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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 absorptibn in 3
transition metals at the edge and at thé/, 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 experif®ii63-182@07)09528-3

INTRODUCTION disregarded. Synchrotron radiation studies have also shown
a variety of resonant effects on fluorescence spe@tral
Fluorescence yieldFY) measurements of core-level ab- Auger, since emission and absorption are coupled due to the
sorption edge spectra have a variety of advantages over totadhort lifetimes. For localized, core-level excitonic states in
electron-yield(TEY) measurements including bulk sampling insulators, valence-band emission is lowered in energy due
depth, low background, and insensitivity to applied electricto screening by the core excitdrFor delocalized valence-
and magnetic fields. In the case of FY from occupied valenc@nd conduction-band states, momentum is conserved, lead-
states, the escape depth of the lower-energy emission jfg to emission from the same point in the Brillouin zdhe.
greater than the penetration depth of the incident radiatiorMa, in particular, considered the FY as resonant inelastic
so that absorption spectra contrast can be greatly reducegcattering and cautioned that FY may represent a partial
This se}turation is usually gncountered only in grazing inci-.;5ss sectiofi.In the last few years, these effects have been
dence in TEY from very thin sampléef the order of 1 nm g5,y experimentally through their consequences on x-ray
gﬁgggse Or th? small efcape olleptths 0f 0.5-2 nthf th_e Se|’?1'agnetic dichroism, which changes depending on the energy
ndary or low-energy Auger electrons measufeith con of the fluorescence line which is monitor@dA theoretical
tributions from farther ranging higher energy Auger elec-
approach to the problem has been presented recently, where

trons in TEY).! For case of FY from transition metals and the limit of th larization d 4 f tic studi
rare earths with partially filled, localizedd3and 4f orbitals € imit ot the porarization dependence for magnetic studies
f1as been analyz€d.

having sharp, intense multiplet spectra, the emission fro hi Ki fal fth .
each state is resonance fluorescence. In that situation, self- 11iS Work is part of a larger study of the magnetic nature

absorption of the emission distorts the spectrum, reducin%‘;Small clusters of rare earths in rare-gas matrideere we _
the relative magnitude of the largest absorption features as Ve chosen to examine transmission, TEY, and FY of a thin
saturation. Self-absorption and saturation can limit FY to thilm to minimize spectral distortions due to saturation and
study of dilute elements in absorbing matrices or thin films.self-absorption. The experiments show that the FY is dis-
However, FY spectra can differ from true absorption nottinctly different from the transmission and TEY, with one of
only due to the escape versus penetration depth dependerite three major transitions missing in the case of Tm, for
and self-absorption, but also due to relaxation processes d@fstance, and that these differences from TEY are fitted well
the intermediate state. More fundamentally, the Auger andby resonant inelastic scattering calculations using an atomic
fluorescent decay rate can vary across a multiplet, leading tmodel. Moreover these calculations predict the dependence
a FY absorption spectrum that is a product of the emissiof the FY with the angle between the incident and the fluo-
rate and the absorption, so long as the interference effect iescence photons, in particular in the case of Sm and La.
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1.2 e the seven elements with the detector set at 90° from the
incident light. An incidence angle close of 64° was chosen in
order to obtain counting rates for each of the detectors that
are approximately equal. By summing over all detectors, we
improve the signal-to-noise ratio without any loss of infor-
mation since it can be provedee belowthat the collection
angle is not important in this case of thulium. The spectra
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6 04 had flat backgrounds subtracted, and have been normalized
to one at the most intense peak. The TEY absorption spec-

S 0.2y 7 trum in Fig. 1 is not saturated and, surprisingly, shows a
= 0 L .., < . slightly greater magnitude absorption than the transmission
L e results. This could be due to the relative values of the sam-

