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Magnetic circular dichroism in hard x-ray Raman scattering as a probe of local spin polarization
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We argue that the magnetic circular dichroism (MCD) of the hard x-ray Raman scattering (XRS) could be
used as an element selective probe of local spin polarization. The magnitude of the XRS-MCD signal is directly
proportional to the local spin polarization when the angle between the incident wave vector and the magnetization
vector is 135° or —45°. By comparing the experimental observation and the configuration interaction calculation
at the L, 3 and M, 3 edges of ferromagnetic iron, we suggest that the integrated MCD signal in terms of the
transferred energy could be used to estimate the local spin moment even in the case where the application of the
spin sum rule in x-ray absorption is questionable. We also point out that the XRS-MCD signal could be observed
at the M, edge with a magnitude comparable to that at the M, 5 edge, although the spin-orbit coupling is absent
in the core orbital. By combining the XRS-MCD at various edges, spin polarization distribution depending on
the orbital magnetic quantum number would be determined.
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I. INTRODUCTION

X-ray magnetic circular dichroism (MCD) has been one
of the powerful tools to investigate the electronic structure
in magnetic materials. Particularly, owing to the orbital and
spin sum rules [1,2], the MCD in the soft x-ray absorption
spectroscopy (XAS) has been playing crucial roles for eluci-
dating the electronic structure at and around the absorption
site [3]. The MCD measurements in x-ray emission and
resonant inelastic scattering are also important tools to clarify
the electronic excitations in magnetic materials [4].

Recently, the MCD in hard x-ray Raman scattering (XRS)
at the Fe L, 3 edges in ferromagnetic iron has been inves-
tigated [5,6]. XRS is a kind of nonresonant inelastic x-ray
scattering [7]. In the process of photon scattering, where
an incident photon of energy 7w; is absorbed and a photon
of energy hiwr is emitted, the electron system in the initial
ground state of the energy E; is excited to the final state of
the energy Er = E;j + hw; — hiwg. The final state of the XRS
is essentially the same as that of XAS: a core hole is left
behind at the scattering site and an electron is added to the
valence or conduction state. Therefore, the XRS intensity as
a function of transferred energy is similar to the soft x-ray
absorption coefficient as a function of the incident photon en-
ergy. Contrasting to the XAS, the hard-in—hard-out feature of
the XRS is preferable for bulk sensitive measurements or the
measurements under extreme conditions. In addition, the XRS
can access the final states that are inaccessible by the dipole
transition, because the nondipole transition matrix elements
become significant for shallow core excitation. By virtue of
these features, the inner-core-exciting XRS has been demon-
strating its usefulness particularly to unveil the electronic
state of materials under extreme conditions [8]. Recently, the
electronic state of Fe in Fe,SiO4, Fe;O3, and FeS under high
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pressure is discussed by analyzing the XRS spectra at the Fe
M, 3 edge, and a spin transition is revealed from the change
of spectral curves in FeS [9,10]. In addition, XRS at the rare-
earth N and O edges has been extensively discussed [11,12].

The XAS-MCD measurements are carried out in order to
elucidate the orbital and spin magnetic moment at the selected
magnetic ion. In the analysis of the MCD signal, the orbital-
and the spin-moment sum rules play central roles. However,
it is also known that the spin sum rule has some limitations.
The core hole level j =1 4 1/2 should be clearly separated
for safe application of the sum rule. Teramura et al. showed
that the deviation of the rule could amount to 30% for Mn>*
and reached 230% for Sm [13,14]. The XAS-MCD signal can
be observed also at the M, 3 edge of transition metals [15,16].
However, it is quite difficult to obtain the information about
the local spin moment from the observed MCD signal alone,
because it is quite hard to apply the spin sum rule due to the
smallness of the spin-orbit coupling (SOC) of the 3p hole, the
strong 3p-3d Coulomb interaction, and the remarkable super-
Coster-Kroning decay [17]. The MCD signal at the K edge
of transition metals also have been observed. While it is bulk
sensitive, we can only indirectly obtain the information about
orbital moment of the 3d state through the interaction between
the 3d and 4p states [18-20]. It is worth noting that the spin
sum rule [21,22] of the x-ray photoemission spectroscopy, in
which both the photon polarization and the spin of the emitted
electron are exploited and the magnetic dichroism is observed
in the emission of electrons, can be applied to estimate the
ground state spin moment without the aforementioned short-
comings of the XAS-MCD spin sum rule.

