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Circular magnetic x-ray dichroism in the heavy rare-earth metals
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The calculated circular magnetic x-ray dichroic spectra for the L3 absorption edge of the heavy rare-
earth metals is presented. For Gd and Tb, the dipolar part is evaluated directly from first-principles rel-
ativistic spin-polarized band-structure calculations, while for the others the spectra are obtained by scal-

ing the Gd results. The quadrupolar transitions to the localized 4f states are evaluated separately with

full atomic-multiplet calculations, and are found to be large. Implications and experimental results are
discussed.

As a result of new and planned synchrotron-radiation
facilities, there is an increased interest in developing and
extending x-ray spectrometers and techniques. In the last
few years several studies of circular magnetic x-ray di-
chroism (CMXD) have shown it to be a promising probe
for magnetic materials, ' and with the adoption of crossed
undulators, extremely intense circularly polarized beams
will be available to further stimulate research using
CMXD. The experiments measure the difference in ab-
sorption between right- and left-polarized x rays incident
on a material with a net magnetic moment. The dichroic
spectra near an absorption edge depends upon the local
spin and orbital polarization of the final states. For ex-
ample, in the L2 and L3 dichroic spectra for rare-earth
elements, the dipole (El ) transitions are predominantly
from the 2p&&2 and 2p3/2 core levels to the unoccupied
spin-polarized states with 5d character. Within the
single-particle model, the overall strength of the dichroic
spectra depends on the size of the spin-dependent transi-
tion matrix elements and the degree of spin polarization
of the conduction-band states, while the difference (from
a 1:—1 ratio) between the L2 and L3 dichroic spectra is
sensitive to the orbital moment (a manifestation of the
spin-orbit coupling in a magnetic system). For local or-
bitals the integral over both the L2 and L3 dichroic spec-
tra has been shown to be proportional to the local orbital
moment. These characteristics of CMXD can be used to
probe the element and orbital specific magnetic proper-
ties of particular states. This is an advantage when trying
to sort out the magnetic interactions in structurally com-
plicated materials such as the new rare-earth permanent
magnets.

We have previously presented a detailed calculation of
the CMXD for Gd metal. We found that in order to ac-
count for measured structure below the absorption edge,
we had to include quadrupole (E2) transitions between
the 2p and 4f levels. The agreement between experi-
ment and theory was excellent. In that previou. s study
we also gave approximate dichroic spectra for ferromag-
netic Ho metal. The approximation consisted of using
for Ho the scaled dipole part of the Gd spectra. The

spectra were scaled by the relative conduction electron
spin polarizations. The E2 parts of the spectra for Ho
were evaluated with full-multiplet atomic calculations.
Since the crystal and conduction-band electronic struc-
tures of the heavy rare-earth metals are so similar, this
scaling procedure is expected to be valid for describing
the dipolar spectra for the ferromagnetic states of these
metals. The quadrupole contributions, on the other
hand, do change with 4f occupation across the series.

In our discussion here we assume that all the moments
are aligned. (That is, we do not perform the angle
averaging that is necessary to compare with experiment
when the moments are in a spiral or other magnetic ar-
rangement. This can be done given the angle dependence
below. )

We calculate dipolar and quadrupolar circular di-
chroism on the basis of the expressions

p '(k)= [w'"' —w';", ] cos8,
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where cosO=k. z, with k and z the unit vectors in the
direction, respectively, of the photon momentum and lo-
cal magnetization; N represents the number of atoms per
unit volume. By definition, p,,"=p "(k, e +
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The nonmagnetic absorption —the white line —is given by
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It is the purpose of this paper to present the E2 contri-
butions and approximate E1 contributions for the L3
spectra of all of the heavy rare-earth metals. Part of the
motivation for this work is to explain the experimental
spectra for the (R)2Co, 7 series of compounds which indi-
cate large changes across the series. Because the 4f or-
bitals are highly localized we expect the E2 contributions
for a particular element to remain essentially the same no
matter which material the rare-earth atom is embedded
in. Our results for the E2 part of the spectra for the
different heavy rare-earth elements should thus be similar
to the corresponding experimental spectra for any mag-
netic material containing ordered heavy rare-earth ele-
ments. We discuss the experimental studies after present-
ing the results of the theoretical calculations.

