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X-ray magnetic circular dichroism in GAN: First-principles calculations
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GdN is a system with a strongly correlated electronic structure and a low concentration of free charge
carriers. The x-ray magnetic circular dichroism (XMCD) spectra of GdN at the Gd L, 3, M5 and N K edges
are investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin orbital
band structure method. The electronic structure is obtained with the local spin-density approximation (LSDA),
as well as the LSDA + U method. The origin of the XMCD spectra in the compound is examined. The core-hole
effect in the final states has been investigated using a supercell approximation. The final-state interaction
improves the agreement between the theory and the experiment at the Gd M, 5 and N K edges, however, it has
a minor influence on the shape of the Gd L, ; XMCD spectra. We found also a strong influence of the surface

on the x-ray absorption spectrum at the N K edge.
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I. INTRODUCTION

The Gd pnictides form an interesting family of materials,
because of the great variety of their magnetic and electrical
properties, despite their common simple crystal structure, the
face-centered cubic of sodium chloride. While most Gd pnic-
tides have been found to be antiferromagnetic, stoichiometric
GdN after a controversial discussion over three decades'-?
seems to be recognized now as a ferromagnet. It has a Curie
temperature 7~ around 60 K and a magnetic saturation mo-
ment near 7u/Gd ion consistent with the 35, half filled
4f shell configuration of Gd®* with zero orbital angular
momentum.’

An appealing property of GdN is that it is ferromagnetic
with a large gap at the Fermi energy in the minority spin
states, according to the electronic structure calculations
based on the local density approximation.*® At the same
time, GdN is semimetallic in majority spin states with elec-
tron and hole pockets at the Fermi surface.’ This latter prop-
erty has led to some interest in GAN as a possible candidate
for spin-dependent transport devices,” exploiting the spin fil-
ter, giant magnetoresistance, or tunneling magnetoresistance
effects.

The first band-structure investigation of the Gd monop-
nictides (GdSb, GdAs, GdP, and GdN) was carried out by
Hasegawa and Yanase in Ref. 4 using the augmented plane
wave method. Later Petukhov et al.’ presented the results of
first-principles calculations of the electronic band structures,
equilibrium lattice constants, cohesive energies, bulk moduli,
and magnetic moments for the rare-earth pnictides including
GdN using the linear-muffin-tin-orbital method. The 4f
states were treated as localized corelike states with fixed spin
occupancies. They estimated quasiparticle self-energy cor-
rections using an approach previously used for semiconduc-
tors. With these corrections, GdN is found to be a semicon-
ductor in the paramagnetic phase and a semimetal in the
ferromagnetic phase.

It is well known that the LSDA fails to describe the elec-
tronic structure and properties of 4f electron systems in
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which the interaction among the electrons are strong.® In
recent years more advanced methods of electronic structure
determination such as LSDA plus self-interaction corrections
(SIC-LSDA),’ the LSDA+U (Ref. 10) method, the GW
approximation!'  and  dynamical mean-field theory
(DMFT)!'?-1# have sought to remedy this problem and have
met with considerable success.

The band structure and the optical response functions of
GdN were investigated by Lambrecht® using the linear
muffin-tin orbital (LMTO) method taking into account qua-
siparticle corrections using simplified GW approximation.
He concluded that GdN is an indirect narrow gap semicon-
ductor. Aerts et al." predicted, on the basis of the SIC-LSDA
electronic structure calculation, an indirect band gap of
0.9 eV for the minority spin channel only, and a principal Gd
s,d and N p-like symmetry of the majority electrons at the
Fermi energy. The ordered magnetism of GdN originates
from the large local spin magnetic moments of the half filled
Gd 4f shell coupled by indirect exchange interactions. Duan
et al.'® investigated the electronic structure and magnetic
properties of GdN as a function of unit cell volume using the
LSDA+U method. They observed a transformation in the
conduction properties associated with the volume increase:
first from half-metallic to semimetallic, then ultimately to
semiconducting. Applying stress can alter the carrier concen-
tration as well as mobility of the holes and electrons in the
majority spin channel. They found that the exchange param-
eters depend strongly on lattice constant, thus the Curie tem-
perature of this system can be enhanced by applying stress or
by doping impurities. Kalvoda et al.'” apply ab initio
quantum-chemical methods to calculate correlation effects
on cohesive properties of GAN. The calculated values of co-
hesive energy and lattice constant were found to be in rea-
sonable agreement with the experimental data. Those authors
also estimated a bulk modulus. Taking into account estimates
for the effect of a better basis both at the one-particle level
and at the many-particle level, they reach 98.5% of the ex-
perimental cohesive energy and 101.3% of the experimental
lattice constant. Sharma and Nolting'® investigated the tem-
perature dependent electronic correlation effects in the con-
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duction Gd 5d bands of GdN based on the combination of
many-body analysis of the multiband Kondo lattice model
and first principles TB-LMTO band-structure calculations.
Physical properties such as the quasiparticle density of states,
spectral density, and quasiparticle band structure were calcu-
lated and discussed. A redshift of 0.34 eV of the lower band
edge was obtained and found to be in close agreement with
earlier theoretical predictions and experimental values. The
electronic structure calculation of Gd monopnictides includ-
ing GdN has been performed by Ghosh er al. using the
LMTO method in the LSDA+ U approximation.'!® They also
calculated optical and magneto-optical properties such as the
optical reflectivity, the dielectric function and the complex
Kerr effect. Reflectivity calculations reveal a plasma edge
effect in GdP, GdAs, and GdSb and agree well with the
experimental results. They found that the deep plasma mini-
mum results in a large Kerr rotation in GdP, GdAs, and
GdSb. A study of the electronic structure and magnetic prop-
erties of Gd pnictides was reported also by Larson and
Lambrecht.?’ The calculations were performed using a full-
potential LMTO method within the LSDA+U approach.
They used Hubbard U=8 and 3.4 eV for Gd 4f and 5d states,
respectively. From calculations with different magnetic con-
figurations, a Heisenberg model with first and second
nearest-neighbor exchange parameters was extracted. The
Heisenberg model was then used to predict Curie-Weiss and
Neel temperatures and critical magnetic fields within mean
field approximation. The trends were found to be in good
agreement with the experimental data.