The XRS-MCD signals have been observed at the L3
edges of ferromagnetic iron by Hiraoka et al. [5]. The ob-
served MCD spectral curves as a function of the transferred
energy depend strongly on the angle oy (see Fig. 1), which is
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FIG. 1. Schematics of scattering geometry in experiment. Coor-
dinate and polarization vectors are defined as shown. o is the angle
between the magnetization vector M and the incident propagation
vector ¢;. The propagation vectors ¢; and g; of incident and emitted
x ray are perpendicular to each other.

similar to the XAS-MCD spectral curve at the angle ay ~
0°. In the previous paper [6], we analyzed the XRS-MCD
signals within a one-electron theory and discussed the relation
between the spectral shape of the MCD signal and the angle
an. We elucidated that the XRS-MCD signals can be consid-
ered as a result of the interference of the scattering amplitude
due to the charge transition with that due to the electric,
the orbital magnetic, and the spin magnetic transitions; their
effects differently depend on the angle ay. Particularly, at
ay = 135° or —45°, the magnitude of the XRS-MCD signal
is proportional only to the local spin polarization. Therefore,
the integrated XRS-MCD signal could be also used as a probe
of local spin moment.

The magnetic Compton scattering (MCS) technique
[23], which reveals the distribution of the spin magnetic
moment in the momentum space, and the x-ray magnetic
diffraction (XMD) [24] are also owing to the MCD effect. The
mechanism causing the MCD in MCS and XMD is different
from that in XAS. The interaction between the magnetic field
of radiation and the electron spin and/or orbital magnetic
moments brings about the MCD effects in MCS and XMD.
On the other hand, in the XAS, the spin-orbit coupling in the
inner shell plays essential roles in provoking the MCD signal,
since the electric field of the radiation does not directly couple
to the orbital and spin magnetic moments. In the XRS, both
mechanisms can induce the MCD signal with the magnitude
comparable to each other. In contrast to the MCS, XRS-MCD
may have advantageous features: the element selectivity and
the selection rules in the transition process. At ay = 135°,
the interference of scattering amplitude due to the charge and
spin transitions alone produces the MCD signal. Therefore, it
is expected that the XRS-MCD measurement could be used
as a probe of local spin polarization at the scattering site even
if the SOC is absent.

The interaction between the 3p electrons and the 3d
electrons is so large that the M-edge excitation spectrum is
expected to sensitively reflect the 3d state. Besides the XRS or
XAS, the M-edge excitation of transition metal has been well
measured using electron energy loss spectroscopy (EELS), or
K B x-ray emission spectroscopy (XES). Utilizing the surface
sensitivity, the EELS is used to study the electronic structure
in thin films [25]. The signal of the KB XES is bulk sensi-
tive, and the spin-dependent spectrum caused by the 3p-3d

exchange interaction is useful to elucidate the 3d state [26].
The dichroic effect of the Fe Koy emission spectrum has also
recently been observed [27]. In addition to these techniques,
XRS-MCD may become a useful technique to understand the
electronic structures under extreme conditions with exploiting
its bulk sensitivity, element and orbital selectivity.

In the next section, we briefly describe the XRS-MCD
formula. The model used to simulate the electronic state at
the scattering site is described in Sec. III. In Sec. IV we
discuss the L, 3- and M, 3-edge XRS spectra by comparing the
calculations and the observations. The XRS spectra at the M
edge is also demonstrated. The last section is devoted to the
concluding remarks. Demonstrations of the XRS-MCD spin
sum rule are involved in the last section.

II. SCATTERING INTENSITY AND MCD SIGNAL

We assume that the electronic state is excited from the
initial state ®; with energy E; to the final state ®; with
energy Er by absorbing an incident photon of polarization
ej, wave vector ¢;, and energy /iw; and emitting a photon
of polarization e, wave vector g;, and energy of fiws. In
the final state, a core hole is left behind at the scattering
site and an electron is added to the valence or conduction
state. The scattering intensity may be proportional to the
factor ) ¢ [(@¢] X, f(x;))|®;)|%85. Here, 8 represents the
energy conservation delta function §(AE + E; — Ey) with
AE = hw; — hay; the operator f is approximately given by
the sum of the charge, electric, orbital magnetic, and spin
magnetic transition operators fc, fg, fo, and fs, which are
given in Egs. (1a)—(1d) [6]: x; refers to the position r; and
spin s; operators of the ith electron. The transition operators
fe. fe, fo, and fs are derived as the first- and second-order
perturbation in terms of the interaction between electrons and
electromagnetic field in the nonrelativistic Hamiltonian [28].
The perturbation terms of higher order than (fiw; /m.c?)*> may
be safely ignored, where mc? is the electron rest energy. To
handle the second-order perturbation terms, we assume that a
core electron is excited to form an intermediate state ®,, and
the electron successively comes down to an energy level near
the lowest unoccupied state to form a final electronic state Py,
and take the nonresonant limit, in which we ignore the energy
difference between the intermediate electronic state energy
E, and the initial electronic state energy E; in the energy
denominator assuming E,, — E; < hw;, hwt. Then, we exploit
the completeness of the intermediate electronic state ®,,, and
neglect the terms of the order 1 — w¢/w;. Thus, the transition
operators may be obtained as

