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The results of investigations of the Heusler alloys NiMnSb angMBtsb by magnetic circular dichroism in
soft x-ray emission spectroscop$XEMCD) are presented. The data obtained are in a good agreement with
theoretical calculations of x-ray emission. A very intense resonant inelastic peak in the bpectra in the
region of states above the nominal Fermi level was observed and attributed to x-ray reemission. The interplay
between the theoretically predicted half-metallic character of the Mn/&ence band and the Mh,,L;
SXEMCD spectra is discussed.
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[. INTRODUCTION using the SXEMCD technique, especially for localized
magnet$ X-ray emission spectroscogi)XES) as an experi-

X-ray magnetic circular dichroisfMCD) was predicted mental technique has not been as greatly developed as x-ray
by Erskine and SterhCircularly polarized core-level photo- absorption, because it is more complicated with respect to
absorption and photoemission in magnetic systems have rexperimental apparatus as well as in the theoretical
cently attracted much attention, both experimentally andlescription’ The SXEMCD technique became a subject of
theoretically, following the observation of linear magnetic study recently after Stranget al. predicted the dependence
dichroism in rare-earth materials by van der La&al? The  of Fe Ly XES on the relative alignment of the polarization
existence of magnetic circular dichroism in absorption ofvector of the incoming excitation beam and the sample
circularly and linearly polarized radiation was experimen-magnetizatiol. SXEMCD measurements have been done
tally demonstrated by Schtmiet al. in a large number of for Fe L,,L; using nonmonochromatized synchrotron
rare-earth and transition metal systehdsMlagnetic dichro- radiatiort® and monochromatic excitatidn.Fe, Co, and Ni
ism in x-ray absorptiorfXA) is considered to be a standard films,'2 Rh,sFe;s,* and Fe-Co alloy¥ have also been inves-
technique that was initially applied to study the fine structuretigated.
of empty electronic states in a conduction band and their spin The second complicating factor is that theories describing
configuration. The absorption of polarized x rays creates coréhe phenomenon of MCD in x-ray emission are apparently
holes with different orbital and spin projections, dependingbeing reconsidered. We found several theoretical approaches
on the polarization and excitation energy of the incomingto describing magnetic dichroism in x-ray emission
photons. That is directly connected through sum rules to thepectroscopy>~*® but they seem to be insufficient to de-
spin-angular-momentum-dependent hole population of thecribe the experimental data. Pustogoateal'® described
valence shell in the ground stat@. X-ray emission as a first-order process in perturbation theory,

Soft x-ray emission(SXE) spectroscopy is known to be considering x-ray emission independently from the absorp-
an element-selective probe of electronic structure, related tton of excited photons. These authors considered the differ-
the occupied partial density of states. It has been shown thance in intensities of emitted photons with right- and left-
the spin-polarized core hole created by the incident photohanded polarization, which is opposite to the polarization of
may be used as a local site-specific spin detector for théhe measured x-ray spectra in our case. In Ref. 16 the dichro-
valence states via appropriate valence-to-core holésm of x-ray fluorescence spectra was investigated at high
transitions’ According to these expectations, the MCD effectenergy excitation far above threshold. In a recent pdper
can be observed without detecting the polarization of emitte@jiving a basic treatment of x-ray emission the interconver-
photons if core holes are excited alternately by right- andsion of spin direction for the spin orbit splitp?, and
left-handed circularly polarized radiation relative to the 2p;, shells was neglected. This model was improved by
sample magnetization direction. In this case the difference itkuiper® However, he worked with atomic functions and
the emitted radiatior(later referred to as the magnetic di- obtained only integrated intensities of XES. In our approach,
chroism spectrumclosely reflects the spin-resolved local we consider the difference between polarization integrated
density of state$sDOS). emission spectra excited with left- and right-polarized in-

Regarding the question of how the electronic structure ofoming photons, which is close to the experimental. As well
localized magnetic systems influences the x-ray emissions the normal x-ray emission generating the final valence
spectra, we emphasize two factors that make things complhole?® an appropriate model has to consider other decay
cated. The first is the rather small number of experimentghannels of the core hole created. To take into account
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3d4s—2p x-ray transitions from occupied and unoccupied NiMnSb
Mn 3d states also, we were forced to develop a theory and B KL "] LA L A LA L L L
. . . . e . L, (b)

put it forward for discussion by the scientific community. M (a)
In order to investigate magnetic circular dichroism ap-

plied to localized magnetic systems a pair of “classic” Mn- Mn 2p XAS

based Heusler allogswas selected. G&nSb has ar_2; - Mn L, XES

lattice and NiMnSb has &1, lattice?? These Heusler alloys 2| Aj B L

(HA’s) have magnetic moments of aba@&3—-4 ug local- 2 ‘/\A‘

ized on the Mn atoms, and they are traditionally considered 8 ol S hy=640.5 £V

as having strongly localizedd3electrons, so experimental 2 A%l MnL,,XES ©

studies of the energy distribution of the Ml 3tates are of 2| L Ly s

great importance. Band calculatiGigor HA’s show that the ﬁ Ww/:\—»«‘ma hv=652 eV

majority-spin Mn 3 states are occupied. For the minority- L L |

spin states, the Mn@band is empty and positioned at 1-1.5 ARELS) 2|E(L,) d

eV above the Fermi level in most cases. Studies of the elec- N hv680 &V

tronic structure of HA's intensified after the theoretical pre- h= . ; g:

diction of a half-metallic ferromagneti¢iMF) state*i.e., a R AR oot S

nonzero density of states at the Fermi level in one spin chan- 630 640 650 660 670 680

nel and a band gap in the other in NiMnSb and PtMnSb Emission energy (eV)

alloys. Band calculatiort$?*show that a state close to HMF

may exists also in an (Z:ALSi’Ga’Sr) a||0ysl FIG. 1. The MnL,,L; XES following energy-dependent exci-

