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No multiatom resonances observed in x-ray fluorescence
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We present a study of the effects of interatomic multiatom resonant photoemission monitored by soft x-ray
emission. The partial fluorescence yield of certain transitions FKa and CKa is measured while the excitation
energy is scanned through the higher lying thresholds (LaM4.5 and TiL2,3, respectively! of the neighboring
atoms in the multicomponent systems (LaF3,TixNb12xC). No evidence for a resonant enhancement in the
fluorescence signal as suggested by the multiatom resonant photoemission effect is found.
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Soft x-ray fluorescence measurements have found g
interest in the last ten years triggered by the developmen
powerful synchrotron radiation sources and efficient x-
spectrometers and detectors.1 Various phenomena have bee
studied by tuning the energy of exciting photons through
thresholds of the emitting atoms. The electronic struct
~site-selective distribution of partial density of states2–5 and
band mapping!,4,5 the geometrical structure of atoms
adsorbates,6,7 the phase composition in interfaces,8 the local
structure of impurities,6 and new phenomena at the gia
resonances8,9 have been studied in detail. In all these cas
the energy of the exciting photons is tuned through
threshold of emitting atoms. In the present paper, we ana
the effects arising in the x-ray fluorescence of selected e
ting atoms when the excitation energy passes the hig
thresholds of other neighboring constituent atoms of the m
ticomponent system.

The well-known intra-atomic resonant photoemission10

takes placewithin the atom and leads to a resonant enhan
ment in the photoemission intensity of an outer shell wh
the excitation energy can excite an electron of a deeper ly
shell. Recently, theinteratomic multiatom resonant photo
emission~MARPE! has been discovered which involves
number of different atoms. First measurements of this ef
in metal oxides (MnO, Fe2O3, La0.7Sr0.3MnO3) have been
reported11 and a theoretical model has been developed
describe the effects.12 MARPE occurs when photon energy
tuned to a core-level absorption edge of an atom~Mn, Fe, or
La! neighboring the emitting atom~O! with the emitting
level (O 1s) having a lower binding energy than the resona
level (Mn 2p, Fe 2p, or La 3d). It has been suggested th
enhanced photoemission from the O 1s core level involves a
resonance with deeper-lying levels (Mn 2p and La 3d).
Energy-integrated effects of 11–29% were found.11

MARPE should be sensitive to bonding distances, bo
ing type, and magnetic order and would provide a direct w
to determine near-neighbor atomic parameters. Therefor
offers a broad variety of possible applications. Since the
fect increases the number of core holes in the sample
should be detectable via fluorescence or Auger decay. A
cent study13 presents experimental evidence for an enhan
decay of the primary core hole detected via fluoresce
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emission~from MnO! and Auger electron emission~from
Fe2O3). In Ref. 13, the OKa fluorescence signal in MnO
decreases by about 88% of its prethreshold value when
citing at the MnL3 threshold, which is about a 7% strong
signal than the calculation predicts~95%!, and has been con
sidered evidence for the MARPE effect.

In this paper, we studied this effect in x-ray fluorescen
We measured the excitation-energy dependence of FKa
x-ray emission spectra~XES! of LaF3 near the La 3d thresh-
olds and did not find any significant enhancement of
emitted intensity. An additional XES angle-dependent stu
of TixNb12xC confirmed our findings. Especially in consid
eration of the broad applicability claimed for MARPE, so
x-ray fluorescence is not a suitable technique to study s
an effect.

Our measurements were performed at Beamline 8.0.1
the Advanced Light Source, Lawrence Berkeley Laborato
The undulator beamline is equipped with a spheri
monochromator,14 the resolving power has been set
E/DE51100 for LaF3 and toE/DE5550 for TixNb12xC.
The emitted radiation is analyzed by a Rowland circ
grating spectrometer that provides a resolving power
about 540 at about 680 eV~for LaF3) and 620 at 280 eV~for
TixNb12xC). The angle between the incident beam and
spectrometer was fixed at 90° and the plane of incidence
the plane of polarization. The absorption spectra were ta
in the total electron yield~TEY! mode or in the sample cur
rent mode. The samples were a bulk of polycrystalli
TixNb12xC and a crystal of LaF3. All measurements were
performed at room temperature. All experimental curves
displayed as measured without broadening or smoothing
data.

