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This paper demonstrates that spin-polarized x-ray-excitation spectra can be obtaindd msingssion as
well asK 3 lines. A spin-polarized analysis #fa x-ray emission and the excitation spectrakoy detection
on a Ni compound is reported. A systematic analysis of the first-row transition-metal ions using the ligand-field
multiplet calculation is presented f#ta andK 3 emission spectrdS0163-18207)01828-9

[. INTRODUCTION excitation and fluorescence decay processes causes the life-
time of the intermediate state to disapp&4re., the width of
X-ray-absorption spectroscopy (XAS) and x-ray- the excitation spectrum obtained by monitoring the fluores-
emission spectroscoﬁ§ (XES) are both powerful tools for cence is determined essentially by the much narrower final
probing the electronic structure of transition-metal com-core hole state lifetime. The energy shifts KB emission
pounds. With the development of brighter synchrotronSPectra with oxidation stater spin statécan also be used to
sources and more efficient fluorescence spectrometers, ricilitate site-selective x-ray absorption. _
markable progress has been made recently in the combined The purpose of this paper is to demonstrate that spin-
application of x-ray-absorption and -emission spectroscopyP0larized x-ray excitation spectra can be obtained uking
Hamaainen et al# measured high-resolution spin-dependent2S Well asK3 emission lines. This is important because the
excitation spectra for different Mn compounds using thernUCh Ia_rg_er fluorescence y|e_Id m_akes Ke: experiment
spin-polarized final states in the MKA XES. The spin- More efficient and usually easier. Since tfpaffhal states are
dependent x-ray-absorption spectra were obtained by fixin ften narrower than 8 levels, Ka excitation spectra may
. : . Iso exhibit greater line sharpening. We first present a sys-
emission energy at the main peak, 5 and the satellite : . . > .
(K3'), respectively, while scanning the excitation energytematlc theoretical anal¥3|s of spln—pp.landex X_ES as
' o ) FYwell as KB XES for all first-row transition-metal ions, by
through the Mri.< qbsorptlon edge. Interpretation of the_s_pm— using the ligand-field multiplet mod&¥-°We then report a
dependent excitation spectrum of Mn&nd MnO_was origi-  spin-polarized experiment on a Ni compound oy detec-
nally based on the analogy of the M3 XES with the 3 jon and compare these data with spin-polarizedki ex-
x-ray photoemission spectruXPS), which has been sup- perimental results.
ported by multiplet calculations including ligand-field = Tne paper is organized as follows. Section Il discusses the
effects? Since then, similar spin polarization Kj3 emission  theory involved in the analysis and we show the calculated
spectra has been confirmed for Fe complé%eand Ni  results ofK« XES in Sec. ill. The crystal-field effects,d3
complexes® It can be shown' that using the exchange spin-orbit effects, and charge-transfer effects on ke
picture developed by Tsutsumi, Nakamori, and IchikéWa, emission spectrum are discussed there. In Sec. IV the calcu-
the KB emission spectrum can be separated into internallyated results oK 38 XES are presented, as well as similar
referenced spin-up and spin-down parts with the main peakffects on thek 8 emission spectrum. Section V compares
primarily coming from the spin-down transition, while the the experimentak @ andK 8 XES with theoretical simula-
satellite is almost 100% spin up. The outgoing dlectron  tions on Ni compounds, as well as the experimental excita-
spin direction is referenced to the spin direction of the 3 tjgn spectra byK @ andK 8 detection. Section VI compares

valence electrons. theKa andK 8 emission and the resultant excitation spectra

Apart from the spin-polarized nature of the spectra, thegnd Sec. VIl is devoted to concluding remarks.
combination of excitation and emission proces$ssme-

tim_es called inelastic x-ray sca_tteri‘r"fg provi_des other Il. THEORY
unique advantages, such as the line-sharpening Etfacd
site selectivity in mixed-valence sampfé<®In the current Fluorescence emission can be considered part of the x-ray

interpretation of the line-sharpening effect, the coherence ahelastic scatteringXIS) process, which can be described as
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a coherent second-order optical process in the Kramers- We did not use the Anderson impurity motfeln our
Heisenberg equatiotf.By using a dipole approximation and Hamiltonian, that is, we did not include the interatomic hy-
averaging over all angles, the cross section of XIS can beéridization between the metald3states and the ligang
described by states(charge-transfer effegtsin principle, charge-transfer
) effects are very important in theslelectron excitation pro-
Hw,0') =L, (0.0')G E 2 <np|rq|1s)(1s|rq|s>| cess. When including the transfer of an electron from _the
' npL e BT 5 w—Es— T | ’ ligand p states to the metal B states, the ground state is
(1)  described as@'+3d"" 'L, whereL represents a ligand hole
state with an energy atzy—&,,, Wheree,, is the energy of
The ligand 2 state. After a § core hole is created, the initial

wherew, ' represent the excitation and the emission photo

energies,L, is the Is hole, andGg is the experimental state(for fluorescencemay be predominantly£3d™* 1L in

Gaussian broadening. characte?® because the energy differenegy— &5, is de-

When the intermediate state broademn_g is larger than %reased or even negative. Therefore, this electronic configu-
of the same order as.the energy separgﬂon between ﬁhe 'Pation is stabilized, as discovered by XPS studfeslow-
termediate states, as in the casé.aimission of rare-eart ever, the symmetry of the fluorescence initial state is still

and transition-metal ior, relaxation between different iven by that of the '3d" configuration, i.e., the symmetry
states can occur and the interference effects between x-rafs yotermined by the “original” valenc,y.oi‘, the transition-
absorption and -emission processes are very important, g8eta| jon even though the configuration is dominated by
argued by Carra, Fabrizio, and Thteand de Groof! A 1s'3d"*1L. Also, in the fluorescence process, the charge-