A correlation between the energy splitting of the Mp,2 ~ tation for monocrystalline NiMnSb. Shown are Mp XAS (a) and
core level and the value of the local magnetic moment wa&ES (b.c.d spectra excited with parallel alignment of the incoming
observed by x-ray photoemission Spectrosc%f?p'yhis is due Photon he_I|C|ty and samp_le spin r_nome{lfltled squarep an_d e_mtl-
to the strong P-3d exchange interaction within the Mnd3 parallel allgnmer\l(()_pen circles Difference spectra_ are indicated
band, which also affects the shape of Mj; XE spectra and by the black solid line. The Mn (%, and Mn 2b,, binding ener-
their relative intensity ratiol (L,)/I(L3) 26 Here we use J'°° relative to the Fermi level are labelég(Ls) and Eq(L,),
SXEMCD to study the spin-resolved Mnd3partial density respectively.
of states by measuring the samé43—2p x-ray emission
spectra.

The outline of this paper is as follows. First, we describe

experimental detail§Sec. Il A) and characteristic features of gap. The field strength was about 0.2 (Estimated at the

the_ opserved spectr(zSe_c. 1B. Then we give a brief de—. sample site. The magnets were attached to the axis of a
scription of our theoretical approach and spectra formation

hanismSec. 10, Th . bet . tvacuum-compatible rotational stepper motor to facilitate a
mechanism(Sec. 1 Q. The comparison between experment o\ q s of sample magnetization. The samples remained in a
and theory(Sec. Il D) results in some conclusioriSec. IlI).

Details of th h tical f f tined in th fixed position during the entire data acquisition. After every
Agpaelrfda € mathematical formalism are outlined In €y 4 min gata acquisition in a certain geometry, say, coparal-

lel alignment of photon helicity and magnetization, was sus-
pended and the magnetization was reversed to antiparallel
Il. RESULTS AND DISCUSSION alignment by activating the motor. This procedure took about
A. Experimental details 2 s, after which data acquisition in the reverse geometry was
i _ resumed, and the entire cycle was repeated for several hours.
The experiment was performed at the helical undulatofrpe time Jag between the two geometries was negligible due
beamline ID12B at the European Synchrotron Radiation Fag, the very long lifetimemore than 35 hof the stored elec-

g . '28 - . - X . . X
cility (ESRF in Grenoble, Francé which is a high- o0 peam. The magnetic field was parallel to the incident x
brightness third-generation high-energy synchrotron sourcgays which were incident on the sample at 5° to the surface.
This beamline consists of a Dragon-like spherical gratingrpe gptical axis of the spectrometer was adjusted to coincide
monochromator producing some 83% circularly polarized Xyith the surface normal. The spectral resolution was 0.7 V.
rays. The extraordinarily low emittance of the 6 GeV storedy single crystal of NiMnSb and a polycrystalline sample of

electron beam allowed us to refocus the x-ray beam thagg \vinsh were used for x-ray fluorescence measurements in
passes the monochromator exit slit into a spot with dimen;, ¢ ,um (108x 10~° Torr). The samples were scraped in a
sions of about 4gemx1 mm without excessive loss of in- |,.,um of 106 Torr before the measurements.

tensity. It is of crucial importance to achieve the smallest
attainable focal spot in order to collect as much of the fluo-
rescence signal with the x-ray emission spectromietas
possible. The energy spread of the excitation beam was set to For brevity, we shall mainly discuss the XE spectra of
about 0.9 eV full width at half maximurtFWHM) in order ~ NiMnSb. Figure 1a) contains MnL, ; absorption and Mn

to have reasonable acquisition timegveral hours, depend- L, ;fluorescence spectra of NiMnSh. The spectra have been
ing on excitation energy induced by circular right-han¢ohoton helicity is parallel to

The samples were magnetized by using two Nd-Fe-B
magnets situated in vacuum, directly behind the samgles
sentially a horseshoe configuration with a few millimeters air

B. Characteristic features of spectra
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the spin momentum of the samplend left-handantiparal- Co,MnSb

lel) polarizations. For XAgFig. 1(a]) we observed dichro- LRt B AL IR P
: ) . B MnL XES (a)
ism that reaches a maximum at thgabsorption edgénega- i 9

tive sign of the differenceand a smaller one at the, ,.//’:‘} hv=640.5 eV
absorption edgepositive sign. According to Ref. 30 the = A‘ v

absolute value of the dichroic difference can be increased by A B (b)

applying a larger external magnetic field. The curi®s(c),

and (d) in Fig. 1 show MnL, 3 x-ray emission spectra ob-
tained at different excitation energies. The following features
can be seen in the Mh; spectrum excited dEq,.=640.5

