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 A B S T R A C T

The heaviest known elements are produced via fusion reactions by bombarding actinide targets with intense 
heavy ion beams. The production of actinide targets relies mainly on the molecular plating (MP) technique. 
Long-term stability of MP produced targets is typically achieved by a conditioning procedure, in which fresh 
targets are exposed to successively increasing beam intensities. This leads to non-trivial physical and chemical 
transformations, which are presently poorly understood. To shed light on processes in the initial irradiation 
stage, we irradiated thin Tm MP films with Cl and Au ions of different fluences, with the latter ranging from 
1010 ions

cm2 to 1014 ions
cm2 , and analyzed their morphology and composition by a variety of microscopic, spectroscopic 

and ion beam techniques. The study was conducted on lanthanide targets, which serve as non-radioactive 
analogues for heavy actinide targets. Combining the results of several methods, we conclude that the MP thin 
films consist of a mixture of carbonates and formates. Under irradiation, these films transform into amorphous 
oxides with embedded carbon clusters.
1. Introduction

In recent decades, remarkable progress has been made in the pro-
duction of superheavy elements (SHE) [1–4]. For this purpose, targets 
of the heaviest actinides, such as 242Pu [5], 243Am [6,7] and 249Bk [8], 
were irradiated with 48Ca ions at heavy-ion accelerators. Actinide 
targets are typically produced by molecular plating (MP), where the 
desired actinides are electrochemically deposited as thin films ( μg

cm2 ) 
on very thin Ti foils (1.5 μm to 2.3 μm) [9]. The MP method presents 
a critical limitation to experimental progress in the field [10–12], as 
it is unable to produce targets of sufficient thickness to cover the 
full useful width of the excitation functions [12,13]. Given the large 
solid angle acceptances of current recoil separators and the overall 
detection efficiency of current experimental setups, production rates 
can almost exclusively be increased by using more intense ion beams 
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1 Deceased.

and/or thicker targets [14–18]. Both options require the development 
of actinide targets with improved stability. At present, the MP method 
is unable to take full advantage of the higher beam intensities that are 
now available [2,10,11]. A prerequisite for new target developments is 
a profound understanding of the existing MP method and the behavior 
of MP targets in the ion beam. Despite numerous publications on 
the MP method, the exact process of molecular plating and thus the 
properties of the MP thin films remain rather unknown. A brief current 
literature overview can be found in [19].

MP targets have sometimes limited stability after production and 
are usually conditioned on-line [20,21] using progressively increasing 
heavy-ion beam intensities over the course of a few hours. Bake-
in procedures at GSI are done at earliest available beamtimes after 
target fabrication or alternatively directly at the beginning of a SHE 
production run, e.g., during adjustments of the experimental setup. 
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Examples for this are 243Am targets used at TASCA (TransActinide 
Separator and Chemistry Apparatus) in 2012 for spectroscopy exper-
iments on Mc (Z=115) decay chains [6], and later Nh (Z=113) and 
Mc (Z=115) chemistry studies [7]. Or 244Pu targets produced in 2014 
for chemical studies of Fl (Z=114) [22,23] as well as for Fl nuclear 
spectroscopy studies [5,24,25]. Without conditioning, the actinide thin 
films may experience limited adherence to their backing. After bake-
in, though, even storage for months or years under normal conditions 
in air has no effect on the performance of such baked-in targets. The 
chemical processes involved in different conditioning procedures are 
still unknown, but attempts have already been made to develop offline 
equipment in order to make progress in this field without irradiation 
time at an accelerator [26,27].

For SHE production experiments, special MP targets are fabri-
cated from actinide isotopes, which usually are 𝛼-emitters [28]. 𝛼-
Spectroscopic studies of the target layer show that the width of the 
𝛼-lines undergoes a change [20,21] as the beam fluence increases, 
indicating a radiation-induced alteration in the material. These mod-
ifications are initiated by a relatively low ion dose and then remain 
constant throughout the entire SHE production experiment. Changes in 
the morphology of actinide thin films were also documented by pho-
tographic images [20,21], Atomic Force Microscopy (AFM) [29] and 
Scanning Electron Microscopy (SEM) [29]. Analytical methods have so 
far been limited to Energy Dispersive X-ray spectroscopy (EDX) [29] 
and conventional X-ray Diffraction (XRD) [29]. Both methods are 
challenged by the peculiarities of the current MP target technology 
and characterized by a poor signal-to-noise ratio. Initial research using 
Raman spectroscopy on thin ion-irradiated lead films [26,27] as a 
model system for accelerator targets has demonstrated the conversion 
of carbonates into oxides.

A more detailed examination of MP-produced films and research 
into the conditioning process would benefit from access to state-of-the-
art analytical techniques. Furthermore, the analysis of actinide films 
necessitates the use of licensed laboratories with the corresponding 
handling permits. To circumvent this issue, we thus replaced the ac-
tinides with lanthanide targets. Actinides elements with Z  ≥95 are 
chemically very similar to lanthanides [30], rendering the latter ideal 
for initial studies and for the development of novel protocols for 
actinide target production [9,12,19]. The irradiation of lanthanide 
thin films serves as a preliminary stage for irradiation experiments 
on actinide thin films. Analyzing these films poses specific challenges 
due to their intricate morphology. Similar demands are present for 
both irradiated and non-irradiated films. The MP thin films produced 
and irradiated in this study were characterized using the following 
analytical methods (see Table  1):

(i) SEM to examine morphological alterations.
(ii) Various Ion Beam Analysis (IBA) techniques for elemental anal-

ysis, including Elastic Recoil Detection Analysis (ERDA), Ruther-
ford Backscattering Spectrometry (RBS) and Particle-Induced X-
ray Emission (PIXE).

(iii) Raman and infrared (IR) spectroscopy to identify changes of 
functional groups.

(iv) X-ray Photoelectron Spectroscopy (XPS) for identification of ele-
ments and their chemical state on the surface.

(v) Grazing Incidence X-ray Diffraction (GIXD) to identify beam-
induced structural changes of the MP films.