5||m|Iar ?ffectr?as %ISIO tt;]een repofrttedKn_imlssm?mof I|ght transfer effect is not as important since the dore hole
elements such as L.In the case ot transition-met&l émis- 10 ntig) is similar to the g (3p) core potential and the

sion, howeve_r, smé:er;che;se&ljs onlyr/] ons Ir.ltermedilate.core relative energy positions of the valence states do not change.
state (per spin and the exchange interaction IS €X- pgecqyse the shape of the emission spectrum is more sensitive

trgmely_ Wefa:<|, I dISb a gpoq approximation dtcl) buse tlh,eto the symmetry of the state than to the electronic configu-
absorption-followed-by-emission two-step model by multi- ;i \ve sill use the one-electron configuration symmetry

pllying the Is x-ray-absorption Cross section With_ the emis- originating from the ground stated3 to simulate the fluo-
sion cross section. When the excitation energy is far abovg,c.ance processsi3d"— (n)p®3d". Charge-transfer ef-
the absorption edg&  andK 8 XES can be described by foct5 are examined later using a specific example.

the ligand-field .multlplet model,.where the absorption pro- The atomic multiplet terms in the fluorescence initial state
cess only contributes to the emission spectrum as a ProPOLynsist of the 8-3d Coulomb interaction and thesi3d

tionality factor. This approach is limited for ionic systems, exchange interaction. When thel 3pin-orbit interaction is

where configuration interactions in the intermediate state ca eglected, all states with the same angular symmetry are de-
be neglected. For covalent systems, a coherent second-or

i » 0-0rGdherate because the spin itself does not influence the en-
model gives a more accurate description when relaxation i

. . M . . rgy. In the final state, there are terms relateddovalence
the intermediate state can occur. This is not discussed in thagr);/trons coupled with the 2(3p) core hole in the
paper.

- . . . Ka (KB) emission process. 23d and 3-3d Coulomb
f n desE[:nbl_ng thg eqlégﬁ? d-field (rjnu:tlgt:)letfmggc:el, v!f start and exchange interactions are both important two-electron
rOT Ia.” a Om'cbm‘:j - .be dgmugngcs a fe 0 at. ra'\‘/\slk'on' integrals that can be calculated explicitly in the ligand-field
metal lon can be described as @ sconfguration. When a multiplet model as well as the corresponding spin-orbit cou-
1s electron is excited to the continuum, ti&x emission

. . . plings.
spectrum can be calculated from the dipole transition mater The | . . f the Ii fiel lti| li
element for £'3d"—2p>3d" transitions and th& 8 emis-  last ingredient of the ligand-field multiplet model is

. . ! the introduction of the effects of neighboring atoms as the
sion can be simulated bysi3d"—3p®3d" calculations. In v g

th lculati th levels of the fi initi Icrystal fieldHcE in both the initial state and final state. In
€ caijcuations, the energy 1€vels of the fiuorescent INtialye g of group theory, the crystal-field effects reduce the
state and final-state multiplets are calculated first and th

L ; . . gymmetry fromO(3) to Oy, in a cubic field. TheO(3)-0,,
tsr[i)xegtlgunrqne;stslmulated by evaluating the dipole transition mabranching rulé’ is used to project the spherica@i(3) mul-
The Hamil.tonian used for calculating the wave functionstipletS into theO, symmetry.
. In an octahedral environment, the symmetry and strength
is given by of surrounding ligands split thed3orbitals of the transition-
metal ions, while the andp orbitals remain unsplit. The
) orbitals are split intcE and T,y characters, with an energy
difference denoted as the ligand-field strengt &0 For a
where theey represents the @8 energy state of transition- small crystal field, the initial state originates from the atomic
metal ions U 44 is the Coulomb interaction between &lec-  ground state, which is a high-spin state according to Hund’s
trons, ands ;5 and e, are the energy levels of thesinitial rule. The energy level of the ground state with a crystal field
core state and finalp (n=2 for Ka andn=3 for K3) core is given by the Tanabe-Sugano diagréhThe initial state
hole states, respectivel ,,iipiet includes the multiplet cou-  could change character from high spin to low spin when the
plings originating from the multipole terms of thed33d ligand field is strong enough. The final state is also split or
interaction, the §-3d interaction, and thap-3d interaction, shifted by the crystal field. The change of the initial state
as well as the correspondingp spin-orbit couplingsHee  from high spin to low spin results in a different set of final
represents the crystal-field effects. states that can be reached and therefore both the

H=¢e4ng+UgangNg+&pNp+e15N 15 Hmuriplert Hers
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spectrum shape and the spin-polarization character change A. Initial state and final state of Ka XES
with the ligand field. The dipole transition operator is not

o The ground-state character of all configurations is given
split in Oy, symmetry.

as in Refs. 32 and 33, in both spherical and octahedral sym-
metries without the 8 spin-orbit coupling. The 8-3d Cou-
lomb interaction F?,F#) splits the atomic state into multip-

