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Electronic structure and magnetic properties of the half-metallic ferrimagnet Mn,VAl
probed by soft x-ray spectroscopies
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We have studied the electronic structure of ferrimagnetic Mn, VAl single crystals by means of soft x-ray
absorption spectroscopy (XAS), x-ray absorption magnetic circular dichroism (XMCD), and resonant soft x-ray
inelastic scattering (RIXS). We have successfully observed the XMCD signals for all the constituent elements.
The Mn L, 3 XAS and XMCD spectra are reproduced by spectral simulations based on density-functional theory,
indicating the itinerant character of the Mn 3d states. On the other hand, the V 3d electrons are rather localized
since the ionic model can qualitatively explain the V L, 3 XAS and XMCD spectra. This picture is consistent

with local dd excitations revealed by the V L3 RIXS.
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I. INTRODUCTION

Half-metals are characterized by a peculiar electronic struc-
ture as one of the spin subbands is metallic and the other
is semiconducting with a gap at the Fermi level (Eg). The
expected 100% spin polarization at EF is suitable for functional
spintronic applications. In particular, full-Heusler alloys with
the chemical formula X,YZ (X and Y: transition metals, Z:
main group element) have been extensively studied since the
Curie temperature (7¢) is, for example, as high as 985 K for
Co,MnSi [1,2].

L2, ordered Mn, VAL is a ferrimagnet with 7¢c ~ 760 K
[3,4], and is predicted to be half-metallic [5,6]. The saturation
magnetic moment (M) is reported as 1.94 up per formula unit
(f.u.) for polycrystalline samples [4,7], which is much smaller
than that of 4.78 ug/f.u. for Coo,MnSi [8]. The small M; due
to the antiparallel spin coupling of V and Mn [9] offers an
advantage for saving the electric power of the current-induced
magnetization switching [10], since the switching current is
proportional to M?.

To reveal the detailed magnetic properties and the electronic
structure of the Heusler alloys, intensive studies have been
performed by means of x-ray absorption spectroscopy (XAS)
and x-ray absorption magnetic circular dichroism (XMCD)
[11-19]. The electronic structure of Co,MnSi has been known
as the Co 3d electrons are itinerant, while the Mn 3d electrons
contribute to the local magnetic moment [13,14,17]. Neverthe-
less, only few works have been performed on Mn, VAI [20-22]
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because of the difficulty in synthesizing high quality crystals.
It has been reported as the epitaxially grown Mn, VAl films are
prone to have various disorders [20]. Since the disorder effects
change the magnetic properties and the local electronic struc-
ture [21], the line shapes of XAS and XMCD spectra varied
depending on the individual samples [20-22]. Therefore, the
electronic structure of Mn, VAl is still controversial.

In this work we present the detailed electronic structure and
magnetic properties of the high quality single crystals of L2;-
ordered Mn, VAL, revealed by means of XAS and XMCD for all
constituent elements. The magnetic moments of the Mn sites
evaluated by using the magneto-optical sum rule [23,24] were
qualitatively consistent with the results of density functional
theory (DFT) within the experimental accuracy. We found
that the line shapes of Mn L, 3 XAS and XMCD spectra of
Mn, VAl were deviated from those of Mn spectra in Co,MnSi,
and are well explicable by the spectral simulation based on
DFT, indicating the itinerant character of the Mn 3d electrons.
On the other hand, the V L, 3 XAS and XMCD spectra were
qualitatively described by the ionic model. Moreover, the
dd excitation in the V 3d states was probed using resonant
soft-x-ray inelastic scattering (RIXS) [25,26], suggesting that
the V 3d electrons have a certain extent of the localized
character.

