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Deciphering the information contained in XMCD and
XRMS amplitudes, and relating these amplitudes to the
details of the electronic and magnetic structure of the
material, are important, but difficult tasks. Over the
past few years, one of the most intriguing issues has
been the so-called branching ratio problem in the rare-
earth elements.[1] Measurements of the ratio of the L3/L2

resonant scattering intensity consistently show that the
L3 edge intensities are significantly larger than the cor-
responding L2 edge intensities for the heavy rare-earth
elements, whereas the inverse is true for the light rare-
earths. Since the resonant scattering cross-section and
XMCD amplitude are closely related, the same effect is
observed in the relative amplitudes of XMCD measure-
ments at the L2 and L3 edges of rare earth compounds.
Spin-polarized band structure calculations which include
only the 4f -5d exchange interaction (no conduction-band
SOC or 4f orbital polarization), produce a branching ra-
tio across the entire rare-earth series equal to unity (1:1
for XRMS and 1:-1 for XMCD). Atomic models,[3, 4]
with parameterized 5d orbitals, have met with some
success in explaining the branching ratios observed in
R2Fe17, for example, by including 4f orbital polarization
and introducing “breathing” (a contraction of the spin-up
radial function relative to the spin-down radial function)
of the 5d orbitals. This increases the overlap of the 5d
spin-up states with the 2p core states, as first shown by
Harmon and Freeman.[5] Being primarily atomic models,
however, they do not include the strong dependence of
the radial functions on band energies (e.g. the bonding
and antibonding 5d states differ in their 4f -5d exchange
by more than a factor of two). In spite of these studies,
the origin of the variation of the branching ratio in rare-
earth compounds remains problematical,[2] and the ex-
tension of current treatments of both XRMS and XMCD
amplitudes to extract compound specific magnetic prop-
erty information remains a priority.

Here, we take an important step in addressing this is-
sue through a systematic study of the XRMS branching
ratio at the L edges of heavy rare-earths in RNi2Ge2

compounds for R = Gd through Tm. Our approach in-
volves exploiting the fact that similarities in the chem-
istry of rare-earth elements across the series allow the
easy substitution of one rare-earth element for another in
isostructural compounds. Since the resonant scattering
at each absorption edge is element-specific, probing the
systematics of resonant scattering associated with several
different rare-earth elements is possible using only a few

mixed rare-earth samples. This helps to reduce the un-
certainty in the measurements arising from variations in
quality and mosaic from sample-to-sample. Further, the
relatively straightforward incommensurate antiferromag-
netic structure found at low temperature in the RNi2Ge2

family of compounds has been the subject of prior XRMS
and single-crystal neutron scattering investigations [6] as
well as polycrystalline neutron measurements.[7]

Single crystals of [Gd1/3Er1/3Tm1/3]Ni2Ge2 and
[Gd1/4Tb1/4Dy1/4Ho1/4]Ni2Ge2 were produced at the
Ames Laboratory using the high-temperature solution-
growth technique.[8, 9] The RNi2Ge2 family crystallizes
in the body-centered tetragonal ThCr2Si2 structure with
space group I4/mmm (D17

4h). The Wyckoff positions
of the rare earth ion (R) are 2(a) with point symme-
try D4h. The RNi2Ge2 compounds order antiferromag-
netically, via the indirect exchange (RKKY) interaction,
below Néel temperatures (TN) ranging from 1.5 K for
Tm to 27.1 K for Gd.[9] The values of TN for the mixed
rare-earth samples used in this experiment were approx-
imately 12 K for both compounds. The moderate value
of TN, together with the absence of additional magnetic
transitions in the bulk susceptibility measurements of the
samples is consistent with a random distribution of the
rare-earth elements on the 2(a) sites.

XRMS measurements were performed on the 6ID-B
beam line in the MUCAT Sector at the Advanced Pho-
ton Source with the incident radiation linearly polarized
perpendicular to the scattering plane (σ-polarization). In
this geometry, only the component of the magnetic mo-
ment that is in the scattering plane will contribute to
the resonant scattering arising from electric dipole tran-
sitions from the 2p-to-5d states. The linear polarization
of the scattered radiation for dipole resonant scattering
is parallel to the scattering plane (π-polarization). A py-
rolytic graphite analyzer PG(0 0 6), optimized to select
primarily π-polarized radiation was used to reduce the
background from charge scattering.

For each of the two samples, the XRMS intensity was
recorded at all of the rare earth L2 and L3 absorption
edges over a range of approximately ±25 eV about the
absorption edge energy. At each energy, the integrated
intensity of the magnetic satellite at (0 0 6+τz) was ob-
tained with a rocking scan through the sample mosaic.
The same procedure was used to obtain backgrounds for
the energy spectra above the respective TN for each sam-
ple. In order to extract and compare the resonant scatter-
ing intensities at the various edges, separated by several
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FIG. 1: The fit value of the integrated intensity of the reso-
nant magnetic scattering, E4

0(F11 − F1−1)
2, at the L2 (open

circles) and L3 edges (closed circles) for both samples, plotted
as a function of the square of the 4f -5d exchange energy. The
data are normalized to the integrated intensity at the Gd L2

edge of the samples. The solid lines serve as a guide to the
eye.

keV in energy, careful account must be taken of sample
and beam line absorption factors over the entire energy
range. These energy dependent corrections were obtained
through energy scans over the range of interest with pow-
ders of the two samples. In addition, the throughput of
the beam line optics and the polarization analyzer were
measured over the entire energy range.

The importance of the 4f -5d exchange is highlighted
in Fig. 1 where we plot the normalized XRMS integrated
intensities at the L2 and L3 edges as a function of the
square of the atomic 5d exchange energy splitting for the
rare-earth elements. There is a striking enhancement of
the resonant scattering intensity as the 4f -5d exchange
interaction increases from Tm to Gd, and this change
across the series is consistent with previous studies high-
lighting the importance of the 4f -5d exchange relative to
other solid state effects. In particular, for Gd, with seven
unpaired 4f electrons, the on-site 4f -5d exchange inter-
action is largest and dominates over other interactions.
Hence, we expect the L2 and L3 spectra for Gd to be only
weakly affected by the specific crystalline environment.
However, as one proceeds along the heavy rare earth se-
ries the number of unpaired 4f electrons decreases, so
that for Ho, Er, and Tm the 5d spin-orbit coupling and
even crystal electric field interactions induce compara-
ble, or greater, effects on the resonant scattering am-
plitude. Indeed, these rare-earth elements may provide
useful probes of local environments if various sensitive
features in the L2 and L3 spectra can be related to the
fundamental interactions.

If the normalized integrated intensity of the magnetic
scattering at the L3 edge is divided by the normalized

integrated intensity of the magnetic scattering at the

FIG. 2: The XRMS branching ratio for the heavy rare-earth
elements in RNi2Ge2 compounds. The solid squares repre-
sent the ratio of intensities from the L2 and L3 edges shown
in Fig. 1. The bars represent the experimental errors as well
as the contribution of the quadrupole transition. The solid
circles show the result of the first principles calculations ig-
noring SOC in the 5d band. The open circles show the results
of the same calculations, now including the effect of spin-orbit
coupling in the 5d band.

L2 edge, the branching ratio, plotted as solid squares in
Fig. 2, is obtained. The trends observed in the branch-
ing ratio as one moves across the heavy rare-earth el-
ements in these measurements are consistent with the
first-principles spin-polarized band structure calculations
with SOC in the 5d band.
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