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Origin of magnetic circular dichroism in soft x-ray fluorescence of Heusler alloys
at threshold excitation
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The results of investigations of the Heusler alloys NiMnSb and Co2MnSb by magnetic circular dichroism in
soft x-ray emission spectroscopy~SXEMCD! are presented. The data obtained are in a good agreement with
theoretical calculations of x-ray emission. A very intense resonant inelastic peak in the MnL3 spectra in the
region of states above the nominal Fermi level was observed and attributed to x-ray reemission. The interplay
between the theoretically predicted half-metallic character of the Mn 3d valence band and the MnL2 ,L3

SXEMCD spectra is discussed.
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I. INTRODUCTION

X-ray magnetic circular dichroism~MCD! was predicted
by Erskine and Stern.1 Circularly polarized core-level photo
absorption and photoemission in magnetic systems have
cently attracted much attention, both experimentally a
theoretically, following the observation of linear magne
dichroism in rare-earth materials by van der Laanet al.2 The
existence of magnetic circular dichroism in absorption
circularly and linearly polarized radiation was experime
tally demonstrated by Schnu¨tz et al. in a large number of
rare-earth and transition metal systems.3,4 Magnetic dichro-
ism in x-ray absorption~XA ! is considered to be a standa
technique that was initially applied to study the fine struct
of empty electronic states in a conduction band and their s
configuration. The absorption of polarized x rays creates c
holes with different orbital and spin projections, depend
on the polarization and excitation energy of the incom
photons. That is directly connected through sum rules to
spin-angular-momentum-dependent hole population of
valence shell in the ground state.5,6

Soft x-ray emission~SXE! spectroscopy is known to b
an element-selective probe of electronic structure, relate
the occupied partial density of states. It has been shown
the spin-polarized core hole created by the incident pho
may be used as a local site-specific spin detector for
valence states via appropriate valence-to-core h
transitions.7 According to these expectations, the MCD effe
can be observed without detecting the polarization of emi
photons if core holes are excited alternately by right- a
left-handed circularly polarized radiation relative to t
sample magnetization direction. In this case the differenc
the emitted radiation~later referred to as the magnetic d
chroism spectrum! closely reflects the spin-resolved loc
density of states~DOS!.

Regarding the question of how the electronic structure
localized magnetic systems influences the x-ray emiss
spectra, we emphasize two factors that make things com
cated. The first is the rather small number of experime
0163-1829/2001/63~23!/235117~10!/$20.00 63 2351
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using the SXEMCD technique, especially for localize
magnets.8 X-ray emission spectroscopy~XES! as an experi-
mental technique has not been as greatly developed as x
absorption, because it is more complicated with respec
experimental apparatus as well as in the theoret
description.7 The SXEMCD technique became a subject
study recently after Strangeet al. predicted the dependenc
of Fe L3 XES on the relative alignment of the polarizatio
vector of the incoming excitation beam and the sam
magnetization.9 SXEMCD measurements have been do
for Fe L2 ,L3 using nonmonochromatized synchrotro
radiation10 and monochromatic excitation.11 Fe, Co, and Ni
films,12 Rh25Fe75,13 and Fe-Co alloys14 have also been inves
tigated.

The second complicating factor is that theories describ
the phenomenon of MCD in x-ray emission are apparen
being reconsidered. We found several theoretical approa
to describing magnetic dichroism in x-ray emissio
spectroscopy,15–18 but they seem to be insufficient to de
scribe the experimental data. Pustogowaet al.15 described
x-ray emission as a first-order process in perturbation the
considering x-ray emission independently from the abso
tion of excited photons. These authors considered the dif
ence in intensities of emitted photons with right- and le
handed polarization, which is opposite to the polarization
the measured x-ray spectra in our case. In Ref. 16 the dic
ism of x-ray fluorescence spectra was investigated at h
energy excitation far above threshold. In a recent pap17

giving a basic treatment of x-ray emission the interconv
sion of spin direction for the spin orbit split 2p1/2 and
2p3/2 shells was neglected. This model was improved
Kuiper.18 However, he worked with atomic functions an
obtained only integrated intensities of XES. In our approa
we consider the difference between polarization integra
emission spectra excited with left- and right-polarized
coming photons, which is close to the experimental. As w
as the normal x-ray emission generating the final vale
hole,20 an appropriate model has to consider other de
channels of the core hole created. To take into acco
©2001 The American Physical Society17-1
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3d4s→2p x-ray transitions from occupied and unoccupi
Mn 3d states also, we were forced to develop a theory
put it forward for discussion by the scientific community.

In order to investigate magnetic circular dichroism a
plied to localized magnetic systems a pair of ‘‘classic’’ M
based Heusler alloys21 was selected. Co2MnSb has anL21
lattice and NiMnSb has aC1b lattice.22 These Heusler alloys
~HA’s! have magnetic moments of about~3.3–4! mB local-
ized on the Mn atoms, and they are traditionally conside
as having strongly localized 3d electrons, so experimenta
studies of the energy distribution of the Mn 3d states are of
great importance. Band calculations23 for HA’s show that the
majority-spin Mn 3d states are occupied. For the minorit
spin states, the Mn 3d band is empty and positioned at 1–1
eV above the Fermi level in most cases. Studies of the e
tronic structure of HA’s intensified after the theoretical pr
diction of a half-metallic ferromagnetic~HMF! state,23 i.e., a
nonzero density of states at the Fermi level in one spin ch
nel and a band gap in the other in NiMnSb and PtMn
alloys. Band calculations19,24show that a state close to HM
may exists also in Co2MnZ ~Z5Al,Si,Ga,Sn! alloys.

