PHYSICAL REVIEW B 75, 094428 (2007)
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The electronic and magnetic properties of gadolinium are studied by means of the full-potential linear
augmented plane-wave method including the Hubbard interaction for describing a 4f electron-electron inter-
action in the mean-field approximation. The manner in which the 4f localized orbitals are approximated seems
to be of great importance in elucidating the mechanisms responsible for the strong magnetic moment of
gadolinium and its ordered magnetic structure as well as the relative energy positions of the occupied and
empty 4f states. Through various calculations, including the spin-orbit coupling in a second-variation scheme,
within the local-spin-density approximation (LSDA), the generalized-gradient approximation (GGA), the
LDA+U, and the GGA+U, it is clearly shown that the LDA+U or the GGA+U are the most adequate
methods for describing the electronic and magnetic structures as well as the x-ray absorption (XAS) and x-ray
magnetic circular dichroism (XMCD) of the the strongly correlated 4f electrons of gadolinium. In particular,
the calculated L, 3 and My 5 XAS and XMCD spectra are found in good agreement with the experimental ones
except that the shoulder above the principal peak of the M, 5 spectra is not present in the calculation. The spin
magnetic moments of the 5d states obtained from the XMCD spectra using the XMCD sum rules compare
favorably with the self-consistent band-structure results only when the dipole magnetic term is included in the

calculation.
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I. INTRODUCTION

The appropriate treatment of the localized 4f electrons in
first-principles calculations has been debated since the pio-
neering work of de Dimmock and Freeman' within the aug-
mented plane-wave (APW) framework, dating the birth of
the 4f-core model where the 4f states are treated as atomic
core states. Since then, many attempts have been made to
improve the description of the strongly localized and corre-
lated 4f electrons in gadolinium.>? In order to take into ac-
count the hybridization of the 4f states with the other valence
electrons Singh* carried out calculations within the 4f-band
model. It showed the importance of the f-electron itineracy
in explaining the details of the Fermi surface structure ob-
tained by performing de Haas—van Alphen (dHvA)
experiment>® and supported early work by Sticht and
Kiibler’ and Temmerman and Sterne.> However, Ahuja
et al.,” based on their work by means of the linear muffin-tin
orbital method (LMTO) within the atomic sphere approxima-
tion (ASA), contradicted this conclusion by showing the pos-
sibility of providing a good description of the dHVA experi-
mental results for terbium and gadolinium without the
inclusion of the hybridization of the 4f states with the other
states. Recently, however, Santos, Nolting, and Eyert8 com-
bined a many-body Kondo lattice model with an ab initio
band structure calculation to determine self-consistently the
Curie temperature and the magnetic moment of metal gado-
linium. The results were found in good agreement with the
experimental results.

In a recent paper, Kurz et al.” approached the question of
how to treat the 4f states in a more systematic manner by
performing several types of scalar-relativistic calculations
[without spin-orbit coupling (SOC)] using the full-potential
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linear APW (FLAPW) method as is implemented in the
FLEUR code.'” The calculations were carried out using the
4f-core model, the 4f-band model, the “hybrid” model in
which the majority 4f electrons are treated as valence elec-
trons and the minority 4f electrons are removed from the
valence band region by shifting the 4f minority band center
far above the Fermi energy as in the 4f-core model, and the
LDA+U (Ref. 11) method. They showed that the 4f-band
model, using the local-spin-density approximation (LSDA)
or the generalized-gradient approximation (GGA) potentials,
produces almost the same results and leads always to an
incorrect antiferromagnetic (AFM) ground state contradict-
ing earlier work of Temmerman and Sterne.> On the other
hand, the 4f-core model, the hybrid model, or the LDA+U
method leads to the correct ferromagnetic (FM) ground state
in agreement with the previous results of Shick and
co-workers.!> They assigned this incorrect band-model de-
scription by means of the LSDA or the GGA to the overes-
timated (compared to experiment) 4f minority density of
states at the vicinity of the Fermi level, giving rise to an
unphysical partial occupation of the minority 4f states. They
concluded that the removal of the minority 4f states from the
Fermi energy—irrespective of the particular model—Ieads to
a correct description of the magnetic ordering, while the de-
scription of other quantities, such as the lattice constants or
the magnetic moments, depends sensitively on the exact en-
ergy position of the 4f states and, therefore, on the type of
model used. The earlier hexagonal close-packed ferromag-
netic ground state found within the LSDA or the GGA was
attributed to errors due to the use of the ASA.

The LDA+U based methods are then of great help in
describing the basic electronic structure of localized elec-
trons. This is because the self-interaction correction (SIC)
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among the localized 4f electrons is removed in this formal-
ism. Explicit self-interaction correction orbital-dependent
functionals have been initially developed by Perdew and
Zunger'? and have been fully implemented to describe the
localized 4f electrons in y-cerium so that the three Hund’s
rules are fulfilled.'* The method was also successfully used
to describe the magnetism and insulating behavior of 3d
metal oxides'> or rare-earth oxides.!® In this respect, the
LDA+U and LDA+SIC methods are somehow similar since
both methods remove the self-interaction from the localized
electrons.