LaF3 offers fluorineKa and lanthanumM5N3 emission
peaks within a narrow energy range covered by our dete
window and therefore both transitions can be monitored
multaneously. Figure 1 shows the FKa emission spectra
taken at five excitation energies through the La 3d threshold.
The measured absorption is shown in the top inset obta
in TEY. The three peaks arise from transitions between
ground state 3d104 f 0 (1S) and the three terms of the 3d94 f 1

configuration (3P, 3D, 1P). When exciting at theM4 and
M5 thresholds~solid curves! the emitted intensity in the
15 427 ©2000 The American Physical Society
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FKa (VB 2p→1 s centered at 683.7 eV! strongly decrease
and the LaM5N3 (4 p3/2→3d5/2 at 644.6 eV! emission in-
tensity is increased due to the opening of the 3d excitation
channel. The La 3d-4 f resonance is known for its stron
radiationless Coster-Kronig transitions15 (3d3/2→3d5/2),
which accounts for the fact that theM5 (3d5/2) emission oc-
curs when exciting on theM4 (3d3/2) threshold.

In Fig. 2, the FKa partial fluorescence yield~PFY! for
LaF3 displayed. The fluorescence yield has been meas
for an incidence angle of 50° to the sample surface. T
detector window is narrowed to accept FKa photons~680–
695 eV! only, and the excitation energy is scanned throu
the La 3d-4 f threshold. Two minimums are observed th
coincide with the LaM4 andM5 thresholds. The FKa fluo-
rescence decreases by about 90% when the excitation en
reaches the LaM4,5 thresholds. The reason for the decrea
in general is that less incoming photons create F 1s core
holes because the photons are directed towards the ope
3d-4 f channels. The dashed curve corresponds to the ca
lation of the partial fluorescence yield.

In order to simulate the~partial! fluorescence emissio
from a certain transition while the excitation energy is tun
through a higher-lying threshold of a different compound,
used the following expression for the number of photo
emitted by a sample that is thick~compared to the penetra
tion depth of the exciting radiation!:16

FIG. 1. Soft x-ray emission of LaF3. The excitation energy is
tuned through the La 3d threshold. The arrows in the absorptio
spectrum~shown in the inset! indicate the energies at which th
F Ka emission spectra are excited. Due to the onset of the Lad
channel, the FKa emission is diminished when the excitation e
ergy is tuned to theM4.5 thresholds.
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In this equation,dNPFY denotes the number of photon
emitted by the sample of thicknessd in the solid angledV.
The radiation impinges at an angle of incidencea and the
fluorescence is emitted at the angleb ~both to the sample
surface! such thata1b is constant. The indexesi,j describe
the summation over all existing core holesi and their pos-
sible decay channelsj. N0 is the number of incident photons
m is the total photo-absorption coefficient, andpm i is the
partial photoabsorption coefficient for the creation of a h
in shell i. The quantitym i , j is the absorption coefficient fo
the fluorescence radiation from the transition of levelj to i
with the fluorescence yieldv i , j . R andRi , j are the reflection
coefficients for the incoming and outgoing radiation, resp
tively, for the interface vacuum sample and vice versa. T
expression neglects Compton processes as well as the
sible reemission of low-energy photons following possib
self-absorption of the fluorescence radiation. This is reas
able for LaM and FK shells where the Auger decay is dom
nating. The ratiopm im represents the probability for the cre
ation of a hole in the shelli and the ratiom/(m1m i , j ) takes

FIG. 2. FluorineKa partial fluorescence yield~solid line! of
LaF3 for excitation through the La 3d resonances. The model ca
culation is plotted as dotted line.
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the self-absorption of the emitted fluorescence radiation
account. The reflection of incoming and outgoing radiation
negligible (R,Ri!1) as is the exponential term due to th
thickness of the sample@1/(m1m i , j )!d)]. The partial cross
sectionpm i far above threshold (O 1s) is practically constant
over the comparably small energy range of the partial fl
rescence yield scans~for LaF3, 822 to 857 eV!. We have
used the final term of Eq.~1! to estimate the partial fluores
cence yields and it depends on the ratio 1/(m1m i , j tana). In
order to compute the PFY, it is essential to obtain the cor
~relative! total absorption spectrumm(E) as well as the cor-
rect ratio of absorption coefficientsm i , j to m.

