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ABSTRACT 

The optical constants of Eu films were obtained in the 8.3-1,400 eV range from transmittance 

measurements performed at room temperature. Thin films of Eu were deposited by evaporation in 

ultra high vacuum conditions and their transmittance was measured in situ. Eu films were deposited 

onto grids coated with a thin, C support film. The refractive index n of Eu was calculated using the 

Kramers-Kronig analysis. Data were extrapolated both on the high- and low-energy sides by using 

experimental and calculated extinction coefficient values available in the literature. Eu, similar to 

other lanthanides, has a low-absorption band just below the O2,3 edge onset; the lowest absorption 

was measured at about 16.7 eV. Therefore, Eu is a promising material for filters and multilayer 

coatings in the energy range below the O2,3 edge in which materials typically have a strong 
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absorption. The consistency of the composite optical constants was tested with the f and inertial sum 

rules and found to be good.  
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1. INTRODUCTION 

Until recently, lanthanides 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, Tb1, Gd2, Nd2, Yb3, Ce4, and Pr5, and of materials with close chemical properties such as Sc6,7,8 

and Y9. This paper addresses the optical properties of Eu films in the 8.3-1,400 eV range. 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. 

 

Scant data are available on the optical properties of Eu in the UV to soft X-rays. Zimkina et al.10 and 

Fomichev et al.11 performed absorption measurements and provided data for the product of the 

absorption coefficient times the film thickness in the 95-520 eV and 100-115 eV ranges, 

respectively. However, these papers cannot be directly taken for absolute reference since the 

absorption coefficient cannot be deduced. Fischer and Baun12 obtained absorption spectra of 

lanthanides and lanthanide oxides at the M4,5 edges; they only plotted the data for the oxides, and 

they doubted that their own measurements for Eu (not plotted) were characteristic of the metal. 

Thole et al.13 plotted absorption of lanthanide samples including Eu with focus on a small energy 

range in the region of the M4,5 edges aiming at line-shape analysis to determine the multiplet 

components contributing to the absorption peak; since the preparation of the samples is not clearly 

described and the ordinates in the plotted figures are not clear, the data can only be used qualitatively 

for the position of the absorption peaks. Bonnelle et al.14 reported shifts of x-ray absorption 

resonance lines from 1128.5 eV for Eu to 1131.2 and 1134.4 eV for Eu2O3. Mansfield and 

Connerade15 measured the absorption spectrum (in arbitrary units) of Eu vapor in the 131-153 eV 

range. Tracy16 obtained spectra of vapors of Eu and other lanthanides in the ~20-38 eV range, and 



reported relative absorption cross-section plots. Müller17 measured reflectance of Eu films and other 

materials in the 0.3-5 eV range through sapphire windows on which an Eu film had been evaporated; 

the same author published conductivity data of Eu in the 0.3-4 eV range18. Endriz and Spicer19 

measured the reflectance of Eu and other materials in the 1-11.5 eV range, and they deduced the 

dielectric constant and other functions in that range and extrapolated them down to 0.3 eV using 

Müller’s data; their research was performed in situ in UHV conditions, with extreme care in 

handling the samples.  

 

Other than optical measurements, Pétrakian20 measured the conductivity of thin films of Eu and 

other materials in the 1.6-6.2 eV range.  Brodén et al.21 reported the photoemission spectra and the 

absolute yield of films of Eu and other lanthanides. Trebbia and Colliex22 performed electron-

energy-loss spectroscopy on Eu films that were deposited under a pressure of 1.33x10-4 Pa, but they 

were apparently exposed briefly to the atmosphere before being transferred to the microscope 

working at a pressure of 1.33x10-3 Pa; they obtained two peaks at 142 and 149 eV, respectively. 

Kaindl et al.23 obtained the x-ray absorption through measurements of total electron yield of Eu2O3 

at the Eu M4,5 edge. Electron-energy-loss spectroscopy in reflection mode was investigated by 

Netzer et al.24. Kubo25  calculated the energy band structure of Eu and Ba BCC metals and obtained 

their optical conductivity in the 0-10.5 eV range. Henke et al.26 obtained a semi-empirical set of data 

in the 30-10,000-eV range (later extended to 30,000 eV27). They could only use the experimental 

data of Ref. 10, which are not absolute because film thickness was not given.  