Il Ker XES RESULTS let terms vial S coupling, where the total momentulris the

Calculations were performed using the chain of groupssum of orbital momentunt. and spin momentun$ of the
approach developed by Butl&rwith a program adapted by Va'er;geleleptrohs, and the ground state in spherical symme-
Thole and co-worker-19This approach starts with the cal- ry [*>"*L] is given by Hund's rule. In an octahedral envi-
culation of the reduced matrix elements of the necessary og®nment, the atomic ground state is projected into cubic sym-
erators in the spherical group using the Cowan atomic mulMetry by the branching rulés.
tiplet programz.3 Octahedral symmetry was used in all cases The fluorescence initial state is then formed by the exci-
to simulate the surrounding effects with 1=0.9 ev. tation of a Is electron, where thesk3d exchange interac-
Since the 3-3d exchange integral is only used to correlatetion (Gsgq) further splits the degenerate cubic ground state
up and down spins, the smallest possible value of 0.001 ento a pair of states with high-spin symmet$>*2L] and
was taken in the calculation. The Slater integrals were scalel@W-spin symmetry 2L ]. The spin-polarized components in

down to 70% of their Hartree-Fock values to account forKa XES can be constructed from the high-spin and low-spin
covalency. The initial-state & spin-orbit coupling is ne- Symmetries of the fluorescence initial state. Faf'@on with
glected for the moment for clarity. [2S*1L] character, the excitation of aslelectron is related
The calculated spectra have to be broadened to compate [*°"?L] and[*°L] symmetries. Th¢?5L] symmetry re-
with experimental data. The broadenings besides the experiates 100% to spin-up transitions, while the"*?L] parti-
mental one include the lifetime ofsland np core holes, tions (2S+1)/(2S+2) to spin-down and 1/(@+2) to
covalency, and vibrations. Thesore hole broadening is in Spin-up transitions** This is because there are as many
general larger than that of thep core hole. For the final Spin-up electrons as spin-down electrons in the core level.
state inK «, the lifetime of different 2 multiplets should be Thus the spin-up spectrum is constructed frdifPL ]
almost a constarff. except the Coster-Kronig decay of +[1/(25+2)][?**%L] and the spin-down spectrum from
2p1;» which makesKal broadening smaller than that of [(2S+1)/(25+2)][*>*2L], keeping the intensity of spin
Ka2. ForK B, however, the lifetime of different@multip-  up and spin down equal.
lets is term dependent due t@3d3d super Coster-Kronig The definition of our spin-up and spin-down spectra here
decay, as reported in the analysis gf 3PS of NiCl, (Ref.  is somewhat different from previous onésee, e.g., Refs.
30) and in the simulation of MiK 8 emissiort® In principle, ~ 4—7), Where the spin-up and spin-down intensities were di-
each 3 final state should have a different lifetime broaden-rectly related td°L] and[*>"?L] symmetries and the in-
ing. Because there are hundreds of final states in the calciensity ratio of spin up and spin down w&s(S+1). In a
lation, it is difficult to solve this problem quantitatively. In careful analysis, it can be shoWnthat the substraten;
general, the lifetime broadening increases with the increase — (L +S+3) in [*"2L] symmetry is actually constructed
of the binding energy, therefore the satellkg8’ should from the spin-up % state instead of the spin-down state.
have a much broader feature than the main gegk Therefore, there is always one state[fi**?L] symmetry
Covalency can also influence the intrinsic broadeningWith spin-up character, which keeps the intensity ratio equal.
lonic compounds in general show sharper emission featuréBhis is the same as what is found in XP'Swhere the
than covalent compounds. When taking into account the hyspin-up character is found to be related to one state of high-
bridization of the metal 8 and ligand  orbitals, the charge  Spin symmetry #572L].
transferred intermediate states'Bd"*L with the same When the ligand field is strong enough, the initial-state
symmetry of E'3d" should dominate the state character,character changes from high spin to low spin @iy, d°,
although it may not have the lowest energy. Relaxation to &°, andd’ configurations in octahedral symmetry. All low-
lower state is possible, which may give an additional broadspin symmetries can also form spin-up and spin-down states
ening. Also the final-state interaction with the core hole will except'A; for low-spind®. In this case, since both the spin
be effected. All these broadening effects including differentand orbital moments are zero, the spin-up and spin-down
final-state lifetimes are approximated by a single Lorentziarstates are degenerate as no exchange interaction takes place.
function in our calculation, which is then convoluted with a ~ The Hartree-Fock values of the Slater integrals and the
Gaussian function for experimental broadening. This apspin-orbit couplings in the final states &« and Kg are
proach limits a direct comparison between the calculatiorshown in Table I. The final state &« is identical to the
results with emission spectra for specific compounds sincénal state of thel,; absorption edge with one less
specific-site symmetry, ligand-field strength, and broadeninglectron®® For example, the values &2, F*, F,4, G,
factors should be used for a more accurate simulation. StillG3, £(2p), and£(3d) of the TF* final state inKa XES are
the trend of the spin-polarized character in the first-rowexactly the same as that of the*Tifinal state inL, 3 XAS.
transition-metal ions remains intact. For illustration pur-Although the creation of a 4 core hole only affects the
poses, broadening parameters of 0.6 [€M| width at half  electronic state as one more “formal charge,” the spectrum
maximum (FWHM)] are used for the 4 and 2o core hole shape ofKa XES is quite different frormL, ; XAS because
widths for the Lorentzian and 0.5 eYFWHM) for the  of the totally different transition matrix elements. The tran-
Gaussian for instrumental broadening. sition can be described a9z,—3d,1s and 2p,,—3d,1s
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TABLE I. Ab initio values(in eV) of the parameters in the Hartree-Fock calculations for the final statésradindK 8 XES.