In the present paper we extend the previous work of Kurz
and co-workers by using the first-principles FLAPW method
by including the SOC as implemented in the FLEUR code'” to
show that both the LDA+U and GGA+U provide a better
description of the electronic properties of the correlated 4f
electrons than either the LSDA or the GGA, and are strongly
recommended for a precise description of the electronic
structure, especially of the relative energy positions of the
minority and majority 4f states, managed by the intrasite
Coulomb interactions of the 4f electrons. However, the
GGA+U provides a slightly better energy splitting, but this
difference can be debated (see Sec. III A). In addition, we
show that all approximations used in this study led to similar
XAS and XMCD spectra and produced spin moments in
good agreement with the self-consistent calculation and ex-
perimental results. Thus, our work goes beyond that of Carra
and co-workers!” concerning the study of the x-ray magnetic
circular diachroism (XMCD) of gadolinium.

Our paper is organized as follows. In the Sec. II we pro-
vide some details about our method of calculation and give
some useful parameters used in the calculations of the
ground state of gadolinium. In the Sec. III we discuss the
electronic structure of gadolinium and its Fermi surface with
the different potential approximations (LSDA, GGA, LDA
+U, and GGA+U) and show that the Hubbard interaction is
important for the correct description of the magnetic order
and the experimental photoemission for the occupied states
and bremsstrahlung isochromat spectroscopy (BIS) for the
unoccupied states. A discussion of the various models of how
to treat the 4f electrons will be also given. In the Sec. IV we
provide our results concerning the x-ray absorption and x-ray
magnetic dichroism at the L,, L3, and M, 5 edges of gado-
linium and compare them to the experimental data. We show
also our magnetic moments calculations using the XMCD
sum rules and compare them to the direct self-consistent cal-
culation. In the last section we summarize our paper.

II. COMPUTATIONAL DETAILS

We have used the FLAPW method'®!® as implemented in
the FLEUR code'® including the SOC to describe the x-ray
absorption spectra (XAS) and XMCD at the L, 3 and M5
edges of gadolinium. For the exchange and correlation po-
tential we used both the Moruzzi-Janak-Williams (MJW)
parametrization?® and the GGA of Perdew, Burke, and
Ernzerhof.>! As for the rotationally invariant LDA(GGA)
+U methods used in this study, they are similar to the
implementation of Shick et al'' We have to solve the
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LDA(GGA)+U using the full Hamiltonian and not the
second-variational ~ method.!!  The LDA(GGA)+U
Schrodinger equation can be derived from the variational
principle and is given by!!
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where V7 is the LSDA or GGA potential calculated using the
LDA(GGA)+U charge density, EX“ the eigenvalues for the
band index n, Brillouin zone k point, and spin o. The index
¢ runs over all correlated atoms in the unit cell of the mate-
rial, € stands for the angular momentum quantum number of
the correlated orbital and m the magnetic quantum number,

whereas |¢{,,) is the partial wave of that orbital and |¢{,,)
its energy derivative. The matrix elements of the screened
Coulomb interaction between two electrons v,,(r,r’) are cal-
culated using the screened Slater integrals F¢ and the Gaunt
coefficients (€1,m,|Y,,|€,,m,). Thus, these four-center inte-
grals are defined as'!-?223
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The parameters U and J are given by the averages of the
Coulomb and exchange integrals, which are related to the
Slater integrals F°, F?, and F* by the properties of Clebsch-
Gordan coefficients:

E <¢lm’¢lm| |¢t,m;¢t,m’>:F'0’ (5)
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The localized f orbitals are described by an atomic f-wave

function ¢t,3,m(r)= ¢t,3(|r_Rt|)Y3,m(r_Rt)’ where Y3,m are
the spherical harmonics for €=3 calculated at the position R,
of atom ¢. Because it is difficult to determine the correct
dielectric function which is responsible for the screening of
the Coulomb interaction of the 4f orbitals, the strength of the
Hubbard (U) and the exchange (J) interactions are not
known. Nevertheless, the ad hoc constrained LSDA calcula-
tion is often used to compute them.?* This latter procedure is,
however, not based on solid grounds and often leads to val-
ues of Hubbard interactions that are under or overestimated
to tackle the problem at hand.?* Here, we have chosen to take
the Hubbard interaction U as a realistic adjustable parameter
that provides the best agreement with experimental photo-
emission and BIS. Therefore, we adopt the general form for
the four-center integrals, given by Egs. (4)—(6), as function
of U and J, and determine the values that fit best the experi-
mental data. Because the results are fairly insensitive to the
exchange parameter J, we have adopted J=0.7 eV as in Ref.
9. We have found that this value of U=7.7 eV, whichis 1 eV
larger than that of the latest LDA+U calculations,”'!2 is the
most appropriate for gadolinium, because it provided the cor-
rect energy difference between the energy position of the
spin-up and spin-down 4f levels.