A correlation between the energy splitting of the Mn 2p3/2
core level and the value of the local magnetic moment w
observed by x-ray photoemission spectroscopy.25 This is due
to the strong 2p-3d exchange interaction within the Mn 3d
band, which also affects the shape of MnL2,3 XE spectra and
their relative intensity ratioI (L2)/I (L3).26 Here we use
SXEMCD to study the spin-resolved Mn 3d partial density
of states by measuring the same 3d4s→2p x-ray emission
spectra.

The outline of this paper is as follows. First, we descr
experimental details~Sec. II A! and characteristic features o
the observed spectra~Sec. II B!. Then we give a brief de-
scription of our theoretical approach and spectra forma
mechanism~Sec. II C!. The comparison between experime
and theory~Sec. II D! results in some conclusions~Sec. III!.
Details of the mathematical formalism are outlined in t
Appendix.

II. RESULTS AND DISCUSSION

A. Experimental details

The experiment was performed at the helical undula
beamline ID12B at the European Synchrotron Radiation
cility ~ESRF! in Grenoble, France27,28 which is a high-
brightness third-generation high-energy synchrotron sou
This beamline consists of a Dragon-like spherical grat
monochromator producing some 83% circularly polarized
rays. The extraordinarily low emittance of the 6 GeV stor
electron beam allowed us to refocus the x-ray beam
passes the monochromator exit slit into a spot with dim
sions of about 40mm31 mm without excessive loss of in
tensity. It is of crucial importance to achieve the small
attainable focal spot in order to collect as much of the flu
rescence signal with the x-ray emission spectrometer29 as
possible. The energy spread of the excitation beam was s
about 0.9 eV full width at half maximum~FWHM! in order
to have reasonable acquisition times~several hours, depend
ing on excitation energy!.
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The samples were magnetized by using two Nd-Fe
magnets situated in vacuum, directly behind the samples~es-
sentially a horseshoe configuration with a few millimeters
gap!. The field strength was about 0.2 T~estimated! at the
sample site. The magnets were attached to the axis
vacuum-compatible rotational stepper motor to facilitate
reversal of sample magnetization. The samples remained
fixed position during the entire data acquisition. After eve
10 min, data acquisition in a certain geometry, say, copa
lel alignment of photon helicity and magnetization, was s
pended and the magnetization was reversed to antipar
alignment by activating the motor. This procedure took ab
2 s, after which data acquisition in the reverse geometry w
resumed, and the entire cycle was repeated for several h
The time lag between the two geometries was negligible
to the very long lifetime~more than 35 h! of the stored elec-
tron beam. The magnetic field was parallel to the inciden
rays, which were incident on the sample at 5° to the surfa
The optical axis of the spectrometer was adjusted to coinc
with the surface normal. The spectral resolution was 0.7
A single crystal of NiMnSb and a polycrystalline sample
Co2MnSb were used for x-ray fluorescence measuremen
vacuum (102831029 Torr!. The samples were scraped in
vacuum of 1026 Torr before the measurements.

B. Characteristic features of spectra

For brevity, we shall mainly discuss the XE spectra
NiMnSb. Figure 1~a! contains MnL2,3 absorption and Mn
L2,3 fluorescence spectra of NiMnSb. The spectra have b
induced by circular right-hand~photon helicity is parallel to

FIG. 1. The MnL2 ,L3 XES following energy-dependent exc
tation for monocrystalline NiMnSb. Shown are Mn 2p XAS ~a! and
XES ~b,c,d! spectra excited with parallel alignment of the incomin
photon helicity and sample spin moment~filled squares! and anti-
parallel alignment~open circles!. Difference spectra are indicate
by the black solid line. The Mn 2p3/2 and Mn 2p1/2 binding ener-
gies relative to the Fermi level are labeledEf(L3) and Ef(L2),
respectively.
7-2
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ORIGIN OF MAGNETIC CIRCULAR DICHROISM IN . . . PHYSICAL REVIEW B63 235117
the spin momentum of the sample! and left-hand~antiparal-
lel! polarizations. For XAS@Fig. 1~a#! we observed dichro-
ism that reaches a maximum at theL3 absorption edge~nega-
tive sign of the difference! and a smaller one at theL2

absorption edge~positive sign!. According to Ref. 30 the
absolute value of the dichroic difference can be increased
applying a larger external magnetic field. The curves~b!, ~c!,
and ~d! in Fig. 1 show MnL2,3 x-ray emission spectra ob
tained at different excitation energies. The following featu
can be seen in the MnL3 spectrum excited atEexc5640.5
eV @Fig. 1~b!#. There are three effects in the spectrum:~i! the
spectrum consists of two bands with maxima at 637.5
~peak A) and at 640.5 eV~peak B), ~ii ! both bands have
dichroism of the same sign, coinciding with that at theL3

absorption edge, and the maximal dichroism in x-ray em
sion is at 640.5 eV photon energy, which also coincides w
the energy position of theL3 absorption edge, and~iii ! an
anomalously high peakB ~in comparison to the normal emis
sion peakA) is observed. We suggest that the high intens
of peakB is explained by the sum of the elastic scatteri
contribution and the substantial radiative transition of el
trons with energies higher than the Fermi energy, i.e., by
relaxation of the intermediate state with electron configu
tion 2p53dn11, which involves contributions from the 3d
states nominally vacant in the ground state configuration

The Mn x-ray emission spectrum at theL2 threshold en-
ergy of 652 eV is presented in Fig. 1~c!. First, we note that
theL3 peakB (E5640.5 eV! does not disappear complete
due to reemission but merges with the normal emission p
A ~details will be explained in the next section!. Both peaks
form the L3 spectrum. Second, no dichroism is observed
theB8 resonance peak. The absolute intensity of theB8 peak
is much lower than that of peakA8, which is opposite to the
intensity ratioI (A)/I (B) at Eexc5640.5 eV. Note that in a
larger external magnetic field the dichroism at theL3 andL2
lines may be increased. The dichroism of theA8 peak is very
large in comparison with that at both the emission peakB
@Fig. 1~b!# and the absorption peakL2 @Fig. 1~a!—see also
the MCD spectral values aligned to the Fermi level in Fig
below#.

