
1. INTRODUCTION

Access to synchrotron radiation has opened the possibility to characterize a material in a wide spectral range. This 
overcomes the problem of optical characterization of materials as the superposition of scattered data in the literature; 
these data are often obtained on samples with different origin and characterized using diverse techniques, which result in 
inconsistencies among the different investigations. In spite of the availability of synchrotron radiation sources for 
decades, many single elements of the periodic table, not to mention binary or ternary compounds, have not been properly 
characterized in the extreme ultraviolet and soft x-rays, but even in the visible or infrared. 

This was the case for lanthanides. Until recently, these materials had not been fully characterized in the extreme 
ultraviolet (EUV)-soft x-rays. However, an increased interest in these materials has grown with the recent 
characterization of La1, Tb, Gd2, Nd, Yb3, Ce4, Pr5, Eu6 and Tm and of materials with close chemical properties such as 
Sc7, ,8 9 and Y10.  

This proceeding summarizes the work on the characterization of the optical properties of several lanthanides and of Sc in 
a wide spectral range between the visible and the soft x-rays. The optical properties in this energy range are characterized 
by the high-energy tail of the valence electrons and by the presence of three intense absorption bands, O2,3, N4,5, and M4,5, 
in order of increasing binding energy, due to the excitation of 5p, 4d, and 3d electrons above the Fermi level. The 
proceeding is organized as follows: A brief description of the experimental techniques used is presented in Section 2. 
Section 3 presents transmittance data, extinction coefficient of materials calculated from transmittance, and dispersion 
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ABSTRACT 

A summary of the research performed on the optical characterization of Sc and of several lanthanides from the visible to 
the soft x-rays is presented. The low absorption of these materials mainly below the O2,3 edge (L2,3 edge for Sc) turns 
them promising materials for the realization of multilayer mirrors in a spectral range in which most materials in nature 
absorb strongly. Thin-film samples with several thicknesses of the target material were deposited by evaporation over 
thin-film substrates in UHV, and their transmittance was measured in situ. A wide spectral range of direct 
characterization, along with extrapolations to longer and shorter wavelengths either using literature data (when available) 
or model predictions, enabled the development of consistent optical constants over the whole spectrum. An assortment of 
consistency sum rules has been used, and it was found that each of them highlights a given spectral range, which may 
help evaluate the consistency of each part of the combined spectrum. 
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obtained using Kramers-Kronig (K-K) analysis. The consistency of the data gathered in this research is evaluated 
through the use of several sum rules.  

2. EXPERIMENTAL TECHNIQUES 
2.1 Sample preparation  

The deposition and characterization of thin films of several lanthanides and of Sc were performed in situ under UHV in 
two different facilities. Samples were prepared and analyzed both at the BEAR beamline of ELETTRA synchrotron 
(Trieste, Italy), and at Grupo de Óptica de Láminas Delgadas (GOLD) at Instituto de Física Aplicada-CSIC. BEAR 
beamline and GOLD allowed sample characterization in the ~3-1,600 eV and in the 6-24 eV ranges, respectively. Thin 
films of materials were deposited onto thin C films supported onto electroformed Ni grids; a grid with 88.6% nominal 
open area is typically used at present. The procedure for grid-supported C film preparation was reported elsewhere9. 
 
At BEAR beamline, lanthanide thin films were deposited with a TriCon evaporation source11, in which a small Ta 
crucible (W for Sc) is bombarded by electrons that impinge on the crucible wall. The crucibles were charged with chunks 
of the different materials with 99.95% purity or better. The crucible-sample distance varied from 100 to 200 mm. 
Deposition rate ranged from 1 to 4 nm/min, most frequently around 4 nm/min. Film thickness was monitored with a 
quartz-crystal monitor during deposition. Witness glass substrates or Si substrates cut from Si wafers were placed next to 
the grid-supported C film and so they were coated with a very similar film thickness. Reflectance versus the incidence 
angle was measured on the witness samples at optimum energies and the angular positions of the minima and maxima 
were used, along with the transmittance measurements at high energies, to calculate the actual film thickness. Henke et 
al.’s optical constants12 were used in this calculation. Henke et al. data were downloaded from the website of the Center 
for X-Ray Optics (CXRO) at Lawrence Berkeley National Laboratory13. The distance between the area of transmittance 
measurements and that of reflectance measurements was ~10 mm. 
 
