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We have measured core-level x-ray-absorption spectra and x-ray magnetic circular dichroism �XMCD� at the
Gd-L2,3 edges to characterize the low-lying Gd-5d derived conduction-band states in thin films of the 4f
ferromagnet GdN with a unit-cell volume 8.6% above that of bulklike layers. The nonequilibrium structure is
obtained by N+ plasma-assisted reactive sputter deposition at room temperature. The Curie temperature TC, a
key quantity for magnetism, amounts to only half the bulk value of �60 K indicating a significant reduction of
the effective exchange interaction between the 4f states. An intricate observation is that the ratio of the dichroic
signal amplitudes in the lattice-expanded layers, �L3 /L2�, is up to three times higher than the value expected
from the degeneracy of the 2p3/2 and 2p1/2 core states, which is observed for the bulklike layers. This is mainly
due to a reduced L2 XMCD amplitude. We suggest that the effect may be related to the different weight the
crystal-field split Gd-5d final states �t2g and eg� have in the absorption process at the L2 and L3 edges, and to
the special electronic band structure of this strongly correlated material and its modification upon lattice
expansion. This hypothesis is supported by the observation that the L2 absorption edge is shifted to lower
energies upon ferromagnetic ordering while the L3-edge position remains inert.
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I. INTRODUCTION

The rare-earth �RE� compound GdN is a system with a
strongly correlated electron structure and a low concentration
of free charge carriers. The crystal structure is rocksalt
�fcc�. In spite of a considerable experimental and theoretical
activity devoted to its fundamental properties for more than
thirty years knowledge of the electronic and magnetic
ground-state configuration is darkened by a number of con-
flicting observations. On the experimental side, the early dis-
crepancies concerning magnetic order �ferromagnetic1–3 or
antiferromagnetic4,5� may be related to different degrees of
sample perfection. In fact, due to the high melting point the
synthesis of stoichiometric and uncontaminated GdN is dif-
ficult to achieve. The extreme sensitivity of the magnetic
structure to deviations from stoichiometry, impurities, and
lattice defects, which are manifest, for example, in the carrier
concentration level and lattice spacing, was recognized very
early by Wachter and Kaldis.4 Li et al.6 provided convincing
experimental evidence that stoichiometric GdN is a ferro-
magnet with a Curie temperature TC around 60 K and a mag-
netic saturation moment near 7�B/Gd ion consistent with the
8S7/2 half filled 4f-shell configuration of Gd3+. Recently
Aerts et al.7 predicted, on the basis of an ab initio electronic-
structure calculation using the self-interaction corrected
local-spin-density approximation �SIC-LSDA� to density-
functional theory, a half metallic ground state for ferromag-

netic GdN with complete spin polarization of the itinerant
band electrons, i.e., with only majority-spin electrons of es-
sentially Gd �s ,d� and N p-like symmetry at the Fermi en-
ergy EF and a small ��0.9 eV� indirect band gap for the
minority spin channel. The density of electron states at EF is
expected to be very low. Yet, the half metallicity, suspected
already in previous work,8,9 has to be verified. If so, the
compound will have a strong potential in spintronics appli-
cations. 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. Exchange
and hybridization induce spin splitting of the conduction-
band states. As a result, the itinerant Gd-5d- and
N-2p-derived band electrons carry small magnetic moments
that are expected to oppose each other and to nearly
cancel.7,9

In a recent publication10 we report on the magnetic and
transport properties of high-quality thin films of GdN
prepared by reactive ion-beam sputtering. They show good
stoichiometry, the lattice parameter, Curie temperature
TC, and saturation magnetization of the bulk material.
The electrical conductivity is thermally activated down to
the onset of ferromagnetic ordering where there is evi-
dence of a transition to metallic behavior. The low value of
the carrier activation energy ��10 meV� suggests highly de-
generate n-type semiconducting behavior above TC, possibly
due to nitrogen vacancies acting as shallow donors.10
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The transition tometallic conduction can be tuned by an
external magnetic field, as is reflected by a giant negative
magnetoresistance.

