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Abstract
This work is devoted to the study of radiation damage produced by swift heavy ions in rare

earth phosphates, materials that are considered as perspective for radioactive waste storage.

Single crystals of rare earth phosphates were exposed to 2.1 GeV gold (Au) and 1.5 GeV xenon

(Xe) ions of and analyzed mainly by Raman spectroscopy. All phosphates were found almost

completely amorphous after the irradiation by 2.1 GeV Au ions at a fluence of 1×1013 ions/cm2.

Radiation-induced changes in the Raman spectra include the intensity decrease of all Raman

bands accompanied by the appearance of broad humps and a reduction of the pronounced lu-

minescence present in virgin samples. Analyzing the Raman peak intensities as a function of

irradiation fluence allowed the calculation of the track radii for 2.1 GeV Au ions in several rare

earth phosphates, which appear to be about 5.0 nm for all studied samples. Series of samples

were studied to search for a trend of the track radius depending on the rare earth element (REE)

cation. Among the monoclinic phosphates both Raman and small-angle X-ray scattering (SAXS)

suggest no significant change of the track radius with increasing REE mass. In contrast, within

the tetragonal phosphates Raman spectroscopy data suggests a possible slight decreasing trend

of the track radius with the increase of REE atomic number. That finding, however, requires fur-

ther investigation due to the low reliability of the qualitative Raman analysis. Detailed analysis

of Raman spectra in HoPO4 showed the increase of peak width at the initial stage of the irradi-

ation and subsequent decrease to a steady value at higher fluences. This observation suggested

the existence of a defect halo around the amorphous tracks in HoPO4. Raman peaks were found

to initially shift to lower wavenumbers with reversing this trend at the fluence of 5×1011 for

NdPO4 and 1×1012 ions/cm2 for HoPO4. At the next fluence steps peaks moved in the other

direction, passed positions assigned for virgin materials and moved even further at the fluence

step of 1×1013 ions/cm2. This study has also shown that variation of beam parameters could

drastically affect material degradation. Increase of Au ion flux was shown to produce partial

sample annealing, most likely due to macroscopic temperature increase. At the same time the

increase of 1.5 GeV Xe ion beam pulse intensity was shown to invoke enhanced amorphization

in comparison to beams of low pulse intensity.
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Zusammenfassung
Diese Arbeit widmet sich der Erforschung von Strahlenschäden durch hochenergetische Schw-

erionen in Phosphaten der seltenen Erden, Materialien die vielleicht neue Lösungen für die

Lagerung von radioaktiven Abfällen ermöglichen. Einkristalle der Phosphate der seltenen Er-

den wurden Ionenstrahlen aus Gold und Xenon mit einer jeweiligen Energie von 2.1 GeV bzw.

1.5 GeV ausgesetzt und anschließend analysiert, hauptsächlich durch Ramanspektroskopie.

Nach der Bestrahlung mit 1×1013 Goldionen/cm2 mit einer Energie von 2.1 GeV konnte in

allen untersuchten Phosphaten eine fast vollständige Amorphisierung festgestellt werden. Die

strahleninduzierten Materialveränderungen konnten auch in den Ramanspektren festgestellt

werden. Nach Bestrahlung ist vorallem ein starker Intensitätsabfall der Ramanbanden und

der Lumineszenz gegenüber den unbestrahlten Proben auffällig. Zusätzlich sind in den be-

strahlten Proben breite, für amorphe Materialien typische Banden zu erkennen. Die Analyse

der Intensitäten der Ramanbanden erlaubt die Berechnung des Ionenspurradius für 2.1 GeV

Gold-Ionen, der in fast allen untersuchten Phosphaten um die 5.0 nm beträgt. Die Probenserie

wurde untersucht, um einen Trend des Ionenspurradius in Abhängikeit des jeweiligen Cations

der seltenen Erden (rare earth element cation - REE) festzustellen. Die Ergebnisse sowohl

von Ramanspektroskopie als auch klein-Winkel Röntgenbeugung (SAXS) weisen darauf hin,

dass bei den monoklinischen Phosphaten der Ionenspurradius und die REE-Masse in Propor-

tion stehen, wobei der Trend marginal ist. In tetragonalen Phosphaten weisen die Ergebnisse

der Ramanspektroskopie auf eine umgekehrte Proportionalität zwischen Spurradius und REE-

Masse hin. Diese Befunden benötigen allerdings weitere Nachforschungen wegen der gerin-

gen Reliabilität der durchgeführten qualitativen Ramananalyse. Die detaillierte Analyse der

Ramanspektren von HoPO4 zeigte beim ersten Fluenzschritt zunächst eine Verbreiterung des

Ramanbandes, bei fortgesetzter Bestrahlung lässt sich allerdings eine Verengung des Bandes

feststellen, die zu höheren Fluenzen hin saturiert. Diese Beobachtung weist darauf hin, dass in

diesem Material bei der Bestrahlung Defekthalos um die amorphen Ionenspuren herum entste-

hen. Ab Fluenzen von 5×1011 Ionen/cm2 für NdPO4 bzw. 1×1012 Ionen/cm2 für HoPO4 ver-

schieben sich die Ramanbanden hin zu niedrigeren Wellenzahlen. Bei weiterer Bestrahlung

verschieben sich die Banden zurück zu den Werten des unbestrahlten Materials und bei Fluen-

zen größer als 1×1013 Ionen/cm2 sogar hin zu höheren Wellenzahlen. Diese Untersuchung hat

ebenfalls gezeigt, dass eine Veränderung der Ionenstrahlparameter die Materialdegradierung

drastisch beeinflussen kann. Es wurde nachgewiesen, dass eine Erhöhung des Gold-Ionenflux

ein partielles Ausheilen der Probe zur Folge hat, das wahrscheinlich durch die makroskopische
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Temperaturerhöhung zu erklären ist. Gleichzeitig wurde gezeigt, dass eine Erhöhung der Pulsin-

tensität beim 1.5 GeV Xenon-Ionenstrahl eine verstärkte Amorphisierung im Material auslöst.
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1 Introduction
The discovery of the internal structure of atoms, objects, that even by their given name

(άτoµoς) were considered to be the smallest existing unit, is undeniably the most impor-

tant breakthrough in the modern history of science. Nuclear energy accumulated inside of

atoms with a size millions times smaller than dust particles - makes the beautiful night sky shin-

ing with myriads of glittering stars, provides electricity to many millions of people’s homes -

and is equally capable of creating devastating weapons. Intelligent handling of atomic power

requires not only approaching situation in the rational, deliberate and humanistic way, but also

being fully aware and prepared for the treatment of possible consequences and aftereffects.

Among all the problems that nuclear engineers and scientists seek answers for, the safe long

term disposal of generated radioactive waste remains one of the very first, urgent, and yet not

completely solved tasks [1]. Despite the development of alternative energy sources over the last

decades, the nuclear energy still remains the only solid alternative to conventional fossil fuels

that produces no CO2 emission and outperforms it on 3 to 5 orders of magnitude in severe risk

indicators [2]. It also provides the lowest ratio of accident risks (frequency of severe accidents)

to the amount of electricity produced among all the known energy sources. Having in addition

one of the lowest total costs, nuclear energy is also one of the most sustainable energy sources

nowadays [3]. So, desirable economical benefit from one of the most prominent energy sources,

requires a solution to the problem of the disposal of accumulated waste over an extremely long

time period [4]. To visualize the scale of the problem, it should be mentioned, that solely in the

countries belonging to the Organization for Economic Cooperation and Development (OECD),

the annual amount of produced radioactive waste is around 81,000 m3 [5]. The main sources

of radioactive waste are the high-level waste (HLW) that originates from the spent nuclear fuel

itself [6] and waste generated from the reprocessing of burned nuclear fuel, and plutonium

retrieved from dismantled nuclear weapons or obtained in the reprocessing of nuclear fuel [7].

Other types of waste account for large volumes, but produce rather little radioactivity compare

to the previously mentioned ones [5].

One of the promising solutions to the problem of radioactive waste handling is its incorpo-

ration in a waste-bearing material (waste form) and subsequent disposal in a geologic reposi-

tory [8, 9]. This approach puts certain requirements on the properties of a waste form: a) it

should readily incorporate actinides into its structure; b) it should have chemical stability and

durability on a large time-scales (more than hundreds of thousand years); c) it should have high

resistance to radiation damage [9].
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To date, numerous materials have been studied for the role of waste form, in particular for

immobilization of actinides [10] and plutonium [11] including but not limited to:

• simple oxides: zirconia (ZrO2), uraninite (UO2), thorianite (ThO2);

• complex oxides: pyrochlore ((Na,Ca,U)2(Nb,Ti,Ta)2O6), muratanite

((Na,Y)4(Zn,Fe)3(Ti,Nb)6O18(F,OH)4), zirconolite (CaZrTi2O7);

• silicates: zircon (ZrSiO4), thorite (ThSiO4), garnet ((Ca,Mg,Fe2+)3(Al,Fe3+,Cr3+)2(SiO4)),

britholite ((Ca,Ce)5(SiO4)3(OH,F)), titanite (CaTiSiO5);

• titanates: pyrochlore (Ca, REE)Ti2O7;

• phosphates: monazite (LnPO4), apatite (Ca4−xLn6+x(PO4)y(O,F)2), xenotime (YPO4).

From this list of compounds, a long-term durability is confirmed by study of naturally occur-

ring minerals for several silicates (zircon, thorite, garnet) and all listed phosphates (monazite,

apatite and xenotime). Thus, phosphates play an important role in consideration as nuclear

waste hosts and this concerns various crystal structures - including hexagonal apatite, mon-

oclinic monazite and tetragonal xenotime [7]. Due to its remarkable properties, monazite is

probably the most studied phosphate. This rare earth phosphate crystallizes into the monoclinic

(P21/n) structure. Natural monazite ((Ce,REE)PO4) could hardly be found in the amorphous

state [7, 12], indicating either the high radiation hardness, or low temperature for recrystal-

lization. Natural monazite can incorporate actinides into its structure e.g. (REE,Th)PO4. It

has long-term chemical durability and is often present in rocks and sands. It is an abundant

mineral what allows systematic research of radiation damage accumulated for decades due to

self-irradiation from actinides that were present in the mineral [13].

In irradiation experiments performed at laboratory conditions, both natural and synthetic

rare earth phosphates were successfully amorphized by ion beams of various energies. Both

tetragonal YPO4 and monoclinic (Ce,La,Y)PO4 were found in metamict (disordered) state after

irradiation with 3 MeV Argon ions [14]. Systematic studies of natural monazite and the se-

ries of synthetic pure rare earth element phosphates (REE-PO4) have shown amorphization by

800 keV Kr ion bombardment, with the trend of monoclinic structure having lower tempera-

tures where recrystallization starts in comparison to the tetragonal phosphates. Furthermore,

the same authors observed a trend of critical amorphization temperature increasing with the

increase of the atomic number of rare earth cations [15]. Irradiations performed in LaPO4 and

ScPO4 with 1.5 MeV Kr ions have shown that larger energies lead to an increase of the criti-

cal amorphization dose and a decrease of the recrystallization temperature [12]. This finding

raised the question how the different ion energy regimes contribute to the resulting damage

production. Radiation hardness of different rare earth phosphates is of great interest not only

due the possible application as nuclear waste host materials, but also for the development of a

general understanding of the material response to ion irradiation.
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Interaction of energetic heavy ions with solids strongly depends on their kinetic energies. At

low kinetic energies below 1 MeV/u radiation induced changes in the material are induced in

the regime of a nuclear energy loss. During this process the incoming ion transfer the energy

to the material via creation of collision cascades. Response of different materials including

rare earth phosphates to the damage in this regime is well understood. At specific projectile

ion energies above 1 MeV/u, the slowing down of the ions is given by the electronic energy

loss. The electronic energy loss describes inelastic interaction of charged energetic ions with the

electronic subsystem of the solid. Description of energy transfer during the electronic energy

loss requires completely different models and more delicate approach due to the complications

with the extremely short interaction times, damage localization and interaction of incoming ion

with the electronic subsystem of a solid [16].