In the present study, we focus our attention on the theo-
retical investigation of the x-ray magnetic circular dichroism
in GdN. The XMCD technique developed in recent years has
evolved into a powerful magnetometry tool to separate or-
bital and spin contributions to element specific magnetic mo-
ments. XMCD experiments measure the difference in ab-
sorption of x rays with opposite (left and right) states of
circular polarization.

X-ray absorption spectra (XAS) and XMCD at the gado-
linium M, 5 and N K edges have been measured in GdN by
Leuenberger et al.?' The ordered 4f moment extracted from
the M, s XMCD spectra was consistent with the 85, con-
figuration of Gd>*. The exchange field generated by the Gd
4f electrons in the ferromagnetic phase of GdN induces a
magnetic polarization of the N p band states, as can be con-
cluded from the observation of strong magnetic circular di-
chroism at the K edge of nitrogen. However, a comparison of
the spectra with the theoretical partial density of vacant N p
states shows considerable disparities that are not well under-
stood.

Leuenberger et al.~~ measured core-level x-ray-absorption
spectra and x-ray magnetic circular dichroism at the Gd L, 3
edges in thin films of the GAN with a unit-cell volume 8.6%
above that of bulklike layers. The Curie temperature 7, a
key quantity for magnetism, amounts to only half the bulk
value of 60 K indicating a significant reduction of the effec-
tive exchange interaction between the 4f states. An intrigu-
ing observation is that the ratio of the dichroic signal ampli-
tudes in the lattice-expanded layers, L3/L,, is up to three
times higher than the value expected and observed for the
bulklike layers. This is mainly due to a reduced L, XMCD
amplitude.
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Leuenberger et al.?? also measured the XA and XMCD
spectra in artificial nanoscale ferrimagnetic multilayers
GdN/Fe at Gd M5, L, 5 and Fe K and L, ; edges to separate
the contributions of the component layers to the magnetiza-
tion and local magnetic structure.

This paper is organized as follows. Section II presents a
description of the GdN crystal structure as well as the com-
putational details. Section III is devoted to the electronic
structure and XMCD spectra of the GdN calculated with the
fully relativistic Dirac LMTO band structure method. The
calculated results are compared with the available experi-
mental data. Finally, the results are summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The details of the computational method are described in
our previous papers,®?* and here we only mention several
aspects. The calculations have been performed for the face-
centered cubic structure of sodium chloride (space group
Fm3m, No. 225) with lattice constant ¢=4.92 A using the
spin-polarized linear-muffin-tin-orbital (LMTO) method?>:
with the combined correction term taken into account. We
used the Perdew-Wang?’ parametrization for the exchange-
correlation potential. Brillouin zone (BZ) integrations were
performed using the improved tetrahedron method®® and
charge self-consistently was obtained with 349 irreducible k
points. To improve the potential we include additional empty
spheres. The basis consisted of Gd s, p, d, and f; N s, p, and
d; and empty spheres s, and p LMTO’s.

The intrinsic broadening mechanisms have been ac-
counted for by folding XMCD spectra with a Lorentzian. For
the finite lifetime of the core hole a constant width I',, in
general form,” has been used. The finite apparative resolu-
tion of the spectrometer has been accounted for by a Gauss-
ian of 0.6 eV.

In order to simplify the comparison of the theoretical
x-ray isotropic absorption spectra of GdN to the experimen-
tal ones we take into account the background intensity which
affects the high energy part of the spectra and is caused by
different kinds of inelastic scattering of the electron pro-
moted to the conduction band above the Fermi level due to
X-ray absorption (scattering on potentials of surrounding at-
oms, defects, phonons, etc.). To calculate the background
spectra we used the model proposed by Richtmyer et al.*
(for details see Ref. 31).

We have adopted the LSDA+U method!® as a different
level of approximation to treat the electron-electron correla-
tions. We used the rotationally invariant LSDA+ U method.
This method is described in detail in our previous paper.*’
The effective on-site Coulomb repulsion U was considered
as an adjustable parameter. We used U=8 eV, for this value
we found good agreement between the energy position of the
occupied Gd 4f DOS and corresponding peak in the x-ray
photoemission (XPS) spectrum.?! For the exchange integral
J the value of 0.66 eV estimated from constrained LSDA
calculations was used.