2. Experimental

2.1. Target production

The targets were prepared from analytical grade lanthanide nitrates 
(Merck KGaA Darmstadt). The used solvents, isopropanol and isobu-
tanol, and the nitric acid were also of analytical quality (Merck KGaA 
Darmstadt). The Ti backings had 99.9% purity (Goodfellow). A solution 
2 
Table 1
List of studied samples and analytical methods applied. The uncertainty of the area 
density is assumed to be 10% based on an average of the density values given in the 
literature [32].
 Sample name Element Area density μg

cm2 SEM Raman IR IBA GIXD XPS 
 Tb-50 Tb 50 x x – – – –  
 Er-50 Er 50 x x – – – –  
 Tm-50 Tm 50 x x – – – –  
 Tm-500 Tm 500 – x x – x x  
 Tm target-1 Tm 500 – x – – – –  
 Tm target-2 Tm 500 – x – x – –  
 Tm target-3 Tm 500 x x – x x –  
 Tm target-4 Tm 500 x x – x x –  
 Tm target-5 Tm 500 x x – – x x  
 Tm target-6 Tm 500 – x x – – x  
 HDZR-500 Tm 500 x – – x – –  

Table 2
List of irradiations. The first irradiation used 8.3 MeV

u
 Au26+ ions at the M3 beamline of 

the GSI Darmstadt. For damage characterization of the Au-irradiated samples by means 
of ion beam analysis (IBA), we used a 1.2 MeV

u
 Cl7+ beam at the HZDR. All samples have 

an area density of 500 μg
cm2 . The uncertainty of the area density and of ion irradiations 

are estimated to be 10%. 
 Sample name Element 1st irradiation

Au ions
cm2

IBA 2nd irradiation
Cl ions
cm2

 

 Tm target-1 Tm 3.0 × 1011 – –  
 Tm target-2 Tm 5.0 × 1011 x 2.0 × 1014  
 Tm target-3 Tm 1.0 × 1012 x 2.4 × 1014  
 Tm target-4 Tm 3.0 × 1012 x 2.4 × 1014  
 Tm target-5 Tm 5.0 × 1012 – –  
 Tm target-6 Tm 1.0 × 1013 – –  
 HDZR-500 Tm – x 8.7 × 1013  

comprising a 9:1 ratio of isobutanol to isopropanol was employed for 
the deposition process. This ratio is the most commonly utilized solvent 
mixture for MP target production within our laboratory [28]. The 
lanthanides were then electrochemically deposited from this solution 
onto a 25 μm-thick Ti foil. The deposited area was circular with a 
diameter of 0.6 cm (area: 0.28 cm2). The depositions were carried out 
galvanostatically at a constant current of 0.28 μA and for 1 h. The 
exact production method and the electrochemical cell construction are 
described in [28,31]. 

2.2. Target irradiation

Irradiations were performed at the materials research beamline M3 
at the UNILAC accelerator at the GSI Helmholtz Centre for Heavy Ion 
Research in Darmstadt, Germany, using 8.3 MeV

u  Au26+ ions. Homoge-
neous exposure of samples was achieved by using a slightly defocussed 
beam. To prevent heating of the samples, the ion flux was kept below 
approximately 2.0(2) × 109 ions

cm2 s . The applied fluence ranged from 3.0 ×
1011 to 1.0 × 1013 ions

cm2  with an estimated uncertainty of about 10%. This 
accumulated fluence corresponds to the first few minutes of the target 
irradiation in a superheavy element production campaign and thus 
provides insight on the effects during the target conditioning process. 

The parameters for the irradiations with Cl and Au ions are given in 
Table  3 together with comparative data for Ca ion irradiations applied 
earlier during bake-in procedures [27]; because 48Ca has been the most 
important projectile of the SHE research during the last decades [2]. 
For the density of the MP films, we presume 2.73 g

cm3  [33] which is the 
density of a thulium carbonate and as such notably lower than that of 
thulium hydroxide and oxide.

The calculated ranges of the three different ion species exceed by 
far the thickness of 0.7 to 1.4 μm [29] or the achievable area density 
(about 500 μg

cm2 ) of the MP films, as shown in Table  3. In contrast to 
typical SHE experiments [11,12], where the beam first penetrates the 
backing and then enters the target thin film, our samples were posi-
tioned with the thin film facing the ion beam. This was also considered 
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Table 3
Beam parameters for the different irradiations of Tm targets including the total kinetic 
energy in MeV per nucleon (MeV/u), the electronic and nuclear stopping power, the 
applied fluence as well as the projected ion range as calculated with the SRIM-2013.00 
code, assuming a thulium carbonate target density of 2.73 g cm−3 [33]. The dose D is 
the product of the energy loss and the accumulated fluence. 
 Ion Energy

[ MeV
u
]

(dE/dx)e
[ keV

nm
]

(dE/dx)n
[ keV

nm
]

Fluence
[ ions
cm2 ]

Range
[μm]

Range
[ μg
cm2 ]

Dose
[MGy]

 

 35Cl 1.2 3.3 6.1 × 10−3 20 × 1013 16 4452 388.94  
 197Au 8.3 17.9 2.2 × 10−2 1 × 1013 109 29 769 105.07  
 48Ca 5.9 2.8 1.8 × 10−3 7 × 1013 85 23 160 106.50  

in the calculations presented. The total absorbed dose in Gray was 
calculated by multiplying the electronic energy loss per unit pathlength 
(dE/dx)e with the fluence. 

2.3. Target characterization

2.3.1. Scanning electron microscopy and energy dispersive X-ray spec-
troscopy

In order to evaluate the ion beam-induced surface modifications, 
scanning electron microscopy (Philips XL30) with an acceleration volt-
age of 20 kV was used. In some cases, the samples were sputter-coated 
by a thin silver layer to avoid charging effects during imaging. The 
elemental composition of the thin films was investigated by EDX and 
analyzed with the NIST DTSA-II Lorentz software package [34].

2.3.2. Elastic recoil detection analysis
Some of the Tm targets were analyzed with Elastic Recoil Detection 

Analysis (ERDA) at the Ion Beam Center of the Helmholtz-Zentrum 
Dresden-Rossendorf (HZDR) using a 1.2 MeV

u  Cl ion beam. The angle 
between the normal direction of the sample surface and the incoming 
beam was 75◦, the scattering angle was 30◦. The analyzed area was 
about 2 × 2mm2. The recoil atoms and scattered ions were detected 
with a Bragg Ionisation Chamber (BIC), which enables energy measure-
ments and Z identification of the particles. H recoils were detected with 
a separate solid state detector at a scattering angle of 40◦. The beam 
fluence is monitored using a gold plated rotating vane (1Hz) and a solid 
state detector, which detects Cl backscattering from Au. This system is 
calibrated against the ion beam current measured with a Faraday cup. 
The resulting fluences per sample are given in Table  2.

2.3.3. 𝜇-beam - spatially resolved RBS and PIXE
Some of the Tm targets were analyzed with RBS and PIXE at HZDR 

using a 3MeV proton beam. The beam was focused to about 7 × 5 μm2. 
The backscattered protons were detected at a scattering angle of 174◦
with a silicon strip detector. A Ketek silicon drift detector collimated 
to 80mm2 was used to detect the X-rays emitted from the sample. The 
detector was placed outside the sample chamber. In addition, a 65 μm
aluminium absorber was used to further reduce the contribution of 
the X-rays from the Ti substrate and stop back-scattered protons from 
entering the detector. RBS was used to obtain depth profiles of the 
main elements except H, which cannot be detected by RBS. For C, N, 
and O evaluated cross-sections from SigmaCalc are used [35]. For Ti, 
there is no accurate data in the relevant energy range and for the used 
scattering angle. Therefore a measurement on the Ti backing foil was 
performed to obtain non-Rutherford cross-sections, which was possible 
using the program NDF [36]. AFM measurements across the pristine Ti 
foil showed a substantial roughness of rms= 39(8) nm. Thus the deduced 
cross-section might not be of universal validity.