Despite of existence of models that can use particular criteria to explain existed radiation

hardness of one material compared to another, the predictive capability of current models is

far from optimum. Analysis of crucial factors for radiation hardness involves considerations

of chemical bonding character [17], bonding type (bond ionicity, competition of long-range

ionic and short-range covalent forces), glass-forming ability and crystalline structure [18]. The

neutron irradiation experiments are well established, so extended data concerning the material

response in the regime of nuclear stopping is available in literature [19]. In contrast, irradi-

ation where electronic stopping dominates is achievable by the irradiations with heavy ions

and require usage of big machines - ion accelerators. With the development of machinery and

resulting rise of projectile’s kinetic energy, the heavy ions impacting the solid introduced the

phenomena of ion tracks - the extended damaged area around the projectile ion trajectory of

typical diameter about 10 nm.

The phenomenon of ion track formation has been observed in many materials including sim-

ple (oxides, halides, nitrides etc) [20–22] and complex compounds (silicates, zirconates, ti-

tanates etc) [23–28] for the case of semiconductors, insulators, amorphous materials and some

metals [20]. Electronic excitations as primary cause of ion track formation, produce different

effects ranging from the creation of color centers (with the preservation of crystallinity) in al-

kali halides [29] to the production of amorphous tracks in many insulators [21, 28, 30]. The

electronic energy loss, the amount of energy that an impacting ion releases per unit of its path

within the material, plays an important role in the ion track formation. In most materials there

seems to be a threshold value for the electronic energy loss to initiate the process of ion track

formation, where close to the critical energy deposition ion tracks start to be discontinuous and

below this value to not form tracks at all [26–28]. The track morphology can be rather complex.

In e.g. SiO2 ion tracks are reported having a low dense track core surrounded by high density

shell structure [21]. In pyrochlores the track radius and morphology correlate with the chemical

composition and ratio of cation radii [22, 28, 31]. The description of ion track phenomena in

variety of materials considers the amount and mobility of excited electrons, electron-phonon
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coupling for energy transfer to the lattice, the material’s thermal conductivity in the process

of energy diffusion from the overheated area along the ion path, rate of defect recombination

and other parameters [20]. Many different models try to explain this complicated nature of the

process of ion track formation but their predictive efficiency still requires further developments.

That dictates a demand for more experimental data on observations of ion tracks in individual

materials as well as in series of closely related compounds.

This work will shed some light on the response of series of phosphates of rare earth elements

to the radiation damage induced by swift heavy ions. Several pure synthetic phosphates of

monoclinic monazite-type [Pr, Nd,Sm,Eu]PO4 and tetragonal xenotime-type [Y, Tm,Ho,Lu]PO4

structures were irradiated by 2.1 GeV 197Au ions covering a broad fluence regime from single

to largely overlapping ion tracks (from 5×1011 ions/cm2 up to 5×1013 ions/cm2). All ma-

terials were found to be completely amorphous at the highest fluence. Raman spectroscopy

measurements allowed the determination of amorphization rates and damage cross-sections for

some of the compounds. Values of ion track radii for monazite-type phosphates were supported

by transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS) measure-

ments. The analysis of Raman peak shifts indicated the unusual behavior in comparison with

naturally metamict samples: Raman peaks initially shift to the lower wavenumbers, while at

the fluences between 5×1012 and 1×1012 ions/cm2 this trend reverses. This shift was explained

by the appearance of defect halo around the amorphous track. Ion flux was found to play sig-

nificant role on the material amorphization. Irradiation of with the Au ion beam of high flux

(109 ions/cm2·s) was shown to induce less amorphization than Au ion beam of 108 ions/cm2·s
flux. This partial damage recovery appeared most likely due to macroscopic sample heating.

Irradiations by 1.5 GeV Xe ion beams having low and high pulse intensity showed difference in

the material response depending on the ion beam conditions. The rise of overall background

level and increased intensity of a broad hump at the region of stretching modes suggest the

increase of amorphous material fraction for the high pulse intensity Xe ion beam. Raman spec-

tra of samples irradiated under the low pulse intensity ion beam have higher Raman peak shifts

relative to the initial position, than for the high pulse intensity beam. This suggests that the irra-

diation with the high pulse intensity produces an increased amorphization and reduced amount

of defected halos.
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2 Theory

2.1 Radiation damage in solids

2.1.1 Ion-solid interaction

Radiation damage appears when material is exposed to neutrons, ions, electrons or gamma rays.

All these types of radiation may cause the displacements of atoms from their regular position

in the lattice. Radiation damage results in changes of the crystalline structure of the exposed

material and consequently modify different physical properties. One of the most well-known

examples is radiation damage induced by neutrons in nuclear reactors, where different com-

ponents were shown to suffer from changes in shape and volume (swelling), severe increase

of hardness, embrittlement and cracking ([32, 33]). Interaction of an incident projectile with

the material in case of neutrons is done by the kinetic energy transfer from the incoming par-

ticle with lattice atom. Incident particle together with displaced atom (also called as primary

knocked-on atom) propagate in the solid creating additional knock-on atoms forming collision

cascade.

Figure 2.1: Molecular dynamic simulations of radiation damage produced by 100 keV U in TiO2. Recoil
moves from upper left to bottom right corner of the image. The image shows atoms displaced more that
on 1 Å [34].

This displacement process appears in the solid up to the moment when the energy transfer

to the lattice atoms surpasses the critical displacement energy. Below this threshold creation of
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defects is not possible. Propagating through solid, swift heavy ion slows down because of energy

transfer to surrounding material and in most cases the formation of disordered, continuous

region along the ion trajectory could be observed. To describe the amount of kinetic energy that

ions lose per unit of ion path length, the energy loss could be written as:

S(E) = −
∂ E
∂ x

(2.1)

The typical unit for the energy loss is [keV/nm]. To be able to compare kinetic energies of

different atoms usually the specific energy is used which is the ratio of the total ion energy to the

amount of nuclei it has (MeV per nucleon, MeV/u). At specific energies lower than ∼100 keV/u,

the interaction of ions is similar to the situation with neutrons and the energy transfer appears

due to direct collisions of the incoming particle with lattice atoms and subsequent collision

cascades. This is the so-called regime of nuclear energy loss Sn(E) or nuclear stopping power.

Simulations with the SRIM code show that maximum nuclear stopping power reaches a value

as high as 5 keV/nm when irradiating LaPO4 with Au ions.

Figure 2.2: Electronic and nuclear energy loss contributions as a function of specific energies of Au ions
slowing down in LaPO4. Simulations performed in SRIM-2010 code [35].

In contrast to neutrons, where the energy transfer appears due to elastic interaction with

lattice atoms, radiation damage done by swift heavy ions at higher energies (>100keV/u) is

more complicated and includes the following processes:

• Excitation and ionization of target atoms so called electronic stopping dominating in the

MeV - GeV energy range;

• Nuclear reactions appear above the Coulomb barrier;
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• Generation of photons (Bremsstrahlung, Cherenkov radiation) that appear at relativistic

velocities and energies above GeV.

Dominant process during swift heavy ion irradiation at high energies is excitation in electronic

stopping regime. That gives interaction times in order of 10−17 s that are too short to interact

with the lattice ions (typical phonon propagation will give 10−13 to 10−14 s). Thus energy loss

from projectile to the material initially is done due to ionization of lattice atoms and energy

transfer to electron subsystem. To describe interaction of charged particle with the electron

subsystem in the material, we can use Bethe formula:

−
dE
dx
=

4π
mec2

·
nz2

β2
· (

e2

4πε0
)2 · [ln

2mec
2β2

I · (1− β2)
− β2] (2.2)

β =
v

c
(2.3)

with:

• v the speed of particle,

• n - electron density of the material,

• z - projectile charge,

• E - kinetic energy,

• c - speed of light,

• e and me - electron charge and mass,

• ε0 - vacuum permittivity.

Here the electron density of sample material could be calculated using formula [36]:

n=
Na · Z ·ρ

A ·Mu
(2.4)

with:

• ρ - density of target material,

• Z - atomic number,

• A and Mu - relative atomic mass of material and its molar mass constant,

• NA - Avogadro number.
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The electronic energy loss of charged particle is proportional to the electron concentration,

some function ϕ(v ) ∼ 1
v 2 , scales with the square of particle effective charge (z2) and is inde-

pendent of particle mass M .

The total energy deposition of swift heavy ions can be written as the sum of nuclear and

electronic energy losses: Stot = Se + Sn. At different specific energies interaction is done suing

different mechanisms and formation of resulted damage to the material will depend on the ratio

of electronic and nuclear stopping power.

2.1.2 Formation of ion tracks

In many solids the passage of energetic charged particle creates the continuous damaged zone

along the ion trajectory. In regime of nuclear energy loss, the incoming ion (together with the

knocked-on atoms due to direct collisions with atoms of material), perform scattering on large

angles. As a result, the collision cascades with large longitudinal straggling are formed. Material

modification is done via the accumulation of such damage cascades.

Figure 2.3: SRIM simulation of damage cascades done by 100 keV/u and 0.5 MeV/u Au ions in LaPO4.

At higher specific energies (above 1 MeV/u), a different mechanism plays role in the energy

transfer from the projectile to the solid. Incoming particle interacts with the electron subsystem

creating the ionization cascades. The electrons resulting from the primary ionization travel in

the radial direction from the track core creating secondary ionization cascades [37]. Interaction

of incoming particle with the electrons leads to the ion trajectory being a straight line. Only at

the very end of the ion path, the formation of collision cascades results in the ion scattering and

large longitudinal straggling. If material cannot maintain / regain its structure in the region

affected by the passing energetic ion, the damaged region, so called ion track, is formed along

the ion trajectory. Ion tracks have a typical radius of several nanometers [38] and length of
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few tenth of nanometers depending on the impacting ion energy and target material (details of

ion-matter interaction were discussed in previous section).

Despite the fact that ion tracks are known and studied for already several decades, there is

still no universal theoretical model providing a comprehensive description of track formation in

solids. One of the models applied is the Coulomb explosion. Excitation of valence-band electrons

along the impacting ion trajectory creates an array of charged ions of a sample material. A large

electrostatic repulsion of the formed ion cloud acts as driving force to displace atoms from

their lattice positions [39, 40]. Repulsed atoms traveling in radial directions away from the ion

trajectory induce atom rearrangements and formation of large stresses in the material [41].

Another model that is widely used for the description of ion track formation in solids is the

inelastic thermal spike model. Initial stage of ion-solid interaction results in the heating up of the

electronic subsystem of sample material. On later stages the energy is transferred to the atoms

heating them up. Temperature increase high enough for the material reaching its melting point

accompanied by the rapid quenching form an ion track. According to the inelastic thermal spike,

the target material is considered as two-component system: atomic lattice and electrons with

respective temperatures Ta and Te [42]. Projectiles deposit their energy initially to the electron

subsystem which is in a later process transferred to the atom. To describe energy transfer from

“hot” electrons to the lattice, a set of coupled time-dependent thermal diffusion equations is

used (eqs. (2.5) and (2.6)). The thermal spike creates defects via thermal activation and they

remain as “frozen defects” along the ion path due to rapid quenching of the temperature after

energy diffuses away from ion trajectory [40, 43].

ρCe
∂ Te

∂ t
=∇[Ke∇Te]− g(Te − Tl) + E(r, t) (2.5)

ρCl(Tl)
∂ Tl

∂ t
=∇[Kl(Tl)∇Tl] + g(Te − Tl) (2.6)

with:

• ρ material density,

• Ce and Cl respective electronic and lattice specific heat,

• Ke and Kl electronic and lattice heat conductivity,

• g is coupling constant,

• E(r, t) energy excitation profile.

Within a thermal spike model, the electronic Te(r, t) and lattice Tl(r, t) temperatures are

calculated as a function of the radius and a time for given energy excitation profile E(r, t). The
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coupling coefficient g depends on Te and hence on the electron energy spectrum and processes

of electron-phonon coupling. The main parameters of this model are the mean thermal diffusion

of electrons (λ) and the mean electron-phonon relaxation time (τ):

λ=
p

Deτ=

√

√Keτ

ρCe
and τ=

ρCe

g
(2.7)

where De is the thermal diffusivity of the hot electrons. Due to electron-phonon collisions,

energy in the electron subsystem is transferred to the lattice. The atom system heats up and

may surpass melting point of the material. Subsequent rapid cooling results in quenching of the

melting region [42].