The SOC is used in the so-called second-variational
scheme, where one has first to determine the Kohn-Sham
eigenvalues by diagonalizing the scalar-relativistic Hamil-
tonian H,, that includes only the Darwin and mass-velocity
relativistic terms. The matrix elements of the full Hamil-
tonian to diagonalize are given by

(n.k,olH[n' K,0") = £,16,,1 650 +(n.Kk,0

Hsocln' k.0,
)

where the eigenvalues g,y are obtained by first diagonalizing

the Hamiltonian H. The spin-orbit Hamiltonian Hg, is de-

termined along the quantification axis u defined by its polar
angles ¥ and ¢, and is given by

Hgoc=&(r)(o-L),, (8)

where &(r)= Zmlczr‘;_‘r/ and (o-L), is given in terms of the spin

rotation matrix R by
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where the spin rotation matrix is given by
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The diagonalization of the full Hamiltonian, produces the
eigenvalues and the eigenvectors as a linear combination of
the Bloch wave functions of H,,.

The calculations are performed at the experimental c/a
ratio of 1.597 and lattice constant a of 6.858 a.u.> The
plane-wave cutoff for the basis functions K,,,,=3.0 a.u.”!,
the charge density and potential cutoff G,,,,=9.0 a.u.”!, the
muffin-tin radii R,,,=2.80 a.u. within which the wave func-
tions as well as the density and the potential were expanded
up to /,,,,=8 as in Ref. 9. For the Brillouin-zone integration
we have used the tetrahedron method®® and up to 1372 k
points in the irreducible Brillouin zone (IBZ) to achieve con-
vergence of the total energy and the eigenvalues to within
1 mRy. For a better description of the shallow core states we
have treated the 55 and 5p semicore states as valence states
using local orbitals.>” Whenever it is not explicitly stated the
calculations have been carried out using the GGA + U includ-
ing the SOC.

III. ELECTRONIC STRUCTURE

During the last decade, first-principles calculations within
the LDA(GGA)+U methods have provided a good descrip-
tion and allowed a better understanding of the electronic
properties of strongly correlated 4f electron materials and
Mott-Hubbard insulators. In this section we present results of
LDA(GGA)+U calculations. The choice of the J value of
0.7 eV is justified by the early electronic properties study of
Harmon and Freeman,® within the APW method. They
evaluated the strength of the 4f-conduction-electron ex-
change interaction inside the muffin-tin spheres for the 4f-6s
and 4f-5d, and they obtained J4.s, of 0.5 €V and a Jyy.¢, of
0.2 eV and hence a total J of 0.7 eV. As stated in the previ-
ous section, the value of the Hubbard interaction U is much
more difficult to estimate, because the constrained LSDA
calculation does not necessarily provide the ultimate value to
be used in an LDA+U or GGA+U study. It is interesting to
notice that a value of U larger by 1 eV than the constrained
one produced the experimental splitting between the spin up
and spin down of the 4f energy levels. However, to compare
with the XPS and BIS data, we had to rigidly shift the occu-
pied and empty densities of states (DOS) by 1.7 eV towards
higher energies.

A. Density of states

Figures 1 and 2 present our LDA+U and GGA+U total
DOS calculations, which are in good agreement with the
XPS and BIS experimental results,? after a rigid shift of the
occupied and empty densities of states by 1.7 eV towards
higher energies.

The large calculated exchange spin splitting A of
11.97 eV obtained using the LDA+U potential and that of
12.2 eV using the GGA+U potential are a direct conse-
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FIG. 1. (Color online) LDA+U total DOS: the orange (thin
gray) curve is the spin-up part, the dashed red (dashed black) curve
is the spin-down part, and the thick black curve is the sum of the up
and down parts as compared to the XPS and BIS experimental data
(dotted black curve) of Ref. 29. The calculated spectra are rigidly
shifted towards higher energies by 1.7 eV to facilitate the compari-
son with experiment. The DOS broadened using a full width at half
maximum Gaussian smearing of 0.25 eV.

quence of the U effect of 7.7 eV. The angular ¢ resolved
DOS (not presented here) showed that the pronounced peaks
of the total DOS presented above are almost of f character.
In comparing our LDA (GGA)+U DOS with those of the
LSDA (GGA), calculated and reported in many recent
papers®!12 but not reported here, we noticed that the minor-
ity (spin-down) 4f states are shifted away from the Fermi
energy to higher energies and the majority (spin-up) 4f states
are shifted to lower energies giving rise to the experimental
exchange spin splitting of A=12.2 eV. Although the two
methods LDA+U and GGA +U produced a good description
of the energy distribution of the electronic states, particularly
the energy positions of the minority and majority 4f states,
the GGA+U result is about 0.2 eV larger, in good agreement
with the experimental data. We assign the slight improve-
ment of the GGA+U to the fact that the spin-dependent ex-
change correlation GGA potential describes a bit better the
electron-electron interactions involving the strongly local-
ized and correlated 4f electrons. With the help of the U in-
teraction, the relative position of the 4f majority states with
respect to the 4f minority states is in a better agreement with
experiment, leading to a good exchange 4f spin-splitting
value. However, we cannot state for certain that the GGA
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FIG. 2. (Color online) The same as the previous figure but the
calculations are done within the GGA +U method.
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FIG. 3. (Color online) The irreducible part of the hexagonal
Brillouin zone.

