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Abstract. The electronic structure and chemical bonding mechanism of the Heusler alloy
CuyMnAL are studied on the basis of band-structure calculations, using the full-potential linearized
augmented-plane-wave (FLAPW) method. The calculations are performed within both the local
spin-density approximation (LSDA) and the generalized gradient approximation (GGA). The
calculated band structures and the densities of states within the GGA are compared with the earlier-
reported experimental results of ultraviolet photoemission spectroscopy. The comparisons support
the physical picture proposed by Kiibler and co-workers, in which the occupied d states of Mn are
delocalized by their strong interaction with the d states of Cu. The magnetic Compton profiles
(MCPs) are also calculated and compared with the earlier-reported experimental results. The
comparisons show that the GGA is better able to reproduce the experimental profiles than the
LSDA. The spin moment on the Mn site is calculated to be 3.20 @ p, which is in agreement with
the value deduced from the experimental profiles.

1. Introduction

Heusler alloys are ternary intermetallic compounds with stoichiometric composition X,YZ,
where X can be a 3d, 4d or 5d element (X = Co, Ni, Cu, Pd etc); Y = Mn and Z = Al, Sn,
In, Sb, Si, Ga, Ge or As. The Heusler alloy structure is illustrated in figure 1. The structure
is face-centred cubic, having space group Fm3m. There are four CuMnAl molecules per
unit cell. Cu atoms reside at (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4), Mn at (1/2, 1/2, 1/2) and Al at

+ Author to whom any correspondence should be addressed: Japan Synchrotron Radiation Research Institute (JASRI),
SPring-8, 323-3, Mihara, Mikazuki, Sayo, Hyogo 679-5198, Japan. Fax: +81-(0)7915-8-0830.

Figure 1. The stoichiometric Cu, MnAl unit cell, showing the four interpenetrating fcc sublattices.
Cu atoms occupy (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) positions. Mn atoms are at (1/2, 1/2, 1/2) and
Al at (0, 0, 0). Cu: solid black circles; Mn: crossed circles; Al: open circles.
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(0, 0, 0) [1]. Heusler alloys are interesting magnetic systems because they possess localized
magnetic moments although they are all metallic. The magnetic properties in these systems
are known to be strongly dependent on both the conduction electron concentration [2] and
the chemical order [3]. Cu;MnAl is a ferromagnetic Heusler alloy with a Curie temperature,
lattice constant and saturation moment of 603 K, 0.5949 nm and 4.12 up respectively [4].
Detailed studies have been performed on the magnetic, electrical and structural properties of
Cu,;MnAl [5-8]. However, the formation and coupling of the magnetic moments in Mn-related
Heusler alloys are still the subject of theoretical and experimental investigations.

It is well established, by the neutron diffraction technique, that the magnetic moment
of Cu,MnAl can be solely attributed to the Mn atoms [9]. A number of neutron diffraction
experiments concluded that the 3d electrons are well localized on the Mn atoms, while the
RKKY-type s—d interactions are of long range, extending to more than eight neighbours
[10-12]. These experimental findings were compared with a number of theoretical band-
structure calculations [13—19]. Kiibler et al [18], carrying out self-consistent spin-polarized
energy band calculations, indicated that there is no significant direct interaction between the
d electrons of different Mn atoms, but the occupied d states of Mn are delocalized by their
strong interaction with the Cu d states. Williams ef al [17], studying the magnetic properties
of Heusler alloys, showed that there were no spin-down 3d electrons on the Mn site, which
resulted in a magnetic moment on the Mn site. Furthermore, Kiibler [15] made a theoretical
study of transition metal alloys including itinerant ferromagnetism and concluded that the role
of the Cu atom in the Cu,MnAl Heusler alloy is limited to the determination of the lattice
constant only.

These physical pictures obtained from the experiments and the theoretical calculations
were recently examined utilizing the magnetic Compton scattering technique by Zukowski
et al [20]. Using 92 keV circularly polarized synchrotron radiation, they found that the
conduction electrons have a negative spin polarization of 0.4 pp, which is in reasonable
agreement with the theoretical prediction of Ishida et al [19], but disagrees with the neutron
scattering experiment findings [21]. They also pointed out that there was no 3d spin moment
at the Cu site, while that of the Mn site is 3.25 wp, which is consistent with the neutron
experiment but disagrees with the theoretical calculation. The ultraviolet photoemission
spectrum of Cu,MnAl Heusler alloy has been obtained by Brown et al [22]. The measured
spectrum reveals that the Mn 3d character extends across the full width of the valence bands.
Comparison between the experiment and the calculation using the symmetrized augmented-
plane-wave method [13] shows a significant difference around 1.5 eV binding energy, for
which the calculation predicts a peak due to both Cu and Mn states while no peak is observed
in the experimental spectrum.

