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Magnetic Circular Dichroism in 3d—2p X-Ray Emission
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Magnetic circular dichroism in XAS, XPS, and XES at the 2p levels of magnetic 3d transition
metals is analyzed using a pedagogical method. A back-of-the-envelope analysis of the dichroism
in X-ray absorption is extended to circular dichroism in 2p photoemission. X-ray emission from
the polarized 2p core holes is then analyzed using the same graphic single-particle model. The
fact that spin is not a constant of motion at the spin-orbit split 2p levels is included. This gives
MCPD ratios of Lg emission that are much smaller and in much better agreement with experiment
than those predicted by [Jo and Parlebas: J. Phys. Soc. Jpn. 68 (1999) 1392]. The same analysis
is also applied to dichroism in X-ray emission on the Ly and L3 absorption resonances.
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Introduction

§1.

Since the first measurements of the strong magnetic
circular dichroism (MCD) in X-ray absorption at the L-
edges of nickel,!) dichroism effects involving the 2p lev-
els of the important magnetic 3d transition metals have
been widely studied. Dichroism was also detected in the
2p XPS spectrum.?) A prediction of magnetic dichro-
ism in X-ray emission®) led to experiments by several
groups,* ™ but the predicted lineshapes have not been
reliably observed, and even the magnitude of the dichroic
effect is not explained.

Atomic calculations have been very succesful in repro-
ducing the size and the rich detailed structure of MCD
spectra.®) But a simple single-particle model has its uses.
It was even able predict the basic features of MCD.?)
This model has been put in a very pedagogical form
with back-of-the-envelope histograms by Jo.!?) In this
paper I will show how this graphic method can be ex-
tended to derive the shape of magnetic dichroism in 2p
XPS. Dichroism in X-ray emission (the radiative decay
of these core hole states) can also be deduced from the
histograms. One needs to take into account that spin
is not a good quantum number for the spin-orbit split
2p1/2 and 2p3/ levels. In a recent paper giving a basic
treatment of X-ray emission, Jo and Parlebas'?) have ne-
glected this and found unrealistically large MCD effects
in L (continuum-excited 2p; /») emission.

The purpose of this paper is not to obtain quanti-
tative results. The model is not realistic: it does not
include orbital moment, correlation, intermediate cou-
pling, etcetera. My main purpose here is to elucidate
the consequences of spin not being a constant of motion
of transition metal 2p levels. Readers may also find the
histogram drawings useful in keeping track of the sign of
the dichroism effects.
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§2. XAS and XPS

My presentation is based on Jo’s diagrams.'® 1) Fig-
ure 1 shows the distribution of the spin-orbit coupled 2p
states over the orbital and spin quantum numbers sepa-
rately for the 2p3/; levels, where the spin is parallel to the
orbital moment, and for the 2p; /, levels, where the spin
is antiparallel to the orbital moment. In both diagrams
the hatched area gives the weights of orbital and spin
quantum numbers of the eigenstates with the azimuthal
quantum number m; = 1/2. The areas of the other m;
levels can easily be deduced. At the j = 3/2 level, the
levels with m; = £3/2 are pure spin states. However,
all m; = £1/2 levels are superpositions of opposite spin
directions with weights one-third and two-thirds. It will
be shown that this limits the strength of the emission
dichroism at the 2p; /5 level.

Figure 2 shows the relative transition probabilities for
circularly polarized light with positive helicity (Am =
+1), negative helicity (Am = —1) and linearly polarized
light parallel to the z direction (Am = 0). The proba-
bilties are given for d-wave photoelectrons with different
final azimuthal quantum numbers m4. With unpolarized
light, the sum of these contributions gives all my-levels
equal intensities. The numbers in Fig. 2 are propor-
tional to the squares of Wigner 3j symbols.'®) In this
case j; = 2 for the d photoelectron, j3 = 1 for the core
level, and jo, = 1 for the photon. The polarization de-
pendence is obtained by taking ms = —1,0,1. Just to
give two examples for p — d transitions with z-polarized

light:
3 4
= — —_— d = —.
( ) 30 ( ) 30
By multiplying the coefficients for positive helicity of
Fig. 2 with the ground state distribution of Fig. 1 one
arrives at the distribution of 2p hole states in Fig. 3. For
exitation from the 2ps3/y-level the ratio of the spin-up
area to the spin-down area is 5:3. At the 2p; /o-level this

ratio is 1:3. In order to obtain the dichroism in X-ray
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Fig. 1. The distribution of the weight of 2p orbital and spin quan-
tum number over the 2p3/5 and 2p; /5 levels. The hatched areas
represent the states with mj; = 1/2 states.
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Fig. 2. The dependence on the p — d matrix element on the
d azimuthal quantum number for positive, negative and zero
helicity.
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Fig. 3. The final state of p — d photoemission for light with
positive and negative helicity. Percentages indicate the spin of
the d wave photoelectron. The hatched areas give the weight of
the p hole states with m; = 1/2. The ratios of the weights are
18:12:7:3 for j = 3/2 and 15:5 for j = 1/2.