av lon F2(Ka) (KB) FY(Ka) (KB) Fpa(Ka) (KB)

d? st 0.000 0.000 0.000 0.000 5.096 9.693

d? Ti2* 10.343 9.546 6.499 5.946 5.581 10.395

d? vt 10.974 10.199 6.888 6.400 6.057 11.075

d* cret 11.596 10.839 7.270 6.794 6.526 11.743

d° Mn?* 12.210 11.469 7.649 7.182 6.988 12.400

dé Fet 12.818 12.091 8.023 7.565 7.446 13.050

d’ Co** 13.422 12.706 8.395 7.944 7.900 13.694

d8 Ni2* 14.022 13.317 8.764 8.320 8.350 14.333

d° Cuwt 0.000 0.000 0.000 0.000 8.797 14.968

d" lon Gpa(Ka) (KB) G; a(Ka) (KB) Exp(Ka) (KB) £3q(Ka) (KB)

d* st 3.585 12.128 2.036 7.369 3.032 0.320 0.020 0.014
d? Ti2* 3.991 12.976 2.268 7.891 3.776 0.410 0.027 0.020
d3 V2t 4.392 13.799 2.496 8.394 4.649 0.519 0.036 0.027
d* cr?t 4.788 14.603 2.722 8.890 5.667 0.646 0.047 0.036
d® Mn%* 5.179 15.395 2.945 9.376 6.845 0.795 0.059 0.047
d® Fet 5.566 16.176 3.166 9.854 8.199 0.969 0.074 0.052
d’ co?t 5.941 16.949 3.386 10.328 9.746 1.168 0.092 0.075
d® Ni%* 6.332 17.716 3.603 10.798 11.506 1.397 0.112 0.092
d° Cwt 6.712 18.479 3.820 11.264 13.496 1.658 0.135 0.113
for L3,Kaq andL,,Ka,, respectively. Thus different tran- B. Ka emission spectra

sitions control the transition intensity despite the identical . . o
final states, and different branching ratios can be createofl,. The calculated spln—lp_olarlzeﬁa ewssm&n. spectra th
The 1s core hole lifetime also contributes to the width of the ["St-row transition-metal ions are presented in Fig. 1. The

emission spectra, causing much broader features than thoggm'qp and spin-down specra are constructec_j as previously
) . escribed. The total fluorescence spectrum is the sum of
found in the absorption spectra.

spin-up and spin-down spectra. TKexl peaks are aligned
at a common energy for comparison. The degeneracy of the

o BN

-30 -20 -10 -20 -10 0 10

Relative Emission Energy (eV) Relative Emission Energy (eV)

FIG. 1. Theoretical spin-polarizéfle x-ray-emission spectra of first-row transition-metal ions using the ligand-field multiplet calculation
in O, symmetry. Plotted in the left panel are spin-do@alid line) and spin-up spectr@otted ling. For visual clarity, the total fluorescence
spectra(spin down plus spin upare omitted. All Slater integrals are reduced to 70% of their Hartree-Fock values} 500.9 eV in all
cases and @ spin-orbit coupling is neglected. Broadening parameters used are 0.6 eV LordRiaiatM) and 0.5 eV GaussiafiFWHM).

The difference spectra of spin down and spin up are shown in the right panel.
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ground state for each configuration is taken into account for SASANARAR RARARRARE
; . . . . . . . . [ (a) C** 1
intensity normalization. Since thep2spin-orbit coupling in- 08
creases with atomic number, the splitting betw&arnl and
Ka2 increases from $¢ to CU**. For each configuration,
the spin-down character is stronger Kal, while the
spin-up character is stronger a2, shown as positive and
negative signs in the difference spectrum in the right panel. ¢4
The spin-down spectrum is favorable on the high-energy
shoulder ofkK «1, while the spin-up spectrum is at the lower
energy shoulder dk a2. In the most favorabld® case, there
is 75% of spin-down character at 1 eV higher energy from
the Kal peak and a 65% spin-up component at Kwe2 o
peak.

For d! andd® systems, the spin selectivity is very small.
For all other systems, though most spin polarization is on
Kal, spin-polarized excitation experiments Ky detection
should be possible because of the two prominent peaks. Foios |
example, a spin-dependent excitation spectrum can be ob- |
tained by detecting at 1 eV the higher-energy shoulder of
Kal and the lower-energy shoulder Kfx2 separately and 44t
then extracting the pure spin-up and spin-down components |
by using the spin-selective coefficients.

e
[ (b) Mn®

1 [ 3
1 F10Dq=3.0 eV A !

[10Dq=30 eV .

0.6

0.2

Relative Emission Energy (eV) Relative Emission Energy (eV)

SEAALRRAAR T T T T
E (d) Co** E

ilODq=340 eV

C. Crystal-field effects

Figure 2 shows the crystal-field effects f@@ d* Cr**, 2ev ‘ : 1% AN
(b) d®> Mn?*, (c) d® Fe?*, and(d) d” Co?* configurations on T T e o 20 PR
the Ka emission spectrum. In general, the spin polarization Relative Emission Energy (eV) Relative Emission Energy (V)

decreases with the increase of crystal-field strength. When
the initial state changes from high spin to low spin, there are FIG. 2. Crystal-field effects orKa emission spectra ina)
sudden changes in the spin character as well: the spin p&t' C*", (b) d® Mn?", (c) d° Fe*", and (d) d’ Cc** configura-
larization becomes very small in the low-spin state. For ex-t'ons-I I?t "’(‘]'l' ‘fl_er‘]sets Sp'f‘t_do";’(”;o“?h““ﬁ)_ T]”d ?p't” ‘I‘p(dom?d “t”?
: are plotted. e transituon from tne nign-spin to 1ow-spin state oc-

