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We present a calculation of magnetic x-ray dichroism at the L, 3; edges of Gd metal, which takes into
account dipolar transitions to the spin-polarized conduction bands, as well as quadrupole transitions to
the highly localized 4f states. The striking agreement with the data demonstrates the validity of the
single-particle approximation in the whole range of energies, above the Fermi level, probed by the exper-
iments. The quadrupolar dichroism is important in determining the pre-edge structure of the measured
spectra. Results for the L, 3 edges of Ho are also briefly discussed.

PACS numbers: 78.70.Dm, 75.10.Lp, 75.50.Bb, 78.20.Ls

The properties of synchrotron radiation sources have
stimulated experiments investigating the polarization
dependence of near-edge x-ray absorption and scatter-
ing.!”> A particularly notable example is the recent
measurement of the magnetic circular x-ray dichroism at
the L» and L5 edges of Gd and Tb metals.* These exper-
iments detect the difference in absorption between right-
and left-circularly polarized light, incident on a material
with a net magnetic moment. Since the absorption in-
volves transitions from well understood core levels, any
structure in the observed spectra gives information about
the final states. In particular, these measurements are
sensitive to the net spin polarization of the final states
and to spin-orbit interactions; for the L, and L3 absorp-
tion in Gd (or Tb) the final states of interest are the
unoccupied conduction bands, which are predominantly
of 5d character. It is through their exchange coupling
with the incomplete 4f shell that these bands acquire a
net magnetization. In turn, the spatial extent of the 54
orbitals results in overlap with neighboring atoms and an
indirect coupling among the highly localized 4f mo-
ments. While these interactions are relatively well un-
derstood among elemental rare-earth metals, the inter-
play of exchange and spin-orbit couplings can be more
complicated in magnetic rare-earth~transition-metal
compounds, and are particularly dramatic in some of the
new hard magnetic materials.

In the analysis of the x-ray dichroism experiments on
Gd a very simple model was used to compare the experi-
mental results with a spin-polarized band calculation.
The obvious disagreement was noted,* and attributed to
possible many-body effects, caused by a modification of
the 5d spin density through interactions with the core
hole. It is important to establish if the spectra obtained
using this relatively new experimental probe must be an-
alyzed with models including the core hole, or if the
one-electron model for the empty ground-state conduc-
tion bands is adequate. The latter is certainly easier to

evaluate and to interpret, and its validity for these exper-
iments would help confirm the utility of x-ray dichroism
measurements as a valuable new tool for studying the
ground-state properties of magnetic solids.

In this Letter we show that excellent agreement with
experiment can indeed be obtained by considering dipole
transitions to the spin-polarized conduction bands, as
well as quadrupole transitions to the localized, atomic-
like 4f states. The conduction bands are treated within
the single-particle model, while the 4f states are treated
with an atomic model which takes into account the mul-
tiplet structure. The atomic model for the 4f states is
known to be essential for calculating the dipolar M4 and
M s spectra of the rare earths.’

For the L, 3 dichroic spectra we were led to consider
both dipole (E1) and quadrupole (E2) transitions for
two reasons. First, numerical estimates that we per-
formed in the atomic limit suggested that the two contri-
butions could be comparable. Second, in the experimen-
tal dichroic spectra there appears to be some structure
below the “white line” edge. As pointed out in Ref. 6,
this pre-edge structure is similar, in nature, to the one
observed in x-ray resonant exchange scattering (XRES)
for Ho,” and ascribed to quadrupolar effects. (The
“edge” corresponds to the onset of E 1 transitions to the
broad region of unoccupied band states; E2 transitions
can appear below the edge because of the strong attrac-
tion, in the final state, between the localized 4 f electrons
and the 2p core hole.) Absorption is controlled by the
imaginary part of the forward-scattering amplitude;
hence there is a sharing of features between XRES and
circular dichroism.

In XRES, the quadrupolar contribution to the cross
section is readily identified: Given a helimagnet (e.g.,
Ho), E1 and E2 (virtual) transitions result in different
magnetic satellites, as predicted’ and observed.® In cir-
cular dichroism, the association of pre-edge structures
with E2 transitions is still an open issue which could be
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clarified by experiments designed to detect the different
angular dependence expected for E1 and E2 transi-
tions.® In fact, part of the motivation for the present
work was to make accurate theoretical estimates to aid
in the identification of any quadrupole features of the
spectrum below the edge.

