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Experimental and theoretical comparison between absorption, total electron yield,
and fluorescence spectra of rare-earthM 5 edges
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Besides the now well-known self-absorption effect, several phenomena related to the multiplet structure of
the intermediate state may occur which render x-ray fluorescence different from the true absorption in 3d
transition metals at theL edge and at theM4,5 edges of rare earths. Special selection rules of the radiative
de-excitation process play an important role there. We have measured the absorption coefficient of thin films
of lanthanum, samarium, and thulium deposited on an aluminum foil, at room temperature, through the
simultaneous detection of the transmission, total electron yield, and 150-eV bandwidth fluorescence yield. The
latter result shows differences as compared to the other two, and exhibits polarization effects depending upon
the angle between incident and outgoing photons. The resonant x-ray fluorescence spectrum is calculated using
an atomic model, and then integrated over the emitted energy, to predict the fluorescence yield spectrum. Very
good agreement is obtained between the theory and experiment.@S0163-1829~97!09528-3#
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INTRODUCTION

Fluorescence yield~FY! measurements of core-level a
sorption edge spectra have a variety of advantages over t
electron-yield~TEY! measurements including bulk samplin
depth, low background, and insensitivity to applied elec
and magnetic fields. In the case of FY from occupied vale
states, the escape depth of the lower-energy emissio
greater than the penetration depth of the incident radiat
so that absorption spectra contrast can be greatly redu
This saturation is usually encountered only in grazing in
dence in TEY from very thin samples~of the order of 1 nm!,
because of the small escape depths of 0.5–2 nm of the
ondary or low-energy Auger electrons measured~with con-
tributions from farther ranging higher energy Auger ele
trons in TEY!.1 For case of FY from transition metals an
rare earths with partially filled, localized 3d and 4f orbitals
having sharp, intense multiplet spectra, the emission fr
each state is resonance fluorescence. In that situation,
absorption of the emission distorts the spectrum, reduc
the relative magnitude of the largest absorption features a
saturation. Self-absorption and saturation can limit FY to
study of dilute elements in absorbing matrices or thin film

However, FY spectra can differ from true absorption n
only due to the escape versus penetration depth depend
and self-absorption, but also due to relaxation processe
the intermediate state. More fundamentally, the Auger
fluorescent decay rate can vary across a multiplet, leadin
a FY absorption spectrum that is a product of the emiss
rate and the absorption, so long as the interference effe
560163-1829/97/56~4!/2267~6!/$10.00
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disregarded.2 Synchrotron radiation studies have also sho
a variety of resonant effects on fluorescence spectra~and
Auger!, since emission and absorption are coupled due to
short lifetimes. For localized, core-level excitonic states
insulators, valence-band emission is lowered in energy
to screening by the core exciton.3 For delocalized valence
and conduction-band states, momentum is conserved, l
ing to emission from the same point in the Brillouin zone4

Ma, in particular, considered the FY as resonant inela
scattering and cautioned that FY may represent a pa
cross section.5 In the last few years, these effects have be
shown experimentally through their consequences on x
magnetic dichroism, which changes depending on the ene
of the fluorescence line which is monitored,6,7 A theoretical
approach to the problem has been presented recently, w
the limit of the polarization dependence for magnetic stud
has been analyzed.8

This work is part of a larger study of the magnetic natu
of small clusters of rare earths in rare-gas matrices.9 Here we
have chosen to examine transmission, TEY, and FY of a
film to minimize spectral distortions due to saturation a
self-absorption. The experiments show that the FY is d
tinctly different from the transmission and TEY, with one
the three major transitions missing in the case of Tm,
instance, and that these differences from TEY are fitted w
by resonant inelastic scattering calculations using an ato
model. Moreover these calculations predict the depende
of the FY with the angle between the incident and the flu
rescence photons, in particular in the case of Sm and La
2267 © 1997 The American Physical Society
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I. EXPERIMENT