The present work is an extension of the previous study.
Recently, Duan et al.11 have shown by a first-principles cal-
culation �LSDA+U approach� that the electronic structure
and magnetic interactions in GdN depend sensitively on the
interatomic distances which may vary, for example, due to
external pressure or internal strain. This may not be surpris-
ing in view of previous experimental observations for this
material4 and theoretical results obtained for isovalent
EuN.12,13 We have grown GdN layers with an increased lat-
tice parameter �named “lattice-expanded” hereafter�, which
permits us to study aspects of the magnetic properties of this
compound in an out-of-equilibrium situation. Concerning the
macroscopic properties, we find that the Curie temperature is
significantly reduced in this state, pointing to a reduced ex-
change interaction as predicted.11 To study the microscopic
properties, core level x-ray-absorption �XA� spectroscopy
and measurements of x-ray circular magnetic dichroism
�XMCD� were employed. These techniques provide element
and electronic-shell specific information on the electronic
and magnetic properties of the material on a local level. We
focus on the XA and XMCD spectra measured at the L2,3�2p�
photoabsorption edges of Gd to characterize the properties of
the 5d-derived band states in the “nonequilibrium” GdN lay-
ers. These states play a key role for the electronic and mag-
netic properties of the compound7,9,11 and can be expected to
sensitively mirror deviations from bulk equilibrium behavior.
The XA and XMCD techniques were previously applied to
the GdN layers with bulklike macroscopic properties10 to
study �i� the magnetic polarization of the Gd-4f states and
�ii� the N-p character of the low-lying unoccupied electronic
conduction-band states. As expected the spontaneous 4f
magnetic moment is close to 7�B/Gd ion; its temperature
dependence mirrors the behavior of the macroscopic magne-
tization. The N-2p states carry an ordered orbital magnetic
moment in the ferromagnetic phase, supposed to be induced
by hybridization with the Gd-5d states.10 XA and XMCD
spectra involving transitions to the Gd-5d states were not
measured on the bulklike “equilibrium” GdN layers in the
previous studies. Here, it was the main issue to probe the 5d
states, mainly on the lattice-expanded layers but also on a
layer with bulklike properties as a reference. The XMCD
technique was also used to measure the Gd-4f magnetic mo-
ments in the lattice-expanded GdN layers. An unresolved
problem well known in the RE community is that the theo-
retical understanding of the RE-L2,3 XMCD spectra probing
the 5d states is limited owing to the exchange interaction
between the 5d and 4f states.14–17 A different aspect we find
for the GdN layers somewhat unexpectedly is that an en-
hancement of the lattice parameter leads to a pronounced
deviation of the ratio of the XMCD amplitudes at the
Gd-L3 and L2 absorption edges from the statistical value that
is imposed by the degeneracy of the 2p3/2 and 2p1/2 core
states and observed in the GdN layers with the equilibrium
lattice parameter.

II. EXPERIMENT AND BASIC SAMPLE
CHARACTERISTICS

A. Layer growth, structure, and macroscopic
magnetic properties

Individual GdN layers �thickness up to 2000 Å� were
grown by N+ plasma-assisted reactive ion-beam sputtering of
gadolinium with argon in an ultrahigh vacuum chamber
�base pressure �5�10−10 mbar�. For details, the reader is
referred to our previous publication.10 During growth the
background partial pressure of nitrogen was near
2�10−5 mbar, that of unwanted reactive gases �O2, CO� be-
low 10−10 mbar. Si�100� wafers served as substrates, essen-
tially for basic characterization by x-ray diffraction, macro-
scopic magnetometry, x-ray photoelectron spectroscopy
�XPS�, and resonant nuclear reaction analysis �RNRA�.
Kapton- and Mylar-foil substrates �thickness 12 and 1.5 �m,
respectively� were used for most of the XA and XMCD ex-
periments to permit measurements in transmission mode. Cr
or W buffer layers �40 Å� warranted identical growth condi-
tions for the GdN layers, Cr or Al caps �50 Å� protected
them against oxidation upon exposure to air. While the Kap-
ton and Mylar substrates were held at room temperature dur-
ing layer deposition the temperature TS of the Si substrates
was varied between room temperature and 450 °C, the opti-
mal temperature for growing high-quality GdN layers with
bulklike properties.10