 

This paper is aimed at providing accurate data on pure Eu samples over a broad spectral range. It 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 Eu calculated from transmittance, 



and dispersion obtained using Kramers-Kronig (K-K) analysis; the consistency of the data gathered 

in this research is also evaluated. 

 

2. Experimental techniques 

2.1 SAMPLE PREPARATION  

Both Eu film deposition and characterization were performed in situ under UHV in two different 

facilities. Eu samples for the spectral range 22-1,400 eV were prepared and analyzed at the BEAR 

beamline of ELETTRA synchrotron (Trieste, Italy), and samples for the spectral range of 8.31-21.23 

eV were prepared and analyzed at Grupo de Optica de Láminas Delgadas (GOLD) at Instituto de 

Física Aplicada-CSIC. Eu films were deposited onto thin C films supported on 117 mesh Ni grids 

with 88.6% nominal open area. The procedure for C film preparation was reported elsewhere8. 

 

At BEAR beamline, Eu films were deposited with a TriCon evaporation source28, in which a small 

Ta crucible is bombarded by electrons that impinge on the crucible wall. Eu chunks of 99.99  % 

purity from LTS Chem. Inc. were used. The crucible-sample distance was 200 mm. Deposition rate 

ranged from ~1.4 nm/min for the thinner films to ~3 nm/min for the thicker films. Film thickness 

was monitored with a quartz-crystal monitor during deposition. Witness glass substrates or Si 

substrates cut from Si wafers were placed close to the grid-supported C film and were coated with a 

similar Eu-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 to 

calculate the Eu film thickness. Henke’s optical constants27 were used in this calculation. Henke’s 

data were downloaded from the website of the Center for X-Ray Optics (CXRO) at Lawrence 

Berkeley National Laboratory29. The distance between the area of transmittance measurements and 

that of reflectance measurements was ~10 mm. 

 



At GOLD, Eu films were deposited by evaporation from Ta boats. The boat-sample distance was 

~300 mm. Deposition rate was ~4.2 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 surfaces30. 

 

Eu 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 m. With this 

configuration, the monochromator spectral broadening is of the order of 0.01 eV in the 22-100 eV 

range, 0.1 eV in the 100-500 eV range, and 1 eV in the 500-1,400 eV range. 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 0.71.5 mm2.  

 

The measurements were performed in the BEAR spectroscopy chamber31, connected in vacuum 

(P=1.3x10-8 Pa) to the preparation chamber, where in situ samples were prepared. Three C substrates 

were used. Three, one, and two successive Eu coatings were deposited upon the first, second, and 

third substrate, respectively, without breaking vacuum. Each sample was transferred back and forth 

between the deposition chamber and the measurement chamber, always under UHV, for the 

deposition of the successive Eu layers and their characterization.  

 

For each film we evaluated the uniformity of the sample. The variation of transmittance signal at 140 

eV was verified to be less than 0.5%. The sample was positioned 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 Au-mesh. These fluctuations were 

cancelled by normalizing the recorded beam intensity to the mesh current. 

 

Transmittance measurements in the 8.31-21.2 eV were performed in situ at GOLD with a 

reflectometer that has been described elsewhere32, 33. Three successive Eu coatings were deposited 

on a LiF substrate, and two coatings upon a C substrate, without breaking vacuum. Successive Eu 

coatings were deposited without breaking vacuum. The 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. 

 

3. Results and discussion 

3.1 TRANSMITTANCE AND EXTINCTION COEFFICIENT OF Eu 

We measured the transmittance of Eu films with the following thicknesses: 24, 41, 57, 58, and 94 

(GOLD), 15, 18, 26, 33, 55, and 205 nm (BEAR). The transmittance of several Eu samples 

normalized to the transmittance of the uncoated substrate is plotted in Fig. 1. A low-energy band of 

relatively large transmittance with a peak at 16.7 eV was obtained. Close transmittance bands have 

been measured for other rare earths, as will be mentioned below. Eu, along with Yb, La, Tb, Ce, and 

Pr are promising materials for transmittance filters or multilayer spacers for the ~12-25-eV spectral 

range, where there has been a lack of low-absorbing materials until recently. In Fig. 1 there are three 

high-transmission bands peaked at ~1,100, 128.5 and 16.7 eV, right below the Eu M4,5, N4,5, and O2,3 

edges, respectively.  

