5/2 character, respectively.

The experimental Co XAS has a pronounced shoulder at
the L3 peak shifted by about 4 eV with respect to the maxi-
mum to a higher photon energy. This structure is less pro-
nounced at the L2 edge. This result can be ascribed to the
lifetime broadening effect because the lifetime of the 2p1/2
core hole is shorter than the 2p3/2 core hole due to the L2L3V
Coster-Kronig decay. This feature is partly due to the inter-
band transitions from the 2p core level to 3d empty states at
around 4.7–5.5 eV just above the quasigap �Fig. 7�. On the
other hand, analyzing the upper panel of Fig. 6 we can con-
clude that the experimentally measured Co L3 XAS still has
an additional intensity around 4 eV which is not produced by
the theoretical calculations. The feature is reproduced theo-
retically also at the Fe and Cr L3 edges �see Figs. 8 and 9�.
Although the structure is less pronounced in these cases it
also cannot be fully reproduced by the theoretical calcula-
tions. It might be indicated that an additional satellite struc-

FIG. 5. The spin and symmetry projected partial density of
states of Co2Cr0.625Fe0.375Al compound.

FIG. 6. Calculated �thick full line� and experimental �circles�
isotropic absorption �a� and XMCD spectra �b� of
Co2Cr0.625Fe0.375Al compound at the Co L2,3 edges. Experimental
spectra �Ref. 23� were measured with external magnetic field
�0.3 T� for the quenched sample. The upper panel also shows the
background spectra �dotted line� due to the transitions from inner
2p1/2,3/2 levels to the continuum of unoccupied levels �Ref. 37�.
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ture can affect the high energy tails of the Co, Fe, and Cr L2,3
XAS’s. This question needs an additional theoretical investi-
gation using an appropriate many-body treatment.

The XMCD spectra at the L2,3 edges are mostly deter-
mined by the strength of the SO coupling of the initial 2p
core states and spin polarization of the final empty 3d3/2,5/2
states while the exchange splitting of the 2p core states as
well as the SO coupling of the 3d valence states are of minor
importance for the XMCD at the L2,3 edge of 3d transition
metals.35 The calculated Co L2,3 XMCD spectra are in good
agreement with the experiment, although the calculated mag-
netic dichroism is somewhat too high at the L2 edge. The
main reason for this discrepancy is the core-hole effect.
When the 2p core electron is photoexcited to the unoccupied
d states, the distribution of the charge changes to account for
the hole created. This effect is not taken into account by the
method we used for the electronic structure calculations, and
it is likely to lead to the observed discrepancy.60

It should be noted, that for Fe atoms we have not found
noticeable differences in the shape of the XMCD spectra for

atoms occupying nonequivalent positions, therefore we
present in Fig. 8 the Fe XAS and XMCD L2,3 spectra as a
sum over all three nonequivalent atoms. The agreement be-
tween theory and the experiment is similar as it was found
previously in the Co �Fig. 6�.

Figure 9 presents the calculated isotropic absorption as
well as XMCD spectra of the Co2Cr0.625Fe0.375Al compound
at the Cr L2,3 edges compared with the experimental data
measured in the Co2Cr0.6Fe0.4Al alloy.23 The theoretical re-
sults are given for 4 Cr�1� and 1 Cr�2� atoms. A small dis-
agreement in the amplitude of the spectra at around
3 to 7 eV might be caused by possible disorder in the occu-
pation of the Y sublattice by Cr and Fe atoms in the real
structure of this compound.

To investigate the influence of the initial state on the re-
sulting XMCD spectra we calculated also the XAS and
XMCD spectra of the Co2Cr0.625Fe0.375Al alloy at the M2,3
edges. The magnetic dichroism at the M2,3 edge is much
smaller than at the L2,3 edge �Fig. 10�. Besides the M2 and
the M3 spectra are strongly overlapped due to the small spin-
orbit splitting of the 3p core levels; the M3 spectrum contrib-
utes to some extent to the structure of the total M2,3 spectrum
in the region of the M2 edge. To decompose a corresponding
experimental M2,3 spectrum into its M2 and M3 parts will
therefore be quite difficult in general.