Reducing TS to room temperature has a significant influ-
ence on the growth of the layers: it enhances the lattice pa-
rameter significantly to above the bulk equilibrium value.
X-ray diffraction in � /2� geometry revealed polycrystalline
growth in the NaCl structure in each case, without foreign
phases. XPS spectra proved the absence of oxygen impuri-
ties. Deposition at TS=450 °C leads to a lattice parameter of
1.5% above that of the bulk material and an average grain
extension along the film normal of �100 Å. These films
have bulklike properties10 in spite of the small deviation
from the equilibrium lattice parameter. The films grown at
room temperature show a lattice parameter 4.4% above the
bulk equilibrium value and a grain size near 50 Å, i.e., the
latter films have an 8.6% larger unit-cell volume than the
former ones. We note that this is observed for layer thick-
nesses as large as 2000 Å, irrespective of the substrates �Si
or Kapton�. As for the bulklike layers, deviations from the
stoichiometry could not be detected for the films grown at
room temperature; XPS using the Gd 4d and N 1s emission
intensities and RNRA based on the process 15N�p ,���C12

revealed that deviations from the one-to-one composition ra-
tio of GdN are at most a few percent. Hence the observed
lattice expansion cannot be the result of a significant nitrogen
deficiency. According to superconducting quantum interfer-
ence device magnetometry all GdN layers are good ferro-
magnets. Irrespective of TS, their spontaneous magnetization
is near the bulk value of �7�B/Gd ion at 4 K. However, the
Curie temperature TC is significantly diminished by the re-
duction of TS: it lies near 30 K for GdN deposited at room
temperature as compared to the bulk value of �60 K found
for the layers deposited at TS=450°.10 Hence the expansion
of the GdN lattice leads to a sensible reduction of the effec-

LEUENBERGER et al. PHYSICAL REVIEW B 73, 214430 �2006�

214430-2



tive exchange interaction. All layers are magnetically soft,
with essentially the same shape of the magnetization curves
M�H� at temperatures T�TC. Finally we note that for each
GdN layer the XPS spectrum in the valence-band region
shows the same energy position of the Gd3+ 4f6 final-state
multiplet near 8 eV below the Fermi level, i.e., the position
of the occupied f states in the electron band structure of GdN
is insensitive to the lattice expansion resulting from the
variation of TS.

B. Measurement of x-ray absorption
and magnetic circular dichroism

The XA spectra were acquired by means of different spec-
trometers. In the center of interest of this study are the L2,3
absorption edges of Gd, dominated by the electric-dipole-
allowed 2p→5d resonant transitions at photon energies in
the hard x-ray range ��7.2–8.0 keV�. They were acquired at
the energy-dispersive beamline D11 of the DCI storage ring
at the French synchrotron facility LURE in Orsay �lattice-
expanded GdN layers� and at the beamline ID12A of the
European Synchrotron Radiation Facility �ESRF� in
Grenoble, France �bulklike layer�. The dispersive beamline
D11 uses the circularly polarized light available at 0.3 mrad
below the positron orbit plane, with a rate of about 70%.18

ID12A provides circularly polarized radiation generated by a
helical undulator �Helios II�. Here, the polarization rate after
the cryogenically cooled Si�111� double crystal monochro-
mator is near 95% at the Gd L2,3 edges.19 The spectra were
recorded either in transmission mode �D11� or in the total
fluorescence-yield �TFY� mode �ID12A�.