 



If the contribution to transmittance coming from multiple reflections inside the Eu 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 an Eu film, respectively;  is the radiation wavelength in vacuum; d stands for the Eu film 

thickness. 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 of Eu films was calculated by fitting the slope of the logarithm of transmittance versus thickness at 

each energy using Eq. (1); the data are represented in Fig. 2. The data of Henke were calculated with 

a density of 5.25 g/cm3. No other data were found in the literature above 11.6 eV. 

 

k at the O2,3 edge and both at and below the close low-absorption band are presented in Fig. 3, along 

with the data of Endriz and Spicer19. The smallest value of k is obtained at 16.7 eV, and the closest 

energies investigated were 14.87 and 18.45 eV. This minimum is closed to the ones obtained for 

other rare earths: La1 at 16.5 eV, Ce4 at 16.1 eV, and Pr5 at 16.87 eV. The minima for the other 

investigated rare earths are at somewhat larger energies: Sc6 at 27 eV, Yb6 at 21.2 eV, Tb1 at ~19.5 

eV. k at the minimum amounts to 0.04 for Eu, which is the smallest value found for lanthanide 

minima except for Yb, which is, however, more absorbing than Eu at 16.7 eV. Optical properties of 

Eu in this range are then exceptional, and might be suitable for transmittance filters or for reflective 

multilayers. However, Eu is a very reactive material, and this may complicate its applicability for 

optical coatings.  



 

Fig. 4 displays k around the Eu N4,5 edge. The current data show a structure with a main peak at 

141.5 eV and three secondary peaks at ~132.5, 134.0 and 136.0 eV; measurements every 0.5 eV are 

available here. The peaks are related to transitions from 4d to 4f shells. Fomichev et al.11 reported 

secondary peaks at 132.3, 133.6, and 135.5 eV, which are between 0.2 and 0.5 eV below the present 

ones; they found two further and smaller peaks that are not found here. They did not measure the 

position of the main peak of Fig. 4. Mansfield and Connerade15 measured the absorption of Eu vapor 

and obtained a main peak at 140.6 eV, and three secondary peaks at 132.4, 133.7, and 135.4 eV. The 

latter 3 peaks are within 0.1 eV of those of Fomichev et al.11. 

 

k at the M4,5 edge is presented in Fig. 5, along with experimental data of Thole et al.13 and the 

semiempirical data of Henke. Thole’s data, not displaying any ordinate units, have been scaled to 

match the current peak heights. Two main peaks for Eu metal were obtained in the current research 

at 1129.8±0.5 and 1158.0±0.5 eV, and a secondary peak at 1133.8±0.5 eV. Three similar peaks were 

measured at ~1.5 to 3.0 eV lower energy by Thole et al.13 Bonnelle et al.14 mentioned that Eu metal 

has a peak at 1128.5 eV, which is 1.3 eV lower energy than the present data. Tabulated data for the 

positions of M5 and M4 edges are 1130.9 and 1160.6 eV, respectively34, which are at 1.1 and 2.6 eV 

larger energies than the current peaks, respectively. A peak was found at 1481.4 eV, and it is 

attributed to M3 (1480.6 eV34).  

 

The uncertainty of the extinction coefficient was estimated in the following way: a computer code 

was used to add random errors to the experimental measurements; at every simulated measurement, 

transmittance and thickness values were randomly modified within the limits imposed by their 

relative uncertainties (0.02 in the case of transmittance and 0.05 in the case of thickness). With these 

modified values, the extinction coefficient was calculated in the usual way through the slope of the 



logarithm of transmittance versus thickness. After a large number of measurement simulations, the 

standard deviation k of the resulting set of extinction coefficient values was interpreted as k, the 

uncertainty of k, with k taking values within kk. As a result of this procedure the relative 

uncertainty k/k of Eu extinction coefficient was determined to be between ~0.015 and ~0.025 in 

almost the whole spectral range, except for the interval 650 – 1150 eV, where the relative uncertainty 

increased up to a maximum value of ~0.06. This increase in the relative uncertainty is due to the very 

small values of k in this spectral range.  

