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X-Ray Magneto-optics in Lanthanides
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Magneto-optical methods in the visible light regime generally lack element specificity, which has
become a considerable shortcoming in research on advanced heteromagnetic systems. Using circularly
polarized soft x rays tuned to a 4d-4f core-level transition of a lanthanide element, the specularly
reflected x-ray intensity changes proportionally to the magnetization of this element and, e.g., hystereses
are easily measured element specifically. In contrast to the case of visible light, temperature dependent
4d-4f magneto-optical signals are not influenced by the thermal lattice expansion.
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Magneto-optical (MO) effects are widely known as the
underlying principle of how magnetic “bits” are read from
an MO disk [1], where one exploits that left- and right-
hand circularly polarized light is reflected with different
intensity depending on the local disk magnetization. Al-
though MO effects are quite small in the visible-light
regime, refined optical methods not only yield sufficient
contrast to distinguish bits of opposite magnetization, but
even allow one to observe details of magnetic domains in
optical microscopes [2]. Most importantly, MO techniques
are ideally suited to study the magnetization reversal pro-
cess in external magnetic fields, which is impossible with,
e.g., electron microscopes involving slow cascade elec-
trons that are strongly affected by the Lorentz force. Be-
sides all merits, conventional MO techniques lack element
specificity, simply because electric dipole transitions in
the visible mainly take place between delocalized valence-
electron band states. This has become a severe limitation
in analyzing new systems for information storage [1,3] or
permanent-magnet nanostructures [4]. In these advanced
magnetic systems, which are composed of several mag-
netic elements to compromise technical requirements, lan-
thanide elements (mostly Tb) are used to achieve large
perpendicular magnetic anisotropy [5], and large coercive
fields in spring magnets [4].

Reliable element-specific information can be obtained
by techniques which involve core-level transitions, e.g.,
by magnetic circular dichroism in x-ray absorption (XA)
[6,7]. In the soft x-ray range which is most relevant for
magnetism studies, absorption signals are commonly de-
tected by electron-yield methods [8], so that in general no
large external magnetic fields can be employed, and hence
no hysteresis loops have been recorded via electron yield.
Alternative XA detection modes which do not employ elec-
trons either are limited to special samples suspended on
transparent foils [7] or suffer from saturation effects for
all but highly diluted samples (fluorescence yield) [9]. Af-
ter all, to probe magnetization reversal in external fields
in an element-resolved way, it appears natural to employ
x rays to reach core-level transitions and to use light re-
flection as in conventional magneto-optics.
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Apart from their technological relevance in soft and
hard magnetic films [4,5], lanthanide elements constitute
a unique case in x-ray optics: the 4d ! 4f electric dipole
transitions (so-called giant resonances) are among the
strongest in the periodic table [10]. They give rise to
a high absorptivity and reflectivity, corresponding to an
exceptionally short x-ray absorption length of l � 1 nm
[11]; it is much shorter than the lanthanide 4d ! 4f tran-
sition wavelength �l � 8 nm�, and hence l ¿ l. This
unique situation is quite different from previously studied
transition-metal (Fe, Co, . . .) 2p ! 3d transitions [12,13],
where attenuation lengths are much longer than the
wavelength l ø l, leading to complicated interferences
when samples are structured on the nanometer scale [13].

As a first example of a simple lanthanide system we
chose an in-plane magnetized 8 nm thick gadolinium (Gd)
metal film, grown in situ by metal vapor deposition on a
single-crystal W(110) substrate [14]. Figure 1(a) shows
two Gd 4d ! 4f absorption spectra, with the film mag-
netized either parallel (dotted) or antiparallel (solid curve)
to the projected direction of a beam of circularly polarized
(CP) synchrotron radiation [15]. Upon magnetization re-
versal, the weak pre-edge absorption lines change strongly
and the broad absorption maximum near hn � 149 eV ap-
parently shifts by over 1 eV [11]. The associated pair of
x-ray reflectivity spectra is presented above in Fig. 1(b);
it is recorded from the same film using a photodiode in
specular geometry (see inset). For both magnetization
directions, there is a pronounced maximum of 20 times
higher reflected intensity than at the minimum near 136 eV;
the reflectivity maxima (solid and dotted curves) are lo-
cated �1.5 eV above the corresponding giant absorption
peaks [Fig. 1(a)]. In the pre-edge range, only dispersive-
like structures appear in reflectivity, with the points of
steepest slope coinciding with the associated absorption
peaks; this is most evident for the lowest energy line, mag-
nified in Fig. 1(c).