ﬁmple, the s_pln-up charactgr becomes much stronger Ig‘l:rspat 2.7, 2.85, 2.1, and 2.4 eV, rgspert):tively, frd?‘\prr2+ to

al and shifts to 1 eV higher energy for Tr when 47 c?*
10Dq reaches 2.7 eV; for M, the spin-down spectrum '
shifts to 1 eV lower energy at Dyj=2.85 eV and the
spin-up spectrum is as strong as the spin-down one, which
makes the spin selection of a pure component more difficult. Until now, we did not include the @ spin-orbit coupling
For F&", there is 60% spin selectivity at th€al peak in our calculations. When it is included, the symmetry of the
when 1MDq is below 2.1 eV and the spin-up and spin-down fluorescent initial state is more complicated, as the total spin
spectra are degenerate whenD1p reaches 2.1 eV. For momentumS should also be projected from spherical to cu-
Cc?*, the transition happens at @=2.4 eV, with almost bic symmetry as well as angular momentimnto form the
no spin polarization on botKk @1 andK«2 when the low- overall final state. In some cases, when the unfillddstates
spin state is reached. haveE character, in the first order, thed3pin-orbit effects

Apart from the changes of spin-polarization character, then the symmetry can be neglectédFor systems such as
total fluorescence spectrum shape is not very sensitive to tH8o**, however, it is important to include thed3spin orbit
crystal field and there are no dramatic branching fatio for a complete ground-state description since the unfilled
changes from the high-spin to the low-spin state, as observesd orbitals havel symmetry and the value of the spin-orbit
in L3 XAS (Ref. 40 [and also inKB (Ref. 7]. As dis-  coupling increases with atomic number.
cussed in Sec. lll A, different transitions are responsible for There are two main changes in the calculation with the
the different branching ratios. Although the branching ratioinclusion of the & spin-orbit coupling. First, the ground
of Ka is close to that ot , 3 before the high-spin—low-spin state is split further, so a different ground-state symmetry is
transition (both are? without a multiplet effect the transi- formed. For C&*, the ground state'T, is split into E,,
tion from 2p directly to 3d orbitals makes the branchings E,, and 25 when the spin-orbit coupling is included and the
more sensitive to the crystal field than the transition fromdegeneracy of 12 states fiT, is lifted into 2, 2, and X 4, as
2p to 1s, where the 8 electrons can be viewed as “spec- E, symmetry has the lowest energy. Second, the effective
tators” despite the strong3d couplings. This can be un- spin valueS becomes much smaller, changing frgnto 3,
derstood as the origin of the relative insensitivity of crystal-so the transition intensity §#S*2L ] is 3 times stronger than
field effects inKa XES. that to[2SL] symmetry, increased from #iratio when the

D. 3d spin-orhit effects
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FIG. 3. 3 spin-orbit effects onKa emission spectra in
C&**:  (top) including 3d spin-orbit coupling andbottom) with-
out 3d spin-orbit coupling. Plotted are spin-ugotted ling and
spin-down(solid line) spectra.

3d10LL

A

3d spin orbit is neglected. The spin-polarized spectra includ-
ing the 3 spin-orbit coupling is compared with the one
without in Fig. 3. The total spectrum shape is somewhat
different in these two spectra, although the spin-polarization
character did not change drastically. Thus, despite the differ-
ent state symmetry, th€a XES spectrum shape and spin-
polarization characters are not so sensitive to thesBin-
orbit coupling, so it can be safely neglected in the
simulation.

E. Charge-transfer effects

In this section an example of charge-transfer effects on
the multiplet calculations of N K emission is given. The
important improvement with respect to the crystal-field mul-
tiplet model is that the ground state is described as a linear
combination of the configurationsd8, 3d°L, and 31*°LL’
in the charge transfer multiplet modél. denotes a hole in
the (ligand valence band. We start from the initial state of
theKa process, where theslcore hole is created. This state
is constructed from the configurationss*Bd®, 1s'3d°L,
and 1s'3d%¥LL". Itis assumed that the potential of a ¢ore
hole is similar to that of a @ core hole in th&K « final state.
The parameters that determine the relative energies of the
states are the charge-transfer enefgythe correlation en-
ergy U, the core potential energ®, and the hybridization
strengthT. The parameter values for NiFare taken from
2p photoemission experiments/A£=4.3 eV, U=7.3 eV,
Q=7.5 eV, andT=2 eV.*?> The uncertainty of these param-
eter values is on the order of 0.5 &\(see Fig. 4.

11.6 eV

3d%L : :
5a 1107 7
2 43 eV 2p°3diVLL

! 0.9 eV 2253(:18
3.2eV
2p°3d°L

Ground State Intermediate State Final State

FIG. 4. Energy-level diagram in the charge-transfer model for,Nifhe uncertainty of the values is on the order of 0.5 eV. Each state
is a linear combination of three different configurations. Since the configurat8diL has the lowest energy after the x-ray absorption
process, the hybridized intermediate state has about 66%diL character.
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the charge-transfer model® For ionic systems with large

ULASEALERRAE ARRAS LAARN EARAN LARAS LAARE KRN
[

P @ ] ] main peak and satellite separations, the crystal-field multiplet

[ without charge transfer \ ] [ without charge transfer
b - ) .\/, \

] model works well. Although similar calculations have been
] presented befor®we first summarize the trends in calculated
KB spectra so that the difference wika spectra can be
better appreciated.

