
Journal of Alloys and Compounds 401 (2005) 165–172

Investigation of Gd compounds using synchrotron radiation
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Abstract

The electronic structure of ferromagnetic compound GdTiGe has been investigated using element sensitive methods—X-ray absorption
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pectroscopy (XAS), X-ray magnetic circular dichroism (XMCD) and resonant inelastic X-ray scattering (RIXS). Additionally,
erromagnet GdTiSi has been studied using XMCD. XMCD revealed a strong dichroic signal at Gd L2 and L3 edges, which can be relat
o polarisation of Gd 5d band. XAS at Ti L2,3 edges has exhibited a structure which appeared to be in general agreement with the
alculations. RIXS spectra have shown some resonance features for photon energies close to Ti L2 and Gd M5 edges.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The group of GdTX compounds, where T is a transition
d element and X is Ge or Si, has been widely investi-
ated mainly due to a variety of interesting magnetic and
lectronic properties. Only a few compounds with titanium
ave been found to exist. We reported on ferromagnetism in
dTiGe with a highTC = 374 K [1]. It exhibits the highest
urie temperature within the group of rare earth compounds
ith non-magnetic elements. The analysis of the powder
-ray diffractograms shows that GdTiGe crystallizes in a

etragonal CeScSi type of structure (space groupI4/mmm).
or GdTiGe, the lattice constants area=b= 0.4079(1) nm,
= 1.545(5) nm. GdTiSi crystallizes in a tetragonal CeFeSi

ype of structure (P4/nmm). It exhibits also ferromagnetic
ype of ordering with high Curie temperature (294 K). The

∗ Corresponding author. Tel.: +48 32 3591928; fax: +48 32 2588431.
E-mail address:szade@us.edu.pl (J. Szade).

magnetisation belowTC for GdTiSi is however much small
than for GdTiGe[1].

The aim of this work is to study the detailed electro
structure of GdTiGe and partly of GdTiSi in order to und
stand the peculiar properties. Earlier photoemission da
the valence band have been compared to the calcula
using the TB LMTO method and a reasonable agree
has been obtained[1].

The element specific magnetic electronic structur
these compounds is investigated with X-ray absorp
spectroscopy (XAS) and X-ray magnetic circular dichro
(XMCD) measurements in the Ti, Ge and Gd core absorp
regions. Additionally, the element specific excitations h
been studied for GdTiGe using resonant inelastic X-ray
tering (RIXS). This technique has not been used so far fo
earth intermetallics. The experimental results are discu
in relation to the electronic structure calculations obta
within the TB LMTO and LAPW methods. This allow
checking how the solid-state effects influence the spe
which are usually analysed in an atomic approximation.
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.12.148
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2. Experimental

GdTiGe and GdTiSi were obtained by the Czochralski
method from a levitated melt. Gd of 99.9% purity, Ti 99.99%,
Ge(Si) 99.999%. The melting point of investigated compound
has been found to be very high and was estimated to be close
to 2000 K. The sample consisted of large grains. One of the
disk shaped grains has been used for XAS and RIXS inves-
tigations (about 2 mm diameter).

The resonant emission spectra were acquired with the
ComIXS fluorescence spectrometer at the Beamline for
Advanced Dichroism (BACH) of ELETTRA (Trieste, Italy).
The spectrometer, based on an innovative optical design, is
equipped with a detector consisting of a CCD camera with
20�m× 20�m pixels, and two variable line spacing spher-
ical gratings. The spectrometer exploits the small spot size,
high flux and controllable polarisation of BACH station. The
sample surface was perpendicular to the beam and made an
angle of 60◦ with the X-ray emission analyzer.

