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Abstract

The electronic structure of ferromagnetic compound GdTiGe has been investigated using element sensitive methods—X-ray absorption
spectroscopy (XAS), X-ray magnetic circular dichroism (XMCD) and resonant inelastic X-ray scattering (RIXS). Additionally, another
ferromagnet GdTiSi has been studied using XMCD. XMCD revealed a strong dichroic signal atadd Ls edges, which can be related
to polarisation of Gd 5d band. XAS at Ti edges has exhibited a structure which appeared to be in general agreement with the LAPW
calculations. RIXS spectra have shown some resonance features for photon energies closana Gd M edges.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction magnetisation belovic for GdTiSi is however much smaller
than for GATiGH1].

The group of GAdTX compounds, where T is a transition ~ The aim of this work is to study the detailed electronic
3d element and X is Ge or Si, has been widely investi- Structure of GdTiGe and partly of GdTiSi in order to under-
gated mainly due to a variety of interesting magnetic and stand the peculiar properties. Earlier photoemission data of
electronic properties. Only a few compounds with titanium the valence band have been compared to the calculations
have been found to exist. We reported on ferromagnetism inusing the TB LMTO method and a reasonable agreement
GdTiGe with a highTc =374 K [1]. It exhibits the highest  has been obtaindd].

Curie temperature within the group of rare earth compounds  The element specific magnetic electronic structure of
with non-magnetic elements. The analysis of the powder these compounds is investigated with X-ray absorption
X-ray diffractograms shows that GdTiGe crystallizes in a Spectroscopy (XAS) and X-ray magnetic circular dichroism
tetragonal CeScSi type of structure (space grigUmmn). (XMCD) measurements in the Ti, Ge and Gd core absorption
For GdTiGe, the lattice constants aae b=0.4079(1) nm, regions. Additionally, the element specific excitations have
c=1.545(5) nm. GdTiSi crystallizes in a tetragonal CeFeSi been studied for GdTiGe using resonant inelastic X-ray scat-
type of structure R4/nmn). It exhibits also ferromagnetic  tering (RIXS). This technique has not been used so far for rare
type of ordering with high Curie temperature (294 K). The earth intermetallics. The experimental results are discussed
in relation to the electronic structure calculations obtained
within the TB LMTO and LAPW methods. This allows
* Corresponding author. Tel.: +48 32 3591028; fax: +48 32 2588431,  checking how the solid-state effects influence the spectra,
E-mail addressszade@us.edu.pl (J. Szade). which are usually analysed in an atomic approximation.
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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
ComlIXS 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
20pm x 20pm 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 ; ; i i
room temperature and no dichroism was observed. 455 460 465 470

Moreover XAS measurements at the Ge K-edge, as well as Incident Photon Energy [eV]
at the Gd I and Lg edges have been carried out at the bend-
ing magnet beamline Al of the Hasylab/DESY in Hamburg.

The spectra were recorded at 5K for polycrystalline powder Fig. 1. Ti L2,3-edge XAS spectrum of GdTiGe.
samples of GdTiGe and GdTiSi using transmision mode in
an applied magnetic field of 1 T, flipped at each energy. The are the most importafi]: the dipole allowed 2p—3d and the
degree of circular polarisation behind double crystal Si(1 1 1) quadrupole allowed 3d-3d. These two particle interactions
monochromator was estimatedRg = 75%, 68% and 67%  split the XAS final state into a large number of atomic mul-
for Ge K, Gd L, and Gd L3 edge, respectively, with aresolv- tiplets. Our spectrum of Ti £ and Lz edges shows a well
ing power ofE/AE ~ 10%. For the studies at the Ti K-edge developed structureF{g. 1) which can be compared to the
the resolving power was about510° and Pc was about existing calculations and results from other Ti compounds.
35-40%. All spectra have been measured four times, twice Atomic multiplet splitting calculations include: spin—orbit
for each sequence of magnetic field flipping (NSSN, SNNS) coupling of the 2p hole (which causes the division of the 2p
in order to minimize systematic errors. XAS spectra corre- edge into the g and Ly), 2p—3d Coulomb and the exchange
sponding to the XANES range were carefully background interaction. In order to simulate the solid crystal we also need
subtracted and normalized to the edge step. X-MCD spectraan extra term, which will describe the cubic crystal field effect
obtained by subtraction of the XANES spectra measured for on the 3d—2p>3d"* L excitation. De Groot and Fugd]ig] cal-
the magnetic field direction parallel and antiparallel to the culated multiplet spectrum for the 3e2p>3d excitations of
beam were normalized to the degree of circular polarisation Ti** in octahedral symmetry, which is similar to our experi-
of X-rays. mental XAS spectrunHig. 1). The splitting between the two
main peaks within both theg.and L, edges is related to the
crystal-field splitting.
3. Results and discussion The experimental data obtained for oxide compounds
containing Ti show the structure, which is in agreement with