Mn L3 andL2 x-ray emission lines excited at energies f
above the thresholdEexc5680 eV are shown in Fig. 1~d!.
The dichroism atL3 andL2 has different signs, opposite t
the cases of near-threshold excitations@Figs. 1~b! and 1~c!#.
L3 x-ray emission from states nominally above the Fer
level and a highI (L2)/I (L3) intensity ratio for MnL2 ,L3
spectra relative to pure Mn are observed. This is in go
agreement with XES obtained by electron excitation.26 Simi-
lar spectral features were observed for CrL3 ,L2 XES of
Cr-intercalated systems, where the high magnetic mome
the Cr site is related to the strong localization of Cr 3d states
and the predicted band gap.31

The Mn L3 ,2 XES of polycrystalline Co2MnSb are pre-
sented in Fig. 2. The same behavior of Mn emission
corresponding excitation energies is apparent for NiMn
and Co2MnSb.

Let us discuss in more detail the spectra in Fig. 2~b! cor-
responding to an intermediate excitation energy value
23511
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Eexc5644 eV. The elastic scattering peakC exhibiting no
dichroism is situated apart from the MnL3 x-ray emission
lines A and B. From comparison of Fig. 2~a! and Fig. 2~b!
one can see the coincidence between the dichroism max
at 640.5 eV. Apparently, the peakB in spectrum~b! arises
due to the relaxation of an excited electron into a long-l
time state~a trap! above the Fermi energy and then a flu
rescence transition to the 2p3/2 level.

Smoothed dichroism spectra of NiMnSb and of Co2MnSb
are presented in Figs. 3 and 4. The spectra are shifted to
Fermi energy, using the corresponding 2p core-level ener-
gies obtained from XPS measurements.26 For both alloys di-
chroism of the same sign is observed for MnL3 XES mea-
sured atL3 threshold excitation@Figs. 3~b! and 4~a!# and for
Mn L2 XES measured atL2 threshold excitation@Figs. 3~c!
and 4~c!#. Moreover, the sign of the MnL3 XE dichroism
intensity is negative in the case ofL3-edge resonant excita
tion, while that for MnL2 is positive in the case ofL2-edge
resonant excitation. Thus, the XE dichroism intensities f
low the XA dichroism intensities at corresponding excitati
energies~Fig. 1!. The high level of noise in cases of excita
tion far above theL2 ,L3 thresholds with photon energ
Eexc5680 eV makes it difficult to confirm the differenc
between XE dichroism spectra@Figs. 1~d! and 2~d!#.

C. The model of resonant x-ray scattering

The main features of the electronic structure of Heus
alloys can be seen using the 3d Mn spin-resolved density o
states. The current calculation~see Fig. 5! is taken from Ref.
32. Spin-down states are prevalent above the Fermi ene
They form a narrow peak at 1–1.5 eV above the Fermi
ergy. In the filled part of the Mn 3d DOS, the spin-up state
dominate. These features also influence the x-ray transiti

FIG. 2. The MnL2 ,L3 XES following energy-dependent exc
tation for polycrystalline Co2MnSb. All designations are the sam
as for Fig. 1. The Mn 2p3/2 and Mn 2p1/2 binding energies relative
to the Fermi level are indicated asEf(L3) andEf(L2), respectively.
7-3
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We developed a theoretical model describing resonant~with
the core-level excitation! scattering of polarized x rays in
terms of the Mn 3d DOS, which is specific for the Mn-base
Heusler alloys investigated. The mathematical formalism

FIG. 3. Emission dichroism intensity for NiMnSb. Differenc
spectra are shifted to Fermi level according to experimental c
level energies~Ref. 26!. LabelsA,A8,B,B8 correspond to labels in
Fig. 1.

FIG. 4. Emission dichroism intensity for Co2MnSb. Difference
spectra are shifted to Fermi level according to experimental c
level energies~Ref. 26!. LabelsA,A8,B,B8 correspond to labels in
Fig. 2.
23511
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given in the Appendix. Here only the main aspects of t
theory are discussed.

The simplest approach is to consider x-ray absorption
emission as two independent processes, but often this
not work, because the emission process starts from exc
valence states and not from the ground state. Let us cons
an excited core-level electron, which is added to the vale
electrons as the result of incoming photon absorption. T
excited electron can~i! leave the excited atom,~ii ! lose its
energy and mingle in the crowd of other valence electrons
~iii ! return to the empty core level with radiation of an x-ra
quantum. The process~iii ! is known as reemission. Usually
the reemission contribution to the spectra of metals is
large, compared to concurrent processes. Therefore, the
emission peak usually looks like a small tail on the Fer
energy side. It is a fundamental claim of our work that t
reemission in metallic Heusler alloys is anomalously large
Mn L3 XES for several reasons.