II. EXPERIMENT
A. Characterization of single crystals

Polycrystalline mother ingots of Mn;VAI and Co,MnSi
were prepared by induction melting in an argon gas atmo-
sphere. Since the melting temperature of V is very high at
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~2180 K and the vapor pressure of V is high enough during the
induction melting process, the excess Mn ions are contained in
the mother ingot of Mn; VAL Single crystals of both Mn, VAI
and Co,MnSi were grown by the Bridgeman method with
a size of 12 mm in diameter and about 30 mm in length.
Obtained ingots were annealed at 1473 (1373) K in the case of
Mn, VAl (Co,MnSi) to gain the size of single crystal grains.
For Mn; VAl, a two-step annealing process at 1123 and 873 K
was employed and the crystal was finally slow-cooled to room
temperature to control the degree of order. The specimen of
Co,MnSi was obtained by slow cooling from 1373 K to room
temperature. Crystal orientation was checked with a Laue
camera and the specimen was cut in a stripe form in the
direction parallel to (100) for Mn, VAl and (110) for Co,MnSi.
Composition of the specimens was confirmed with an electron
probe microanalyzer (EPMA) to be Mn: 50.5, V: 26.9, Al: 22.6
for Mn, VAl and Co: 50.0, Mn: 25.9, Si: 24.1 for Co,MnSi.
Moreover, the long-range order parameter for the L2, structure
(S12,) [27,28] was evaluated as 0.84 for Mn, VAl and 0.90 for
Co,MnSi by using the x-ray diffraction measurements. Note
that the S, value for Mn, VAI was much higher than that for
the epitaxial films of St,, ~ 0.5 [20,21], indicating the much
better ordered single crystal.

The bulk magnetization was measured with a supercon-
ducting quantum interface device (SQUID) magnetometer. We
obtained a total magnetic moment of mgsquip = 1.82 ug/f.u.
for Mn, VAl single crystals, which is slightly smaller than
the value of 1.94 ug/f.u for polycrystalline samples [4,7]
and the expected value of 2 ug/f.u. from the Slater-Pauling
rule [1]. This deviation would be due to off-stoichiometric
effects; the small amount of excess Mn and V ions substituted
into Al sites can reduce the total magnetic moment (see the
Appendix).

B. Soft x-ray spectroscopies

Single crystalline samples were fractured in sifu in ultra-
high vacuum to obtain the clean surface. XAS and XMCD
measurements were performed at BL23SU in SPring-8 [29].
The spectra were recorded in total-electron-yield mode with an
energy resolution better than 0.1 eV using a superconducting
magnet in fields up to 2 T along the incident beam direction.
To eliminate any experimental artifacts arising from system
errors, each XMCD spectrum was measured for opposite
orientations of the applied magnetic field and the resulting
spectra were averaged. The measurement temperature was
set to 20 K. The RIXS measurements were performed at the
SPring-8 BLO7LSU HORNET end-station [30-32]. The total
energy resolution was set to ~200 meV at the measurement
temperature of 300 K.

III. DENSITY FUNCTIONAL THEORY

The electronic structure calculation based on DFT has been
performed using the HILAPW code, which is based on the
all-electron full-potential augmented plane-wave (FLAPW)
method [33]. The generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof scheme has been used for
the exchange correlation potential [34,35]. We have used the
second-variation procedure to include the spin-orbit coupling
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FIG. 1. (a) Total density of states of L2; ordered Mn,VAl. (b)
PDOS of Mn, V, Al sites. (c) and (d) PDOS of Mn and V 3d states
projected onto the e, and f,, orbital. (¢) PDOS of Al 3p states. The
insets show the enlarged view of PDOS around EF.

in addition to a scalar-relativistic scheme, giving an accu-
rate description equivalent to solving the Dirac equation for
relatively light elements as 3d transition metals. Plane-wave
expansion cutoffs were set to 20 Ry for wave functions and
80 Ry for charge density and potential functions. The muffin-
tin sphere radius was chosen as 1.1 A for all elements. For
the Brillouin-zone integration, a 16x16x 16 mesh was used
with the tetrahedron integration technique. The atoms were
placed on the general form X,Y Z of the L2; structure with
X at(4,1.0)and (3,2,3), Y at (0,0,0), and Z at (§,3,1). The
lattice constant was set to 5.875 A [6].