In the case of the Tm thin films, a preliminary large-scale PIXE 
scan was conducted, after which individual areas of the thin film were 
selected for point measurements. All large PIXE scans contain 128 × 128
points or 128 × 100 points and have a size of 260 × 260 μm2 or 260
× 205 μm2, respectively.
3 
2.3.4. Raman spectroscopy
Raman spectra from 50 cm−1 to 4000 cm−1 were collected with a 

Jobin Yvon (Horiba) LabRam HR 800 spectrometer equipped with 
an Olympus BX41 optical microscope and a Si-based charge-coupled 
device (CCD) detector. The instrumentation used a grating with 1800 
grooves
mm  and a slit width of 100 mm. Excitation wavelengths of 633 nm

and 488 nm were used. These parameters, and the optical path length 
of the spectrometer led to a spectral resolution of 0.8 cm−1. The spectral 
acquisition time was set to 40 s for all measurements. In order to 
exclude modifications due to laser irradiation, long-term measurements 
were carried out analogous to [37]. The Raman spectra were assessed 
using the Fityk software [38].

2.3.5. Infrared spectroscopy
IR spectra were recorded with a Bruker Alpha Platinum-ATR. For 

this purpose, the Bruker Platinum ATR monolithic diamond crystal was 
pressed onto the MP thin films and the spectra were recorded in the 
Attenuated Total Reflection (ATR) setup. The IR spectra were recorded 
after all other analytical work was completed, as the ATR mode may 
mechanically damage the surfaces. The spectra were recorded using 
Bruker OPUS software and analyzed by the Spectragryph software 
package [39].

2.3.6. X-ray photoelectron spectroscopy
For elemental analysis, several selected samples were investigated 

by XPS, some time (days up to months) after their preparation. Irradi-
ated samples were stored under ambient air for even longer times and 
underwent several other characterization methods beforehand. During 
the measuring campaign the samples were stored in a UHV-chamber 
(base pressure about 2.0 × 10−8 mbar) neighboring the XPS analysis 
chamber. The base pressure in the XPS chamber was kept below 5.0 ×
10−10 mbar. XPS measurements were conducted using a monochromatic 
Al K𝛼 (𝜆 = 8.3395 Å) X-ray source and a hemispherical analyzer Phoibos 
150 with HAS 3500 plus controller (all from Specs, Berlin). The micro-
focus high performance X-ray source XRC-1000 MF was equipped with 
a 𝜇-FOCUS 500 monochromator (all from Specs, Berlin). XPS analysis 
and peak fitting were performed with CasaXPS [40] (Ver. 2.3.24 PR 
1.0).

In general, charging effects result in a slight broadening of the Full 
Width Half Maximum (FWHM) and a shift of the XPS peaks. Such 
charge shifts can be corrected using a flood gun, which flushes the 
sample surface with low-energy electrons in order to compensate the 
charge. At the same time, the electron beam emitted by the flood gun 
can modify surface species [41,42]. Therefore, care has to be taken in 
the interpretation of the data.

2.3.7. Grazing incidence X-ray diffraction
In GIXD, a very small angle of incidence (𝜔) was chosen to limit 

the penetration depth of the photons to a thin surface layer of the 
film. The X-ray beam and sample were fixed to ensure a small angle 
of incidence (𝜔 ≈ 0.1–5°) while the detector moves at an angle of 2𝛩
to collect diffraction signals. The structural information thus originates 
predominantly from the near-surface region (<400 nm). For the GIXD 
measurements, a SmartLab device from the Rigaku company with a 
rotating anode was used with Cu K𝛼 radiation (𝜆 = 1.5406 Å).

3. Results and discussion

3.1. Morphology of MP films

3.1.1. Non-irradiated samples
The molecular plating method produces thin films with a char-

acteristic morphology consisting of individual tiles separated from 
neighboring tiles by deep cracks down to the substrate as shown in 
a representative SEM image (Fig.  1 right). This morphology is exten-
sively described for the MP process [43,44] and is also referred to as 
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Fig. 1. Photograph (left) and SEM image (right) of a 500 μg
cm2  thick Tm target (sample: HZDR-500) after irradiation with 1.2 MeV

u
 Cl ions (2.0 × 1014 ions

cm2 ). On the photograph, the 
irradiated area is clearly visible as dark square.
mudcracking [19,45] or mud-caking [46,47]. Each material produces 
a different mudcracking pattern and minute changes in MP parameters 
can have a large impact on the morphologies [43,48]. Other methods 
of electrochemical deposition of lanthanides and actinides also describe 
a cracked surface structure [45,49–51]. Vascon et al. showed that the 
cracks form after plating during drying and that the individual tiles 
of the thin film are not smooth, but have a rough substructure [48]. 
The formation of surface cracks depends mainly on the chosen solvent 
(isobutanol:isopropanol, 9:1). It should be noted that the solvent was 
kept constant throughout our experimental series.

Our scanning electron microscopy images clearly show (Fig.  1 right), 
that mudcracking leads to a significant portion of the surface of MP 
targets becoming uncovered. This effect should be taken into account 
during irradiation experiments and when utilizing analysis methods 
without a micrometre spatial resolution such as ERDA, GIXD and IR 
spectroscopy, etc.

3.1.2. Irradiated samples
First we discuss morphological changes of a fresh Tm MP film 

caused by the irradiation with 1.2 MeV
u  Cl ions (beam applied for ERDA). 

For an accumulated fluence of 2×1014 ions
cm2 , the changes in the irradiated 

area (2 × 2mm2) can easily be identified by the naked eye (Fig.  1 left). 
The sharp focus of the ion beam allows the interface between irradiated 
and non-irradiated area of the target to be displayed in one SEM image 
(Fig.  1 right) at high magnification. The SEM images of the two areas 
underline the difference; the characteristic tiles due to mudcracking 
are clearly visible in the non-irradiated area (Fig.  1 right). After the 
irradiation with 1.2 MeV

u  Cl ions, the tiles barely cover the Ti backing, 
they shrank in size and are strongly deformed (Fig.  1 right).

We also inspected the morphological changes of samples exposed 
to a fluence series with 8.3 MeV

u  Au26+ ions (Fig.  2, 1a–1c) and sub-
sequently analyzed the films by ERDA with 1.2 MeV

u  Cl7+ ions (Fig. 
2, 2a–2c). Up to the maximum applied Au ion fluence, the size of the 
tiles does not seem to change, but the uncovered area in between indi-
vidual tiles becomes smaller. At the highest fluence (3.0×1012 ions

cm2 ), Tm 
covers the Ti backing almost without cracks. Comparable observations 
have been described for MP gadolinium films [29].