There is no consistent agreement between the reported experiments and the band
theoretical calculations, which motivated new band-structure calculations within the local spin-
density approximation (LSDA) and generalized gradient approximation (GGA). The LSDA is a
powerful theoretical tool, butitis unable to account for non-local contributions to the exchange—
correlation effects [23]. In electronic calculations, several attempts and suggestions for going
beyond the LSDA have been studied [24]. Over the past few years the GGA especially has
attracted wide interest [25]. The GGA goes beyond the LSDA by including the first derivative
of the electron density in the exchange and correlation energy functional. The GGA is able
to improve the description of some of the cohesive properties compared to the LSDA [26],
although a general improvement in other systems has not been obtained yet (see reference [27]).
An example in which the GGA provides a significant improvement over the LSDA is the H,
dissociation on the Cu(111) surface [28]. It has also been showed that the GGA gives results in
better agreement with the experiments than the LSDA for finite systems (atoms and molecules)
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and for metallic surfaces [29,30]. One reason for this is that the interactions in these systems
are related to the tails of the electronic wavefunctions, for which the GGA should, in principle,
give a better description than the LSDA. Furthermore, a study of the LSDA and GGA has
recently been made for s—p materials by Lee and Martin [31], and for 3d and 4d transition
metals by Kokko and Das [32]. In the former case their calculations of the atomic total energy
and the first ionization energy with the GGA functional were more accurate than those with
the LSDA, while in the latter case systematic improvements of the results were obtained in
comparison with those obtained using the LSDA.

This paper is organized as follows. In section 2, we describe the calculation of the band
structure. Then we present the density of states in section 3 and the electron densities in
section 4. The Compton profiles are analysed in section 5, while discussion and conclusions
are given in section 6.

2. Band-structure calculations

Self-consistent band-structure calculations were carried out using the scalar-relativistic full-
potential linearized augmented-plane-wave (FLAPW) method [23]. The exchange—correlation
functional was taken within the LSDA as well as within the GGA. In the former case we applied
the Perdew and Wang parametrization [33], while for the latter we applied the Perdew et al [30]
parametrization.

In the present calculations, the origin of the cell was chosen to be at the aluminium site,
in order for there to be inversion symmetry, which allowed us to have all matrix elements real.
In the calculations we have distinguished between the inner-shell electrons from Cu, Mn 1s,
2s, 2p and Al 1s, 2s and the valence band electrons from the Cu, Mn, 3d, 4s, 4p and Al 3s,
3p, 3d shells. The extended Cu, Mn 3s, 3p states and Al 2p states were handled separately
as semi-core bands. To provide a concise picture of this system we will present here our
theoretical results utilizing the GGA scheme, and for a comparative study of our calculated
results we have presented our LSDA results in some cases only.

A total of 15 iterations were necessary to achieve self-consistency, where the eigenvalues
of the last two iterations differ by less than 0.1 mRyd. The FLAPW energy bands along
the high-symmetry lines in the fcc Brillouin zone for the majority and minority spins are
shown in figures 2 and 3, where the GGA and LSDA bands are shown by solid and dotted
lines, respectively. Here the valence band has a bandwidth of 10.6 eV. The lowest band
is of Al 3s character along with contributions from Cu and Mn 4s states. An analysis of the
eigenvectors allows us to extract information about the character of the bands. The main results
of this analysis are displayed in figures 4(a)-4(d), where the symbol size is proportional to
the strength of the orbital character of the bands. An analysis of these figures reveals that the
Mn d minority-spin states are almost excluded from the Cu d minority-spin states, whereas the
Mn d majority-spin states join with the Cu d majority-spin states. This is consistent with the
previous calculation by Kiibler ef al [18], which can explain the localized magnetic moment
as arising from diffuse (itinerant) electrons.

From the figures it is also evident that the Cu 3d state for the majority and minority spins
is mainly confined to the 2-6 eV region of the valence band, while the main contribution of
the Mn 3d majority spin is around 2 eV in the valence band. The lower conduction bands
(within 3 eV above the Fermi level) are made from Mn 3d orbitals of the minority spin.
Furthermore, our Mn 3d moment and Cu 3d moment calculated theoretically utilizing the
GGA and LSDA schemes along with the earlier-reported experimental results are shown in
table 1. From the table it is evident that our values calculated within the GGA scheme agree
well with the experimental values reported by Zukowski et al [20]. Bozorth [34] and Dunlap
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Figure 2. The FLAPW band structures of ferromagnetic CuMnAl along the high-symmetry lines
for the majority spin. The solid curves represent the GGA bands while the dotted curves represent
the LSDA bands.

et al [35] found the saturation magnetization of Cu,MnAl at room temperature to be 2.81 g,
while Endo et al [36] making a similar study on Cu;MnAl reported a value of 3.37 g as
the saturation moment. It is important to note here that the p—d hybridization of the Mn 3d
electrons with the Al p electrons has resulted in a magnetic moment per Mn atom less than 4
g (table 1), which is a substantial reduction on the free-atom moment of 5 .