The model is based on the partial 3d density of states of
NiMnSb ~Fig. 5! which has the following main features:~i! a
strong~about 2 eV! exchange interaction rather than a we
spin-orbit interaction forms the band states;~ii ! spin-down
states have a strong peak above the Fermi level~spin-up
states are absent in this region; they are located below
Fermi level!. That spin-down peak acts as a spin-select
trap for excited core-level electrons. The presence of the
ergy gap between filled and empty states is also importan
makes it possible to observe and clearly distinguish x-
reemission and x-ray emission contributions to the MnL2,3
XES.

Let us discuss the origin of dichroism. Core states
split by the spin-orbital interaction into 2p3/2 and 2p1/2. In
the 2p3/2 states, the orbital and spin moments are roug
parallel, while in 2p1/2 they are antiparallel. The spin direc
tion is fixed by spin polarization of the empty states, wher

e-

e-

FIG. 5. Mn 3d spin-polarized density of states for NiMnS
~Ref. 32!.
7-4
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ORIGIN OF MAGNETIC CIRCULAR DICHROISM IN . . . PHYSICAL REVIEW B63 235117
core-level electron is excited under absorption of an x-
quantum. In this way the states with orbital moment proj
tions parallel~or antiparallel! to the spin moment of the atom
are selected. The photons with right~photon helicity 11,
parallel to the atomic spin moment! and left~photon helicity
21, antiparallel! polarizations interact differently with elec
trons having a fixed projection of the orbital moment. Th
leads to dichroism. X-ray emission is the reverse proc
with respect to x-ray absorption and therefore also sho
dichroism. Using the second order theory of electron-pho
interaction we give a quantitative description of emissio
reemission, and absorption within the one-particle appro
~see the Appendix!.

To simplify the equations, the orbital angular momentu
energy distribution in thed band is neglected. We take int
account the exchange energy splitting of spin states only
addition, we consider that the polarization of emitted x ra
has equal projections on all three axes in a coordinate sys
connected with the sample magnetization. This is true at
‘‘magic’’ angle 55° between the photon direction and t
magnetization axis, and it is reasonable for our experime
geometry. TheL2,3 emission intensities following x-ray ex
citation with energyhn and polarizationq561 are given by
the equations

1/2I q
e~e8!}

1

Gx
$6gs~e8!gs~e!10.8ga~e8!ga~e!

1q@2ga~e8!gs~e!23gs~e8!ga~e!#%, ~1!

3/2I q
e~e8!}

1

Gx
$12gs~e8!gs~e!16.8ga~e8!ga~e!

1q@5ga~e8!gs~e!13gs~e8!ga~e!#%. ~2!

Here e5hn2uE2pj
u2 iGx and e85hn82uE2pj

u2 iG f are
the energies of excited band electrons after photon abs
tion and after emission of the quantumhn8, respectively;
gs,a(e)5@g↑(e)6g↓(e)#/2 are the charge and spin comp
nents of the partial DOS calculated per oned state per atom.
They are smoothed by the widths of intermediateGx and
final G f states.

In the same units, the reemission~elastic scattering! con-
tribution is given by

1/2I q
r ~e!}

1

G*
@4gs

2~e!1ga
2~e!2q34gs~e!ga~e!#, ~3!

3/2I q
r ~e!}

1

G*
@16gs

2~e!1ga
2~e!1q38gs~e!ga~e!#, ~4!

whereG* is the inverse lifetime of intermediate resonan
states. Equations~1!–~4! describe the emission spectra fo
lowing x-ray excitation with energyhn and polarizationq
561 with respect to the sample magnetization in terms
the charge and spin density of empty and filledd states. After
integration over thed band we get the result of Ref. 18. Th
form of the absorption spectra is
23511
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1/2I q
a~e!}@2gs~e!2qga~e!#, ~5!

3/2I q
a~e!}@4gs~e!1qga~e!#. ~6!

The x-ray hole appearing at the core level creates a
tential that acts on other electrons in the excited atom. T
effective value of the potentialU'2 eV can be simply
evaluated by division of the unscreened Coloumb interac
energy of two elementary charges~about 10 eV! by the num-
ber of Mn 3d electrons. This core-hole field turns on su
denly and shakes up the valence electrons.33–35 But first we
consider the ground state of the electrons~full relaxation
case! in this core-hole field. This state is described by t
so-called impurity DOS, which can contain a local electr
level, separate from thed band. Let us turn to the spin-dow
band in the Mn 3d DOS, Fig. 5. The peak above the Ferm
energy gives the main contribution to the reemission proc
These states are shifted down in the core-hole field by ab
the value ofU. As a result, the peak may shift down belo
the Fermi level, thus leading to an increase of the elect
lifetime in the excited state.

Another core-hole effect is also significant. Besides
ground state, contributions from the excited states can
essential. In magnetic materials, first of all, one should ta
into account states with a reversed local magnetic momen
an excited atom. The spin-reversal energy is of the orde
0.1 eV, i.e., the Curie temperature. This is small as compa
to U52 eV. Such spin-flip excitations suppress the obser
values of dichroism and should be taken into account in
analysis of experimental data.