Despite the legitimate criticism [44], this model well describes track radii observed in many

different materials after the irradiation. Although within last years we can observe a constant

development in theories of ion track formation, a variety of processes and effects still cannot be

described. It leaves an open space for future modification and development of our knowledge

and understanding of complicated processes appearing during ion track formation.

2.2 Raman spectroscopy

Inelastic scattering of light was predicted by the Austrian physicist Adolf Smekal in 1923 and

was observed experimentally by the Indian physicist Chandrasekhara Venkata Raman in 1928.

For that observation Raman was awarded the Nobel Prize in physics in 1930. During the scat-

tering of light, predominantly elastic scattering occurs, denoted as Rayleigh scattering (appears

with the conservation of energy). At a much lower probability, also inelastic light scattering

is observed, so-called Raman scattering, due to dissipation or gain of energy to / from various

excitations. These excitations can be vibrations in molecules (vibrons), lattice vibrations in crys-

talline solids (phonons) or spin excitations in systems with magnet-order transitions (magnons).

Raman spectroscopy has the advantage that no special sample preparation is required. It allows

the analysis of small sample volumes (< 1µm in diameter) and examination and characteriza-

tion of a large variety of materials (minerals, polymers, ceramics, organic materials).

During the Raman spectroscopy measurements the sample is typically irradiated with

monochromatic laser light. Scattered light contains Rayleigh scattering at the incident beam

wavelength and Raman scattering, with the wavelength shifted to the frequencies ν0 ± νex ,

where νex corresponds to the vibrational frequency of excitation: vibrons, phonons etc.

The Raman intensity is only 10−5 - 10−8 of incident beam, while Rayleigh scattering is several

orders of magnitude stronger. That is why the broad development and boost of sensitivity of the

Raman technique was obtained only after the invention of lasers in 1960s. Raman effect can be

described with the help of fig. 2.4.

10



Figure 2.4: Quantum mechanical representation of Rayleigh and Raman scattering.

According to the Boltzmann distribution (N ∼ e−
E

kT ) at room temperature most of molecules

are in the lowest energy state. When exposed to laser light, incoming electromagnetic wave

interacts with the electrons and causes ion polarization. This is described as excitation of the

molecules to the virtual state. Energy levels of this virtual states are determined by the wave-

length of incoming laser light. During elastic Rayleigh scattering molecules return to their

initial energy state what causes emission of light with the frequency equal to excitation one.

However molecule could make transition from virtual state to the higher energy vibrational

state and thus emit light with the energy smaller than the excitation wavelength (Stokes scat-

tering). At room temperature some molecules appear already in the excited vibrational state

and the same sequence will lead to emitting of light with larger energy (anti-Stokes scatter-

ing). The amount of molecules at ground state is always much larger, that is why most Raman

spectroscopy measurements are based on the more intense, Stokes lines (fig. 2.5).

Alternatively to Raman spectroscopy, we can simply tune the excitation wavelength of laser

until the energy difference between ground and vibrational states of a molecule (fig. 2.4), and

light is absorbed at this particular energy. This method is called Infrared spectroscopy (excitation

light wavelength lies in the infrared region of the electromagnetic spectrum) and gives similar

and complementary information to Raman spectroscopy. Classically the Raman scattering is

described by the time-dependent polarization of molecules. Excitation of a molecule with the

electric filed E = E0cos(ωt) of electromagnetic radiation, leads to the following dipole moment

p:

p = µ0 +αE (2.8)

where µ0 is the permanent and αE the induced dipole moment.
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Figure 2.5: Schematic representation of Stokes and anti-Stokes scattering.

The polarizability (α) of a molecule is represented by a second order tensor with components

αi j and depends on the symmetry of the molecule. Small vibrations are assumed to be harmonic

and then the normal coordinates qn(t) of vibrating molecules are approximated as qn(t) =
cos(ωn t), where qn is the amplitude and ωn the frequency of the normal mode n. If we include

it in eq. (2.8) and make the power series expansion of qn, µ and α, the total dipolar moment

(leaving only first order terms) we can described as:

p =µ0 +α(0)E0cos(ωt)
︸ ︷︷ ︸

Rayleigh

+
Q
∑

i=1

(
∂ µ

∂ qn
)qn0cos(ωn t)

︸ ︷︷ ︸

IR

+
1
2

E0

Q
∑

i=1

(
∂ α

∂ qn
)qn0[cos(ω+ωn)t) + cos(ω−ωn)t)]

︸ ︷︷ ︸

Raman scattering

(2.9)

Rayleigh together with infrared, Stokes and anti-Stokes Raman scattering, respectively, are

represented on eq. (2.9). If the change of polarizability from the incoming electric field exci-

tation equals zero (∂ α∂ q |q=0 = 0), the molecular vibration is not Raman active and no Raman
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band appears in the spectrum. From eq. (2.9) we also can see that during Raman spectroscopy

we measure the energy shift of scattered light compare to the excitation wavelength (that is

called as Raman shift). The Raman shift of a particular vibration yields directly the energy of

this vibration. This value is independent of the excitation wavelength and is most commonly

reported in wavenumbers, units of inverse length. To convert spectral wavelength to Raman

shift the following formula can be applied:

∆ω(cm−1) = (
1

λ0(nm)
−

1
λ1(nm)

)×
107nm

cm
(2.10)

Where ∆ω is the Raman shift, and λ0 and λ1 are respectively wavelength of laser excitation

and observed Raman band. Conversion to cm−1 is used to have more suitable values of Raman

shift (hundreds and thousands).
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3 Materials

3.1 Description of virgin crystals

Figure 3.1: Photo of different lanthanide phosphates. Flat elongated crystals belong to the tetragonal
group (ErPO4 (pink), HoPO4 (dark red), YPO4 (yellow)) and asymmetric round-shaped crystals belong
to the monoclinic group (LaPO4 (white), CePO4 (black), SmPO4 (yellow), PrPO4 (green)).
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Phosphates of rare earth elements draw ongoing attention as possible materials for nu-

clear waste storage. Phosphates are found in nature as monazite ([Ce,La]PO4) and xenotime

([Y,Er]PO4) minerals. Monazite has a monoclinic crystal structure and xenotime crystallizes into

a tetragonal structure. Natural monazite together with zircon (zircon silicate, ZnSiO4 that is iso-

morphous with the xenotime) were intensively studied as potential waste forms [11, 13, 45–47].

(a) (b)

Figure 3.2: Crystal structures of two groups of LnPO4 (made using Vesta software [48] and data from
[49]): a) tetragonal HoPO4 (space group I41/amd); b) monoclinic NdPO4 (space group P21/n).

For the purpose of better understanding of physical processes that lie behind radiation hard-

ness it is important to study single-element lanthanide phosphates. Single crystals of rare earth

phosphates were produced by the lead flux method described in [50–52] at the Oak Ridge Na-

tional Laboratory. Phosphates of the first subgroup (La to Gd) crystallize into the monoclinic

monazite structure, whereas phosphates of the second subgroup (Tb to Lu and Y, Sc) form the

tetragonal xenotime structure [50]. A detailed X-Ray study of all lanthanide phosphates was

performed by Ni et al. providing crystal data together with structure refinements [49].

Both crystal structures are closely related: monazite (P21/n) as well as xenotime (I41/amd)

contain isolated PO4 tetrahedra together with LnOx polyhedra (fig. 3.2). The monazite structure

could be formed from the tetragonal structure by a slight rotation of the PO4 tetrahedra, thus

reducing the symmetry from tetragonal to monoclinic. Within the series of lanthanide elements,

the atomic radius decreases with increasing atomic number, known as lanthanide contraction.

Elements of the second part of the lanthanide series having smaller ionic radii can be easily

incorporated into the symmetric tetragonal crystal structure whereas the increase of the ionic
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(a) (b)

Figure 3.3: Schematic of macroscopic LnPO4 crystals; plane [100] was irradiated in case of tetrag-
onal crystals and [1̄01] for monoclinic structure; a) tetragonal LnPO4; b) monoclinic LnPO4 [53].
©(2017) reprinted with permission from Mineralogical Society of America.

radius starting from Gd and up to La, requires PO4 tetrahedra rearrangement [49]. As result of

such a rearrangement in the monoclinic monazite structure, lanthanide ions form polyhedrons

with oxygen LnO9 and LnO8 polyhedrons for the tetragonal xenotime structure.

The difference in lattice symmetry is directly reflected in the macroscopic shape of the LnPO4

crystals (fig. 3.1). In the case of the tetragonal xenotime structure (I41/amd), macroscopic

crystals have a shape of flat elongated bars. Length and width of the crystals are 5-15 mm

and 1-3 mm, respectively. A typical thickness of the investigated tetragonal-shaped crystals is

around 0.2 to 0.5 mm (figs. 3.1 and 3.3(a)). Crystals with a monazite structure are usually

more bulky and round (figs. 3.1 and 3.3(b)). Typical thickness of monoclinic crystals is 3-5 mm,

while length and width are in the order of 3-8 mm each. Samples that belong to both crystal

structures usually have a dominant plane. Single crystal XRD measurements showed that the

dominant plane of tetragonal crystals is [100] and for monoclinic phosphates it is the [1̄01]

orientation.

The different crystal structure of the two groups affects their mechanical properties. The

surfaces of the crystals had defects that were created during sample production (fig. 3.4).

Virgin samples belonging to the monazite subgroup possess high mechanical stability with-

out showing initial cracks (sometimes surface scratches). When trying to cleave them, the

crystals fragmented into numerous small chunks. In contrast, virgin samples of tetragonal xeno-

time structure were extremely brittle, had lots of cracks in the virgin state and could easily be

cleaved/cracked into several larger pieces. Optical images on fig. 3.5 clearly show this differ-
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(a) (b)

Figure 3.4: SEM images showing the surface of virgin single crystals of a) tetragonal holmium phosphate
(HoPO4) and b) monoclinic praseodymium phosphate (PrPO4).

(a) (b)

Figure 3.5: Optical images of virgin single crystals of a) tetragonal thulium phosphate (TmPO4) and b)
monoclinic neodymium phosphate (NdPO4).

ence. Differences in mechanical properties will turn out to be important with respect to the

sample response to irradiation, in particular regarding cracking due to accumulation of internal

radiation-induced mechanical stresses. The main method used in this work for quantification

of radiation damage in single crystals of rare earth phosphates is Raman spectroscopy. Raman

spectra of virgin crystals of LnPO4 have previously been reported in literature, first by Begun

et al. [54] and more recently, by Silva et al. [55] analysing the monazite structure in detail.

Factor group analysis suggested 12 Raman active vibrational modes for tetragonal LnPO4. For
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the monoclinic structure, the number of modes is higher due to reduced symmetry: 36 modes

according to both Poloznikova [56] and Begun et al. [54] and 18 Ag/Bg vibrations as suggested

by Silva et al. [55].

Figure 3.6: Different Raman modes in the spectrum of ErPO4 measured using blue laser (λ =
473.05 nm).

The structure of lanthanide phosphates can be approximated quite well by two sub-lattices,

one of them containing only rare earth elements (REE+3) and the other one having (PO4)3−

units. Modes with Raman shifts above 350 cm−1 are the so-called internal modes of PO4 struc-

tural element. Raman peaks in this region are formed by different vibrations of the P-O bond.

The region below 350 cm−1 contains external modes (in relation to the PO4 structural unit).

For both phosphate structures, the Raman spectra can be grouped into the following three

regions (see also fig. 3.6):

• Stretching modes, in spectral range between 950 and 1150 cm−1 containing symmetric

and asymmetric stretching modes of the (PO4)3− tetrahedron.

• Bending modes, in spectral range between 350 and 700 cm−1 containing different bending

modes of the (PO4)3− tetrahedron.

• Lattice vibrations below 350 cm−1.