Samples that were irradiated with Au ions and then ERDA-analyzed 
with the high-intensity Cl beam are shown in Fig.  2, 2a–2c. Morpho-
logical changes were also observed in samples irradiated with Cl ions 
only. Individual tiles exhibit deformation and shrinkage, but the overall 
effects appeared to be less pronounced the larger the fluence of the 
preceding Au irradiation.
4 
3.2. Ion beam analysis

Damage effects in samples exposed to 1.2 MeV
u  Cl ions for ERDA were 

analyzed with a 𝜇-beam RBS/PIXE. The border area between ERDA-
irradiated and non-irradiated sample surface was examined, so that 
the influence of irradiation on the thin films could be studied (Fig. 
4a). A sketch (Fig.  3) of the cross-section of the non-irradiated MP 
thin films, as derived from our microscopy images and the existing 
literature [31,52,53], illustrates the challenges in the application of ion 
beam methods in materials analysis.

3.2.1. Non-irradiated samples
The analysis of RBS and PIXE with a 𝜇-beam made it possible to 

spectroscopically investigate individual tiles on the mudcracked sur-
face. The element concentrations calculated from the RBS depth profiles 
for individual tiles of non-irradiated MP thin film (thickness 500 μg

cm2 ) 
are dominated by the elements C and O (Fig.  4c). Tm is only a minor 
component in atomic percent of the thin films. The 𝑁 signal is char-
acterized by a poor signal-to-noise ratio, which is why nitrogen is just 
barely detectable by RBS. Still, the weakness of the 𝑁 signal suggests 
that we can exclude a significant deposition of nitrate species, which 
is consistent with other spectroscopic studies  [48,52]. The Ti signal 
from the backing foil varies between individual tiles, which indicates 
that the tiles are of different thicknesses. The signal strength remained 
consistent across all tiles for the other elements. The depth profiles 
are obtained after analysis using the NDF-code [36] and conversion 
from the spectrum recorded during the RBS measurement. The film 
thicknesses obtained from the analysis are given in units of at/cm2. A 
conversion into a length unit is problematic as the mass density of the 
film is not precisely known. A length estimate based on the weighted 
average of the atomic densities gives a film thickness of about 2 μm for 
the 𝜇-beam measurements (Fig.  4 (c,d)), which is consistent with our 
AFM and 3D laser scanning microscope measurements (not shown).

3.2.2. Irradiated samples
Comparing the PIXE data at the transition between non-irradiated 

and irradiated thin film (Fig.  4b), we first see that the elemental 
distribution of the PIXE map reproduces quite well the morphology 
of the MP thin films, as observed by SEM (Fig.  1 right). The higher 
intensity of the Tm-L signal is the result of Tm being accumulated in a 
smaller area. Furthermore, the distances between the Tm island or MP 
tiles are larger than in the non-irradiated area.

The RBS element analysis of the non-irradiated area (Fig.  4c) is 
dominated by C and O. Irradiation leads to the loss of most of the 
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Fig. 2. SEM images of MP Tm thin films (thickness 500 μg
cm2 , samples: Tm target-2 to Tm target-4) irradiated with different fluences. Top row (1a-1c): Tm films irradiated with 

8.3 MeV
u

 Au ions at increasing fluence. Bottom row (2a-2c): same sample series after ERDA analysis using 1.2 MeV
u

 Cl ions of fluence 2.0 × 1014 ions
cm2 to 2.4 × 1014 ions

cm2 . The lower series 
shows exactly the transition area of the ERDA analysis beam spot. Note that the SEM image 1c is slightly defocused, making the surface appear smoother than it really is.
Fig. 3. Sketch of cross-section through the MP Tm film, to illustrate the difficulties of XPS, RBS and ERDA measurements due to tile formation, cracks and adventitious carbon 
contamination.
carbon. Due to the irradiation, the relative proportion of Tm increases, 
oxygen and Tm become the dominant components, C is detectable 
just above the measurement background and nitrogen is below the 
detection limit (Fig.  4d).

The ERDA investigation of the fluence series of Au-ion irradiated 
Tm samples (Fig.  5) confirms the decrease of the overall carbon and 
oxygen concentration as a function of fluence. The depth profile of 
the oxygen concentration fits well with the oxygen contents that were 
detected in the irradiated thin films by means of RBS. The carbon 
content determined by ERDA is higher than what was determined 
by the RBS measurements of irradiated thin films. The irradiation-
induced alterations of the thin films, namely compaction and the loss 
of light elements, rendered the evaluation of the ERDA data a chal-
lenging endeavour. The ERDA measurements were further complicated 
by the morphology of the samples, a problem that is circumvented 
in RBS/PIXE measurements due to their superior spatial resolution. 
Collectively, the ERDA measurements align with the hypothesis that 
the irradiation with energetic heavy ions results in a depletion of C 
and O in MP thin films. Based on the results obtained from the ion 
beam methods, no significant beam-induced loss of Tm was observed. 
Instead, the combined PIXE/RBS/ERDA data suggest that the MP film 
tiles lose volatile components containing O and C, as a consequence 
of irradiation. This may result in chemical transformations that could 
potentially lead to the formation of a compound with a higher density, 
which in turn would result in a reduction of the area covered by the 
MP thin film.
5 
We conclude from our data, that the determination of the elemental 
composition by the applied ion beam analysis was clearly at the limit 
of statistical significance for both non-irradiated and irradiated thin 
films. Techniques with high spatial resolution (e.g. using a 𝜇-beam) 
are particularly suitable for overcoming challenges associated with the 
morphology of the MP films.

3.3. Vibrational spectroscopy

3.3.1. Non-irradiated samples
After achieving promising results using confocal Raman

spectroscopy on lead model systems [26,27], we applied the method 
on a series of thin MP-produced lanthanide films including Tb, Er, 
and Tm (Fig.  6). The exceptional spatial resolution of this method 
enabled us to spectroscopically examine individual tiles, ensuring that 
the complex morphology and the presence of a Ti backing did not affect 
the accuracy of the measurements. Despite the thin Tb films exhibiting 
more pronounced mudcracking compared to Er and Tm, their Raman 
spectra are remarkably similar (Fig.  6). Furthermore, none of the 
samples exhibit any orientation-dependent behavior in their Raman 
spectra, indicating that they are in an amorphous or microcrystalline 
state composed of randomly oriented microcrystals [54].

The Raman spectra were recorded by means of the confocal Raman 
microscope using two different lasers with wavelengths, 473 nm and 
633 nm, of the confocal Raman microscope. Several different tiles were 
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Fig. 4. (a) Photograph of MP Tm thin film (sample: HZDR-500) with yellow frame indicating the PIXE analyzed area performed after ERDA analysis with 8.7 × 1013 ions
cm2  of 1.2 MeV

u
Cl ions. (b) PIXE map of non-irradiated (top area) and Cl-ion exposed area (bottom). The color code corresponds to high (yellow) and low (blue) Tm concentrations. Spot 1 and 
2 indicate spots analyzed by 𝜇-beam RBS analysis. (c) and (d) RBS data for various elements from spot 1 (non-irradiated) and spot 2 (Cl ion irradiated), respectively.
examined per sample in order to produce representative results for 
each sample. The spectra were identical for both excitation wavelengths 
and exhibited identical peak intensities. The ratio of the peak positions 
also remained constant, but the peak positions themselves fluctuated 
by about 3 cm−1 from measuring point to measuring point. According 
to [52], MP films are armorphous material, while the reference liter-
ature cited below refers exclusively to monocrystalline materials. For 
the final fit of the bands and the assignment to literature values, the 
spectrum with the lowest background was selected (Fig.  7).