Table 1. Spin moments and total energy in CupMnAl calculated utilizing the FLAPW-GGA and
FLAPW-LSDA schemes.

Mn 3d moment (up) Cu 3d moment (j1p)
Mode of calculation Experiment, Mode of calculation Experiment,
Zukowski et al Zukowski et al
GGA LSDA [19] GGA LSDA  [19]
3.20 3.40 3.25 —0.04 —0.09 < 0.05]
Total energy FLAPW-GGA —9425.560 054

(Ryd/atom) FLAPW-LSDA —9406.810 153
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Figure 3. The FLAPW band structures of ferromagnetic CuyMnAl along the high-symmetry lines
for the minority spin. The solid curves represent the GGA bands while the dotted curves represent
the LSDA bands.

Hyperfine parameters such as the hyperfine field (HFF) provide information about the
interaction of a nucleus with the surrounding charge distribution. It can be measured by
various techniques like Mossbauer spectroscopy, nuclear magnetic resonance or perturbed
angular correlation. The total hyperfine field (HFF) can be decomposed into three terms such
as a dominant Fermi contact term, a dipolar term and an orbital contribution. We consider
only the contact term, which in the scalar-relativistic limit is derived from the spin densities at
the nuclear site:

8
He = Z7iplp1(0) = p,(0)] M

while in the fully relativistic case this spin density at the nucleus is replaced by its average
over the Thomson radius 77 = Ze?/mc? [37]. The hyperfine field calculated here under the
GGA and the LSDA scheme for Cu, Mn and Al atoms in Cu,MnAl Heusler alloys are given
in table 2.

In order to understand the origin of the hyperfine field the site-projected valence electron
contribution as well as the core contributions are also given in this table. Because of the
opposite signs of the contributions from the core and valence electrons, the absolute value of
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Figure 4. The GGA-FLAPW band-structure-character plots for ferromagnetic CuyMnAl: (a) the
Cu 3d majority spin; (b) the Cu 3d minority spin; (c) the Mn 3d majority spin; (d) the Mn 3d
minority spin. The symbol size indicates the strength of the orbital character of the bands.
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Table 2. Hyperfine fields of copper, manganese and aluminium in CupMnAlL

Cu (kG) Mn (kG) Al (kG)
Mode of

calculation Valence Core Total Valence Core Total Valence Core Total

GGA —2203 —123 -232.6 3303 3415 —11.2 -34.6 04 342
LSDA —230.6 —154 —-246.0 3529 3702 —17.3 —40.8 22 386

the hyperfine field at the Mn site is lower than the absolute value of the hyperfine fields at the
copper and aluminium sites. It is important to note here the large negative value of the core
contribution to the HFF at the Mn site. This can be quantitatively explained as follows. The
majority-spin s electrons in the core will be pulled into the region of the spin-polarized 3d
shell, since the exchange interaction is attractive, whereas the minority-spin electrons will be
repelled from the 3d shell. At the Mn nuclear position an excess of minority-spin electrons,
i.e., a negative polarization, is therefore created. Since Mn has a large moment (about 3.2
p), the negative contribution to H,,(Cu) from the Mn moment is larger than the positive
contribution from the Cu moment itself. Hence, the H,,;(Cu) value becomes negative.

Furthermore, we see that the core contribution to the HFF at the Mn site is higher in
the LSDA than in the GGA. If the local moment of the particular site increases, the core
polarization will be large due to the exchange interaction of the polarized electrons with the
s orbitals of the core. Hence, a higher value of the core contribution to the HFF at the Mn
site for the LSDA than in the GGA can be understood in terms of the higher value of the local
moment on the Mn site for the LSDA than in the GGA (table 1). Since the local moments on
the copper and the aluminium sites are negligible, the core contribution to the HFF at these
sites is small.

3. Total and partial density of states

We here calculated the total and the partial density of states of Cu, MnAl utilizing the modified
tetrahedron method of Blochl e al [38]. Figure 5 shows the total density of states, where
1 designates the majority-spin electrons and | the minority-spin electrons. Here the region
between —10 eV and —7 eV in the valence band is mainly due to the contributions from Al 3s
states with small contributions also from Cu and Mn 4s states.