D. Discussion

For the quantitative theoretical analysis of experimen
spectra we use the formulas~1!–~6!. We take I e(e8)
5@ I 1

e (e8)1I 2
e (e8)#/2 at a fixed energy of excitation, i.e

the spectrum averaged over the polarization of the incom
radiation, for the description of the emission spectrum. T
difference spectrum~dichroism of emission! can be de-
scribed asDI e(e8)5@ I 1

e (e8)2I 2
e (e8)#/2. Let us introduce

similar formulas for the reemission and absorption spect
Under threshold excitation energy, core-level electro

are transferred to the empty peak of the DOS~at ;1 –1.5
eV; see Fig. 5!, the spin polarization of which,Pe

5ga(e)/gs(e), is taken equal to21. The polarization of
filled states located below the Fermi level isPf50.5. In case
of excitation with high energy far away from the thresho
we assumePe50. Finally, we take into account a highe
damping of the excited resonance state in reemission by
ting G* 52Gx .

The results of the intensity calculation for normal x-ra
emissionI e @in units of (1/Gx)gs(e8)gs(e)], reemissionI r

@in units of (1/Gx)gs
2(e)] and absorption@in units of gs(e)]

are given in Table I together with corresponding MCD i
tensities. Looking at the DOS in Fig. 5, one can see t
gs(e8)'gs(e) for the main peaks below and above th
Fermi energye f . So the threshold emission and reemissi
intensities are given in the same units. The first two lin
correspond to the threshold excitation of an electron from
7-5
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M. V. YABLONSKIKH et al. PHYSICAL REVIEW B 63 235117
L2 (2p1/2) andL3 (2p3/2) levels,Pe521, and the last two
lines correspond to excitation far away from the thresho
Pe50. In the latter case, the quantitiesI r and DI r have a
rather nominal character, because the actual relaxationG* in
high energy states is much stronger than that taken into
count in calculations and, moreover,gs(e8)!gs(e).

Comparison of the calculations given in Table I with e
perimental spectra~Figs. 1 and 2! shows reasonable agre
ment. According to the calculation, absorption at theL3 edge
is related to that at theL2 edge as 4:2; moreover, the dichr
ism of theL3 absorption is negative (21) while that of the
L2 edge is positive (11) which is qualitatively~in sign! in
agreement with the observed spectrum~see Fig. 1! ~note that
the orbital angular momentum distribution is neglected
our simple approach!. The calculated reemission/emissio
intensity ratios at theL3 and L2 thresholds are 8.5/8.6 an
2.5/5.6, respectively, and the signs of the dichroism
found to be the same for reemission and emission at theL3
threshold~with different values:24 for reemission, and
20.5 for emission!. The same behavior is seen for expe
mental spectra. In contrast, the dichroism of normal XES
theL2 threshold~2.5! is higher than that of reemission atL2
~2.0!.

Finally, the theory explains the change in sign of the
chroism for both emissionL2 andL3 lines when going from
near-threshold excitation (Pe521) to excitation far above
the threshold (Pe50). Such a change of the dichroism sig
can be explained within a two-step process of x-ray em
sion. First, a core-level electron goes to an empty state. T
process is characterized by dichroism of absorption. Th
normal emission takes place~with an x-ray transition from
the valence band to the core-level hole! which is character-
ized by dichroism of emission~due to polarization of the
filled valence states!. In the case of near-threshold excitatio
both these constituents of dichroism have different signs
cause the spin polarizations of the empty and filled states
different. In this case, the dichroism of the first process~ab-
sorption! prevails. For excitation far away from the thres
old, the empty states are nonpolarized, and the result is
termined by the dichroism of the second step, i.e., emiss

Let us consider these quantitative results more carefu
Note that the calculated dichroism is higher than the
served one. This is for two reasons, experimental and th
retical. Measurements of the difference spectra were
formed under not completely optimal conditions: the exter
magnetic field was rather small and the statistics of lo

TABLE I. Intensities of x-ray emissionI e @in units of
(1/Gx)gs(e8)gs(e)], reemissionI r @in units of (1/Gx)gs

2(e)], and
absorptionI a @in units ofgs(e)] and corresponding MCD intensitie
DI for L2 ,L3 spectra.Pf andPe are spin polarization of filled and
empty states

Fc Pf Pe I e DI e I r DI r I a DI a

2p1/2 0.5 -1 5.6 2.5 2.5 2 2 1
2p3/2 0.5 -1 8.6 -0.5 8.5 -4 4 -1
2p1/2 0.5 0 6 -0.5 2 0 2 0
2p3/2 0.5 0 12 2.5 8 0 4 0
23511
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intensity lines was sometimes insufficient for quantitative
timations. On the other hand, as noted above, the o
particle approach does not take into account the peculiar
of the electron system connected with the possibility of tra
sitions to the excited states. The process of atomic spin
versal is the most destructive for dichroism. This point m
be taken into account in a quantitative comparison of o
particle calculations with experimental data.

Going back to the reemission elastic peaks at theL3 and
L2 thresholds@Figs. 1~b! and 1~c!#, we need to note that the
relative intensity of the first one is much higher than that
the second. Although the calculations predict a decreas
the I r /I e ratio from 1.0 to 0.45 when going from theL3 to the
L2 threshold, the observed reemission peak at theL2 thresh-
old is much smaller. This might be due to the shorter lifetim
of theL2 core hole~with respect to that of theL3 core hole!
as a result of an additional Coster-Kronig transition. One c
also suppose that the field of theL2 core hole with higher
binding energy is more strongly screened than that of theL3
core hole. The value of the field directly defines the lifetim
of the excited electron at the central atom and hence
reemission probability. The spectra measured at theL3
threshold are more intense than those at theL2 threshold
because theL3 level is also excited by the Coster-Kroni
transition under excitation of theL2 level, and a superposi
tion of two spectra takes place.