absorption, the 3d band may be regarded as a spin an-
alyzer. If there are only unoccupied states for minority
(1) 3d electrons, one arrives at an MCD ratio for pos-
itive to negative light of 5:3 for strong ferromagnets at
the L edge.’® This is of the correct order of magnitude.
Deviations are caused by the orbital moment of the 3d
electrons or by the effect of strong 3d electrostatic inter-
actions.!?)

The shape of the circular dichroism in XPS can also
be deduced from Fig. 3. By taking the total area of each
m; eigenstate, one can construct the histogram of Fig. 4.
The intensity of the eigenstates is plotted in the order of
their binding energies, given by the spin-orbit splitting
and the exchange with the 3d spin moment. For photoe-

Fig. 4. Photoemission intensities for excitation of 2p electrons to
d-wave electrons, for light with positive helicity (hatched) and
negative helicity (numbers).

mission by X-ray with positive helicity, the m; = 1/2 in-
tensity at the 2p; /o-level is three times as large as that of
the state with m; = —1/2. For light with negative helic-
ity, this ratio is the other way around. At the 2p3/o-level
the four m; states have intensities 18:12:7:3, as shown
in Fig. 4. These numbers are in good agreement with a
relativistic one-electron calculation of magnetic circular
dichroism of 2p XPS.'4

§3. Continuum-Excited XES

In the previous section we calculated the XPS spec-
trum. These are the intermediate states of X-ray emis-
sion, and their helicity-dependent distributions deter-
mine the dichroism in the X-ray emission spectra. Exci-
tation with circularly polarized light has produced a spin-
polarized photoelectron and polarized core hole. But
spin is not a good quantum number for the core hole.
The spin-orbit coupling is much larger than the life-time
broadening, and its spin precesses rapidly. It will not
remain aligned with the spin of the photoelectron.

Let us study the 2p;/, level first, with the help of
Fig. 5. The majority () spin weights of the j,, = 1/2
and j, = —1/2 core-hole states have a ratio of 1:2. If
the transition rate from a completely polarized d° shell
to the 2p; /o, m; = —1/2 level is A, the transition rate to
the 2p; o m; = 1/2 level will be twice as large: 2A. Here
we assumed that the spin-orbit splitting of the 3d states
is negligible, so that spin is a good quantum number for
the valence orbitals.

Now circularly polarized light does not produce only
Jm = 1/2 or only j,, = —1/2 states. Figure 4 shows that
the areas of the (j = 1/2, m; = £1/2) states have a ratio
of 1:3 for circularly polarized light. That means that for
positive helicity 1/4 of the core hole state has j,, = —1/2
with a decay rate of A and 3/4 has j,, = +1/2 with a
decay rate of 24, which gives an average decay rate 7/4
A. For the negative helicity we find an average decay rate
of 5/4 A. This ratio of 7:5 is in less glaring disagreement
with experiments than the ratio of 3:1 found by Jo and
Parlebas.

One can also find this ratio in the 2p; /5 part of Fig. 6.
There the XPS intensities from Fig. 4 have been split
up according to their spin weights. One sees that the
ratios are 7:5 with majority spins dominating for light
with positive helicity. For arbitrary 3d spin occupa-
tion numbers n; and ny we can express the Lg MCD
as Tny + 5nq4:5ny + Tny. With ng = 5, we find ratios of
7:5, 5:4, 45:39, 25:23, and 55:53 for ny =0, 1, 2, 3 and
4, respectively.
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Fig. 5. A 2p; /o core-ionized 3d® atom with the hole in the mj =
—1/2 state. (Hatched boxes indicate occupied orbitals.) The
m; = 1/2 state decays twice as fast because of the larger spin
overlap with occupied 3d |-orbitals.
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Fig. 6. Spin-weight distribution of 2p core levels excited to the
continuum by light with positive (Left) and negative helicity
(Right).

