
Eur. Phys. J. B 12, 171–178 (1999) THE EUROPEAN
PHYSICAL JOURNAL B
c©

EDP Sciences
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Abstract. Magnetic circular dichroism in lanthanide 4f photoemission (PE) multiplets was studied across
the 4d-4f excitation threshold for the example of Tb metal. The combined experimental and theoretical
analysis demonstrates that resonant enhancement of the 4f PE signal and large magnetic contrast in
the PE intensity are obtained simultaneously, when the excitation energy is tuned to the absorption-edge
maximum for parallel orientation of magnetization and circular-polarization light helicity.

PACS. 32.80.Dz Autoionization – 78.40.Kc Metals, semimetals, and alloys – 78.70.Dm X-ray absorption
spectra

1 Introduction

Magnetic circular dichroism in X-ray absorption
(XMCD) [1,2] has been widely used for element
specific analyses of complex magnetic systems, such as
garnets [3], spinels [4], multilayers [5–7], and alloys [8].
Most XMCD studies employ 3d-transition metal (TM)
L2,3 edges and lanthanide M4,5 edges, where a large
change in absorption is obtained with circularly-polarized
(CP) light excitation into the partially filled magnetic 3d
or 4f shell when the sample magnetization is reversed.
In favorable cases the absorption-edge intensity changes
by more than 30%, corresponding to a large magnetic
contrast which has been used for domain imaging [9,10].
Furthermore, element specific magnetic moments can be
extracted from L2,3 edge XMCD spectra of late TM with
help of sum rules with an accuracy of ∼ 10% [11–13].
XMCD at lanthanide M4,5 edges [3,14,15] can reveal
the element-resolved magnetization in lanthanide-based
alloys like TbFeCo, most relevant for magnetooptical
storage.

Magnetic dichroism also exists in core-level photoemis-
sion (MDPE) [16,17] where it is not restricted to CP-light
excitation but can similarly be obtained with linearly po-
larized light in chiral experimental geometries [18–20]. It
is a unique merit of core-level photoemission that binding
energies (BE) depend on the chemical environment of the
emitting atom; they can shift by several eV from one com-
pound to another [21]. These shifts are particularly well
resolved in PE spectra of 4f lines which are intrinsically
so narrow that even different atomic coordinations can be
separated, such as surface and sub-surface layers (surface
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core-level shift) [22,23]. Recently, MDPE at lanthanide 4f
lines with substantial core-level BE shifts was used to sep-
arate the magnetization of individual atomic layers at an
interface [24].

4f -PE spectra of lanthanide elements generally consist
of many multiplet lines between the Fermi level and some
15-eV BE [23]. As a typical example, the Tb 4f -PE spec-
tra [25,26] are shown in Figure 1a. They are obtained by
CP light of 100-eV photon energy with photon momen-
tum either (nearly) parallel or antiparallel to the rema-
nent in-plane magnetization of the Tb-metal film. Upon
magnetization reversal (or light helicity reversal), the rel-
ative Tb 4f -multiplet intensities change strongly; this is
also reflected in the associated intensity difference under-
neath (Fig. 1b), termed MCD spectrum [19].

Due to the localized nature of the 4f orbitals in heavy
lanthanide atoms, 4f -PE multiplets can be well described
by atomic multiplet theory using electric dipole selection
rules [27]. Starting from a ground-state f -electron config-
uration 4fw, with occupation number w = 8 for Tb, elec-
tric dipole excitation E1 of an f -electron into continuum
states εl

4fw(LS, J) E1−−→ 4fw−1(L′′S′′, J ′′) + εl (1)

leaves the photoionized atom in the PE final state 4fw−1,
with multiplet components labeled by their leading LS -
coupling contributions (L′′S′′, J ′′); for Tb the most in-
tense ones are indicated in Figure 1b. Energy separations
between the multiplet components scale with the intra-
atomic 4f -Coulomb interaction, usually parametrized by
reduced Slater integrals to account for the screened f -hole
in the PE final state [28]. A detailed agreement between
experimental (for Tb in Fig. 1b) and theoretical MCD
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Fig. 1. (a) Off-resonance 4f-PE spectra from a remanently
magnetized Tb-metal film at 30 K, excited with CP light
of hν = 100 eV, well below the 4d-4f excitation threshold.
The relative intensities of the 4f-multiplet components change
upon reversal from “parallel” (open symbols) to “antiparallel”
orientation (solid circles) between sample magnetization and
photon helicity; from reference [26]. An integral background
(dashed lines) has been subtracted before calculation of the
difference (MCD) spectrum. (b) Difference spectrum of the ex-
perimental spectra in (a) compared with the calculated Tb-4f
MCD spectrum (c).