The ~relative! absorption coefficientm(E) is determined
by our measurement~as shown in the inset of Figs. 1 and 2!.
In order to determine the ratiom i , j /m, a second absorption
spectrum has been measured that extends across both th
olds, the threshold of the fluorescence emission (FKa or
CKa) and the threshold of the excitation (LaM4,5 or Ti I 2,3,
respectively!. The ratio was determined experimentally to
m i , j50.63m(684 eV) for LaF3 andm i , j51.32m(455 eV) for
TixNb12xC. For comparison, the values obtained from He
ke’s atomic scattering factors17 are 0.6 and 1.25, respec
tively. It turns out that these differences do not lead to
significant change in the calculated spectrum and there
are negligible.

The crucial parameter for the calculation is the corr
peak-to-background ratio in the measured absorption spe
It is important to use the same resolving power of the ex
ing radiation when obtaining the partial fluorescence and
electron yield absorption spectra. For example, an increas
resolving power will result in an increase in the peak-
background ratio of the absorption~and emission! spectrum,
which ultimately enhances the contrast in the calcula
curve. We have measured the absorption and the partial
rescence emission spectra simultaneously. Due to the in
ently low fluorescence yield count rates a moderate res
tion has been chosen although the strong signal provide
the absorption measurement would allow for absorpt
spectra to be obtained at much higher resolution.

Although the fluorescence data of MnO in Ref. 13 we
measured at the same beamline as our data, the way
absorption spectrum has been obtained was different f
our case. In Ref. 13, the partial Mn 2p electron emission ha
been measured. This absorption spectrum was then bro
to the scale of the total absorption by scaling with the Hen
data. Finally, the spectrum was broadened in order to ob
the same experimental resolution as the one used in the
rescence experiment.

In Fig. 2, the calculated curve matches the measu
curve fairly well. In particular, the data do not show a larg
fluorescence yield than the calculated curve and therefor
not indicate an increased number of F 1s holes due to a
multiatom resonant interaction.

In Fig. 3 the CKa partial fluorescence yield fo
TixNb12xC is shown for three different angles of inciden
(a515°, 55°, and 75°!. The excitation energy is scanne
through the Ti 2p edge. In the inset, the Ti 2p absorption as
used for the calculation is shown, and the extended abs
tion spectrum, including the carbonK edge. The arrows in-
dicate where the ratiom i , j /m of 1.32 has been determine
From the data, we cannot conclude that the measured
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rescence yield shows a greater fluctuation than the yield
culated from Eq.~1! using the absorption data. Such an o
servation would indicate an increased number of C 1s core
holes due to a multiatom resonant effect. The largest de
tion between measurement and calculation~at the Ti 2p
peak! is about 3% in the sense that the measured fluo
cence signal drops in the peak by 55%, and the calcula
signal by 58%. Our measurements suggest that the MAR
effect would be at most a 3% effect. In addition, we find
difficult to obtain the correct peak-to-background ratio in t
absorption with this same accuracy. It is not possible to c
clude that the measured fluorescence is generally stro
than calculated, which would indicate an increased num
of C 1s core holes due to a multiatom resonant effect. A
parently, the intensity of the calculated spectra for LaF3 and
TixNb12xC increases more rapidly than the measured cur
once the high-energy threshold is passed. It is presently
clear what could account for this behavior, but it could
due to increasing nonradiative processes like Auger em
sion.

In most cases, a clean surface~by photoemission stan
dards! is not required for x-ray emission experiments b
cause the escape depth of the fluorescence photons is
compared to the thickness of the adsorbates that form a l
in the order of;1 nm thick. Therefore, most of the fluores
cence arises from the bulk of the sample. For the absorp
measurement, surface contamination layers influence
spectrum more strongly due to the much smaller esc
depth of the photoelectrons. We reduced the surface imp
ties by shining the intense zero-order beam of the monoc
mator on the sample. The photon stimulated desorption

FIG. 3. CarbonKa partial fluorescence yield~solid line! of
TixNb12xC. The excitation energy is scanned through the Tip
resonances.
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15 430 PRB 62BRIEF REPORTS
carbon impurities will lead to cleaning of the sample to so
extent.18 Annealing of the TixNb12xC did not produce an
enhancement in the peak-to-background ratio of the abs
tion spectrum.

To summarize, we have monitored the partial fluor
cence from certain transitions (FKa in LaF3 and CKa in
TiNbC) of one atom, while the excitation energy passes
~higher! thresholds (LaM4,5 and TiL2,3, respectively! of the
neighboring atoms. We do not find any evidence for an
hancement in the number of fluorine and carbon core h
produced by the multiatom resonances, and therefore, no
dication for the MARPE effect. Inherent difficulties such
the weak fluorescence signal and measurement of the co
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