A. Final-state character of K8 XES

[ with charge transfer :I \

The KB XES initial state can be described in the same

S \ A E way as forKa XES, as the creation of aslcore hole. The

T \UE A \ W in- i ffoim

S A\ ] spin-polarized component can be constructed also

e B and 2°*2L symmetries with the same formula given in Sec.
Relative Bmission Energy (cV) Relative Emission Energy (eV) Il A. However, the final state irKg is different, where a

3p electron instead of af? electron makes the transition to

FIG. 5. Charge-transfer effects inNion (a) Ka emission and ~fill the 1s core hole. The main difference betwekmx and
(b) Ka emission: (top) ligand-field multiplet calculation, and KB XES then is the B-3d two-electron interactions instead
(bottom charge-transfer multiplet calculation. Plotted are spin-upof 2p-3d, as well as the 8 spin-orbit coupling. As shown in
(dotted ling, spin-down(solid line), and total spectrédash-dotted  Table |, where all the atomic values of Slater integrals and
line). spin-orbit couplings of final states of boka and KB are

tabulated, both the Coulomb-( 4) and exchangeG!,G®)

The result is that in the initial state &« x-ray emission interactions of $-3d are much stronger because thp 3
the state with the lowest energy is*Bd°L. Its energy is at wave function overlaps much more with the Svave func-
A—Q with respect to $'3d®, /£—Q being —3.2 eV. In tion, though the B spin-orbit coupling is much weaker than
Ka (and the same is true fd€B) it is important to include 2p spin-orbit coupling. The consequences are that the split-
also the third state €$3d°%L’, which is positioned at an tings in KB XES are largely due to the@3d exchange
energy 2E—2Q+U with respect to $'3d® being 0.9 eV. interaction, as proposed by Tsutsumi, Nakamari, and
This gives the initial state oK« x-ray emission as about Ichikawa® The energy difference between the main peak
60% 1s'3d°L character, 30% 4'3d®, and 10% Kp;3 and the satelliteK 8’ is given by AE=J(2S5+1),
1s'3d¥LL’, with an overall symmetry still the same as that whereJ is the exchange parameter, which is on the order of
of the 3d® ground statd 3A,]. 15 eV, andS is the net valence electron spin. The 3pin

Charge-transfer effects on the calculated’NK« emis-  orbit splits the states further within 1 eV.
sion are presented in Fig(d#. The total spectrum shape does
not change much, except to be broader, and there is slightly
more mixed-spin character Kal. To some extent, this jus-
tifies the use of single-configuration ligand-field multiplet K/ calculations were carried out in the same way as those
calculations forK @ emission spectra and supports the argufor Ke XES. In Fig. 6 the spin-polarizeld 8 emission spec-
ment made in Sec. Il that the emission spectra are mortta of first-row transition-metal ions are presented. Each
sensitive to the level symmetry instead of the electronic conspectrum is aligned with its own “center of gravity” energy
figurations. at 0 eV. Clearly the satellite emission is almost 100% spin up

We also performed the same charge-transfer multiplet calin polarization, while the main peak is greater than 60% spin
culation on N#* K3 emission spectra in Fig.(B). The pa- down. A more realistic simulation would use larger lifetime
rameters used are the same as in ithe calculation. It is broadening for the satellite region due t@3®i3d super
found that inK 8 emission both the spectrum shape and spinCoster-Kronig decay: the satellites appear sharper than in the
polarization character change with charge-transfer effectexperimental spectra. In most cases, the spin polarization is
There is more spin-up character in the main peak as constronger inK3 XES than inKa XES and the spin-up and
pared with the single-configuration multiplet calculation andspin-down x-ray-absorption spectrum can be obtained by
the satellite intensity is much more reduced. As argued ifuning the detecting channels to the main peak and the sat-
Ref. 8, the increase of covalency, i.e., the increase percengllite, respectively. Even when the main peak is not favor-
age of 1s*3d°L character in the initial state, would reduce able in spin-down character, the satellite remains purely spin
the spin selectivity irK 8. This is more significant for late up.
transition-metal ions where the main peak and satellite have TheK g spectrum shape is also quite different among dif-
smaller splittings. The ligand-field multiplet calculation re- ferent transition-metal ions. Since the intensity ratio of
mains to be a good model for ions with large energy split-K5' and KBy 5 is S/(S+1), for systems such ad' and
tings. d®, the satellite intensities are very small and the separation

of KBy3 andKB' is also small because of the correlation
with the net spirS. Although the degree of spin polarization
V. KB XES RESULTS is higher inKB XES, ind*! andd® casesK« detection of

The Mn, Fe, and NK 8 emission spectra of various com- spin-polarized spectra appear preferable since there are two
pounds have been experimentally recorded, as well as thedistinct peaks with primarily spin-up or spin-down character.
retically calculated, using the ligand-field multiplet model or Even for d® cases such as Mi), the higher fluorescence

B. KB emission spectra
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FIG. 6. Spin-polarized 8 x-ray-emission spectra of first-row transition-metal ions using the ligand-field multiplet calculatiog in
symmetry. Plotted in the left panel are spin-down spe(adid line) and spin-up spectradotted ling. All Slater integrals are reduced to
70% of their Hartree-Fock values. D@ is used as 0.9 eV in all cases. Broadening parameters used are (F8WiM) Lorentzian and 0.5
eV (FWHM) Gaussian. The difference spectra of spin down and spin up are shown in the right panel.

yield might makeK « detection preferable. The comparison pling in the calculation, the initial-state symmetry changes
betweenK & andK 3 will be discussed in detail in Secs. V from *T; to E, and the transition to the high-symmetry com-

and VI.