spectra (Fig. 1c) has been reached in all cases studied so
far (also Gd [17] and Dy [29]), indicating that magnetic
dichroism at the lanthanide 4f levels is suitably described
by atomic multiplet theory. MDPE is expected to appear
in the 4f -PE spectra of all lanthanide elements provided
that they exhibit phases with magnetically oriented f mo-
ments [30].

Aiming at an element selective analysis of compound
systems we may exploit the fact that, for each final-state
f -shell occupation number w − 1, there is a characteris-
tic 4f -PE multiplet serving as a fingerprint of the asso-
ciated lanthanide element [23,27]. However, except for a
few favorite cases [31], the elemental 4f -PE spectra over-
lap and it would be desirable to enhance selectively the
4f -PE cross section of individual elements by resonant
photoemission (RPE) [32–34]. In RPE, a particular pho-
ton energy hν is chosen at which a second photoexcitation
channel opens up that interferes constructively with the
direct photoemission channel in equation (1). The cross-
section enhancement is very effective at the 4d→ 4f giant
resonance [35], where both shells involved are of the same

principal quantum number and have a similar radial dis-
tribution. Although a coherent process, RPE is commonly
described as a virtual two-step process [36]:
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The same total final-state configuration (4fw−1εl) is
reached via an “intermediate” 4d-hole state, which decays
through a radiationless super Coster-Kronig (sCK) Auger
recombination. Magnetic circular dichroism in RPE was
recently studied at the 3d→ 4f threshold (M4,5 edge) of
Gd [14] and Tb [37] where – at the associated high ex-
citation energies of hν ≈ 1.2 keV and above – the E1
transition along the indirect channel b is about four or-
ders of magnitude stronger than channel a, so that reso-
nant 4f -PE spectra at M4,5 are clearly dominated by the
core excitation. By contrast, at the lanthanide 4d → 4f
threshold (N4,5 edge), the E1 matrix elements for direct
and indirect photoexcitation are of the same order of mag-
nitude so that interference effects between both channels
become important.

The influence of an indirect photoexcitation channel
b on MDPE has so far only been studied for the case of
Gd [38], which is a particularly simple case of a single
(spin-orbit split) PE component due to the half-filled f
shell in the ground state. In the present article we discuss
a combined experimental and theoretical analysis of mag-
netic dichroism in RPE from lanthanides at the example
of terbium metal, which is representative of the usually
rich 4f -PE multiplet structure of lanthanide elements.

2 Experimental

The experiments were performed at the beamline SX700-
3 of the Berliner Elektronenspeicherring für Synchrotron-
strahlung (BESSY). This bending-magnet beamline sup-
plies a CP X-ray beam off the storage-ring plane
with about 80% circularly polarized light (at a flux of
∼ 109 photons/s/mrad/0.1%0 bandwidth) in the Tb N4,5

energy region [39].
As samples we prepared (10 ± 1) nm thick Tb(0001)

films epitaxially grown in-situ by metalvapor deposition
on a W(110) single crystal [40]. A remanent nearly single-
domain in-plane magnetization was achieved by Curie-
point writing, i.e. the sample was heated above and
subsequently cooled well below the highest ordering tem-
perature (TN = 232 K) inside the gap of an electromag-
net (magnetic fields up to 0.2 tesla), placed inside the
UHV chamber. XMCD spectra were recorded in the total-
electron-yield (TEY) mode using a channeltron; PE spec-
tra were obtained by a hemispherical energy analyzer,
operated at 0.1-eV resolution. All photoelectrons from a
wide cone (10◦) about the Tb-surface normal were col-
lected in order to minimize photoelectron-diffraction ef-
fects [41].
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All XMCD and PE spectra were taken at 30 K sample
temperature, i.e. close to complete ferromagnetic align-
ment of the Tb 4f moments. Recorded at an X-ray
incidence angle of 30◦ with respect to the surface, all
spectra have been corrected for saturation, assuming a
ratio of 1 : 3 for the mean electron escape length over
light-penetration depth within the standard procedure by
Thole et al. [42].