Inasimplified view, X-ray absorption spectroscopy probes the calculations of de Groot and Fugd®. Recent work
empty levels above the Fermi energy. An electron is pro- by Stener and Fronzoifd] gives different Ti 2p absorption
moted from a core state to some state at (or just above) thestructure in TiC} in both experimental and theoretical
Fermi energy and afilled state from just below the Fermilevel studies. However, to our knowledge, there is no data on
recombines with the core hole emitting a scattered photon. metallic Ti compounds. For such materials the solid-state
In the XAS spectra of 3d transition metals, two transitions effects, such as band structure should be taken into account

Intensity [a.u.]




B. Tyszka et al. / Journal of Alloys and Compounds 401 (2005) 165-172 167

the 4f-band states, the PBE XC potential corrected accord-
ing to the LSDA+U methofi7] was used for the Gd-4f states.
The coulomb ) and exchangel] parameters, equal 6.7 and
0.7 eV, respectively, were taken from the work by Harmon et
al.[8].

X-ray Ly and Lz absorption spectra for the Ti component
atom was derived using the formalism described in [B3f.
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-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
asA,B,B,C,D,E, E andthey 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

Fig. 2. Calculated Ti b 3-edge XAS spectrum of GdTiGe. A-B and C-D is 1.8 eV, whereas A—C is 5.5eV. This value
is very close to the spin—orbit splitting taken for absorption
when modelling absorption spectra. The BidXAS model calculations. One may suppose that the structure of the unoc-
spectrum in GdTiGeKig. 2) has been obtained with the cupied Ti 3d states is responsible for that small discrepancy.
LAPW method investigated by the general potential Linear The low intensity peaks B E and E obtained in calculations
augmented plane wave (FP-LAPW) method, using the are not visible in our XAS spectrum. This may be related to
WIENZ2k code of Blaha et a[5]. their higher line-width than for other parts of the spectrum and

Inthe FP-LAPW approach no shape approximation for the may indicate to more delocalised final states of the absorption
crystal potential was used. Within the muffin-tin (MT) atomic  process. Our calculations for GdTiGe give almost no electron
spheres, the potential and charge density were expanded intaransfer from Ti atoms when the crystal is formed so the elec-
lattice harmonics up to sixth order. Outside the MT spheres, tronic configuration should be rather close t8. Tiherefore,
the plain wave expansion up to the reciprocal lattice vector the agreement with the atomic calculations assumidg Ti
of magnitude ofGmax| =15 was applied (3557 plane waves). configuration is probably accidental.

The lattice parameters were taken from experinigntn the Additionally, XAS and XMCD measurements have been
calculations the same radius (2.6 a.u.) was assumed for all MTperformed for deep core levels of Gd, Ti, Ge and Si for
atomic spheres, which fills roughly the half of the unit cell GdTiGe and GdTiSi.