III. RESULTS AND DISCUSSION

A. Energy band structure

Figure 1 shows the fully relativistic spin-polarized energy
band structure of GdN. In these calculations the 4f states
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FIG. 1. (Color online) Self-consistent fully relativistic spin-
polarized energy band structure and total DOS [in states/(unit cell
eV)] calculated for GdN treating the 4f states as (1) fully localized
(4f in core), (2) itinerant (LSDA), and (3) partly localized (LSDA
+U).

have been considered as (1) itinerant using the local spin-
density approximation, (2) fully localized, treating them as
core states, and (3) partly localized using the LSDA+ U ap-
proximation.

The energy band structure of GAN with the 4f electrons in
core can be subdivided into three regions separated by en-
ergy gaps. The bands in the lowest region around —12.9 to
—11.1 eV have mostly N s character with some amount of
Gd sp character mixed in. The next six energy bands are
primarily N p bands separated from the s bands by an energy
gap of about 6.2 eV. The width of the N p band is about
4.5 eV and is influenced by hybridization with Gd 5d states.
The spin splitting of the N p bands is small [about 0.2 eV at
the X symmetry point (Fig. 1)]. The highest region can be
characterized as Gd crystal field and spin-split d bands.

An important issue is the energy position of the occupied
4f states in the electron band structure of GAN. The LSDA
calculations place the empty 4f states of Gd in GdN at 1 to
2 eV above the Fermi level with the occupied majority-spin
4f states situated at around —4 to —3.2 eV below Fermi level
Er. It is well known that LSDA usually gives a wrong energy
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FIG. 2. (Color online) Partial density of states [in states/(atom
eV)] of GdN. The Fermi energy is at zero.

position for the 4f states in rare-earth compounds. For non-
zero 4f occupation it places the 4f states right at the Fermi
level’33* in contradiction with various experimental observa-
tions. In the case of Gd compounds the LSDA places the
empty 4f states too close to the Fermi energy. For example,
the LSDA calculations produce the empty 4f states in pure
Gd metal at 2.7 eV above the Fermi level,® although accord-
ing to the x-ray bremsstrahlung isochromat spectroscopy
(BIS) measurements they are situated around 5.5 eV above
the Fermi level.3*37 The XPS spectrum measured by Leuen-
berger et al.?! in the valence band region of GAN shows the
Gd3* 4f° final state multiplet located at around 8 eV below
the Fermi level.

Figure 1 also presents the energy band structure of GAN
calculated in the LSDA+ U approximation. The results agree
well with previous LSDA + U band structure calculations.!®
In such an approximation the Gd 4f empty states are situated
around 5 eV above the Fermi level, well hybridized with Gd
5d and N 2p minority states. The majority-spin 4f states
form a narrow band well below the Fermi energy and occupy
a =7 to -8 eV energy interval in good agreement with the
XPS measurements.”!

The partial density of states (DOS) of cubic ferromagnetic
GdN are presented in Fig. 2 for the LSDA+ U calculations.
The majority 4f electrons create an exchange field that leads
to spin splitting of the N p band. Furthermore, there is a
visible Gd d — N sp as well as Gd 4f — N p hybridization in
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FIG. 3. (Color online) (a) Theoretically calculated (dotted lines)
and experimental (Ref. 21) (circles) isotropic absorption spectra of
GdN at the Gd M5 edges. Experimental spectra were measured
with external magnetic field (0.1 T) at 15 K; (b) experimental (Ref.
21) (circles) XMCD spectra of GdN at the Gd M, 5 edges in com-
parison with theoretically calculated ones using the LSDA+U ap-
proximation without (dotted lines) and with (full lines) taking into
account core-hole effect.

occupied part of GdN valence band. One of the conse-
quences is that the N anion should carry a magnetic moment.
The Gd f states above the Fermi level hybridize with the Gd
d,zg states only in the minority channel (Fig. 2). The Gd d,
states shift to higher energy due to the crystal-field splitting
and almost do not hybridize with the Gd 4f states. The or-
bital moments are equal to 0.057up and —0.0007wp on the
Gd and N sites, respectively. Exchange and hybridization
induce spin splitting of the conduction band states. As a re-
sult, the itinerant Gd 5d and N 2p derived band electrons
carry small spin magnetic moments of 0.107up and
—0.098up, respectively that are of opposite each other and
nearly cancel. The Gd 5d and N 2p orbital moments are
equal to —0.0066up and —0.0007 wp, respectively.

One should mentioned that although Gd>* free ion consis-
tent with the %,,, half filled 4f shell configuration possesses
a zero orbital angular momentum, in solids Gd has small but
nonzero orbital moment of around 0.063 ug due to hybridiza-
tion with other states and also because in solids spin-up
states are the linear combination of the 4f5,, and 4f5,, states
and m; for each state can be noninteger.

B. Gd M, s XMCD spectra

The study of the 4f electron shell in rare earth compounds
is usually performed by tuning the energy of the x-ray close
to the M, s edges of rare-earth where electronic transitions
between 3ds, 5, and 4fs), 7, states are involved. Figure 3
shows the calculated XAS and XMCD spectra in the
LSDA+U approximation for GdN at the M, 5 edges together
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with the corresponding experimental data.”! The experimen-
tally measured dichroism is large, as is common for Gd-
based systems at the 3d threshold; it amounts to more than
20%.