For comparison XMCD spectra were also recorded
with the electron analyzer in the constant-final-state
(CFS) mode with a wide energy band pass (5 eV). The
Tb N4,5 spectral lines were reproduced, but with a three
times larger pre-edge to giant-peak intensity ratio (Figs. 2
and 3) as compared to TEY detection. This effect is ten-
tatively attributed to the different secondary-electron en-
ergy intervals used by the two detection modes; it should
be considered when comparing XMCD-spectral regions of
very different intensity with calculations.

3 Calculations

XMCD and RPE spectra were calculated in intermedi-
ate coupling using Cowan’s relativistic Hartree-Fock (HF)
code plus statistical exchange method [36]. Following the
t-matrix approach [37] radiative transitions were consid-
ered to first order (E1) and the Coulomb interaction, re-
sponsible for the sCK decay, to infinite order. In the solid,
intra-atomic correlation and relaxation can be included
by scaling the HF value to typically 0.8. In previous stud-
ies of the Tb M4,5 edge [37,43], the scaling parameters
of the Slater integrals were found as κ1 = 0.84, κ2 = 1,
and κ3 = 0.8 for the ff Coulomb, df Coulomb, and df
exchange interactions, respectively. In order to reproduce
the experimental energy separation between the Tb N4,5

giant resonance and the pre-edge peaks, it was essential to
use κ3 = 0.7. This indicates that the exchange interaction
of the 4f shell with the 4d hole is better screened than
that with the 3d hole, as it is expected for a shallower
core level.

Use of the intermediate coupling scheme is mandatory,
because in the photo-excited configuration 4d94f9 the 4d
spin-orbit (s.o.) interaction (2.5 eV) cannot be neglected
compared to the Coulomb interaction (20 eV) [44]. How-
ever, the XA states can still be approximately labeled with
the LS coupling scheme. A relatively small s.o. splits these
states in separate J levels, whereas a larger s.o. will also
mix different LS states for each particular J . Therefore,
we will label the most pronounced spectral features ac-
cording to their leading LSJ contribution. For the 4f RPE
spectra the final-state lifetime was taken to be infinite, re-
sulting in delta line forms which were convoluted by a
Doniach-Sunjic line shape with Γ = 0.17 eV and asym-
metry parameter α = 0.1 and a Gaussian of σ = 0.085 eV
to account for the intrinsic width and the instrumental
broadening, respectively. We like to emphasize that the
line widths in the calculated XA spectra resulted natu-
rally from the sCK matrix elements and required no con-
volution [38].

4 Off-resonance 4f photoemission

At photon energies well below or above the 4d-4f excita-
tion threshold, the indirect core-excitation channel can be
neglected; direct photoexcitation Tb 4f8 → 4f7 + εl into
the continuum εl shall be referred to as “off-resonance”
PE. The many lines in the off-resonance Tb 4f PE spec-
trum in Figure 1 reflect the large number of (L′′S′′, J ′′)
multiplet components of the 4f7 final-state configura-
tion [26,27,45]. The spectrum nicely separates into a high-
spin 8S7/2 line, at ∼ 2.3 eV binding energy, and a group
of low-spin lines (S′′ = 5/2) above 7 eV, with the most in-
tense lines labeled (6I, . . . ). The lowest-BE line 8S7/2 cor-
responds to the Hund’s-rule ground state of f7, an S state
with spherical f -charge distribution which yields the low-
est final-state energy. The considerable energy spread of
the f7 multiplet over 10 eV reflects the substantial intra-
atomic Coulomb interaction in the lanthanide 4f -shell; it
is smaller in the metallic solid as compared to an isolated
Tb atom since 6s and 5d valence electrons screen the f
hole in the PE final state.

