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The electronic structure and x-ray magnetic circular dichroism (XMCD) spectra of the Heusler alloy

CoyFeGa were investigated theoretically from first principles, using the fully relativistic Dirac linear MT-orbital

(LMTO) band structure method. Densities of valence states, orbital and spin magnetic moments are analyzed and

discussed. The origin of the XMCD spectra in the Co,FeGa compound is examined. The calculated results are

compared with available experimental data.
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1. Introduction

Electronic devices exploiting the spin of an electron
have being attracted great scientific interest [1]. Their basic
element is a ferromagnetic electrode providing a spin-
polarized electric current. In this context the most interest-
ing materials are ones with a complete spin-polarization at
the Fermi level. The rapid development of magneto-
electronics intensified the interest in such materials. Addi-
tion of the spin degree of freedom to conventional elec-
tronic devices has several advantages such as the nonvola-
tility, the increased data processing speed, the decreased
electric power consumption and the increased integration
densities [1,2]. The current advances in new materials are
promising for engineering new spintronic devices in the
near future [2].

A metal for spin-up and a semiconductor for spin-down
electrons is called half-metallic ferromagnet (HMF) [3],
and Heusler compounds have been considered potential
candidates to show this property. The full Heusler alloys
are defined as well-ordered ternary intermetallic com-
pounds, at the stoichiometric composition X;YZ, which
have the cubic L2; structure. These compounds involve
two different transition metal atoms X, and Y, and a third
element Z which is a nonmagnetic metal or nonmetallic
element. Currently the Heusler alloys are at the focus of a
large scientific interest due to their potential for applica-
tions in magnetic field sensors and spintronic devices [1].
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In this paper we investigate the Heusler alloy CoFeGa.
This compound is one of the most promising candidates for
spintronic applications.

The magnetic structure of CopFeGa was studied by
M. Kawakami et al. [4]. They measured the V and Mn hyper-
fine field in two types of diluted magnetic compounds, name-
ly Co2T1 xVxGa and CopT 1 yMnyGa, where T = (Tj, Cr, Fe).
The extrapolated local magnetic moments in CoyFeGa were
found to be pe, = (0.9+0.1)ug, pg = 3.4+£03)ug as
Xx— 0and pc, = (1.0£0.0)ug, pg = (3.1£0.3)ug as

y — 0. The total magnetic moment of Co,FeGa was esti-
mated to be equal to 5.19 pg /fu.

The spin density in CopFeGa has been measured in a
magnetic Compton scattering experiment [5]. The magne-
tic Compton profiles for the [100], [110], and [111] prin-
cipal directions show anisotropy in the momentum density
which is in good agreement with the results of full-
potential linear augmented plane wave (FLAPW) calcula-
tions [5]. The theoretically calculated 3d spin moments at
the Co and Fe sites have been found to be 1.20 pg and
2.66 pg. Authors analyzed the total and partial densities
of states and revealed that CooFeGa can not be classified
as a half metallic ferromagnet.

The magnetic and transport properties of the CoyFeGa
investigated by Ming Zhang et al. [6]. The lattice parameter
was found to be a = (5.727 £ 0.012) A. The spontaneous
moment at 5 K obtained by extrapolation corresponds to
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5.15 pg/fu. The temperature dependence of the magnetiza-
tion follows the spin-wave behavior at low temperature. The
electrical resistivity behaves according to a 721 power law,
which may be mainly attributed to electron—electron scatter-
ing, and the contribution of electron—phonon scattering to
the resistivity, which can give rise to T> behavior, seems to
be small. At the temperatures 60 K < T < 250 K, the elec-
trical resistivity evolves to nearly linear 7131 power law.
Point contact Andreev reflection measurements of the spin-
polarization yield a polarization of 59%, which is in consis-
tent with the theoretical prediction by a first-principles cal-
culations [6]. The authors have shown that the loss of half-
metalicity is due to strong hybridization between the Co 3d
and Fe 3d states, resulting in a marked reduction of the spin
polarization ratio P for the CooFeGa alloy.