The theoretically calculated XAS spectra have a rather
simple line shape composed of two white line peaks at the
Ms and M, edges, however, the experimentally measured
spectra have well pronounced fine structures at high energy
part of the M5 and M, XAS’s. We should mention here that
a major shortcoming in band structure approximation is that
the multiplet structure has not been included. For the N K
and Gd L,; edges this is probably not a major problem.
However, for Gd M, s edges the core-valence electrostatic
interactions can significantly influence the line shape of the
XAS and XMCD spectra. Thole et al.’® measured and calcu-
lated in intermediate coupling the M, s XAS for all the rare-
earth metals. These authors found that the number of
3d°4f™! final-state levels reaches to 1077 in Gd**. The XAS
features are situated in two groups whose separation corre-
sponds roughly to the 3d;,—ds;, spin-orbit splitting. Al-
though the calculations indicate that the vast majority of
lines have a small weight, nevertheless, this weight adds up
to recognizable shoulders in the M, and M5 spectra on the
high energy side. Therefore the fine structure on the high
energy side of Gd M5 XAS’s in GdN (Fig. 3) are believed
to be due to the multiplet structures which have not been
included in present calculations. A theoretical method which
includes consistently both the band structure and atomiclike
multiplet structure of rare earth metals and compounds is
highly desired.

Figure 3(b) shows the calculated XMCD spectra in the
LSDA+U approximation for GdN together with the corre-
sponding experimental data.?! The Dirac-Hartree-Fock-Slater
one particle approximation used in this work to calculate the
core states is not able to produce a correct energy position of
the spectra (due to not taking into account a self-interaction
correction, different kinds of relaxation processes and other
many-particle effects), therefore we used the experimentally
measured positions of the spectra. The dichroism is mostly
negative at the Gd M5 edge and positive at the M, one. The
calculations describe correctly the deep negative minimum at
the Gd M5 edge and the low energy positive peak at the M,
edge, however, they do not produce the high energy fine
structures at both the edges, which are probably caused by
the multiplet structure as described above. The XMCD at the
M edge also possesses an additional small positive lobe at
the low energy side which is not in the theoretical calcula-
tions. The LSDA + U theory underestimates the intensity for
the XMCD spectrum at M5 edge and overestimates it at the
M, edge in comparison with the experiment.

We investigate also the effect of the core-hole effect in the
final state using the supercell approximation. A similar ap-
proximation has been used by several authors.3>*? When the
3d core electron is photoexcited to the unoccupied 4f states,
the distribution of the charge changes to account for the cre-
ated hole. The final-state interaction improves the agreement
between theory and the experiment at the M5 edge in the
intensity of the prominent negative peak and by producing
correctly a positive lobe at the low energy side.
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FIG. 4. (Color online) (a), (b) Theoretically calculated (dashed
line) and experimental (Ref. 22) (circles) isotropic absorption spec-
tra of GdN at the Gd L3 and L, edges. Experimental spectra were
measured at a bulklike GdN layer deposited on a Si substrate at
450 °C in total fluorescence yield mode. Dotted lines show the
theoretically calculated background spectra, full thick lines are sum
of the theoretical XAS and background spectra; (c), (d) experimen-
tal (Ref. 22) (circles) XMCD spectra of GdN at the Gd L; and L,
edges in comparison with theoretically calculated ones in the
LSDA+U approximation taking into account only dipole allowed
E, transitions (full lines), only quadrupole p—f, E, transitions
(dotted lines) and sum of E; and E, transitions (dashed lines).

C. Gd L, 3 XMCD spectra

Figure 4 shows the calculated XAS and XMCD spectra in
the LSDA + U approximation at the L, 3 edges together with
the corresponding experimental data measured at bulklike
layers of GAN.?

The dichroism at the L, 5 edges has two lobes, a positive
and a negative one. The positive lobe is larger in comparison
with the negative one for L; spectrum and vice versa for the
L, edge. Our LSDA + U calculations overestimate the smaller
lobe and underestimate the larger one at both the L; and L,
edges.

We found minor influence of the final-state interaction on
the shape of the Gd L, ; XMCD spectra in the whole energy
interval. A small core-hole effect might come from the fact
that the Gd 5d states are less localized in comparison with
the 4f states and have smaller amplitude inside the MT
sphere and thus are less subject to the core hole potential.

We investigate also the effect of the electric quadrupole
E, and magnetic dipole M, transitions. We found that the M,
transitions are extremely small in comparison with the E,
transitions and can be neglected. The E, transitions are much
weaker than electric dipole transitions E; and almost invis-
ible in the XAS, however, as can be seen from Fig. 4 these
transitions slightly reduce the intensity of the low energy
peak in the Ly and L, XMCD spectra.

A qualitative explanation of the XMCD spectra shape is
provided by the analysis of the corresponding selection rules,
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TABLE 1. The dipole allowed transitions from core 2pj 3,
levels to the unoccupied 5d, 5, valence states for left (\=+1) and
right (\=—1) polarized x-rays.