C. Crystal-field effects

The change of th& 8 XES shape of Mfi" with the crys-
tal field was calculated previously; it was found that only the
lower-energy shoulder of the main peak is slightly sensitive
to the crystal-field strength before the high-spin to low-spin
transition occurs. Figure 7 shows the crystal-field effects on
the spin-polarization character oria d*Cr**, (b)
d® Mn?*, (c) d® Fe*, and(d) d’ C&?* configurations. In
general, the spectrum shape does not change much for a
given spin state, while spin polarization decreases from high-
spin to low-spin states. The high-spin state has a much stron-
ger satellite because of the intensity correlation of the net
spin S. The transition happens at 2.7 eV for’Cr 2.85 eV
for Mn?*, 2.1 eV for Fé", and 2.4 eV for C&". As in
Ka, there is no spin selection for low-spin ¥ebecause of
the zero spin. When the transition occurs, the spin-up spec-
trum shifts most of its weight to higher energy and the main
peak where the spin-down character dominated shifts
~1 eV to lower energy, causing much smaller spin selectiv-
ity at both the main peak and the satellite. However, the
weakening of satellite intensity and thel-eV lower-energy
shift of the main peak in the low-spin state make a spin state
“labeling” possible. For an unknown complex, the relative
intensity of the main peak energy versus the satellite can be
used to determine the spin state. This spin state sensitivity in
K B8 emission can also be used to generate site-selective x-ray
absorption in spin state mixture® by detecting at emission
energies preferable to high-spin or low-spin states.

0.8
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ponent in the spin-up spectrum is increased frénto ;

FIG. 7. Crystal-field effects orK3 emission spectra ifa)

d* cr**, (b) d® Mn®", (c) d® F&*, and (d) d’ Cc*" configura-

D. Spin-orbit effects

tions. In all cases spin dowsolid line) and spin up(dotted ling

are plotted. The transition from the high-spin to low-spin state oc-

We examine the @ spin-orbit effects on th& 8 XES also
on Cc&" in Fig. 8. When including the @ spin-orbit cou-

curs at 2.7, 2.85, 2.1, and 2.4 eV, the same a¥in emission
spectra.
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) ) o ) FIG. 9. Comparison of experiment&a emission spectrum
FIG. 8. 3 spin-orbit effects onKpB emission spectra in (top, solid ling of (PPh),[Ni(SePh,] with the ligand-field multip-
Cc?™:  (top) including the 3 spin-orbit coupling calculation, the |et calculation (bottom) in T4 symmetry. Calculated spectra are
spin-up(dotted ling and spin-down(solid line) spectra, andbot-  gpin.up(dotted ling, spin-down(solid line), and total spectrésolid
tom) without 3d spin-orbit coupling calculation, the spin-dgotted  jing),
line) and spin-dowr(solid line) spectra.

therefore there are mixed-spin characters in both the maifcrded by fixing the analyzer crystsl at certain emission
peak and the satellite. This is more importan&ip than in ~ €nergies while scanning the beamline monochrometer en-
Ka XES because the final-state exchange splitting is mor&'9Y- _ . o

sensitive to the 8 spin-orbit coupling. As shown in Fig. 8, _ The experimental Ni Ka emission spectrum of
the spin-down spectrum does have some contributions to t&’Ph)2[Ni(SePhy] is compared with theoretical calculations
satellite intensity, but it is still largely spin-up character. Inin Fig. 9. The calculation used@y symmetry with 1@q

the main peak, however, the spin-up intensity is much larger 0-9 €V to simulate the high-spin i geometry. In aT

and the selectivity for spin down becomes quite small. Thienvironment, the ground statei3has a®A, symmetry and
result can be generalized to all the electronic configuration§heKa spin-dependent initial states are therefore constructed
with empty E levels that have relative larged3spin-orbit ~ from 3[“A;] for spin-down andi[*A,]+[?A;] for spin-up
coupling. We conclude that thed3spin-orbit coupling transitions. Since the spin-polarization characteK in XES
should be included itk 8 XES calculations and is quite im- is not sensitive to the charge-transfer effects or thesfin-
portant for the unfilled orbitals witke levels, where the spin Orbit coupling, they were neglected in the calculation. All
character in the satellite is not purely spin up, and the Spi,$later integrals were reduced to 70% of their Hartree-Fock

selectivity at the main peak is also reduced. values. . - . . .
From the spin composition derived from the simulation

(only two peaksy it is predicted that the high-energy side of
Kal is more favorable for spin-down transitions, while the
Until now, spin-polarized excitation spectra have beenlow-energy side ofKal represents mostly spin-up transi-
demonstrated only for transition-meté)3 spectra. Based on tions. OnK a2, the spin-up and spin-down energies are really
the theoretical predictions made above, we examined ththe same. The excitation spectthig. 10 bear out these
Ka emission and excitation spectra for high-spin tetrahedrapredictions. The $—3d transition is clearly visible when
Ni%* in (PPh),[Ni(SePh,] (Ref. 43 as well as NiK 8 emis-  monitoring 2.1 eV to the high-energy side Kfx1, but al-
sion and excitation spectra of NiFThe experiments were most no pre-edge intensity is observed when monitoring 1.3
carried out on beamline X-28Ref. 44 at the National Syn- eV on the low-energy side df«1. This is consistent with
chrotron Light Source, with apparatus and procedures as déhe fact that the vacancies available in trek @bitals in the
scribed previously® A Ge(620) crystal was used to mono- high-spind® configuration are both spin down. Therefore,
chromatize thé& « fluorescence, while four G842 crystals  only spin-down 5—3d transitions are allowed. This con-
were used folK 8 experiments. The emission spectra werefirms again the spin polarization iKa emission spectrum,
taken by rotating the analyzer crygglwith a fixed excita- as predicted from the ligand-field calculation.
tion energy. Alternatively, the excitation spectra were re- For comparison, we show thKB NiF, experimental

V. COMPARISON WITH EXPERIMENTS
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FIG. 10. Experimental spin-polarized excitation spectra of
(PPhy),[Ni(SePh,] by Ka detection. Mostly the spin-up spectrum
(dotted ling was taken monitoring at the 2.1-eV low-energy shoul-
der of Kal and mostly the spin-down spectrusolid line) at the
1.3-eV high-energy shoulder &«a1, as indicated by arrows in Fig.
9.