 

 

3.2 REFRACTIVE INDEX CALCULATION THROUGH DISPERSION RELATIONS 

The refractive index n of Eu 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 present data with the 

available data in the literature and extrapolations. Between 1,400 and 3104 eV we used Henke’s 

data from the CXRO’s web29; these data along with the current measurements were coupled with a 

smooth connection. For even larger energies, the calculations of Chantler et al.35 were used up to 

1.7105 eV. The extrapolation to infinity was performed by keeping constant the slope of the log-log 

plot of k(E) of Chantler’s data.  

 

At energies smaller than the present measurements, we used the data of Endriz and Spicer19. Endriz 

and Spicer measured reflectance of Eu films in the 1-11.6 eV range. They calculated the optical 

constants of Eu in this range, which they extended down to 0.3 eV using the reflectance data of 

Müller17. However, Müller had measured the reflectance of Eu films through sapphire windows on 



which an Eu film had been evaporated, so that Endriz and Spicer had to scale Müller’s data in order 

to match the two sets. Endriz and Spicer developed a Drude model to extend the reflectance data 

down to 0 eV. A simple Drude model did not match well with the available data, and one of the 

parameters was allowed to linearly vary from 0 to 0.3 eV. We tried to follow this Drude model 

recipe, but we could not reproduce the parameters obtained by Endriz and Spicer for Eu. 

Furthermore, the extrapolation with Müller’s data did not look very reliable, so we decided not to 

use Müller’s data.  

 

Instead, we operated in the following way. We extrapolated the Endriz-Spicer data from 1 to 0 eV 

with a new Drude model. In order to calculate Drude parameters, we used experimental data for the 

resistivity of Eu36, from which we obtained conductivity σ=1.01x1016 s-1 (CGS units), and of the 

experimental loss-function peak as displayed by Endriz and Spicer in their Table II, from which we 

obtained the free-electron plasma energy Ep=ħωp=8.66 eV. These parameters resulted in the 

electronic relaxation time of τ=7.33·10-16 s. This Drude model did not reproduce the reflectance 

measured by Endriz and Spicer at 1 eV. Therefore in the interval  0-1 eV the values of Ep and τ were 

allowed to vary with energy according to linear or square root laws of the form  τ(E) = τ0[1-

A(E/E0)
(1, 0.5)], Ep(E) = Ep0[1-B(E/E0)

(1, 0.5)], where E0=1 eV, and (1, 0.5) means that whichever of the 

two powers were tried. The linear variation of Drude parameters resulted in an abrupt connection 

with Endriz's reflectance at 1 eV (0.681), even though there were two free parameters (A and B) and 

one constraint (the reflectance at 1 eV). On the contrary, the variation of Drude parameters with the 

square root of energy resulted in a smoother connection at 1 eV, and this approach was adopted, 

which provided an extrapolation for k down to zero energy starting with the Endriz-Spicer data. 

Table 1 summarizes the parameters used in the Drude model. 

 



Fig. 6 displays the k data of Eu that were assembled for the K-K analysis. Figs. 7 to 10 display =1-n 

calculated with Eq. (2) using data plotted in Fig. 6; n or  at the O2,3, N4,5, and M4,5 edges is shown in 

Figs. 8, 9, and 10, respectively.  Only Endriz-Spicer and Henke data are available for comparison.  

 

3.3 CONSISTENCY OF OPTICAL CONSTANTS 

The f sum rule relates the number density of electrons to k (or to other functions); it provides a 

guidance to evaluate the accuracy of k data. It is useful to define the effective number of electrons 

neff(E) contributing to k up to given energy E: 
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where Nat is the atom density, e is the electron charge, 0 is the permittivity of vacuum, m is the 

electron mass, and h is Planck’s constant37. The f sum rule expresses that the high-energy limit of the 

effective number of electrons must reach Z=63, i.e., the atomic number of Eu. When the relativistic 

correction on the scattering factors is taken into account, the high-energy limit of Eq. (3) is 

somewhat modified. The following modified Z was used: Z*=62.0438. The high-energy limit 

obtained here with Eq. (3) was 60.54, which is a 2.4% smaller than the above Z* value. The main 

contribution to neff was found to come from the ~1 to 6105 eV range. The 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.  