The XA spectra in the soft x-ray range �M4,5�3d→4f�
edges of Gd� were measured in transmission mode �on the
lattice-expanded GdN layers� at the beamline SU22 of the
Super-ACO storage ring at LURE.20 It supplies a monochro-
matic beam by a double-crystal monochromator and is
equipped with an UHV system. An asymmetric wiggler pro-
vides light with a circular polarization rate near 30% �SU22�
in the energy ranges of interest. As the spectra were mea-
sured in transmission mode it was important to chose weakly
absorbing substrates �here Mylar foil, 1.5 �m thick� and to
keep the layers sufficiently thin in order to have about 50%
of transmission.

XMCD experiments probe the absorption cross section at
a core-level threshold of a material with a net magnetic mo-
ment for two opposite relative orientations of the magnetiza-
tion and helicity of circularly polarized photons. The differ-
ence of the spectra probes the net magnetic moment through
transfer of the x-ray angular momentum vector in the absorp-
tion process. In our study, the XMCD spectra of the GdN
layers were recorded across a given absorption edge at con-
stant beam helicity for two opposite directions of the mag-
netization at saturation induced by applying a magnetic field
parallel and opposite to the x-ray propagation direction at
grazing incidence �20 kOe at 30° �D11 and SU22�, 30 kOe at
10° �ID12A��. At beamlines SU22 and ID12A the field was
inverted at each energy point. The energy-dispersive setup of
D11 permits simultaneous data acquisition at all energies in a
chosen interval; here, the magnetic field was inverted be-
tween two successive spectra. Good statistics were obtained

by recording a large number of spectra. For the absorption
measured in transmission mode �D11, SU22�, if �−�H+,−�
and �+�H+,−� represent the normalized absorption coeffi-
cients for right- and left-circularly polarized photons �helic-
ity −	, +	, respectively� and for the two magnetic-field di-
rections H+ parallel and H− antiparallel to the propagation
direction of the light, the XMCD signal is defined as
�−�H+�−�−�H−� or �+�H−�−�+�H+� for the two helicities,
respectively. In case of the absorption measured in the TFY
mode �D12A�, the XMCD signal is simply given by the dif-
ference between the normalized absorption signals I+ and I−

for the two field directions H+ and H− at photon helicity −	.
These definitions correspond to the generally accepted con-
vention. All spectra presented were corrected for 100% cir-
cular polarization. The TFY spectra were corrected for satu-
ration effects,21 which are small in the present case.

III. X-RAY-ABSORPTION SPECTROSCOPY:
RESULTS AND DISCUSSION

Ferromagnetism of GdN is dominated by the interacting
large spin magnetic moments of the 4f electrons. Local ac-
cess to the 4f states is provided by measurements of XA and
XMCD at the M4,5 absorption edges of Gd probing the 3d
→4f resonant transition. Such spectra recorded below TC on
the layers deposited at room temperature �lattice-expanded
layers� show the general shape and structure characteristic22

of Gd3+. The spontaneous 4f spin moment derived from the
low-temperature XMCD spectra by means of the sum rules23

is consistent with the Hund’s rule value of this ion; as ex-
pected, there is no 4f orbital moment. These observations
agree with the previous ones made on the bulklike layers
deposited at 450 °C.10 Hence the spectra are not reproduced
here. Moreover, the integrated dichroic signal shows the
same temperature dependence as the macroscopic magneti-
zation of the layers in both cases, i.e., the local magnetiza-
tion of the Gd-4f orbitals follows that of the entire layers.
The only difference is reflected in the reduced Curie tem-
perature TC of the lattice-expanded layers, which is near
30 K as was already indicated �Sec. II A�. This will be fur-
ther addressed below.