Relative Emission Energy (eV)

FIG. 11. Comparison of the experimentd3 emission spec-
trum (top, solid ling of NiF, with the charge-transfer multiplet
calculation (bottom in O symmetry. Calculated spectra are
spin-up(dotted ling, spin-down(solid line), and total spectrésolid

. . . . . _line).
emission spectrum and simulations in Fig. 11 and the spin-

polarized excitation spectra in Fig. 12. Notice that the main TheK « emission and the excitation spectroscopy has cer-
peakK B, 3 has most of the intensity in the spectrum, with tain advantages because of the higher fluorescence yield and
some small satellite features. The charge-transfer multiplehe longer and more constanp 2ore hole lifetime. The
model was used to simulate thg3 emission spectrum. The fluorescence yield oK« is 5—10 times stronger thalis
excitation spectrdFig. 12 reflect mostly spin-up and spin- (Ref. 46 for first-row transition-metal ions. Since the main
down components at the satellite and the main peak, respeobstacle in many experiments is the low efficiency of the
tively. As with theK« spectra, there are similar effects in the collecting spectrometer, this increase kw fluorescence
1s—3d region, which is visible only in the spin-down spec- makes the experiment much easier.
trum. To compare quantitatively the spin-polarized results by
Ka andK g detection, we evaluate the signal-to-noise ratio
P\l from the theoretical emission spectra in the case of
Ni(ll), whereP is the spin-polarization coefficient at certain
Theoretical and experimental comparisons Ko and  emission energy anldis the intensity at that energy. Suppose
KB XES of first-row transition-metal ions reveal that there iswe take the spin-polarized excitation spectra by detecting at
similar information content in both spectra. Both emissionKa1Ka2 andKpg; 3,KB’, respectively. Sinc®=0.242 at
spectra are spin polarized. In general, the spin selectivity iKal, —0.136 atKa2, 0.201 atKpB1,3, and —0.278 at
KB XES is larger than ilK ¢ XES, especially at the satellite KB’ and the fluorescence yields are 0.355 Kar and 0.05
KB', where the spin-up character is almost pure. Howeverfor KB, P/ is therefore 0.145 aKal, —0.081 atK a2,
the intensity of theK 8’ feature is sometimes too small to be 0.036 atk 3, and —0.055 atk 8’, respectively. This result
useful. InKa XES, there are always two well-separated confirms again that although the polarization is higher in the
peaks, and different spin character can be recorded by monikg spectra, the signal-to-noise ratio for spin-polarized re-
toring at the lower- and higher-energy shoulderKaefl or  sults is certainly better bik« detection.
the lower-energy shoulder &a2. TheK B spectrum shape Because of the coherence of excitation and emission pro-
is more sensitive to changes from high-spin to low-spincess, the width of the excitation spectrum is essentially de-
states tharKa. Experimental results on MpnFe/, and NP termined by the narrower final-state core hole width. Since
compounds have shown that thkg3 emission spectra are the 2p core hole lifetimé’ is much longer on average than
sensitive to both oxidation states and spin states; thereforéhe 3p hole, there should be a more dramatic line-sharpening
chemical sensitivity and site selectivity in a chemically effect byK « detection. Also, the @ core hole broadening is
mixed cluster are better achieved by detecti)g emission. almost a constafit because of the mixed symmetries due to

VI. COMPARISON BETWEEN Ka AND Kp
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B R REEEEE R n e aaE e ARaRREy ligand-field multiplet model. It was found that thea XES

; has large spin effects especially l&tx1, although the two
prominent peaks are separated by tipespin-orbit coupling.
An experiment based on this prediction has been carried out
on a Ni compound and the excitation spectrum shows a
strong pre-edge feature when monitoring the higher-energy
shoulder ofKal where the spin down is dominant, with
almost no intensity while monitoring the lower energy
should ofKal where it is mostly spin up. The results on the
Ni KB experiment have also confirmed the spin-polarization
assignment from theoretical analysis.

The ground-state symmetry determines the spectrum
shape inK emission instead of electronic configurations, al-
though the charge-transferred state is dominant after the cre-
ation of a Is core hole. The&Ka XES in general is not sen-
sitive to the crystal field and®spin-orbit coupling, but the
shape and the spin polarizationk)B XES are. There is no
dramatic branching ratio changes Ka XES when the
initial-state changes character from high spin to low spin,
despite the identical final state as lip ; absorption edges
(where the branching ratio changes with the change of spin
- state.

e SN T T T T T Similarities and differences are given when comparing the
8320 8340 8360 8380 8400 Ka andKg XES as well as thé&K« andK g detected exci-
tation spectra. There are similar information contents in both
Excitation Energy (eV) methods, but the higher fluorescence yielKei makes the
experiments much easier and the signal-to-noise ratio in the

FIG. 12. Experimental spin-polarized excitation spectra of,NiF spin-polarized spectrum higher. The sharper lifetime broad-
by KB detection. The spin-up spectrufdotted ling was taken  ening of the 3 core hole would have a more dramatic effect
monitoring at the satellit&(3" and mostly the spin-down spectrum on |ine sharpening.

(solid line) monitoring the 1-eV higher-energy shoulderkB, 5,
as indicated by arrows in Fig. 11.
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