fox) =e;-eie?", (1a)
e = 2L 4 G, n, (1b)
omeC
fow) = =354 0 x LQ.r), (1c)
meC
F iE iQr
Fs(x) = —Zmeczh~aeQ , (1d)

where o, Q, A, and h are defined as 0 =2s/h, Q =¢q; —
g5, A = (er- g;)ei + (ei - gp)er, and h = %(t’i “qp)(gy < er) —
boi(er - 4i)(@; x e) + er x e — (§; x €r) X (§; ¥ €); §j(p) and
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0 are the unit vectors i)/ qicry and Q/Q, respectively. Eg and
E are energies defined as Ep = ficQ and E = hi(w; + wr)/2,
respectively. o is the fine-structure constant. The opera-
tors fE and fo are deduced from the terms including the
linear momentum operator p = —ihiV using the formula
given by Trammel [29]. Vectors G(Q,r) and L(Q,r) are

defined as G(Q.r) = Lrg(Q -r)and L(Q.r) = 1£f(Q 1) +

£Q )37 with gn) = (" = 1), f(x)= —2z—g<x> and
= —zhr X V; re is the class1cal electron radius. We refer to
the transition processes described by the operators fc, fi, fo.
and fs as C, E, O, and S transition, respectively.

The XRS-MCD experiment was carried out in the scatter-
ing geometry shown in Fig. 1. The wave vector g; is perpen-
dicular to the incident wave vector g;. In the experiment, the
polarization of the emitted photon is not detected while the
incident photon polarization is controlled. The polarization of
the incident photon can be characterized by Stokes parameters
Py, P>, and P; [30]. Since the magnitude of the C-transition
matrix elements are much larger than the others, the total scat-
tering intensity Itor = I(Py, P>, P3) + (P, —P», P3) is ap-
proximately given only by the C transition as (1 + P3)IZ7°
and the MCD signal lyicp = I(Py, |P2|, P3) — I(Py, — |P2| P3)
is given by 2|P|Im(IZ7°7 + IG5 + 150 °), where Im/

represents the imaginary part of I; I77*°? is given by

IEOO(AE) =1Ip Yy Y 8p(Delfg™ (xi)| i)'

SJCAVECHIL O )
with Iy = rgwf /wi. Here, the polarization vectors in the tran-
sition operator fg” are specified as e = e, and e; = ej;.
12277, 13577, and IgZ 77 are also given in the same manner.

The XRS intensity may be described as the sum of
the scattering intensity from each scattering site. We
define the atomic transition matrix elements as FEE T=
Zsz i Yir, s;) fg T(x)Yy(r, s;)dr, where indices & and n refer
to one of the spin orbitals in the 3d states and the 2p or
3p states at the scattering site, respectively; s, represents the
spin magnetic quantum number. Fg m Fé", and FSE" are also
defined in the same manner. In the following, the orbital
and spin magnetic quantum numbers of the spin-orbital &(7)
are expressed as mg(,; and zg(y. Thus, the wave functions
Y (r, s;) might be given as a product of the radial wave func-
tion R:(r) = Ry, (r), spherical harmonics Y: (%) = Y, (F),
and spin function xs (s;) = xz, (s;) [31], where ng = 3, l; = 2,
mg =0, x1, £2, and zz = £1/2. The wave function v, (r, s;)
is also written in a similar form. Functions ¢@7, g(Q -r), and
f(@ -r) can be written in the spherical harmonic expansion
forms 4w ), Yl’,‘n(Q)ilwz(Qr)Yz,n(i'), where w;(x) is j;(x),
g1(x), and fi(x); ji(x) is the spherical Bessel function with
degree [, g;(x) =1 [ ji(t)dt and f;(x) = )% Jo tir(t)dt, re-
spectively.