For the off-resonance case, sum rules [46] have been
formulated for MDPE, similar to those well known for
XMCD (see above). The MDPE sum rules connect core-
level multiplet component intensities in the limit of pure
LS coupling with the ground-state orbital magnetic mo-
ment. However, to extract numbers from experimental 4f
PE spectra, there are two main difficulties: (1) core-level
PE-line intensities from crystalline solids are subject to
photoelectron diffraction (PED) effects [41], which can al-
ter the relative multiplet-component intensities, despite
the non-angle resolved photoelectron detection used here
(Sect. 2). (2) Although the MDPE sum rules are valid
when integrating over the total 4f -PE signal, they do not
strictly apply to the separate LS terms since a proper
description requires intermediate coupling (see above).
However, according to the MDPE sum rule, we write
the MCD-spectrum intensity of an individual L′′ compo-
nent [46]

I1(L′′) ∝ [L(L+ 1) + l(l + 1)− L′′(L′′ + 1)] 〈Lz〉, (3)

with L(l = 3) denoting the ground state (one-electron)
orbital momentum. For the Tb 7F (L = 3) ground state,
equation (3) yields I1(L′′) ∝ [24 − L′′(L′′ + 1)], i.e. neg-
ative MCD for small L′′ ≤ 4 and positive MCD for large
L′′ > 4 (the spin S′′ is irrelevant). This result agrees nicely
with the experimental and theoretical (intermediate cou-
pling) MCD spectra in Figures 1b and 1c: the strongest
S, P,D, F,G lines (L′′ ≤ 4), labeled according to their
dominant LS-contributions, are indeed negative in the
MCD spectrum, whereas H and I lines (L′′ = 5, 6) are
positive.

5 XMCD spectra: identification of Tb 4d94f9

intermediate states

Soon after discovery of the N4,5 giant resonance in X-
ray absorption [35], attempts were made to identify



174 The European Physical Journal B

Fig. 2. X-ray absorption spectra of the Tb 4d → 4f giant
resonance (N4,5 edge). The peak energy differs by ∼ 3 eV be-
tween “parallel” (open symbols) and “antiparallel” orientation
(solid circles) of magnetization and photon momentum. Inset:
pre-edge peaks. Letters denote selected photon energies for res-
onant 4d-4f PE spectra in Figures 4, 5, and 6.

the observed spectral lines [47]. Recently, calculations by
Ogasawara and Kotani [48] have been cited in compari-
son with experimental lanthanide N4,5 XMCD spectra by
Muto et al. [49]; but so far no identification of the Tb
4d94f9 multiplet lines has been attempted.

High-resolution Tb-N4,5 XMCD spectra are presented
in Figure 2. For both orientations of photon momen-
tum and Tb magnetization, the spectra are dominated by
an asymmetrically broadened giant resonance line. The
absorption maxima are located at different energies: at
∼ 155 eV for antiparallel and at ∼ 158 eV for parallel ori-
entation. The inset magnifies a group of much weaker pre-
edge lines starting at ∼ 147 eV. They correspond to low-
energy states of the Tb 4d94f9 multiplet which is spread
over 10 eV by the strong Coulomb correlation between 4d
and 4f electrons. The large 4d-4f overlap also results in
a considerable width of the giant-resonance lines of about
9 eV, due to the rapid super Coster-Kronig (sCK) decay
within a few 10−17 s. Hence, at the giant resonance, the
intermediate 4d-hole state decays on the same time scale
as is generally stated for the photoexcitation process [50].
By contrast, the much narrower pre-edge lines (see inset
of Fig. 2) show lifetime widths of typically 2Γ ≈ 0.4 eV
which correspond to much longer 4d-hole life times on the
order of 10−15 s.