To test the scaling approximation for the E1 transi-
tions we performed first-principles relativistic spin-
polarized calculations for Tb. The calculations were
made like those for Gd except that the 4f orbitals were
treated as core states with the occupancy constrained to
eight electrons. The self-consistent spin-polarized con-
duction bands were obtained using a linearized augment-
ed plane-wave (LAPW) method in which the spin-orbit
Hamiltonian was diagonalized using the lowest 30 spin-
up and spin-down scalar relativistic bands as basis states.
The calculated L2 and L3 CMXD spectra for Tb are
shown in Fig. 1. The results include both E1 and E2
transitions, and are in good agreement with experiment,
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FIG. 1. The calculated L& and L3 absorption spectra for Tb.
The top panel shows the total absorption for unpolarized x rays,
and the bottom panel shows the normalized circular dichroic
spectra. Experimental data are given in Ref. 5. The units for po
are cm

although the agreement between theory and experiment
for Gd is even better. The spectra were calculated as-
suming that the magnetic moments were ferromagnetical-
ly aligned and that the photon wave vector was parallel
to the moment. We have followed Ref. 5 in displaying
the normalized" dichroic signal in which we divide the
dichroic spectra (rrr, , ) by the corresponding adsorption
spectra (rMo). This tends to emphasize the quadrupolar
structure below the edge.

The calculation of the quadrupolar spectra was per-
formed with Cowan's Hartree-Fock and atomic multiplet
program with relativistic corrections. Transitions from
the 4f" ground-state configuration to the full multiplet of
the 2p 4f"+' configurations were calculated. The calcu-
lated line spectra were broadened using a Lorentzian dis-
tribution corresponding to the natural line width of about
4 eV. The Anal theoretical spectra were further
broadened with a Gaussian function corresponding to an
experimental resolution of 1.0 eV. The E2 portion of the
spectra appears below the absorption edge (defined
theoretically as the energy position where E1 transitions
to empty states begin; and defined experimentally as the
inflection point in the rise of the "white-line" absorption
peak). The E2 transitions appear lower in energy be-
cause of the stronger attractive interaction of the 4f
states with the core hole (without the core hole, the
4f"+' states are found about 5 eV above the Fermi ener-
gy, as determined by bremsstrahlung isochromat spec-
troscopy). Because the relative conduction electron-
core-hole and the 4f-core-hole interactions cannot
presently be calculated to enough precision, we have
treated the position of the E2 peak relative to the Fermi
energy (E =0) as an adjustable parameter. These energy
shifts for the E2 spectra range almost linearly from —3.4
eV for Gd to —5.35 eV for Tm.

The calculated L3 spectra for Gd is shown in Fig. 2
along with the L3 spectra obtained using the scaling ap-
proximation dipole spectra for the other heavy rare-earth
metals. We caution, however, that the dipolar spectra for
the rare earths should be sensitive to the surrounding
atomic environment. In fact, it is just this sensitivity
which makes the development of the CMXD a possibly
valuable tool for studying different magnetic materials.
The first-principles Tb spectra (Fig. 1) and the scaled
spectra for Tb (in Fig. 2) are very similar, which supports
the validity of the scaling approach for the other ele-
ments. The overall trend of the large E2 contributions
shown in Fig. 2 is in agreement with experiment. Before
discussing the experiment, however, we would like to
clear up one aspect of the rare-earth CMXD spectra
which has caused confusion in the past.

For dipolar transitions a rough single-particle model
has been suggested for interpreting CMXD spectra. This
model relates the spectra to the spin-dependent final-state
density and has been used to interpret the experimental
CMXD data of Gd as indicating a large density of unoc-
cupied spin-up states at and above the Fermi energy.
This would be strange, since with more of the 5d spin-up
states occupied [measurements of the magnetic saturation
indicate a net conduction electron moment of +0.63p~
(Ref. 9)] one naturally expects there to be more unoccu-
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FIG. 2. The calculated normalized L3 spectra for the heavy
rare-earth metals. The Gd spectra is from first principles while
the spectra for the other heavy rare earths have the dipolar part
(E )0) scaled from the Gd results, but with separate atomic
calculations for the quadrupolar part (E (0). The curves have
been offset by 0.03 for clarity. Also, the first-principles Tb L3
spectra of Fig. 1 is shown as a dashed curve for the sake of com-
parison.