At GOLD, films were deposited by evaporation from Ta boats. The boat-sample distance was ~300 mm. Deposition rate 
was ~1 − 4 nm/min. Film thickness was monitored with a quartz-crystal monitor during deposition; those measurements 
were calibrated through Tolansky interferometry, i.e., through multiple-beam interference fringes in a wedge between 
two highly reflective surfaces14. The use of glass witnesses allowed the determination of the films thickness after their 
preparation by means of Tolansky interferometry. 
 
Thin films both at BEAR and GOLD were deposited onto room-temperature substrates. 
 
2.2 Experimental setup for transmittance measurements 

At the BEAR beamline, measurements were performed with a vertical exit slit of 100 and 400 μm. The latter was used 
only at energies smaller than 18 eV where the radiation intensity is limited. With this configuration, the monochromator 
spectral resolution (E/ΔE) varied from about 500 to 2000 depending on slits aperture and photon energy. The suppression 
of higher orders was achieved using quartz, LiF, In, Sn, Al and Si filters at specific ranges below 100 eV, and choosing a 
plane-mirror-to-grating deviation angle in the monochromator setup that minimized higher-order contributions. The 
beam cross section at the sample was about 0.7×1.5 mm2.  
 
Measurements at BEAR beamline were performed at the spectroscopy chamber15, which is connected in vacuum 
(P=1.3x10-8 Pa) to the preparation chamber, where in situ samples were prepared. For each material under study, 
typically two to three C substrates were used. On each substrate, several successive coatings were deposited without 
breaking vacuum to obtain films of increasing thickness. Each sample was transferred back and forth between the 
deposition chamber and the measurement chamber, always under UHV, for the deposition of the successive layers and 
their characterization.  
 
For each film we evaluated the uniformity of the sample. The variation of transmittance signal at selected energies was 
verified in most cases to be less than ~0.5 - 2%. The sample was located for all the measurements in the same position 
within an uncertainty of 0.5 mm. We can estimate that the overall uncertainty in the transmittance measurements is of the 
order of 2%. Possible fluctuations of the photon beam during transmittance measurements were recorded with a 100-V 
biased mesh. These fluctuations were cancelled by normalizing the recorded beam intensity to the mesh current. 



Measurements at GOLD were performed in situ with a reflectometer that has been described elsewhere16, 17. Several 
successive coatings of increasing thickness were deposited on LiF substrates, and on C substrates similar to the ones 
referred above, without breaking vacuum. Each sample was transferred from the deposition to the characterization 
chamber after every deposition. Deposition, transfer and transmittance measurements were performed under UHV 
conditions. 
 
In both facilities, transmittance measurements were performed on samples at room temperature. 
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Fig. 1. The transmittance of thin films of Sc and of five lanthanides versus the logarithm of the photon energy from the UV to the soft 
x-rays. The curves have been shifted vertically in 0.2 steps with increasing atomic number. The different numbers in the legend refer 

to the film thickness of each material; materials with more than one number scan the spectrum with various films.  

