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Charge-transfer excitations in lanthanum compounds measured by resonant inelastic
X-ray scattering at the M5 edge
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We present resonant inelastic x-ray scattering spectra from La mef@ulGa and Lak. Monochromatic
photon excitation with energy across the Lds3 (Ms) threshold was used and the valence scattering was
monitored at selected incoming energies. The spectra vs the outgoing photon energy show the elastic peak, the
5p—3ds), decay peak and, in between, a feature due to charge transfer excitation. This brings an electron from
the ligand to the lanthanumf4states(in the case of LgCuQ, and Lak) and results from a charge fluctuation
from 4f° to 4f* occupation in the case of La metal. The energy transferred to the solid when this process
occurs is remarkably different in the three cases and correlates with the difference in the electronegativity with
the lanthanum neighbors. The present approach allows us to reveal features that are completely hidden in the
x-ray absorption spectra.
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[. INTRODUCTION charge-transfer peaks, which is important information for the
understanding of the correlation in the system.

The physical properties of rare earths and rare earth com- Only few soft x-ray emission experiments involving 4
pounds are mainly determined by thé darrow-band occu- electrons in lanthanum-containing compounds have been car-
pancy and by the hybridization with the delocalized conduc+ied out™® due to intrinsic small fluorescent yields. To our
tion band states, which give rise to interesting phenomenknowledge only Moeweet al? have used monochromatic
such as Kondo-like behavior, mixed valence and chargéynchrotron radiation to perform a study of the decay process
transfer. Among rare earths, lanthanum represents an impo@f the 3d core hole in LaAIQ with resonant La 8 excita-
tant case avoiding complicated multiplet effects, thanks tdion- They find that the emission spectra show two inelastic
the almost perfect # occupancy, which makes the interpre- features due to a final-state in the presence of eithepa 5
tation of the spectra more straightforward. Moreover, thecore hole or a #-spectator electron and ligand-hole. The
spatial extension of the Laf4states is sufficiently large to €nergy required to produce this charge-transfer hole in
generate a sizable mixing with the wave functions of neigh1-@AlO3 has been found to be around 7.5 eV.
bor atoms. This is interesting since the resulting hybridized Previous experimentts® have used either electronic exci-
states cannot be classified either as localized or extended af@fion or conventional, non-monochromatized x-ray tube
is at the origin of a chemical effect on the &xcitations Photons. A theoretical analysis of measured spédtes al-
which is seen in a particularly clear way M s-resonant lowed an evaluation of the charge transfer energy involved in

inelastic x-ray scatterinRIXS) as it is shown in the present the creation of a #'L intermediate state, and the hybridiza-
paper. tion strength and Coulomb interactions characterizing the
The electronic structure of lanthanum has already beeflectronic states of L®; and Lak. The quantitative deter-
studied by photoemission spectroscopy, which provides valumination of the parameters is a first step to a full understand-
able information in particular about electronic states close tdng of the electronic states of each compound, and the sys-
the Fermi level. The multi-component structure of theé 3 tematic behavior of these parameters across the rare earth
photoemissioh spectra in lanthanide metals has been interseries may give more insight into the electronic states of
preted by invoking the core-hole screening mechanism of theorrelated systems.
5d conduction band electrons and of the additionflefec- The present RIXS experiment is performed on three sys-
tron transferred from valence states near the Fermi levetems where lanthanum is involved in chemical bonds with
However the information provided by this technique isPartners of different electronegativity: metallic lanthanum,
highly surface sensitive. This problem is overcome in experithe cuprate LgCuQ,, and the ionic compound LgFThe
ments of resonant inelastic x-ray scattering. In addition tcaim was to study the possible existence of a correlation be-
being bulk-sensitive, th# , RIXS with valence excitation tween the chemical environment and the excitation process
in the final state has the advantage of probing the groun@f the 4f states as seen in RIXS. This is done by relying
state and low-energy excitations. In the case of lanthanurdpon the assignment of the excitation spectrum done by
compounds the lowest excited final states are due to enerdyjoewes in LaAlQ. The energy of the incoming photon
losses resulting from the interaction of the intermediate stateam was tuned at thils threshold thus promoting ad3
core-hole with 4 states. This interaction causes the electronglectron into the 4 orbital. The RIXS spectra we present
to hop from a delocalized state to a localized state, producingive direct information about the energy required to reach
a net charge transfer. The energy selectivity of the RIXShe final state of 4'L configuration.
technique allows us to identify the energy positions of the We point out that by “4'L configuration” we denote a
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FIG. 1. Resonant inelastic x-ray scattering of La metahQwe0,, and Lak excited at theM s edge(panel a, 1.7 eV above the edge
(panel B, 3.3 eV above the edg@anel ¢. All spectra have been scaled to the same height of the elastic peak to put in evidence the shape
change. The arrow on the XAS spectrum in the inset indicates the excitation energy. The RIXS spectra are plotted as a function of the energy
transferred to the solid. The main features are indicated by following let®rss the elastic peakB) is the peak due to valence scattering
decay towards af#L final state.(C) follows 5p-3ds, decay. PeakD) is due to $-3ds, decay with a 41L final state(accordingly, as
shown on panel ¢, the distance between A and B is the same as between . die Beature labele@ (LaF,; excited 1.7 eV above the
edge is attributed to a final state of antibonding nature.