eV [Fig. 1(b)]. There are three effects in the spectrimthe
spectrum consists of two bands with maxima at 637.5 eV
(peak A) and at 640.5 eMpeakB), (ii) both bands have
dichroism of the same sign, coinciding with that at the
absorption edge, and the maximal dichroism in x-ray emis-
sion is at 640.5 eV photon energy, which also coincides with , ;
the energy position of thé, absorption edge, anii) an RGN SN St A e b i
anomalously high peaR (in comparison to the normal emis- 630 640 650 660 670
sion peakA) is observed. We suggest that the high intensity Emission energy (eV)

of pe'akB is explained by the.sum (.)f J.[he elast?c. scattering FIG. 2. The MnL,,L; XES following energy-dependent exci-
contribution and the substantial radiative transition of elec-tation for polycrystaliine CgMnSb. All designations are the same

trons with energies higher than the Fermi energy, i.e., by thgs for Fig. 1. The Mn 5/, and Mn 20, binding energies relative
relaxation of the intermediate state with electron configurato the Fermi level are indicated &(L3) andE;(L ), respectively.
tion 2p®3d"*?, which involves contributions from thed3
states nominally vacant in the ground state configuration. g_ —g644 eV. The elastic scattering pegkexhibiting no

The Mn x-ray emission spectrum at the threshold en- iy gism s situated apart from the Mny x-ray emission
ergy of 652 eV is presented in Fig(cl. _Flrst, we note that lines A and B. From comparison of Fig. (@) and Fig. 2b)
thelL; peakB (E=640.5 eVf does not disappear completely o can see the coincidence between the dichroism maxima

due to reemission but merges with the normal emission pe 640.5 eV. A ; ;
. : : . . . Apparently, the pedkin spectrum(b) arises
A (details will be explained in the next sectioloth peaks 0 15 the relaxation of an excited electron into a long-life

form the L3 spectrum. Second, no dighroism is observed atime state(a trap above the Fermi energy and then a fluo-
theB’ resonance peak. The absolute intensity ofBhgeak rescence transition to thepgy, level.

?s mugh Iow_er than that of peak’, which is opposite to.the Smoothed dichroism spectra of NiMnSb and of,BaSb
intensity ratiol (A)/1(B) at Eexc=640.5 eV. Note that in @ 516 hresented in Figs. 3 and 4. The spectra are shifted to the
larger external magnetic field the dichroism at theandL, Fermi energy, using the corresponding 2ore-level ener-

lines may be increased. The dichroism of fiepeak is very  giag optained from XPS measuremefitsor both alloys di-
large in comparison with that at both the emission pBak ¢y 5ism of the same sign is observed for Mg XES mea-
[Fig. 1(b)] and the absorption pedk, [Fig. 1(@—see also g ,req at , threshold excitatiofiFigs. 3b) and 4a)] and for
the MCD spectral values aligned to the Fermi level in Fig. 3, L, XES measured at, threshold excitatiofFigs. 3¢)
below]. and 4c)]. Moreover, the sign of the Mh; XE dichroism

an Lﬁ anﬁILz ;]('rl"f‘Ey erEisgiC())n lines exzr:]ited a_t en_ergimes farintensity is negative in the case bf-edge resonant excita-
above the thresholée,—680 eV are shown in Fig.(®). 5 \while that for MnL, is positive in the case df,-edge

The dichroism al ; andL, has d_iffe_rer_lt signs, opposite to resonant excitation. Thus, the XE dichroism intensities fol-
the cases of near-threshold excitatighigs. 1b) and ic)]. low the XA dichroism intensities at corresponding excitation

L; x-ray emission from states nominally above the FermignergieqFig. 1). The high level of noise in cases of excita-
level and a highl (L,)/1(L3) intensity ratio for MnL,,L3 %

Intensity (arb.units)

: L2 ion far above thelL,,L; thresholds with photon energy
spectra relative to pure Mn are observed. This is in goo =680 eV makes it difficult to confirm the difference
agreement with XES obtained by electron excitafidgimi- | &8¢~ = 4 hroism spectf&igs. 1d) and 4d)]
lar spectral features were observed for IGy,L, XES of ' '

Cr-intercalated systems, where the high magnetic moment at
the Cr site is related to the strong localization of @r<sates
and the predicted band gab. The main features of the electronic structure of Heusler
The MnLs,, XES of polycrystalline CeMnSb are pre- alloys can be seen using the 31n spin-resolved density of
sented in Fig. 2. The same behavior of Mn emission forstates. The current calculatid¢see Fig. % is taken from Ref.
corresponding excitation energies is apparent for NiMnSI82. Spin-down states are prevalent above the Fermi energy.
and CgMnSb. They form a narrow peak at 1-1.5 eV above the Fermi en-
Let us discuss in more detail the spectra in Fidp)Zor-  ergy. In the filled part of the Mn @ DOS, the spin-up states
responding to an intermediate excitation energy value oflominate. These features also influence the x-ray transitions.

C. The model of resonant x-ray scattering
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NiMnSb
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4

Absorption dichroism intensity
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FIG. 3. Emission dichroism intensity for NiMnSb. Difference
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NiMnSb
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FIG. 5. Mn 3d spin-polarized density of states for NiMnSb
(Ref. 32.

spectra are shifted to Fermi level according to experimental core-

level energiegRef. 26. LabelsA,A’,B,B’ correspond to labels in
Fig. 1.