The XAS spectra at ELETTRA were measured by means
of total electron yield by direct detection of the sample pho-
tocurrent and changing the photon energy. The incident pho-
ton energies were calibrated using the elastic peak measured
in the X-ray emission spectra. Unfortunately, the XMCD
measurements at the BACH beamline were performed at
room temperature and no dichroism was observed.
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Fig. 1. Ti L2,3-edge XAS spectrum of GdTiGe.

are the most important[2]: the dipole allowed 2p–3d and the
quadrupole allowed 3d–3d. These two particle interactions
split the XAS final state into a large number of atomic mul-
tiplets. Our spectrum of Ti L2 and L3 edges shows a well
developed structure (Fig. 1) which can be compared to the
existing calculations and results from other Ti compounds.
Atomic multiplet splitting calculations include: spin–orbit
coupling of the 2p hole (which causes the division of the 2p
edge into the L3 and L2), 2p–3d Coulomb and the exchange
interaction. In order to simulate the solid crystal we also need
an extra term, which will describe the cubic crystal field effect
on the 3dn–2p53dn+ 1 excitation. De Groot and Fuggle[3] cal-
culated multiplet spectrum for the 3d0–2p53d1 excitations of
Ti4+ in octahedral symmetry, which is similar to our experi-
mental XAS spectrum (Fig. 1). The splitting between the two
main peaks within both the L3 and L2 edges is related to the
crystal-field splitting.

The experimental data obtained for oxide compounds
containing Ti show the structure, which is in agreement with
the calculations of de Groot and Fuggle[3]. Recent work
by Stener and Fronzoni[4] gives different Ti 2p absorption
structure in TiCl4 in both experimental and theoretical
studies. However, to our knowledge, there is no data on
metallic Ti compounds. For such materials the solid-state
effects, such as band structure should be taken into account
Moreover XAS measurements at the Ge K-edge, as w
t the Gd L2 and L3 edges have been carried out at the b

ng magnet beamline A1 of the Hasylab/DESY in Hamb
he spectra were recorded at 5 K for polycrystalline pow
amples of GdTiGe and GdTiSi using transmision mod
n applied magnetic field of 1 T, flipped at each energy.
egree of circular polarisation behind double crystal Si(1
onochromator was estimated toPC = 75%, 68% and 67%

or Ge K, Gd L2 and Gd L3 edge, respectively, with a reso
ng power ofE/�E∼ 104. For the studies at the Ti K-ed
he resolving power was about 5× 103 andPC was abou
5–40%. All spectra have been measured four times,

or each sequence of magnetic field flipping (NSSN, SN
n order to minimize systematic errors. XAS spectra co
ponding to the XANES range were carefully backgro
ubtracted and normalized to the edge step. X-MCD sp
btained by subtraction of the XANES spectra measure

he magnetic field direction parallel and antiparallel to
eam were normalized to the degree of circular polaris
f X-rays.

. Results and discussion

In a simplified view, X-ray absorption spectroscopy pro
mpty levels above the Fermi energy. An electron is
oted from a core state to some state at (or just above
ermi energy and a filled state from just below the Fermi l
ecombines with the core hole emitting a scattered ph
n the XAS spectra of 3d transition metals, two transiti
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Fig. 2. Calculated Ti L2,3-edge XAS spectrum of GdTiGe.

when modelling absorption spectra. The Ti L2,3 XAS model
spectrum in GdTiGe (Fig. 2) has been obtained with the
LAPW method investigated by the general potential Linear
augmented plane wave (FP-LAPW) method, using the
WIEN2k code of Blaha et al.[5].

In the FP-LAPW approach no shape approximation for the
crystal potential was used. Within the muffin-tin (MT) atomic
spheres, the potential and charge density were expanded into
lattice harmonics up to sixth order. Outside the MT spheres,
the plain wave expansion up to the reciprocal lattice vector
of magnitude of|Gmax| = 15 was applied (3557 plane waves).
The lattice parameters were taken from experiment[1]. In the
calculations the same radius (2.6 a.u.) was assumed for all MT
atomic spheres, which fills roughly the half of the unit cell
volume.