For the scattering geometry as shown in Fig. 1, the atomic
transition matrix elements are written as

FE = 4 3 i i (@Y (@) Vi, (9)
Im
4miAE A
i 271 '8 (Q)el FuYim)en,  (3b)

E amec?
Imp

vﬂ([ZMYIm])Sn

a0 69

4riE 7 ()
B! === A @)

Imp

&n

4t
= TN i, @, ( nm) LG
¢ Imp

where [ZMY[m] =4£,Y,, +Y,,¢, and the index u runs over

1,0,—1; ji(Q), &(Q), and f(Q) are radial integrals
ng(r)h(r)R (r)r*dr, where h(r) is Jl(Qr) rgl(Qr) and
S1(Qr), respectively. The bracket (A), represents the direc-
tional integral ZY f Ys*(i')xg(sz)A(i',s)Y,,(i*)X,,(sZ)dzi*. The
vector components a* (a,,) represent the spherical contravari-
ant (covariant) components of vector @ [31]. v is given
by the vector product er, x Q. The contravariant compo-
nents (a',a’,a”') of the vectors er,, §;, v and 0 can
be written as (ﬁ,o, %), (%,S 7C‘“) (— —Sg, 5—%),
and (—j—%, Cs, j—%), respectively, where C, = cos oy, Sy =
sinay, Cg =cos(am +y), and Sg =sin(ay + ) with
y & /4.

The angle o = 135° is found to be a special angle as
in XMD [32-34], which is called S position. Because Q =
(0, —1, 0), thereby Y,,,,(Q) = /2l + 1)/47 8,0, the C transi-
tion conserves both the total orbital angular momentum L, and
the total spin angular momentum S,. The E and O transitions
change the orbital angular moment L, into L, &= 1 because the
vector components 2 and v are zero so that only the matrix
elements (filyzo)g,, and ([EilY;o])gn could be nonzero, while
they conserve S,. The S transition conserves L., but changes S,
into any of S; &= 1 and S;. Inevitably, if we can assume that the
electron system conserves the z component of the total angular
momentum J, = L, 4+ S, around the scattering site when the
electron system is not affected by the external perturbations,
the interference terms /5. °° and I5%°% would be zero. The
terms which involve the spin-off-diagonal S transition in
12?7 also would be zero. Even in a case in which the angular
momentum J, is not conserved, if the powder approximations
are allowed, the effect of such interference terms would not
appear on the scattering intensity. Consequently, only the
terms which involve the spin-diagonal S transition in Ig"°
can contribute to the XRS intensity as an MCD signal. Further,
the term g ﬂcl’” in Ig"° consisting of the S 4-transition, in
which an up-spin electron is excited, and the C | -transition,
in which a down electron is excited, and the term I¢ fC(Tm con-
sisting of the S | -transition and the C 4-transition would not
contribute to the XRS intensity, because they have the same
magnitude but have the opposite sign to each other. Therefore,
putting M, = >, M\ =", i*/Ax 21 + 1) je(Q) Y20 2. 1m>
the term I *°? (AE) can be simplified as

IZ5°°(AE)
il E
=2 S(AE + E, — Ey)
. i
V2 mec o

XY MMy (®i|ph iy | P (Deld Pt | D5)

mm'’

) @)
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If we can assume that the 3p or 2p core states are completely

occupied in the initial state ®;, the integrated I22° and
I55°7¢ in terms of the transferred energy AE can be related

to the hole number as

Ec
/ dx Igg’(m (x) = IyNy, (5a)
Eg
fECd Imiem ooy = 20 _E g (5b)
X 1m ’ X) = —— 5
i e 272 mec? 1

where Eg and Ec indicate the transferred energy at the
edge and an appropriate cutoff energy, respectively. Ny and
S, are defined as N| = Zrln:_l |M,,,|2(hm¢ + hyy) and S; =
Z,]n=_1 |M,n|2(hm¢ — hyy), and hy,4(y) is the up- (down-) spin

hole number in the 3d state specified by the orbital magnetic
quantum number m. Thereby, we obtain

Si CfEEEC dxIyvicp (x)

= , (6)
Nl _/Eic dXITOT()C)
with C = v2(1 + P3)mec?/|P|E.

On the other hand, when the angle oy = 0° or 45°, which
correspond to the L or L 4 S position in the XMD, the XRS-
MCD signals may show complex behavior because both Igc
and Ioc take part in the MCD signals. For the transition
metal M-edge excitation, although the transferred energy AE
is much smaller than that for the L-edge excitation, the E
transition is not negligible as shown later. If the transferred
energy AE is so large that the contribution Ipc and Isc is
negligible, the sum rules similar to those in the XAS-MCD
might be established.

III. MODEL HAMILTONIAN AND
CALCULATION METHOD

The configuration interaction (CI) calculation on the An-
derson impurity model has been applied to analyze the sig-
nals from several core-level spectroscopic experiments on
ferromagnetic nickel and have given consistent explanations
to the different spectra based on the calculated electronic
structure [35,36]. Although the validity to apply this model for
discussion on the spectroscopic properties of more strongly
itinerant electron systems is not guaranteed, we exploit the
CI calculation on this model as makeshift to demonstrate
the usefulness of the XRS-MCD in this study, because the
electron-hole interaction is so large that independent parti-
cle approximation may not be suitable for describing the
M, 3-edge excitation.

