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Abstract 

The results of fluorescence measurements of magnetic circular dichroism (MCD) in Mn L2,3 X-ray emission and absorption 
for Heusler alloys NiMnSb and Co2MnSb are presented. Very intense resonance Mn L3 emission is found at the Mn 2p3/2 
threshold and attributed to a peculiarity of the threshold excitation in materials with a half-metallic character of the electronic 
structure. The excitation energy dependence of Mn L2,3 X-ray emission spectra (XES) was measured at beamline ID12B at the 
European Synchrotron Radiation Facility (ESRF, Grenoble) using 83% circularly polarized X-rays. A very large MCD effect 
found in XES is attributed to strong exchange splitting of spin-up and spin-down Mn 3d states. The anomalously high ratio of L2 
emission intensity to L3 emission intensity is found.  
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1. Introduction 

 
First-principles spin-polarized calculations showed that 

the electronic structure of Heusler alloys has a metallic 
character for majority-spin electrons but an insulating 
character for minority-spin electrons. This can induce a 
half-metallic ferromagnetic state and a band gap near the 
Fermi level [1-3]. Magnetic circular dichroism (MCD) in 
X-ray emission spectra (XES) is predicted theoretically in 
Ref. [4], based on the fully relativistic spin-polarized band 
structure calculations for iron. Experimentally, this effect 
was confirmed for pure Fe in Ref. [5] and then used for 
the study of electronic structure of other magnetic systems 
such as Fe, Co and Ni [6], Rh, Rh25Fe75 and Ni45Fe55 [7], and 
Fe-Co alloys [8]. In this article we present the results of the 
magnetic dichroism measurements in Mn 2p X-ray emission 
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and absorption for Heusler alloys NiMnSb and Co2MnSb 
using an energy-selective monochromatic excitation with 
circularly polarized X-rays. The combination of the circular 
polarized X-ray light and external magnetic field is a very 
powerful technique that was applied, to our knowledge, for 
the first time for the investigation of magnetic dichroism in 
half-metallic alloys. 

 
 

2. Experiment 
 

The MCD XES measurements were performed on the 
beamline ID12B at the European Synchrotron Radiation 
Facility (ESRF). This beamline consists of a Dragon-like 
spherical grating monochromator producing about 83% 
circularly polarized X-rays. The extraordinarily low 
emittance of the 6 GeV stored electron beam allowed us to 
refocus the X-ray beam that passes the monochromator 
exit slit into a spot with dimensions of about 40 µm X 
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tion gratings and a two-dimensional position-sensitive 
multi-channel detector [9]. It was oriented with its optical 
axis perpendicular to the incident X-rays, in a vertical 
dispersive geometry, and was operated with a 1200 lines/ 
mm grating in second order of diffraction at a spectral 
resolution of 0.7 eV. A single crystal of NiMnSb and a 
polycrystalline sample of Co2MnSb were taken for X-ray 
fluorescence measurements in vacuum 10-8-10-9 Torr. 
The samples were scraped in vacuum of 10-6 Torr before 
the measurements. 

 
 

3. Results 
 
 
 
 
 
 
 
 

Fig. 1. The Mn L2, L3 XES following energy-dependent excitation 
for monocrystalline NiMnSb. Mn 2p XAS (a) and XES (b-d) spec- 
tra, excited with parallel alignment of incoming photon helicity and 
sample spin moment (filled squares) and antiparallel alignment 
(open circles). Difference MCD spectra are indicated by the black 
solid line. The Mn 2p3/2 and Mn 2p1/2 binding energies relative to 
Fermi level are indicated as EF(L3) and EF(L2), respectively. 

 
1 mm without excessive loss of intensity. The permanent 
magnet (NdFeB) devices were used to magnetize the sample 
for a fixed magnetization direction with H = 0.2 T. The 
angle between incidence photons direction and sample 
surface was about 5°. The X-ray emission spectrometer 
consisted of an entrance 20 µm slit, three spherical diffrac- 

 

 
Fig. 2. The Mn L2, L3 XES following energy-dependent excitation 
for polycrystalline Co2MnSb. All designations are the same, as for 
Fig. 1. The Mn 2p3/2 and Mn 2p1/2 binding energies relative to Fermi 
level are indicated as EF(L3) and EF(L2), respectively. 