state that has different nature in the case of metallic lanthachromatized by a monochromator dedicated to the
num with respect to the case of lanthanum compounds: fospectrometet.A bandwidth of 1.5 eV was chosen for the
the metal it must be intended as a charge fluctuation fronincoming photon beam, and this determined also the overall
49 to 4f occupation, in the compounds it arises from anexperimental resolution. With a 200 mA electron current and
electron transfer from the ligand to the lanthanuimstate.  having set the excitation energy at tMy edge, the RIXS
This low energy-excitation process is not revealed by x-raycounting rate integrated over the whole spectrum shown in
absorption spectra which are identical for the three comthe figures was 25, 22, 32 counts per second for La metal,
pounds, probably due to the very low intensity of absorptionLa,CuQ, and Lak, respectively. The detector is a micro-
towards the charge-transfer state. channelplate with resistive anode encoder, 1-inch diameter.
In the case of Laf-the counting rate was large but a big
fraction of the signal was due to ultraviolet optical lumines-
cence by the F atoms.

The experiment was performed at beamline ID12B at the
European Synchrotron Radiation FacilitGrenoblg. The
x-ray beam was produced by the helical undulator Helios 1.
In order to set the excitation energies, absorption spectra Figure 1 shows RIXS spectra of the three compounds ex-
were measured in the total electron yield mode exciting theited at theM 5 edge(a), 1.7 eV(b), and 3.3 eMc) above it.
sample with x-rays monochromatized by the beamline monoAt 3.3 eV above threshold it was not possible to measure the
chromator(Dragon typé. The chosen photon bandwidth was LaF; spectra because the low intensity feature was lost in the
0.4 eV. With an electron current of 200 mA in the storagebackground due to the luminescence by the sample. All spec-
ring, the sample photocurrent was higher themAlat the tra have been plotted as a function of the energy;{

Mg edge. The emission spectra were measured with the hvg,) lost by the scattered photon.
AXES grating spectrometérThe x-ray beam was mono- The insets display the La absorption spectra, and the ar-

Il. EXPERIMENTAL

IIl. RESULTS
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FIG. 3. Measured charge-transfer excitation energies as a func-
tion of the difference of electronegativity between La and the part-

Ground Intermediate Final ner in La metal, LaCuQ,, and Lak (see text for explanation