Formulas~1! and ~2! allow us to understand the increas
of the theL2 /L3 ratio with the increase of spin polarization
or, the same thing, with the increase of the atomic magn
moment. In this process, the absolute value of the nega
productga(e8)ga(e) grows ~the spin polarizations of empty
and filled states are opposite!, which leads to the weakenin
of both emission lines with increasing spin polarizatio
However, the suppression of theL3 emission is much highe
@the coefficient in Eq.~2! is 6.8# than the suppression of th
L2 emission@the coefficient in Eq.~1! is 0.8#. In the extreme
case of 100% polarization of empty and filled states o
obtains 1/2I e53/2I e.

The reason is a restriction of some transitions due to
spin selection rules. Only two states of the 2p3/2 shell ~out of
four! take part in transitions, i.e., the same as in the 2p1/2
shell. The selection rule is illustrated by Fig. 6 for 2p3/2
states with maximal degree of polarization. The extreme s
ation was observed for the half-metallic DOS. Theu3/2,3/2&
state has majority-spin~spin-up! polarization and excitation
of this inner state is forbidden, because there is no spin
density of states above the Fermi level. The electron in
u3/2,23/2& minority-spin state can be excited above t
Fermi level, but the emission transition of an electron bel
EF is again forbidden because there are no spin-down st
below EF , so the process stops at the emission step.

III. SUMMARY

It was shown in experiment and by theoretical consid
ations that the magnetic structure of a system strongly aff
both circular dichroism and the intensity distribution of x-ra
emission spectra obtained at different excitation energ
The investigation of x-ray emission valence spectra of M
7-6
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demonstrates an anomalously high ratioI (L2)/I (L3) of
emission line intensities as compared to that in pure 3d met-
als. This is related to the high degree of spin polarization
valence states in half-metallic ferromagnets. A large m
netic dichroism effect was found in the MnL2 ,L3 x-ray
emission spectra. That indicates a strong exchange spli
between spin-up and spin-down Mn 3d states.

An x-ray reemission peak originating from the stat
above the Fermi energy was found in MnL3 XES in Mn-
based Heusler alloys. The energy position of this peak
actly coincides with the maximum of the MnL3 absorption
edge, which corresponds to the maximum in the empty
3d DOS. The origin of such a large effect of reemission
closely connected to peculiarities of the electronic struct
in half-metallic ferromagnets. The long lifetime of the e
cited states~which is necessary for intense reemission! is
provided by the suppression of nonradiative relaxation
excited electrons near the Fermi level and by their prolon
stay on an excited atom due to the field of the core hole
Heusler alloys having large local magnetic moments, ther
a possibility of revealling such a mechanism of the relaxat
suppression. This possibility is based on strong excha
splitting, which is typical for systems with the half-metall
ferromagnet DOS structure. Both the existence of the ene
gap for the spin-down projection of Mn 3d states and the
weak hybridization of Mn 3d electrons with nearest neigh
bors lead to the suppression of the excited electron re
ation. Therefore our findings can be fully interpreted in ter
of the half-metallic character of the electronic structure
Heusler alloys.

A theoretical model for the description of resonance sc
tering of polarized x rays is proposed and a simple quan
tive theory of magnetic circular dichroism in x-ray emissi
in terms of the spin-polarized electron density of states
developed.

Note that further investigations on this subject would
very useful, e.g., for studying magnetic dichroism in mate
als having a large local magnetic moment at an atomic s

FIG. 6. The fluorescence transition scheme 2p→3d for ultimate
polarization of the valence band. An excitation of the stateu3/2,3/2&
with majority-spin electron is forbidden (XA-f ). The electron in the
minority-spin stateu3/2,23/2& can be excited above the Ferm
level, but the normal emission transition of the electron with ene
below EF is forbidden (XE-f ).
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APPENDIX: MATHEMATICAL MODEL

The intensity of resonant x-ray emission induced by ph
tons of energy\v and polarizationq is given by

I q
e~v8,v!}(

q8
Fq8q , ~A1!

where the summation is over the polarization directionsq8 of
emitted photons with energy\v8. The intensity of photons
with the polarizationq5(11,0,21) scattered into a stat
with polarizationq8 is given by the Kramers-Heisenberg fo
mula

Fq8q5(
f
U(

x

^F f uCq8uFx&^FxuCquF0&
E01\v2Ex2 iGx

U2

3d~Ef1\v82E02\v!. ~A2!

Here,F0 is the ground state of an electron system with e
ergy E0 . Fx is an excited~by absorption of a photon! state
with energyEx and dampingGx . The outer summation ove
the final statesF f is constrained by thed function represent-
ing the energy conservation law. For damped final states
d function should be substituted by a Lorentz function w
FWHM G f .

The dipole transition operatorCq is expressed via spheri
cal harmonics with the orbital momentl 51 and projections
m50,61,

C615~x6 iy !/A257A4p/3rY1,61 ,

C05z5A4p/3rY1,0, ~A3!

where thez direction is along the spin axis of the solid.
In the Mn atom, the 2p inner states are split by the spin

orbit interaction~12 eV! into two groups with total moments
j 5 l 1s equal to 1/2 and 3/2. Their angular and spin parts

y

7-7
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F1/2,1/25
1

A3
~Y10

↑ 2A2Y11
↓ !,

F1/2,21/25
1

A3
~A2Y121

↑ 2Y10
↓ !, ~A4!