Figure 1(a) shows the calculated spin-polarized density of
states for Mn, VAl with a half-metallic gap for the majority-
spin states, which is qualitatively consistent with previ-
ous reports [5,6]. The partial density of states (PDOS) in
Figs. 1(b) and 1(c) show that the Mn 3d minority-spin subbands
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FIG. 2. XAS and XMCD spectra of Mn, VAl recorded at 7 = 20 K with H =2 T. (a) Mn and (b) V L, 3 XAS and XMCD spectra (top),
together with the integrated curves of XAS (middle) and XMCD (bottom). (c) Al K XAS and XMCD spectra with the DFT-based simulation.

contribute mainly to the states in the vicinity of Ex. Meanwhile,
PDOS of the V 3d states are only ~10% of PDOS of the Mn
3d states around Egr as shown in the insets. Clear splitting
of the V 3d states into the occupied #,, and unoccupied e,
states is seen with the band splitting energy of ~3.2 eV
as shown in Fig. 1(d). The PDOS of the Al 3p states are
even smaller and ~10% of the PDOS of the V 3d states
at EF

The whole XMCD spectra were simulated within the dipole
approximation on the basis of the FLAPW method, where
the transition matrix elements were calculated only within
the muffin-tin sphere. The core-hole potential in the final
states was neglected in the present calculations. To take into
account the experimental core-hole lifetime broadening, the
calculated spectra were broadened using Lorentzian functions
with y = 0.97(0.36) and 0.78(0.28) eV for the L, (L3) edges
of Mn and V, respectively, while 0.15 eV was employed for
the Al K edge. The detailed information about the calculation
has been given in Ref. [36].

IV. RESULTS AND DISCUSSIONS

A. Magnetic properties probed by XMCD and sum-rule analysis

Figures 2(a) and 2(b) show the experimental results of Mn
and V L, 3 XAS and XMCD spectra of Mn, VAL p™ (™)
denotes the XAS absorption intensity for parallel (antiparallel)
alignment of the photon helicity and the sample magnetization
direction. The XAS spectra are normalized by the L3 peak
intensity of the polarization-summed XAS (u~ + ut). There

are fine structures in the XMCD (u~ — u) spectra for both
Mn and V L, 3 edges, and the sign of the XMCD signals
is opposite between them, reflecting ferrimagnetic coupling
between the Mn and V spins (Mn along applied field).
The detailed line shape is discussed in the next subsection
v B).

Moreover, we can clearly see sizable XMCD signals even
in the Al K edge as shown in Fig. 2(c) despite its nonmagnetic
atomic character [37,38], indicating non-negligible orbital
polarization of the valence states with the Al 3 p character. The
most prominent XMCD peak is located just at the threshold
in the case of the Al K edge. The XMCD signals originate
from a combination of the spin-orbit and exchange splittings
of the Al 3p states. The integration of the XMCD signals
over the K edge, which is proportional to the orbital mag-
netic moment [25,39], falls to zero within the experimental
accuracy.

The theoretical simulations of the Al K edge are consistent
with the experimental spectra, although there are some discrep-
ancies in the experimental and simulated XMCD. The DFT cal-
culation yields an orbital moment of m; = 0.001 ug/Al with
an orbital-to-spin magnetic moment ratio of m /mg = —0.05.
The deviation between the experiment and theory especially
in the higher energy region is possibly due to the energy
dependent lifetime broadening effects, which are not taken into
account in the simulation, since the broadening width is given
by fitting the edge step of the XAS spectrum.

To reveal more detailed magnetic properties of the transition
metal sites, the orbital and spin magnetic moments per d
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TABLEI. Spin and orbital magnetic moments of Mn, VAl in unit
of up per hole for an Mn (V) site obtained by the sum-rule analysis
and DFT.

mspin/nh mspin/nh morb/nh murb/nh
Mn, VAl (XMCD) (DFT) (XMCD) (DFT)
Mn 0.27 0.28 0.005 0.006
v —0.15 —0.11 0.005 0.001

hole were estimated by applying the magneto-optical sum
rule [23,24,40,41] using the equations

Mgpin _ _6[) — 461C (1)
ny I’PC ’