We developed a theoretical model describing resofaith
the core-level excitationscattering of polarized x rays in
terms of the Mn 8 DOS, which is specific for the Mn-based
Heusler alloys investigated. The mathematical formalism i

CoZMnSb

[ Mn L,XES A
| hv, =640.5eV

Emission dichroism intensity
(in units of percent of the sum of corresponding L- peak heights)

4 A
| Mn L, XES
8 Lhv, =644.5ev B
43
16
i [ 4 |MnLXES ]
8l hv, =652eV 7

4L B' ()]
O||||||||||||||_

4 2 0 2 4
Binding energy (eV)

FIG. 4. Emission dichroism intensity for GMInSb. Difference

given in the Appendix. Here only the main aspects of the
theory are discussed.

The simplest approach is to consider x-ray absorption and
emission as two independent processes, but often this will
not work, because the emission process starts from excited
valence states and not from the ground state. Let us consider
an excited core-level electron, which is added to the valence
electrons as the result of incoming photon absorption. The
excited electron cafii) leave the excited atoniji) lose its
energy and mingle in the crowd of other valence electrons, or
(iii) return to the empty core level with radiation of an x-ray
quantum. The proced§i) is known as reemission. Usually,
the reemission contribution to the spectra of metals is not
large, compared to concurrent processes. Therefore, the re-
emission peak usually looks like a small tail on the Fermi
energy side. It is a fundamental claim of our work that the
reemission in metallic Heusler alloys is anomalously large in
Mn Lz XES for several reasons.

The model is based on the partiad 8lensity of states of
NiMnSb (Fig. 5 which has the following main feature§) a
strong(about 2 eV exchange interaction rather than a weak
spin-orbit interaction forms the band staté€s) spin-down
states have a strong peak above the Fermi I¢sgin-up
states are absent in this region; they are located below the
Fermi leve). That spin-down peak acts as a spin-selective
trap for excited core-level electrons. The presence of the en-
ergy gap between filled and empty states is also important. It
makes it possible to observe and clearly distinguish x-ray
reemission and x-ray emission contributions to the My
XES.

Let us discuss the origin of dichroism. Core states are
split by the spin-orbital interaction intop2,, and 204/,. In

spectra are shifted to Fermi level according to experimental corethe 2ps/, states, the orbital and spin moments are roughly

level energiegRef. 26. LabelsA,A’,B,B’ correspond to labels in
Fig. 2.

parallel, while in 24/, they are antiparallel. The spin direc-
tion is fixed by spin polarization of the empty states, where a
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core-level electron is excited under absorption of an x-ray 172 a(©)*[2g4(€)—qgda(e)], (5)
guantum. In this way the states with orbital moment projec-

tions paralleor antiparallel to the spin moment of the atom 322 ) [ 4g(€) +qgal€)]. (6)

are selected. The photons with rigfhoton helicity +1, d

parallel to the atomic spin momerand left(photon helicity The x-ray hole appearing at the core level creates a po-

—1, antiparallel polarizations interact differently with elec- tential that acts on other electrons in the excited atom. The
trons having a fixed projection of the orbital moment. Thiseffective value of the potentidU~2 eV can be simply
leads to dichroism. X-ray emission is the reverse procesgyaluated by division of the unscreened Coloumb interaction
with respect to x-ray absorption and therefore also showgnergy of two elementary chargesbout 10 eV by the num-
dichroism. Using the second order theory of electron-photomher of Mn 3d electrons. This core-hole field turns on sud-
Interaction we give a quant|tat|ve deSCI’IptIOI’l of em|SS|0n,den|y and shakes up the valence e|ectﬁ§ﬁ§5_’ But first we
reemission, and absorption within the one-particle approacBonsider the ground state of the electrdfisll relaxation
(see the Appendix _ case in this core-hole field. This state is described by the

To simplify the equations, the orbital angular momentumsg_cajled impurity DOS, which can contain a local electron
energy distribution in thel band is neglected. We take into |evel, separate from thetband. Let us turn to the spin-down
account the exchgnge energy spl|tt|.ng pf spin states only. IBand in the Mn 8 DOS, Fig. 5. The peak above the Fermi
addition, we consider that the polarization of emitted x raysenergy gives the main contribution to the reemission process.
has equal projections on all three axes in a coordinate systeffhese states are shifted down in the core-hole field by about
connected with the sample magnetization. This is true at thghe value ofU. As a result, the peak may shift down below
“magic” angle 55° between the photon direction and thethe Fermi level, thus leading to an increase of the electron
magnetization axis, and it is reasonable for our experimentalfetime in the excited state.

geometry. The., 3 emission intensities following x-ray ex-  Another core-hole effect is also significant. Besides the
citation with energsh» and polarizatiorg=+1 are given by  ground state, contributions from the excited states can be
the equations essential. In magnetic materials, first of all, one should take

into account states with a reversed local magnetic moment at

an excited atom. The spin-reversal energy is of the order of

0.1eV, i.e., the Curie temperature. This is small as compared

, , to U=2 eV. Such spin-flip excitations suppress the observed

+al—da(€")9s(€) ~30s(€")ga(€)]}, (D yaiues of dichroism and should be taken into account in the
analysis of experimental data.