All these findings are readily understood within elemen-
tary dispersion theory which formally describes the inter-
action of light with metals by introduction of a complex
refractive index ñ � �1 2 d� 2 ik, assuming that electrons
© 2001 The American Physical Society 3415
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FIG. 1. (a) Gd 4d-4f absorption spectra obtained via electron
yield from an 8 nm thick film with remanent in-plane magneti-
zation parallel (dotted curve) and antiparallel (solid curve) to the
(surface projected) incidence direction of a circularly polarized
x-ray beam [inset of (b)]. (b) Associated spectra of specularly
reflected light intensity. All spectra are recorded at u � 18±

grazing light incidence and at 25 K sample temperature. (c) The
lowest energy pre-edge structure at 139.2 eV in reflection (top)
and absorption (below).

are bound by elastic forces with oscillator energies equal
to the optical transition energies [16]. While for normally
incident light both the absorptive part k and the dispersive
part d contribute equally to the reflected intensity, the dis-
persive part clearly dominates at grazing incidence accord-
ing to the Fresnel formulas [16]. The obvious difference in
reflectivity line shapes between pre-edge and giant region
[Fig. 1(b)] is simply due to the widely different transition
probabilities (line strengths) in the two energy regions.

The reflected light intensity Ru at some constant grazing
angle u [cf. inset of Fig. 1(b)] scales with the electric-
dipole transition probability. It has the general property
(Wigner-Eckart theorem) that, for CP-light excitation in
magnetically ordered media, the difference in transition
probability for oppositely magnetized samples (1 or 2)
is proportional to the magnetization [17]. Consequently,
the difference of 4d ! 4f specularly reflected intensity is
proportional to the 4f-shell magnetization

R1
u 2 R2

u ~ jM4f j . (1)

This simple relation holds strictly when all light is ab-
sorbed, i.e., for semi-infinite samples. However, owing
to the particularly short attenuation length l near the
3416
lanthanide 4d ! 4f giant absorption maxima, Eq. (1) is
approximately valid also for thin films and simple layered
structures of lanthanide elements, as long as the thickness
d of the layer containing the absorbing element clearly
exceeds l. This is principally different from 2p ! 3d
transitions in transition metals where attenuation lengths
of �20 nm usually cause substantial interference in
structures of nanometer size, which inhibits the straight-
forward interpretation of R1

u 2 R2
u in terms of sample

magnetization [13].
Unlike MO transitions in the visible-light regime [1,5],

4d ! 4f transition energies change significantly in go-
ing across the lanthanide series, and even neighbors in
the periodic table can easily be distinguished. In Fig. 2
we compare difference reflectivity spectra of (a) Gd and
(b) Tb. The Tb MO signal peaks near the Tb giant ab-
sorption at hn � 157 eV, which is several eV above the
range of substantial MO signal from Gd.

In order to demonstrate the relative ease of recording
element-specific hysteresis loops from heteromagnetic
lanthanide systems, we fabricated an Gd12xTbx�Gd nano-
structure. It was prepared by annealing a 0.3 nm Tb layer
on top of a �3 nm thick Gd film on W(110) at 1070 K;
at such a high temperature, the metastable film is known
to break up into large three-dimensional islands [18].
Figures 3(a) and 3(b) present hysteresis loops recorded
at two different photon energies, 147 and 153 eV. By
inspection of Fig. 2, we identify 147 eV with the maxi-
mum of the Gd spectrum and with a node in the Tb
spectrum (energy 1); the 147 eV hysteresis thus reflects
the magnetization reversal in Gd atoms only. The loop in

FIG. 2. (a) Difference spectrum obtained from the Gd 4d !
4f reflectivity spectra in Fig. 1(b). (b) Difference spectrum of
reflected intensity from an in plane magnetized Tb metal film
(8 nm thick). The spectra are recorded at u � 18± grazing light
incidence �T � 25 K�.
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FIG. 3. Hysteresis loops of a Gd12xTbx�Gd nanostructure at
different photon energies. (a) The 147 eV loop reveals two mag-
netically different Gd phases. The associated magnetic orien-
tations are indicated by big and small solid arrows. (b) The
153 eV loop reflects magnetization changes of both elements.
The Tb magnetization is indicated by dashed arrows. The loops
are recorded at u � 18± grazing light incidence �T � 25 K�.
(c) The difference of the loops in (b) and (a) yields the shape
of the Tb hysteresis.

