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Abstract 

We present the analysis of an AlCuLi quasi-crystal on through electron probe microanalyzer equipped 

with spectrometers working both in the soft and ultra-soft x-ray ranges. This original combination 

enables obtaining the Li K and Al L2,3 emissions with a reflection plate spectrometer and the Al K 

and Cu L emissions with a curved-crystal spectrometer. All these emissions are emission bands, 

sensitive to the chemical state of the emitting element. From the observation of the valence band 

shapes, it is confirmed that the electronic structure of the quasi-crystal is quite different from that of 

the corresponding pure metals. From the measured intensities, quantification is performed using the 

PAP model. The weight fractions calculated from the ultra-soft x-ray emission intensities are very 

dependent on the chosen database of mass attenuation coefficients. Comparison with fractions 

calculated with small uncertainty in the soft x-ray range enables choosing which databases are the 

most relevant for the ultra-soft x-ray range. Both quantifications performed from ultra-soft and soft x-

ray emissions are compatible, leading to the Al60Cu24Li16 weight concentration of the quasi-crystal. 
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Introduction 
Direct characterization of light elements emitting within the ultra-soft x-ray range (30 – 150 eV) by x-

ray emission spectroscopy (XES) remains challenging and crucial in various fields of science or industry. 

In this context, lithium is one of the most interesting elements as it stays outside the field of the 

common XES devices like electron microscopes or probes. Development of dedicated spectrometers 

for the ultra-soft x-ray range [1,2] and designed to work with electron beam apparatus, electron 

microscopes and electron microprobes, gives the opportunity to extend analytical capabilities from 

ultra-soft to soft x-rays with the same technics. Thus it is now possible to track the Li K (2p – 1s 

transition) [3–5] together with elements in which x-rays arise at higher energy and to analyse many 

elements in different x-ray spectral domains. Moreover, these spectrometers offer a relatively high 

resolving power, E/E about equal to 100 or larger. Thus, they enable to improve the analysis of 

emissions falling in the soft x-ray domain (150 – 5000 eV) and particularly in the 150 – 750 eV energy 

range generally measured with crystal spectrometers equipped with periodic multilayers giving a poor 

resolving power, E/E about equal to 15 or larger. The high spectral resolution is strongly required for 

the study of emission bands (transitions between the occupied valence states towards a core level) 

since their shape and precise energy position are highly dependent on the chemical state of the 

emitting element. For example, the combination of observations obtained by XES and electron energy 

loss spectroscopy [1], made it possible to give evidence of the pseudo-gap present between the 

occupied and unoccupied valence states in quasi-crystals. 

The ultra-soft x-ray spectrometers also enable making intensity measurements and thus open the 

possibility to perform elemental quantification [6], i.e. to determine the weight fraction of an element 

within a solid material from the intensity of its characteristic emission. The combination of this 

quantification with the one performed in a standard way with the crystal spectrometers of the electron 

microprobe is beneficial because: 

- coherent determinations obtained in two independent spectral ranges validate the 

quantification; 

- discrepancies between the two determinations point to discrepancies in fundamental 

parameters used in the quantification model; particularly the tabulated values of the 

attenuation coefficients in the ultra-soft x-ray range are not known with accuracy [7,8]. 

In this work, we explore in an original way an AlCuLi quasi-crystal, by combining spectra obtained in 

the ultra-soft x-ray range with a reflection zone plate (RZP) spectrometer [2,5] and those obtained in 

the soft x-ray range with a standard Johann-type curved crystal spectrometer [9,10]. RZP are diffractive 

and focusing optics working as two-dimensional variable line spacing gratings [11] to disperse x-rays. 

The Li K and Al L2,3 (3sd – 2p1/2,3/2 transition) spectra are obtained with the RZP spectrometer; the Al 

K (2p – 1s transition), Al K (3p – 1s transition) and Cu L (3d – 2p3/2 transition) spectra are obtained 

with a crystal spectrometer. Together, they give an insight on the electronic structure of this quasi-

crystal, confirmed by the comparison with previously obtained emissions bands. Indeed, quasi-crystals 

present unexpected translation symmetries [12] which lead to electronic properties different to the 

ones of mere metallic alloys [13,14]. 