Edge A=+1 A=-1
-3/2—-1/2 -3/2—-5/2

Ly -1/2—+1/2 -1/2—-3/2
+1/2—+3/2 +1/2—-1/2
+3/2—+5/2 +3/2—+1/2

L, -1/2—+1/2 -1/2—-3/2
+1/2—+3/2 +1/2—-1/2

orbital character and occupation numbers of individual 5d
orbitals. Because of the electric dipole selection rules (Al
=+1;Aj=0,+1) the major contribution to the absorption at
the L, edge stems from the transitions 2p;,, — 5d5,, and that
at the L; edge originates primarily from 2ps, — 5ds, transi-
tions, with a weaker contribution from 2p;,, — 5d5,, transi-
tions. For the latter case the corresponding 2p;,, — 5d5,, ra-
dial matrix elements are only slightly smaller than for the
2p3;,— 5ds), transitions. The angular matrix elements, how-
ever, strongly suppress the 2p;,, — 5d5,, contribution. There-
fore the contribution to XMCD spectrum at the L; edge from
the transitions with Aj=0 is one order of magnitude smaller
than the transitions with Aj=1.8

The selection rules for the magnetic quantum number m;
(mj is restricted to —j, ..., +j) are Am;=+1 for A=+1 and
Am;=~1 for A=~1. Table I presents the dipole allowed tran-
sitions for x-ray absorption spectra at the L; and L, edges for
left (\=+1) and right (\=—1) polarized x rays.

To go further, we need to discuss the character of the 3d
empty DOS. Since / and s prefer to couple antiparallel for
less than half-filled shells, the j=I—s=3/2 has a lower en-
ergy than the j=I[+s5=5/2 level. Due to the intra-atomic ex-
change interaction the lowest sublevel of the j=3/2 will be
m3;=-3/2, however, for the j=5/2 the lowest sublevel will
be ms;,=+5/2. This reversal in the energy sequence arises
from the gain in energy due to alignment of the spin with the
exchange field.

The contribution to the L3 absorption spectrum from the
first two transitions (Table I) for A=+1 cancels to a large
extent with the contribution of opposite sign from the last
two transitions for A=-1 having the same final states. Thus
the XMCD spectrum of Gd at the L; edge (I=u"—u*) can be
approximated by the following sum of m;—projected partial
densities of states (N5, +N5,)—(N3/5+N3j5). Here we use
the notation N/, for the density of states with the total mo-

mentum j and its projection m;. From this expression one
would expect the L; XMCD spectrum with two peaks of
opposite signs with almost the same intensity. The corre-
sponding L, XMCD spectrum can be approximated by the
following partial DOS’s: (N*2,+N*32,)— (N2 +N3%). From
this expression one would also expect two peak structure of
L, XMCD spectrum with an opposite signs. In addition, due
to the reversal energy sequences for the j=3/2 and j=5/2
sublevels the energy positions of the positive and negative
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peaks are opposite to each other for the L; and L, XMCD
spectra.

We should note, however, that the explanation of the
XMCD line shape in terms of m;-projected DOS’s presented
above should be considered as only qualitative. First, there is
no full compensation between transitions with equal final
states due to difference in the angular matrix elements; sec-
ond, in our consideration we neglect cross terms in the tran-
sition matrix elements. In addition, we have used the
jj-coupling scheme here, however, the combination of the
hybridization, Coulomb, exchange and crystal-field energies
may be so large relative to the 5d spin-orbit energy that the
Jjj coupling is no longer an adequate approximation.

The XMCD spectra at the Gd L, 5 edges are mostly deter-
mined by the strength of the spin-orbit (SO) coupling of the
initial Gd 2p core states and spin polarization of the final
empty 5ds, 5, states while the exchange splitting of the Gd
2p core states as well as the SO coupling of the 5d valence
states are of minor importance for the XMCD at the Gd L, 5
edges of GdN.

Recently Leuenberger et al.>> measured XAS and XMCD
spectra at the Gd L, 5 edges in thin films of the GAN with a
lattice constant 4.4% above that of bulklike layers (which
corresponds to increasing the unit-cell volume at 8.6%). The
nonequilibrium structure is obtained by N* plasma-assisted
reactive sputter deposition at room temperature. The Curie
temperature 7~ was found to be significantly diminished in
the nonequilibrium situation: it lies near 30 K for GdN de-
posited at room temperature as compared to the bulk value of
60 K found for the layers deposited at Ts=450". It was found
that an enhancement of the lattice parameter does not lead to
a significant change in the L, 3 X-ray absorption and dichro-
ism at the Ly edge. However, the XMCD spectrum at the L,
edge became wider and reduced in intensity. It leads to sig-
nificant deviation of the ratio of the XMCD amplitudes,
Ls/L,, which has a value of almost 3 up to 100 K and then
decreases slightly toward higher temperature. These values
are far above the observed for Gd based systems,41 and the
value found for the bulklike GdN layer. One should mention
that Gd L, XA spectra in GdN for the bulk and the ex-
panded lattices were acquired by means of different spec-
trometers and different methods.?? The lattice expanded GAN
layers were measured at the energy-dispersive beamline D11
of the DCI storage ring at the French synchrotron facility
LURE in Orsay in transmission mode, however, the bulklike
layers were recorded at the beamline ID12A of the European
Synchrotron Radiation Facility in Grenoble, France using the
total fluorescence-yield (TFY) method.