We simultaneously measured the transmission, TEY,
FY of thin films of La, Tm, and Sm at theM5 edges for
several incidence angles. The measurements were ma
beamline SA-32 of the Super-ACO storage ring at LUR
The monochromator was a scanning two-crystal~1,21! type
with beryl crystals and delivered radiation with a bandpass
about 0.5 eV in the range of the TmM4,5 edges. The energy
calibration is within 0.05 eV. The incident beam intens
was measured by a thin-film TEY monitor. Beryllium filte
just upstream of the monochromator, and an UHV exp
mental chamber, were used to block low-energy light. T
monochromatized radiation was greater than 99% line
polarized in the horizontal. The focused spot on sample
about 500mm horizontally and 300mm vertically in normal
incidence. The thin-film sample was mounted with its norm
in the horizontal on a rotary motion with rotation around t
vertical ~angular accuracy of about 3°!. FY was measured by
a seven-element Ge detector~Eurisys-Mesures!, with an en-
ergy resolution of typically 150 eV. The whole detector w
set successively at 90° and 45° of the incident photon di
tion. Three diodes of this seven-element array being in
plane of incidence, we could simultaneously measure th
fluorescence signals at different angles between the inci
photon beam and the outgoing one. TEY was measured
monitoring the drain current of the sample, while transm
sion was measured by current generated in a 1-cm2 silicon
photodiode located behind the sample.

The rare-earth films were deposited by evaporation i
vacuum of a few 1029 Torr at room temperature on an un
supported Al film 700 nm thick. Evaporation rate was le
than 0.1 nm/min. The film thickness was measured wit
quartz-crystal thickness monitor. Given the vacuum and h
gettering of La, Tm, or Sm, it is likely that the films wer
almost entirely oxidized.

II. RESULTS AND INTERPRETATION

Figure 1 shows TmM5 absorption derived from transmis
sion, TEY, and FY of the Tm thin film measured simult
neously at an incidence angle~relative to the sample norma!
of 64°. The FY spectrum is the sum of signals collected

FIG. 1. Comparison between the transmission~solid line!, the
total electron yield~crosses!, and the fluorescence yield~dots! re-
sults of a thin film of thulium at theM5 edge.
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the seven elements with the detector set at 90° from
incident light. An incidence angle close of 64° was chosen
order to obtain counting rates for each of the detectors
are approximately equal. By summing over all detectors,
improve the signal-to-noise ratio without any loss of info
mation since it can be proved~see below! that the collection
angle is not important in this case of thulium. The spec
had flat backgrounds subtracted, and have been norma
to one at the most intense peak. The TEY absorption sp
trum in Fig. 1 is not saturated and, surprisingly, shows
slightly greater magnitude absorption than the transmiss
results. This could be due to the relative values of the sa
pling depth of the TEY, the photon absorption length, a
the sample thickness. However, the film was only 5 n
thick, the Tm escape depth was calculated in the range 6
11.5 nm, and the absorption length was 13 nm,10 while our
transmission yields an absorption length of 34 nm. Suc
difference has been already reported in thin Ce films11

Moreover the film could be laterally inhomogeneous and
transmission ‘‘saturated.’’ Islands, for example, covering 0
of the surface could reduce the relative-transmission-deri
absorption of the most intense peak approximately as
served.

The spectra collected by TEY or transmission have
same features as previous Tm31 M4,5 absorption edge
observations10,12–15and calculations.10,12,16The three peaks
at 1461.1, 1463.1, and 1465.7 eV are transitions from
3d104 f 12 3H6 ground state to the 3d94 f 13 excited states,
which correspond mainly to3H6 ,

3G5 , and
1H5 , respec-

tively. Because the 4f orbitals are well localized, the triva
lent absorption features are very similar in materials such
Tm2O3, bulk Tm, and TmAl2. Differences of up to 30% in
the relative magnitudes of TEY peaks are observed for
ferent compounds,13 but the differences could depend on su
face preparation. A distinctly different, divalent Tm absor
tion spectrum with a single peak is observed at about 1
eV ~on our scale! for single atoms, clusters of less than 1
atoms, clean but rough surfaces, and some compounds
as TmTe.15 In Fig. 1, the differences between the FY and t
two other measurements are obvious, with the lower-ene
peak almost missing in FY.