The corresponding MCD spectrum, i.e. the difference
between “parallel” and “antiparallel” spectra, is shown
in Figure 3a, along with the theoretical spectrum in Fig-
ure 3b calculated in intermediate coupling. Note that in
the limit of vanishing 4d spin-orbit coupling, the Tb-XA
spectra would simply contain 7D, 7F , and 7G states,
which are reached via E1 from the 4f8 (7F6) ground
state without violation of the LS-coupling selection rules
∆L = −1, 0,+1 and ∆S = 0. Although 4d s.o. coupling
weakens the LS rules and allows for, e.g., 7H pre-edge
states, corresponding to∆L = +2, the “LS-allowed” tran-

Fig. 3. (a) MCD spectrum calculated as difference of the ex-
perimental spectra in Figure 2. The weak pre-edge line inten-
sity is 5× enlarged. (b) Calculated Tb XMCD spectrum includ-
ing dominant LS-coupling characters of the most intense lines.
Note that 4d-hole states of high (low) J ′ appear as negative
(positive) features in the MCD spectrum.

sitions are still the most intense ones giving rise to the
giant resonance (thick vertical bars in Fig. 3b).

The good signal-to-noise ratio and the high energy res-
olution of the experimental MCD spectrum (about 4 times
better than the smallest intrinsic width of 0.4 eV) allow
a detailed comparison. It shows that intermediate 4d-hole
states with dominant angular momentum J ′ = 7 become
visible as MCD minima, while those with J ′ = 5 and –
less pronounced – with J ′ = 6 lead to maxima; i.e., J ′
can in part be read from the sign of the MCD signal. This
property of MCD spectra is just a consequence of the fact
that E1 transitions with CP light between core levels with
an unequal magnetic M -sublevel population preferentially
follow ∆J = −∆M [38,51].

This ∆J = −∆M preference is formally understood as
follows: s.o. coupling leaves ∆J = 0,±1 as strict selection
rule which directly connects the initial state with the total
final state |J ′M ′〉 describing the 4d94f9 excitation state
(X-ray absorption state). Angular and radial part of the
E1 transition probabilities σJJ

′

q for different photon po-
larizations, q = +1, 0, and −1, are conveniently separated
by help of the Wigner-Eckart theorem [36]

σJJ
′

q = |〈J ′M ′|Pq|JM〉|2 = |〈J ′‖P‖J〉|2︸ ︷︷ ︸
SJJ′

(
J 1 J ′

−M q M ′

)2

.

(4)
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The 3j-symbol (in parenthesis) describes the coupling of
photon and ground-state angular momentum J in a com-
pact way. It vanishes unless q = M −M ′ = −∆M . Most
importantly, it gives very different weights of the line
strengths SJJ′ for opposite helicities: in ∆M = −1 transi-
tions, from the Tb 4f8(7F6) ground state |J = 6,M = −6〉
(fully magnetized) to M ′ = −7, only J ′ = 7 is an al-
lowed final state, i.e. ∆J = −∆M holds strictly. In
∆M = +1 transitions to M ′ = −5, the J ′ = 5 final state
(∆J = −∆M) dominates by far; J ′ = 6 contributes only
∼ 14%, and J ′ = 7 can be almost neglected (∼ 1%).

The detailed agreement between experimental and
calculated MCD spectra in Figure 3 is striking, and
the intermediate-coupling calculation confirms the J ′ as-
signments obtained from the sign of the XMCD spec-
trum. Having achieved a consistent description of the
E1-excitation step along the indirect channel b, we now
proceed to the 4d→ 4f PE resonance process as a whole.

6 Resonant 4f photoemission

For photoexcitation energies near the N4,5 threshold, the
indirect 4d-4f core-excitation channel is up to one order
larger than the direct channel [44]. Concerning MDPE,
we anticipate that the involvement of the inner shell will
change the relative intensities of the Tb 4f multiplet
components. Off-resonance, there was no other restric-
tion on the total momentum in the final state J ′ than the
∆J = −∆M preference (see above). In resonant 4d→ 4f
PE, when the photon energy is tuned to a narrow N4,5 ab-
sorption line associated with a 4d94f8 state of sufficiently
pure J ′ character, we expect an interference of direct and
indirect excitation channels only for this specific J ′ [38].