The 3d electron number of the Fe ion could be strongly
fluctuating. We assume that the 3d electrons go back and forth
between the 3d states under consideration and the electron
reservoir states, which are supposed to have d-symmetric
states consisting of the 3d and/or 4s states around the scat-
tering site. We prepare the ten different levels vy, (¢« =0, 1
and m = —2,—1,...,2) as electron reservoir states. The
initial electronic state might be symbolically expressed as
| ;) = AldBv™t?) + BldTvt3) 4 C|dOv™t4), where d™v"
represents the configuration in which m electrons occupy the
3d states under consideration and n electrons occupy the
reservoir states. A|d™v") represents the linear combination

> .Acld™v"), over the configurations belonging to the states
specified as d"v" [37].

We assume the model Hamiltonian for simulating the
electronic state as

H = ZEdndg + ZEanag + ZV(dgco,g + Clédf)
& af af

+ Uaa Z nagNag' + Upa anEnI"I
§<&’ &n

+ Haa(Fjy Fjiy) + Hpa (szd’ G};d’ G;d)
— Anoizenge + Hyso($a) + Hpso(8p), @)

where, d; , dg, and nge represent the creation, annihilation,
and number operators for the spin orbital & in the 3d state
at the site under consideration. cZé, Cqe, and nge represent
the creation, annihilation, and number operators for the spin
orbital vy, in the reservoir states. n,, represents the number
operator for the spin orbital 1 in the 2p or 3p states. The
parameters E; and E, representing the one-electron level
are assumed to be 0 eV, —0.2 x o eV. The parameters U,y
and U,,; corresponding to the averaged 3d-3d and 2p(3p)-3d
Coulomb interaction are assumed to be 3.5 and 5.0 (3.5) eV.
The hybridization V is assumed to be 1.1 eV. The Slater
integrals F;, Fy, Fry, Gy, and G, are assumed to be 80% of
the atomic values. The parameters ¢; and ¢, of the spin-orbit
coupling Hyso and H,go are assumed to be the atomic values.
These atomic values are calculated by using the Cowan code
[38]. We add the molecular field term —Agzenge in order
to simulate the ferromagnetic ground state. The parameter
Anol 1s assumed to be 1.9 eV, which corresponds to the ob-
served exchange splitting value &(Hasy) — e(Hpsy) [39]. We
numerically diagonalize the Hamiltonian to obtain the initial
ground state, in which the d electron number, spin moment,
and orbital moment are about 7.0, 2.2 ug, and 0.054 ug,
respectively. The weights A, B, and C are |A|2 =23.7%,
|B|? = 55.7%, and |C|* = 20.6%, which may be consistent
with the stronger itinerancy than ferromagnetic Ni [35,36].
Scattering operators fé’ 7 can be expressed in the second
quantization form using the atomic transition matrix elements
FEE”: fer = > en Fg”dgp,, within the model used. The terms

15077 are given by IEL 77 = %(Cbﬂfg[R(z) — Rz fe|®s),
where R(z) =1/(z— H) with z=AE +E, — H —il" and
7" = AE + E; — H 4 il'". The other terms I22%, I5%°7, and
15?7 also can be given in the same manner. To calculate
these terms we can use the recursion method with assuming
that the final states be described as |®;) = A’|p’d°v™0+?) +
B'|p’d3vot3y + C'|pPd"v™ot4), where p" indicates the states
that n electrons are accommodated in the 2p or 3p state. It is
well known that the term-dependent core-hole lifetime due to
the 3p-3d3d super-Coster-Kroning decay plays a significant
role in explaining the observed spectral shape in the M-edge
spectroscopy [40]. Such core-hole decay processes are not
taken into account in our model Hamiltonian. Taguchi et al.
assumed that the core-hole lifetime broadening I' of the 3p
hole is linear on the relative excitation energy in order to
investigate the emission spectra from manganese oxides [26].
Although we have no substantial reasons, we assume the
broadening I' linearly depending on the relative excitation
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700 710 720 730
Transferred Energy (eV)

FIG. 2. Total XRS intensity as a function of the transferred
energy and the calculated intensity Icc. Thin solid line with cir-
cle symbol represents the observed intensity without background
subtraction. Thick solid, and broken lines are the spectral curves
calculated by the CI calculation and the band structure calculation,
respectively. Lifetime broadening is assumed to be I'; = 1.4 and
Ih=09eV.

energy, when comparing the calculated and observed spectra
at the M» 3 edge.