Magnetic properties of CorCri_xFexGa (x = 1.00, 0.80,
0.50, 0.25 and 0.0) Heusler alloys investigated by Umetsu
et al. [7]. Room temperature lattice constants a for x =
=1.00 were equal to 5.741 A. For x = 1.00, the value of
saturation magnetization is about 5.17 pg/fu., larger than
the expected value of 5 pg /fu. from the generalized Slater—
Pauling line. The authors expect that such a large value of
the magnetic moment would be explained by taking into
account the contribution from the orbital magnetic moment.
They found the value of Curie temperature T increases
with increasing x and is about 1093 K for CopFeGa. The
theoretical investigations have not revealed the half-
metalicity in CopFeGa. Large ratios of the spin polarization
P in CoyCri_xFexGa series have been obtained not only in
the L21-type phase but also in the B2-type one. The half-
metalicity becomes weaker with increasing X, because a
large DOS for Cr at Eg in the majority spin band disap-
pears and the gap in the minority spin band becomes narrow
due to the hybridization between Fe 3d and Co 3d states.
For CosFeGa they have found the spin polarization ratio to
be slightly larger than 40%.

The Curie temperature for the Heusler compound
CooFeGa was theoretically estimated in a frame of the local-
density approximation in Ref. 8. The theoretically calculated
value Tctheory = 1185 K was found to be in a good agreement
with the experimental measurements TSP = 1100 K.

The ternary nanoparticles based on the Heusler com-
pound CopFeGa have been prepared and investigated by
means of x-ray diffraction (XRD), transmission electron
microscopy, temperature dependent magnetometry and
Maossbauer spectroscopy by L. Basit et al. [9]. All methods
clearly revealed the Heusler-type L2; structure of the na-
noparticles. In particular, anomalous XRD data demon-
strate the correct composition in addition to the occurrence
of the L2 structure. Mdssbauer spectroscopy also has
confirmed the Heusler-type character of the CopFeGa na-
noparticles, with the obtained hyperfine magnetic field
Hpr =24.15 kA/m being in well agreement with the value
obtained for bulk samples of CopFeGa. Namely, the Heus-
ler-type character of the particles has been revealed by the
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absence of a quadrupole splitting of the spectrum unambi-
guously indicating the cubic environment of the iron atoms
and confirming the Oy symmetry of the Fe sites expected
in the Heusler-type L2; structure. The lattice parameter
has been determined to be a = (0.57310 £ 0.00008) nm at
room temperature (300 K). This value is about 0.24%
smaller than in polycrystalline bulk material. The magnetic
moment of the particles is about 5 pg at low temperature
in good agreement with the value of bulk material. This
suggests that the magnetic properties are conserved even in
particles on the 10—15 nm scale.

This paper is devoted to the theoretical calculations of the
electronic structure and x-ray magnetic circular dichroism in
CosFeGa. Recently x-ray magnetic circular dichroism mea-
surements in the ferromagnetic CooFeGa were carried out
by Umetsu et al. [10] at the Co, Fe and Ga L, 5 edges.

This paper is organized as follows. Section 2 presents a
description of CooFeGa crystal structure as well as the com-
putational details. Section 3 is devoted to the electronic
structure and XMCD spectra of CeFe; calculated with the
fully relativistic Dirac LMTO band structure method. The
calculated results are compared with the available experi-
mental data. Finally, the results are summarized in Sec. 4.

2. Crystal structure and computational details

The Heusler-type X2YZ compound crystallizes in the
cubic L2; structure with Fm3m space group (No. 225). It
is formed by four interpenetrating fcc sublattices as shown
in Fig. 1. The X ions occupy the 8¢ Wyckoff positions
(x=1/4,y=1/4,z=1/4). The Y ions occupy the 4a posi-
tions (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). All atoms have eight
nearest neighbors at the same distance. The Y and Z atoms
have eight X atoms as nearest neighbors, while for X there
are four Y and four Z atoms.