Calculations of the electronic band structure of GdN re-
veal a fundamental involvement of the Gd-5d electronic
band states in the formation of magnetic order in GdN.7–9,24

In the ground state of GdN, the Gd-5d states, split into states
of t2g and eg symmetry in the cubic crystal field �with the eg
states at energies above the t2g states�, feel the exchange field
created by the 4f electrons and are spin split, as are the
N-2p states. The splitting of the majority- and minority-spin
bands strongly depends on momentum and energy of the
band states. The majority Gd-5dt2g band is expected to over-
lap the majority N-2p band at EF, forming a N-p-derived
hole pocket at the 
 point and a predominantly
Gd-5dt2g-derived electron pocket at the X point of the Bril-
louin zone; there is an indirect gap in the respective minority
bands, hence half metallicity, with a small contribution to the
overall spontaneous magnetic moment of the ferromagnet
though.7,11 The density states at EF is low and the states are
slightly occupied.7 Upon volume expansion, which is rel-
evant for the present study, the Gd-5d bands move up rela-
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tive to the N-2p bands, decreasing the occupation of the
5dt2g states near the X point.8,13 XA and XMCD spectra
at the Gd-L2,3 absorption edges, essentially involving the
2p→5d electric dipole transitions, probe the 5d character of
the unoccupied low-lying conduction-band states at the Gd
sites and their magnetic polarization. Figure 1 displays such
spectra of a lattice-expanded GdN layer measured at 10 K in
transmission mode. They are essentially identical in shape
with the Gd L2,3-edge spectra measured on a bulklike GdN
layer in total fluorescence yield mode �Fig. 1, inset�. The
presence of magnetic dichroism demonstrates that the
Gd-5d states indeed carry an ordered magnetic moment. The
isotropic L2 and L3 XA spectra in Figs. 1 exhibit a pro-
nounced singularity at the threshold �“white line”� which is
broadened due to the finite lifetime of the 2p core hole. It is
superposed on a steplike increase of the absorption due to the
transitions into the continuum states. Two arctan step func-
tions were used �dotted lines in Fig. 1� to normalize the
spectra to a jump ratio of 2:1 at the L3 and L2 edges which
reflects the statistical branching ratio according to the degen-
eracy of the 2p core states. The L2 and L3 XMCD spectra in
Fig. 1, opposite in sign, show the line shape documented in
the literature for metallic25,26 or insulating27,28 Gd-based
compounds, which are quite similar. They are characterized
by an intense peak on the low-energy side preceding a small
tail of opposite sign on the high-energy side. The most in-
tense part is observed at somewhat lower energy than the
maximum of the isotropic XA signal. The predominant sign
of the dichroic signals �positive at the L3 edge and negative
at the L2 edge for the present conventional definition �Sec.
II B�� agrees with that observed for Gd metal29 and insulat-
ing Gd3Ga5O12,

27 for example. It shows that, as in these
solids, the ordered Gd-5d magnetic moment is aligned par-
allel to the 4f moment pointing along the direction of the
magnetic field applied in the measurement. This alignment
is expected for GdN from the electronic-structure
calculations.7,9,24

Let us note that the relation between the orientation of the
Gd-5d magnetic moment and the sign of the corresponding
XMCD signal is opposite to what is expected in a simple

single-particle description29,30 of circular magnetic dichroism
in XA. In fact, dichroism in the 2p-to-5d transition in the RE
does not simply result from the difference in occupation of
spin-split 5d-derived conduction bands in the ground state,
i.e., from the 5d-electron magnetic polarization. A rigorous
description of the absorption process must consider the dy-
namics of the excitation and the matrix element for the tran-
sition between the initial and each final state. All modifica-
tions of the wave function that are caused by the excitation
will contribute to the matrix element. In this context, Har-
mon and Freeman have shown that the strong intra-atomic
4f-5d exchange interaction in the RE makes the radial part of
the 2p-5d dipole matrix element dependent on the relative
spin orientation of the 4f and photoexcited 5d electrons, re-
sulting in a higher value in the parallel case.25,31–33 They
concluded that the combination of band-structure effects and
intra-atomic final state interaction in the absorption process
may reverse the sign of the dichroic spectra as it is always
observed in the case of the Gd-L2,3 edges, here for the
present compound. Baudelet et al.14 were the first to recog-
nize by systematic experimentation that the 4f-5d exchange
interaction is effective in the photoabsorption process at the
L2,3 resonances of all RE and makes it very complex. As a
result, the sum rules that relate the integrated XMCD inten-
sities to the expectation value of the ordered spin and orbital
magnetic moments in the ground state23—and are a powerful
tool regarding the less complex 3d transition-metal L2,3
edges—are not applicable in the case of the RE L2,3 edges. In
particular, no definite conclusion can be drawn on the even-
tual presence of a Gd-5d orbital magnetic moment in GdN
that might be involved, via Gd-5d-N-2p hybridization, in
generating the orbital-moment derived XMCD signal ob-
served at the N-K edge, as hypothesized before.10 Generally,
model calculations15–17 of the RE L2,3 spectra have provided
basic insights. They were successful, for example, in describ-
ing basic trends in the sign and the widely varying ratios of
the dichroic signals in RE-based metallic compounds previ-
ously investigated.14 Nevertheless, theoretical understanding
of the spectra remains rather limited to date.