The Mn 2p X-ray absorption spectrum (XAS) excited in a 
total electron yield (TEY) mode shows dichroism of 
different signs (Fig. 1a) at the L3 and L2 thresholds. Mn 2p 
XES measured at the L3 threshold (Eexc = 640.5 eV), at the 
L2 threshold (Eexc = 652 eV) and far above threshold 
(Eexc = 680 eV) excitation show quite different fine 
structures. The Mn L3 XES (2p3/2 - 3d4s transition), 
obtained at Eexc = 640.5 eV (Fig. 1b), has two subbands A 
and B located at 637.0 and 640.5 eV, respectively. The 
B peak 
shows dichroism with the same sign as was found for a 
Mn L3 XAS, and the energy position of peak B (Fig. 1b) 
corresponds to the energy of L3 absorption edge (Fig. 1a). In 
Fig. 1b the subband B is an elastic peak with photon energy 
corresponding to the excitation energy 640.5 eV. The 
intensity of elastic peak is usually rather weak for pure 
metals and alloys [6,10,11]. However, in the present case, 
the intensity of the elastic peak B is found to be about 1.5 
times higher than that of the normal emission peak A for 
resonant Mn L3 XES. 

In the Mn 2p XES (Fig. 1c) excited at the L2 threshold 
excitation (Eexc = 652 eV), we found large changes in the 
intensity distribution. Peak A is merged with peak B 
forming a rather wide L3 emission band. The main intensity 
Al is due to the Mn L2 X-ray emission transition (2p1/2 - 
3d4s). The L2 XES again shows two peaks Al and Bl 
located at emission energies of 648.2 and 652.0 eV (with 
Fermi level 
in between these peaks) corresponding to the normal 
emission (peak Al) and elastic scattering (peak Bl), 
respectively. The intensity ratio l(Bl)/l(Al) in Mn L2 XES is 
found to be opposite with respect to l(B)/l(A) of the Mn L3 
XES in 
Fig. 1b. The relative dichroism value of the Mn L2 XES 
(peak Al, Fig. 1c) measured at the L2 threshold is found to 
be higher than that of the Mn L3 XES (peak A, Fig. 1b) 
measured at the L3 threshold whereas no dichroism of the 
Mn L2 (peak Bl, Fig. 1c) was found comparing to Mn L3 
(peak B, Fig. 1b). The sign of MCD in the Mn L2 XES is 
opposite to that in the Mn L3 XES. 

Fig. 2 shows MCD in Mn X-ray emission for polycrystal- 
line Co2MnSb excited by right- and left-polarized radiation 
at Eexc = 640.5, 644, 652 and 680 eV. As is seen, the XES 
MCD behaviour for Co2MnSb is found to be almost the 
same as that for NiMnSb. 
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not only due to the core-hole lifetime broadening, but also 
because of lifetime of intermediate (core-excited) state. 
Although the depolarization of X-ray emission photons 
may take place and weaken the dichroic effect, due to 
experimental conditions, the remaining part of intensity 
comes from polarized core-hole and reflects the spin-depen- 
dent DOS. The Fermi energy determined from the Mn 2p3/2 
core level photoemission spectra of Heusler alloys [14,15] is 
resided at the intensity minimum of Mn L3 between two 
subbands A and B. It means that the B subband corresponds 
to the X-ray emission from previously unoccupied 3d states, 
which are strongly populated during near-threshold 
excitation of the Mn 2p3/2 electron into the conduction band 
(Figs. 1a, 2a and b). Peak B arises due to photo-excited 
electron relaxation into the long lifetime states (a spin- 

Fig. 3. Mn 3d spin-polarized density of states for NiMnSb [15]. 
 

The rough statistic of experiment permits us to present 
only qualitative description of dichroism behaviour in XES. 
The dichroism of negative sign with peak height above the 
formal Fermi level (peak B) is discovered. The non-zero 
MCD difference is observed with excitation energies 
below the L2 absorption edge (Eexc = 640.5 eV, Eexc = 
644 eV) for Co2MnSb. The dichroism of positive sign 
with peak height below the Fermi level (peak Al) is 
observed for the L2 threshold excitation. Both dichroic 
effects disappear with an energy excitation far beyond the 
L2 threshold that is found to be the same for other materials 
where MCD experiments mentioned above were performed. 

 
 
4. Discussion 

 
The double peak structure revealed in the Mn L3 XES 

(Figs. 1b, 2a and b) is a superposition result of normal 
emission contribution A and elastic X-ray scattering 
contribution B. As we have already mentioned before, such a 
giant elastic peak is usually absent in spectra of 3d-metals 
and alloys but was observed recently in NiAl XES [12] 
studied by the resonant X-ray fluorescence spectroscopy 
that was explained as a band structure effect. According to 
spin- polarized band structure calculations (Fig. 3), the Mn 
3d DOS has half-metallic character for NiMnSb [1,2] and 
close to that for Co2MnSb [13]. In both cases, the Mn 3d 
DOS have a high spin-up occupation below the Fermi 
energy and high peak of spin-down unoccupied states in 
the region of 1-2 eV above the Fermi energy (Fig. 3). 
From this point, the Mn L3, L2 XES of half-metallic 
ferromagnets, where partial Mn 3d DOS has metallic 
character for spin-up and insulating character for spin- 
down projection, are supposed to show some intermediate 
behaviour. 