We carried out the LSDA+U band structure and XMCD
calculations for the expanded lattice constant of 5 and 10 %
above the bulklike one. If the energy band structure for the
bulk GdN corresponds to the half-metallic solution with the
energy gap only in the minority channel, the band structure
for the expanded lattice constants became a semiconductor
type with an indirect gap between I" and X symmetry points
equal to 0.008 and 0.17 eV for the 5 and 10 % expansion,
respectively. The increasing of the lattice constant leads to
the decreasing of Gd empty 5d;, 5/, width, besides the cor-
responding DOS’s are shifted towards the Fermi level. The
occupied number is slightly decrease, however the d spin and
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orbital moments are changed insignificantly with increasing
of the lattice constant. The XMCD spectra at the L, 3 edges
slightly increase their intensity for the expanded lattice with-
out any significant changing in the shape. The Gd XMCD L,/
L, ratio also does not changed. Therefore a strong increase of
the XMCD ratio Ls/L, with the expanded lattice volume ob-
served in the GdN layers in Ref. 22 could not be explained
by simple expansion of the lattice constant.

We also studied the SO coupling by scaling the corre-
sponding terms in the Hamiltonian artificially with a constant
prefactor in the framework of the LSDA+U method. The
scaling of the SO coupling at the Gd site by a factor of 2, 3,
and 4 leads to decreasing of the L, XMCD amplitude by 1.3,
1.5, and 2.3 times, respectively. However, the L; XMCD
spectrum almost does not change its intensity. For the largest
scaling factor used, the Gd 5d orbital moment is increased by
1.8 times, however, the most dramatic changing occurs for
the Gd 4f orbital moment. It increased from the value of
0.063 up for the ground state up to 0.280, 0.704, and 1.387 up
for the scaling factor equal to 2, 3, and 4, respectively.

It is hard to believe that for some reason the SO interac-
tion can increase so much. However, the Gd orbital magne-
tism can be significantly changed when we go beyond a half
filled 4/ shell, considering the possible existence of the
Gd** (4/%) or the Gd** (4/%) ions in some nonequilibrium
conditions. Using a supercell approximation with four for-
mula units we were able to obtained a self-consistent solu-
tion with one of four Gd ions in the 4f° state due to the 4f
— 5d promotion effect. Technically speaking it is still a Gd**
ion but instead of the 4/ configuration we have the 454"
one. The solution provides the j=7/2, m j=—7/ 2 for the cre-
ated 4f hole which gives the Gd orbital magnetic moment
equal to —2.756up. This is twice as much as the results ob-
tained with the artificial SO scaling factor of four. The 5d
orbital magnetic moment also became three times larger in
comparison with ground state with the 4f” configuration. The
L, 5 XA spectra for the 4f°5d" Gd are shifted towards lower
energy in comparison with the 4f7 Gd spectra. As a result
XMCD spectra obtained as a sum of spectra from the 475"
and the 4f7 Gd ions became wider and reduce their intensity.
We have been able even to reproduce the shape of the ex-
perimental L, XMCD spectrum in the GdN observed in the
expanded lattice, however, the ratio of the XMCD ampli-
tudes Ls/L, still changed insignificantly.

We should also mentioned that the total energy for the
solution with one of four Gd ions in the 4f%54" state is sig-
nificantly higher (2.8 eV/f.u.), than with all four ions in the
47 state. It might be interesting to measure the XMCD Ly;
spectra in some rare-earth compounds, for example, some
samarium or europium chalcogenides or pnictides with dif-
ferent valencies. The magnetism of the Eu?* (configuration
4f7) and Eu** (configuration 4f°) ions is the reverse of that
of the Sm** (4f°) and Sm* (4/°) ions, i.e., the trivalent Eu
ion has the same magnetic ground state of /=0 as that of the
divalent Sm ion. The magnetic ground state of the Eu?* ions
is J=7/2 with no orbital moment.*?

We should mention that the electronic and magnetic struc-
tures of GAN are very sensitive to the quality of the sample.
Actually the lack of sufficient reliable experimental informa-
tion on the fundamental properties of GdN is related to the
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problem of sample preparation.® The high melting point
makes it very difficult to grow crystals with good stoichiom-
etry and well-defined properties. The early discrepancies
concerning the magnetic ground-state configuration:
ferromagnetic*>** or antiferromagnetic,"* for example, may
be related to a different degree of sample perfection. One can
imagine that the expanded lattice in low T sputtered GAN
might contain some an additional interstitial N atoms. That
would totally change the symmetry, introducing a L=1 com-
ponent to the crystal field (CF) (cubic systems allows only
L=0, 4, 6, ..., crystal field splitting) and allow L=3 and L
=2 direct coupling (4f|V¢g|5d), which might significantly
change the 4f-5d hybridization and the L;/L, XMCD ampli-
tudes. As an indirect evidence for such a possibility we can
point out that the unusual relation between the dichroic L,
and L5 edge signals was observed previously upon hydrogen
charging of R-based multilayers.*® This interesting question
needs additional experimental and theoretical investigations.

D. N K XMCD spectrum

The XA and XMCD spectra in metals at the K edge in
which the 1s core electrons are excited to the p states
through the dipolar transition usually attract only minor in-
terest because p states are not the states of influencing mag-
netic or orbital order. Recently, however, understanding p
states has become important since XMCD spectroscopy us-
ing K edges of transition metals became popular. The K edge
XMCD is sensitive to electronic structures at neighboring
sites, because of the delocalized nature of the p states.