The amplitudes of the Gd-L2 and L3-edge XMCD signals
decrease with increasing temperature in the same way as the

FIG. 1. X-ray absorption and XMCD spectra
at the L3 and L2 edges of Gd for a lattice-
expanded GdN layer deposited on a Kapton sub-
strate at room temperature �main figure, mea-
sured in transmission mode� and a bulklike GdN
layer deposited on a Si substrate at 450 °C �inset,
measured in total fluorescence yield mode�. GdN
layer thickness 2000 Å. Measurements at 10 K.
The step heights at the absorption edges are nor-
malized to a ratio of 2 to 1, using arctan step
functions, in order to take into account the degen-
eracy of the 2p3/2 and 2p1/2 core states �see dot-
ted line in the main figure�.
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macroscopic long-range magnetization of the GdN layers, a
correlation equally observed for the Gd-4f magnetic mo-
ment. In Fig. 2 this correspondence is illustrated for the
L3-edge signal, measured in a magnetic field of 20 kOe as
the magnetization, in the magnetically saturated state. The
thermal variation of the low-field �200 Oe� global magneti-
zation shown for comparison indicates a reduction of the
Curie temperature of the volume-expanded GdN layer: we
have TC�30 K as compared to value of �60 K observed10

for the bulklike layers. Raising the applied field to 20 kOe
broadens the transition. Note that the dichroic signal remains
finite at 150 K. The reduction of TC, which reflects a signifi-
cant modification of the exchange interactions, is the most
distinct effect visible on the macroscopic magnetic properties
that results from an increase of the lattice parameter of the
GdN layers. Basic insight into the underlying mechanism can
be obtained from a simple mean-field model applied to fcc
GdN. Assuming exchange interactions between the nearest
and next-nearest Gd-neighbor 4f magnetic moments given
by the parameters J1 and J2, respectively, we have

KBTC�12J1 + 6J2. �1�

Symmetry considerations suggest nearest-neighbor �NN�
exchange J1 in GdN to be mediated essentially by the
Gd-5dt2g orbitals �directed to the next cation�, next-nearest-
neighbor �NNN� exchange J2 by the Gd-5deg orbitals �di-
rected to the anion� via the anion p orbitals.34 Existing cal-
culations of the exchange parameters, even though based on
quite different theoretical approaches, agree in that the two
terms in Eq. �1� compete: J1 represents ferromagnetic �FM�
and J2 antiferromagnetic �AFM� coupling,11,35 where J1 pre-
vails, i.e., �J1�� �J2�. Furthermore, the exchange parameters
depend strongly on the lattice constant: FM �J1� decreases
and AFM �J2� is strengthened with increasing lattice constant
a, both with a similar slope ��J1,2� /�a.11 Then, according to
Eq. �1�, expanding the GdN lattice �by layer deposition at
room temperature� implies a reduction of the Curie tempera-

ture TC, essentially by weakening of FM exchange coupling;
AFM exchange gains in importance, even though this effect
is small in view of its low absolute value.