1455 1460 1465 1470 pling depth of the TEY, the photon absorption length, and

Energy (eV) the sample thickness. However, the film was only 5 nm

thick, the Tm escape depth was calculated in the range 6.5—
FIG. 1. Comparison between the transmissisalid ling), the  11.5 nm, and the absorption length was 13 ¥mhile our
total electron yield(crosses and the fluorescence yieldots re-  transmission yields an absorption length of 34 nm. Such a

sults of a thin film of thulium at thé/ s edge. difference has been already reported in thin Ce fittns.
Moreover the film could be laterally inhomogeneous and the
| EXPERIMENT transmission “saturated.” Islands, for example, covering 0.2

We simultaneously measured the transmission, TEY, an@f the surface could reduce the relative-transmission-derived
FY of thin films of La, Tm, and Sm at th#s edges for absorption of the most intense peak approximately as ob-
several incidence angles. The measurements were made S&ved. o
beamline SA-32 of the Super-ACO storage ring at LURE. The spectra collected_by TEY or transmission have the
The monochromator was a scanning two-cryétat 1) type ~ Same fgaturelsz as previous Tm M 516absorpt|on edge
with beryl crystals and delivered radiation with a bandpass opbservations***"**and calculations'“*°The three peaks
about 0.5 eV in the range of the Th, s edges. The energy at 11046ilz.1é 1463.1, and 1465.7 eV arelgran5|_t|ons from the
calibration is within 0.05 eV. The incident beam intensity 3d'°4f'? *He ground state to the &4f"* excited states,
was measured by a thin-film TEY monitor. Beryllium filters Which correspond mainly tdHg, G5, and *Hs, respec-
just upstream of the monochromator, and an UHV experifively. Because the #orbitals are well localized, the triva-
mental chamber, were used to block low-energy light. Thdent absorption features are very similar in materials such as
monochromatized radiation was greater than 99% linearlyf O3, bulk Tm, and TmAj}. Differences of up to 30% in
polarized in the horizontal. The focused spot on sample wate relative magnitudes of TEY peaks are observed for dif-
about 500um horizontally and 30Qum vertically in normal ~ ferent compounds’ but the differences could depend on sur-
incidence. The thin-film sample was mounted with its normafface preparation. A distinctly different, divalent Tm absorp-
in the horizontal on a rotary motion with rotation around thetion spectrum with a single peak is observed at about 1460
vertical (angular accuracy of about BFY was measured by €V (on our scalgfor single atoms, clusters of less than 13
a seven-element Ge detect@urisys-Mesures with an en- ~ atoms, clean but rough surfaces, and some compounds such
ergy resolution of typically 150 eV. The whole detector wasas TmTe:® In Fig. 1, the differences between the FY and the
set successively at 90° and 45° of the incident photon directwo other measurements are obvious, with the lower-energy
tion. Three diodes of this seven-element array being in th@eak almost missing in FY.
plane of incidence, we could simultaneously measure three AS perhaps the best representative of the absorption, we
fluorescence signals at different angles between the incidef@ve fitted the TEY data of Fig. 1 with Voigt functions. The
photon beam and the outgoing one. TEY was measured st fit is with a Lorentzian full width at half maximum
monitoring the drain current of the sample, while transmis(FWHM) of 0.98 eV for theAJ=0 lower-energy peak, and
sion was measured by current generated in a #-giiton 1.6 eV for the twoAJ= —1 higher-energy peaks and with a
photodiode located behind the sample. Gaussian FWHM broadening of 0.54 eV for all peaks. The

The rare-earth films were deposited by evaporation in &aussian broadening extracted is in reasonable agreement
vacuum of a few 10° Torr at room temperature on an un- with resolution of our beryl crystal monochromator. The
supported Al film 700 nm thick. Evaporation rate was lesshatural lifetime Lorentzian broadening compares with the
than 0.1 nm/min. The film thickness was measured with g&alculation of Tholeetal, who assumed a Lorentzian

quartz-crystal thickness monitor. Given the vacuum and high WHM Cl’g 0.8 eV (and a Gaussian broadening of 0.94-eV
gettering of La, Tm, or Sm’ it is ||ke|y that the films were FWHM) Because of the uncertainties about the exact

almost entirely oxidized. thicknesses of the sample, we did not try to extract the true
absorption coefficients from our measurements, as was pre-
viously done*®