Decompositions of the total densities of states are given in figures 6 and 7, which show the
majority-spin and the minority-spin d densities of states of Mn and Cu. An analysis of figures 6
and 7 reveals that the Cu 3d states are mainly confined to the 2—6 eV region of the valence band.
This is consistent with the earlier-reported results from ultraviolet photoemission spectroscopy
obtained by Brown et al [22]. In the experimental spectrum they observed a strong maximum
at about 3.2 eV, dominated by contributions from the Cu 3d band, but our calculated results
show that the main contribution of the Cu 3d band is at about 3.9 eV.

In their study they compared the experimental spectrum with the theoretical one obtained
from the previous calculation using the symmetrized augmented-plane-wave method [13]. The
comparison clearly shows a major difference between the experimental and the theoretical
spectrum: unlike the experimental spectrum the theoretical one exhibits a peak at 1.5 eV,
comprising contributions from both the Cu 3d and Mn 3d bands. In contrast, our calculated
results shown in figure 6 and 7 do not exhibit any major peak at 1.5 eV below the Fermi level,
supporting the experimental observation.
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Figure 5. Total majority-spin (1) and minority-spin (| ) densities of states per eV and unit cell for
ferromagnetic CupMnAl. The solid line and the dotted line represent the GGA and LSDA.

4. Electron densities

The electron-density maps were calculated for Cu;MnAl in the [110] plane. The electron
density is represented as a linear combination of real spherical harmonics inside the atomic
spheres and as a Fourier series outside. A detailed calculation of charge densities within the
FLAPW formulation is given by Blaha and Schwarz [39]. Figure 8 shows the electron density
corresponding to the valence band.

Figure 9 shows the plot of the spin density (o4 — p;) of CuMnAl. The two strong peaks
in figure 9 arise from the Mn atoms, thereby showing that the localized magnetization results
from the exclusion of minority-spin electrons from the Mn 3d shell. It is important to note
here that the magnitudes of the spin density around the copper atoms are very small.

5. Magnetic Compton profiles

The spin-dependent electron momentum densities are calculated in order to compare with
the earlier-reported magnetic Compton profiles obtained by Zukowski et al [20]. Within
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Figure 6. Majority-spin d-electron densities of states of Cu and Mn for ferromagnetic CuyMnAl.
The solid line and the dotted line represent the GGA and LSDA.

the impulse approximation [40] the Compton profile, J(p;), is the projection of the electron
momentum density, n(p), along the scattering vector, which is conventionally defined as the
Z-axis:

J(p) = / / 1 (5) +n, ()] dps dp, %)

where n(p) is split into spin-up (n4(p)) and spin-down (n | (p)) components. Jy,q(p;) is the
spin-dependent momentum density, termed the magnetic Compton profile, and is a projection
of the momentum distribution of the magnetic (unpaired spin) electrons, i.e.

Tmag(p2) = f / (11 (5) — n, ()] dps dp,. 3)

Here, in both the FLAPW-LSDA and FLAPW-GGA schemes, the energy values and
the wavefunctions are calculated at 512 k-points in the irreducible wedge of the Brillouin
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Figure 7. Minority-spin d-electron densities of states of Cu and Mn for ferromagnetic CuMnAl.
The solid line and the dotted line represent the GGA and LSDA.

zone. The momentum density of the band electrons is calculated using 1314 reciprocal-lattice
vectors. The calculated magnetic Compton profiles along the [100], [110] and [111] directions
are presented in figure 10, together with the experimental results of Zukowski et al [20].
The theoretical magnetic Compton profiles are convoluted with a Gaussian function of full
width at half-maximum 0.5 atomic units (au) simulating the experimental resolution, and also
normalized to the experimental moment of 2.86 wup as reported by Zukowski et al [20]. The
present LSDA-FLAPW profiles show excellent agreements with those of the Korringa—Kohn—
Rostoker (KKR) method based on the LSDA [20].

The FLAPW-GGA shows better agreement over the whole momentum region with the
experiments than the FLAPW-LSDA for three directions. It is important to note that for
the [100] direction there is a discrepancy between the experiment and the LSDA-FLAPW
calculation for p, < 0.8 au. This discrepancy is reduced for the GGA-FLAPW calculation,
especially in the momentum region above 0.2 au. Below 0.2 au, however, the GGA also
overestimates the momentum-density distribution of magnetic electrons.
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Figure 9. A GGA-FLAPW 3D plot of the spin density (o4 — p;) of CuzMnAl in the (110) plane;
linear scale, in units of electrons A~3.
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Figure 10. The theoretical and experimental directional spin-dependent (magnetic) Compton
profiles of CuyMnAl. The key is as follows: solid line: GGA-FLAPW; dashed line: LSDA—
FLAPW; open circles: experiment as reported by Zukowski ez al [20]. The theoretical profiles have
been convoluted with a Gaussian of FWHM = 0.5 au to represent the experimental resolution. Both
the experimental and the theoretical (GGA-FLAPW and LSDA-FLAPW) results are normalized
to the experimental moment of 2.86 pp [20].