In the all-electron calculations, the following electronic
configurations were assumed: for Gd the (Xe) 4f75d6s6p with
5s and 5p local orbitals; for Ti the (Ar) 3d4s4p with 3s and
3p local orbitals; for Ge the (Ar) 4s4p4d with 3p and 3d
local orbitals. TheRmtKmaxcutoff parameter equal to 9.0 was
assumed giving the basis set of 715 LAPW’s. Thek-space
grid of 10× 10× 10 was applied (99k-vectors in irreducible
Brillouin zone).

The valence states were treated within the scalar-
relativistic approach. The gradient corrected local spin den-
sity (LSD) exchange correlation (XC) potential in the form
d
e thin

the 4f-band states, the PBE XC potential corrected accord-
ing to the LSDA+U method[7] was used for the Gd-4f states.
The coulomb (U) and exchange (J) parameters, equal 6.7 and
0.7 eV, respectively, were taken from the work by Harmon et
al. [8].

X-ray L2 and L3 absorption spectra for the Ti component
atom was derived using the formalism described in Ref.[9],
which employs Fermi’s golden rule with dipole matrix ele-
ments between a core and conduction band state and with
the partial atomic densities of states of Ti. The L2–L3 split-
ting was taken equal 5.4 eV, according to the calculated core
eigenvalues. Broadening effects due to the finite life-time of
the core states and the spectrometer broadening were taken
into account in performing the convolution of the calculated
spectra with the Lorentz functions of the half-width equal to
0.3 and 0.1 eV, respectively.

The main features of the theoretical spectrum are denoted
as A, B, B* , C, D, E, E* and they can be compared to the exper-
imental result. Peaks A, B, C and D can be easily ascribed to
the main features of the experimental absorption spectrum.
Two groups of peaks centered at about 460 and 466 eV can
be related to the spin–orbit splitting of the Ti 2p level. The
structure of both groups is similar indicating that mainly the
density of unoccupied 3d states is responsible for this shape.
The position of the peaks and distance between them allows
an attribution of four peaks. The distance between the peaks
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eveloped by Perdew, Burke, Ernzerhof[6] (PBE) was
mployed. To account for the Hubbard correlation wi
–B and C–D is 1.8 eV, whereas A–C is 5.5 eV. This va
s very close to the spin–orbit splitting taken for absorp
alculations. One may suppose that the structure of the
upied Ti 3d states is responsible for that small discrepa
he low intensity peaks B* , E and E* obtained in calculation
re not visible in our XAS spectrum. This may be relate

heir higher line-width than for other parts of the spectrum
ay indicate to more delocalised final states of the absor
rocess. Our calculations for GdTiGe give almost no elec

ransfer from Ti atoms when the crystal is formed so the e
ronic configuration should be rather close to Ti0. Therefore
he agreement with the atomic calculations assuming4+

onfiguration is probably accidental.
Additionally, XAS and XMCD measurements have b

erformed for deep core levels of Gd, Ti, Ge and Si
dTiGe and GdTiSi.
No measurable X-MCD signal is observed at the Ti K-e

Fig. 3), which indicates a lack of polarisation of its 4p ba
s the theoretical calculations indicate presence of a s
agnetic moment 0.61�B carried by titanium 3d electron

he effect can be explained by a possible cancellation o
ontributions to the polarisation of Ti 4p band from its o
d moment and from a hybridisation with spin polarised
d band. An X-MCD signal has also been observed at th
-edge for GdTiGe (Fig. 4). The X-MCD spectrum coincide
ith the rising edge of XANES spectrum. It shows a comp
hape with the dominant negative peak in-between two
tive peaks. This indicates existence of spin polarisatio
e 4p electronic band arising possibly due to hybridisa
ith spin polarised Gd 5d band. However, calculations do
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Fig. 3. Ti K-edge XAS and XMCD spectra of GdTiGe and GdTiSi.

confirm this effect (s–p polarisation is−0.03�B) [1]. Gd L2
(L3) edge XMCD spectrum (Figs. 5 and 6) is dominated by
the negative (positive) peak at the rising edge of the white
line. The shape of the dichroic signal in both cases resembles
the derivative of the normal (spin averaged) absorption and
can be attributed to the nearly empty exchange split 5d band