We calculate dipolar and quadrupolar circular di-

chroism on the basis of the expressions®?
yfl(k)=—6l[k-]y-[w1(‘f‘)—wl(el_)llcose, n
uE2(k) ='10—17;'11{[W2(§]) — w3, 1sin26
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where cos@=k- %, with k and % the unit vectors in the
direction, respectively, of the photon momentum and lo-
cal magnetization; NV represents the number of atoms per
unit volume. By definition, pfr=pfl(k,é%) —puFl(k,
€7), with ufL the 2% polar absorption coefficient and
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Nonmagnetic absorption—the white line—is given by
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The self-consistent, spin-polarized band-structure cal-
culations were performed using the linear augmented-
plane-wave method. The scalar-relativistic Dirac equa-
tion was solved for the lowest 30 bands of each spin, and
then the lowest 60 states were used to diagonalize the
spin-orbit Hamiltonian at each k point.® Four separate
energy windows were used to extend the energy range for
accurate wave functions to about 2 Ry above the Fermi
energy. The calculated energy bands agree well with
those reported earlier for Gd.'%"!3 The relativistic Bloch
functions were then used to evaluate the £ 1 matrix ele-
ments with the 2p core states. Since the short core-hole
lifetime results in a broadening of about 4 eV, the fine
structure of the band density of states is greatly smeared
out, and therefore in performing the k-space summation
we only needed to include 24 tetrahedrons in the irreduc-
ible 37 th of the Brillouin zone. The calculation was per-
formed for the magnetic moment along the ¢ axis of the
crystal and the matrix elements for right- and left-
circular polarization were evaluated with the photon
propagation wave vector along the magnetic-field direc-
tion. For comparison with experiment we followed Ma-
terlik, Miiller, and Wilkins'# by adding the core-hole
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lifetime (about 4 V) and including an energy-dependent
final-state lifetime.

The calculation of the atomic quadrupolar spectra was
performed with Cowan’s atomic Hartree-Fock program
with relativistic corrections.!> Transitions from the
lowest level of the 4f7 configuration of Gd** to the full
multiplet of the 2p34f® configuration were calculated.
The calculated dichroic spectra for both the L, and L;
transitions were found to be essentially Lorentzian peaks
(no structure). This is because the Coulomb and ex-
change interactions give rise to a multiplet structure that
is narrower than the natural linewidth of about 4 eV.
The final theoretical spectrum (E1 and E2) was broad-
ened with a Gaussian function corresponding to the
quoted experimental resolution of 1.5 eV.

The results of the calculations for the x-ray-absorption
and dichroic spectra are shown in Fig. 1, as a function of
the photoelectron energy, for the L, and L3 edges of Gd.
These spectra should be compared with the correspond-
ing experimental data* depicted in Fig. 2. The peak in-
tensities of the calculated white lines are within a few
percent of the experimentally determined values; for the
dichroism the theoretical amplitude is ~40% larger than
the experimental value. However, the experimental nor-
malization has a large uncertainty arising from beam po-
larization and magnetization corrections. The agree-
ment in shape of the two curves is significant and nearly
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FIG. 1. Calculated “white line” uo and circular dichroism
ul/uo at the L, 3 edges of Gd metal (see text).
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FIG. 2. Experimental data (after Ref. 4). Upper panels:
total (nonmagnetic) absorption—the “white line.” Bottom
panels: circular dichroism.

perfect. In Gd, a large 5d orbital radius makes the
atomic 2p-5d Coulomb integral (Slater’s F°) rather
small: 13.5 eV;'% in the solid, screening brings it down
to 2 eV (or less), a value smaller than the 54 bandwidth.
As a consequence, no core excitonic state is formed. One
could compare this to F° for 2p-4f: 40 eV for the free
atom and 8-10 eV in the solid, the latter certainly much
larger than the 4f bandwidth, and in fact large enough
to pull the 2p34f8 state below the Fermi level by 3-4
eV. (Without the core hole, the 4f% state is found at
about 5 eV above ¢r, as determined by bremsstrahlung
isochromat spectroscopy.'’) The fine tuning of the posi-
tion of the E2 peak relative to E =0 (the Fermi energy)
is treated as an adjustable parameter. These spectra
were calculated at §=30°,'® correcting for cos6 in (1)
and (2) (uEL=pf/cosh), to match the experimental
conditions. In the figures we have followed Ref. 4 in
displaying a “‘normalized” dichroic signal: u//ug
=(u!E'+u!E?)/uo. This tends to emphasize the struc-
ture below the edge, which is due to quadrupolar transi-
tions in our calculated curves.

In general, the quadrupolar nature of the dichroism
below the edge can be identified experimentally from the
difference between the angular dependences of E1 and
E2 transitions [see Egs. (1) and (2)]. The case wj
—wy—,=2(wjy —wj,_) represents an exception, as the
expressions for E£1 and E2 are then both proportional to
cosd. In Gd (and in general for the %S/, ground-state
configuration) the ratio of the two quadrupolar contribu-
tions happens to be =2; consequently, the angular
dependences of the E1 and E?2 transitions are nearly

above the edge is strongly different and thus, in principle,
detectable. The Ho dichroic spectra, evaluated at the
L, 3 edges for §=0°, 30°, and 60°, are shown in Fig. 3.

The calculations for Ho, which assume a ferromagnet-
ic alignment of the rare-earth ions as in the intermetallic
compounds R;Co,7 recently probed by Fischer, Schiitz,
and Weisinger,'® were performed as follows: The dipo-
lar part of the spectra was obtained by scaling the corre-
sponding Gd dipolar spectra by the ratio of the measured
conduction-band polarization for the pure metals.2° As
this scaling argument does not apply to the quadrupolar
transitions, a full-multiplet atomic calculation was per-
formed for the E 2 contributions.