Figure 2 compares the three corresponding spectra on a

Figure 1 shows TnM g absorption derived from transmis- thin film of samarium. In that case, because we will see that
sion, TEY, and FY of the Tm thin film measured simulta- the fluorescence is angle dependent, only the FY data taken
neously at an incidence andielative to the sample normal from the single detector located at 90° from the incident
of 64°. The FY spectrum is the sum of signals collected byphoton beam have been plotted. The remarks which have

II. RESULTS AND INTERPRETATION
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FIG. 2. Comparison between the transmissisalid line) the FIG. 3. Resonant x-ray fluorescence scattefRXFS) of Tm
total electron yield(crosses and the fluorescence yieldiots re-  for three different incident energies labelled in Fig. 1: dots, energy
sults of a thin film of samarium at thé 5 edges. of peakA; crosses, energy of pedk (the amplitude has been di-

vided by 5; solid line, energy of pealC, showing the inelastic
been made for Tm are also applied in this case, with esserontribution.w is the emitted photon energy, as defined in &j.
tially the TEY and absorption spectra identical, while the FY
exhibits marked differences from the two other experiments. (FITIi|T|g) |2
FRXFS(Q’w)_Zf Z E—Eg—Q—il
A. Interpretation

In the case of Tm, the primary difference in our spectra is X 3(Eg+Q—Ef—w), )

the missingdJ=0 FY peak. Of course we have at first tried \yhere|i) and|f) are intermediate and final states with ener-
to explain the differences by a self-absorption effect whichgies E; and E;, respectively, andv is the emitted photon
could affect the low-energy component. This implies a NON-energy. It is to be noted that the intermediate sfétés the
physical energy shift of the fluorescence line, compared t@ame as the final state of thel XAS. Figure 3 shows the
the absorption, which allows us to rule out this explanationRxEs of Tm as a function of the outgoing energyfor
Another possibility is a linear dichroism in the resonant fluo-gg|ected incident photon energi@swithin an energy scale
rescence from TpD; polycrystals, which is observed with \here the zero corresponds to the energy of the main absorp-
Zeeman splitting in rare eartfi8.This requires high mag- tion line (labeledB in Fig. 1). In this figure, only three inci-
netic fields and low temperatures for sufficient Zeeman splityent energies have been considered, which corresponds re-
ting in the rare earths. Linear dichroism has been observed i§'pectively to the energy positions of the three peaks,

TEY at room temperature for a submonolayer of Dy on vari-ang C in the absorption spectrum of thulium. The spectrum

ous substrates, and attributed to intense interfacial electrigf FY is then obtained by integratinggyes(Q, ) over the
fields!"*8 It is difficult to see how a strong enough field gmitted photon energy: '

exists in our thicker polycrystalline Ts®; layers. The

crystal-field splitting in bulk TrpO; itself, while significant,

is not large enough to leave only the ground state substan- FFY(‘Q):I Frxrs(Q, 0)do. €)
tially populated(the first three excited states are 4, 11, and

27 meV above the ground stite If we take into account that the polarization vector of the

The calculations of the@®core x-ray-absorption spectrum incoming photon is in the scattering plane, and denote the
(XAS) and the resonant x-ray fluorescence spe@®&FS) angle between the incoming and fluorescence photon direc-
are made by a free-ion mod&f! with, for instance in the tions as®, then Eq.(3) is written as
case of thulium, a #2 configuration. The multiplet coupling _ .
effect originating from the Coulomb and exchange interac- » <f|C8)|i)(i|C8)|g)’2

¥ Ei—Eg—Q-il |

tions and the spin-orbit interaction is fully taken into account Fev(Q)=2 Z Aq(0),
using Cowan’s program. The XAS is calculated in the form a ()