+U is significantly better than the LDA+U since the small
relative accuracy of these two methods can be debated. This
is because the DFT error can be much larger than this energy
difference.

B. Band structure

Through the band-structure plots reported hereafter, we
would like to convey the adequacy of the GGA+U method,
compared to the GGA 4f-core model for the description of
the gadolinium electronic structure.

Figure 3 gives the positions of the high-symmetry points
in the BZ. Figure 4(a) and 4(b) represent the GGA+U band
structure without including the SOC for the majority and
minority spin states along high-symmetry directions. The
distinguishable dispersionless atomiclike character of the
states located at about 2.7 eV above the Fermi level for the
minority spin states [Fig. 4(b) and 4(c)] and 9.5 eV below
the Fermi level for the majority spin states [Fig. 4(a) and
4(c)] is that of the 4f states as is the case experimentally.
Despite the crystallographic environment these states behave
as in the free atom case due to the fact that the 4f electrons
are tightly bound to the atom and hence do not overlap ap-
preciably with the neighboring atoms. It is worth mentioning
here that the states at the vicinity of the Fermi level are
mostly of hybridized 6s-5d character. The 6s-band width is
larger than that of 5d states which is similar to the situation
in transition metals, in agreement with the early results re-
ported in Ref. 30. Figure 4(c) shows the effect of the SOC on
the GGA+U calculation, in addition to the lifting of the de-
generacy for some bands (because the spin is no longer a
good quantum number); it is easily seen that the splitting of
the 4f bands broadened the occupied (majority) bands from
0.2 eV to around 0.8 eV and the unoccupied (minority)
bands from 0.3 eV to about almost 0.6 eV. This difference in
the splitting of the majority and minority parts can be ex-
plained by the large relativistic effects of deep states and the
transformation of some 4f-band character to 6s- and 5d-band
character via hybridization effects, making the splitting
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FIG. 4. (Color online) (a) and (b) represent, respectively, the
GGA+U band structure plot of the majority and minority spin
states without SOC along some high-symmetry directions (see Fig.
3 for the positions of the high-symmetry points in the BZ). (c)
represents the total band structure (majority and minority spin
states) including the SOC, whereas (d) represents the GGA total
band structure (majority and minority spin states), within the
4f-core model including the SOC.
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mechanism more difficult for the minority electrons than for
the majority ones. A part from the effect of splitting, there is
no further large effect of the SOC because the 4f spin-
majority band is fully occupied and the 4f spin-minority
band is almost completely empty.

To analyze further the hybridization mechanism between
the 4f states and the 6s and 5d ones, we report in Fig. 4(d)
the SOC 4f-core model bands to be compared to the previous
SOC GGA+U calculation within the 4f-band model. From
Fig. 4(c) and 4(d) we can see that the majority 4f state re-
moval (in the 4f-core model) does not affect the filled states
and those lying just above the Fermi level. Hence, the two
models provide a similar description for all states lying up to
1 eV above the Fermi energy. However, the minority 4f state
(located at 2.7 eV) removal affects considerably the sur-
rounding 6s and 5d bands. In particular, in the 4f-core panel
of Fig. 4(d), we observe that along the high-symmetry direc-
tion A-L, the band that starts from 2.4 eV at the A point and
ends at 3.5 eV at the L point is almost of 54 character. It
starts much higher, in the GGA+U 4f-model, from 3.1 eV
from the A point and ends at 3.7 eV at the L point. This
contraction and small shift of the s-d bands is ascribed to the
hybridization with 4f bands. Although the 4f-core model re-
moves the unphysical minority 4f state contribution to the
valence states, it neglects the effects of hybridization of the f
states with the other states. Therefore, the GGA+U band
model produces the experimental energy positions of the 4f
minority states and reduces their hybridization with the other
states, and is more physical than the 4f-core model.

It is also worth noting that while the GGA+U or LDA
+U methods improved considerably the spin splitting be-
tween the spin-up and spin-down 4f electrons with respect to
the GGA results, it did not affect the spin splitting of the the
5d-6s bands. This splitting of about 1 eV is found in good
agreement with the recent spin- and angle-resolved photo-
emission result*! of 0.9 eV. Thus our calculations partially
support their conclusion concerning the band structure nature
of 5d-6s states and that the 4f correlation does not change
the dispersion of these bands below the Fermi level.