In summary, the agreement found between our
theoretical curves and the experimental results is excel-
lent, demonstrating the validity of the one-particle ap-
proximation for describing the contribution of d-like
final states to the L, 3-edge x-ray circular dichroism in
rare-earth systems. The energy dependence of the E1
spectra reflects the spin-polarization of unoccupied 5d
levels in the ground state. Similar considerations apply
to the E2 spectra with the difference that, in this case,
the core-hole potential “pulls” the quadrupolar peak (4f
levels) below the edge. The spin-orbit coupling within
the 5d bands of Gd is not so important for determining
the dichroic spectra; it does contribute structure at the
10%-15% level.

Very recently, Namikawa and co-workers have report-
ed the observation of XRES, with linear polarization, at
the L; 3 edges of ferromagnetic Gd metal.?' This experi-
ment, which detects the interference between Thomson
scattering and the magnetic component of anomalous
scattering,?? represents the diffractive counterpart of cir-
cular dichroism. The observed line shapes are in good
agreement with the calculation described in this Letter.

We are grateful to F. de Bergevin, J. T. Chalker, K.

2497



VOLUME 66, NUMBER 19

PHYSICAL REVIEW LETTERS

13 MAY 1991

Namikawa, C. R. Natoli, and G. Schiitz for stimulating
discussions, and to T. C. Leung and X. D. Wang for as-
sistance with the Ho calculations. B.N.H. would like to
thank the European Synchrotron Radiation Facility for
the kind hospitality during his stay. This work was sup-
ported in part by the U.S. Department of Energy, Office
of Basic Energy Sciences, Material Sciences Division.

(@permanent address: Ames Laboratory—U.S. DOE and
Department of Physics, Iowa State University, Ames, IA
50011.

(®Also at Max-Planck-Institut fiir Festkorperforschung,
Hochfeld-Magnetlabor, BP 166X, F-38042 Grenoble CEDEX,
France.

IG. van der Laan, B. T. Thole, G. A. Sawatzky, J. B.
Goedkoop, J. C. Fuggle, J.-M. Esteva, R. Karnatak, J. P.
Remeika, and H. A. Dabkowska, Phys. Rev. B 34, 6529
(1986).

2G. Schiitz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller,
R. Frahm, and G. Materlik, Phys. Rev. Lett. 58, 737 (1987).

3D. Gibbs, D. R. Harshman, E. D. Isaacs, D. B. McWhan,
D. Mills, and C. Vettier, Phys. Rev. Lett. 61, 1241 (1988).

4G. Schiitz, M. Kniille, R. Wienke, W. Wilhelm, W.
Wagner, P. Kienle, and R. Frahm, Z. Phys. B 73, 67 (1988).

5B. T. Thole, G. van der Laan, J. C. Fuggle, G. A. Sawatzky,
R. C. Karnatak, and J.-M. Esteva, Phys. Rev. B 32, 5107
(1985).

6P. Carra and M. Altarelli, Phys. Rev. Lett. 64, 1286
(1990).

7). P. Hannon, G. T. Trammel, M. Blume, and D. Gibbs,
Phys. Rev. Lett. 61, 1245 (1988); 62, 2644(E) (1989).

8Equation (2) of the present paper corrects an error in Eq.

2498

(5) of Ref. 6, where é and é* appear interchanged. A misprint
in the definition of w($Y (redefined in this paper as wisy
— Awf%?) is also corrected.

°D. D. Koelling and B. N. Harmon, J. Phys. C 10, 3107
(1977).

10B. N. Harmon, J. Phys. (Paris), Collog. 40, C5-65 (1979).

113 Sticht and J. Kiibler, Solid State Commun. 53, 529
(1985).

12B, C. H. Kruzen and F. Springelkamp, J. Phys. Condens.
Matter 1, 8369 (1989).

3W. M. Temmerman and P. A. Sterne, J. Phys. Condens.
Matter 2, 5529 (1990).

14G, Materlik, J. E. Miiller, and J. W. Wilkins, Phys. Rev.
Lett. 50, 267 (1983).

I5SR. D. Cowan, The Theory of Atomic Structure and Spec-
tra (Univ. of California Press, Berkeley, 1981).

16J. B. Mann, Los Alamos Scientific Laboratory Report No.
LAFL-3690, 1967 (unpublished).

175, B. Lang, Y. Baer, and P. A. Cox, J. Phys. F 11, 121
(1981).

18At the L, edge, the peak value of the E2 dichroism
amounts to ~15% of the corresponding E'1 value; at the L3
edge, the ratio is ~10%.

9P, Fischer, G. Schiitz, and G. Wiesinger, Solid State Com-
mun. 76, 777 (1990).

200ne expects the 4f-induced polarization of the conduction
bands to scale as the-net 4f spin, and thus to decrease across
the heavy rare-earth series. This will reduce the dipolar contri-
butions to the dichroic spectra, but the quadrupolar contribu-
tions can still be substantial. Results of calculations for all the
heavy rare-earth metals, which generally agree with the mea-
surements of Ref. 19, will be presented in a future publication.

21K, Namikawa (private communication).

22p, Carra, M. Altarelli, and F. de Bergevin, Phys. Rev. B 40,
7324 (1989).