Experimental resonant 4f PE spectra are presented
in Figure 4 for selected photoexcitation energies a, b, . . . f
across the 4d-4f threshold, as indicated in Figures 2
and 3a. The associated experimental MCD spectra are
given in Figure 5, together with calculated MCD spectra
(dashed lines). At energies a and b, the antiparallel domi-
nates over the parallel spectrum at all multiplet lines. This
is most pronounced at energy b which corresponds to an
intermediate state of high 7GJ′=7 purity; thus it is reached
from the J = 6 ground state by ∆M = −1 (antiparallel)
transitions. Absorption structure a is less pure compris-
ing J ′ = 6 and 7 states. Unlike off-resonance (Fig. 1b),
the MCD spectra at a and b are clearly negative over the
whole 4f -PE multiplet (Fig. 5). Furthermore, the low-BE
8S7/2 component becomes the most intense line of the an-
tiparallel spectrum, see Figure 4.

At pre-edge energy c, the high-L′′ lines 6G, 6H, and
6I of the parallel spectrum clearly dominate, correspond-
ing to an overall positive MCD spectrum (except the
small negative 8S7/2 component). In addition there is
considerable multiplet intensity at binding energies above
12 eV (dashed vertical line in Fig. 4) where no spectral
weight is discernible neither at a and b, nor off-resonance,
cf. Figure 1. The many weak Tb 4f -PE lines between
∼ 12 eV and ∼ 15 eV binding energy are assigned to
“spin-flip” S′′ = 3/2 states (4L′′). Starting from the Tb

Fig. 4. Resonant 4f-MDPE spectra at excitation energies
given in Figure 2 (Fig. 3). An integral background (like in
Fig. 1a) has been subtracted. Spin-flip PE final states 4X (X:
various L′′ values) appear above 12 eV binding energy (dashed
line).

4f8 7F (S = 3) ground state, such a spin-flip is forbidden
off resonance, according to the restrictive LS-coupling rule
∆S = 0, which is approximately valid for the direct pho-
toexcitation channel involving only the 4f shell and the
continuum where s.o. interaction is weak and negligible,
respectively; yet in RPE spin flips become allowed through
4d-s.o. coupling. The higher BE (> 12 eV) of the spin-flip
lines visualizes the exchange energy of some 5 eV which is
needed to “flip” one f -spin in the 4f7 configuration, i.e.
to go from ↑↑↑↑↑↑↓ (6I line) to ↑↑↑↑↑↓↓. The calculation
shows low-spin states (5L′) of the 4d94f9 configuration at
energy position c in the absorption spectrum; the energy
difference of 4.9 eV between pre-edge structures c and a
reflects the 4d-4f exchange energy.

At energy d, which is a point of vanishing MCD in the
absorption spectrum (Fig. 3), the MCD spectrum Fig-
ure 5d yields the same signs as off-resonance (Fig. 1b).
The corresponding PE spectra in Figure 4d also indicate
a non-vanishing spin-flip probability.

Most important for applications are the giant-reson-
ance maxima e and f where the cross-section enhancement
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Fig. 5. Experimental MCD spectra (squares) obtained from
the spectra in Figure 4, compared with theoretical MCD spec-
tra (solid curves) calculated in intermediate coupling. Spin-flip
PE final states 4X (X: various L′′ values) appear above 12 eV
binding energy (dashed line).

is strongest. At the giant antiparallel peak e, the 4f -RPE
spectra in Figure 4e closely resemble the off-resonance
spectra (Fig. 1a). A detailed comparison of the experi-
mental MCD spectra in Figure 6a shows that they are in-
deed nearly identical: matched in intensity at the 6I line,
resonant and off-resonant MCD multiplet intensities fol-
low each other closely. The resonant 8S MCD is found to
be slightly less negative at e than off resonance (Fig. 6a);
this trend is also reproduced (but larger) in the calculation
(Fig. 6b). At high binding energies, near 9.5 eV (6G) and
above 12 eV, the calculation expects more spectral inten-
sity. This discrepancy exists already for the off-resonance
case, see Figure 1b. It is tentatively attributed to con-
figuration interaction (CI) [37] involving the Tb 5p shell
which is close in energy to the high-BE 4f components;
CI is not included in the present calculation, but can in
principle change the relative intensities within a PE mul-
tiplet [52].