It is of great interest to study the Fermi surface of gado-
linium using different types of approximations to describe
the electron-electron interaction. In Fig. 5 we compare the
GGA and GGA+U band structure at the vicinity of the
Fermi level along some high-symmetry directions, and in
Fig. 6 we plot the three-dimensional representation of the
Fermi surface per spin of each band cutting the Fermi level.
The calculations are done using the GGA+SOC, GGA, and
GGA +U without spin-orbit coupling. The first three rows of
(a), (b), and (c) are the majority spin Fermi surfaces of the
first three bands cutting the Fermi level, and (d) and (e) are
those of minority spins. The total Fermi surface for all bands
cutting the Fermi level is represented in the last row (f). To
determine the quantitative change of the Fermi surface com-
puted using different ab initio methods, we used the linear
tetrahedron method to calculate the Fermi surface area of
each band. One has to add up over the full BZ the surface
areas cutting each tetrahedron for each band crossing the
Fermi level. To obtain Fermi surface areas converged to
within a relative error of 107* we used 1372 k points in the
irreducible BZ. The results of the calculation are displayed in
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FIG. 5. (Color online) The upper and lower panels represent the
comparison of the Gd band structure within the GGA in orange
(gray) and GGA+U (black) along some high-symmetry directions
(as given by Fig. 3). The spin up is represented in the upper panel
and spin down in the lower panel. The Fermi level is at the zero of
energy scale.

Table 1. Notice that for the calculations including the spin-
orbit coupling, the spin is not a good quantum number. Be-
cause of the small amount of spin mixing in each Fermi
surface, we can still use the spin-up and -down notation. It is
interesting to notice that the spin-orbit coupling reduces
slightly the areas of all Fermi surfaces, whereas the Hubbard
U has a much important effect. First, it reduces also the
Fermi surfaces areas of both spin-up and spin-down bands
crossing the Fermi level. Second, because of the shifting of
the energy bands towards low energies (see Fig. 5), a new
electron pocket with a sizable Fermi surface area appeared at
the high-symmetry point. We can therefore conclude that
both the SOC and the U parameter have an effect on physical
properties involving the Fermi surface, like electronic and
thermal transport or crystalline magnetic anisotropy. It
should be of great interest to study the effect of electron-
electron interactions on the dHVA frequencies and masses.
We can already say that these frequencies which are propor-
tional to the Fermi surface cross-sectional areas will be re-
duced when either the SOC or the Hubbard U are included in
the calculations.

C. Magnetic order

According to the experimental investigations of Jensen
and Macknitosh,* it is known that the localized spin mo-
ments of gadolinium couple through a Ruderman-Kittel-
Kasuya-Yosida- (RKKY) type exchange interaction to form a
FM Heisenberg system with a bulk Curie temperature (7,) of
293 K. In order to discuss the ground-state magnetic con-
figuration of FM gadolinium, we have carried out total-
energy first-principles calculations for the FM and AFM con-
figurations. The AFM configuration calculations were done
by reversing the magnetization sign of every second close-
packed plane of atoms along the ¢ direction. The total-energy
differences AE(;|_y) between the AFM configuration T and
the FM 171 one, recapitulated in Table II, show that the LDA
(GGA)+U favor the experimental FM configuration over the
AFM one. These results are in agreement with the calcula-
tions of Ref. 9 using the force theorem. Those authors have
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FIG. 6. (Color online) Three-dimensional Fermi surface per spin
of gadolinium calculated, respectively, in GGA+SOC (left col-
umn), GGA (middle column), and GGA+U (right column) meth-
ods. (a), (b), and (c) represent the majority spin Fermi surfaces, the
(d) and (e) the spin minority and (f) the total Fermi surface.

shown that within the LSDA (GGA), the f states strongly
prefer the AFM order, whereas the p and d states prefer the
FM order, and concluded that this is due to the unphysical
partial occupation of the minority 4f states. Using the LDA
(GGA)+U and, thus, removing the emphasized unphysical
partial occupation of the 4f states, our calculations provide
the correct experimental FM order. Our results are also in
qualitative agreement with the results of Ref. 12. Thus, our
calculation supports the fact that the force theorem, devel-
oped by Andersen and co-workers,* which was initially used
to provide an analytical expression for the hydrostatic pres-
sure of materials, works quite well for producing the total-
energy differences between different magnetic configura-
tions.

IV. XAS AND XMCD RESULTS

With the rapid evolution of the techniques of x-ray spec-
troscopy from the early days, particularly those of the
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TABLE I. Calculated Fermi surfaces areas in a.u.”2 within the GGA, GGA+SOC, GGA+U, and GGA
+U+SOC. Notice that for the calculations with spin-orbit coupling, the spin is not a good quantum number
and therefore there is a small spin mixing in all the bands.