 

 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 to zero the integral of Eq. (4)37 is: 
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Shiles et al.37 suggested that a good value of  should stand within 0.005. An evaluation parameter 

=-0.0001 was obtained with the inertial sum rule test. Therefore, the inertial sum rule test is well 

within the above top value, which, along with the above obtained result for the f sum rule, suggest 

good consistency of n and k data.  

 

In order to check the validity of the modified Drude model that was applied in section 3.2, a 

test was performed through the following sum-rule39: 
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where , 1 and (0) stand for the frequency, the real part of the dielectric constant, and the 

DC conductivity, respectively. With the current data, the main contribution to the integral of 

Eq. (6) was found in the spectral range ~0.001-10 eV, and hence the sum-rule stresses the low-

energy range. The sum-rule of Eq. (6) resulted in a DC conductivity 3.8% larger than the 

original value of Curry et al.36 that was used in the above modified Drude model. From this 

reasonable agreement we conclude that the modified Drude model here used result in self-

consistent optical-constant data. 

 

CONCLUSIONS 

The transmittance of thin films of Eu deposited by evaporation has been measured in situ in the 8.3-

1,400 eV photon energy range under UHV conditions. The extinction coefficient of Eu has been 



calculated from transmittance measurements in the same spectral range. Eu features a deep 

absorption minimum at ~16.7 eV, with k at this energy being lower than the one corresponding to all 

the other rare-earths investigated so far. This relatively low absorption at this spectral range makes 

Eu a promising candidate for transmittance filters and reflective multilayers. Given the high 

reactivity of Eu, a surface passivation method must be developed to prevent surface instability of Eu 

in contact with atmosphere.  

 

The refractive index of Eu in the same range was obtained with K-K analysis over an extended 

spectral range. 

 

Current data are the first experimental data of both the extinction coefficient and the refractive index 

of Eu in the whole spectral range investigated except the 8.3-11.6-eV range. The current data 

encompass the Eu M4,5, N4,5 and O2,3 edges.  

 

The evaluation of f and inertial sum rules shows good consistency of the optical constants of Eu. 
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Table 1. Parameters used in the Drude modela. 

Drude parameters 

τ0 Ep0 

7.28·10-16 s 8.66 eV 

Coefficients A B 

Linear 0.36 0.26 

Square root 0.35 0.27 

 

a Parameters were made to vary in the form: τ(E)=τ0[1-A(E/E0)
(1,0.5)], Ep(E)=Ep0[1-B(E/E0)

(1,0.5)], 

where the powers of 1 and 0.5 refer to linear and square root variations, respectively. E0=1 eV. 



Figure captions 

Fig. 1. The transmittance of Eu films with various thicknesses normalized to the transmittance of the 

substrate versus the logarithm of photon energy. Solid line: 18 nm; dash-dot: 33 nm; dash-dot-dot: 

55 nm; dash-dot-dot-dot: 205 nm; short dash: 24 nm; medium dash: 41 nm; long dash: 58 nm; dash-

dash-dot: 57 nm; dash-dash-dot-dot: 94 nm. 

Fig. 2. Log-log plot of the extinction coefficient of Eu as a function of photon energy, along with 

data of Henke et al.26  

Fig. 3. The extinction coefficient of Eu as a function of photon energy at the low-energy range, along 

with the data of Endriz and Spicer35, and of Henke et al.26  

Fig. 4. The extinction coefficient of Eu versus photon energy at the N4,5 edge, along with data of  

Henke et al.26 

Fig. 5. The extinction coefficient of Eu versus photon energy at the M4,5 edge, along with the data of 

Thole et al.13 (after rescaling) and the data of Henke et al.26  

Fig. 6. Log-log plot of k data that map a wide spectral range using the current data along with the 

data of Endriz and Spicer35, Henke et al.26, and Chantler et al.35, and extrapolations in the two 

extremes.  

Fig. 7. Log-log plot of δ=1-n versus photon energy.  Henke’s data26 are also represented 

Fig. 8. n versus photon energy at the O2,3 edge and at the low absorption band below it. The data of 

Endriz and Spicer35, and Henke26 are also represented 

Fig. 9. =1-n versus photon energy at the N4,5 edge. Henke’s data26 are also represented.  

Fig. 10. =1-n versus photon energy at the M4,5 edge. Henke’s data26 are also represented. 
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