As perhaps the best representative of the absorption
have fitted the TEY data of Fig. 1 with Voigt functions. Th
best fit is with a Lorentzian full width at half maximum
~FWHM! of 0.98 eV for theDJ50 lower-energy peak, and
1.6 eV for the twoDJ521 higher-energy peaks and with
Gaussian FWHM broadening of 0.54 eV for all peaks. T
Gaussian broadening extracted is in reasonable agree
with resolution of our beryl crystal monochromator. Th
natural lifetime Lorentzian broadening compares with t
calculation of Thole et al., who assumed a Lorentzia
FWHM of 0.8 eV ~and a Gaussian broadening of 0.94-e
FWHM!.10 Because of the uncertainties about the ex
thicknesses of the sample, we did not try to extract the t
absorption coefficients from our measurements, as was
viously done.10

Figure 2 compares the three corresponding spectra o
thin film of samarium. In that case, because we will see t
the fluorescence is angle dependent, only the FY data ta
from the single detector located at 90° from the incide
photon beam have been plotted. The remarks which h



se
Y
t

i
d
ic
n

on
o
h
-
li
d
ri
ct
ld

ta
n

ac
n
rm

e
th

r-

orp-

s re-

m

he
the
rec-

p-
the

y is
nt
e

Y,

rgy
-

56 2269EXPERIMENTAL AND THEORETICAL COMPARISON . . .
been made for Tm are also applied in this case, with es
tially the TEY and absorption spectra identical, while the F
exhibits marked differences from the two other experimen

A. Interpretation

In the case of Tm, the primary difference in our spectra
the missingDJ50 FY peak. Of course we have at first trie
to explain the differences by a self-absorption effect wh
could affect the low-energy component. This implies a no
physical energy shift of the fluorescence line, compared
the absorption, which allows us to rule out this explanati
Another possibility is a linear dichroism in the resonant flu
rescence from Tm2O3 polycrystals, which is observed wit
Zeeman splitting in rare earths.16 This requires high mag
netic fields and low temperatures for sufficient Zeeman sp
ting in the rare earths. Linear dichroism has been observe
TEY at room temperature for a submonolayer of Dy on va
ous substrates, and attributed to intense interfacial ele
fields.17,18 It is difficult to see how a strong enough fie
exists in our thicker polycrystalline Tm2O3 layers. The
crystal-field splitting in bulk Tm2O3 itself, while significant,
is not large enough to leave only the ground state subs
tially populated~the first three excited states are 4, 11, a
27 meV above the ground state19!.

The calculations of the 3d core x-ray-absorption spectrum
~XAS! and the resonant x-ray fluorescence spectra~RXFS!
are made by a free-ion model20,21 with, for instance in the
case of thulium, a 4f 12 configuration. The multiplet coupling
effect originating from the Coulomb and exchange inter
tions and the spin-orbit interaction is fully taken into accou
using Cowan’s program. The XAS is calculated in the fo

FXAS~V!5(
i

z^ i uTug& z2
G

~V1Eg2Ei !
21G2 , ~1!

whereug& is the Hund’s rule ground state3H6 ~with energy
Eg!, u i & represents each final state~with energyEi! which is
excited by the optical dipole transition operatorT between
3d and 4f states,V is the incident photon energy, andG
represents the 3d core-hole lifetime broadening. Using th
formula of the coherent second-order optical process,
spectrum of the 4f→3d RXFS is given by

FIG. 2. Comparison between the transmission~solid line! the
total electron yield~crosses! and the fluorescence yield~dots! re-
sults of a thin film of samarium at theM5 edges.
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FRXFS~V,v!5(
f
U(

i

^ f uTu i &^ i uTug&
Ei2Eg2V2 iGU

2

3d~Eg1V2Ef2v!, ~2!

whereu i & andu f & are intermediate and final states with ene
gies Ei andEf , respectively, andv is the emitted photon
energy. It is to be noted that the intermediate stateu i & is the
same as the final state of the 3d XAS. Figure 3 shows the
RXFS of Tm as a function of the outgoing energyv for
selected incident photon energiesV within an energy scale
where the zero corresponds to the energy of the main abs
tion line ~labeledB in Fig. 1!. In this figure, only three inci-
dent energies have been considered, which correspond
spectively to the energy positions of the three peaksA, B,
andC in the absorption spectrum of thulium. The spectru
of FY is then obtained by integratingFRXFS(V,v) over the
emitted photon energyv:

FFY~V!5E FRXFS~V,v!dv. ~3!