Moreover, quantification is performed in both ultra-soft and soft x-ray ranges. However, with our 

current setup, it is not possible to run at the same time the crystal and RZP spectrometers to combined 

intensity measurements obtained in both spectral ranges. Then, in the ultra-soft x-ray range, the 

determination of the Li K and Al L2,3 intensities enables calculating the lithium and aluminium weight 

fractions and deducing the one of copper by difference. In the soft x-ray range, where lithium does not 
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emit, the determination of the Al (from the Al K emission) and copper weight fractions enables 

calculating the lithium weight fraction.  

Experimental details and preliminary chemical characterizations 
The AlCuLi studied quasi-crystalline sample was fabricated in the 1990s, a few years after the surprising 

discovery of quasi-crystals presenting unexpected diffractive properties [12,15]. The sample consists 

of quasi-crystalline phases pressed in a lead matrix. Prior to the introduction of the sample in the 

analysis chamber, a cleaning of its surface was performed using an argon ion beam under a glancing 

angle of 20°. The ion bombardment duration was 30 minutes at 3 kV followed by 30 minutes at 2.5 kV. 

After cleaning, the sample was stored in nitrogen atmosphere and spent a few minutes in air during 

its transfer inside the electron microprobe. As the sample is not an insulator, no conductive carbon 

coating of its surface was necessary avoiding further on the final spectrum. 

A first characterization was performed on a scanning electron microscope (Zeiss Supra) using 15 keV 

incident electron beam to determine the precise location of quasi-crystal fragments suitable for x-ray 

analysis as seen on the backscattering electron image of Figure 1. Consequently, the quasi-crystal low-

density phases appear as dark zones, 10 µm to some 100 µm long, surrounded by the large and light 

grey leaded matrix. 

 

Figure 1: Backscattered electron mosaic-type image of the AlCuLi quasi-crystal sample obtaine at high 

magnification. The red square is indicating zone analysed in the following. The colour inset is the x-ray 

image of the analysed zone showing the AlCuLi quasi-crystal (light blue region, Al K emission and Cu L 

emissions) and the Pb matrix (red, Pb M emission). 

Figure 2(a) presents the BSE image of the analysed zone, obtained with 5 keV electrons. It is more or 

less rectangular and has a size of about 55 µm and was selected because of its flat and smooth surface, 

required to perform analysis by electron probe micro analyser (EPMA). Chemical maps extracted from 

a unique hyperspectral image obtained by energy dispersive spectrometry with a silicon drift detector 

(SDD, Bruker) in the ranges of the Al K, Cu L , and O K x-ray emissions are shown in Figures 2(b), 

(c) and (d) respectively. The SDD used in this study cannot reach lithium spectral range. A colour 
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composite image was obtained by the combination of the three spectral images and is shown as the 

colour inset of Figure 1. 

 

Figure 2: (a) BSE image and (b) Al K, (c) Cu L and (d) O K spectral images of the analysed zone. The 

analysed zone is inside the white rectangle. The size of the images is 120 µm x 190 µm. 

The wavelength dispersive spectra of the different elements present in the sample were obtained with 

a CAMECA SX100 EPMA, operating at 5 kV and 40 nA. This acceleration voltage was chosen as a 

compromise to obtain a well-defined and well-controlled electron beam having a diameter below 1 µm 

and to optimize the analysed thickness with the Li K emission band. The electron current was defined 

as a compromise between possible beam damage and acquisition time. During analysis, the 

experimental chamber is at a pressure of a few 4 x 10-6 mbar. 