1
Y23(e") o {60 €' gs( €) +0.895( € )gal )

1
SIZIS(E,)OCF_{lzgs(fl)gs(f)+6-&a(5,)ga(f) . .
X D. Discussion

+q[50.(€')gs(e) +3g5(€")gale)]}. (2 For the quantitative theoretical analysis of experimental
spectra we use the formula€l)—(6). We take 1°(€’)
Here e=hv—|E,p [—il'y and e’=hv'—|Ep, | ~il's are  =[1%(e')+1%(')]/2 at a fixed energy of excitation, i.e.,

the energies of excited band electrons after photon absorjphe spectrum averaged over the polarization of the incoming
tion and after emission of the quantum’, respectively; radiation, for the description of the emission spectrum. The
gsva(e)z[gT(e)igi(e)]lz are the charge and spin compo- difference spectrum(dichroism of emission can be de-
nents of the partial DOS calculated per ahstate per atom. scribed asDI1%(e’)=[15(e’)—1%(€')]/2. Let us introduce
They are smoothed by the widths of intermedidte and  similar formulas for the reemission and absorption spectra.

final I'; states. Under threshold excitation energy, core-level electrons
In the same units, the reemissi¢elastic scatteringcon-  are transferred to the empty peak of the D@$~1-1.5
tribution is given by eV; see Fig. B the spin polarization of which,P®

=ga(€)/gs(€), is taken equal to—1. The polarization of
Ut 1 ) ) filled states located below the Fermi leveR5=0.5. In case
lq(e)c ——[4g5(e) +gz(€) —qx4gs(€)da(€)], (3)  of excitation with high energy far away from the threshold
I we assumeP®=0. Finally, we take into account a higher
damping of the excited resonance state in reemission by set-
- 1 2 2 ting I'™* =2T,.
lq(e)mr_*[legs(e)"'ga( €)+0ax8gs(€)Gale)], (4) The results of the intensity calculation for normal x-ray
emissionl € [in units of (1I',)g<(€')g<(€)], reemissionl’
whereI'* is the inverse lifetime of intermediate resonance[in units of (1/l“x)g§(e)] and absorptiorfin units of g4(¢€)]
states. Equation&l)—(4) describe the emission spectra fol- are given in Table | together with corresponding MCD in-
lowing x-ray excitation with energyh» and polarizationg tensities. Looking at the DOS in Fig. 5, one can see that
= =*1 with respect to the sample magnetization in terms ofys(e')~gs(€) for the main peaks below and above the
the charge and spin density of empty and filtkstates. After Fermi energye;. So the threshold emission and reemission
integration over thel band we get the result of Ref. 18. The intensities are given in the same units. The first two lines
form of the absorption spectra is correspond to the threshold excitation of an electron from the
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TABLE I. Intensities of x-ray emissionl® [in units of intensity lines was sometimes insufficient for quantitative es-
(1T,)9s(€')gs(€)], reemissionl” [in units of (1',)g3(e)], and  timations. On the other hand, as noted above, the one-
absorptiori® [in units ofgs(e)] and corresponding MCD intensities particle approach does not take into account the peculiarities
DI for L,,Ls spectraP' and P are spin polarization of filled and  of the electron system connected with the possibility of tran-

empty states sitions to the excited states. The process of atomic spin re-
: versal is the most destructive for dichroism. This point must
(O P pe 1€ DI¢® I’ DI' |2 DI? ; ; itati ; .
be taken into account in a quantitative comparison of one
2py, 05 -1 56 25 25 2 1 particle calculations with experimental data.
2P 0.5 1 86 -05 85 4 1 Going back to the reemission elastic peaks atlthend