Within the series of lanthanide phosphates Begun et al. [54] reported a systematic Raman

frequency shift to higher wavenumbers with increasing of atomic number and decreasing crys-
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tal radii (REE+3 (pm)). For both tetragonal and monoclinic crystal structures, this trend was

demonstrated for stretching and bending modes. Yttrium orthophosphate (YPO4) does not fol-

low peak shift versus atomic number, however matches the dependence perfectly when crystal

radii are considered. The authors concluded that the decrease of the crystal radii within the

lanthanide series results in a closer packing of the (PO4)3− ion groups and shortening of the P-O

distance. The reduced distance between phosphor and oxygen ions in the phosphate tetrahe-

dron increases the bonding energy and reflects in the shifts the Raman band towards the higher

values. For the lattice vibrations trend found to be not so strong and generally more compli-

cated. Assignments were provided for all the lattice vibrations following Boatner et al. [54] and

Poloznikova [56]. However in the case of the monazite crystal structure, not all vibrations are

identified unequivocally. More recently Silva et al. [55] have broadened the understanding of

Raman spectra of monazite type lanthanide phosphates. Compared to Raman bands suggested

by factor group analysis, they have shown that peaks in Raman spectra above 450 cm−1 in mon-

azite type LnPO4 could result from defects inducing a lowering of the local symmetry. In the

regions of lattice modes, they observed that modes in the region of 120-140 cm−1 do not follow

well the polarization rules, that excludes the interpretation of these bands as fundamental [55].

Another important feature of Raman spectroscopy measurements in lanthanide phosphates

is luminescence. Laser light can excite electron transitions between the energy levels in lan-

thanide ions and induce strong luminescent contributions to the Raman spectra. Luminescence

may serve as a perfect spectroscopic “fingerprint” of a particular compound. However, lumines-

cence can also be very problematic due to addition of a huge background to the Raman spectra.

Luminescent contributions strongly depend on the energy of excitation and can be avoided by

changing the laser excitation wavelength. Figures 3.7 to 3.10 provide the Raman spectra of all

pristine LnPO4 compounds measured using 473.05 nm and 632.82 nm laser excitation wave-

lengths. All spectra are provided in original intensity (figs. 3.7(a), 3.8(a), 3.9(a) and 3.10(a))

and scaled (figs. 3.7(b), 3.8(b), 3.9(b) and 3.10(b)) to better identify less intense Raman bands.

Different lasers were used, while all the other settings were kept the same; measurement time

was 20 sec for most of the measurements (exceptions are listed below).
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(a) (b)

Figure 3.7: Raman spectra of pristine monazite-type (monoclinic) LnPO4 obtained with 473.05 nm laser
wavelength excitation: a) Full intensity; b) Enlarged for small peaks. *Spectrum of PrPO4 contains only
fluorescent contribution.
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(a) (b)

Figure 3.8: Raman spectra of pristine zircon-type (tetragonal) LnPO4 obtained with 473.05 nm laser
wavelength excitation: a) Full intensity; b) Enlarged for small peaks. *Spectrum of DyPO4 contains
significant luminescent contribution; the measurement time was 1/3 compare to the rest of compounds.
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(a) (b)

Figure 3.9: Raman spectra of pristine monazite-type (monoclinic) LnPO4 obtained with 632.82 nm laser
wavelength excitation: a) Full intensity; b) Enlarged for small peaks.
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(a) (b)

Figure 3.10: Raman spectra of pristine zircon-type (tetragonal) LnPO4 obtained with 632.82 nm laser
wavelength excitation: a) Full intensity; b) Enlarged for small peaks. *Raman spectrum of HoPO4
contains tiny traces of Raman signal and strongly overwhelmed by fluorescence.
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In the following few cases, the luminescence was too strong to provide measurement of the

Raman bands simply because the detector saturated within a fraction of a second:

• praseodymium phosphate (PrPO4) fig. 3.7 measured using λ = 473.05 nm and measure-

ment time of 0.5 sec - no Raman peak could be observed,

• dysprosium phosphate (DyPO4) fig. 3.8 measured using λ = 473.05 nm and measurement

time of 7 sec: the only peaks in the region of stretching modes could be distinguished,

• holmium phosphate (HoPO4) fig. 3.9 measured using λ = 632.82 nm and measurement

time of 2 sec - no significant Raman peak could be observed (small signal of symmetric

and antisymmetric stretching modes could be allocated around 1000 cm−1).

Apart from dominant luminescence effects listed above, luminescence can also be present as

less intense contribution to the Raman spectrum

• either in the form of an overall broad background (EuPO4 and CePO4 (both on

fig. 3.10(b)), GdPO4 (fig. 3.7(b)));

• or having band-like structure of single or series of relatively sharp peaks as for HoPO4,

TmPO4 and LuPO4 (fig. 3.8(b)), DyPO4 (fig. 3.10(b)).
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3.2 Response of LnPO4 to the irradiation

Irradiated phosphates of rare earth elements in their natural forms of monoclinic- (monazite)

and tetragonal-structured (xenotime) minerals are repeatedly reported in literature. Both be-

ing abundant minerals that incorporate naturally occurring actinides, they provide extensive

mineralogical evidence for the material response to the self-irradiation and long-term effects of

radioactive decay. In nature both minerals were rarely found in metamict state. This can be

explained by the low activation energy for the damage recovery process and low temperatures

of recrystallization [7]. Vance and Pillay [57] performed systematic study of phosphates (both

monazite and xenotime) doped with depleted or enriched uranium to study the structural ef-

fects of fission-fragment irradiations. Both minerals are reported to completely amorphize due

to fission fragment irradiations. However, a discrepancy of material sensitivity to the irradiation

by fission fragments and α-particles was noticed. Annealing of completely amorphous xenotime

and monazite phosphates was observed at temperatures as low as 200-300◦C.

Several investigations of radiation damage in synthetic lanthanide orthophosphates are re-

ported in literature. Meldrum et al. [15] performed irradiations of both monazite and zircon-

type orthophosphates with 800 keV Kr2+ ions. Analysis of radiation damage using in situ elec-

tron microscopy was performed for different doses at temperatures varying from 20 to 600 K.

Material amorphization was observed by the loss of electron-diffraction maxima. Within an ex-

perimental uncertainties the authors could not distinguish the critical amorphization dose for

different materials at the room temperature. Comparison of irradiations at elevated tempera-

tures showed that tetragonal phosphates can be amorphized at higher temperatures than the

monoclinic ones. Thus, the critical amorphization temperature (Tc) for monazite-type phos-

phates is lower than that of the zircon-type group. Within the group, Tc increases with increase

of atomic number. The authors were also trying to take into account combined effects of nu-

clear (dE/dx)n and electronic (dE/dx)e energy losses, because in some materials the resulting

damage can be influenced by the ionizing radiation i.e. by triggering the defect recombination

[15]. Introducing the ratio of electronic-to-nuclear stropping power (ENSP), a decrease of Tc

with increasing of ENSP was shown for both structures. Moreover, tetragonal phosphates have

a higher Tc than the monoclinic ones for the same ENSP. Meldrum et al. [12] studied LaPO4

and ScPO4 irradiated by 1.5 MeV Kr+ ions using the technique described above. In addition

to ion beam induced amorphization, recrystallization was observed under electron irradiation

[12]. Together with natural monazite and zircon, La and Sc phosphates as respective repre-

sentative of the monazite and zircon-type group were compared. Both LaPO4 and ScPO4 could

be recrystallized by the electron beam with the monazite-structure phosphate being more eas-

ily recrystallized. Authors have linked this effect to the displacement cascades being smaller

in the monoclinic structure than in tetragonal phosphate due to lower channeling and absence

of linear collision sequences. A comparison of irradiations by 1.5 MeV and 800 keV Kr ions
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showed that a decrease of the impacting ion energy is accompanied by an increase of the criti-

cal amorphization dose and a decrease of both critical temperature (Tc) and activation energy

for irradiation-induced annealing (Ea). Analysis of natural monazite and zircon brought the

conclusion that chemical impurities increase the barrier for recrystallization.

More recently Picot et al. [58] studied LaPO4 and La0.73Ce0.27PO4 monazite compounds after

irradiation by Au (1, 3.5 and 7 MeV) and He (1.7 MeV) ions. According to Nasdala et al.

[59] Picot’s Raman measurements were unfortunately performed incorrectly (see discussions

in section 4.2, fig. 4.6) and thus conclusions related to Raman spectroscopy measurements

are invalid. However, several more measurements performed on irradiated monazite materials

revealed LaPO4 matrix swelling of about 0.8% for irradiation fluences higher than 1014 at./cm2

(units are kept according to the reference). Also, the hardness reduced by about 59% compared

to the initial value for LaPO4 irradiated with Au ions up to 2.3×1015 at./cm2. Nasdala et al. [59]

performed Raman spectroscopy investigations of radiation damage in CePO4 irradiated with 1,

3.5 and 7 MeV Au ions. They have found significant broadening of the symmetric stretching

mode of the PO4 tetrahedron that increases of ion fluence and is accompanied by a gradual

shift towards lower wavenumbers. At the highest irradiation fluence of 5.1×1014 ions/cm2,

the remain Raman signal of crystalline CePO4 disappeared and the only feature was a broad

“amorphous” hump around 960 cm−1.

Figure 3.11: Electronic and nuclear energy loss for LaPO4 and
LuPO4 irradiated by 2.2 GeV 197Au ions. The calculations were
performed with the SRIM-2010 code. According to table 3.1,
LaPO4 have the lowest and LuPO4 have the highest density of the
lanthanide phosphate series.

Table 3.1: LnPO4 densities
(based on single-crystal XRD
measurements).

Phosphate Density (g/cm3)
LaPO4 5.08
CePO4 5.20
PrPO4 5.35
NdPO4 5.45
SmPO4 5.73
EuPO4 5.80
GdPO4 6.00
TbPO4 5.79
DyPO4 5.94
HoPO4 6.06
ErPO4 6.19
TmPO4 6.28
YbPO4 6.44
LuPO4 6.55
YPO4 4.26
ScPO4 3.70
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In several other studies [12, 15, 58, 59] irradiations were performed with ion energies ranging

from 800 keV to several MeV. In this regime, the energy transfer from the impacting ion to the

material is a combination of the electronic (dE/dx)e and nuclear (dE/dx)n energy loss. On

fig. 3.11 we can see, that for the 1.5 MeV Au ion implanted in LuPO4, the penetration depth is

around 2.2 µm. The last micrometer of the ion path is dominated by nuclear stopping, whereas

during the first micrometer the ratio of electronic to nuclear energy loss is roughly 50/50. The

material response to irradiation by ions in the mixed nuclear and electronic stopping regime is

not straight-forward.

In contrast, irradiations with swift heavy ions are dominated by electronic stopping (fig. 3.11).

In this care we can analyze radiation effects purely based on the electronic energy loss. Accord-

ing to eqs. (2.2) and (2.4) the electronic energy loss depends on material density, velocity and

charge of an impacting ion. Calculations for LaPO4 and LuPO4 irradiated by 2.2 GeV Au ions

using the SRIM-2010 code and material densities tables (table 3.1) are present on fig. 3.11.
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4 Experimental

4.1 Irradiations

Irradiations with swift heavy ions were performed at the accelerator facility of GSI Helmholtz

Center for Heavy Ion Research [60] consisting of two units: the UNIversal Linear ACcelerator

(UNILAC) and the heavy ion synchrotron (SIS18). The UNILAC provides ions with energies up

to 11.4 MeV/u, whereas subsequent acceleration using the synchrotron allows ion energies up

to 1000 MeV/u. Ions that can be accelerated range from proton (1H+) to uranium (238U29+).

The operation modes of different ion sources (see [61]) provide different beam conditions in-

cluding high pulse length (5 ms and repetition rate of 50 Hz) or low duty cycle (pulse length of

0.2 ms and repetition rate of 2 Hz). Several experimental beamlines are situated at the end of

the UNILAC accelerator, among them the X0-beamline and the M-Branch provide experimental

stations dedicated for material science irradiation experiments.

Figure 4.1: Scheme of UNILAC section of GSI accelerator facility (adopted from [62]); M-Branch and
cave X0 for material science experiments are indicated.