10 down 11 down 12 down 25 up 26 up 27 up
GGA 0.109 3.157 0.018 0.710 1.258 0.000
GGA+U 0.242 1.895 0.000 0.522 0.908 0.590
GGA+SOC 0.000 2.903 0.000 0.792 1.393 0.000
GGA+U+SOC 0.000 2.290 0.000 0.618 1.319 0.000

XMCD, and the progress achieved by the derivation of the
XMCD sum rules, it becomes possible to experimentally
determine both the orbital and spin moments of each atomic
species and orbital of a complex magnetic material. During
the last decade, experimental studies have given rise to a
huge amount of XMCD spectra of rare-earth magnetic mate-
rials, which are still incompletely understood and where only
model calculations with many ad hoc parameters have been
attempted so far.>> Therefore the description of the micro-
scopic interactions at play between matter and the exciting
x-ray radiation by means of ab initio methods is of crucial
importance. For this reason we have implemented x-ray ab-
sorption and XMCD within the FLAPW framework as in
Refs. 36 and 37, in the FLEUR code, using the dipolar ap-
proximation, and applied it to the L,5 and M, 5 edges of
gadolinium.

A. L, ; edges

In this section we compare our calculated L, 5 x-ray ab-
sorption spectra and XMCD spectra with previous calculated
and experimental spectra. We denote by u*, u~, and u, the
absorption coefficients for right (x+iy), left (x—iy), and
z-polarized x-ray radiation, respectively. In polar geometry
where the magnetization direction is parallel to the wave
vector of the x-ray beam, XMCD is defined as the difference
between the absorption coefficients for right and left circular
polarized x-ray radiation Au=u*—u~, and the total absorp-
tion (XAS) is the average of u*, w~, and w.

The calculated cross sections of the L, ; absorption coef-
ficients, which involve an electronic transition from the 2py),
(L,) and 2ps;, (Ls) core levels towards the 5d and 6s unoc-
cupied conduction states, are presented in Fig. 7 together
with the experimental spectra obtained by Shiitz and
co-workers.’® The calculated and experimental spectra are
aligned so that the main structure has the same height and
energy position as the experimental one. This is because the
difference between the core-electron levels and the conduc-
tion states is not accurate within density functional theory

TABLE II. Total-energy difference between the AFM (7]) and
the FM (11) configurations using different approximations to the
exchange and correlation all-electron potential.

LSDA  LDA+U GGA GGA+U

AEq ) (meV) 2448 7862 2000  70.93

(DFT). In fact, the core electrons are dominated by the ex-
change interaction and are therefore well described within a
Hartree-Fock (HF) formalism, while the conduction elec-
trons are usually well described within the DFT and not the
HF formalism. The calculated spectra are also broadened us-
ing a Gaussian of full width at half maximum of 2.5 eV to
account mainly for the lifetime of the 2p;, or 2ps3, core
hole. The results are in quite good agreement with the ex-
perimental spectra and are due to the good quality of the
FLAPW eigenvalues and eigenvectors. It is interesting to
note that our results are also slightly better than the previous
results of Carra et al.,'” even though they have included the
quadripolar contribution. Our calculation seems to indirectly
indicate that the quadripolar contribution is negligible com-
pared to the dipolar one. Notice also that the Hubbard inter-

5 T T T T

u (arb. units)

W (arb. units)

5
E (eV)

FIG. 7. (Color online) The upper and lower panels represent,
respectively, the calculated L, and L; XAS (solid black curves)
compared to the experimental ones (Refs. 38). The experimental
curves are represented by red dotted curves (gray dotted curves).
Because it is not possible to compare the absolute energy scale with
respect to the 2p core level, the calculated and experimental spectra
are aligned so that the maximum of the spectra has the same height
and is at the same photon energy. The theoretical spectra are broad-
ened using Gaussian of full width at half maximum of 2.5 eV.
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FIG. 8. (Color online) The upper and lower panels represent,
respectively, the calculated L, and L; XMCD spectra (solid black
curves) compared to the experimental ones (Ref. 38). The experi-
mental curves are represented by dotted red curves (dotted gray
curves).

action, although it provides the correct energy splitting be-
tween the occupied and the empty 4f states, it has very little
effect on the shape of the L, and L; spectra.

Figure 8 shows the calculated L, and L; XMCD spectra
(solid black curves) compared to the experimental ones.’®
Despite the visible difference between the calculated and the
experimental positions of the peak at about 5 eV, the shape
of the spectrum compares well with the experimental one.
We have also to mention that all the XMCD investigations
have been carried out using the LSDA, LDA+U, GGA, and
GGA+U potentials, and it turns out that regardless of the
form of the potential, the shape of our spectra does not
change appreciably. This is due to the fact that the deep
occupied initial core states (2p states) and the shape of the
final 5d unoccupied DOS part of the involved electronic
transitions are mostly the same for the different potentials
despite the change in their energy positions.

B. M, 5 edges

In this section we discuss the M, 5 edges of gadolinium
involving the M, (3ds, —4f) and the M5 (3ds;, — 4f) tran-
sitions.