In the Raman spectra of our Tb, Er and Tm films, carbonate [54–57] 
and formate [58–60] could be identified. Some Raman modes of the 
chemically closely-related anions overlap (Fig.  7). The identified bands 
are given in Table  4 and assigned to Raman modes where possible. 
Herzberg [61] nomenclature was used. 

The wavenumber range from 50 to 700 cm−1 is characterized by 
a high background and a poor signal-to-noise ratio. We thus ignored 
this wave number regime for the analysis (Fig.  6). At larger wavenum-
bers, the spectrum is dominated by two bands, a sharp narrow peak 
(902 cm−1), which can be assigned to the out-of-plane bend (𝜈2) of the 
carbonate ion, as well as a multiplet (2733 to 3066 cm−1), which is 
assigned to the C–H stretching vibration of the formate. Most of the 
other peaks in the spectrum can be assigned to either anion.

The free carbonate anion belongs to the point group D3ℎ and there-
fore has four vibrational transitions [55]. We assign the bands between 
1560 to 600 cm−1 ( Table  4) to coordinated carbonate. The four normal 
vibrational transitions are expected in a range from 1090 to 1070 cm−1

(𝜈 ), 930 to 850 cm−1 (𝜈 ), 1560 to 1420 cm−1 (𝜈 ) and 820 to 750 cm−1

1 2 3

6 
(𝜈4). The splitting of the degenerate modes 𝜈3 and 𝜈4 may be caused 
by the symmetry reduction from D3ℎ to C2𝑣 or C𝑠 from the free to 
the coordinated carbonate anion [57]. In an amorphous phase all four 
vibrational transitions of the carbonate ions are expected to be both 
infrared and Raman active. Furthermore, one would expect that the 
degeneracy of the 𝜈3 and 𝜈4 modes for the free carbonate ions is 
lifted [55]. Detailed correlation schemes and group theory discussion of 
the spectroscopy of carbonate in solid phases can be found in [55–57]. 
The observed Raman spectra (Fig.  7) can therefore be partly explained 
by bound carbonate in an amorphous phase.

The free formate anion has the point group C2𝑣, thus six vibrational 
transitions can be derived from group theory [58–60]: The C–H stretch 
in the range from 3070 to 2730 cm−1 (𝜈1), the O–C–O symmetric stretch 
from 1380 to 1360 cm−1 (𝜈2), the O–C–O symmetric deformation from 
820 to 750 cm−1 (𝜈3), the O–C–O asymmetric stretch from 1610 to
1580 cm−1 (𝜈4), the C–H in-plane bend from 1430 to 1420 cm−1 (𝜈5) 
and the out-of-plane bend from 1080 to 1005 cm−1 (𝜈6) [60]. Only the 
most intense bands at 2918 cm−1 and 2942 cm−1 can be unambiguously 
assigned to the C–H stretch (𝜈1) of the formate [59], which is in 
good agreement with the reported literature values of 2920 cm−1 and
2949 cm−1 [58]. For the other transitions, no exactly measured or 
calculated values are given for thulium formates, but they are available 
for homologues from the lanthanide series. As in the case of carbonate, 
symmetry reduction in amorphous materials would be an explanation 
for the occurrence of bands that are in principle symmetry-forbidden 
bands in the Raman spectrum. The C–H stretching vibration (𝜈1) is 
of particular importance in formates, thus its variation within the 
lanthanide series has been systematically studied [58,60].



C.-C. Meyer et al. Nuclear Inst. and Methods in Physics Research, A 1075 (2025) 170361 
Fig. 5. C and O concentration as a function of depth deduced from ERDA spectra for MP Tm thin films (sample series Tm target-2 to Tm target-4). The contribution of both 
elements decreases with depth and with increasing fluence.
Fig. 6. (a) Raman spectra of Tb (sample Tb-50), Er (sample Er-50) and Tm (sample Tm-50) films of thickness: 50 μg
cm2  and (b)–(d) respective SEM images. Despite different 

morphologies, MP thin films of different lanthanides show the same Raman spectrum.
It should be mentioned that the nitrate anion also has a D3ℎ sym-
metry and should thus produce Raman bands similar to those of car-
bonates, which is how Raman spectra of uranium MP films were 
7 
interpreted [63]. However, due to the very different chemistry of ura-
nium compared to lanthanides and heavy actinides, this interpretation 
of the Raman spectra cannot be applied. Other studies on uranium 
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Fig. 7. Raman and IR spectrum of MP Tm thin film (thickness 500 μg
cm2 , sample: Tm-500).
Table 4
Assignment of bands in the Raman and IR spectra of the non-irradiated MP Tm films, 
as designated by Herzberg [61]. 
 Wavenumber Method Carbonate Formate References  
 401 IR Unknown  
 563 IR Unknown  
 619 IR 𝜈4𝑎 – [62]  
 653 IR 𝜈4𝑏 – [62]  
 673 IR 𝜈4𝑐 – [62]  
 754 Raman 𝜈4𝑎 𝜈3𝑎 [55–58,60] 
 813 Raman 𝜈4𝑏 𝜈3𝑏 [55–58,60] 
 846 IR 𝜈2𝑎 – [62]  
 901 IR 𝜈2𝑏 – [62]  
 902 Raman 𝜈2 – [55–57]  
 1008 Raman – 𝜈6𝑎 [60]  
 1076 IR 𝜈1 – [55–57]  
 1079 Raman 𝜈1 𝜈6𝑏 [55–57,60] 
 1252 Raman Unknown  
 1302 Raman Unknown  
 1374 Raman – 𝜈2𝑎 [58,60]  
 1379 IR 𝜈3𝑎 𝜈2𝑎 [58,60,62]  
 1423 Raman 𝜈3𝑎 𝜈5𝑎 [55–58,60] 
 1453 Raman 𝜈3𝑏 – [55–57]  
 1476 Raman 𝜈3𝑐 – [55–57]  
 1514 IR 𝜈3𝑏 – [62]  
 1557 Raman 𝜈3𝑑 – [55–57]  
 1583 Raman – 𝜈4𝑎 [59,60]  
 1605 Raman – 𝜈4𝑏 [59,60]  
 2733 Raman – 𝜈1𝑎 [58–60]  
 2770 Raman – 𝜈1𝑏 [58–60]  
 2882 Raman – 𝜈1𝑐 [58–60]  
 2915 IR – 𝜈4𝑎 [58]  
 2918 Raman – 𝜈1𝑑 [58–60]  
 2942 Raman – 𝜈1𝑒 [58–60]  
 2960 IR – 𝜈4𝑏 [58]  
 3066 Raman – 𝜈1𝑓 [58–60]  

MP targets could not detect any nitrate in the thin films by Raman 
and IR [64] or XPS [65,66], and the thin films were reported to be 
nitrogen-free.