0 L, thresholdgdFigs. 1b) and Xc)], we need to note that the
0 relative intensity of the first one is much higher than that of
the second. Although the calculations predict a decrease of
thel'/1€ ratio from 1.0 to 0.45 when going from tls to the
L, (2py) andLg (2p3) levels,Pe=—1, and the last two L, threshold, the observed reemission peak at théhresh-
lines correspond to excitation far away from the thresholds@ld is much smaller. This might be due to the shorter lifetime
Pe=0. In the latter case, the quantiti€sandDI" have a of theL, core hole(with respect to that of the; core holg
rather nominal character, because the actual relax&tiom as a result of an additional Coster-Kronig transition. One can
high energy states is much stronger than that taken into a@lso suppose that the field of the core hole with higher
count in calculations and, moreovey,(e')<gs(e€). binding energy is more strongly screened than that oL.the
Comparison of the calculations given in Table | with ex- core hole. The value of the field directly defines the lifetime
perimental spectréFigs. 1 and 2 shows reasonable agree- of the excited electron at the central atom and hence the
ment. According to the calculation, absorption attheedge reemission probability. The spectra measured at lthe
is related to that at the, edge as 4:2; moreover, the dichro- threshold are more intense than those at Ithethreshold
ism of thel; absorption is negative<{1) while that of the because thd 5 level is also excited by the Coster-Kronig
L, edge is positive € 1) which is qualitatively(in sign) in  transition under excitation of thie, level, and a superposi-
agreement with the observed spectr(see Fig. 1 (note that  tion of two spectra takes place.
the orbital angular momentum distribution is neglected in Formulas(1) and(2) allow us to understand the increase
our simple approagh The calculated reemission/emission of the thel /L ratio with the increase of spin polarization,
intensity ratios at thé.; and L, thresholds are 8.5/8.6 and or, the same thing, with the increase of the atomic magnetic
2.5/5.6, respectively, and the signs of the dichroism arénoment. In this process, the absolute value of the negative
found to be the same for reemission and emission at.the productg,(e’)ga(€) grows(the spin polarizations of empty
threshold (with different values:—4 for reemission, and and filled states are oppositevhich leads to the weakening
—0.5 for emission The same behavior is seen for experi- of both emission lines with increasing spin polarization.
mental spectra. In contrast, the dichroism of normal XES atHowever, the suppression of thg emission is much higher
the L, threshold(2.5) is higher than that of reemission laj [the coefficient in Eq(2) is 6.8] than the suppression of the
(2.0. L, emissionthe coefficient in Eq(1) is 0.8]. In the extreme
Finally, the theory explains the change in sign of the di-case of 100% polarization of empty and filled states one
chroism for both emissioh, andLj lines when going from  obtains 2 ¢=3%2¢,
near-threshold excitationP€= —1) to excitation far above The reason is a restriction of some transitions due to the
the threshold P®=0). Such a change of the dichroism sign Spin selection rules. Only two states of the;2 shell (out of
can be explained within a two-step process of x-ray emisfour) take part in transitions, i.e., the same as in tipg,2
sion. First, a core-level electron goes to an empty state. Thishell. The selection rule is illustrated by Fig. 6 fopz
process is characterized by dichroism of absorption. Thergtates with maximal degree of polarization. The extreme situ-
normal emission takes pladevith an x-ray transition from ation was observed for the half-metallic DOS. TB&2,3/2
the valence band to the core-level Hotehich is character- state has majority-spifspin-up polarization and excitation
ized by dichroism of emissiofidue to polarization of the of this inner state is forbidden, because there is no spin-up
filled valence statesin the case of near-threshold excitation, density of states above the Fermi level. The electron in the
both these constituents of dichroism have different signs bg3/2,—3/2) minority-spin state can be excited above the
cause the spin polarizations of the empty and filled states arfeermi level, but the emission transition of an electron below
different. In this case, the dichroism of the first procéss-  Er is again forbidden because there are no spin-down states
sorption prevails. For excitation far away from the thresh- below Eg, so the process stops at the emission step.
old, the empty states are nonpolarized, and the result is de-
termined by the dichroism of the second step, i.e., emission. . SUMMARY
Let us consider these quantitative results more carefully. '
Note that the calculated dichroism is higher than the ob- It was shown in experiment and by theoretical consider-
served one. This is for two reasons, experimental and theations that the magnetic structure of a system strongly affects
retical. Measurements of the difference spectra were peoth circular dichroism and the intensity distribution of x-ray
formed under not completely optimal conditions: the externakemission spectra obtained at different excitation energies.
magnetic field was rather small and the statistics of low-The investigation of x-ray emission valence spectra of Mn

2py, 05 0 6 05 2 0
2ps, 05 0 12 25 8 0

AN NN
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F ( ) APPENDIX: MATHEMATICAL MODEL

demonstrates an anomalously high ratifL,)/I(L3) of The intensity of resonant x-ray emission induced by pho-
emission line intensities as compared to that in puterget-  tons of energyiw and polarizatiory is given by
als. This is related to the high degree of spin polarization of
valence states in half-metallic ferromagnets. A large mag-
netic dichroism effect was found in the Mi,,L; x-ray |§(w',w)°<2 Fargs (A1)
emission spectra. That indicates a strong exchange splitting 9
between spin-up and spin-down Mnul 3tates.

An x-ray reemission peak originating from the states
above the Fermi energy was found in Nl3 XES in Mn-

where the summation is over the polarization directighsf
emitted photons with energyw’. The intensity of photons
with the polarizationq=(+1,0,—1) scattered into a state

XWith polarizationg’ is given by the Kramers-Heisenberg for-
actly coincides with the maximum of the Mr, absorption P a159 y 9

edge, which corresponds to the maximum in the empty Mn
3d DOS. The origin of such a large effect of reemission is )
closely connected to peculiarities of the electronic structure =SS <q’f|Cq’|q)x><(Dx|Cq|q)0>|
in half-metallic ferromagnets. The long lifetime of the ex- R i Eothiw—Ex—ily |
cited states(which is necessary for intense reemissias
provided by the suppression of nonradiative relaxation of
excited electrons near the Fermi level and by their prolonged
stay on an excited atom due to the field of the core hole. Ifiere, o is the ground state of an electron system with en-
Heusler alloys having large local magnetic moments, there i§79Y Eo. @ is an excitedby absorption of a photorstate
a possibility of revealling such a mechanism of the relaxationVith energyE, and damping’,. The outer summation over
suppression. This possibility is based on strong exchang@e final statesb; is constr_alned by thé function _represent-
splitting, which is typical for systems with the half-metallic N9 the energy conservation law. For damped final states the
ferromagnet DOS structure. Both the existence of the energ function should be substituted by a Lorentz function with
gap for the spin-down projection of Mnd3states and the WHM I.‘f' . . . .
weak hybridization of Mn 8 electrons with nearest neigh- The dlpo_le tra_nsmon Op‘?rat@q Is expressed via sphen-

: . cal harmonics with the orbital momeht 1 and projections
bors lead to the suppression of the excited electron relaxr—n:0 1
ation. Therefore our findings can be fully interpreted in terms T
of the half-metallic character of the electronic structure of
Heusler alloys. Coy=(x=iy)/\2=F am/3rY .4,

A theoretical model for the description of resonance scat-

tering of polarized x rays is proposed and a simple quantita-

X 8(Ei+ho —Eg—ho). (A2)

tive theory of magnetic circular dichroism in x-ray emission Co=2z=V47/3rY 1, (A3)
in terms of the spin-polarized electron density of states is
developed. where thez direction is along the spin axis of the solid.