F3/2,1/25
1

A3
~A2Y10

↑ 1Y11
↓ !,

F3/2,21/25
1

A3
~Y121

↑ 1A2Y10
↓ !,

F3/2,3/25Y11
↑ , F3/2,23/25Y121

↓ , ~A5!

where the arrows stand for spin functions.
One can expand the valence statesF ik

s ~i numbers the
bands,k is the wave vector,s5↑,↓) over spherical harmon
ics Ylm

s centered at the excited atom,

F ik
↓ ~r !5(

lm
alm,ik

↓ Re l ,ikYlm
↓ ~A6!

~and correspondingly for the spin-up states!. Here,Re l ,ik is a
~possibly spin-dependent! radial part of the solution of the
Schrödinger equation inside the muffin-tin sphere with o
bital momentl and energye5e iks . The expansion coeffi-
cientsalm,ik

s are determined from corresponding band str
ture calculations.

In Table II, the squared angular parts of the transit
matrix elementsz^F ik

↓ uCquFc& z2 from inner statesFc into
valence onesF ik

↓ are shown forl 52. For brevity, band in-
dicesik and the indexl 52 are dropped. Let us restrict ou
selves to discussion of thep-d transitions only. The full ma-
trix elements are in this case obtained by multiplication
the squared absolute value of the radial matrix element

R5E Re l ,ik~r !R21~r !r 3dr ~A7!

between a core-level stateRnl (n52,l 51) and a valence
state@Eq. ~A6!#. The corresponding matrix elements of th
transitions in the spin-up states can be found from Tabl
by making use of the relations

z^F ik
↑ uCquF jmj

& z25 z^F ik
↓ uC2quF j 2mj

& z2. ~A8!

TABLE II. Squared angular parts of the dipole matrix eleme
between innerFc and valenceF ik

↓ states~in units of R2/15).

Fc mj z^F ik
↓ uC11uFc& z2 z^F ik

↓ uC21uFc& z2 z^F ik
↓ uC0uFc& z2

2p1/2 21/2 ua1u2 ua21u2 (4/3)ua0u2

1/2 4ua2u2 (2/3)ua0u2 2ua1u2

2p3/2 23/2 ua0u2 6ua22u2 3ua21u2

21/2 2ua1u2 2ua21u2 (8/3)ua0u2

1/2 2ua2u2 (1/3)ua0u2 ua1u2

3/2 0 0 0
23511
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y

II

Simultaneous inversion of all directions does not affect
transfer probabilities.

gl
↓~e!5

1

~2l 11!N (
ik,m

ualm,ik
↓ u2d~e2e ik

↓ ! ~A9!

is the partial density of states of symmetryl, calculated perl
state per atom. The calculated partial densities ofd states per
Mn atom in NiMnSb are shown in Fig. 5.

1. Emission

Let us separate the emission process into two parts:~i! the
emission as such, understood as the radiation due to the
sition from electron states below the Fermi energye F , and
~ii ! resonant elastic scattering of photons, known as reem
sion.

In the first of these processes, an electron from an in
stateFc due to an absorption of an incident photon wi
polarizationq and energy\v is transferred into an empty

band stateF ik
s . Then, another electron from a stateF i 8k8

s8

with energye,e F fills the created hole, emitting anothe
photon with polarizationq8 and energy\v8. The electron-
hole pair (i 8k8s8,iks) emerging in the final state determine
the photon energy loss after being scattered.

Using the data listed in Table II one can find, for examp
the intensity of emission with linear polarizationq850 due
to the excitation of an electron from the 2p1/2 shell by a
right-hand polarized photonq51 with the creation of an
electron-hole pair with spins↑↓:

F01
↑↓5

R4

152 (
iki 8k8

UA2a21
↑ a1

↓* 1A4

3
a0

↑2a2
↓*

e2e ik
↓ 2 iGx

U 2

d~e82e i 8k8
↑

!

~A10!

5R4
p

152Gx

7
1

3
g↑~e82 iG f !g

↓~e2 iGx!. ~A11!

Here e5\v2uE2p1/2
u,e85\v82uE2p1/2

u. The first term in
the numerator describes the excitation amplitude into a s
with total moment projectionmj5

1
2 and the second one int

a state withmj52 1
2 .

Assuming approximate diagonality of the sum

(
ik

am,ik
↓ am8,ik

↓* d~e2e ik!}dmm8 , ~A12!

one notices that in the calculation of the squared amplitu
in Eq. ~A10! the cross terms disappear. Equation~A10! was
obtained assuming that there is no dependence of the ra
matrix elements on energy, band number, and spin ind
The densities of statesg(e2 iG) take into account the damp
ing of the intermediateGx states~those with the hole in the
inner shell! and of the finalG f states. In the following, we
drop the imaginary parts of the energiese ande8.
7-8
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The total intensity of the emission process is obtained
summation over final states with all possible spin proj
tions. In order to simplify this procedure, we introduce t
quantity

f q
c~e!5

1

N (
iks

z^F ik
s uCquFc& z2d~e2e ik

s !, ~A13!

wherec5 j ,mj , which is essentially the probability of ab
sorbing a photon with polarizationq in the course of excita-
tion from a particular inner stateFc .

In Table III, all values of this quantity are expressed v
the special densities of states

gm
s ~e!5

1

N (
ik

uam,ik
s u2d~e2e ik

s !, s5↑,↓. ~A14!

In the following we substitute their mean values~A9!, i.e.,
the spin-resolved partial densities of states. In other wo
we neglect the 3d spin-orbit interaction compared with ex
change interaction. This approximation is reasonable in
case. It allows us to obtain simple equations for reson
x-ray scattering.