3. RESULTS AND DISCUSSION 
3.1 Transmittance and extinction coefficient of materials 
 
The optical properties of Sc and of five lanthanides (Ce, Pr, Eu, Tm, and Yb) have been determined so far in the 
collaboration between the present groups. We measured the transmittance of thin films of each material in a wide range 
of thicknesses at BEAR beamline, and, for some materials, also at GOLD. In order to exemplify these measurements, the 
transmittance measured for a certain thickness of each material, normalized to the transmittance of the uncoated 
substrate, is plotted in Fig. 1. To improve readability, the transmittance of Sc can be read from the ordinate axis, whereas 
the transmittance of the lanthanides has been successively shifted upwards in 0.2 steps with the increasing atomic 
number. A low-energy band of relatively large transmittance with a peak between 16.1 eV (Ce) and 27 eV (Sc) was 
obtained. This low-absorption band turns these materials as promising for transmittance filters or multilayer spacers in a 



spectral range where there has been a lack of low-absorbing materials. The spectral range of Fig. 1 encompasses three 
high-transmission bands right below the M4,5, N4,5, and O2,3 edges of lanthanides (L2,3 and M2,3 for Sc).  

 
If the contribution to transmittance coming from multiple reflections inside the film is negligible, the extinction 
coefficient k (the imaginary part of the complex refractive index) can be calculated from transmittance with the following 
equation:  
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where Ts and Tfs represent the transmittance of the uncoated substrate and of the substrate coated with the film under 
study, respectively; λ is the radiation wavelength in vacuum; d stands for the film thickness of the material. Eq. (1) is a 
straightforward result of the well-known Beer-Lambert law. A is a constant for each energy and encompasses the terms 
that involve reflectance, in the assumption that multiple reflections are negligible.  
 
k for the six materials was calculated by fitting the slope of the logarithm of transmittance versus thickness at each 
energy using Eq. (1); Figs. 2 and 3 summarize k data obtained around the O2,3 and N4,5 edges of the lanthanides (M2,3 and 
L2,3 of Sc). 
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Fig. 2. The extinction coefficient k of Sc and of 5 lanthanides in the spectral range encompassing the O2,3 edge of the lanthanides and 

M2,3 edge of Sc. 
 
In Fig. 2, the relatively small values of k obtained below the O2,3 edge (M2,3 edge for Sc) are exceptional in nature, 
because most materials show strong absorption in this range. k is remarkably low for Sc, Yb, and Eu, which have 
minimum k values at parts of the displayed interval. This low absorption makes these materials promising candidates for 
reflective multilayers. In fact, Sc has been already found successful for the development of efficient Sc/Si multilayers 
with a remarkably high reflectance at individual wavelengths in the 25-35-eV spectral range18,19.  However, Sc and 
lanthanides, particularly Eu, are reactive materials, and this property may complicate their applicability for optical 
coatings. A surface passivation method must be developed to avoid the direct contact of the materials with atmosphere. 
Fig. 3 shows that the N2,3 edge in lanthanides moves to longer energies and becomes less intense with the increase of the 
atomic number. 
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Fig. 3. The logarithm of the extinction coefficient k of Sc and 5 lanthanides in the spectral range encompassing the N4,5 edge of the 

lanthanides. 
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Fig. 4. The sets of k data of Yb that map a wide spectral range from the FIR to the γ rays using the current data along with the data of 

Endriz and Spicer20, Larruquert et al.21, Henke et al., and Chantler et al.22, and extrapolations in the two extremes. 
 

 
The refractive index n of each material was calculated using K-K dispersion relations: 
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where P stands for the Cauchy principal value. The application of Eq. (2) to calculate n requires the availability of k data 
over the whole spectrum, so that we extended the measured data with the available data in the literature and 
extrapolations. Fig. 4 displays k data of Yb that were assembled for the K-K analysis. 
 
Fig. 5 displays the low-energy refractive index of Yb calculated with Eq. (2) using data plotted in Fig. 4. Data in the 
literature are available for comparison.  
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Fig. 5. The refractive index n of Yb in the spectral range encompassing the O2,3 edge measured at BEAR beamline and at GOLD along 

with the data in the literature12,20. 
 
The availability of optical constants of the present materials, and their relatively small absorption in the spectral range 
below their O2,3 edge (L2,3 edge for Sc), enables the design of novel multilayers in this range. As mentioned above, Sc/Si 
multilayers have already demonstrated their efficiency in the ~25-35-eV range18,19. Recently, Windt et al.23 developed 
multilayers based on Tb and tuned at ~20.7 eV. The low absorption of Yb and Eu in the spectral range ~10-22 eV may 
result in the development of first narrowband multilayers for this spectral range. 
 