. r where A,(®)=3(1+sir? ©) for g=1 and—1, and co$®
FXAS(Q):Z [Gi|T|g)? (Q+E,~E)2+T2" @D for q=01,q andC, is the normalized spherical harmonic rep-
resenting the dipole transition. Here is to be noted that the
where|g) is the Hund's rule ground staftHy (with energy  3d core hole lifetime broadening in Egs.(1), (2), and(4) is
Eg). |i) represents each final stateith energyE;) which is  dominated by the Auger decay, and the radiative decay is
excited by the optical dipole transition operaibrbetween negligibly smaller than the Auger one. This is an important
3d and 4 states,() is the incident photon energy, add  point in studying the difference between FY and XAS. If the
represents the 8 core-hole lifetime broadening. Using the radiative decay was the dominant channel'jrany variation
formula of the coherent second-order optical process, than the radiative decay strength would be unimportant for FY,
spectrum of the #—3d RXFS is given by as found from Eq(4).
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1.2 7T If we take into account only the elastic-scattering compo-
C a) ] nent, the FY has a single pe8kwith a weak shoulder at the
Tr . positionsA andC, becausé&(() is then roughly given by
0.8 E ] [Fyas(Q)12. In effect if we confine ourselves into the elastic
T 1 scattering [f)=|g)) and fix a specific statg) with Q=E;
>~ 0.6 £ b —Eg, then Eq.(1) gives Fyas=|(i|T|g)|%T, and Egs(2)
= i ] and (3) give Fry=|(i|T|g)|*T?, from which we obtain
0.4 | - Fey=F2,s. Then we add to this FY the inelastic component
r ] which increases the spectral weight at the position of peak
0.2 - ] C, and finally we find that FY behaves similarly to XAS for
o E - B andC, while peakA is almost missing.
E L ]
1455 1460 1465 1470 B. Polarization effects
Energy (eV)
The formalism described above allows us to predict the
1.2 1 L ™ dependence of the FY as a function of the argléetween
C b) ] the incoming photon and the fluorescence one. In order to do
Tr ] these experiments, the seven-element detector has been set
0.8 E E successively with its central element at 90° and 45°, and the
b . experiments have been performed on lanthanum and sa-
> 0.6 F ] marium where the polarization effects are expected to be
C ] stronger than for thulium, for which these calculations do not
0.4 |- . show such a dependence.
- . For one position of the detector, the measured intensity
0.2 7 from each of the three detectors situated in the incidence
L ] plane has been scaled by a factor which takes into account
0 T g the solid angle seen by each diode. Moreover, in going from
1455 1460 1465 1470 one detector angl€45°) to the other ong(90°), the best
Energy (eV) signal-to-noise ratio is obtained for a different angle of inci-

_ _ dence of the photon on the sample, assumed of course to be
FIG. 4. Comparison between experimeftoty and theory  polycrystalline. Therefore, we have set the detector in such a
for the fluorescence yielth) of Tm. the same angl®. In that case, the two sets of measurements