We calculated also the XAS and XMCD spectra of Co,
Fe, and Cr at the K edges. Figure 11 shows the calculated

FIG. 7. The Co, Fe, and Cr d-partial density of unoccupied
states �in states/�atom eV�� of Co2Cr0.625Fe0.375Al.

FIG. 8. Calculated �thick full line� and experimental �circles�
�Ref. 23� isotropic absorption �a� and XMCD spectra �b� of the
Co2Cr0.625Fe0.375Al compound at the Fe L2,3 edges. The upper panel
also shows the background spectra �dotted line� due to the transi-
tions from the inner 2p1/2,3/2 levels to the continuum of unoccupied
levels �Ref. 37�.

FIG. 9. Calculated �thick full line� and experimental �circles�
�Ref. 23� isotropic absorption �a� and XMCD spectra �b� and �c� of
the Co2Cr0.625Fe0.375Al compound at the Cr L2,3 edges. The upper
panel also shows the background spectra �dotted line� due to the
transitions from the inner 2p1/2,3/2 levels to the continuum of unoc-
cupied levels �Ref. 37�. Full and dashed lines present the spectra for
Cr1 Cr2, respectively.
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XMCD in terms of the difference in absorption ��K=�K
+

−�K
− for the left and right circularly polarized radiation. Be-

cause dipole allowed transitions dominate the absorption
spectrum for unpolarized radiation, the absorption coefficient
�K

0 �E� �not shown� reflects primarily the DOS of the corre-
sponding unoccupied 4p-like states Np�E� above the Fermi
level. Due to the energy dependent radial matrix element for
the 1s→4p there is no strict one-to-one correspondence be-
tween �K�E� and Np�E�. The exchange splitting of the initial
1s-core state is extremely small61 therefore only the ex-
change and spin-orbit splitting of the final 4p states is re-
sponsible for the observed dichroism at the K edge. For this
reason the dichroism is found to be very small �Fig. 11�.

�e� Magnetic moments: In magnets, the atomic spin Ms
and orbital Ml magnetic moments are basic quantities and
their separate determination is therefore important. Methods
of their experimental determination include traditional gyro-
magnetic ratio measurements,62 magnetic form factor mea-
surements using neutron scattering,63 and magnetic x-ray
scattering.64 In addition to these, the recently developed
x-ray magnetic circular dichroism combined with several
sum rules38–41 has attracted much attention as a method of
site- and symmetry-selective determination of Ms and Ml.
Table II presents the comparison between calculated and ex-
perimental magnetic moments in Co2Cr0.625Fe0.375Al. The
spin magnetic moment at the Al site is very small and has an
opposite direction to the spin moment at transition metal
sites.

It is interesting to compare the spin and orbital moments
obtained from the theoretically calculated XAS and XMCD

spectra through sum rules �Eqs. �10� and �11�� with directly
calculated LSDA values. In this case we at least avoid all the
experimental problems. A similar comparison between the
LSDA calculated magnetic moments and the ones derived by
applying the sum rules to the theoretical spectra has been
previously carried out also for the half-Heusler alloys.65 The
number of the transition metal 3d electrons is calculated by
integrating the occupied d partial density of states inside the
corresponding atomic sphere which gives the values aver-
aged for the nonequivalent sites nCo=7.749, nFe=6.540, and
nCr=4.567. Sum rules reproduce the spin magnetic moments
within 14%, 10%, and 17% and the orbital moments within
28%, 54%, and 83% for Co, Fe, and Cr, respectively �Table
II�. XMCD sum rules are derived within an ionic model us-
ing a number of approximations. For L2,3, they are27 �1� ig-
nore the exchange splitting for the core levels, �2� replace the
interaction operator � ·a� in Eq. �8� by � ·a�, �3� ignore the
asphericity of the core states, �4� ignore the difference of d3/2
and d5/2 radial wave functions, �5� ignore p→s transitions,
�6� ignore the energy dependence of the radial matrix ele-
ments. To investigate the influence of the last point we ap-
plied the sum rules to the XMCD spectra calculated neglect-
ing the energy dependence of the radial matrix elements. As
can be seen from Table II using the energy independent ra-
dial matrix elements reduces the disagreement in spin mag-
netic moments to 4%, 2%, and 1% and in the orbital moment
to 7%, 9%, and 0% for Co, Fe, and Cr, respectively. These
results show that the energy dependence of the matrix ele-
ments affects strongly the values of both the spin and the

FIG. 10. The calculated XMCD spectra of the
Co2Cr0.625Fe0.375Al compound at the Co, Fe, and Cr M2,3 edges
�thick full lines show the sum of the spectra at the M3 and M2 edges
and all the nonequivalent atoms�.