3.3 Consistency of optical constants 
 
The f sum rule relates the number density of electrons to k or to other optical functions; it provides a guidance to evaluate 
the accuracy of these data24. The rule for k can be written as: 
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where e is the electron charge, h is Planck’s constant, and ωp stands for the plasma frequency of the material; the 
definition of ωp has been used in the rightmost term, where Nel is the total electron density, ε0 is the permittivity of 
vacuum, and m is the electron mass. It is useful to define the effective number of electrons neff(E) contributing to k up to 
each energy E: 
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where Nat is the atom density. The f sum rule expresses that the high-energy limit of neff must reach the atomic number Z 
of the material. When the relativistic correction on the calculation of the scattering factors is taken into account, the high-
energy limit of neff must be somewhat modified. For Pr, with Z=59, the following modified atomic number Z* was used: 
Z*=58.1925. The high-energy limit obtained by integrating k throughout the spectrum according to Eq. (4) was 56.36, 
which is a 3.1% smaller than the above Z* value. With this difference, we conclude that the f sum rule test shows a good 
consistency of k data. The encountered difference with Z* may be attributed to inaccuracies in the film thickness 
determination, in the k data used in the low energy extrapolation, in the transmittance measurements, and to a possible 
lower density of the film thickness compared to bulk density, which was used in Nat. 
 
Other expressions of the f sum rule have been proposed in the literature, but scarcely used. Eqs. (5) to (8) show four of 
these expressions that have been investigated here 26,27: 

∫
∞

− ⎟
⎠
⎞

⎜
⎝
⎛=

0

22

1 ,
22

'Im' p

e
hdEE

πω
π

ε      (5) 

∫
∞

⎟
⎠
⎞

⎜
⎝
⎛=

0

22

,
22

'Im' p

e
hdEE

πω
π

ε      (6)  

( )∫
∞ πω

⎟
⎠
⎞

⎜
⎝
⎛

π
−=−

0

4
p

4
3 ,

16e2
h'dE1nk'E      (7) 

( )[ ]∫
∞

⎟
⎠
⎞

⎜
⎝
⎛=−−

0

66

225 .
162

'13' p

e
hdEknkE

πω
π

    (8) 

 

10-2 10-1 100 101 102 103 104 105 106 107

photon energy (eV)

0

20

40

60

n e
ff

Eq. (3): 56.36
Eq. (5): 56.35
Eq. (6): 56.36
Eq. (7): 56.36
Eq. (8): 56.37

 
Fig. 6. The effective number of electrons contributing to various optical functions of Pr up to a given energy versus the logarithm of 

the photon energy. The curves were calculated using expressions based on Eqs. (3) and (5) to (8). The high-energy limit of the curves 
is also shown. 

 



The term in parentheses allows adapting the more usual expressions of sum rules, in terms of frequency, to photon 
energy. Fig. 6 represents the effective number of electrons neff(E) calculated both with Eq. (4) coming from the sum rule 
(3), and from analogous definitions coming from the sum rules defined in Eqs. (5) to (8). Square or cubic roots and 
suitable normalization were used for sum rules based on Eqs. (7) and (8). The high-energy limit is also shown in the 
figure; these limits are exceptionally close to each other. The main contribution to neff slightly varies among the different 
expressions, and in general it comes from the ~1 to 6×105 eV spectral range. The only remarkable difference is that in 
some curves neff starts to get contribution from ~1 eV (Eq. 6), whereas in others it starts at ~10 eV. This difference may 
help select the more appropriate expression, depending on the spectral range that wants to be highlighted. Anyway, in the 
current case all expressions return very similar values, which suggests all data contributing to the calculation being 
accurate enough. Further dependence of contributions at different spectral ranges on specific sum rule expressions will 
be addressed below.  
 