At both beamlines irradiations were performed at the room temperature and in vacuum. The

beam incidence is perpendicular to the sample surface. Crystals of different LnPO4 samples

were mounted on aluminum plates (1×1 cm2) using a graphite tape (fig. 4.2). In some cases

the sample was covered by an 10-µm thick aluminum foil to prevent sample detachment and

falling of sample fragments into the irradiation chamber. This 1 cm2 package was placed on a

holder beside other samples that require same irradiation conditions.
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Figure 4.2: Photo of sample mounting at the M3 beamline of the M-Branch of the UNILAC.

At the X0 beamline samples are mounted onto 5×5 cm2 aluminum holder. With the help

of quadrupole magnets the beam is adjusted defocused such that the entire area is exposed

homogeneously to the ion beam. Monitoring of ion fluence and flux was done with the help

of a secondary electron transmission monitor (SETRAM) consisting of three 1 µm thick alu-

minum foils with applied voltage. When passing through these foils, charged ions produce

electrons that are converted to an electrical current. Before sample irradiation the SETRAM is

calibrated using ion current recorded in a Faraday cup. The flux was kept in between 1×108

and 5×108 ions/cm2·s and fluences were up to 1×1013 ions/cm2). Before impacting the sample,

incoming ions passed through the SETRAM reducing their energies from 11.4 to 11.1 MeV/u

and providing equilibrium charge state.

The beamlines at the M-Branch are used for the irradiation experiments combined with on-

line experimental techniques such as Raman and IR spectroscopies, X-Ray diffraction, SEM, AFM

etc. [63–66]. The samples are mounted on a aluminum plate that is fixed on a moving stage.

The beam is defocused to homogeneously cover the sample area. Excessed beam is cut by four

slits. The current that is generated by the ion beam on the slits is used for beam monitoring.

Before each irradiation the slit current is calibrated by beam current measurement in a Faraday

cup. Details about beam structure could be found in table 4.1.

Series of LnPO4 samples were irradiated under various beam conditions at both X0 and M3

beamlines. The list of samples together with irradiation parameters are presented in Table 4.1.

Additional ion energy reduction occurs due to sample being covered by aluminum foil. Since

beam parameters (frequency and pulse length) play significant role in materials response to the

irradiation they are always stated in the sample description.
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Table 4.1: List of irradiated samples and irradiation conditions. “Energy” denotes ion energy at the
sample surface.

Sample
([X]PO4)

Ion Energy
(MeV/n)

Fluence
(ions/cm2)

Flux
(ions/cm2·s)

Beam
parameters

[Y,Tm,Ho,Lu] Au 11.1 5×1012, 1013,
5×1013

109 50 Hz, 5 ms,
M3

[Y,Tm,Ho,Lu] Au 11.1 5×1011, 1012,
5×1012

108 50 Hz, 5 ms,
M3

[Pr,Nd,Sm,Eu] Au 11.1 5×1011, 1012,
5×1012, 1013

3×108 45 Hz, 5 ms,
X0

[Y,Tm],[Pr,Sm] Xe 11.4 1012 1.8×108 2 Hz, 0.2 ms,
M3

[Y,Tm],[Pr,Sm] Xe 11.4 1012 3.2×108 5 Hz, 1 ms, M3
All LnPO4 Au 11.4 2×1012 >1.3×108 49 Hz, 5 ms,

X0
[Y,Tm,Er] Au 4.8 5×1012 1×109 sweeping

beam, M2

Swift heavy ion beam provided by the GSI accelerator facility has different pulse structures.

Depending on the frequency and the pulse length, the ion beam used in the irradiation experi-

ments could be divided into three categories:

• The low pulse intensity high repetition rate gold ion beam with a repetition rate equal to

50 Hz and with the pulse length of 5 ms. Such a beam provides the most homogeneous

(over the time) irradiation. Within each second of irradiation time sample accumulates ion

fluence within approximately 250 milliseconds.

• The low repetition rate low pulse intensity xenon ion beam with a repetition rate of 5 Hz

and a pulse length of 1 ms. This beam has more intense pulses in order to provide the same

ion flux (calculated as amount of ions per second) and requires providing of an increased

amount of ions within a single pulse.

• The high pulse intensity low repetition rate xenon ion beam with the repetition rate of 2 Hz

and pulse length of 0.2 ms. This beam has short intense pulses all the flux is compacted

into the two short pulses within every single second of irradiation.

A schematic representation of all three beam types is shown on fig. 4.3. The evaluation of the

amount of ions per single pulse could be easily done by taking into account a total flux and a

repetition rate for the particular irradiation. All the necessary data is provided in table 4.1.
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Figure 4.3: Different beam structures used in irradiations.

4.2 Raman spectroscopy measurements

Raman spectroscopy measurements were performed using a commercial Raman spectrometer

from HORIBA Jobin Yvon (LabRAM HR800). The system has access to two lasers: He-Ne gas

laser with the excitation wavelength of 632.82 nm and Cobalt solid state laser with the wave-

length of 473.05 nm. Both lasers have less than 8 mW power measured on a sample surface

what allows to avoid any possible sample heating or annealing by the laser beam.

The Raman system operates in backscattering (180◦) geometry (see fig. 4.4). Edge filter is

used in the system to cut out Rayleigh scattering. This allows measurements up to Raman shifts

below 100 cm−1. A confocal hole is installed in Raman system to provide good depth resolution

and cut off the Raman signal too close or too far in z-direction from objective focusing point.
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Set of objectives available for Raman measurement ranges from x5 magnification up to x100. A

special long-working-distance x50LWD objective is used to measure samples where access to the

sample surface is difficult or when the sample can only be measured inside of sample holder. The

later problem was often the case for extremely brittle samples with high accumulated fluences.

The theoretical laser beam spot on a surface is calculated using:

D =
1.22λ

NA
, (4.1)

where D denotes spot diameter, λ is light wavelength and NA is numerical aperture of partic-

ular objective.

For 473.05 nm laser light that gives a spot size of 0.6 µm for the x100 objective (NA=0.9). In

reality, the real laser spot size on a sample surface is larger due to slight system misalignment

and nonideal focusing conditions. A grating with 1800 grooves/mm2 was used at all measure-

ments in this work. Peltier colling is used for the charge-coupled device (CCD) detector installed

in Raman system providing detector operating temperature of -70◦C. A silicon wafer was used

as calibration standard.

Raman measurements of LnPO4 single crystals were challenging due to appearance of large

radiation-induced stresses. All irradiated samples contained cracks, many of them fragmented

into smaller pieces. Cracked samples fragments allowed to measure Raman scattering perpen-

dicular to the direction of the ion trajectories (fig. 4.5(a)). In the following, this measurement

geometry will be referred as measurement from the side in contrast to the measurement from the

Laser
Laser

Camera CCDGrating

Shutters

Confocal
hole

Objective

Sample

Figure 4.4: Schematic representation of Raman spectrometer. Two lasers are available: Cobalt solid
state (λ=473.05 nm) and He-Ne gas (λ=632.82 nm) lasers. Measurements were performed in back-
scattering geometry.
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(a) (b)

Figure 4.5: Raman spectroscopy measurement of NdPO4 sample irradiated by Au ions up to 1013

ions/cm2 (50 Hz, 5 ms); grey part indicates irradiated volume of material; end of ion range can
easily be identified by the radiation induced change of sample color: a) schematic view; b) optical
micrograph (x50 LWD objective); dotted line here is setting of line mapping to measure Raman spectra
along the ion trajectory.

top, where the direction of laser light coincides with the direction of the ion irradiation. Due to

the effect of different energy losses for the ions at a different penetration depth (fig. 3.11), it was

important to develop consistency in Raman measurements for the series of samples. For system-

atic analysis Raman spectra were taken on a distance of 7 µm from sample surface. Closer to the

sample surface a decrease of the Raman signal intensity was observed. Having the full Raman

Figure 4.6: Raman spectra of EuPO4 irradiated by 2.1 GeV Au ions at 1013 ions/cm2 (50 Hz, 5 ms);
Measurement of spot 1 and 2 were recorded from the sample edge perpendicular to the ion beam; data
from spot 3 originates from the sample surface and combines Raman signal from the irradiated layer and
a virgin sample beyond the ion penetration depth.
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signal is crucial in particular for small samples and tiny fractured parts of the crystals. For the

statistics Raman spectra were recorded from 10 different spots. This also provided information

about homogeneity of the ion-beam-induced modification.

In order to test the effect of energy loss, Raman measurements were performed along the ion

trajectory (fig. 4.5(a)). Linear mapping was used on a sample in the side orientation starting at

the sample surface and exceeding into the nonirradiated crystal part beyond the ion penetra-

tion depth (fig. 4.5(b)). All the samples showed radiation-induced changes of color within the

irradiated layer. This effect was helpful for a rough estimation of the mapping length.

It is important to mention, that it was not possible for any of the crystals to obtain Raman

signal only from irradiated layer in the from the top geometry (fig. 4.6). Ion penetration depth

for all the lanthanide phosphates ranges between 60 and 70 µm (fig. 3.11). With the adjustment

of the confocal hole, the theoretical depth resolution should be way below the range value.

However even after setting of the smallest possible confocal hole size, the received signal

was a mixture from irradiated and nonirradiated samples. Transparency of all LnPO4 crystals

combined with unusual optical properties [67] is possibly the reason for the effect.
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4.3 Additional experimental techniques

4.3.1 In situ X-ray diffraction

On-line X-Ray diffraction experiments were performed at the M2 beamline. The system is

equipped with a Seifert 4-circle X-Ray diffractometer and a Cu-Kα source (Cu-Kα1: λ= 0.154056

nm, Cu-Kα2: λ = 0.15418 nm) [68]. Samples are mounted normal to the direction of beam in-

cidence. System is mounted inside of vacuum chamber. Both irradiations and X-Ray diffraction

measurements are done under a vacuum of 10−10 bar.

Figure 4.7: Scheme of on-line XRD measurement system at M2 beamline.

Samples were glued with epoxy on a silicon wafer with silicon wafers (fig. 4.8) being subse-

quently glued on a copper holder plate. Series of 4 samples (YPO4, TmPO4 and ErPO4 crystals

for XRD measurement and luminescence target) were mounted on a moving stage. For all the

samples, positions of ideal diffraction conditions (sample orientation where desired diffraction

peak has maximal intensity) were noted and applied with each sample change. Irradiation

was done with ion beam sweeping over the selected sample until the specified fluence was

accumulated. Fluence (re)calculation was done automatically before and after each fluence

step.

Analysis of samples by the X-Ray diffraction measurements was done using:

• θ -2θ scans for determination of behavior of main reflexes. Parameters of measurements:

– 2θ angle: 15◦ ... 110◦,

– 2θ step: 0.02◦,

– number of accumulations: 10.

• measurements varying Chi angle (fig. 4.7) with θ set on the particular reflex for additional

information on behavior of single crystal under the irradiation. Parameters of measure-

ments:

– stepscan 5.0 sec,
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Figure 4.8: Photo of samples used for online XRD measurements.

– 2θ angle: -10◦ ... 10◦,

– 2θ step: 0.2◦,

– number of accumulations: 10.

System doesn’t give an opportunity to vary Omega angle, so measurement geometry was

restricted to theta and Chi angles.

4.3.2 Small-angle X-ray scattering (SAXS)

For the TEM and SAXS measurements, monazite samples were irradiated with swift heavy ions

(2.2 GeV 197Au) up to the fluence of 5×1010 ions/cm2. Afterwards samples were mechanically

polished up to the thickness below 50 µm. After the polishing NdPO4 sample was broken into

two parts. One of the parts was used for SAXS measurements and another one was studied

by transmission electron microscopy (TEM). Both TEM and SAXS measurements were done

on the NdPO4 crystal irradiated by 2.2 GeV Au ions, whereas NdPO4 samples exposed to the

high fluences (and subsequently measured by Raman spectroscopy) were irradiated by 2.1 GeV

Au ions. Difference in 0.1 GeV of ion energy between crystals used for TEM/SAXS and Ra-

man spectroscopy measurements appears due to coverage of high fluence NdPO4 samples by

aluminum foil for the additional mechanical fixation. Difference of impacting ion energy of

0.1 GeV considered to be negligible for macroscopic properties change.

Small-angle X-ray scattering (SAXS) measurements were performed at the Australian Syn-

chrotron in Melbourne. The energy of X-rays was 11 keV (λ = 1.127 Å). The measurements

were performed using Pilatus 1M detector for a q-range of 0.01 < q < 0.3 Å−1. The samples
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were placed under the X-ray beam in the way where tracks are oriented having angle of 0 to

10 degrees between the tracks and X-ray directions. The distance from sample to the detector

was 1.48 m. Data obtained from X-ray scattering was fit by the model that assumes hard edge

cylindrical tracks of constant density. Variation or track radii within the sample thickness was

also taken into account and is represent as "polydispersity” parameter.