pied spin-down states above the Fermi level. Our calcu-
lations certainly find this to be true, and furthermore
show that the simple model errs because of the neglect of
spin-dependent transition matrix elements. Even though
there are fewer spin-up states above the Fermi level, the
matrix elements for transitions to spin-up bands are
larger and cause the spectra to be dominated by spin-up
transitions. The reason for this significant spin depen-
dence of the matrix elements can be found in the radial
part of the wave functions for the Sd conduction elec-
trons. A figure showing these functions for Gd is given in
Ref. 10, where it is clear that the spin-up Sd radial func-
tions are "pulled in" relative to the spin-down functions
because of their stronger exchange interaction with the
localized 4f orbitals. This "pulling in" causes the 51 ra-
dial functions to have a significantly larger amplitude in
the region of the 2p radial function. Because these in-
teractions occur deep within the rare-earth atom, they
will not be affected by the atomic environment and
should be essentially the same for all rare-earth com-
pounds. However, while we expect the matrix elements
to be insensitive to environment, the density of final
states need not be. We also note that the difference in the
spin-up and spin-down Sd radial functions is proportional
to the net spin moment of the 4f states, so not only does
the conduction electron magnetization (moment) de-
crease as the 4f shell fills beyond Gd, but also the
difference in the spin-up and spin-down matrix elements
decreases (at approximately the same rate for the elemen-

tal metals).
Our theoretical work was partially motivated by the re-

ported measurements of the CMXD spectra for the series
of (R)2Co, 7 compounds. The measured L3 spectra exhib-
it the same qualitative behavior as shown in Fig. 2 for the
theoretical results. That is, there is a large negative
feature that appears below the absorption edge, and a
positive contribution just above the edge that decreases in
magnitude across the rare-earth series starting from Gd.
In looking at the details of the spectra, differences with
the theoretical curves can be found. In particular, the
positive (dipolar) part of the spectra begins right at the
Fermi energy in the theoretical results and extends to en-
ergies below the edge because of the broadening functions
applied. The corresponding feature in the experimental
spectra, on the other hand, appears to be shifted to slight-
ly higher energy for some of the elements. This may be
due to differences in the Sd density of states between the
elemental metal and the corresponding Co compound.
Since there is such a large core-hole lifetime broadening
(4 eV), fine features of the density of states are not expect-
ed to be detectable, however, a shift of the Sd density of
states (e.g., because the Co 3d bands are prominent in the
vicinity of the Fermi energy) could be detectable. It will
take precise measurements on a variety of compounds,
and also correspondingly precise theoretical calculations
for all of the material-dependent features of CMXD to be
confirmed and understood.

In the above discussion, we have ascribed the structure
below the edge in the CMXD spectra to quadrupolar
transitions between the 2p core level and the partially
filled 4f shell. Recently experiments were performed to
try to confirm the quadrupolar nature of these transitions
by measuring the CMXD as a function of the angle be-
tween the magnetic moment and the photon wave vec-
tor. "' Because the experiments to date have been per-
formed using polycrystalline samples, the theoretical re-
sults need to be averaged over the appropriate random
alignment of the magnetic moments of the grains. The
averaging greatly reduces the expected difference between
angle dependence of the dipolar and quadrupolar transi-
tions. Experiments just reaching the degree of precision
necessary to observe these differences were recently per-
formed for the L3 absorption edge of Er2Fe&4B by Lang
et a/. ' The measured CMXD spectrum was similar to
that obtained for Er2Co&7. To within experimental un-
certainty, the entire spectrum was observed to have the
same angular dependence (i.e., the quadrupolar-dipolar
differences were not detected). Further experiments on
either grain-aligned samples, or single crystals are
planned.

The use of CMXD for magnetic studies of the rare
earths is a new field, and the degree to which single-
particle models for the conduction states can be applied
in the presence of a final-state core hole has yet to be
widely explored. On the other hand, the need to treat the
4f states as localized and atomiclike is well confirmed by
measurements of the M4 and M5 dipolar spectra of the
rare earths. ' Recent experimental work by Fischer
et al. studying the systematics of the CMXD spectra for
Ho in four different materials represent the kind of stud-
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ies which will help establish the degree of variation en-
countered for different material environments. ' The in-
terpretation of these spectra will require difficult (but
nowadays feasible) calculations, and we believe a con-
sideration of the magnetic alignment in the powdered
samples is also required for quantitative analysis. There
are certain to be many more investigations before CMXD
can be routinely applied using the new synchrotron facili-
ties under construction.
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