In the notation~A13!, the intensity of photon scatterin
q,e→q8,e8 assumes the form

Fq8q
e

~e8,e!5
R4

152

p

Gx
(
mj

f
2q8

mj ~e8! f q
mj~e!, ~A15!

and the absorption spectrum is given by

Fq
a~e!5

R2

15 (
mj

f q
mj~e!. ~A16!

The intensities of inelastic photon scattering with diffe
ent polarizationsFqq8

e @Eq. ~A15!# make it possible to find
the angular dependence of emission. In order to keep
mathematics simple, let us assume that all directions of
larization of the emitted photons enter with equal weigh
i.e., we consider the emission

I 1
e 5

2

3
~F211

e 1F01
e 1F11

e !. ~A17!

Equation~A17! is exact for the ‘‘magic’’ angle 55° betwee
photon direction and magnetization axis, or for angle in

TABLE III. Transition probability between inner statesFc and
valence states of energye ~in units of R2/15).

Fc mj f
11
mj f

21
mj f 0

mj

2p1/2 21/2 g1
↓1(2/3)g0

↑ g21
↓ 14g22

↑ (4/3)g0
↓12g21

↑

1/2 4g2
↓1g1

↑ (2/3)g0
↓1g21

↑ 2g1
↓1(4/3)g0

↑

2p/32 23/2 g0
↓ 6g22

↓ 3g21
↓

21/2 2g1
↓1(1/3)g0

↑ 2g21
↓ 12g22

↑ (8/3)g0
↓1g21

↑

1/2 2g2
↓12g1

↑ (1/3)g0
↓12g21

↑ g1
↓1(8/3)g0

↑

3/2 6g2
↑ g0

↑ 3g1
↑
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grated emission. The main results obtained for the c
~A17! remain valid for the general case as well.

In order to study the effect of spin polarization, it is co
venient to introduce symmetric and antisymmetric comp
nents of the partial density of states,gs,a(e)5@g↑(e)
6g↓(e)#/2. With the help of Eqs.~A15! and ~A17! and
Table I we arrive at the emission intensities in the course
resonant excitation by right-hand polarization, in the ca
when the photon helicity is parallel to the spin of the excit
atom:

1/2I 1
e ~e8!5S 2R2

9 D 2 2

3

p

Gx
@6gs~e8!gs~e!10.8ga~e8!ga~e!

2ga~e8!gs~e!23gs~e8!ga~e!#, ~A18!

3/2I 1
e ~e8!5S 2R2

9 D 2 2

3

p

Gx
@12gs~e8!gs~e!16.8ga~e8!ga~e!

15ga~e8!gs~e!13gs~e8!ga~e!#. ~A19!

The damping of the excited statesGx is determined primarily
by the inverse lifetime of the core holeGc .

The absorption spectra are given by

1/2I 1
a ~e!5

2R2

9
@2gs~e!2ga~e!#, ~A20!

3/2I 1
a ~e!5

2R2

9
@4gs~e!1ga~e!#. ~A21!

The emission and absorption spectra in the case of e
tation by left-hand polarized radiation (q521) follow from
Eqs. ~A18!–~A21! when ga is substituted by2ga . In the
case of nonpolarized incident radiation, the third and fou
terms in Eqs.~A18! and ~A19! disappear as they are odd
ga . However, the effect of spin polarization on the emissio
i.e., the second term, remains substantial. In the case of
posite spin polarizations of occupied and vacant states
emission is weakened; for parallel spin polarizations
emission is enhanced.

2. Reemission

In resonant elastic scattering, the initial and final states
the electron system are identical. The energies of incid
and emitted photons are equal, but their polarizations m
differ. A given final state may be achieved via differe
paths, for example, through excitation from one of two
one of four inner states for 2p1/2 and 2p3/2 shells, respec-
tively. Consequently, one must add the amplitudes of p
sible transitions rather than their probabilities.

In the approximations adopted above, the main form
for the intensity of reemission affected by diagonal comp
nents only reads

Fqq
r ~e!5

R4

152

p

G* S (
mj

f q
mj~e! D 2

. ~A22!
7-9
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Hence the reemission is proportional to the square of
absorption intensity for a given energy. Making use of Ta
III we obtain

1/2I 1
r ~e!5S 2R2

9 D 22

3

p

G*
@4gs

2~e!1ga
2~e!24gs~e!ga~e!#,

~A23!

3/2I 1
r ~e!5S 2R2

9 D 22

3

p

G*
@16gs

2~e!1ga
2~e!18gs~e!ga~e!#.

~A24!

The intensity of reemission for excitation by left-hand pola
ized radiation (q521) is again obtained by substitutingga
by 2ga .

The formulas~A22!–~A24! for reemission resemble thos
for conventional emission and absorption. One should
23511
e
e

-

e-

member, however, that the reemission occurs from an
cited free state with dampingG r whereas in conventiona
emission, i.e., from the states below the Fermi level,
damping of the latter is negligible. The damping in abso
tion and emission spectra is determined by a core holeGx
5Gc , while in case of reemissionGx5G r1Gc , whereG r
accounts for inelastic processes and moreover for the p
ability for an excited electron to leave the atom complete

For peak-shaped functions the following relation appro
mately holds:

g~e2 iGx!.
Gc

Gx
g~e2 iGc!.

This was used to introduce the quantity 1/G*
5(1/G f)@Gc /(Gc1G r)#2 in Eq. ~A22!.
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