(a) (b)

Figure 4.9: SAXS measurements of zircon irradiated with 2.0 GeV 181Ta ions to a fluence of 1011

ions/cm2 [69]; a) detector image; b) derived intensities as a function of scattering vector q for the
case of nonirradiated (gray) and irradiated (red) crystal. ©(2017) reprinted with permission from Else-
vier.

Reflexes of nonirradiated samples during SAXS measurements doesn’t have any features. In

the case of irradiated crystals, reflexes on the detector image will be accompanied by the addi-

tional intensities that are induced by the X-ray scattering on the extended objects of cylindrical

shape (ion tracks). Modeling of possible scattering profiles for the case of various cylinders was

made to determine the best agreement between scattering data and computational model. Ra-

dius of cylinder that provides best fit to the SAXS is represent as track radius for particular ion

in certain material. Figure 4.9 represent SAXS measurement of zircon irradiated with 2.0 GeV
181Ta ions to a fluence of 1011 ions/cm2 [69]. Detector image is shown on fig. 4.9(a) and derived

intensities of small-angle X-ray scattering together with the fit are shown on fig. 4.9(b).

4.3.3 Transmission electron microscopy (TEM)

Sample preparation for TEM measurements of neodymium phosphate (NdPO4) is described in

section 4.3.2. The sample was mechanically polished below 50 µm and subsequently further

thinned down by the ion milling. The sample was placed on the carbon grid and measured by a

JEOL TEM. Bright-field images were taken for the NdPO4 sample irradiated by 2.2 GeV Au ions
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up to the fluence of 5×1010 ions/cm2. Due to the sample annealing under the focused electron

beam it was not possible to obtain high resolution TEM images.

4.3.4 Atomic force microscopy (AFM)

The holmium phosphate (HoPO4) sample irradiated up to 5×1010 ions/cm2 was measured by

Dimension FastScan AFM spectrometer from Brucker [70]. No sample treatment was done

before the measurement. Natural surface of a crystal provided sufficient flatness to obtain AFM

measurements. Images were taken in the deflection mode to obtain better quality of surface

imaging and using height sensor - to have absolute scale for size of defects present at the sample

surface.

4.3.5 Scanning electron microscopy (SEM)

The SEM imaging of samples was performed at the LOT-Quantum Design in Darmstadt using a

Phenom XL desktop scanning electron microscope (SEM). Phenom XL desktop SEM is equipped

with a back scatter detector (BSD) and CeB6 (cerium hexaboride) source. Accelerated voltages

available for the system lie in the range of 4.8 - 15 kV. Samples were measured in the vacuum of

10−1 mbar. No special sample preparation was done. Irradiated and virgin crystals were placed

on a holder and subsequently transfered to the measurement chamber.

38



5 Results and Discussion

5.1 Ion beam induced changes of macroscopic properties of LnPO4

The irradiation of LnPO4 single crystals with swift heavy ions significantly influences the macro-

scopic properties and drastically affects the mechanical stability of samples. A feature that could

be observed throughout the whole series of irradiated lanthanide phosphates is a change of sam-

ple color within the irradiated layer. Many of the LnPO4 single crystals have extraordinary colors

(fig. 3.1), thus revealing an obvious difference between the bright noble clarity of a virgin crystal

and the dull opaque layer of the irradiated material. The thickness of the modified layer based

on the optical observation is ∼15−20% lower than the range calculated with the SRIM-2010

code. The discrepancy could be related to the inaccuracy of ion range calculation in SRIM code

or might appear due to lack of precision in optical measurements in semi-transparent crystals

(fig. 3.11).

Figure 5.1: Optical image of NdPO4 single crystal irradiated with 2.1 GeV Au ions at 5×1011 ions/cm2.
The photo displays the cross section of the sample.

Figure 5.1 shows the optical image of a NdPO4 single crystal irradiated with 2.1 GeV Au ions

up to a fluence of 5×1011 ions/cm2. The change of color and opaqueness of the irradiated layer

is easily identified. The SRIM-2010 code gives a range of 65 µm for 2.1 GeV Au ions in NdPO4,

whereas the analysis of the optical image suggest value of about 53 µm. The same trend is

observed for both monazite and tetragonal LnPO4 crystal structures.

The irradiation with swift heavy ions often results in an increase of the irradiated layer vol-

ume (so called swelling) due to accumulation of defects and amorhpization. This leads to the
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(a) (b)

(c) (d)

Figure 5.2: SEM images of PrPO4 irradiated with 2.1 GeV Au ions at a fluence of 1013 ions/cm2: a,b)
view on irradiated sample surface; c,d) cross section view of the crack.
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formation of stress in particular at the boundary between irradiated and nonirradiated layer.

Already at a fluence of 5×1011 ions/cm2, the samples became mechanically unstable and the

crystals handling was very delicate due to their embrittlement.

Figure 5.2(a) shows SEM images of a surface exposed to the ion beam for a single crystalline

PrPO4 sample irradiated with 2.1 GeV Au ions up to a fluence of 1013 ions/cm2. The sample is a

part of larger crystal that after irradiation-induced embrittlement fractured into several pieces.

The only other remaining facet of PrPO4 crystal could be observed at the upper part of fig. 5.2(a).

All other sides of the sample are formed due to sample cracking as a result of excessive stress

release. Swelling results not only in the increase of thickness of the irradiated layer, but also in

lateral expansion. The structure of the cracks on fig. 5.2(b) illustrates this effect by a series of

cracks that start at the interface and propagate though the crystal down to the bottom surface.

The direction of crack propagation and its orientation relative to the irradiated surface depends

on the crystal structure. In the case of monoclinic LnPO4, the cracks are orientated at 45◦ with

respect to the irradiated surface. This can be clearly seen on fig. 5.2(c) when the PrPO4 crystal

is inspected sideways. For the tetragonal LnPO4 group, the stress analysis is more difficult

because the virgin zircon-type LnPO4 (tetragonal) crystals are brittle and contain many cracks

even before the irradiation. It is, thus, problematic to identify further cracks induced by the

ion bombardment. However, a closer look on the edge of irradiated PrPO4 sample (fig. 5.2(d))

reveals a difference in morphology of irradiated and virgin material.

Figure 5.3: SEM image of PrPO4 single crystal irradiated with 2.1 GeV Au ions at 1013 ions/cm2. Direc-
tion of irradiation and ion range are indicated.
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Stress relaxation and sample fracturing in the region of crystalline material results in the

cleavage of atomic plane leaving flat facet. Crack propagation inside of irradiated amorphous

layer leaves a series of features that make an obvious distinction between damaged and crys-

talline part of sample material. Figure 5.3 shows SEM image of PrPO4 sample irradiated by 2.1

GeV Au ions up to the fluence of 1013 ions/cm2 . SRIM code gives a value of 65 µm for 2.1 GeV
197Au ion range in PrPO4. The ion range deduced from the SEM contrast between the irradiated

and virgin zone of the crystal is roughly 50 µm. This value is in a good agreement with optical

image analysis provided in the this section.

Apart from the radiation-induced mechanical instability of LnPO4 crystals, a positive ef-

fect was observed in tetragonal lanthanide phosphates. Polishing of virgin single crystals of

zircon-type LnPO4 is practically unfeasible due to their brittleness. Samples cleave immedi-

ately and whole crystals rapidly fragment into small platelets. Providing a low ion fluence of

5×1011 ions/cm2 allows successful polishing of the crystals down to the irradiated-virgin inter-

face and even further. This effect could be explained by the formation of amorphous ion tracks

and will be discussed in more details in the following sections.
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5.2 Analysis of radiation damage in Nd and Ho phosphates

5.2.1 Insight into measurements of radiation damage in NdPO4 and HoPO4

Before presenting and discussing the analysis of radiation damage in NdPO4 and HoPO4, I would

like to provide some comments on the irradiation conditions and their outcome for the particular

measurements of damage inside of the material.

(a) (b)

Figure 5.4: Values of stopping powers along the ion range inside of material with the specifications of
the sample volume that was analyzed using particular technique. Figures are done based on SRIM code
[35] calculations of electronic and nuclear energy loss of 2.1 GeV Au ion in: a) NdPO4; b) HoPO4.

Figure 5.4 represents the nuclear (dE
dx )n and electronic (dE

dx )e energy loss of 2.1 GeV 197Au ion

in NdPO4 and HoPO4. The solid lines correspond to SRIM calculations with the Bragg maximum

close to 38 keV/nm for NdPO4 and 40 keV/nm for HoPO4. Raman spectroscopy measurements

were done at a distance of 7 µm from the surface (details in section 4.2), so the electronic

stopping power in the measured region is ∼36.5 keV/nm for NdPO4 and ∼38.5 keV/nm for

HoPO4. The different shaded areas indicate the energy loss regime of samples analyzed by

SAXS (35.7 - 37.7 keV/nm) and Raman spectroscopy (36.5 keV/nm - NdPO4, 38.5 keV/nm

- HoPO4). For SAXS analysis the irradiated NdPO4 sample was thinned down to ∼30 µm.

SAXS yields information about track radii throughout the complete sample thickness. Within

the 30 µm thin sample the energy loss varies by 2 keV/nm. In the SAXS analysis a change of

track radii due to different (dE
dx )e is accounted by polydispersity. The SAXS sample was split

and was also used for TEM measurements, where before the TEM it was thinned down by

ion milling to the thickness of few micrometers. Lastly, AFM measurements show hillocks, the

features of sample surface that are caused by the appearance of damage in the ion tracks when

expansion of irradiated volume causes occurrence of bumps on the sample surface. Hillocks are
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not necessary directly correlated with the amorphous tracks, but are rather clear visualizations

of damage present inside of the sample material.

5.2.2 Radiation damage in monoclinic NdPO4

Crystals of virgin neodymium orthophosphate (NdPO4) produce Raman spectra with a series of

sharp intense peaks (detailed information is provided in section 3.1). The evolution of structural

changes in NdPO4 with increasing ion irradiation is investigated by analyzing Raman spectra

recorded at different ion fluences (fig. 5.5). The irradiation was performed by 2.1 GeV Au ions

for fluences between 5×1011 and 1013 ions/cm2 in the regime of quasi-continuous irradiation

with the pulse length of 5 ms and 50 Hz repetition rate. Ion flux value was kept constantly

around 3×108 for all the samples. The irradiation of NdPO4 leads to a decrease of the area and

the intensity of all Raman peaks (figs. 5.5(a) and 5.5(b)). Direct impact model [71] was used

for quantification of radiation damage in NdPO4 and determination of track radius for Au ion

in this material. We assume here first (and that will be proven later in this section) that each

Au ion impacting the NdPO4 crystal produces elongated amorphous region along its trajectory,

so called ion track. Outside of this ion track, remaining volume of material persists undisturbed

unless another ion hits particular spot on the surface producing additional track. Amorphization

of material lies in the accumulation of such ion tracks. Sample fully undergoes a crystalline to

amorphous transition when the exposed surface is completely covered by the ion tracks.

(a) (b)

Figure 5.5: Raman spectra of pristine and irradiated (50 Hz, 5 ms, Au ions) monoclinic NdPO4 obtained
with different laser excitation wavelength. Results are presented as a function of fluence for: a) blue
laser (λ=473.05 nm); b) red laser (λ=632.82 nm).