A remarkable observation made on the volume-expanded
GdN layers, but not on the bulklike one, is the unusual ratio
of the Gd L-edge XMCD amplitudes, �L3 /L2�, which
amounts to almost 3 up to �100 K and then decreases
slightly toward higher temperature �Fig. 3�. The values ob-
served are far above the statistical value of 1 imposed by the
degeneracy of the 2p1/2 and 2p3/2 core states. The statistical
value, to our knowledge, so far has been always observed for
Gd-based systems �see, e.g., Ref. 14�, in agreement with ex-
isting model calculations;15–17 it can be seen in Fig. 3 �and
directly in the inset in Fig. 1� that it is also found for the
bulklike GdN layer, which behaves quite “normal.” The
present result for the lattice-expanded GdN layers adds fur-
ther complexity to the understanding of the RE L2,3-edge
XMCD spectra. It is an important observation that the en-
hanced �L3 /L2� XMCD ratio in the volume-expanded GdN
layers is essentially the result of a reduced amplitude of the
L2-edge dichroic signal, since the L3-edge XMCD amplitude
differs much less from that of the bulklike layer �Fig. 1�.
Unfortunately, the theoretical understanding of the RE
L2,3-edge XMCD spectra is very limited. It is not obvious
why the dichroic L2,3-edge amplitudes respond differently to
an enlargement of the lattice constant of the GdN layers.
From a naive viewpoint, a reduced XMCD amplitude might
be attributed to a diminished spin polarization, i.e., to a
change of the relative occupation of the low-lying unoccu-
pied majority- and minority-spin conduction bands, and/or to
modified transition probabilities to these bands in the absorp-
tion process. Changes in the relative occupation of the
spin-up and spin-down 5d-derived bands upon lattice expan-
sion might occur due to their shift relative to EF

11,13 and/or to
a reduced �energy dependent� exchange splitting, for ex-
ample. Such effects concern the low-lying conduction-band
states in particular, which are essentially Gd-5dt2g derived

FIG. 2. Normalized XMCD amplitudes at the Gd-L2 and -L3

absorption edges of a lattice-expanded GdN layer �2000 Å� as a
function of temperature T �full circles�. The temperature depen-
dence of the L3-edge XMCD signal is compared with that of the
macroscopic magnetization M, measured in the same magnetic field
�open squares�. Full squares: temperature variation of the low-field
�200 Oe� magnetization M.

FIG. 3. Ratio of the Gd L-edge XMCD amplitudes, �L3/L2�, at
different temperatures for a lattice-expanded �open circles� and
bulklike �full circle� GdN layer �2000 Å�. Straight dotted line: the
value 1 is expected from the degeneracy of the 2p1/2 and 2p3/2 core
states.
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and of majority-spin character.7–9,24 It may not be entirely
unexpected then that especially the L2-edge XMCD spectra
are affected by an expansion of the GdN lattice. This is be-
cause different final states are probed at the L2 and L3 thresh-
olds, i.e., the states Gd-5d3/2 and 5d5/2, respectively, and the
5dt2g states have a stronger j=3/2 character compared to the
5deg states, which have a stronger j=5/2 character.36 We
note that we have observed this preferred relation between
the dichroic L2- and L3-edge signals and the 5dt2g and 5deg
states, respectively, already previously upon hydrogen charg-
ing of RE-based multilayers.37 Here, to pursue this line of
reasoning, the reduction of TC, essentially due to a dimin-
ished FM NN exchange parameter involving the 5dt2g states
�as we have argued above�, lends further support to this ar-
gument.