The calculated results of XAS and FY are shown in Fig. 4can be normalized since two data relate to the semeve
in the case of thulium. The value fis taken to be 0.5 ey, then have altogether four different angl@sof about 25°,
and then the obtained specffgs andFry are convoluted 45°, 60° and 90°, with an average accuracy*o6° which
by a Gaussian function with width 0.6 e{FWHM). The corresponds to the diameter of each diode. It could be
XAS exhibits three peaka, B, andC. PeakA corresponds thought that t_his normalizaj[ion me';hod_ could be cross
to the excited statéHg, and peakB corresponds mainly to checked by using the TEY signal which is not expected to
iGS (includigg 20% of 3H5)3, while peakC_ ConS!S.tS of e;<h|hb|t ;:;lmy poIarlzatlon tle(;fect, anfd the_n by ;JSL]ng the formylal
Hs (54%), 3Hs (37%), and 3Gs (9%). The intensities of ©Of the fluorescence yield as a function of the geometrica
XAS and FY are taken so that their maximum values coin-Setup (incidence and taking off anglesActually, because
cide each other. The calculated FY shows featlemnd C
very similar to those of XAS, whereas pedk is almost L L I
missing in FY. I
In order to find the origin of the missing peakin FY, we
take a look to the calculated RXFS as a functioneofor
various values of) shown in Fig. 3. It is found that fof)
corresponding tA and B we have almost a single peak in
Frxrs, Whose final state is the same as the ground state term< I
%Hg. Therefore, these RXFS corresponds to the elastic reso-_ 4 [
nant x-ray scattering. However, f& corresponding tcC,
we find an inelastic scattering peak in addition to the elastic
one. The final state of this inelastic peak corresponds mainly £
to the I final state, which is obtained by the spin-flip ex-
citation from the ground statéHs. The reason why we have
a strong inelastic scattering intensity for the XAS pé&alis
that the intermediate stat@ is a strong mixture between
'H; and 3H; states, and then thtHs component can decay
radiatively to the final statél, while the 3Hg component FIG. 5. Experimentaidots and theoreticalsolid lines fluores-
decays to the’Hg final state. cence spectra of samarium at different detection angles.

rb. units)

tensity
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FIG. 6. LaMj; fluorescence yield as a function of the detection - fthe i itv of thi« i f lanth
angle. Solid line, 20°; crosses, 45°, thick solid line, 60°; dots, 70°. FIG. 7. Variation of the intensity of thil; line of lanthanum as

a function of the angl® between the incident and the fluorescence
photons. The solid line is a c&® function.
the thickness of the sample is smaller than the photon or the
photoelectron mean free paths, any inhomogeneity on the
sample thickness will introduce large errors when attempting We have shown in this paper that, for quasiatomic transi-
to quantify the effect of the change of the angle of incidencetions such as th#l, s edges of rare earths, special selection
Figure 5 compares experiments and calculations for theules for the radiative decaffluorescencemay render the

Ms FY of samarium. A scaling factor between theory andfluorescence yield distinctly different from the total electron
experiment has been obtained for one angle, and then appliéeld or the absorption cross section. This effect comes from
to the other angles. This figure shows that the theoretical? inelastic decay channel which opens up for selected ab-
model is fully able to predict, as for thulium, the shape of theSOrption transitions, and Increases the radiative dee>§C|tat|on
FY but also its polarization dependence. In the case of LalE)rOb""b”'ty Qompgred fo the elastic case. The experimental

: : S0 ' . esults obtained in the cases of La, Sm, and Tm have been
the ground state is a singlet state witfr £onfiguration, s0 4 ,antitatively explained within an atomic model which first
that theMs FY is a single peak whose angular dependence iga|cylates the resonant x-ray fluorescence spectrum. The dif-
simple. The summation over then reduces to a single term ferences between fluorescence yield and true absorption re-
with =0, and the FY is proportional to co®. Figure 6  sults question the applicability of the method to problems
shows theMs edge of lanthanum as a function of the angleinvolving rare earths like x-ray magnetic dichroism, where
0, while Fig. 7 compares the intensity of this line with a FY has the advantage, compared to the total electron yield,
theoretical co%® function. The point corresponding to an to be insensitive to magnetic fields. Moreover the fluores-
angle of 90° does not fit well with the theoretical curve, butcence yield exhibits a polarization dependence with the angle
in that case the counting rate is very low, and therefore théetween the incident and fluorescence photons which has
error in the intensity very largéactually this curve has not also been modeled using the same formalism. In that sense,
been reported in Fig.)6 The overall agreement between the these results have to be related to previously published
theory and the measured values is nevertheless very satisfatata®~® which dealt mostly with x-ray magnetic circular di-
tory. chroism(XHCD) experiments.

CONCLUSION
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