Let us now assume that the final state is screened by
charge transfer, which obviously has to be a minority
electron. So for ions with only minority holes, screening
reduces the spin-imbalance. This effect is shown by the
hatched area in Fig. 8, limited by the calculated values
for unscreened and well-screened (n + 1) intermediate
states. For Mn?™T, one then expects at most a dichroism
of 5:4 or 25%. While still larger than experiment, this is a
great improvement compared to the ratio of 2:1 predicted
by Jo and Parlebas.')

We can take the same procedure for excitation to the
Ls-continuum. Excitation by light with positive helic-
ity produces 2ps/; sublevels m; = 3/2,...,—3/2 in the
ratio 18:12:7:3. The weights of the decay rates for ma-
jority (}) 3d spins are 0:1:2:3. The dichroism is ob-
tained by reversing either the populations of the sub-
levels due to a reversal of the polarisation, or by revers-
ing their decay rates due to a reversal of the spin direc-
tion. For majority spins this leads to a dichroism ratio
of (12x14+7x2+43%x3):(18x3+12x2+7)=35:85=T:17.
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Fig. 7. Spin-weight distribution of 2p core levels excited on the
resonances by light with positive and negative helicity.
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Fig. 8. Calculated dichroism ratios for resonant excitation (lines)
and continuum excitation with varying amounts of screening
(hatched areas).

This gives stronger dichroism than predicted by Jo and
Parlebas,!V) which already was larger than experiment.
The resolution of this discrepancy may lie in the fact that
our calculated XPS spectrum is not correct. Our single-
particle picture gave equal intensities to the four m; lev-
els for unpolarized light, but this is not correct. For ex-
ampel, the 2p3 /5 peak of MnF; clearly shows multiplet
structure with ratios of approximately 9:7:5:3, multiplic-
ities given by the total 2j + 1 of the Mn final state.!®)

84. Resonance-Excited XES

For excitation on resonance, a single-particle model
is even less appropriate than for continuum excitation,
but it is straightforward do the exercise. In contrast
to Jo and Parlebas, we assume that the fluorescence
signal is saturated and that positive and negative he-
licity light create equal numbers of holes. This is a
good approximation for experiments on concentrated
bulk samples with grazing incidence and near-normal de-
tection. We start at the Ly edge. The decay rate of an
m; = 1/2 hole is (ny + 2n)A and the decay rate of an
mj = —1/2 hole is (2ny + n;)A. With positive-helicity
light the ratio of states with j,, = 1/2 to states with
Jm = —1/21is 3:2 (the areas on the spin-up side of Fig. 3).
We find for positive helicity an average decay rate of



2000)

(3(ny+2n))+2(2n4+ny))/5 A = (Tny+8n,)/5 A. With
negative-helicity light the ratio of states with j,, = 1/2 to
states with j,, = —1/2 is 1:4. We find for negative helic-
ity an average decay rate of (n4+2n;+4(2n4++n;))/5 A =
(9n4 4+ 6ny)/5 A. One must take into account the ex-
cited electron. Assuming that its orbital moment is
quenched, we can express the Ly MCD on resonance as
T(ny + 1) 4+ 8ny:9(ny + 1) + 6ny. With n) = 5, we find
ratios of 47:39, 54:48, 61:57, 68:66, and 1:1. Taking into
account the m; levels results in numbers on resonance
that are different from the MCD ratio off resonance with
a screening electron added.

Finally the Ly MCD on resonance. The core hole
states with m; = 3/2,...,—3/2 are created in ratios
of 18:6:1:0 for positive light and of 1:2:2:0 for negative
light. These ratios are used in drawing Fig. 7, from
which we find the dichroism ratio 67(ns + 1) 4+ 8nj :
45(n4++1)+30n,. With n; = 5, we find ratios of 107:195,
174:240, 241:285, 308:330, and 1:1.

§5. Conclusion

Figure 8 summarizes my results. The lines give the
calculated dichroism in the so-called “thick limit”, where
the total number of core holes within view of the detec-
tor is saturated, and does not depend on the absorption
cross section and its dichroism. That is why the curves
decay to unity with decreasing spin-polarisation in the
3d shell. Both at the L3 and at the Lo edges, the ab-
sorption dichroism is opposite to the emission dichroism.
This is in agreement with experiment for continuum ex-
citation. For resonant excitation, the experimental sit-
uation is more complex, because one needs to separate
the effects of the absorption dichroism and of dichroic
elastic scattering. Duda® shows how the measured emis-
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sion dichroism of cobalt depends on the sample thickness
and on the angle of incidence. The observed reversal of
sign at the L3 egde shows that also here the emission
dichroism is opposite to and weaker than the absorption
dichroism.
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