Fig. 5. Gd L2-edge XAS and XMCD spectra of GdTiGe and GdTiSi.

which is predominantly the final state of the transitions at
the Gd L2 L3 edges. The opposite sign of the signals at the
L2 and L3 edges reflects the opposite senses of spin polari-
sation of photoelectrons at these edges. The dichroic signal

.
Fig. 4. Ge K-edge XAS and XMCD spectra of GdTiGe.
 Fig. 6. Gd L3-edge XAS and XMCD spectra of GdTiGe and GdTiSi
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Fig. 7. RIXS spectra of GdTiGe sample at different excitation energies
across the Ti L2,3 threshold. The RIXS data are plotted against the trans-
ferred energy.

at the Gd L2 L3 edges almost five times larger in GdTiGe
than GdTiSi is attributed to a much smaller magnetisation of
the latter compound achieved in a 1 T field used for X-MCD
measurements[1].

In RIXS, the sample is resonantly excited by a photon
beam and the X-ray emission spectrum is measured. The elec-
tron is excited from a core level to unoccupied states above the
Fermi level. When the process is resonant, it may be regarded
as a coherent inelastic scattering process. The spectrum gives
information mainly about the valence density of states. RIXS
enables to obtain information about the ground state of the
system via intermediate core excited states. In resonant scat-
tering through a Ti 2p excitation, the local states of d- (and
s-) symmetry at the Ti site are probed[10].

The excitation energies used in RIXS measurements are
shown by vertical arrows in the XAS spectrum. The peak at
zero energy loss (elastic scattering features) is visible in all
spectra, allowing an accurate calibration of the energy scale
(Fig. 7). The intensity of the elastic peak generally follows
that of the XAS spectrum and can be attributed directly to the
density of unoccupied Ti states. One can also observe normal
emission (fluorescence) features at constant photon emission
energy (Fig. 8). The one at the energy range 451–453 eV
is visible for all excitation energies used and the second one
appears at about 459 eV for excitations above 460 eV. The first

Fig. 8. RIXS spectra of GdTiGe sample at different excitation energies
across the Ti L2,3 threshold.

one can be ascribed to the 3d–2p3/2 transitions, whereas the
second one comes from the transitions to the 2p1/2 level. The
shape of the peaks can be compared to the XPS valence band
spectra and partial densities of Ti 3d states[1] obtained using
calculations. It is in good agreement with the XPS measure-
ments. One can see that line A is split in two smaller peaks,
which are visible also in the calculated DOS. Due to the rel-
atively large line broadening in RIXS this structure is only
slightly manifested but we suppose it can be related to two
distinct peaks in partial Ti DOS situated at binding energy of
1–2 eV[1]. Changes of the relative intensity of two structures
visible within peak A (3d–2p3/2) are connected with excita-
tion energy. When the energy is tuned to values which are
close to the first peaks in the spin–orbit split absorption spec-
trum (b, e and f) one observes an enhancement of the emission
from the higher energy part of the band A. The opposite sit-
uation (enhancement of lower energy emission part) can be
noticed for excitation energies c and g just at the maxima of
absorption of L2 and L3 edges. The variation of intensity can
be then explained by a resonant enhancement of the emission
from the occupied Ti 3d bands when electrons are excited to
unoccupied states with the same orbital character and at the
samek-vector in the Brillouin zone.

Some resonating inelastic scattering features appear also
at energies 2–3 eV below the excitation energy. Inelastic
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Fig. 9. Gd M5-edge XAS spectrum of GdTiGe.

emission structures are observed for excitation energies cor-
responding to both peaks in the absorption spectra—457.8
and 459.3 eV. It can be related to resonant intraband excita-
tions in the 3d bands, similarly to those mentioned by Uehara
et al.[11]. One can also observe the changes in relative inten-
sity ratio between the fluorescence related to transitions to the
Ti 2p1/2 and 2p3/2 levels.