The particular role of the Gd-5dt2g states for ferromag-
netic order in GdN, reflected in the response of TC and in the
different sensitivity of the Gd-L2 and L3 XMCD spectra to a
lattice expansion of the layers, is also observed in the isotro-
pic L2 XA spectrum probing the 5d3/2 states. Upon entering
the ferromagnetic phase the Gd-5d states experience spin
splitting by the exchange interaction with the 4f electron
spins. As a result, the majority-spin 5d-derived conduction
bands are pushed to lower energies such that the indirect
band gap is expected to close for this spin channel, i.e., the
majority Gd-5dt2g band at 
 overlaps the N-2p band at
EF;7,9,11,24 a lowering of �0.3 eV of the optical absorption
onset at T�TC has been predicted as a consequence.24 We
have found �Fig. 4� that the effect leads to �i� a reduced white
line at the Gd-L2 XA edge, which indicates a decrease of the
density of unoccupied 5d-derived states probed, and �ii� a
measurable “redshift” of the edge, amounting to a maximum
of �0.5 eV at 12 K. There is strong evidence that the edge
shift is a signature of ferromagnetic ordering in GdN, since it
follows the amplitude of the L2-edge XMCD signal down to
low temperatures that varies as the long-range magnetization
�Fig. 4�b��. That is, the shift is proportional to the exchange
splitting of the Gd-5d-derived conduction band. We note that
a similar effect was observed on EuO, a compound with
many comparable electronic characteristics as GdN: a shift to
lower energies of the XA onset at the O-K�1s� edge occurs
upon entering the ferromagnetic state.38 Interestingly, for
GdN the effect is essentially restricted to the Gd-L2 edge, as
can be seen in Fig. 4: a shift of the L3 XA threshold, if
occurring at all, would be at most 0.1 eV, our estimate of the
statistical error. This again emphasizes the different involve-
ment of the Gd-5dt2g and -5deg conduction-band states in the
ferromagnetic phase transition.39

IV. CONCLUSION

Films of the ferromagnet GdN deposited at room tempera-
ture show a nearly 9% larger unit-cell volume than films
deposited at elevated temperature with a lattice parameter
close to that of the bulk compound. While the good stoichi-
ometry is preserved upon lattice expansion the Curie tem-
perature TC is significantly reduced in the nonequilibrium
situation, indicating a reduced exchange interaction respon-
sible for FM order. Measurements of XMCD spectra at the
Gd-L2,3 �2p→5d� absorption edges, carried out to probe the

4f-induced magnetic polarization of the Gd-5d-derived
conduction-band states, lead to an intricate observation: the
ratio of the amplitudes of the dichroic signals, �L3 /L2�, of the
volume-expanded layers is up to three times higher, essen-
tially due to a reduced L2 XMCD signal, than the statistical
value imposed by the degeneracy of the 2p core states, which
is observed for the bulklike layers. A clear-cut explanation is
not possible at this stage, since theoretical understanding of
the complex L-edge spectra of the RE in XA is very limited.
However, we suggest that some basic insight can be gained
by considering that different Gd-5d-derived final states are
probed in the absorption process at the L2 and L3 thresholds
which play a different role in mediating magnetic order of
the 4f electrons. Existing calculations of the electronic band
structure of GdN highlight that essentially the Gd-5dt2g
states are involved, which form the bottom of the conduction
band and experience exchange splitting below TC. We have
found that this splitting leads to a measurable shift of the L2
absorption edge to lower energies, while the L3 edge position
stays inert. We attribute this difference to the strong j=3/2
character of the 5dt2g states, which relates them essentially to

FIG. 4. For a GdN layer �2000 Å� deposited at room tempera-
ture: �a� x-ray-absorption spectra at the Gd-L2 edge at 12 and
150 K. Insert: enlarged view around the peak. �b� deviation E of
the L2 and L3 XA peak locations from the value at 150 K, derived
by deconvolution of the measured XA spectra with a Lorentzian
function and an arctan step function. Solid line: temperature varia-
tion of the L2-edge XMCD amplitude.
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the L2-edge absorption. In contrast, the L3-edge absorption
mainly probes the 5deg states due to their stronger j=5/2
character. We argue that the shift in energy of the L2 absorp-
tion edge upon ferromagnetic ordering and the reduction of
TC and of the XMCD L2-edge amplitude are essentially re-
lated to a modification of the 5dt2g-derived conduction band
upon lattice expansion of the layers.
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