FIG. 2. Total energy level scheme in the RIXS process of lan-. . . .
thanum(taken from Rg)f/. 9 P is visible[peak E of Fig. 1b)], although weak, in Lajfwhen

the separation between bonding and antibonding final states
o o is large enough.
rows show the chosen excitation energy. The emission spec- \we now discuss the peaks corresponding to the different
tra have been scaled to the same height of the elastic peak #iission paths referring to Fig. 1, where the comparison of
order to compare the line shapes. The total energy scheme dpectra taken at the same excitation energy is presented. The
depicted in Fig. 2, which is based on a two-step descriptionnain spectral features are labeled as follows: Peak A is the
of the RIXS process(The drawing is similar to that of Ref. g|astic recombination peak ¢3%4f%—3d%4f!—3d4f0).
9 which refers to Cef; and is appropriate also for the The feature labeled B is due to decay towards an excited
present cageThe ground state of the E& ion is a mixture  final state of mainly 4'L nature in the presence of a charge
of the eigenstatesf4 and 4L (where by 4L we referto  transfer effect (819495 3091 3d1%4f1L). Its intensity
the state with an additionalf4electron and a"llganq—hole iNincreases when increasing the excitation energy above the
the case of the two compounds, and to the state with a charg\gq5 edge. Peak C is due top5-3ds, decay. As far as the
fluctuation from 4° to 4f* occupation in the case of the charge transfer process is concerned we make the following
meta). These states give rise, in order of increasing energyemark: this process brings an additional electron into the 4
to a bonding, a nonbonding, and an antibonding state.  hital, changing the occupancy fromi%to 4fL. In the case
The 4f'L eigenstate is not a single line but has a finite LaF; and LgCuQ, 4f1L indicates the configuration with
width (which we disregard for simplicity in the level scheme 5, aqditional electron in thef4orbital and a true valence
of Fig. 2). In the ground state, only the lowest lying bonding jigand hole. In the case of La metal we use the same notation
state is occupied, having an almost puré donfiguration. 1 byL we indicate a charge fluctuation that occurs between
The excitation step brings the system to an intermediatgqyivalent atoms. The present spectral assignment is based
state, which is a mixture of @4f" and 3°4f°L states. We 5,y what has been seen for the case of LafO
refer to the Anderson Impurity Model nofatidh,where In addition to peaks A, B, and C, the spectra of La metal
Utc(3d) is the interaction energy between the 8ore hole  and LgCuQ, also show a peak D due tq53ds, transition
and arf electron. The energy separation between tfleahd i the presence of a charge transfer process in the final state.
4f2L configuration in the presence of thel Zore hole is  This is supported by the fact that the energy distance be-
reduced with respect to the ground state since thiedel is  tween peaks C and D is the same as between peaks A and B
pulled down byU(3d). Accordingly the two configurations and is confirmed by existing calculatiotfsin the case of
are mixed by hybridization. LaF; an additional peak labeled E is visible which could be
In the final state with the | hole, the distance between the evidence of final nonbonding states as explained above
the 4f° and 4f'L configuration is larger than in the interme- [Fig. 1(b)]. These states are expected to be only marginally
diate state because the attractive potertfia{5p) of the 5p sensitive to the chemistry and are not discussed here.
core hole on the # electron is smaller thet.(3d). The All peaks are seen at constant transferred energy, which is
three possible final states are the bonding ground state, thn indication of transitions between localized stdteShe
antibonding, and the nonbonding state. Elastic processgmak C due to the 53ds,, decay is found at a transferred
(path 1 or 4 bring the system back to the ground state,energy between 20 and 22 eV for the three compounds, in
transitions to final nonbondingpath 2 or 3 and antibonding good agreement with previous literatdfélhe peak B due to
states(path 5 will appear as two additional peaks in the the ligand hole charge transfer excitation appears at a differ-
RIXS spectra. We note that the transition to the intermediatent energy position in the three environments: the energy
non-bonding state is not seen in either XPS or XAS becaustgansfer is 5.5 eV for La metal, 10.5 eV for 4&uQ,, and 14
the intensity completely cancels out due to phase faéldrs. eV for LaF;. The excitation energies are quite different in the
the present case, decay to the nonbonding final state of RIXiree cases showing a strong chemical sensitivity of the
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RIXS spectra. Starting from the value due to tHef fluc-  transfer excitations to the low-lying excited 4 state due to
tuation in the metal, there is an increase, which correlatesonfigurational mixing in the ground and core-excited states,
well with the difference in electronegativitgfter Pauling®) and their intensity increases when the incident energy is
between La and the neighbor as shown in Fig 3. Since this isined above th&15 edge. The energy transfer corresponding
a first neighbor argument we do not discuss the difference ito the charge-transfer process correlates with the electrone-
the behavior between L&BuO, and LaAlQ; from Ref. 2 gativity difference between La and the chemical environ-
since in both cases La is coordinated to oxygen. We also not@ent. This clear chemical sensitivity of a bulk sensitive spec-
that the value of energy transfer for the three compoundsroscopy as RIXS is interesting per se and deserves further
agree¥® with the &; parameter of the Anderson impurity systematic work aimed to establish a better correlation be-
model (representing the energy difference between subsdaween bulk properties and high energy spectroscopies of rare
quent 4 occupation numbejsestimated for La, LgO3, and  earth systems.