The XAS spectrum at Gd M4 and M5 edges have been
obtained at room temperature at ELETTRA (Figs. 9 and 10).
The spectrum contains also a line from the Ge L3 edge absorp-
tion visible at energy of about 1217 eV. The second line can be
attributed to Gd M4 edge. It is worth noting that the observed
structure is similar to the one found in the XPS spectrum
which will be published elsewhere.

The Gd M5 edge shows a shape, which enables to distin-
guish few structures: a bump at 1186 eV, the main peak at
1187.8 eV and second peak at 1192.3 eV. This structure can
be compared to the earlier results obtained for Gd metal[12]
and Gd3Ga5O12 [13]. There are no significant differences
between the spectrum obtained for GdTiGe and the men-
tioned materials except the different energy position of the
main peak. Calculations using the LAPW method (Fig. 11)
give a main peak which is related to the 3d94f8 configura-
tion and some structure at higher energy which, however, has
much less intensity than in the experimental spectrum.

We measured also RIXS spectrum at the photon ener-
g

Fig. 10. Gd M4 and Ge L2-edge XAS spectrum of GdTiGe.

Fig. 11. Calculated Gd M5-edge XAS spectrum of GdTiGe.
ies in the vicinity of Gd M5 absorption edge (Fig. 12). A
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Fig. 12. RIXS spectra of GdTiGe sample at different excitation energies
across the Gd M5 threshold.

characteristic feature of the obtained spectra is the lack of
elastic peak and strong variation of the emission with the
photon energy. For each energy, one can observe a double
peak structure with the distance between peaks of the order
of 5–7 eV.

The unoccupied 4f states are characterized by the spin
direction, which is opposite to the ground state of the 4f level.
Electronic transitions, which are responsible for the emis-
sion in the energy range 1174–1184 eV are mainly due to the
3d94f8 excited state. The relative spin direction of the ground,
excited and final states are important. The detailed analysis of
the intermediate state 3d94f8 structure and consequent 4f–3d
transitions is beyond the frames of this article. However, one
can suppose that the structure of the exchange split 3d5/2
level is also responsible for the observed features and relative
intensity changes. The XPS data show that this level is obvi-
ously broadened due to the exchange splitting (FWHM about
6 eV) although the particular lines cannot be distinguished.
The discussed X-ray emission structure is much different
from the one described by Dallera et al. for Gd3Ga5O12
[13]. This means that not only atomic effects should be taken
into account but also the influence of the band structure is
important. On the other hand, the XAS Gd N4,5 spectrum
obtained at room temperature has shown the same struc-
ture as reported in the earlier results for Gd metal (Fig. 13).
This spectrum is formed by the 4d–4f transitions with

Fig. 13. Gd N4,5-edge XAS spectrum of GdTiGe.

clearly visible pre-peaks at energies of about 138–145 eV
[14].

To understand the origin of the observed emission spec-
tra further theoretical calculations are necessary which will
take into account the possible matrix elements and the band
structure.

4. Conclusions

We have reported the results of investigation of electronic
structure obtained with XAS, XMCD and RIXS techniques
for GdTiGe and partly for GdTiSi. Low temperature, high
field XMCD shows for GdTiGe a significant Gd 5d elec-
tron polarisation and small one for Ge 4p states. Ti L2,3
absorption spectrum is close to the model one obtained using
LAPW calculations. The resonant structures in RIXS have
been observed for excitations energies close to the Ti 2p3/2
thresholds for GdTiGe. They can be related to the Ti 3d intra-
band transitions. The observed variation of relative intensities
within the emission spectra can be explained by a resonant
enhancement of the emission related to transitions from the
occupied Ti 3d bands X-ray emission obtained for Gd M5
edge shows a complex behaviour and requires further exper-
imental and theoretical studies. It shows different behaviour
to reported earlier results for the Gd oxidic compound.
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