The details of the computational method are described
in the previous papers [11,13], and here we only mention
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Fig. 1. (Color online) Schematic representation of the L2 struc-
ture. The cubic cell contains four primitive cells.
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some aspects specific to the present calculations. The cal-
culations were performed using the spin-polarized fully
relativistic linear-muffin-tin-orbital (SPR LMTO) method
[14,15] with the combined correction term taken into ac-
count. The LSDA part of the calculations was based on the
spin-density functional with the Perdew—Wang [16] of the
exchange-correlation potential. Brillouin zone (BZ) inte-
grations were performed using the improved tetrahedron
method [17] and charge self-consistency was obtained on a
grid of 331 K points in the irreducible part of the BZ. The
basis consisted of s, p, d, and f LMTO's.

The intrinsic broadening mechanisms have been ac-
counted for by folding the XMCD spectra with a Lorent-
zian. For the finite lifetime of the core hole a constant
width I';, in general from Ref. 18, has been used. The
finite apparative resolution of the spectrometer has been
accounted for by a Gaussian of 0.9 eV

3. Results and discussion
3.1. Energy band structure

The total and partial DOS's of CoyFeGa are presented in
Fig. 2. The results agree well with previous band structure
calculations [5,7,8]. The occupied part of the valence band
can be subdivided into several regions. Ga 2S states appear
between —10.5 eV and —7.0 eV. The states in the energy
range —5.5 eV to 4.0 eV are formed by Co and Fe d states
and Ga p states. CopFeGa has a local magnetic moments of
Ms = 1.103pug, My = 0.048ug on Co, Ms = 2.694ug, M| =
=0.069up on Fe, and Mg =—-0.065ug (see Table 1). The total
magnetic moment was found to be equal to 4.83 pg.

Table 1. The experiment and calculated spin Mg, orbital My,
and total Mg+ M| magnetic moments (in pg) of CopFeGa

Method Atom Mg M Ms+M; | Total Mg
Co | 1.103 | 0.048 | 1.151
LSDA 4.83
Fe | 2694 | 0069 | 2.763
Co | 0.681 | 0.027 | 0.708
I 2
Sumrules | 1975 | 0040 | 1815 | o2
Co | 1.071 | 0.049 | 1.120
les 4.
Sumrules™ | o 2496 | 0.068 | 2.564 7
» | Co | 1.089 | 0.050 | 1.139
| 4,
Sumrules™ | 2505 | 0069 | 2.594 86
Exper. [10] Co 1.22 0.08 1.30 54
(sum rules) Fe 2.96 0.06 3.02 )
Exper. [1
xper. [10] | - — 1 09+0.1
(hyperfine F 3,440 1 5.2
field) © o

Sum rules applied for the XMCD spectra calculated ignoring the
energy dependence of the radial matrix elements.

°Sum rules applied for the XMCD spectra calculated ignoring
the energy dependence of the radial matrix elements and ig-
noring p — S transitions.
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The hybridization between Fe and Co d states plays
an important role in the formation of the band structure of
CoyFeGa. It leads to the splitting of the d states into the
bonding states which have Co and Fe d character and
antibonding states at about 1 eV above Eg with stronger
contribution of Fe d states. We should mention that the
spin-orbital splitting of d states on dz/» and dsy» is much
smaller than the splitting caused by the crystal field. At
the Co 8c site (Ty point symmetry) it causes the splitting
of d orbitals into a doublet e (3z2 ~1and x> - y2) and
a triplet t, (Xy, yz, and Xz). The crystal field at the Fe 4a
site (O;, point symmetry) splits Fe d states into
ey (322 —1 and x> - y2) and g (Xy, yz, and Xz) states.
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Fig. 2. (Color online) The total (in states/(cell-eV)) and partial (in

states/(atom-eV)) density of states of CopFeGa. The Fermi energy
is at zero.
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3.2. XMCD spectra

At the core level edge XMCD is not only element-specific
but also orbital specific. For 3d transition metals, the elec-
tronic states can be probed by the K, L 3 and My 3 x-ray ab-
sorption and emission spectra. The experimental measure-
ments of the XMCD spectra in ferromagnetic CooFeGa were
carried out by Umetsu et al. [10] at the Co, Fe and Ga Lo 3
edges. Authors estimated the ratios of the orbital magnetic
moment to the spin magnetic moment M/Mspin being equal
to 0.06 and 0.02 for Co and Fe, respectively. The application
of the sum rules leads to Ms = 1.22ug, M; = 0.08ug per Co
atom and Mg = 2.96pg, M| = 0.06ug per Fe atom. The orbital
magnetic moments of these two elements were found to be
small. The contribution from the Ga magnetic moment which
might be induced in the conduction band to the total magnet-
ic moment is considered to be negligibly small, though a
small finite moment in the Ga 4 states was found.