The RZP spectrometer (WDSX from NOB, Nano Optics Berlin) implemented on the CAMECA 

microprobe [5], enabled to scan the emitted photon energies between 40 and 120 eV. This 

spectrometer works as a variable line spacing grating spectrometer, focusing the x-rays on a line to 

obtain the spectra with a CCD camera, that is to say working as a flat-field spectrometer. The spectrum 

of the quasi-crystal in the full range of the spectrometer presented in Figure 3(a)results of the sum of 

17 acquisitions (18 were performed, the 12th is lost) of 100 s performed at the same location. Various 

features are observed and labelled from #1 to #11, the more interesting ones being the Li K (#3) and 

Al L2,3 (#5, 6) emissions. The other features are related to the C K (#2, 9) and O K (#8, 10) emissions 

diffracted at the high orders of the RZP. Carbon and oxygen are originating from the thin contamination 

layer at the surface of the sample following its transfer in air. Some background locations are also 

numbered (#1, 4, 7, 11). We have checked the stability of the analysed zone under the electron beam 

by plotting in Figures 3(b) and (c) the number of counts measured at some of the various labelled 

positions as a function of the 17 acquisitions. Both peaks and backgrounds are stable; only a 10% 

decrease in the number of counts occurs after the first 100-200 s. Other quasi-crystalline zones of the 

sample were also analysed and revealed being unstable under the electron bombardment: after a few 

hundred seconds, the intensity of the lithium and aluminium emissions decreases while the one of 

carbon increases. 
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Figure 3: (a) Spectrum of the quasi-crystal obtained in the full range of the RZP spectrometer where 

different peak (in red) and background (in green) locations are labelled; (b) follow up of the number of 

counts measured at the peak locations labelled in (a) as a function of the acquisition number; (c) follow 

up of the number of counts measured at the background locations labelled in (a). 

A Johann-type curved-crystal x-ray spectrometer equipped with a TlAP (001) crystal (2d = 2.5745 nm) 

was used to disperse soft x-rays and acquire the Al K, Al K, and Cu L emissions. The incident 

electron beam was set to 5 kV and 40 nA. Spectra were obtained at the first diffraction order except 

for Al K at the second order to improve the spectral resolution. In this last case, five spectra, resulting 

from 30 accumulations of the Al K emission band, for a total time of 5 hours, were acquired at the 

same location and summed as only a small decrease (less than 10%) of the intensity was observed as 

a function of the electron irradiation time. 

The Monte Carlo program McXray [16] was used to calculate the depth distribution of the ionizations 

inside a AlCuLi material having a density of 2.2 g.cm-3. It is found that the maximum depth of the 

ionization is 400 nm for the Li K (1s) core level having the lowest binding energy and 350 nm for the 

Al K core level having the highest binding energy. Then using the attenuation coefficients taken from 

CXRO [17] and the take-off angle (40°) of the emitted radiation in the EPMA, the maximum thickness 

from where the characteristic x-rays can come from is estimated to 350 nm. Increasing the density to 

4 g.cm-3 decreases the thicknesses given above by a factor of 2. Thus, under the 5 keV electron 

irradiation, a few hundreds of nanometers are probed, i.e. the bulk of the quasi-crystal is analysed. 

Quantification was performed both in the ultra-soft x-ray range with the RZP spectrometer using the 

Li K and Al L2,3 emissions and in the soft x-ray range with the crystal spectrometer using the Al K and 

Cu L emissions. As it is not possible to detect the Cu M2,3 emission or to observe the Cu L emission 

with the RZP spectrometer, the copper mass fraction was determined by difference. That is to say, the 

Cu weight fraction is calculated as the difference between 1 (100%) and the sum of the Li and Al 

fractions. As it is not possible to observe the Li K emission with a crystal spectrometer, in this case 

the lithium mass fraction was obtained by difference. Pouchou and Pichoir (PAP) model [18,19], which 

corrects various matrix effect like absorption or fluorescence, was used to perform quantification. The 

values of mass absorption coefficients (MAC) are taken from the databases MAC30 [20], Chantler [21], 

EPDL97 [22], PENELOPE 2018 [23] or EPDL 2023 [24]. Because the absorption is large in the ultra-soft 

x-ray range, it is necessary that the sample be polished so that a plane and smooth surface of the 

sample is obtained. 
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Results and discussion 

Spectrum treatment 
The spectrum of the AlCuLi quasi-crystal is presented in Figures 3(a) and 4. The Li K and Al L2,3 

emissions are partly interfering with the C K and O K emissions diffracted at high orders. These 

carbon and oxygen contributions, coming from surface contamination, need to be removed in order 

to get spectra comparable to those found in the literature and to determine the integrated intensities 

that will be used in the quantification process. 