Note that further investigations on this subject would be In the Mn atom, the B inner states are split by the spin-
very useful, e.g., for studying magnetic dichroism in materi-orbit interaction(12 eV) into two groups with total moments
als having a large local magnetic moment at an atomic sitej =1+ s equal to 1/2 and 3/2. Their angular and spin parts are
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TABLE Il. Squared angular parts of the dipole matrix elementsSimultaneous inversion of all directions does not affect the

between inneb, and valencefbilk states(in units of R?/15). transfer probabilities.
Do my (ORIC|PIP KPHIC 1| PP K| Col® )P l 1 S o P 1
= aim ikl “0(e—€ A9

e —12  ayf? A (@3)agl 9= DN g, [Amiklolee) (A9
1/2 4ay|? (2/3)]ag|? 2|ay|?

2pg, —3/2 lag|? 6la_,|? 3la_,|? is the partial density of states of symmelryalculated pef
-1/2 2la,|? 2la_,|? (8/3)|a|? state per atom. The calculated partial densities states per
1/2 2a,|? (1/3)|ay|? lay|? Mn atom in NiMnSb are shown in Fig. 5.
3/2 0 0 0

1. Emission

Let us separate the emission process into two pajtdhe
emission as such, understood as the radiation due to the tran-
sition from electron states below the Fermi eneegy, and
(ii) resonant elastic scattering of photons, known as reemis-
1 sion.

@1,2,_1,2=E(\/§Y]_1—Y£0), (A4) In the first of these processes, an electron from an inner
state®, due to an absorption of an incident photon with
polarizationg and energyh w is transferred into an empty

1 )
P 1=—=(N2Y o+ Vi), band state®:,. Then, another electron from a staie,,,
V3 with energy e<e fills the created hole, emitting another
photon with polarizatiorg’ and energyiw’. The electron-

1
® 12,12 ﬁ ( Ylo_ \/EYil) )

® :i(YT +y2vh) hole pair {'k’s’,iks) emerging in the final state determines
8i2-112 N 107 the photon energy loss after being scattered.
Using the data listed in Table Il one can find, for example,
Dapay= Y, DPap_gpo=Yi 4, (A5)  the intensity of emission with linear polarizatiofi=0 due
' B ) to the excitation of an electron from thepg, shell by a
where the arrows stand for spin functions. right-hand polarized photoq=1 with the creation of an

One can expand the valence state§ (i numbers the glectron-hole pair with spin| :
bandsk is the wave vectors=T,|) over spherical harmon-

ics Y}, centered at the excited atom, 4 2
R4 J2al jaj* + \ﬁaI)Zaﬁ* T
_ =" "
(Dilk(r)_% m,ikRel ik Y im (A6) Foi 152 ”;k e iT, S(e' —€yr)

. . . (A10)
(and correspondingly for the spin-up statddere,R, ix is a
(possibly spin-dependéntadial part of the solution of the
Schralinger equation inside the muffin-tin sphere with or- B .
bital momentl and energye=¢€;,s. The expansion coeffi- - 152F 73g (¢'=iT)g'(e=iT). (ALD)
cientsay, ;, are determined from corresponding band struc-
ture calculations. Here e=fio—|Eyp |, €’ '—|Egp,,|- The first term in

In Table II, the squared :;mgular parts of the transitionye nymerator describes the excitation amplitude into a state
matrix elementsl(d),klcq|d>c>| from inner statesb into  ith total moment prOJect|0|m, % and the second one into
valence onesb/, are shown foll =2. For brevity, band in- a state withm; = —
dicesik and the index =2 are dropped. Let us restrict our- Assuming approxmate diagonality of the sum
selves to discussion of thed transitions only. The full ma-
trix elements are in this case obtained by multiplication by
the squared absolute value of the radial matrix element > al II(am, i O(€e— €)% Omny (A12)

ik

RZJ Rep k(1) Roy(r)r3dr (A7) one notices that in the calculation of the squared amplitudes
in Eqg. (A10) the cross terms disappear. Equati#i0) was
between a core-level staR, (n=2l=1) and a valence optained assuming that there is no dependence of the radial
state[Eq. (A6)]. The corresponding matrix elements of the matrix elements on energy, band number, and spin index.
transitions in the spin-up states can be found from Table Iirhe densities of stateg e—iT") take into account the damp-
by making use of the relations ing of the intermediatd’, states(those with the hole in the
inner shel) and of the finall'; states. In the following, we
|<q)iTk|Cq|q)ij>|2=|<q’ilk|c—q|q)i—mj>|2' (A8) drop the imaginary parts of the energiesnde’.
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TABLE lIl. Transition probability between inner statds. and
valence states of energy(in units of R%/15).