volume. No measurable X-MCD signal is observed atthe TiK-edge

In the all-electron calculations, the following electronic (Fig. 3), which indicates a lack of polarisation of its 4p band.
configurations were assumed: for Gd the (Xéb46s6p with As the theoretical calculations indicate presence of a small
5s and 5p local orbitals; for Ti the (Ar) 3d4s4p with 3s and magnetic moment 0.G1g carried by titanium 3d electrons,
3p local orbitals; for Ge the (Ar) 4s4p4d with 3p and 3d the effect can be explained by a possible cancellation of the
local orbitals. Thdrm:Kmax cutoff parameter equal to 9.0 was  contributions to the polarisation of Ti 4p band from its own
assumed giving the basis set of 715 LAPW's. Tispace 3d moment and from a hybridisation with spin polarised Gd
grid of 10x 10 x 10 was applied (98-vectors in irreducible 5d band. An X-MCD signal has also been observed at the Ge
Brillouin zone). K-edge for GdTiGeFig. 4). The X-MCD spectrum coincides

The valence states were treated within the scalar- withthe rising edge of XANES spectrum. It shows a complex
relativistic approach. The gradient corrected local spin den- shape with the dominant negative peak in-between two pos-
sity (LSD) exchange correlation (XC) potential in the form itive peaks. This indicates existence of spin polarisation of
developed by Perdew, Burke, Ernzerhi@ (PBE) was Ge 4p electronic band arising possibly due to hybridisation
employed. To account for the Hubbard correlation within with spin polarised Gd 5d band. However, calculations do not
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Fig. 3. Ti K-edge XAS and XMCD spectra of GdTiGe and GdTiSi.

confirm this effect (s—p polarisation s0.03wg) [1]. Gd Ly
(L3) edge XMCD spectrumHigs. 5 and pis dominated by
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Fig. 5. Gd L-edge XAS and XMCD spectra of GdTiGe and GdTiSi.

the negative (positive) peak at the rising edge of the white \hjch js predominantly the final state of the transitions at
line. The shape of the dichroic signal in both cases resemblese g L L3 edges. The opposite sign of the signals at the
the derivative of the normal (spin averaged) absorption and L, and Ls edges reflects the opposite senses of spin polari-
can be attributed to the nearly empty exchange split 5d bandgtion of photoelectrons at these edges. The dichroic signal
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Fig. 7. RIXS spectra of GdTiGe sample at different excitation energies

across the Ti k3 threshold. The RIXS data are plotted against the trans- Fig. 8. RIXS spectra of GdTiGe sample at different excitation energies
ferred energy. across the Ti b 3 threshold.

at the Gd I L3 edges almost five times larger in GdTiGe one can be ascribed to the 3ds2gdransitions, whereas the
than GdTiSi is attributed to a much smaller magnetisation of second one comes from the transitions to thgzdpvel. The
the latter compound achieved in a 1 T field used for X-MCD shape of the peaks can be compared to the XPS valence band
measurementd]. spectra and partial densities of Ti 3d stdfigobtained using

In RIXS, the sample is resonantly excited by a photon calculations. It is in good agreement with the XPS measure-
beam and the X-ray emission spectrumis measured. The elecments. One can see that line A is split in two smaller peaks,
tronis excited from a core level to unoccupied states above thewhich are visible also in the calculated DOS. Due to the rel-
Fermilevel. When the process is resonant, it may be regardedatively large line broadening in RIXS this structure is only
as a coherentinelastic scattering process. The spectrum giveslightly manifested but we suppose it can be related to two
information mainly about the valence density of states. RIXS distinct peaks in partial Ti DOS situated at binding energy of
enables to obtain information about the ground state of the 1-2 eV[1]. Changes of the relative intensity of two structures
system via intermediate core excited states. In resonant scatvisible within peak A (3d—2g),) are connected with excita-
tering through a Ti 2p excitation, the local states of d- (and tion energy. When the energy is tuned to values which are
s-) symmetry at the Ti site are probfd]. close to the first peaks in the spin—orbit split absorption spec-