If we take into account that the polarization vector of t
incoming photon is in the scattering plane, and denote
angle between the incoming and fluorescence photon di
tions asQ, then Eq.~3! is written as

FFY~V!5(
q

(
f
U(

i

^ f uCq
~ i !u i &^ i uC0

~ i !ug&
Ei2Eg2V2 iG U2Aq~Q!,

~4!

whereAq(Q)5 1
2(11sin2 Q) for q51 and21, and cos2 Q

for q50, andCq is the normalized spherical harmonic re
resenting the dipole transition. Here is to be noted that
3d core hole lifetime broadeningG in Eqs.~1!, ~2!, and~4! is
dominated by the Auger decay, and the radiative deca
negligibly smaller than the Auger one. This is an importa
point in studying the difference between FY and XAS. If th
radiative decay was the dominant channel inG, any variation
in the radiative decay strength would be unimportant for F
as found from Eq.~4!.

FIG. 3. Resonant x-ray fluorescence scattering~RXFS! of Tm
for three different incident energies labelled in Fig. 1: dots, ene
of peakA; crosses, energy of peakB ~the amplitude has been di
vided by 5!; solid line, energy of peakC, showing the inelastic
contribution.v is the emitted photon energy, as defined in Eq.~3!.
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2270 56M. POMPA et al.
The calculated results of XAS and FY are shown in Fig
in the case of thulium. The value ofG is taken to be 0.5 eV
and then the obtained spectraFXAS andFFY are convoluted
by a Gaussian function with width 0.6 eV~FWHM!. The
XAS exhibits three peaksA, B, andC. PeakA corresponds
to the excited state3H6 , and peakB corresponds mainly to
3G5 ~including 20% of 3H5!, while peakC consists of
1H5 ~54%!, 3H5 ~37%!, and 3G5 ~9%!. The intensities of
XAS and FY are taken so that their maximum values co
cide each other. The calculated FY shows featuresB andC
very similar to those of XAS, whereas peakA is almost
missing in FY.

In order to find the origin of the missing peakA in FY, we
take a look to the calculated RXFS as a function ofv for
various values ofV shown in Fig. 3. It is found that forV
corresponding toA andB we have almost a single peak
FRXFS, whose final state is the same as the ground state
3H6 . Therefore, these RXFS corresponds to the elastic r
nant x-ray scattering. However, forV corresponding toC,
we find an inelastic scattering peak in addition to the ela
one. The final state of this inelastic peak corresponds ma
to the 1I 6 final state, which is obtained by the spin-flip e
citation from the ground state3H6 . The reason why we hav
a strong inelastic scattering intensity for the XAS peakC is
that the intermediate stateC is a strong mixture betwee
1H5 and

3H5 states, and then the
1H5 component can deca

radiatively to the final state1I 6 , while the 3H5 component
decays to the3H6 final state.

FIG. 4. Comparison between experiment~dots! and theory
~solid line! for the absorption coefficient~a! measured by TEY, and
for the fluorescence yield~b! of Tm.
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If we take into account only the elastic-scattering comp
nent, the FY has a single peakB with a weak shoulder at the
positionsA andC, becauseFFY(V) is then roughly given by
@FXAS(V)#2. In effect if we confine ourselves into the elast
scattering (u f &5ug&) and fix a specific stateu i & with V5Ei
2Eg , then Eq.~1! givesFXAS5u^ i uTug&u2/G, and Eqs.~2!
and ~3! give FFY5u^ i uTug&u4/G2, from which we obtain
FFY5FXAS

2 . Then we add to this FY the inelastic compone
which increases the spectral weight at the position of p
C, and finally we find that FY behaves similarly to XAS fo
B andC, while peakA is almost missing.