It is documented that sizable XMCD signals can be de-
tected at the K edge of nonmagnetic atoms, such as sulfur
and oxygen in ferromagnetic EuS (Ref. 47) EuO,*® respec-
tively. The experimental K edge photoabsorption and XMCD
spectra of nitrogen in GAN were investigated by Leuenberger
et al?' Tt was found that the dichroic peak amplitude
amounts to 4% of the edge jump of the isotropic XA spec-
trum at 401 eV (Fig. 5), which is a remarkably large value
for K edge XMCD. The N K edge dichroic signal in GdN is
about three times larger than at the K edge of oxygen in EuO
and exceeds that at the K edge of sulfur in EuS by an order
of magnitude; it surpasses even that at the onsite Fe K edge
of iron metal where it is on the order of 0.3%.%

A comparison of the XMCD spectra with the theoretical
partial density of empty N p states calculated by Aerts et
al.’® shows considerable disparities that were not well
understood.?! Clearly, to reproduce the XMCD spectra one
has to include the transition matrix elements.

Figure 5 shows the theoretically calculated x-ray absorp-
tion spectra at the N K edge as well as XMCD spectra in
GdN in comparison with the corresponding experimental
data.?! The experimentally measured XA spectrum has a
three peak structure. The first maximum in the spectrum is at
around 400 eV which has a low energy shoulder not repro-
duced in the theoretical LSDA or LSDA+U calculations.
The energy position of the theoretical second peak at around
402 eV is in good agreement with the experimental measure-
ments. The position of the third high energy peak is shifted
to higher energy in the theory.
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FIG. 5. (Color online) (a) The experimental (Ref. 21) (circles)
isotropic absorption spectrum of GdN at the N K edge in compari-
son with the calculated ones using the LSDA (full line) and
LSDA+U approximations without (dashed line) and with (dotted
line) taking into account the core-hole effect. Experimental spectra
were measured with external magnetic field (0.1 T) at 15 K.
Dashed-dotted line shows the theoretically calculated background
spectrum (b) experimental (Ref. 21) (circles) XMCD spectrum of
GdN at the Gd K edge in comparison with theoretically calculated
ones using the LSDA (full line) and putting the 4f states in core
(dashed line) approximations; (c) experimental (circles) XMCD Gd
K spectrum in comparison with theoretically calculated using the
LSDA+ U approximation with (full line) and without (dashed line)
taking into account the core-hole effect.

Figure 5(b) shows the experimental XMCD spectrum?!
and theoretically calculated ones using the LSDA approxi-
mation and with 4f electrons placed in the core. The experi-
mental spectrum is very complicated and consists of three
positive (A, B, C) and two negative (D, F) peaks. The LSDA
calculations as well the calculations with 4f electrons in the
core give a completely inadequate description of the shape of
N K XMCD spectrum. The most prominent discrepancy in
the LSDA XMCD spectrum is the resonance structure with
negative and positive peaks at around 396 to 398 eV which
is caused by the strong hybridization of unoccupied Gd N p
states with the 4f states situated too close to the Fermi level
in the LSDA calculations. This structure disappears when we
put 4f electrons in core.

The N 2p-Gd (4f,5d) hybridization and the spin-orbit
interaction in the 2p states play crucial roles for the N K
edge dichroism. The K XMCD spectra come from the orbital
polarization in the empty p states, which may be induced by
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(1) the spin polarization in the p states through the spin-orbit
interaction and (2) the orbital polarization at neighboring
sites through hybridization. We calculated the K XMCD
spectrum at N site with turning the SOI off separately on the
N 2p states and at the Gd site (at both the 4f and 5d states),
respectively. We found that the K XMCD spectrum is
slightly changed when the SOI on the N site is turned off,
while the spectrum almost disappears (reduced its intensity
almost two order of magnitude) when the SOI on the Gd site
is turned off. This indicates that the SOI on Gd site is influ-
encing the orbital mixture of N 2p states through the N
(2p)-Gd (d,f) hybridization.

The effect of SOI and exchange splitting on the magneto-
optical and XMCD spectra of solids has been studied by
several authors.’*¢ The LSDA+ U approach [Fig. 5(c)] im-
proves the agreement between theory and the experiment,
especially in describing the peak B. However, LSDA+U
theory fails to produce the peak A, in addition to the peaks B
and D are shifted towards lower energy at around 0.6 eV in
comparison with the experimental measurements. Also for
the energies higher than peak C theory gives some additional
oscillating structures, while the experimental spectrum is a
smooth positive function of energy.

We investigate also the core-hole effect in the final state
using the supercell approximation. In our calculations we
used a supercell containing eight conventional GdN cells. At
one of the eight N atoms we create a hole at the 1s level for
the self-consistent LSDA + U calculations of the K spectrum.
We found that the core-hole interactions significantly im-
prove the agreement between theoretically calculated and ex-
perimentally measured N K XMCD spectra [Fig. 5(c)]. The
oscillation behavior of the high energy part of the theoretical
spectrum above 405 eV could possibly be damped by the
quasiparticle lifetime effect, which is not taken into account
in our calculations. The core-hole effect improves also the
agreement in the energy position of the third high energy
peak in the XAS [Fig. 5(a)].