The X-ray MCD spectra of the 2p - 3d transition can be 
discussed in terms of the energy-resolved spin-density 
differences of the valence band. The details of the 3d DOS 
of transition metals are obscured in their L-emission spectra 

down trap) above 1.5 eV up to the Fermi energy and further 
fluorescence transition to 2p level, with a spin conservation. 
This process was indicated as re-emission. In Heusler alloys 
under investigation, the relative intensity l(B)/l(A) is 
anomalously high (Figs. 1b, 2a and b) for corresponding 
excitation energies near the L3 threshold. Let us consider 
XES in Fig. 2b obtained at intermediate excitation energy 
Eexc = 644 eV specifically. The elastic peak C shows no 
dichroism, because of excitation to a non-polarized spin 
state. At L3 XES one can see a two-band structure, 
consisting of A and B peaks, where the peak B shows 
negative dichroism sign. The intense additional 
contribution B at the L3 XES is due to high re-emission. In 
cases of L3 threshold excitation (Figs. 1b and 2a), the 
intensity of the B peak is defined by the sum of elastic 
scattering contribution and re- emission contribution. Re-
emission contribution brings dichroism with maximum at 
640.5 eV that corresponds to the energy of the Mn L3 
absorption edge, which explains both high intensity of 
elastic peak B at L3 threshold excitation and non-zero 
dichroism at the L3 emission, above the 2p3/2 core-level 
binding energy. 

The dichroism helps to understand the process of re-
emission. The elastic peak B has dichroism of negative 
sign as that observed near the L3 threshold excitation 
(peak A) 
(Figs. 1b, 2a and b), that is, opposite to dichroism sign of 
the L2 emission Al at the L2 threshold excitation (Figs. 1c 
and 2c). We note that in the binding energy scale, the B 
dichroism corresponds to the spin-down projection peak of 
Mn 3d unoccupied DOS whereas peak Al corresponds to 
spin-up projection peak of occupied states. Such behaviour 
of dichroism and appearance of every intensive re-emission 
contribution at the L3 X-ray emission line were observed for 
the first time; it stems, to our opinion, from half-metallic 
character of Mn 3d DOS in Heusler alloys. The Mn 3d spin- 
down gap establishes the favourable conditions for 
increasing of the lifetime of core-excited states that leads to 
the enhancement of the intensity of the elastic peak, which 
explains the appearance of non-zero dichroism at photon 
energy E = 640.5 eV (Figs. 1b, 2a and b). 

The high intensity ratio l(L2)/l(L3) at Mn L2,3 XES excited 
far above the thresholds (0.89 for NiMnSb, Fig. 1d and 0.76 
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for Co2MnSb, Fig. 2d) for Heusler half-metallic alloys was 
observed. The effect is conditioned by suppression of 
fluorescent transitions from 3d states to 2p3/2 states having 
different spin projections. In case of close to 100% spin 
polarization degree of the Mn 3d states, the simple theoretic 
estimation gives equal l(L2) and l(L3) emission intensities. 
Neglecting the spin polarization, the same estimation gives 
1/2 intensity ratio. The well-known Coster-Kronig decay 
leads to an additional suppression of l(L2) intensity, so, 
the statistic ratio 1/2 is usually less then 0.3 for 3d pure 
metals [6,10,11]. However, the probability of 2p3/2 - 3d 
fluorescence transitions in Heusler alloys is decreased as 
compared, for example, with pure Mn (l(L2)/(l(L3)= 
0.27, [14]), because the density of Mn 3d states at the 
Fermi level for Heusler alloys is essentially smaller then 
that for pure Mn. 

 

5. Conclusion 
 

In conclusion, we have found MCD effects in X-ray 
emission of Heusler alloys that indicate strong exchange 
splitting of the Mn 3d-states with different spin projections. 
The Mn L3 re-emission of high intensity is conditioned by 
the spin- down trap for core-state electron, excited to the 
valence band. The non-fluorescence transition of this 
excited electron with energy relaxation is restricted by the 
presence of the energy gap at the Fermi energy in the spin-
down Mn 3d subband. Its leaving out of the excited atom is 
hampered because of weak hybridization between the Mn 3d 
states and the nearest neighbourhood. These circumstances 
lead to an appearance of intensive re-emission contribution 
at the Mn L3 XES, resulting in the enhancement of the Mn 
L3 XES toward high photon energies in Heusler alloys. The 
high degree of spin polarization at Mn 3d DOS suppresses 
the fluorescence transitions from 3d states to 2p3/2 states 
with minority spin, which results in the high l(L2)/I(L3) 
intensity ratio for Mn XES. The Coster-Kronig decay is 
diminished because of the low density of states at the 
Fermi energy for Mn 3d DOS of the Heusler alloys, 
compared to that for the pure manganese. 
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