B. Polarization effects

The formalism described above allows us to predict
dependence of the FY as a function of the angleQ between
the incoming photon and the fluorescence one. In order to
these experiments, the seven-element detector has bee
successively with its central element at 90° and 45°, and
experiments have been performed on lanthanum and
marium where the polarization effects are expected to
stronger than for thulium, for which these calculations do n
show such a dependence.

For one position of the detector, the measured inten
from each of the three detectors situated in the incide
plane has been scaled by a factor which takes into acc
the solid angle seen by each diode. Moreover, in going fr
one detector angle~45°! to the other one~90°!, the best
signal-to-noise ratio is obtained for a different angle of in
dence of the photon on the sample, assumed of course t
polycrystalline. Therefore, we have set the detector in suc
way that, for the two positions, one detector corresponds
the same angleQ. In that case, the two sets of measureme
can be normalized since two data relate to the sameQ. We
then have altogether four different anglesQ of about 25°,
45°, 60° and 90°, with an average accuracy of65° which
corresponds to the diameter of each diode. It could
thought that this normalization method could be cro
checked by using the TEY signal which is not expected
exhibit any polarization effect, and then by using the formu
of the fluorescence yield as a function of the geometri
setup ~incidence and taking off angles!. Actually, because

FIG. 5. Experimental~dots! and theoretical~solid lines! fluores-
cence spectra of samarium at different detection angles.
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56 2271EXPERIMENTAL AND THEORETICAL COMPARISON . . .
the thickness of the sample is smaller than the photon or
photoelectron mean free paths, any inhomogeneity on
sample thickness will introduce large errors when attemp
to quantify the effect of the change of the angle of inciden

Figure 5 compares experiments and calculations for
M5 FY of samarium. A scaling factor between theory a
experiment has been obtained for one angle, and then ap
to the other angles. This figure shows that the theoret
model is fully able to predict, as for thulium, the shape of t
FY but also its polarization dependence. In the case of
the ground state is a singlet state with 4f 0 configuration, so
that theM5 FY is a single peak whose angular dependenc
simple. The summation overq then reduces to a single term
with q50, and the FY is proportional to cos2 Q. Figure 6
shows theM5 edge of lanthanum as a function of the ang
Q, while Fig. 7 compares the intensity of this line with
theoretical cos2 Q function. The point corresponding to a
angle of 90° does not fit well with the theoretical curve, b
in that case the counting rate is very low, and therefore
error in the intensity very large~actually this curve has no
been reported in Fig. 6!. The overall agreement between th
theory and the measured values is nevertheless very sati
tory.

FIG. 6. LaM5 fluorescence yield as a function of the detecti
angle. Solid line, 20°; crosses, 45°, thick solid line, 60°; dots, 7
s.
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CONCLUSION

We have shown in this paper that, for quasiatomic tran
tions such as theM4,5 edges of rare earths, special selecti
rules for the radiative decay~fluorescence! may render the
fluorescence yield distinctly different from the total electr
yield or the absorption cross section. This effect comes fr
an inelastic decay channel which opens up for selected
sorption transitions, and increases the radiative deexcita
probability compared to the elastic case. The experime
results obtained in the cases of La, Sm, and Tm have b
quantitatively explained within an atomic model which fir
calculates the resonant x-ray fluorescence spectrum. The
ferences between fluorescence yield and true absorption
sults question the applicability of the method to proble
involving rare earths like x-ray magnetic dichroism, whe
FY has the advantage, compared to the total electron yi
to be insensitive to magnetic fields. Moreover the fluor
cence yield exhibits a polarization dependence with the an
between the incident and fluorescence photons which
also been modeled using the same formalism. In that se
these results have to be related to previously publis
data,6–8 which dealt mostly with x-ray magnetic circular d
chroism~XHCD! experiments.

. FIG. 7. Variation of the intensity of theM5 line of lanthanum as
a function of the angleQ between the incident and the fluorescen
photons. The solid line is a cos2 Q function.
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