However, all the calculations were not able to produce the
first maximum of the N K XAS above the edge at around
400 eV. One of the possible reasons for such disagreements
might be the surface effect. The N K edge occurs at a rela-
tively small energy and one would expect larger surface af-
fects at the N K edge than, for example, at the Gd M, 5 or
L, 5 edges. To model the surface effects we carried out band
structure calculations using a tetragonal supercell containing
four unit cells of GAN along the z direction in which three
GdN layers are replaced by three layers of empty spheres.
We calculated the XAS and XMCD spectra at N K edge for
such a five layer slab separated by three layers of empty
spheres [5/3 multilayered structure (MLS)] using the
LSDA+ U approximation. We also carried out the band struc-
ture calculations for a nine layer slab separated by three lay-
ers of empty spheres (9/3 MLS). We found that the K XMCD
spectrum for N in the middle of the 9/3 MLS (fifth layer) is
identical to the corresponding bulk LSDA+ U spectrum (not
shown). The corresponding spectrum for the middle layer in
the 5/3 MLS (third layer) is still slightly different from the
bulk spectrum, therefore the convergence was achieved only
in the 9/3 MLS. Figure 6 shows the N p empty partial DOS’s
for the surface layer in the 9/3 MLS and the bulk structure in
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FIG. 6. (Color online) N p empty partial DOS’s (in arbitrary
units) for the surface layer in the 9/3 MLS (full line) and the bulk
structure (dashed line) in comparison with the experimental XA
spectrum at the N K edge (Ref. 21) (circles).

comparison with the experimental XA spectrum at the N K
edge. It can be seen that the partial DOS strongly increases at
the first maximum above the edge for the surface layer.
Actually the importance of the surface effect has some
experimental evidence. The authors of Ref. 21 mention that
the spectral feature at 400 eV was not contained in a prelimi-
nary N K edge XA spectrum recorded on a Cr-covered 30 A
GdN layer using the total fluorescence yield detection mode
due to the larger probing depth of this method compared to
the measurements with the total electron yield (TEY) detec-
tion in Ref. 21. This indicates that the first maximum above
the edge in the XA spectrum at 400 eV is likely related to the
GdN surface or interface where the TEY detection is sensi-
tive. The peak is a signature of the surface GAN XA behavior
of the sample. This also applies for the slowly rising part of
the XMCD signal below 400 eV. This result supports our
conclusion that the first maximum above the edge in the XA
spectrum might be related to the GdN surface or interface.
It is also important to note that the energy position of the
first XA maximum above the edge at around 400 eV coin-
cides with the position of the Gd 4f DOS and any kind of
change in the N 2p—Gd 4f hybridization (which we dis-
cussed in previous paragraph) might influence the intensity
of the XAS at that energy. The possible existence of intersti-
tial N atoms may also influence the low energy part of the
spectrum via stronger direct Gd 4/~N 2p hybridization.

IV. SUMMARY

GdN is a system with a strongly correlated electronic
structure and a low concentration of free charge carriers. We
have studied the electronic structure and x-ray magnetic cir-
cular dichroism spectra in GdN using the LSDA, LSDA+U
approximations, and with 4f electrons in core by means of an
ab initio fully-relativistic spin-polarized Dirac linear muffin-
tin orbital method. We found good agreement between cal-
culated and experimental XAS and XMCD spectra at the Gd
Ly3, M, s, and N K edges.

The theoretically calculated XA spectra at the M, 5 edges
have a rather simple line shape composed of two white line
peaks with additional fine structures at the high energy part
of the spectra which can be assigned to multiplet structures.
The dichroism at the Gd M, s edges is very large (it amounts
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to more than 20% of the edge jump of the corresponding
isotropic XA spectra) due to strong spin orbit coupling of the
initial Gd 3d core states and large spin polarization of the
final empty 4f5/, 7/, states.

The LSDA+U calculations show good agreement in the
shape of the Gd XA spectra at the L, ; edges with the experi-
mental measurements. They also reproduce the observed two
lobe structure of the Gd XMCD spectra for the bulklike lay-
ers, however, the theory overestimates the smaller lobe and
underestimates the larger one at both the L; and L, edges. A
dramatic increase of the dichroic signal amplitude ratio L;/
L,, in the GdN lattice-expanded layers observed in Ref. 22
could not be explained by simple expansion of the lattice
constant and needs additional theoretical and experimental
investigations.

The N 2p — Gd (4f,5d) hybridization and the spin-orbit
interaction in the 2p states play a crucial role for the N K
edge dichroism. We found that the N 2p orbital polarization
originates mainly from the large spin polarization at neigh-
boring Gd atoms through the N (2p)-Gd (d, f) hybridization.
This mechanism is different from the XMCD in transition
metal compounds in which the 4p orbital polarization is in-
duced mostly by the 4p spin polarization at the atom itself
through the SOL.
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We investigated the core-hole effect in the final states us-
ing a supercell approximation. The final-state interaction im-
proves the agreement between the theory and the experiment
at the M, s and N K edges, however, it has a minor influence
on the shape of the Gd L, ; XMCD spectra. We found that
the peak at 400 eV in XAS might be related to the GdN
surface or interface.

Due to delocalized nature of the p states and wide spread
of p wave functions K XMCD spectra are very sensitive to
the surrounding neighborhood and, hence, the K XMCD
spectroscopy can be used as an effective probe which can
detect details of magnetic interatomic interactions in rare-
earth compounds.
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