Energies and relative intensities of the various diffraction orders of the C K and O K emissions have 

been determined from reference spectra obtained with graphite and magnesium oxide under the same 

analytical conditions. On the quasi-crystal spectrum, we note that the C K emission at 47.5 eV (6th 

diffraction order, see Figure 4) and O K emission at 105 eV (5th diffraction order, see Figure 3) are free 

of spectral interference. These characteristic emissions were extracted and reproduced at the various 

orders occurring in the spectral range of the Li K and Al L2,3 emissions (4th and 5th for carbon; 7th, 8th, 

9th and 10th for oxygen) by applying the relative intensities between the various orders and calculating 

their new energy by multiplying the initial photon energies by the ratio of the diffraction orders. The 

result is shown in Figure 4 in the spectral range of interest, 40 – 80 eV, where a linear background is 

subtracted and where the number of counts is normalized to 1 s and 1 nA. Oxygen does not contribute 

significantly whereas the carbon contribution is not negligible, particularly in the Li K range where it 

is a little less than 20%. 

 

Figure 4: Li K and Al L2,3 range of the quasi-crystal (black line and blue line for the smoothed spectrum) 

on which are superimposed the C K (red lines) and O K (green lines) emissions diffracted at various 

higher orders noted as n. The number of counts is normalized for 1 s and 1 nA. 

Comparison of the emission bands with previous studies 
The AlCuLi phase was not the most studied quasi-crystal; however it is possible to retrieve in the 

literature its Li K and Al L2,3 emission bands [25] as well as its Al K and Cu L emission bands [26]. In 

both studies, the characteristic emissions were generated under electron irradiation, at 3 keV in 

Ref. [25] and 2.5 or 3 keV in Ref. [26]. 

The high order contributions of the C K and O K emissions shown in Figure 4 are subtracted from 

the Li K and Al L2,3 emission bands obtained with the RZP spectrometer. Corrected emissions are 

plotted in Figure 5 in comparison to the emissions obtained with a grating spectrometer [25]. Spectra 

obtained in the framework of this study and published spectra are in good agreement regarding 

0.0

0.5

1.0

1.5

40 45 50 55 60 65 70 75 80

N
b
 c

o
u

n
ts

 /
s
 /
n

A

Emitted photon energy (eV)

C K

n=6
C K

n=5

Li K

O K

n=9

O K

n=10

O K

n=8

C K

n=4
O K

n=7

Al L
2,3



7 
 

photon energy, bandwidth and band shape. Thus, we confirm that we observe the Li p and Al sd local 

and partial valence density of states in the AlCuLi quasi-crystal. 

 

Figure 5: Li K (a) and Al L2,3 (b) emission bands of the AlCuLi quasi-crystal obtained with the RZP 

spectrometer (red line) and compared to spectra given in the literature [25] (blue line). In (a) the black 

line is the spectrum obtained from the data treatment to remove high orders peaks and the red line is 

the corresponding smoothed spectrum. Spectra are normalised to their maximum. 