For the quantitative analysis of radiation damage we will trace the change of certain parame-

ters (analysis of amorphous fraction at a particular fluence, determination of track radius etc.).
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The analysis of the Raman spectra of irradiated NdPO4 is not trivial because they contain apart

of sharp crystalline peaks a few broad humps that appear and change with irradiation. We can

assign amount of crystalline material within the sample to the parameters of sharp peaks in

Raman spectrum and the amount of amorphous one to the area and intensity of humps that ap-

pear in the spectrum. Figure 5.6 illustrates the complex analysis of Raman spectrum of NdPO4

sample irradiated at 5×1012 ions/cm2 and measured with the blue laser (λ=473.05 nm). Back-

ground subtraction and peak fitting was performed using Fityk 0.9.7 software [72]. Analysis

was focused on Raman bands corresponding to the stretching and pending modes of the PO4

tetrahedron (850 to 1250 cm−1), as peaks in this area can be explicitly resolved from the noise

even at the highest fluence. There is no ideal universal way for background subtraction and

simple linear background fit was used in both area of interest (red lines at the bottom image on

fig. 5.6). In the area between 350 and 500 cm−1 the best fit is obtained by decomposition into

two Raman Lorentzian shaped (for the simplicity I will call them “crystalline”) peaks and two

Gaussian (referred as “amorphous” later) peaks. Between 500 and 650 cm−1 the experimental

data is fitted by two Gaussian peaks and three Lorentzian peaks. Finally, in the region of the

stretching modes around 1000 cm−1, the deconvolution includes a single broad “amorphous”

peak and two sharp “crystalline” peaks. Overall fit quality was judged based on residual curves

that are shown for each fit (fig. 5.6).

Figure 5.6: Deconvolution procedure of Raman spectrum (blue laser: λ=473.05 nm) of NdPO4 sample
irradiared by 2.1 GeV Au ions (50 Hz, 5 ms) at 5×1012 ions/cm2. Straight line was used for background
subtraction. Lorentzian shaped peaks (red) were attributed to crystalline and Gaussian shaped peaks
(blue) to the amorphous phase.
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Area and intensities of peaks derived from the fitting procedure were used to quantify remain-

ing crystallinity according to the formulas:

ca =
Acr

Acr + Aam
, ci =

Icr

Icr + Iam
, (5.1)

where ca corresponds to the crystalline fraction calculated based on the ratio of analyzed peak

area, ci denotes the crystalline fraction calculations using peak intensities, and Acr(Icr) and

Aam(Iam) are the area (intensity) of the crystalline and amorphous peaks, respectively. Obvi-

ously, the remaining amorphous fraction (aa and ai) at any given fluence step can be deduced

from aa = 1 - ca and ai = 1 - ci. Cumulative intensity equal to sum of “crystalline” and “amor-

phous” peak intensities/area in the particular spectral region (350 to 500 cm−1, 500 to 650 cm−1

and 850 to 1200 cm−1) was used to evaluate the damage evolution.

According to the direct-impact model, the amorphization cross-section σa can be deduced

from a fit of the crystalline fractions as a function of the ion fluence using the following expo-

nential law:

ca = exp(−σa ·Φ), (5.2)

where ca is the crystalline fraction from the analyzed peak areas, σa is the amorphization cross-

section and Φ is the ion fluence. Assuming cylindrical track geometry, the track radius (R) for a

particular ion can directly be calculated from the damage cross-section using formula:

σa = π · R2. (5.3)

On fig. 5.7 the evolution of the crystalline fraction based on peak areas is shown as a function

of accumulated fluence for NdPO4 irradiated by 2.1 GeV Au ions. The crystalline fraction at

each fluence step was calculated according to eq. (5.1). The data was fit by the exponential law

(eq. (5.2)) suggested by the model of direct-impact amorphization. Size of points at the figures

represents the error bars deduced from 10 measurements taken at different spots (details in sec-

tion 4.2). For the measurements using the blue (fig. 5.7(a)) and red (fig. 5.7(b)) lasers, we can

see significant deviation and scattering of data points from the expected trend. One of possible

sources of this discrepancy could be limitation of Raman spectroscopy data for this particular

kind quantitative analysis. However, measurement of the same irradiated sample at many dif-

ferent spots (fig. 4.5(a)) produces sets of very consistent data with the peak intensities varying

by a few percents. Another possible source of errors could be our selection of parameters that

we use for the quantification of crystalline and amorphous fractions. Calculation of crystalline

or amorphous fractions implies that we use parameters (in this case, peak parameters) that fully
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(a) (b)

Figure 5.7: Evolution of crystalline fraction in NdPO4 irradiated with 2.1GeV Au ions. Crystalline frac-
tions were calculated based on area of peaks in specified spectral range: a) blue laser (λ=473.05 nm);
b) red laser (λ=632.82 nm). Lines are exponential fit to the experimental data (eq. (5.2)).

represent states of material. Strictly speaking, different Raman modes could possibly decay with

the irradiation at a different rates (that requires analysis of many Raman bands) what makes

some sharp peaks vanish faster that the others. We cannot be sure either, that the broad humps

fully represent amorphous phase. We clearly have Raman spectra containing contributions from

two phases. The ratio of this contributions follows a change of irradiated sample volume. In

addition, the changes in sample transparency (see section 5.1 and fig. 5.1) within the irradiated

layer will influence ratio of Raman signal from amorphous and crystalline sample material. For

instance, at low fluence steps, laser can penetrate deep inside of material, and measured Raman

spectra contain, let’s say, 10% of a signal from the irradiated sample volume. At larger fluences,

the amorphized sample material scatters laser light, and laser light penetrates much less inside

of crystal. Measurement of highly irradiated sample will contain now, for instance, 50% of a

signal from the irradiated sample volume. A solution of this problem could be to renormalize

the Raman spectra and compare absolute values of Raman peaks that belong to the same phase.

A detailed description of the renormalization procedure is represented in section 5.2.3. In the

following we focus on the difference in the fitting of Raman spectroscopy data and deduce track

radii for NdPO4 after spectra renormalization.

Figure 5.8(a) shows the area of symmetric stretching modes of PO4 tetrahedra in the Raman

spectrum of NdPO4 irradiated by 2.1 GeV Au ions (frequency 50 Hz, pulse length 5 ms) up to a

fluence of 5×1012 ions/cm2. The background was subtracted by a horizontal line fitted through

the single point serving as local signal minimum closest to the area of interest (blue line at the

bottom image on fig. 5.6). The broad band is deconvoluted by three Gaussian peaks for the

amorphous contribution: located at 960, 1034 and 1055 cm−1. We will see in section 5.2.3 that
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(a) (b)

Figure 5.8: a) Raman spectra of NdPO4 irradiated by 2.1 GeV Au ions (frequency 50 Hz, pulse length
5 ms) at 5×1012 ions/cm2; background is subtracted as horizontal line; spectrum deconvolution is per-
formed using Fityk software [72]; peaks attributed to the remaining crystalline part are fit by Lorentzian
shaped band and Gaussian fit is used for the amorphous fraction. b) absolute values of peak area and
intensities (heights) attributed to crystalline fraction plotted as a function of fluence. Lines are fits to the
data using an exponential law.

the appearance of small hump located at 1034 cm−1 for NdPO4, shares similarities with Raman

spectra of HOPO4.

The fluence dependence of the absolute values of Raman peak parameters assigned to the

crystalline fraction were used for quantification of the amorphization rate. Peaks at 976 cm−1

(symmetric stretching mode of PO4 tetrahedron), 995 and 1062 cm−1 (both belonging to the

antisymmetric stretching mode of PO4 unit) were fit as Lorentzian. The evolution of these

Raman bands as a function of ion fluence is presented on fig. 5.8(b). To fit the data a slightly

modified version of the exponential law from eq. (5.2) was used:

A= A0 · exp(−σa ·Φ), σa = π · R2. (5.4)

A and A0 represent the current and initial value of the peak area or intensity. A0 is a free

parameter for the fit and simply represents intersection point of the exponential curve with the

y-axis. In the case of Raman spectra renormalization for NdPO4 we can see good agreement

between the experimental data and theoretical mechanism of damage production (model of

direct-impact amorphization).

NdPO4 irradiated by swift heavy ions was also analyzed by other experimental techniques, for

instance, transmission electron microscopy (TEM). On fig. 5.9 we can see TEM image of NdPO4

crystal irradiated with 2.2 GeV Au ions up to a fluence of 5×1010 ions/cm2. Such a low fluence

was chosen to avoid significant track overlapping and visualize damage produced by single Au
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100 nm

10 nm

Figure 5.9: TEM bright field image of NdPO4 single crystal irradiated with 2.2 GeV Au ion.

ions hitting the NdPO4 crystal. High resolution TEM was not possible due to annealing of the

material under the intense electron beam. However, a rough estimation of the track size was

still possible and track radii were obtained by calculating the track diameter in pixels on the

enlarged TEM image for 10 different tracks (table 5.1). The example of an enlarged single track

is displayed in the inset of fig. 5.9.

Evaluation of effectiveness and reliability of quantitative analysis of Raman spectroscopy data

could be performed via comparison of results for amorphization cross-section and track radii

calculations with the measurements done using transmission electron microscopy (TEM) and

small angle X-Ray scattering (SAXS). Table 5.1 provides a summary for the fit parameters using

different approaches for quantitative Raman spectroscopy analysis that was discussed through-

out this section. SAXS and TEM measurements were done using a single irradiated sample. The

track radii are independent of the irradiation conditions (fluctuations of flux, calibration inac-

curacy). Samples used for the Raman measurements were exposed up to significantly larger

fluences.

Good agreement between Raman spectroscopy data and TEM/SAXS is achieved after Raman

spectra renormalization. Uncertainties based on the evaluation of the amorphous and crystalline

peak fractions without renormalization are significantly smaller. Thus, renormalization of Ra-

man spectra at each fluence step is necessary to perform reliable and trustworthy quantitative

Raman spectroscopy analysis. A comparison of damage cross-sections and track radii obtained

before renormalization suggests track radii close to 2 nm. This value suggests extremely high

radiation hardness [73]. The actual response of material to the irradiation, however, suggests,

that material behaves as typical insulator. Severe cracks could be observed already at the fluence

of 1012 ions/cm2 and almost complete Raman spectra degradation is observed at the fluence of

5×1013 ions/cm2. In this case expected values of track radii should be closer to the case of

49



Table 5.1: Calculated values for amorphization cross-section and track radii for 2.1 GeV Au ion in
NdPO4. Analysis concern Raman measurements is done with blue laser (unless specified).

Amorphization cross-section and track radii for 2.1 GeV Au in NdPO4

Evaluation basis Mean (dE/dx)e σa (×10−14cm2) R±∆Ra (nm)
Based on relative peak areas

350 to 500 cm−1 36.3±0.3 29.3 3.1±0.2
500 to 650 cm−1 36.3±0.3 46.0 3.8±0.3
850 to 1000 cm−1 36.3±0.3 20.4 2.6±0.1
850 to 1200 cm−1 (red laser) 36.3±0.3 32.3 3.2±0.2

Based on peak area (A) and height (H) after renormalization
976 cm−1(A) 36.3±0.3 77.7 5.0±0.3
976 cm−1(A), red laser 36.3±0.3 88.3 5.3±0.4
996+1061 cm−1(A) 36.3±0.3 92.3 5.4±0.4
976 cm−1(H) 36.3±0.3 70.3 4.7±0.4
976 cm−1(H) , red laser 36.3±0.3 73.7 4.8±0.4
996+1061 cm−1(H) 36.3±0.3 77.0 4.8±0.4

Based on other experimental techniques
TEM 35.7±0.1 58.1b 4.3±0.9
SAXSc 36.7±1.0 75.4d 4.9±0.2e

a Error for the track radius obtained from Raman spectroscopy data is calculated based on 15% inaccuracy of
fluence determination.

b Calculated from the track radius measured directly in TEM.
c Detailed analysis is provided in section 5.3.1.
d Calculated from the track radius obtained from SAXS.
e Polydispersity = 0.5 nm (value for track radius change resulted from the difference of energy deposition along

the ion path).

apatite (5.1 nm [21]), pyrochlores (La2Ti2O7: 5.3 nm [69], Gd2Ti2O7: 5.1 nm [28], Nd2Zr2O7:

5.1 nm [26]) or zircon (5.0 nm [23]).