3.3.2. Irradiated samples
Fig.  8 shows spectra from a series of 8.3 MeV

u  Au ion irradiations. 
With increasing fluence, the two most prominent Raman bands (at 
1079 cm−1(a) and at 2942 cm−1 (c)) disappear and two new bands (b) 
gradually emerge around 1590 cm−1 (1650 to 1480 cm−1) and 1360 cm−1

(1440 to 1290 cm−1).
The two new bands can be assigned to the D (1440 to 1290 cm−1) and 

G (1650 to 1480 cm−1) peaks, which are characteristic for graphite-like 
structures embedded into an oxide structure [67–69]. The G-band is 
the primary mode in graphene and graphite. It represents the planar 
configuration sp2-bonded carbon that constitutes graphene. The band 
is resonant, which means that it is much more intense than would 
8 
be expected otherwise. The D-band is known as the disorder band or 
the defect band. It represents a ring breathing mode from sp2 carbon 
rings, though to be active the ring must be adjacent to a graphene 
edge or a defect. A significant D-band indicates defects to be present 
in the material. The intensity of the D-band is directly proportional to 
the level of defects in the sample [70]. In light of the aforementioned 
findings, it can be posited that the irradiated MP thin films can be 
characterized as amorphous oxides with embedded carbon clusters, as 
evidenced by the results of our Raman spectroscopy analysis [69].

The IR spectrum of the sample with the highest fluence is plotted 
together with the Raman spectrum of the same sample in Fig.  9. In 
the region of high wavenumbers, there is also IR activity that could be 
assigned to OH-oscillations. The hygroscopicity of the samples may be a 
potential explanation for the origin of these OH-oscillations. Otherwise, 
the IR spectrum of the irradiated samples does not permit further iden-
tification of chemical species. Yet, the appearance of oxycarbonates has 
been inferred from earlier GIXD and XPS studies [52], for lanthanum 
MP thin films that were heated to 700K. However, Raman and IR 
spectra of these oxycarbonates [71] could not be identified in our 
films. Therefore, ion irradiation obviously induces a different form of 
transformation rather than pure heating [29].

3.4. X-ray photoelectron spectroscopy (XPS)

In the XPS overview spectra (not shown) of the MP Tm thin films 
the expected characteristic Tm, O, and C peaks as well as the peaks of 
Ti are visible. The Ti signal originates from the Ti backing due to the 
mudcracking morphology as illustrated in Figs.  1 and 3. The tiles do 
not completely cover the surface and therefore, the Ti backing (together 
with its oxide layer) is exposed to the analyzing X-ray beam.

The electrical conductivity of the MP films is rather poor, which 
favors charging effects [72,73] during the XPS measurement. As is 
typical for air-exposed samples, they are covered with so-called ‘‘ad-
ventitious carbon’’, a layer of short-chain oxygen-containing organic 
carbon compounds. Together with charging effects, this makes the 
direct interpretation of the C1s spectra difficult [41,74]. Further, it 
is important to note that numerous authors report charge-corrected 
measured binding energies. Often, the dominant C1s peak is attributed 
to adventitious carbon and placed in a range of 284.5 to 285.5 eV. 
This approach leads to inconsistencies in the energy positions among 
different reports as the final charge-corrected binding energy is not nec-
essarily accounting for the nature of different organic species [41,74]. 
Therefore in this experimental series we tried to avoid relying on the 
absolute, charge-corrected BE values, but rather used peak differences 
instead for our interpretations [42].

Despite the problems described in the previous paragraphs, we 
discuss in the following the change in C1s spectra under irradiation. 
The C1s region (Fig.  10) for the irradiated samples is less complex than 
that of the fresh MP samples. The number of carbon species needed 
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Fig. 8. Raman spectra of a Tm sample series ( Table  2) irradiated with 8.3 MeV
u

 Au ions of different fluences. The boxes indicate the position of bands assigned to formate (a), 
graphite (D and G band) (b) and carbonate (c). The fluence is given in units of ions

cm2 .
Fig. 9. IR and Raman spectra of MP Tm thin film (thickness 500 μg
cm2 , sample: Tm target-6) after irradiation with 8.3 MeV

u
 Au ions of fluence 1013 ions

cm2 .
to develop a peak model is reduced for the irradiated samples and 
the peak observed above 292 eV is absent after irradiation. Table  5 
summarizes the assigned chemical species. Carbon species containing 
C–Cl and C-N bonds were excluded from consideration as no indications 
for the presence of Cl and N were obtained in XPS overview spectra, 
nor with other analytical methods like RBS or ERDA. Fluorine was 
observed only for the irradiated films (samples Tm target-5 and Tm 
target-6) and is assumed to be due to surface contamination during 
sample handling or storage in an UHV-chamber. We ascribe the peaks 
in the C1s XPS spectra to the following three carbon species: (i) a 
thin layer of adventitious carbon-containing material on the conductive 
9 
Ti [74], (ii) the same layer on the MP thin film and (iii) the confirmed 
carbon species in the MP thin film itself.

The C1 peak is interpreted to represent the C–C/C–H contribution of 
the adventitious carbon on the Ti backing (Fig.  10). This is supported by 
the absence of the peak when no Ti is detected in overviews and Ti2p 
detail spectra. The Binding Energy (BE) corresponds to the value mea-
sured on a blank Ti reference backing (not shown) without deposited 
film. The superposition of the peaks in the irradiated samples (Fig. 
10b and 10c) illustrates a major problem of interpretation. The main 
peak can be fitted with variable proportions of adventitious carbon 
contributions, i.e. both C1 and C2 species in variable proportions. This 
discrepancy is likely due to the challenging morphology of the samples, 
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Fig. 10. C1s XPS spectra of MP Tm samples together with fits of individual carbon species for non-irradiated sample (top) and two samples irradiated with 8.3 MeV
u

 Au ions of 
different fluence. The samples shown are Tm-500 (a), Tm target-5 (b) and Tm target-6 (b).
Table 5
Measured Binding Energy (BE) and Chemical Shift (CS) of different carbon species. 
 Peak BE

eV
CS
eV

Possible species  

 C1 285.7 C–C/C–H contrib. of advent. carbon on Ti backing [74]  
 C2 286.3–287.0 C–C/C–H contrib. of advent. carbon on MP Tm film [74] 
 C3 287.9–288.8 1.5–1.8 C–O–C, C–OH, C*–O–C=O [40]  
 C4 290.0–290.4 3.3–3.7 C–O–C*=O HCOO [40]  
 C5 292.8–292.9 5.9 O=C(–O–)2 [40]  
in addition to the limitations of the XPS method, such as charging 
effects.