As shown later, we obtain plausible results for both the
L, 3- and the M, 3-edge XRS spectra. The spectral shape is not
sensitive to the model parameters as far as we use the initial
state in which the 3d electron number is about 7.0 and the spin
moment is about 2.2 ug. However, the validity of the calcu-
lated spectra based on the above-mentioned approximation is
probably quite limited. In the spectral shape at the M 3 edge,
several inconsistencies are found between the observation and
the calculation. Nevertheless, we hope that the results are of
value to provide insight into the XRS-MCD and understand
its usefulness.

IV. RESULTS AND DISCUSSIONS
A. Fe L, ; edge

In the previous papers [5,6], we investigated the XRS-
MCD at the Fe L, 3 edge within independent particle approxi-
mation using band structure calculation based on the local spin
density approximation. At the L, 3 edge, the dipole transitions
dominate the scattering intensity and the MCD signal, in
which the form factors j,(Q), 80(Q), and f] (Q) are relevant.
In Fig. 2, we compare the total intensities calculated by the
CI calculation and the band calculation with the experimental
observation [41]. Both of the calculations well reproduce the
observed spectral curve. The observed L3 peak, concentrating
around the transferred energy 705-714 eV, looks to consist of

a main peak of about 708 eV and a shoulder structure around
712 eV. This shoulder structure seems not to be properly
reproduced by the calculations: The one-body calculation
does not give the shoulder structure; on the other hand, the
CI calculation seems to provide too strong intensity for the
shoulder structure.

The total intensity after background subtraction and the
MCD signals are shown in Fig. 3 in comparison with those
obtained by the CI calculation. The Stokes parameters of
the incident beam polarization are assumed as |P,| = 0.6 and
P; = —0.8. The CI calculation well reproduces the observed
MCD signals both on the relative intensity to the total inten-
sity, the sign of the MCD signal, and their dependence on
the angle ay. In the rightmost panels, the spectral curves of
the intensity Icc, and the MCD components Im/gc, Im/oc,
and Im/gc at the angles oy = 0° and 135° are also shown.
At the angle oy = 0°, Im/gc dominantly contributes to the
total MCD signal, while at the angle oy = 135°, Im/gc and
Imlpc are completely suppressed and only Im/sc contributes
to the total MCD signal. We note that at the angle oy = 0°,
the MCD component Im/gc is not completely zero; it would
be zero if we assume the powder approximation. The results
obtained by the CI calculation are essentially the same as
those calculated by the band calculation [6].

B. Fe M, ; edge

The relative magnitude of Im/sc to Icc is independent of
the edges, because Isc is directly proportional to the 3d spin
moment in accordance with Eq. (4). At the Fe M, 3 edge,
the MCD signal at the angle o = 135° might be observed
with the same relative magnitude to the total intensity as at
the L3 edge. At the Fe M, 3 edge the octupole transition
becomes significant as well as the dipole transition for the
high Q scattering. Figure 4 shows the observed and calculated
total intensities as a function of the transferred energy at
the scattering angles 26 = 23° and 90°, which correspond to
the scattering vector Q = 1.1 and 3.5 a.u., respectively. At the
scattering angle 26 = 23°, the intensity is dominated by the
dipole transition. As the scattering vector becomes larger,
the octupole transition becomes dominant and the dipole
transition becomes subordinate; the intensity around the trans-
ferred energy 53-55 eV becomes intense and the intensity
above 55 eV becomes weak. A similar tendency can be seen
in the XRS spectra on iron oxides [10]. In order to compare
the observation and the calculation, we naively assume that
the lifetime broadening is I' = max (0.1E + 0.14, 0.14) eV,
where E is the relative transferred energy from the edge.
Although the calculated spectra resemble the observed one,
they show discernible inconsistencies at the scattering angle
26 = 90°. In comparison with the observed spectra, the cal-
culated intensity above the transferred energy 55 eV, which
is mainly caused by the dipole transition, looks to be quite
overestimated, or the intensity around the transferred energy
53 eV, which is mainly caused by the octupole transition,
looks to be underestimated. In order to improve the calcu-
lated spectral curve, it might be necessary to explicitly take
account of the super-Coster-Kroning decay process into the
calculation. In the vicinity of the edge, the low-lying electron-
hole-pair excitations might be essential for the shape of the
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corresponding angle ay are shown in the second and third rows. The integrated MCD signals are shown in the bottom panels. In the right
panels, the spectral curves of the intensities Icc, Im/gc, Imlpc, and Imisc at the angles o = 0° and 135° are shown with lifetime broadening
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FIG. 4. Observed and calculated total XRS intensities as a func-
tion of the transferred energy. Black thin and red thick lines are the
intensities at the scattering vector Q = 1.1 and 3.5 a.u. corresponding
to the scattering angles 260 = 23° and 90°, respectively.

peak [42,43]. In spite of the noticeable deviation between
the experimental observation and the calculation, we expect
that the results could give us a better understanding of the
XRS-MCD.