Fig. 3(a) reveals two magnetically different Gd species,
a magnetically soft one with low coercivity �80 A�cm�
and another one in which magnetization reverses at a 5
times higher external field �400 A�cm�. The overshoot
clearly shows that Gd moments in these two phases
are oriented parallel to each other for increasing fields
between the two coercivities, but antiparallel to each other
in high external fields — a quite surprising behavior at
first glance. The 153 eV hysteresis [Fig. 3(b)] comprises
MO signals of both elements (see point 2 in Fig. 2).
As the 147 eV loop, it indicates that the magnetization
reverses in two steps, yet there is no overshoot. In the
absence of interference effects as discussed above, we
obtain the shape of the magnetization-reversal curve of
Tb simply by subtracting the 147 eV loop (Gd) from
the one at 153 eV (superposition of Tb and Gd), with
the result given in Fig. 3(c). From the element-specific
Gd [Fig. 3(a)] and Tb [Fig. 3(c)] hystereses one must
conclude the following: (1) it is the presence of Tb which
gives rise to the magnetically harder Gd phase. (2) The
surprising orientation of Gd 4f moments, which are
antiparallel to high external fields in the magnetically hard
phase, is due to an antiferromagnetic coupling of Gd and
Tb moments in this phase, which we tentatively assign
to a Gd12xTbx alloy. In this phase, the larger Tb 4f
moment �9mB� dominates over the Gd 4f moment �7mB�
and points along high external fields; see dashed arrows
in Fig. 3(b). Note that the low-coercivity Gd, which
we identify with the metallic (not alloyed) phase, is not
magnetically coupled to the hard magnetic phase, in
agreement with the expected island structure of the film.

Another principal drawback of visible-light MO spec-
troscopy are thermal contributions of nonmagnetic ori-
gin to the signal. This is because valence-band energies
slightly change with the thermally expanding lattice, which
affects the optical constants and thus the reflected inten-
sity of visible light. This complication often impedes
a magneto-optical measurement of magnetization-versus-
temperature curves, M�T �, particularly in lanthanide sys-
tems [19]. As an example we show visible-light MO data
of a 8-nm thick Tb metal film (annealed at 650 K after de-
position at room temperature [14]) in Fig. 4(a) (solid sym-
bols). The film was cooled in an external field of opposite
directions (1 kA�cm, in the film plane) from above room
temperature to �130 K. Above the ordering temperature
of 220 K the signal is independent of the field direction;
below it rises (drops) when the external field is parallel
(antiparallel) to the projected light propagation direction
[20,21]. The nonmagnetic contributions to the visible-light

FIG. 4. Temperature dependent magnetization of an 8 nm
thick Tb film. Open symbols: x-ray reflectivity �u � 18±�;
solid symbols: visible-light MO data �l � 635 nm�. (a) The
film was cooled down in a field of 1 kA�cm of opposite
directions along the film plane. (b) Magnetization curves M�T�,
which are the difference of the associated branches in (a).
(c) Double logarithmic plot of the magnetization vs the
reduced temperature t � �1 2 T�TC�. The critical exponent
is determined by a least-squares fit analysis in the range
1 3 1022 , t , 8 3 1022.
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MO signal become very obvious below �200 K where the
slope of the upper branch even changes sign. Only the
difference of the two branches reflects the magnetization
curve [solid symbols in Fig. 4(b)].

Lanthanide 4d ! 4f transitions, by contrast, involve
only core levels which do not take part in chemical bond-
ing, and we may anticipate that changes of 4d ! 4f MO
signal reveal changes in the 4f magnetization free of non-
magnetic contributions. This is indeed the case: magne-
tization curves recorded at the maximum of the Tb x-ray
reflectivity at hn � 157 eV are shown in Fig. 4(a) (open
symbols). While the specular x-ray intensity is constant in
the magnetically disordered phase, it changes monotoni-
cally with temperature in the ferromagnetic phase. The
difference intensity amounts up to several mA of photocur-
rent which is easily measured with high accuracy, even by
using a hand multimeter. We note that the two 157-eV
branches in Fig. 4(a) are mirror images; thus unlike using
visible light, already a single branch apparently yields the
temperature dependent magnetization M�T�.

Furthermore, such accurate M�T� data give access
to fundamental magnetic quantities like, e.g., the criti-
cal exponent of the magnetization b, defined through
M�T��M�0� � �1 2 T�TC�b . A closer inspection of the
critical regime in Fig. 4(c) yields b � 0.31 6 0.02. It
agrees with the theoretically expected value for a three-
dimensional Ising system, indicating the presence of a
substantial uniaxial magnetic anisotropy in the Tb metal
film; it is likely to be induced by the bcc W(110) substrate
of uniaxial symmetry.

With the present findings a future goal is now at reach.
Intense x-ray beams from third-generation synchrotron
radiation sources can be focused down to a few 10 nm
spot size by Fresnel zone plates, utilized in several x-ray
microscopes worldwide. So far a magnetic resolution
of �60 nm has been obtained using transparent samples
suspended on organic foils [22]. The present discovery
of strong MO signals from lanthanides opens the door
to element specific microscopy studies using reflectivity,
e.g., on the most relevant technological question about the
switching behavior of heteromagnetic nanoscale systems
[3,4] which are all prepared on nontransparent metal or
semiconductor substrates.
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