D, m £ ™ fo!
2py,  —12 gi+(23)g,  gt,+4gl,  (4/3)gy+2g,
1/2 4gi+g] (RYy+gl,  2gi+(4/3)g)
2pz;  —302 96 69", 3¢,
—1/2 2gi+(13)gh 2g-,+2g', (83)gi+gl,
1/2 2g5+2g9]  (U3)gs+2g',  gi+(8/3)g)
3/2 69} a} 30}

The total intensity of the emission process is obtained by
summation over final states with all possible spin projec-
tions. In order to simplify this procedure, we introduce the

guantity

1
foe)=§ 2 KPUCPIPa(e—el, (ALY

PHYSICAL REVIEW B63 235117

grated emission. The main results obtained for the case
(A17) remain valid for the general case as well.

In order to study the effect of spin polarization, it is con-
venient to introduce symmetric and antisymmetric compo-
nents of the partial density of stateg,sya(e):[gT(e)
+g'(e)]/2. With the help of Eqs(A15) and (A17) and
Table | we arrive at the emission intensities in the course of
resonant excitation by right-hand polarization, in the case
when the photon helicity is parallel to the spin of the excited
atom:

12e 2R?\22 ,
15 (e")= 9 §F_[695(6’)gs(6)+0-89a(6 )9a(e)

—0a(€')gs(€) —304(€')ga(€)], (A18)

R2

22
3/2pe N — ™ ' ’
HESE R ) 5 1 [120(€)94()+ 6.80,( ') gl )

+50a4(€')gs(€) +39s(€')gale)]. (A19)

wherec=j,m;, which is essentially the probability of ab- The damping of the excited statEs is determined primarily

sorbing a photon with polarizatiogin the course of excita-

tion from a particular inner stat®..

In Table Ill, all values of this quantity are expressed via

the special densities of states

1
gﬁq(e)=N%|aﬁq’ik|26(e—eisk), s=1,1. (A14)

In the following we substitute their mean valugs9), i.e.,

by the inverse lifetime of the core holé&..
The absorption spectra are given by

1/2pa 2R2

15 (e)= 9 [29s(€) —ga(e)], (A20)
3/21a 2R2

|+(6)=—9 [49s(€)+gale)]. (A21)

the spin-resolved partial densities of states. In other words,

we neglect the 8 spin-orbit interaction compared with ex-

The emission and absorption spectra in the case of exci-

change interaction. This approximation is reasonable in outation by left-hand polarized radiatioq — 1) follow from
case. It allows us to obtain simple equations for resonankqs. (A18)—(A21) when g, is substituted by—g,. In the

X-ray scattering.

In the notation(A13), the intensity of photon scattering

g,e—q’,e’ assumes the form
R* =
e ' - mj AV UL
Faal€h 9= o T ; 2 (eHfge),  (A15)
and the absorption spectrum is given by

R2
Fi(o= 15 2 fgl(e). (A16)
m;

case of nonpolarized incident radiation, the third and fourth
terms in Eqs(A18) and (A19) disappear as they are odd in
0. - However, the effect of spin polarization on the emission,
i.e., the second term, remains substantial. In the case of op-
posite spin polarizations of occupied and vacant states the
emission is weakened; for parallel spin polarizations the
emission is enhanced.

2. Reemission

In resonant elastic scattering, the initial and final states of
the electron system are identical. The energies of incident
and emitted photons are equal, but their polarizations may

The intensities of inelastic photon scattering with differ- yiar A given final state may be achieved via different
ent polarizationsF ¢, [Eq. (A15)] make it possible to find paths, for example, through excitation from one of two or
the angular dependence of emission. In order to keep thgne of four inner states forf,, and b, shells, respec-
mathematics simple, let us assume that all directions of potively. Consequently, one must add the amplitudes of pos-
larization of the emitted photons enter with equal weightssible transitions rather than their probabilities.

i.e., we consider the emission

2
1S =5 (F +F+Fi. (AL7)

Equation(Al7) is exact for the “magic” angle 55° between
photon direction and magnetization axis, or for angle inte-

In the approximations adopted above, the main formula
for the intensity of reemission affected by diagonal compo-
nents only reads

2
F;q( €)= . (A22)

4
R_l(E f;“j(f))

15 IT'* | 'm;
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Hence the reemission is proportional to the square of thenember, however, that the reemission occurs from an ex-

absorption intensity for a given energy. Making use of Tablecited free state with dampin§, whereas in conventional

[Il we obtain emission, i.e., from the states below the Fermi level, the

damping of the latter is negligible. The damping in absorp-

U 2\2 tion and emission spectra is determined by a core Hgle,

()= 3 [495(6)+ga(6) 49s(€)9al )], =T, while in case of reemissiofi,=I",+T, wherel,

(A23) accounts for inelastic processes and moreover for the prob-

ability for an excited electron to leave the atom completely.

2R2\22 For peak-shaped functions the following relation approxi-
321 (€)= ( ) 3 —[1692(€)+g2(€)+8gs(€)gal€)]. mately holds:
(A24) r
The intensity of reemission for excitation by left-hand polar- g(e—ily)= —Cg(e—iFC)
ized radiation = —1) is again obtained by substitutirg I

by —da.
The formulag/A22)—(A24) for reemission resemble those This was used to introduce the quantity I"1/
for conventional emission and absorption. One should re= (1/'¢)[T./(I'¢+T,)]? in Eq. (A22).
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