The left panel in Fig. 5 shows the observed spectra as a
function of the transferred energy at the angles oy = 15° and
135°. Contrasting to the L-edge spectra, the spectral curve of
the MCD signal at oy = 15° is rather simple: its magnitude
is very weak and the shape is similar to that at oy = 135°,
which are also similar to the total intensity. This might suggest
that the contributions of Im/gc and Im/pc are suppressed and
Im/sc dominates the MCD signal. The right panel shows the
calculated spectra corresponding to the observation with the
polarization parameters |P,| = 0.6 and P; = —0.8. The sign
of the MCD signal, the relative magnitude of the MCD signal
to the total intensity, and the shape of the spectral curves are
rather well reproduced by the calculation.

The left panel in Fig. 6 shows the intensities Icc, Imigc,
Im/oc, and Imlsc as a function of the relative energy of the
final states at the angle oy = 0°, 15°, and 135°. It is found
that Im/gc and Im/oc can be almost canceled out to each other
near oy = 0°. Consequently, the MCD signal at o = 15°
are dominated by Im/gc. At the L edge, this cancellation is
insufficient: Im/gc dominates the MCD signals at oy = 15°.
At oy = 135°, the MCD signals due to Im/gc and Imlpc
are completely suppressed, so Im/gc alone contributes to the
MCD signals. Thus, the MCD signals reflect only the spin
polarization in the 3d orbitals of the orbital magnetic quantum
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I'=0.14¢V.

number m = 0, 1. It may be worth noting again that Im/sc
is not identically zero even at the angle oy = 0°.

The left panel in Fig. 6 shows the calculated intensities
due to the dipole transition alone and the octupole transition
alone. The dipole and octupole transitions dominate the inten-
sities in the range of 2.5-10 eV and the range of 0-2.5 eV,
respectively. The effect of the interference between them does
not look significant in the intensity Icc. On the other hand,
it could not be ignored for producing the spectral structure of
the MCD signal. Therefore, the detailed information about the
electronic structure might be obtained from the analysis of the
XRS-MCD signal.

C. M, edge

The MCD signal would be observed even at the M, edge
with the magnitude comparable to the M, 3 edge, because
Isc reflects the 3d spin polarization through the interaction
h - o0 between the electron spin and the radiation field in
Eq. (1d). The quadrupole transition, in which the factors
jz(Q), 21(0Q),and fz(Q) are relevant, dominates the excitation
process (3s — 3d) at the M, edge. Due to the absence of
the SOC in the 3s orbital, Im/gc and Imlpc are supposed to
be small; those signals just reflect the 3d orbital polarization
due to the SOC in the 3d states. It is expected that ImIgc would
be as large as that in the M, 3 edge. Thus, the MCD signal
caused by only the 3d spin polarization would be observed.

In Fig. 7, the calculated M;-edge XRS and the MCD
spectra are shown. The relative magnitude of the MCD signal
to the total intensity is in the same order as that in the
M, 3-edge spectra at the angle oy = 135°. At this angle an,

the MCD components Im/gc and Im/pc are suppressed, so that
the component Im/gc alone contributes to the MCD signal.
Therefore, the MCD signal reflects only the spin moment
of the 3d orbital with the orbital magnetic quantum number
m = 0. At the angle oy = 0°, the component Im/gc is almost
suppressed because the SOC in the 3s orbital is absent and the
SOC in the 3d orbital is very small. The components Im/gc
and Im/pc only weakly contribute to the MCD signal due to
the smallness of the SOC in the 3d orbital. Because they are
very small and have opposite sign to each other, the total MCD
signal would be too small to be observed at the present stage.

Putting M|, = —+/127 j2(Q)(Y20)20.00, the integrated in-
tensity 72?7 and component Im/g7°? at the angle oy =
135° might be given by fEiC dxIZZ7 (x) = IoM (hoy + hoy)

and flic dxImIgT 7% (x) = #imiz IoM{ (hoy — hoy), respec-
tively. Therefore, the ratio of the integrated MCD signals to
the integrated intensity could give the spin polarization ratio
(hoy — hoy)/(hoy + hoy) in the 3d orbitals with the magnetic
quantum number m = 0 as CfEEEC dx hycp(x)/ flf: dx Itor (x)

with C = v/2(1 4+ P3)mec?/|P|E.