Mot __ 44 )
np 3VPC’

where nj, is the number of unoccupied d holes, p (g) is the
integral of the XMCD signal over the L3 (L, 3) edge, and
r is the integral of the polarization summed XAS intensity
after subtracting the background. As shown in the bottom of
Figs. 2(a) and 2(b), the cut-off energy to obtain p was set
to the minimum of the polarization summed XAS intensity
between the L, and L3 edges. The g and r values were
evaluated at the energy of 694 eV for Mn and 570 eV for V. In
Egs. (1) and (2) P. denotes the degree of circular polarization of
0.97 [29]. In addition, we must take into account the so-called
JjJj mixing effect by using the correction factor C for the spin
sum rule [42]. Assuming C = 1.5 for Mn [43], we obtained a
spin (orbital) magnetic moment of m;\g{‘n(mg’r[g) = 0.27(0.005)
up/Mn hole™!, which is consistent with that obtained with
our DFT calculation as summarized in Table I. Assuming
n, = 5.20 estimated from the DFT, we obtained a total Mn
moment of 2.86 up/f.u.

Using the orbital sum rule for V, we obtained an orbital
magnetic moment of mY, = 0.005 15/V hole™! as given
in Table I. Meanwhile, it is not straightforward to adopt
the spin sum rule for V since the C value is not estab-
lished and ranges from 3.6 to 5.0 due to the small spin-
orbit splitting at the V L, 3 edges [42,44]. Therefore, we
obtained the total V moment as m" = —1.04 ug/f.u. using
the total Mn moment (2.86 wp/f.u.) and the total bulk moment
(1.82 pp/f.u.) obtained by SQUID. Assuming nj, = 7.39
estimated from the DFT, we can evaluate the spin magnetic
moment m”. of —0.15 pup/V hole™!. On the other hand,

spin
when we evaluate mggm using the spin sum rule by assuming
C =1 from the experimental XMCD, we have obtained
m ;;)in = —0.04 ug/V hole™". Thus we have found that a likely
correction factor for V is C = 3.8, being comparable to that
of 3.6 given in Ref. [42]. The spin (orbital) moment for V is
deviated from the DFT value of m; (m};) = —0.11(0.001)
wug/V hole™! as listed in Table I, implying the limitation of
DFT for describing the electronic structure of the V 3d states
as discussed later.

Figure 3(a) shows the relative intensity of the Mn L3 XMCD
signal at 640.2 eV on sweeping the field from —2 to 2 T,
giving the element specific magnetization profile of the Mn
sites. Meanwhile, the field dependence of the V L3 XMCD
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FIG. 3. (a) and (b) Magnetic field dependence of the XMCD
intensity at the Mn and V L3 peak. The inset shows the expanded
view around O T.

intensity at 514.4 eV shows the opposite trend reflecting the
antiferromagnetic spin coupling to the Mn moment as shown
in Fig. 3(b). The enlarged views around O T in the insets of
Figs. 3(a) and 3(b) give a coercivity of 10 mT for both Mn and V
sites, which is about 10% for the epitaxial films [20]. Moreover,
the XMCD intensity does not change after saturating the
magnetization, and thus the paramagnetic component reported
in Ref. [20] is negligible. Therefore we would like to stress that
the impurity and disorder effects are successfully suppressed
in our single crystalline samples.

B. XAS and XMCD line shapes: Itinerant vs localized
character in the electronic states

To discuss the characteristic electronic properties of
Mn,VAl, we focus on the detailed line shapes of the
polarization-summed XAS and XMCD spectra for both Mn
and V L, 3 edges. Figure 4(a) displays the enlarged view of
the Mn L, 3 XAS spectrum of Mn; VAl, showing a metallic
line shape as already discussed in Ref. [22]. Compared with
the XAS spectrum of Co,MnSi, in which the Mn 3d states
have a localized 3d° character [13,14,17], the L3 main peak
of Mn, VAL shifts to higher energies even though the leading
edge starts at the same energy of 638 eV as that of Co,MnSi.
Moreover, the L, peak of Mn, VAl does not show the doublet
feature due to the atomic multiplets observed in Co,MnSi
[12-14,17,45,46].