FIG. 11. The calculated XMCD spectra �multiplied by factor
103� of the Co2Cr0.625Fe0.375Al compound at the Co, Fe, and Cr K
edges �thick full lines show the sum of the spectra for all non-
equivalent atoms�.
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orbital magnetic moments derived using the sum rules. The
largest discrepancy was found for Cr magnetic moments, be-
cause Cr has the largest width of the d energy band.

The value of the orbital magnetic moments derived from
the experimental XMCD spectra is considerably higher in
comparison with our band structure calculations �Table II�. It
is a well-known fact, however, that LSDA calculations are
inaccurate in describing orbital magnetism.27,35 In the LSDA,
the Kohn-Sham equation is described by a local potential
which depends on the electron spin density. The orbital cur-
rent, which is responsible for Ml, is, however, not included in
the equations. This means, that although Ms is self-
consistently determined in the LSDA, there is no framework
to determine simultaneously Ml self-consistently. Numerous
attempts have been made to better estimate Ml in solids.
They can be roughly classified into two categories. One is
based on the so-called current density functional theory66–68

which is intended to extend density functional theory to in-
clude the orbital current as an extra degree of freedom,
which describes Ml. Unfortunately an explicit form of the
current density functional is at present unknown. The other
category includes orbital polarization,69–72 self-interaction
correction,73 and LSDA+U74,75 approaches.

To calculate Ml beyond the LSDA scheme we used the
rotationally invariant LSDA+U method.75 We used U=J
=1.0 eV for transition metal sites. In this case Ueff=U−J

=0 and the effect of the LSDA+U comes from nonspherical
terms which are determined by F2 and F4 Slater integrals.
This approach is similar to the orbital polarization correc-
tions mentioned above.35 The LSDA+U calculations pro-
duce the orbital magnetic moments equal to 0.048�B,
0.083�B, and 0.010�B for Co, Fe, and Cr sites, respectively.
These values are somewhat larger than the LSDA values but
still smaller than the experimental estimations.

The calculated total magnetic moment of Co2Cr0.6Fe0.4Al
is 3.68�B per unit cell. On the other hand, the total magnetic
moment derived from the sum rules applied to the experi-
mentally measured XAS and XMCD spectra was found to be
only 1.34�B per unit cell.23 It is important to note that the
sum rule derived total magnetic moment is inconsistent not
only with respect to the theoretical results but most impor-
tantly also with respect to the value derived from the SQUID
magnetometry measurements �3.2�B at 300 K and 3.5�B ex-
trapolated to 0 K� on the same sample.23 This inconsistency
can indicate some problems in applying the sum rules in this
particular Heusler alloy. As can be seen from Table II the
missing magnetic moment compared with the theoretical es-
timation is mainly due to a reduction of the Cr spin magnetic
moment. On the other hand, the Cr L3 and the L2 spectra
strongly overlap �see upper panel of Fig. 9�. Therefore the
decomposition of a corresponding experimental L2,3 spec-
trum into its L3 and L2 parts is quite difficult and can lead to
additional errors in the estimation of the magnetic moments
using the sum rules �the integration �L3

and �L2
in Eq. �11�

must be taken over the 2p3/2 and 2p1/2 absorption regions
separately�.