6. Discussion and conclusions

We have carried out FLAPW energy band calculations utilizing the GGA and the LSDA scheme
(figures 2 and 3) in order to study the electronic structure and bonding mechanism of Cu,MnAl
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Heusler alloy. We have studied the trends in spin moments, orbital moments and spin density
and also calculated the hyperfine field. The hyperfine fields of Cu;MnAl were calculated to
examine the influence of surrounding magnetic atoms on the magnetic properties of an atom.
We have seen that at the Mn site the valence and the core contribution are of opposite sign,
resulting in a lower absolute value of the hyperfine field. It was also found that the core
contribution at the Mn site was higher under the LSDA scheme than in the GGA, mainly
because of the value of the local moment on the Mn site being higher for the LSDA than in the
GGA. The self-consistent total energies calculated using the LSDA and GGA functionals are
given in table 1. The total energy calculated with the GGA functional is found to be less than
the total energy within the LSDA scheme. The band-structure-character plots in figures 4(a)—
4(d) provide a clear idea of the contributions of the different states of Cu and Mn in the valence
and the conduction bands for the majority and the minority spins respectively. It is found that
the localized character of the magnetization results from the exclusion of the minority-spin
electrons from the Mn 3d shell. Thus our calculation provides further concrete proof of the
results stated earlier by Kiibler ef al [18].

The Mn 3d and Cu 3d contribution to the density of states extends to 6 eV below the
Fermi level, which is in agreement with the theoretical results of Kiibler et al [18], based on
the LSDA treatment of electronic exchange and correlation and on the augmented-spherical-
wave method. Consistent with the earlier-reported experimental results obtained by Brown
et al [22], our calculated state densities for Cu 3d each show a peak at approximately 3.9 eV.
More importantly, in our calculated results the Cu 3d band and the Mn 3d band did not
exhibit any major peak at 1.5 eV in the valence band (figures 6 and 7), while the previous
calculation [13] gives a peak. Our calculation is consistent with the experimental findings of
Brown et al [22].

On the other hand, we have seen here that the localized character of the magnetization
results from the exclusion of the minority-spin electrons from the Mn 3d shell (from figures 6,
7 and 9), and the 3d spin moment of 3.20 p g on the Mn site in the GGA scheme is in close
agreement with the experimental values of Zukowski et al [20] and with the value of 3.21
W p obtained by the earlier neutron experiments. It is also important to note here that within
the LSDA scheme our calculated 3d spin moment on the Mn site is close to the calculated
value reported by Kiibler et al [18], both being higher than the recent experimental value of
Zukowski et al [20] (table 1).

The magnetic Compton profiles from the GGA-FLAPW calculations agree with the
experiments better than the LSDA-FLAPW calculations. Compared with the LSDA-FLAPW
calculation, the GGA-FLAPW one shows higher momentum density above 0.8 au, but lower
density below it. That is, the GGA-FLAPW calculation gives more localized Mn 3d majority-
spin electrons in real space—while they are delocalized in momentum space—than the LSDA—
FLAPW one. This is consistent with a finding from figure 2, where the GGA-FLAPW calc-
ulation has a deeper Mn 3d majority-spin band around —2 eV than the LSDA-FLAPW one.
The GGA-FLAPW calculation also produces a value for the spin moment closer to the accepted
experimental value. It is seen from the GGA-FLAPW calculations that there is no magnetic
contribution from the Cu site, again in agreement with the Compton scattering data.

So far we have shown that the GGA can reproduce satisfactorily most of the earlier-
reported experimental observations. Therefore we believe that the present calculation firmly
substantiates the assertion that GGA works well for the 3d Heusler alloy, CuyMnAl, in the
same way as for 3d transition metals [32,41,42].

Finally, from our study of the magnetic Compton profiles, it is evident that the GGA
improves on the LSDA at momenta below 1 au. From an experimental point of view, high-
resolution measurements [43—47] (Ap =~ 0.15 au, achievable with a crystal spectrometer)
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would now be useful in order to investigate specific features in these profiles which are not
well described, i.e. the shapes of the profiles at low momentum and the blurring of the Umklapp
features.
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