Laks.

IV. CONCLUSIONS ACKNOWLEDGMENTS

The charge transfer energy of La metal,,Ca0O,, and The experimental work has been done at the ESRF
LaF; has been measured at the Lds3 threshold by reso- ropean Synchrotron Radiation Facilityunder the AXES
nant inelastic x-ray scattering. The energy-transfer spectréAdvanced X-Ray Emission Spectroscompntract between
show pronounced structures in addition to the elastic peakNFM of Italy (Istituto Nazionale di Fisica della Matejia
and the }-3ds, diagram line. They are attributed to charge- and ESRF.

*Electronic address: claudia.dallera@fisi.polimi.it 9S.M. Butorin, D.C. Mancini, J.-H. Guo, N. Wassdahl, J. Nor-
1G. Crecelius, G.K. Wertheim, and D.N.E. Buchanan, Phys. Rev. B dgren, M. Nakazawa, S. Tanaka, T. Uozumi, A. Kotani, Y. Ma,

12, 6519(1978. K.E. Myano, B.A. Karlin, and D.K. Shuh, Phys. Rev. Letf,
2A. Moewes, S. Stadler, R.P. Winarski, D.L. Ederer, M.M. Grush, 574(1996.

and T.A. Callcott, Phys. Rev. B8, R15 951(1998. 100, Gunnarsson and K. Schisammer, Phys. Rev. Letg0, 604
3K. Jouda, S. Tanaka, K. Soda, and O. Aita, J. Phys. Soc.63pn. (1983; Phys. Rev. B31, 4815(1985.
192 (1995.
4M. Okusawa, K. Ichikawa, O. Aita, and K. Tsutsumi, Phys. Rev.
B 35, 478(1987.
K. Ichikawa, A. Nisawa, K. Tsutsumi, Phys. Rev. B, 6690
(1986.
6 . o
O Muelr GGl DL Eerr 1) S WL OO, 5 at, = s, A Mo, . Bonee, 3. Phyears
7 : . . Collog. C9, 649 (1987.
C. Dallera, E. Puppin, A. Fasana, G. Trezzi, N. Incorvaia, L.15E| . | fter Pauli din th lculati
Braicovich, N.B. Brookes and J.B. Goedkoop, J. Synchrotron ectronegativity values after Pauling used in the calculation are

1S, Tanaka, H. Ogasawara, Y. Kayanuma, and A. Kotani, J. Phys.
Soc. Jpn58, 1087(1989.

125, Tanaka and A. Kotani, J. Phys. Soc. Jph.4212(1992.

13p. Carra, M. Fabrizio, and B.T. Thole, Phys. Rev. L&4, 3700
(1995.

Radiat.3, 231(1996. . 1.1(La), 3.44(0), 4 (F). .
8G. Ghiringhelli, A. Tagliaferri, L. Braicovich, and N.B. Brookes, =~ "D Schneider, B. Delley, E. Wuilloud, J.-M. Imer, and Y. Baer,
Rev. Sci. Instrum69, 1610(1998. Phys. Rev. B32, 6819(1985.

153104-4