Authors of Ref. 23 suggested that in the experiment the
origin of the prominent decrease of the total magnetic mo-
ment might be also a remaining disorder between Cr and Co.
The calculations by Miura et al.18,19 show that the antisite Cr
antiferromagnetically couples with the nearest-neighbor
ordinary-site Cr, and the total magnetic moment decreases
with increasing the disorder. Other possibilities, such as non-
stoichiometry at surface and interface may also be important
in the present system.18 For example, the observed magnetic
moment of thin film Co2Cr0.6Fe0.4Al at 5 K is 2.04�B per
unit cell.22 However, larger magnetic moments have been
obtained for bulk Co2Cr0.6Fe0.4Al.15,23

IV. SUMMARY

We have studied by means of an ab initio fully relativistic
spin-polarized Dirac linear-muffin-tin-orbital method the
electronic structure and x-ray magnetic dichroism spectra of
the Heusler alloys Co2Cr1−xFexAl �x=0, 0.125, 0.25, 0.375,
0.5, 0.625, 0.75, and 1�.

An important feature of the electronic structure of
Co2CrAl is a sharp peak in the DOS of the majority-spin
electrons at the Fermi level. The presence of the peak at EF
can be responsible for the antisite disorder in Co2CrAl.18 The
spin-polarized calculations show that Co2CrAl is a half-
metallic ferromagnet. The calculated total DOS shows a gap
of 0.18 eV for minority spin electrons. The gap in the minor-
ity bands is due to the Co-Cr interactions as the strongest
bonding interactions. The spin-orbit coupling destroys the

TABLE II. The experimental and calculated spin Ms and orbital
Ml magnetic moments �in �B� of Co2Cr0.625Fe0.375Al �spin in orbital
moments are averaged over different nonequivalent atomic
positions�.

Method Atom Ms Ml

LSDA Al −0.074 0.0

Co 0.887 0.029

Fe 2.733 0.061

Cr 1.524 0.006

Sum rules Co 0.764 0.021

Fe 2.469 0.028

Cr 1.244 0.001

Sum rulesa Co 0.923 0.031

Fe 2.787 0.056

Cr 1.533 0.006

LSDA+U Co 0.909 0.048

Fe 2.700 0.083

Cr 1.537 0.010

Expt.b Co 0.96 0.12

Fe 2.37 0.33

Cr 0.40 0.04

aSum rules applied for the XMCD spectra calculated with ignoring
the energy dependence of the radial matrix elements.
bReference 23.
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energy gap in the minority-spin states. Nevertheless, the spin
polarization of electron states at the Fermi energy in the Heu-
sler alloys Co2Cr1−xFexAl is still high �about 95%� for the
compositions between x=0 and x=0.4, owing to high peaks
at the Fermi energy in the majority-spin local DOS at Cr and
Co atoms. Further increasing of Fe content leads to the
abrupt decreasing of the spin polarization of carriers.

The local electronic and magnetic structures of Fe atoms
are quite stable and depend essentially on the mean distance
to other Fe atoms. The concentration and arrangement of Fe
atoms in the lattice play the leading role in the formation of
the magnetic properties of the compounds, determining to a
considerable extent the magnetic states of Co and Cr atoms.
In these circumstances the properties of doped compounds
may be sensitive to the techniques of the sample preparation
or to the kind of heat treating, whether Fe atoms are statisti-
cally distributed over the whole lattice or they create Fe-rich
clusters in the doped compound.

The band structure calculations in the LSDA approxima-
tion reproduce quite well the shape of the XAS and XMCD
spectra at the Co, Fe, and Cr L2,3 edges. The magnetic di-
chroism at the M2,3 edge is much smaller than at the L2,3
edge. Besides the M2 and the M3 spectra are strongly over-
lapped due to the small spin-orbit splitting of the 3p core
levels. The exchange splitting of the initial 1s-core state is

extremely small therefore only the exchange and spin-orbit
splitting of the final 4p states is responsible for the observed
dichroism at the K edge. For this reason the dichroism is
found to be very small �three orders of magnitude less inten-
sive in comparison with the dichroism at the L2,3 edges�. The
energy dependence of the matrix elements affects strongly
the values of both the spin and the orbital magnetic moments
derived from the calculated XAS and XMCD spectra using
the sum rules.

Our calculations show that the magneto-optical measure-
ments are sensitive to changes in the structure of compounds
�doping, disorder, etc.� accompanied by changes of the mag-
netic states of atoms. To our knowledge, the last systematical
magneto-optical investigations49,50 of Heusler alloys were
performed over 20 years ago, and recent accurate magneto-
optical results �especially for doped compounds� are still
lacking. These measurements however seem to be very use-
ful.
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