The Li K and Al L2,3 emission bands of the quasi-crystal and of pure Li and Al metals are compared in 

Figure 6. They were treated in the same way as the quasi-crystal spectrum to remove the high-

diffracted orders of the carbon and oxygen emissions. Details of the preparation of the lithium sample 

are given in Ref. [5]. As expected, the metal spectra are characterised by a marked drop in intensity at 

the Fermi level occurring at the top of valence band. It can be noted that the shapes of the spectra of 

pure metals are similar as those of an AlCuLi metal alloy [4]. The shapes of the emission bands of the 

quasi-crystal are well different from the ones of the pure metals as they present different energies of 

their maximum and quite different bandwidths. These differences are related to the different energy 

distributions of occupied states in the valence bands of these two kinds of materials [27,28]. 
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Figure 6. Li K (a) and Al L2,3 (b) emission bands of the AlCuLi quasi-crystal (black dashed lines and red 

line for the smooth lithium spectrum) and of pure Li and Al metals (blue solid lines). Spectra are 

normalized to their maximum. 

Spectra measured in the soft x-ray range with the TlAP crystal are compared to the Al K and Cu L 

spectra measured with a Johann-type x-ray spectrometer [26] in Figure 7. Both the present and the 

published spectra are in good agreement regarding position, bandwidth and band shape. However, 

the Cu L emission band obtained in this work presents some extra intensity above the Fermi level, 

i.e. at photon energies above 932 eV. We assume that this is due to more intense Coster-Kronig 

satellites (satellites coming from multiple ionization of the Cu atoms) [10] because in our work we 

probably used a higher energy of incident electrons. The good agreement between our work and the 

published spectra confirms that we observe the Al p and Cu d local and partial density of states in the 

AlCuLi quasi-crystal. 

 

Figure 7: Al K (a) and Cu L (b) of the AlCuLi quasi-crystal measured with a TlAP crystal (red line) and 

compared to spectra given in the literature [26] (blue line). Spectra are normalised to their maximum. 

Quantification 

The reference materials to perform quantification were pure Al and Li metals for the ultra-soft x-ray 

range (Figure 6) and Al and Cu metals for the soft-x-ray range. In the ultra-soft x-ray range, the 

integrated intensities, i.e. the area under the Li K and Al L2,3 emissions were taken into account. The 

emissions of Al and Li metals have been treated in the same way as the quasi-crystal spectrum to 

remove the high order diffracted emissions. Conversely in the soft x-ray range, the number of counts 

at the peak maximum of both the Al K and the Cu L emissions were measured as a common usage 

for EPMA. 

From the integrated intensities of the Li K and Al L2,3 emissions measured for the references and the 

quasi-crystal, the weight fractions are determined using the PAP model [18]. Table 1 collects the 

weight fractions calculated with mass attenuation coefficients extracted from the five databases. The 

results vary strongly with the chosen database, by a factor 2 for both the Li and Cu fractions and by 

50% for the Al fraction. 
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 Al (wt%) / (at%) Li (wt%)/ (at%) Cu (wt%)/ (at%) 

MAC30 74.2 / 52.7 16.2 / 44.5 9.4 / 2.8 

Chantler 49.6 / 35.6 19.8 / 55.1 30.5 / 9.3 

EPDL97 51.2 / 37.2 19.1 / 53.7 29.6 / 9.1 

PENELOPE 2018  57.3 / 39.1 20.7 / 54.6 21.9 / 6.3 

EPDL 2023 63.8 / 51.6 12.9 / 40.4 23.2 / 8.0 

 Soft x-ray range 

MAC30 59.6 / 44.1 16.9 / 48.3 23.5 / 7.5 

Table 1: Weight fractions and atomic concentrations for the AlCuLi quasi-crystal calculated from the Li 

K and Al L2,3 intensities and with MAC from different databases. The Cu weight fraction is determined 

by difference. The last line gives the weight fractions determined from the Al K and Cu L intensities 

in the soft x-ray range. In this case, the Li weight fraction is calculated by difference. 