In contrast, the XMCD spectrum of Mn; VAl shows clear
doublet peaks in the L, edge as well as a clear shoulder
structure on the lower energy side of the L3 main peak
as recognized in Fig. 4(b). This line shape is qualitatively
consistent with that reported in Ref. [21]. Note that the Mn L3
XMCD spectrum of Co,MnSi shows the single peak located
at the middle of the L3 main peak in contrast to the low-energy
shoulder present in Mn, VAl, demonstrating a clear difference
in the local electronic structure on the Mn sites between these
two materials.

Figure 5 shows the V L;3 XAS and XMCD spectra
of Mn,;VAI together with those of V metal reported in
Refs. [44,47] to discuss the electronic structure of the Y -site
element. The V L, 3 XAS spectrum of Mn, VAl is rather similar
to that of the V metal. Nevertheless, the XMCD spectrum
of Mn, VAl deviates significantly from that of the V metal.
The single XMCD peak before the L3 main line observed
in V metal is suppressed, while two tiny shoulder structures
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FIG. 4. Mn L,; edges XAS (a) and XMCD (b) spectra for
Mn; VAL (solid line) and Co,MnSi (dashed line).

show up before the L3 main peak in Mn, VAl [20,21]. In
addition, the L, XMCD shape for Mn, VAl is clearly different
from that of V metal, which is well reproduced by DFT-
based simulations [44,47]. These results suggest the localized
character of the V 3d states in Mn, VAL
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FIG. 5. V L, 3 edges XAS (a) and XMCD (b) spectra for Mn, VAl
(solid line) and V metal (dashed line) reported in Ref. [47]. The
XMCD spectra are normalized at the L peak.
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FIG. 6. Mn L, ; edge XAS and XMCD spectra compared with the
simulation based on DFT and the ionic model. Spectra are normalized
by the L;-peak intensity of the polarization summed XAS spectra.

To obtain further insight into the electronic structure of
the Mn and V 3d states, we have analyzed the line shapes of
XAS and XMCD spectra using simulations based on the DFT
and the ionic model, representing the itinerant and localized
limits of the 3d states. The ionic calculations based on the
full multiplet theory were implemented using the XTLS 9.0
program [48]. The local crystalline electric field (CEF) was
taken into account for the Mn?* ion with tetrahedral (7))
symmetry and the V2t jon with octahedral (O},) symmetry.
The CEF values were tentatively employed to systematically
clarify the effects of CEF by showing large and small CEF
cases. All the intra-atomic parameters such as the 3d-3d and
2p-3d Coulomb and exchange interactions (Slater integrals)
and the 2p and 3d spin-orbit couplings have been obtained
using Cowan’s Hartree-Fock code [49] and reducing the Slater
parameters to 80%.

Figure 6 shows the results of spectral simulations for the
Mn L, 3 XAS and XMCD. The ionic model XAS calculation
with 10Dg = —0.5 eV [14] shows multiplet structures with
a shoulder on the higher energy side of the L3 main line and
the L, doublet. Moreover, an additional low-energy satellite of
the L3 peak appeared for 10Dg = —1.5 eV, reflecting the CEF
splitting. However, such multiplet structures are not observed
in the experimental XAS spectrum. Furthermore, the XMCD
simulation based on the ionic model is obviously deviated from
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FIG. 7. V L, ; edge XAS and XMCD spectra compared with the
simulation based on DFT and the ionic model. Spectra are normalized
by the L;-peak intensity of the polarization summed XAS spectra.

the experimental result, whereas the DFT-based simulation
better reproduces the XAS and XMCD spectra, particularly for
the low energy structure at the L3 edge, indicating the itinerant
character of the Mn 3d states in Mn, VAL

On the other hand, the situation is different in the case of
the V L, 3 XAS spectra as shown in Fig. 7. The DFT-based
simulation fails to explain the relative peak-intensity ratio
of the L3 and L, XAS peaks. Moreover, the line shape of
the XMCD spectrum is not satisfactorily explained by DFT
especially for the low-energy shoulders of the L3 XMCD. In
addition, one may notice that the L, XMCD is also deviated