Figure 3 shows the XAS and XMCD spectra at the Co
L, 3 edges calculated in the LSDA approach together with
the experimental data [10]. The corresponding spectra for
Fe and Ga are presented in Figs. 4 and 5, respectively.

Because of the dipole selection rules, apart from the 4s;/,
states (which have a small contribution to the XAS due to

Co Ly 3
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° ° ° Exper.
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770 780 790 800 810 820
Energy, eV

Fig. 3. (Color online) Upper panel: calculated as well as experi-
mental (circles) x-ray absorption spectra of CopFeGa at the Co L3
edges. Experimental spectra [10] were measured by means of total
photoelectron yield with external magnetic field 1.9 T at 18 K. Low
panel: theoretically calculated in LDSA and experimental [10]
(circles) XMCD spectra of CopFeGa at the Co L, 3 edges.
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relatively small 2p — 4S matrix elements) only 3d3, states
occur as final states for L, XAS for unpolarized radiation,
whereas for the Ly XAS the 3ds; states also contribute [19].
Although the 2p3» — 3d3/ radial matrix elements are only
slightly smaller than for the 2p3;» — 3ds; transitions the
angular matrix elements strongly suppress the 2p3» — 3d32
contribution [19]. Therefore neglecting the energy depen-
dence of the radial matrix elements, the L, and the L5 spec-
trum can be viewed as a direct mapping of the DOS curve for
3ds/2 and 3ds/; character, respectively.

The experimental Co XAS has a pronounced shoulder
at the L peak at around 783 eV shifted by about 4 eV
with respect to the maximum to higher photon energy. This
structure is less pronounced at the L, edge, which can be
ascribed to the lifetime broadening effect because the life-
time of the 2pj/; core hole is shorter than the 2p3/; core
hole due to the L,L5V Coster—Kronig decay. This feature
is partly due to the interband transitions from 2p core
level to Co 3d empty states at around 5 eV above the Fermi
level. Actually, as can be seen from Fig. 2, Co d partial
DOS's have two pronounced peaks at 0.5 eV and approx-
imately 5 eV above the Fermi level. Both the features are
reflected in the theoretically calculated XAS at the Co Ly
edge around 779 and 783 eV, respectively (Fig. 3), al-
though the second peak is less pronounced in the theoreti-
cal spectrum.

Figure 4 presents the calculated XAS as well as XMCD
spectra of the CopFeGa compound at the Fe L, edges
together with the experimental data [10]. The peak in the
empty partial Fe d DOS at around 7 eV above the Fermi
level is less intensive in comparison with the correspond-
ing peak in the Co d partial DOS (see Fig. 2), therefore
the high-energy fine structure is less pronounced and
shifted towards higher energy in comparison with the simi-
lar structure in the Fe XAS (compare Figs. 3 and 4).

It may be seen in the upper panel of Fig. 3 that the ex-
perimentally measured Co L3 XAS has some additional
intensity around 783 eV above Ep which is not complete-
ly reproduced by the theoretical calculations. A similar
situation also appear in the Fe Ly XAS (Fig. 4) where the
theoretical one-particle calculations does not reproduce all
the intensity at around 712 eV. This might indicate that
additional satellite structures may appear due to many-
body effects at the high-energy tails of both the Co and Fe
L,3 XAS's. This question needs additional theoretical
investigation using an appropriate many-body treatment.

The calculated Co and Fe L,; XMCD spectra are in
good agreement with the experiment [10], although the
calculated magnetic dichroism is somewhat too high at the
L, edge. One of the reasons for this discrepancy might be
the core-hole effect [20]. When the 2p core electron is pho-
to-excited to the unoccupied d states, the distribution of
the charge changes to account for the created hole. We
have taken into account this effect in the additional elec-
tronic structure calculations using super-cell approximation

863



D.A. Kukusta, V.N. Antonov, and A.N. Yaresko

10

Intensity, arb. units

LSDA
° Exper.