Quantification for the emissions in the soft x-ray range was performed on 20 points along a 30 µm-

long line located on a fresh part of the analysed zone, Figure 2(a). Figure 8 shows the Al, Cu, and Li 

weight fractions determined at the 20 measured spots. In this quantification, the MAC30 database is 

used. The four databases indicated in Table 1 have quite similar MAC with a relative difference 

between them of less or equal to 1% in the Al K and Cu L ranges There is a large variation of the 

fractions according to the position of the electron beam. We assume that this is due to a variation in 

the incidence of the electron beam on the quasi-crystal surface, following the difficult polishing of the 

surface where are present two materials (Pb matrix and quasi-crystals). For the subsequent analysis, 

we remove the first and last points of the line as well as the points #8 and #9, presenting quite low Al 

fractions. The calculated weight fractions in the AlCuLi quasi-crystal are the following: Al 

59.6 ± 2.0 wt.%, Cu 23.5 ± 0.9 wt.%, and Li 16.4 ± 2.9 wt.% (Table 1), where the indicated uncertainty 

represents the standard deviation for the 16 considered measurements. Note that this uncertainty of 

about 3% for Al is larger than the commonly accepted uncertainty, i.e. 1%, for EPMA measurements. 

 

Figure 8: Weight fractions for the AlCuLi quasi-crystal calculated from the Al K and Cu L intensities 

on 20 different points of the analysed zone. The Li weight fraction is determined by difference. 

The main information that we can extract from the results in Table 1 is that the Li fraction, either 

effectively obtained from the Li K and the Al L2,3 emissions, except those based on the MAC30 

database, or deduced from the difference to 100% from the Al K and Cu L emissions in the soft x-

ray range, are broadly consistent from each other. Indeed, between the results obtained from either 
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procedure we note a difference of ± 10 wt.% for Al, ± 6 wt.% for Cu and ± 4 wt.% for Li, since 

parameters in the PAP model for Li K data reduction are certainly not still fully constrained. Moreover, 

if we consider the mean weight fractions calculated without the MAC30 database in the ultra-soft x-

ray range, the differences with the fractions calculated in the soft x-ray range are limited to ± 4 wt.% 

for Al, ± 1 wt.% for Cu and ± 2 wt.% for Li 

The uncertainty related to quantification in the ultra-soft x-ray range comes in part from the 

uncertainties on the measured intensities of both Li K and Cu L emissions in the quasi-crystal and 

the reference materials. The different factors that can have an impact on the determination of the 

collected intensities in the ultra-soft x-ray range are: 

- the difficult polishing of the sample making the electron beam not perfectly perpendicular to 

the sample surface; 

- the background subtraction; 

- the subtraction of the C K and O K high-order emissions; 

- the contribution of peak overlapping; both Cu M2,3 and Al L2,3 emissions are located in the same 

photon energy range [29]; however the Cu M2,3 emission is very weak and in our experimental 

conditions its integrated intensity is estimated to be less than 1% of the Al L2,3 intensity of the 

quasi-crystal; 

- the attenuation of the radiation emitted inside the quasi-crystal by the surface contamination ; 

if we consider a carbon oxide being 1 nm thick and 2 g/cm3 dense, 2% of the Li K outgoing 

intensity and 3% of the Al L2,3 intensity are absorbed; 

- the plasmon satellite of the Al L2,3 emission; this satellite which represents 3% of the intensity 

of the main band, is shifted by 17 eV [30] toward lower photon energies and thus is located in 

the range of the Li K emission band. 

Thus, we estimate the uncertainty on the intensities to ±10% which propagates to 14% on the k-ratios, 

the ratios of the intensities measured on the sample to the one measured on the reference materials. 

This translates to an uncertainty on the Li and Al fractions of ± 2 wt.% and ± 5 wt.% respectively. Thus, 

the weight fractions determined in both spectral ranges are compatible, see Table 1. These 

uncertainties do not account for the uncertainties associated with the atomic parameters used in the 

PAP model. 

Conclusion and perspectives 
The original setup combining a commercial EPMA and RZP spectrometer allowed obtaining the Li K 

emission band from an AlCuLi quasi-crystal, despite some interferences coming from the C K and 

O K emissions diffracted at high orders of the RZP. From the collected intensity, about one count /s 

/nA, we expect to detect Li with mass concentration as low as 1% in our experimental conditions, 5 kV 

and 40 nA. In the future, it will be possible to improve the present performances of the spectrometer 

by scanning the electron beam on the sample surface while acquiring ultra-soft x-ray spectra and by 

changing the RZP to another one working in a geometry attenuating strongly the high-order diffracted 

emissions. 