518
516

514 ‘ high

512
V LRIXS o

Excitation Photon Energy (eV)

0 12
Energy Loss (eV)

FIG. 8. Intensity plots of hv;,-dependent RIXS at the Mn (a) and
V (b) L edges. Spectra are normalized by the photon flux. Dashed
circle is the guide for the eye indicating the resonant excitation.

from DFT in contrast to the case of V metal [44,47] [Fig. 5(b)],
implying the limitation of the band picture for the V 3d
states in the case of Mn, VAIl. Meanwhile, the ionic calculation
reproduces the experimental results rather well with a CEF
parameter of 10Dg =2 eV for O;, symmetry, which is not
dramatically smaller than the band-splitting energy between
the V 3d 15, and e, states obtained by the DFT as already
shown in Fig. 1. These results suggest that the V 3d electrons
are rather localized and thus the atomic multiplets should be
taken into account for the spectral simulations.

To check the localized nature of the 3d electrons in Mn, VAL,
we have performed Mn and V L3 RIXS, which is a powerful
tool to probe the local character of the electron excitation in
the 3d states [50,51]. As shown in Fig. 8(a), the fluorescence
components with constant photon energy or the energy loss
shifting linearly with the excitation photon energy are domi-
nant in Mn L3 RIXS, supporting the itinerant picture [52] for
the Mn 3d states. Meanwhile, the V L3 RIXS in Fig. 8(b)
clearly shows the resonant inelastic excitation (dd excitation)
with the constant energy-loss component around 2 eV, which
is rather consistent with the 10Dgq value of ionic calculations
for the V L, 3 XAS and XMCD spectra. This dd excitation
suggests the admixture of localized and delocalized characters
of the V 3d electrons in Mn, VAL

V. CONCLUSIONS

We investigated the element specific magnetic properties
and electronic structure of three different constituent elements
of high quality single crystal Mn,; VAl by using XAS and
XMCD. The successful observation of the Al K XMCD signals
suggests the very small spin unbalance of the Al p states near
Er induced by the hybridization with the transition metal 3d
states. The Mn and V L, 3 edge XMCD spectra show the
ferrimagnetic spin coupling between Mn and V states, and
the magnetic moments evaluated by the sum-rule analysis has
shown an excellent agreement with DFT calculation for its Mn
sites. The electronic structure analysis for the Mn L, 3 XAS and
XMCD spectra with the DFT-based simulation has revealed the
itinerant character of the Mn 3d states, whereas the V L, 3 XAS
and XMCD spectra are qualitatively explained by the ionic
model. In addition, V L3 RIXS showed the clear dd excitation,
suggesting the essentially localized character admixed with
delocalized character of the V 3d states in Mn, VAL Our
results provide significant information to design the magnetic
properties by controlling the itinerant and localized character
of the d states depending on the site symmetry in Heusler
alloys.
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APPENDIX: OFF-STOICHIOMETRY EFFECTS

The off-stoichiometry effects in Mn, VAl were numerically
simulated by the Korringa-Kohn-Rostoker (KKR) method
incorporated with the coherent-potential approximation (CPA)
in the local density approximation (LDA) implemented by
Machikaneyama-2002 package [53] as demonstrated in Fig. 9.
The atomic positions and the lattice constant were set to
the same values as Sec. III. Assuming that the Al sites are
substituted by excess ions with 2% for Mn and 8% for V,
which is evaluated by EPMA for the measured specimen,
we obtained the total magnetic moment of 1.71 up/f.u.
This value was smaller than that of the stoichiometric com-
position of 1.96 pp/f.u. The obtained spin polarization at
Eg defined as P = (Ny — N})/(Ny + N}), where Ny (N))
denotes DOS at Er for the majority (minority) spin subband in
Fig. 9, is obtained as —0.93 (—0.91) for off-stoichiometric
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FIG. 9. Off-stoichiometric effects on total density of states of
Mn, VAl obtained by the KKR-CPA-LDA method.

(stoichiometric) composition. Note that the total density
of states are not significantly modified due to the off-
stoichiometry effects within the simulation as shown in Fig. 9.
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