To study the M, 5 edges of gadolinium we have calculated
the x-ray right circularly polarized M, s absorption spectra
for every photon energy. Figure 9 compares our M, 5 edges
of gadolinium results for right circular polarization with the
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FIG. 9. (Color online) The M, s calculated XAS (solid black
curve) compared to the experimental one.3® The experimental curve
is represented by a dotted red curve (dotted gray curve). Because it
is not possible to compare the absolute energy scale with respect to
the 3d core level, the calculated and experimental spectra are
aligned so that the structure with a maximum at around 15 eV has
the same height and energy position as the experimental one. The
calculated spectra are broadened using a Lorentzian of full width at
half maximum of 1.1 eV.

corresponding experimental one of Ref. 39. The calculated
and experimental spectra are aligned so that the structure
with a maximum at around 15 eV has the same height and
energy position as the experimental one. This is because, as
stated earlier in the case of the L, 5 edges, it is not possible to
determine accurately the energy difference between the core
levels and the conduction states. The calculated spectra are
also broadened using a Lorentzian of full width at half maxi-
mum of 1.1 eV to account for the life time of the 3d core
hole. Although our results show a branching ratio in good
agreement with the experimental one, the experimental small
structure located after the principal peak of M5 and M, is not
reproduced by our calculation. Our analysis showed that
these structures are not accounted for by the (3d5, — 6p) and
(3ds;,— 6p) electronic transitions allowed by the dipolar se-
lection rule Al==+1 because of the small amount of unoccu-
pied 6p states present above the Fermi level. Indeed a sepa-
ration of the two contributions 3d—4f and 3d— 6p to the
M, and M5 spectra indicates that the latter is marginal with
respect to the former, and it is not in any case as visible as it
is in the experimental situation. Thus, these small structures
do not arise from the one-electron electronic structure as is
described in our first-principles (time-independent) scheme,
but rather from dynamical interaction processes creating
photoelectron core-hole interactions.

In Fig. 10 we have plotted our M5 XMCD spectrum and
that of Ref. 40 experimental work, as defined by

Ap= iy = My (11)

We find in Fig. 10 again the experimental structures empha-
sized above. In their work Hu et al.*’ argued that in addition
to the direct electric dipole transition (the pronounced M,
and M peaks), there is an indirect channel along which the
same total final state can be reached via two intermediate
processes. The first one is also of dipolar kind and consists of
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A (arb. units)

2 4 6 8 10

FIG. 10. (Color online) XMCD M3 calculated spectrum (solid
black curve) compared to the M5 experimental one of Ref. 39. The
experimental curve is represented by a dotted red curve (dotted gray
curve). The intensities are in arbitrary units; the height of the struc-
ture at zero energy is aligned to the experimental one.

populating nd-hole state (n=3 or 4); the second one is of
Coster-Kronig Auger recombination. This explanation con-
firms that our calculations reproduce only the dipolar part of
the absorption coefficients. Even though our calculated spec-
tra do not reproduce the overall experimental spectra, be-
cause they contain the extrinsic behavior of some transitions
produced during the experimental probes, our calculated
spectra allowed a distinction between the dipolar contribu-
tion part as an intrinsic behavior to the electronic structure
and that of the extrinsic one lying beyond the scope of our
investigation.

C. XMCD sum rules

In order to calculate the spin magnetic moment which
comes mostly from the half-filled 4 shell (§=7/2, L=0) and
5d states we have applied the XMCD spin moment sum
rule’* to the L, 3 and M, 5 edges of gadolinium.*' To illus-
trate the use of the sum rule, we give here the sum-rule spin
moment for the 4f states:

PHYSICAL REVIEW B 75, 094428 (2007)

E,
cut _ 3 _
L [(MLS = ) = 5 (i, = IU“M4):|dE
F
_N

(06T, (12)

where

EL‘MI
N= 2 (i, + My JE.
A=+-0YE, )

Here, (o) is the expectation value of the spin moment and
(T.) the magnetic dipole term. The integrations are from the
Fermi level energy Ej to the energy cutoff E,,, which we
took at 5 eV above the Fermi level, where the f density of
states becomes almost zero. The number of f holes, N;, has
been deduced from the self-consistent integrated DOS of the
unoccupied 4f density of states. Table III presents the calcu-
lated number of holes, N, the muffin-tin total spin magnetic
moment, the d and f spin magnetic moments contributions to
the muffin-tin one, the total magnetic moment (including the
contribution of the interstitial region), and the orbital mag-
netic moment. The magnetic dipole term 7, which measures
the asphericity of the spin magnetization is found to be of
(=0.031£0.002) up using the different types of potentials,
and it essentially comes from the 5d states. The contribution
of the 4f states is found to be zero in good agreement with
the analytical expression, as at half filling the total spin mo-
mentum S is equal to the total momentum J.>* The spin mag-
netic moment of 4f states can be calculated from Eq. (12)
without the 7, term whereas it is important to include it for
the determination of the 5d spin moment. Note that despite
the tiny value of the expectation value of 7, its contribution
of 7(T.) to the 5d spin moment is large. In order to confront
the XMCD results to the SC one, we have reported between
parentheses in the same table the spin magnetic and the or-
bital moment calculated from the XMCD sum rules. The
orbital moment of the 4f states is zero because L=0, but that
of the 5d states is not. Since XMCD involves only electronic
transitions in the muffin-tin region, the resulting sum-rule
spin magnetic moment should be that of the corresponding

TABLE III. The first column contains the number of holes, N,; the next five columns contain the spin
magnetic moments u,,, in the muffin-tin sphere, its d contribution u, and f contribution uy, the total magnetic
moment i, and the orbital magnetic moment (/.) for the 5d states. The XMCD sum-rule results are shown
between parentheses, and the experimental magnetic moment is from Ref. 32.