Given the intricate surface morphology of the samples and the ion-
beam-induced inconsistency in the XPS spectra, a quantification of the 
Tm-C ratio was deemed to be unreliable and unsound. Additionally, the 
issue of adventitious carbon ( Table  5) on the Ti backing alone would 
have rendered further calculations even more arbitrary.

However, the clear change in the C1s spectra induced by the ion ir-
radiation can be reconciled with the results of Raman spectroscopy and 
ion beam analysis, which suggest that the freshly deposited formates, 
10 
(hydroxo)carbonates, hydroxides change under irradiation to a more 
oxidic species with intercalated carbon clusters.

Also in the O1s region distinct differences between the freshly 
deposited and the irradiated samples are observed (Fig.  11a). Again, a 
BE component at 532 eV is observed that correlates with the presence 
of Ti in the spectra. This is likely due to an oxidized Ti surface (TiO2). 
For the blank Ti reference sample, an oxidized layer was observed 
as well. Another assignment possibility would be a thulium oxide 
component [75]. In a freely accessible database for XPS spectra, Tm2O3
is characterized by a double peak, the peak energy is given as 532 eV. 
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Fig. 11. (a) O1s and (b) Tm4d XPS spectra of MP Tm samples for a non-irradiated 
sample (top) and two samples irradiated with 8.3 MeV

u
 Au ions of different fluence. The 

samples shown are Tm-500 (black), Tm target-5 (pink) and Tm target-6 (orange).

In principle, the O1s peaks of metal oxides are characterized by a 
narrow peak shape, while the peaks of carbonates or formates should 
be broader. The shoulder at 529 eV in the non-irradiated samples could 
be explained by carbonate or formate based on the other analysis 
results, but this is not certain due to the inconclusive energy calibration. 
Furthermore, metal carbonates would be expected at higher, not lower 
BE than metal oxides [53]. Thus, no clear, unambiguous conclusion can 
be drawn from the O1s spectra alone.

In the Tm4d region differences are observed between non-irradiated 
and irradiated samples (Fig.  11b). While the fresh samples display a 
double peak structure for the 4d maximum, this is not distinctly seen 
for the irradiated samples. The double-peak structure in the Tm4d 
spectrum of the non-irradiated MP samples may be due to a differential 
charge shift effect that is not fully compensated by the flood gun, the 
intrinsic shape of the deposited material, or a superposition of different 
chemical species.
11 
3.5. X-ray diffraction

For structural analysis of our thin films, X-ray diffraction under 
grazing incidence was performed (Fig.  12). Non-irradiated MP thin 
films yield only three broad and weak reflections, which can be best 
fitted with thulium formate [58,76,77]. Based on the half-width of the 
reflexes, the size of the crystallites in the sample that contribute to 
the reflex can be deduced. The diffraction pattern of our samples is 
thus indicative of the amorphicity of the phases and is consistent with 
the literature for diffraction experiments on untreated lanthanum MP 
films on Ti foils [52]. The roughness of the Ti substrate [78,79] used 
also made the diffraction measurements more difficult and certainly 
contributes to the dominance of the Ti reflections. The characterization 
of irradiated MP films was unsuccessful. This is attributed to the further 
amorphization. Yet, future diffraction experiments with even smaller 
angles of incidence together with Synchrotron X-ray Diffraction (SXRD) 
could enable a reliable identification of the different crystallites in the 
MP thin films.

4. Summary

4.1. Characterization of fresh films prepared by molecular plating

Microscopic methods confirm that of thin Tm films produced by 
molecular plating on a Ti backing are fractured, exhibiting a mudcrack-
ing morphology (Fig.  1 right). The films are composed of individual 
tiles, which significantly impacts the applicability of various analysis 
methods (Fig.  3). The most accurate results were obtained using high 
spatial resolution analytical methods such as Raman and RBS/PIXE, 
which allowed us to analyze individual tiles.

Our XPS characterization showed that the fresh films do not contain 
significant amounts of N, although Tm was added as nitrates in diluted 
nitric acid in the MP process. This result for 𝑁 agrees well with the 
literature for the MP process from alcoholic solvents [48,52]. Studies 
on the MP process with aqueous nitrates from DMF [80] also showed 
no significant 𝑁 in the XPS spectra, which in this particular case, also 
excludes the intercalation of nitrogen-based solvent degradation prod-
ucts. Thus, nitrogen compounds, such as nitrates and their degradation 
products, can be excluded as a constituent component of MP thin films.

The C1s XPS spectra of non-irradiated MP films showed a whole 
range of different carbon species. Unambiguous chemical identification 
by XPS alone is not possible, but in accordance with literature  [48,
52,80] the assignment of the dominant carbon compounds in the MP 
thin film to the carbonates and a carboxylic acid-like species ( Table  5) 
is apparent. The formation of carbonates right after electroplating can 
be excluded, because the phase diagrams in the literature [81] clearly 
show that at room temperature and under ambient concentration of 
carbon dioxide (about 600ppm) in the laboratory air, the formation 
of lanthanide carbonates is negligible [82,83]. Therefore, it can be 
concluded that the formation of carbonates through the weathering of 
hydroxides and oxides is an unlikely mechanism. A similar behavior 
is to be expected for the production process of heavy actinide targets, 
but literature data are scarce. Experiments reported in [31,48] clearly 
showed that the C1s species are formed during the MP process and 
not by drying the thin films in laboratory air. In addition, several XPS 
studies [48,65,80] have demonstrated that the carbon species in MP 
thin films is not a surface phenomenon, but is intrinsic to the entire 
thin film.

The XPS oxygen spectra did not permit a clear identification of the 
chemical species of the MP thin films and could not be reconciled with 
the assignments of the C peaks. This is because different binding ener-
gies would be expected for carbonates or carboxylic acid-like species, 
but from our XPS analysis, which is afflicted by differential charging, a 
reliable determination of binding energies is not possible. Publications 
on XPS studies of MP thin films often neglect discussion of the oxygen 
spectra. However, in one XPS study [80] on samarium MP films, the 
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Fig. 12. GIXD diffractogram of non-irradiated MP Tm sample (sample: Tm-500), the red boxes show the reflections that can be assigned to thulium formate, while the sharp 
reflections originate from the Ti backing.
O1s spectra were discussed, and the observed O1s binding energy could 
be attributed to carbonates based on the observed C1s spectra.

Our ion beam analysis experiments also showed that C and O 
are the dominant species in fresh MP thin films. In both the ERDA 
(Fig.  5) and RBS (Fig.  4c and 4d) depth profiles, O and C dominate 
over the intended lanthanides in atomic percent. Again, a conclusive 
quantification of the MP film constituents was not possible, i.e., no sum 
formula of the MP thin films could be determined.