The observed similarity between resonant and off-
resonant spectra indicates that at the giant-resonance en-
ergy e the J ′-selection is not very stringent. This can be
understood as a consequence of the large Lorentzian width
of the giant-resonance lines of 2Γ ≈ 9 eV (viz. Fig. 2) caus-
ing a large overlap between the broad absorption lines,

Fig. 6. Comparison of (a) experimental MCD spectra of the
resonant (solid symbols) and off resonant (open symbols) Tb
4f-PE multiplet; (b) corresponding calculated MCD spectra.

7G7, 7D5, and 7F6, in the giant-resonance peak region;
see Figures 2 and 3. Since they carry all three possible
J ′ characters, there can be no strict J ′ selection as it is
found, by contrast, at the sharp pre-edge line b.

At the giant peak for parallel orientation (f) the 4f -
PE cross section enhancement is largest and the dichroic
effect is strong, particularly at the 6I PE line (Figs. 4f
and 5f) [26]. Agreement between experimental and cal-
culated MCD spectra is excellent for all low-BE compo-
nents (8S, 6P , 6I), while high-BE component intensities
are overestimated in the calculation (see above). The res-
onantly enhanced 8S and 6I PE lines yield MCD signals
of opposite sign. This is potentially useful for domain-
imaging by photoelectron-emission microscopes (PEEM):
the two very intense PE lines yield reversed magnetic con-
trast and are separated by only ∼ 5 eV, corresponding to
only a few percent of the photoelectron kinetic energy.

7 Summary and conclusions

We have studied magnetic circular dichroism at Tb 4f
levels in resonant photoemission at the 4d → 4f excita-
tion threshold. Comparison with an intermediate-coupling
multiplet calculation yields a detailed understanding of
the experimental XMCD and resonant MDPE spectra.
In particular, largely different Tb N4,5-edge absorption
spectra are obtained from oppositely magnetized samples
when CP soft X-rays are used, including an apparent 3-eV
shift in the giant resonance maximum. The high XMCD
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contrast could be used to monitor the degree of circular
polarization of soft X-ray beamlines in the 150-eV range.

Already in 1993, MDPE at the 4d→ 4f threshold was
used in a first successful study of magnetic surface do-
mains of Gd/Fe and Tb/Fe systems [53]. Yet, conducted at
a bending-magnet beamline, CP X-rays could be obtained
only at reduced photon flux, and the observed magnetic
contrast was weak.

The potential of future photoelectron-emission mi-
croscope (PEEM) experiments may be estimated on the
basis of recent data obtained by Bauer and coworkers
from Pb on W(110) [54,55]. There, images were recorded
at the BESSY-1 undulator beamline TGM5, using
Pb-5d photoelectrons excited at hν ≈ 60 eV with an
experimental core-level line width of 0.5 eV (at about
4 × 1016 photons/s/cm2 [55]). This photon energy was
chosen because of the extremely large Pb 5d-PE cross
section of several 10 Mb (∼ 60 Mb according to Ref. [56]).
Earlier detailed analyses of Gd and other RE elements
by Richter et al. [57] yield a similar size for the 4f
PE-cross section at the 4d-4f giant resonance maximum
(∼ 30 Mb). According to the projected figures of UE56/1
at BESSY-2, an undulator beamline at a 3rd-generation
synchrotron source will allow to illuminate samples with
∼ 1016 photons/s/cm2 at very small bandwidths of
∼ 50 meV. This is well below the 4f -PE line surface
core-level shift of RE metals [23], so that even small
chemical shifts appearing, e.g., at RE interfaces [24], can
be resolved.

The present analysis has demonstrated that high mag-
netic contrast can be obtained at the resonantly en-
hanced high-spin (8S) and low-spin (6I) Tb 4f -PE lines.
These PE lines are suggested as a valuable tool in chemi-
cally specific magnetic-domain imaging by PEEM at high-
brilliance synchrotron-radiation facilities, where use of
photoelectron signals with energy discrimination [54,58]
may open the door to exploit core-level BE shifts for
imaging.
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