Ny Mo 1) apep) el ep) Moo i4p) L) (up)
LSDA 6.76 7.12 0.32 (0.37) 6.74 (6.53) 7.48 —-0.03 (-0.02)
LDA+U 6.89 7.38 0.38 (0.33) 6.94 (6.55) 7.78 —-0.04 (-0.04)
GGA 6.89 7.18 0.33 (0.40) 6.78 (6.73) 7.58 —-0.03 (-0.03)
GGA+U 6.94 7.37 0.38 (0.34) 6.94 (6.80) 7.77 —-0.03 (-0.04)
Other theories 7.71,27.72°
Expt. 7.63¢

#Reference 8.
PReference 42.
‘Reference 32.
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muffin-tin sphere. From Table III we notice that the sum-rule
spin magnetic moments are closer to the self-consistent (SC)
f magnetic moments than to the total muffin-tin ones. As we
have discussed above, our M, 5 XMCD spectra are mostly of
3d;;,—4f and 3ds;, —4f because those of 3d— 6p (which
are also allowed by the dipolar selection rule) are negligible,
and therefore the sum-rule spin magnetic moment is pre-
dominantly of f character. Thus, to be consistent we have to
compare our sum-rule magnetic moment to the SC f mag-
netic moment rather than to the muffin-tin magnetic moment.
The sum-rule magnetic moments are in good agreement with
the SC f magnetic moment (the deviation is at most of 6%)
regardless of the potential used; because—as previously
stated—the potential choice does not affect the overall shape
of the spectra or its integral, and hence the sum-rules mag-
netic moment is almost the same. For the 5d spin moments,
the errors concerning the direct calculation and that of the
sum rule are much larger in relative magnitude because these
moments are much smaller compared to the 4f moments.
However, for the 54 orbital moment the agreement seems
much better between the two types of calculations. The dis-
agreement in the case of the spin moments could be due to
many factors, including inaccuracy in the evaluation of the
T, expectation value and/or to the fact that the XMCD sum
rules are derived with severe approximations.

These results confirm that the 7, term in Eq. (12) is neg-
ligible. So it is not surprising that our SC calculations and
sum-rule results (based on converged SC calculations) of the
magnetic moment compare favorably with the experimental
magnetic moment. According to Table III the total GGA
+U magnetic moment of the SC calculations of 7.77ug (of
which the f magnetic moment is of 6.94up in good agree-
ment with the sum-rule f magnetic moment of 6.80u) is in
good agreement with the experimental magnetic moment of
7.63up and with other calculations of Refs. 8 and 42.

It is therefore important to note that our XMCD spectra
and the magnetic moment determined from the sum rules
show the applicability, usefulness, and reliability of the sum
rules for the determination of magnetic properties of strongly
localized 4f rare-earth electrons and encourage further
XMCD experimental studies of gadolinium or compounds
containing gadolinium.

PHYSICAL REVIEW B 75, 094428 (2007)
V. CONCLUSION

In conclusion, we have carried out self-consistent LSDA,
GGA, LDA+U, and GGA +U first-principles FLAPW calcu-
lations of the electronic structure, x-ray absorption spectra,
and XMCD of metallic gadolinium. Our electronic structure
explorations provided the optimal U parameter (U=7.7 eV)
that allowed the GGA+U and LDA+U methods to describe
correctly both the experimental XPS and BIS. The LDA
+U and GGA+U methods were able also to provide the
correct magnetic configuration of gadolinium. Both LDA
+U and GGA+U produced smaller Fermi surface areas than
the LDA or GGA methods. This could motivate further first-
principles calculations of the other physical properties of ga-
dolinium or related compounds using either the GGA+U or
LDA+U.

We have shown that the dipolar electronic transitions de-
scribe both the XAS and XMCD at the L, and L3 edges in
good agreement with the experimental spectra.®® On the
other hand, it was shown that for XAS and XMCD at the
M, s edges the agreement is only semiquantitative. Despite
the good description of the XAS branching ratio, the upper
small structure above the principal peak is missing in our
calculation. This structure is due to multiplet effects not be-
ing taken into account in our ab initio calculation. Neverthe-
less, our XMCD investigation of metallic gadolinium shows
the usefulness of the sum rules to characterize the magnetic
properties of the strongly localized 4f electron.
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