From GIXD measurements, we conclude that the MP films are 
amorphous and that Tm exists in the formate phase (Fig.  12). Due 
to the amorphous structure [52] of the MP thin films, as well as the 
roughness of the Ti backings, the results are not very clear. Moreover, 
the challenging morphology makes it difficult to interpret the GIXD 
data. By means of vibrational spectroscopy, carbonates and formates 
were identified as components of the fresh films (Fig.  7).

4.2. Chemical changes induced by heavy-ion irradiation

The irradiation of Tm MP thin films with 8.3 MeV
u  Au ions induces 

drastic changes in morphology (Fig.  2). With increasing fluence, the 
cracks disappear and Tm becomes more and more homogeneously 
distributed across the entire surface. This effect has also been reported 
for MP plated Gd films [29]. Upon further irradiation with Cl ions of 
1.2 MeV

u , (characterized by a lower energy loss than the 8.3 MeV
u  Au 

ions), films pre-irradiated with Au ions exhibit fewer morphological 
changes than non-irradiated films (Fig.  2).

Analysis by RBS revealed that the ion irradiation drastically reduces 
the C content of the MP thin films (Fig.  4). The RBS spectra of the 
irradiated films are dominated by O and Tm. Overall, the relative 
proportion of the target element is larger after irradiation, probably 
because a large fraction of volatile by-products from the MP process 
outgassed. This loss of unwanted material through the first irradiation 
could be an explanation for the beneficial effect of the conditioning 
process [20,21]. Our ERDA investigation showed that the loss of O and 
C increases with fluence (Fig.  5).

The XPS measurements of the irradiated MP films underline beam-
effects on the C component (Fig.  10). No clear chemical species can be 
assigned. However, within the C1s peak, the loss of carbon species with 
higher binding energies, e.g. carbonates and formates, is obvious. The 
carbon species ( Table  5) with the highest relative binding energy (C5, 
carbonate-like) disappears completely through irradiation. In contrast, 
an aliphatic carbon species (C2) is the dominant component of the 
MP thin films following irradiation. We were not able to identify 
by XPS compounds with higher binding energies as seen by Raman 
spectroscopy. Our XPS data clearly demonstrate the loss of carbon 
species and the disappearance of carbonates.

IR and Raman spectroscopy (Fig.  9) provide evidence for newly 
formed chemical species. Two characteristic Raman bands are visible 
12 
over a very high background, which fit an assignment to C nanoparti-
cles [67,69]. In the IR spectra hydroxide bands were identified. Based 
on the overall spectroscopic findings, the irradiated MP thin films can 
be best described as amorphous oxide with embedded C nanoparticles.

5. Conclusion

The established models for the MP process assumed the formation of 
hydroxyl ions during deposition according to Hansen’s theory [84–87]. 
Due to the non-reduction of the lanthanide or actinide cations [48,52,
65,80], basic precipitation is assumed to occur by a combination of 
electrophoresis and electroplating [43]. The observed C content was 
explained by intercalated solvents and products of solvent decompo-
sition. The analytical methods used in this study could not detect 
any decomposition products from the solvents used. The origin of 
observed C content is not clear, but organic solvents can dissolve much 
more carbon dioxide than, e.g., water can. At room temperature and 
normal pressure, the solubility of carbon dioxide in water is 0.033 mol

L , 
0.15 mol

L to 0.17 mol
L  for short-chain alcohols and 0.18 mol

L  for DMF [88]. 
Therefore, it can be assumed that moist and non-degassed organic 
solvents contain enough carbon dioxide to explain the formation of the 
carbonates that we observed. Another source for the input of carbon 
dioxide and thus carbonates could also be the used acids [89,90]. If we 
look at the Pourbaix diagram [91,92] of carbon dioxide, we see that 
formate can be formed from carbonates under the parameters described 
for the MP process, i.e., standard room temperature and partial pressure 
for carbon dioxide in ambient air. Due to the reductive basic conditions 
at the cathode, the carbonates are partially reduced to formates. It is 
precisely under these conditions that the oxidation of solvents, such as 
isopropanol and isobutanol, to carboxylic acid-like species seems very 
unlikely to occur as an explanatory model for the observed C1s XPS 
(Fig.  10) and Raman spectra (Fig.  7). However, should the solvents 
used be oxidized anodically and reach the cathode by diffusion, we or 
comparable studies [48,52,65,80] should have been able to detect these 
decomposition products. Neither studies in DMF [80] found nitrogen 
signals in the thin film, nor did we find the typical rotational spectra of 
short-chain alcohols. As with the carbonates, no conclusive mechanism 
is described in the literature for the formation of thulium formates by 
weathering of hydroxides and oxides that may have formed in humid 
laboratory air. Formate formation during the molecular plating process 
is the most obvious explanation, while a formation after plating seems 
to be unlikely. The resulting thin films can therefore be described as a 
mixture of armorphous basic carbonates and formates.

The chemical conversion of our samples differs significantly from 
the heat-induced conversion of MP thin films described in litera-
ture [46,52]. The oxycarbonate agglomerates reported are known 
thermal degradation products of carbonates [81] and formates [59]. 
Thermogravimetric investigations of related carboxylic acid-lanthanide 
compounds also indicate oxycarbonates as the final product before the 
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heat-induced transformation into the sesquioxides [71,93]. The chemi-
cal transformations we identified after the irradiation with heavy ions 
cannot be explained by a purely thermal process [29,94], since none of 
the known decomposition products were detected. Radiation-induced 
amorphousness could also be a reason for the lack of spectroscopic 
evidence. The response of the oxides of the lanthanides [95] and 
actinides [96] to irradiation with swift heavy ions has been extensively 
investigated for pure crystalline samples. Ion irradiation induces defect 
formation in the crystal and a loss of O. It would therefore be logical to 
attribute the chemical transformation of our MP films to a comparable 
mechanism [97]. This also includes the loss of light volatile elements, 
like C and O, so that the lanthanide oxide with embedded carbon 
clusters remain [69]. The relatively strong Raman-signal of the carbon 
clusters does not yield any information regarding their quantitative 
contribution to the MP thin film following irradiation. Based on the 
ion beam analyses, it can be inferred that irradiated thin films exhibit 
a significantly higher O than C content. Despite extensive research, we 
were unable to identify a satisfactory explanation for the observation 
that thin films previously irradiated with Au ions exhibit a reduced 
degree of morphological change when irradiated with Cl ions, in 
comparison to those that have not been irradiated.

Future studies would benefit from complementary microscopic tech-
niques that offer sufficient spatial resolution enabling effective analysis 
despite the challenging morphology of the MP thin films. As the produc-
tion of superheavy elements relies on actinide, and not on lanthanide 
targets, the presented studies will ideally also be performed with ac-
tinide targets. Such studies, though, require access to modern analytical 
methods in appropriate licensed nuclear analytical laboratories. These 
studies will ideally be complemented with irradiations applying higher 
fluences.
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