Reflection zone plate and crystal spectrometers implemented in electron microprobes are 

complementary tools to characterize solid materials. Their combination enables obtaining a quite 

complete view of the electronic structure, i.e. the local (element dependent) and partial (symmetry 

dependent) density of states, of the AlCuLi quasi-crystal. Thus, the Al and Li spectra are far from those 

of the pure metals or an AlCuLi alloy, but in agreement with those of previously studied quasi-crystals. 



11 
 

The good spectral resolution of the RZP opens the possibility to identify the chemical state of lithium 

atoms directly from the observation of the Li K emission band [31,32]. 

Elemental quantification was performed in both ultra-soft and soft x-ray ranges. Using both kinds of 

spectrometers makes possible to determine the intensities emitted by only two of the three elements 

and by combination enables the weight fraction calculation of the three elements occurring in the 

quasi-crystal. The weight fractions obtained from the soft-x-ray range intensities are calculated with a 

3% uncertainty. This uncertainty would have decreased if the analysis would have been performed on 

a sample of certified composition. The soft x-ray determination helps to decide among the available 

mass absorption databases which one is relevant to use in the ultra-soft x-ray range. The uncertainty 

on the weight fractions obtained in the ultra-soft x-ray range are still too large, owing to large 

uncertainties on the collected intensities. However, the mass composition of the quasi-crystal is close 

to Al60Cu24Li16, corresponding to an Al44Cu8Li48 atomic composition. The AlCuLi quasi-crystalline phase 

exists in a limited range of concentration of its elements. Our determined value is a bit far from the 

concentration of the phase Al56Cu10Li34indicated by Bruhwiler et al. [25], but rather close to the weight 

fractions of some phases indicated in the literature, Al60Cu30Li10 [26], Al64.4 Cu27.0Li8.6 [33], Al62.8Cu28.0Li9.1 

[34] and Al65.7Cu25.8Li8.5 [35]. This comparison makes us confident that we really observe and quantify 

an AlCuLi quasi-crystal. The observed deviation of the composition could arise because the tiny, non-

equilibrium crystal in the present study may not have the ideal bulk composition. 

Despite promising results, our current setup is not yet optimized for the accurate quantification of 

lithium, as several critical factors limit the precision of our measurements, the present detection limit 

of lithium being a few weight percent if shorter acquisition times or electron currents would be used. 

Several aspects can be improved to design a complete and routine-like ultra-soft x-ray quantification 

setting. Beam scanning together with interference removal (high order and first order interferences) 

and cryogenic sample holder are thought to be the most promising improvements. 
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MAC database Ultra-soft x-ray range 

 Al (wt%) / (at%) Li (wt%)/ (at%) Cu (wt%)/ (at%) 

MAC30 74.2 / 52.7 16.2 / 44.5 9.4 / 2.8 

Chantler 49.6 / 35.6 19.8 / 55.1 30.5 / 9.3 

EPDL97 51.2 / 37.2 19.1 / 53.7 29.6 / 9.1 

PENELOPE 2018  57.3 / 39.1 20.7 / 54.6 21.9 / 6.3 

EPDL 2023 63.8 / 51.6 12.9 / 40.4 23.2 / 8.0 

 Soft x-ray range 

MAC30 59.6 / 44.1 16.9 / 48.3 23.5 / 7.5 

Table 1: Weight fractions for the AlCuLi quasi-crystal calculated from the Li K and Al L2,3 intensities 

and with MAC from different databases. The Cu weight fraction is determined by difference. The last 

line gives the weight fractions determined from the Al K and Cu L intensities in the soft x-ray range. 

In this case, the Li weight fraction is calculated by difference. 

 