V. CONCLUDING REMARKS

We investigated the XRS-MCD spectra by comparing the
observed and the theoretically calculated spectra at the L; 3
and the M, 3 edges of ferromagnetic iron. We used the con-
figuration interaction calculation on the Anderson impurity
model as makeshift to simulate the electronic structure of
iron at the scattering center. The calculation reproduced the
observed spectra rather well in spite of the awkward approx-
imation for the strongly itinerant system. For a more detailed
analysis, we would need a more sophisticated approximation
and a model which could appropriately reproduce the multi-
plet structure in the excited state with taking into account both
the localized and the itinerant nature of the 3d electrons in the
ferromagnetic iron. For the localized electronic systems, the
model used here may give more plausible results.

The MCD signals consist of the three components Im/gc,
Imloc, and Im/gc. Their angle ay dependencies of them
are different. Particularly, at oy = 135° in the right angle
scattering condition, Im/gc and Imloc are suppressed if the
total J, around the scattering site is conserved or in the
situation where the powder approximation is proper. At this
scattering geometry, the orbital magnetic quantum number
m is conserved in both the C and the S transitions. The
intensity Icc is proportional to the 3d hole number, while the
MCD component Im/sc is proportional to the difference of
the number of the up and down 3d holes. Therefore, the
information of the spin polarization in the 3d orbitals with
the magnetic quantum numbers m = 0, =1 may be obtained.

Here, we demonstrate the XRS-MCD spin sum rule at
ay = 135°. The ratios of the integrated MCD signal and the
total signal in the observation |, EEF ¢ Imcp(x)dx/ | Eb; ¢ Iror(x)dx
are estimated to be 0.025-0.031 at the L3 edge with
Er = 700-705 and Ec = 730-740 eV. The ratio at the M, 3
edge is estimated to be 0.024-0.029 with Eg = 45-51 and
Ec =70-80 eV. Using Eq. (6), these ratios lead to the
spin-polarization ratio S;/N; as 0.59-0.73 for the L, 3 edge
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assuming £ = 10.2 keV and 0.58-0.70 for the M, 3 edge
assuming E = 9.9 keV. The value S| /N; obtained by the CI
calculation is 0.744 for both the L3 and M3 edges. As-
suming that the 3d states accommodate 3.0 holes per an iron
atom, that hop(y), (hipy) + ip))/2, and (harqy) + hay))/2
equal to each other, the local spin moment is estimated to be
1.7-2.3 up. The estimated value of the spin moment has large
ambiguity at present mainly due to smallness of the signal
accumulation; we hope that the difficulties in XRS-MCD
experiment will be overcome in the future with the progress
of the instrumentation.

We also demonstrated the XRS-MCD at the M; edge.
Because the MCD components Im/gc and Imlpc are mainly
caused by the SOC in the core state, they are almost sup-
pressed and only weakly induced by the SOC in the 3d state.
On the other hand, the magnitude of the MCD component
Imlgc is comparable to that for the M,3; edge because
it reflects the spin polarization in the 3d state. At the angle
ay = 135°, it reflects the spin polarization in the 3d state with
the magnetic quantum number m = 0. Therefore, the
information of the spin polarization in the 3d orbitals
with the magnetic quantum numbers m = 0 can be obtained.
By analyzing the MCD spectra at the M, edge together with
the M, 3 edge, it might be possible to obtain the orbital
resolved spin polarization. We have not yet known such a
simple procedure to obtain the information on the orbital
moment so far.

It is well known that the application of the spin sum
rule in the XAS-MCD requires careful consideration [13,14].
Contrasting to the XAS-MCD, the sum rules (5a) and (5b)
are not subject to such a restriction. At angle oy = 135°, the

transition processes leading to the MCD component Im/gc
and the intensity Icc are almost equivalent. Every final state
due to the C transition and the S transition coincide. In the S
transition, the sign of the scattering amplitude is determined
by the spin magnetic quantum number of the excited electron.
Thus, it is expected that any decay processes result in the same
effect on the spectral shape of the total XRS intensity and
the MCD signal. Therefore, analyzing the total intensity and
the MCD signal, we would be able to obtain the information
of the spin polarization in the 3d state. If we exploit the
M,, M, 3, and M, s excitations to investigate the 4d states,
the orbital decomposed (|Jm| = 0, 1, 2) information about the
spin polarization could be obtained. At angle oy = 135°, the
total intensity and the MCD signal would show quite similar
spectral curves to each other for the complete ferromagnetic
state. For the incomplete ferromagnetic state, these might
show different spectral curves. The spin-resolved spectral
curves might be obtained by analyzing the total intensity and
the MCD signal. We hope the XRS-MCD will become a
useful tool to investigate the spin polarization of the magnetic
ions such as the XMD and the MCS.
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