The excitation energies used in RIXS measurements aretrum (b, e and f) one observes an enhancement of the emission
shown by vertical arrows in the XAS spectrum. The peak at from the higher energy part of the band A. The opposite sit-
zero energy loss (elastic scattering features) is visible in all uation (enhancement of lower energy emission part) can be
spectra, allowing an accurate calibration of the energy scalenoticed for excitation energies ¢ and g just at the maxima of
(Fig. 7). The intensity of the elastic peak generally follows absorption of ; and Lg edges. The variation of intensity can
that of the XAS spectrum and can be attributed directly to the be then explained by a resonant enhancement of the emission
density of unoccupied Ti states. One can also observe normalfrom the occupied Ti 3d bands when electrons are excited to
emission (fluorescence) features at constant photon emissiounoccupied states with the same orbital character and at the
energy Fig. 8. The one at the energy range 451-453 eV samek-vector in the Brillouin zone.
is visible for all excitation energies used and the second one  Some resonating inelastic scattering features appear also
appears atabout459 eV for excitations above 460 eV. The firstat energies 2—3 eV below the excitation energy. Inelastic
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Fig. 9. Gd Ms-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
etal.[11]. One can also observe the changes in relative inten-
sity ratio between the fluorescence related to transitions to the
Ti 2p12 and 2p2 levels.

The XAS spectrum at Gd Mand Ms edges have been
obtained at room temperature at ELETTRA(s. 9 and 1))

The spectrum contains also aline from the Getge absorp-
tionvisible atenergy of about 1217 eV. The second line can be
attributed to Gd M 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 M; edge shows a shape, which enables to distin-
guish few structures: a bump at 1186 eV, the main peak at
1187.8eV and second peak at 1192.3 eV. This structure can
be compared to the earlier results obtained for Gd njgl
and GdGa012 [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 meth&dg( 11
give a main peak which is related to the®a& 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-
gies in the vicinity of Gd M absorption edgeHig. 12. A

Intensity [a. u.]

Fig. 10. Gd M, and Ge L-edge XAS spectrum of GdTiGe.
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Fig. 11. Calculated Gd Medge XAS spectrum of GdTiGe.
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Fig. 13. Gd N, s-edge XAS spectrum of GdTiGe.

characteristic feature of the obtained spectra is the lack of clearly visible pre-peaks at energies of about 138-145eV
elastic peak and strong variation of the emission with the [14].
photon energy. For each energy, one can observe a double To understand the origin of the observed emission spec-
peak structure with the distance between peaks of the ordertra further theoretical calculations are necessary which will
of 5-7eV. take into account the possible matrix elements and the band
The unoccupied 4f states are characterized by the spinstructure.
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 the4. Conclusions
3d?418 excited state. The relative spin direction of the ground,
excited and final states are important. The detailed analysisof We have reported the results of investigation of electronic
the intermediate state 34f® structure and consequent 4f-3d  structure obtained with XAS, XMCD and RIXS techniques
transitions is beyond the frames of this article. However, one for GdTiGe and partly for GdTiSi. Low temperature, high
can suppose that the structure of the exchange spijp 3d field XMCD shows for GdTiGe a significant Gd 5d elec-
level is also responsible for the observed features and relativetron polarisation and small one for Ge 4p states. TgL
intensity changes. The XPS data show that this level is obvi- absorption spectrum is close to the model one obtained using
ously broadened due to the exchange splitting (FWHM about LAPW calculations. The resonant structures in RIXS have
6 eV) although the particular lines cannot be distinguished. been observed for excitations energies close to the 3 2p
The discussed X-ray emission structure is much different thresholds for GdTiGe. They can be related to the Ti 3d intra-
from the one described by Dallera et al. for &#012 band transitions. The observed variation of relative intensities
[13]. This means that not only atomic effects should be taken within the emission spectra can be explained by a resonant
into account but also the influence of the band structure is enhancement of the emission related to transitions from the
important. On the other hand, the XAS Gd Nspectrum occupied Ti 3d bands X-ray emission obtained for Gg M
obtained at room temperature has shown the same strucedge shows a complex behaviour and requires further exper-
ture as reported in the earlier results for Gd metad(13. imental and theoretical studies. It shows different behaviour
This spectrum is formed by the 4d—4f transitions with to reported earlier results for the Gd oxidic compound.
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