] [}

XMCD, arb. units

700 710 720 730
Energy, eV

Fig. 4. (Color online) Upper panel: calculated as well as experi-
mental (circles) x-ray absorption spectra of CopFeGa at the Fe
L,3 edges. Experimental spectra [10] were measured by means
of total photoelectron yield with external magnetic field 1.9 T at
18 K. Low panel: theoretically calculated in LDSA and experi-
mental [10] (circles) XMCD spectra of CopFeGa at the Fe L; 3
edges.

and found that the agreement with the experimental
XMCD spectra is slightly improved (not shown) so such
the effect does not fully explain the overestimation of the
XMCD at the L, edge. This question also needs additional
theoretical investigation.

Figure 5 presents the calculated XAS as well as XMCD
spectra of the CooFeGa compound at the Ga L, ; edges
compared with the experimental data [10]. The Ga partial
d DOSs are extended from —5 eV to more than 10 eV
above Fermi level Eg. Therefore the Ga L, and L5 x-ray
absorption spectra are wide-ranged and strongly overlaped
(see Fig. 5). The Ga L3 XA spectra have four major
peaks located at the 1123, 1134, 1142, 1152, 1161 eV and
flat structure at around 1172 to 1180 eV range. The low-
energy peak at the 1123 eV also has well defined shoulder
at 1119 eV. The first three low-energy peaks belong to the
L; XAS, the high-energy peak at the 1161 eV and flat
structure at around 1172 to 1180 eV are mostly determined
by the x-ray absorption at the L, edge. However, both the
L; and L, equally contribute to the intensity of the peak
at the 1152 eV. The energy position of the L5 low-energy
peaks at the 1123 eV and L, peaks at the 1161 and
1175 eV are well reproduced by the theory. However, the
theoretically calculated peaks at the 1134 and 1142 eV are
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Fig. 5. (Color online) Upper panel: calculated as well as experi-
mental (circles) x-ray absorption spectra of CopFeGa at the Ga
L, 3 edges. Experimental spectra [10] were measured by means of
total photoelectron yield with external magnetic field 1.9 T at 18 K.
Low panel: theoretically calculated in LDSA and experimental [10]
(circles) XMCD spectra of CopFeGa at the Ga L, 3 edges.

shifted towards higher energies. One of possible reason for
such the discrepancy is linearized nature of the LMTO
band structure method [14].

The XMCD spectra have major peaks at the 1122 and
1150 eV at the Ly and Lj edges, respectively, with oppo-
site signs and additional fine structures at higher energies.
The theory quite well describe the intensity and energy posi-
tion of these major peaks, however, the energy position of
higher energy peaks are shifted in comparison with the expe-
rimental measurements as it was observed in the x-ray ab-
sorption. Besides, for the energies higher than peak at 1132
eV for the Ls spectrum and above 1167 eV for the L3 spec-
trum theory gives some additional oscillating structures,
while the experimental spectrum is a smooth function of
energy. Such the oscillation behavior of the high-energy
part of the theoretical spectra could possibly be damped by
the quasiparticle life-time effect, which is not taken into
account in our calculations.

3.3. Magnetic moments

In magnets, the atomic spin Mg and orbital M| magnetic
moments are basic quantities and their separate determina-
tion is therefore important. The methods of their experi-
mental determination include traditional gyromagnetic
ratio measurements [21], magnetic form factor measure-
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ments using neutron scattering [22], and magnetic x-ray
scattering [23]. In addition to these, the recently developed
x-ray magnetic circular dichroism combined with several
sum rules [24-27] has attracted much attention as a method
of site- and symmetry-selective determination of Mg and M.