 A useful test to evaluate the accuracy of K-K analysis is obtained with the inertial sum rule: 
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which states that the average of the refractive index throughout the spectrum is unity. The following parameter is defined 
to evaluate how close is to zero the integral of Eq. (9) as calculated with experimental data: 
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Fig. 7. Several expressions of the inertial sum rule applied to Eu as a function of the logarithm of the accumulated photon energy. The 

curves were calculated using four different expressions.  
 

Altarelli and Smith proposed to consider as acceptable values of ζ of a few hundredths. However, Shiles et al. suggested 
that only a value of ζ within ±0.005 would be acceptable.  
 



As with f sum rules, several expressions of inertial sum rules have been proposed28. The following equations are 
examples of these expressions: 
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Fig. 7 displays the integral of expressions (11) to (14) obtained for Eu. The upper limit of the integral is used as the 
variable represented in the abscissa. The curves have been normalized in order to have an absolute maximum of unity. 
The different curves show dependences on specific spectral ranges. In fact, sum rule expressions (11) to (14) were 
selected among a larger number of them for displaying their main contribution on rather separated spectral ranges. The 
evaluation parameter, defined analogously to the one given in Eq. (10), is also plotted in the figure for each sum rule 
expression. All curves largely satisfy the more rigorous limit of Shiles et al., except for expression (13), which is slightly 
larger than the limit. The latter expression highlights the low-energy range, with almost no contribution above 10 eV. 
The next upper spectral range is highlighted by expression (11), and it resulted in an extremely low evaluation parameter. 
The contribution to the latter sum rule is at energies of ~0.002 eV and above. Expressions (12) and (14) show also very 
low evaluation parameters. These results suggest that the refractive index calculated through the K-K analysis is 
remarkably consistent in the different spectral ranges above ~0.002 eV, and the consistency, when the small energies 
have a strong contribution, is slightly degraded. 
 
The above suggests that a wise selection of a specific expression of the inertial sum rule may better evaluate the 
consistency of the refractive index data in the desired spectral range. 
 

CONCLUSIONS 
 
The transmittance of thin films of several lanthanides and of Sc was measured in a broad spectral range between the 
visible and the soft x-rays. Thin films of these materials were deposited by evaporation, and the transmittance was 
measured in situ under UHV conditions. The extinction coefficient of these materials was calculated from transmittance 
measurements in the same spectral range. These materials feature a low-energy band of relatively large transmittance, 
which displays a peak between 16.1 eV (Ce) and 27 eV (Sc). This relatively low absorption at this spectral range makes 
these materials promising candidates for transmittance filters and for reflective multilayers. Given the high reactivity of 
these materials, a surface passivation method must be developed to avoid their direct contact with atmosphere. 
 
The refractive index of all the materials has been calculated with the K-K analysis, using k data obtained in this research 
along with extrapolations to longer and shorter wavelengths either using literature data (when available) or model 
predictions. 
 
This research has provided first experimental data of k in important parts of the spectral range investigated and first 
experimental data of n in almost all the spectral range investigated.  
 
The evaluation of f and inertial sum rules showed a general good consistency of the optical constants for all the materials 
investigated. Several expressions of the two types of sum rules, which had been proposed in the literature, have been 
used here in order to investigate their usefulness. The application of the different f sum rules to Pr resulted in 
exceptionally close values of the effective number of electrons for all of the expressions, in spite of the slightly different 
contribution across the spectrum through the different expressions. The application of the different expressions of the 
inertial sum rules to Eu resulted in a good consistency of the refractive index; however, each expression had its main 
contribution from spectral ranges that strongly varied from one expression to the other. This suggests that a wise 



selection of the specific expression of the inertial sum rule, may better evaluate the consistency of the refractive index in 
the desired spectral range. In the case of Eu, the expression of the sum rule that involved the smaller energies resulted in 
a slightly worse evaluation parameter, which suggests a smaller consistency of the low-energy range. 
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