Because of the significant implications of the sum rules,
numerous experimental and theoretical studies aimed at
investigating their validity for itinerant magnetic systems
have been reported, but with widely different conclusions.
The claimed adequacy of the sum rules varies from very
good (within 5% agreement) to very poor (up to 50% dis-
crepancy) [19]. This lack of a consensus may have several
origins. On the theoretical side, it has been demonstrated
by circularly polarized 2p resonant photoemission mea-
surements of Ni that both the band structure effects and
electron—electron correlations are needed to satisfactorily
account for the observed XMCD spectra [28]. However, it
is extremely difficult to include both of them in a single
theoretical framework. Besides, the XAS as well as
XMCD spectra can be strongly affected (especially for the
early transition metals) by the interaction of the excited
electron with the created core hole [20,29]. On the experi-
mental side, the indirect x-ray absorption techniques, i.e.,
the total electron and fluorescence yield methods, are
known to suffer from saturation and self-absorption effects
that are very difficult to correct for Ref. 30. They are sensi-
tive to the varying applied magnetic field, changing the
electron detecting efficiency, or, equivalently, the sample
photocurrent [31].

The Fe Ly and L, spectra in CopoFeGa are strongly
overlapped therefore the decomposition of a corresponding
experimental L, 3 spectrum into its Ly and L, parts is

quite difficult and can lead to a significant error in the es-
timation of the magnetic moments using the sum rules

since the integration IL3 and L must be taken over the
2p3/2 and 2p1/2 absorption regions separately. Besides, the
experimentally measured Co and Fe L, 3 x-ray absorption
spectra have background scattering intensity and the inte-
gration of the corresponding XASs may lead to an addi-
tional error in the estimation of the magnetic moments us-
ing the sum rules.

We have compared the spin and orbital moments ob-
tained from the theoretically calculated XAS and XMCD
spectra through sum rules with directly calculated LSDA
values in order to avoid additional experimental problems.
The number of the transition metal 3d electrons is calcu-
lated by integrating the occupied d partial density of states
inside the corresponding atomic sphere which gives the
values averaged for the nonequivalent sites Nc, = 2.27 and
Nge = 3.48. Sum rules reproduce the LSDA spin magnetic
moments within 38%, and 34% and the orbital moments
within 44 and 42% for Co and Fe, respectively (Table 1). It
is well known that the XMCD sum rules have been derived
within an ionic model using a number of approximations.

Fizika Nizkikh Temperatur, 2011, v. 37, No. 8

For L, 3, they are [32]: (1) ignoring the exchange splitting
of the core levels; (2) replacing the interaction operator
o -a, by V -a, ; (3) ignoring the asphericity of the core
states; (4) ignoring the difference of ds, and ds/, radial
wave functions; (5) ignoring p — S transitions; (6) ignor-
ing the energy dependence of the radial matrix elements.
To investigate the influence of the last point we applied the
sum rules to the Co, and Fe XMCD spectra neglecting the
energy dependence of the radial matrix elements. As can
be seen from Table 1 using the energy independent radial
matrix elements reduces the disagreement in spin magnetic
moments to 2.9 and 7.3% and in the orbital moment to 2.1
and 1.4% for Co and Fe, respectively. Additionally the
omitting of the p — s transitions leads to mainly the same
results as in the previous case but the mentioned above
disagreement is decreased (being within 2.4 and 6.2% for
the spin moments at the Co and Fe sites, respectively, as
well as 4.2% and less than 1% for the orbital moments for
both sites). These results show that the energy dependence
of the matrix elements and the presence of p — S transi-
tions affect strongly the values of both the spin and the
orbital magnetic moments derived from the sum rules.

4. Summary

We have studied the electronic structure and x-ray
magnetic circular dichroism spectra of the Heusler alloy
CoFeGa by means of an ab initio fully-relativistic spin-
polarized Dirac linear muffin-tin orbital method.

The spin-polarized LSDA calculations show that
CoyFeGa is a ferromagnet. The band structure calculations
in the LSDA approximation well reproduce the shape of the
XAS and XMCD spectra at the Co and Fe L, 3 edges. The
shape of the Ga XAS and XMCD is reproduced in less accu-
rate way due to extended behavior of Ga partial d-DOSs.

XMCD sum rules are derived within an ionic model us-
ing a number of approximations. The most important are
the energy dependence of the matrix elements and the
presence of S— p transitions omitted in the sum rules.
The adequacy of sum rules varies from 10 to 100% de-
pending of the degree of localization of the valence states.
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