5.2.3 Radiation damage in tetragonal HoPO4

Raman spectroscopy measurements of single crystals of holmium orthophosphate (HoPO4) ob-

tained using blue (λ=473.05 nm) and red (λ=632.82 nm) lasers showed strong luminescent

contribution to the Raman spectra (fig. 5.11). In the case of measurements done by the red

laser, the high intensity of the luminescence completely overwhelmed the spectrum. With the

measurements times that were used to avoid detector saturation (t = 0.5 s), practically no Ra-

man signal could be extracted from the spectra. Only the band of the symmetric stretching

mode of the PO4 tetrahedron could be found as a tiny signal around 1000 cm−1 (fig. 5.11(b)).

Measurements with the red laser cannot be analyzed, thus all Raman data reported further

in this section were obtained with the blue laser. However even with 473.05 nm excitation

wavelength, the spectra contain a significant luminescent contribution, but the Raman bands
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can be successfully identified. Figure 5.10 provides Raman spectra of holmium and erbium or-

thophosphates. Both compounds have the same crystalline structure and similar ionic radii of

the lanthanide cations. The measurement conditions and sample orientation were kept identi-

cal, so Raman spectra of both crystals should contain a similar sequence of peaks. On fig. 5.10

the Raman peaks are marked with an asterix and all additional signal in the spectrum of HoPO4

is attributed to luminescence.

Figure 5.10: Comparison of Raman spectra of virgin HoPO4 and ErPO4 measured with blue laser.

The analysis of the radiation damage in HoPO4 was done by tracking changes in the Raman

spectra. It is important to notice, that the luminescence initially present in HoPO4 spectra is

also strongly affected by the irradiation. On fig. 5.11 we can see pronounced changes in the

luminescent contribution to the Raman spectrum before and after the irradiation. A series

of relatively sharp luminescent peaks smears out and severely decrease in intensity with the

accumulation of ion fluence.

Raman spectra of HoPO4 single crystals irradiated at different fluences are shown on fig. 5.12.

The irradiations were performed with the 2.1 GeV Au ions (50 Hz, 5 ms) up to a fluences of

5×1013 ions/cm2. For low fluence steps between 5×1011 and 5×1012 ions/cm2 the ion flux was

108 ions/cm2·s. For the high fluence irradiations between 5×1012 and 5×1013 ions/cm2, the

beam flux was increased to 109 ions/cm2·s. Two samples were irradiated to the same fluence

of 5×1012 ions/cm2 using different flux values to test possible flux effects regarding radiation

damage.

A series of Raman spectra of different irradiated HoPO4 single crystals shown on fig. 5.12(a)

illustrate the decrease of all band intensities with increasing fluence at 2×1012 ions/cm2 around

970 cm−1 a new broad peak appears and further grows with increasing fluence. Similar to the
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(a) (b)

Figure 5.11: Raman spectra of pristine and irradiated (50 Hz, 5 ms, Au ions, fluence of 1013 ions/cm2)
tetragonal HoPO4 obtained with different laser excitation wavelength: a) blue laser (λ=473.05 nm),
measurement time is 15 s; b) red laser (λ=632.82 nm), measurement time is 0.5s. In both cases
fluorescent bands are present in the spectrum. In the case of blue laser, Raman bands are distinguishable
and marked as *. In the case of the red laser, strong fluorescence overwhelms spectrum and detector
saturation is observed already after 1s of measurement.

(a) (b)

Figure 5.12: Raman spectra of HoPO4 crystals irradiated by 2.1 GeV Au ions (50 Hz, 5 ms) for various
applied fluences: a) full spectra; b) illustration of background fit (dashed line).
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case of irradiated NdPO4 (fig. 5.5), this peak is assigned to the contribution from the amorphous

part of HoPO4. In contrast to NdPO4, the irradiations of HoPO4 were performed up to higher

fluences and we can see that at the fluence of 5×1013 ions/cm2 none of the sharp Raman peaks

that were present in the spectra of the virgin material can be observed. The broad hump at

around 970 cm−1 remains the only feature at the highest applied fluence.

The quantification of the amorphized material fraction was performed based on the intensities

of sharp “crystalline” peaks and broad “amorphous” humps. The analysis of peaks in the region

of the stretching modes (between 450 and 700 cm−1) is particularly complicated due to the

overlap of Raman and luminescent bands. The deconvolution of the amorphous fraction in the

region of the bending modes is thus impossible. Whereas in the region of the stretching modes

(between 850 and 1100 cm−1) contains no significant luminescent contribution. In this region

background subtraction was performed by a linear fit (fig. 5.5(b)).

(a) (b)

Figure 5.13: a) Deconvolution of Raman spectra of HoPO4 irradiated by 2.1GeV Au ions (50 Hz, 5 ms)
up to 5×1012 ions/cm2; Lorentzian shaped peaks (L) are attributed to crystalline fraction (solid line) and
broad Gaussian shaped (G) for the amorphous part (dashed line). b) Track radius calculation according
to the exponential fit to the data that represents remained crystalline material. Crystalline fraction was
estimated by the ratio of L-shaped and G-shaped peak area. Fitting function was used with and without
inclusion of [0,1] data point.

The Raman bands were fit using Lorentzian shaped peaks for Raman bands assigned to the

crystalline material fraction, and broad Gaussian peaks for the amorphous signals. Also here

we assume a direct-impact amorphization mechanism. Each 2.1 GeV Au ion projectile produces

a cylindrical track of amorphized material along its trajectory. The accumulation of such ion

tracks gradually transforms the irradiated sample from the crystalline to the amorphous state.

Raman spectra of irradiated HoPO4 thus contain contributions from the nonirradiated part of

the sample and cumulative contributions of amorphized material inside of all ion tracks.
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On fig. 5.13(a) the deconvolution is shown for HoPO4 irradiated up to 1×1013 ions/cm2.

Sharp peaks at 1002, 1021 and 1058 cm−1 are assigned to the crystalline fraction, while broad

bands at 973 and 1045 cm−1 belong to the signal induced by the amorphized part. From the

peak area the crystalline fraction in the sample was extracted according to eq. (5.1).

The band area as a function of ion fluence is fit with an exponential functions according to

eq. (5.2) and eq. (5.4). The modified version of exponential dependence fits data better than

the standard one, yielding a track radius of R = 2.7 nm (eq. (5.4)) compared to a slightly lower

value of R = 2.4 nm using standard function (eq. (5.2)).

(a) (b)

(c)

Figure 5.14: Raman spectra of HoPO4 irradiated by 2.2 GeV Au ions at different fluences: a) before; b)
after rescaling; c) complete Raman spectra after rescaling.
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(a) (b)

Figure 5.15: Intensities (heights) and area of specified Raman bands as a function of fluence for HoPO4
irradiated by 2.1 GeV Au ions after spectra renormalization. Error bars are smaller or equal to the size
of data points. Lines are exponential fit to the data. a) Analysis of peaks in the region of symmetric and
antisymmetric stretching modes. b) Analysis of peaks in the region of bending and lattice modes.

The calculation of track radius derived from the crystalline fraction based on the relative

amorphous and crystalline peak areas does not match well the predictions of the direct-impact

amorphization model. Possible sources of such discrepancy are similar to the case of NdPO4

described in previous section. Firstly, calculations of crystalline fraction based on the relative

peak area or intensity, require two peaks that unambiguously and fully represent the crystalline

and amorphous fractions. Secondly, the intensity of the Raman signal depends on many param-

eters (sample volume, measurement settings, focusing, luminescent contribution) and not all

of them could be controlled. Finally, alteration of Raman signal in irradiated HoPO4 resulting

from changes at the amorphous and crystalline fractions will be convoluted with the influence of

optical properties variation (decrease of transparency, sample coloration). Taking into account

these different features, a different approach was tested.

To improve the quantitative analysis of Raman data, an alternative renormalization of spectra

was used. All Raman spectra of HoPO4 contain significant luminescent contribution in the

whole spectral area. The signal is present even at small wavenumbers in the region that is cut

off by the edge filter of the spectrometer. The renormalization was done by adjusting the slope

of all Raman spectra in the region of 90...120 cm−1 to the same value. In this regime the data

rather correlate with the properties of spectrometer itself, than with the signal from the samples.

Figure 5.14(a) shows the stack of raw Raman spectra of a series of HoPO4 samples irradiated

by 2.1 GeV Au ions. Intensities of signal vary a lot and depend, for instance, on the sample

size in case of 2×1012 ions/cm2 (blue line), or on the measurement conditions for the other

samples (focusing on the sample surface, et cetera). The data analysis and renormalization of

the Raman spectra were done using LabSpec 5 software. The spectra were brought by shifting

in y-axis direction to have the same starting point at 90 cm−1. Afterwards spectra were scaled
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(multiplied by a constant) until the initial slope of spectra around 90...120 cm−1 became as

close as possible (fig. 5.14(a)).

The renormalized Raman spectra reveal the same radiation-induced changes in characteris-

tics, i.e. with increasing fluence:

• the intensity of the Raman bands at 131, 141 and 183 cm−1 decrease;

• the fluorescent contribution present initially in the spectra of nonirradiated material de-

creases (for example, intensity under the Raman peaks at 131 and 141 cm−1, decrease of

band at 215 cm−1);

• the overall background increases steadily.

The absolute intensities of the Raman peaks in the region of PO4 stretching (988, 1022,

1058 cm−1), bending (485 cm−1) and lattice modes (139, 294 cm−1) were analyzed as a func-

tion of ion fluence (fig. 5.15). The data are in a good agreement with the exponential function

suggested by the direct-impact amorphization model. Both for the stretching modes shown on

fig. 5.15(a) and for the bending/lattice modes represented on fig. 5.15(b), the peak intensities

(heights) agree with the fit function slightly better than the peak area. That could be related to

the inaccuracy of the peak shape determination.

Table 5.2 reports amorphization cross sections and track radii for 2.1 GeV Au ions in HoPO4

deduced from the fit function according to eq. (5.4). Raman spectroscopy measurements

demonstrate macroscopic change of the sample, thus the uncertainty of the track radius is

mainly ascribed to ion fluence inaccuracy (∼15%). Details are discussed in section 4.2.

Similar to the case of NdPO4 reported in section 5.2.2, the values of the track radii and

damage cross-sections of 2.1 GeV Au ion in HoPO4 obtained from Raman data without spectra

renormalization are too low to be considered realistic. Values of track radii close to 5 nm

correspond to materials with a similar structure as HoPO4. The situation will be discussed in

more details in section 5.2.6.

Visualization of ion tracks in holmium phosphate is represented on the AFM image of HoPO4

crystal irradiated with 2.2 GeV Au ions up to the fluence of 5×1010 ions/cm2. Picture taken

using height sensor gives a good resolution of height of the structures, but better visual rep-

resentation of sample surface was performed in the regime of deflection error (fig. 5.16(b)).

Hillocks here could be observed as scattered point-like features among some larger surface de-

fects (scratches and indents). As known for many other materials, swift heavy ions can produce

nano-sized hillocks at each impact of the ion projectile [74–76]. Figure 5.16 presents AFM im-

age of the single crystal irradiated to the fluence of 5×1010 ions/cm2. The hillocks shown in

fig. 5.16(a) typically have a height around 2 nm. The amount of hillocks corresponds under the

experimental uncertainty to the accumulated ion fluence.
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Table 5.2: Calculated values for amorphization cross-section and track radii for 2.1 GeV Au ion in
HoPO4. Raman measurements were performed with blue laser.

Amorphization cross-section and track radii for 2.1 GeV Au in HoPO4

Evaluation basis σa (×10−14cm2) R±∆Ra (nm)
Based on relative peak areas

Exponential fitb 18.1 2.4±0.2
Modified exponential fitc 22.9 2.7±0.2

Based specified on peak area after renormalization
988 cm−1 73.9 4.9±0.3
1058 cm−1 68.4 4.7±0.3
1022+1058 cm−1 68.0 4.7±0.3
485 cm−1 59.4 4.4±0.3
294 cm−1 73.5 4.8±0.4
139 cm−1 69.5 4.7±0.3

Based on specified peak height (intensity) after renormalization
988 cm−1 75.2 4.9±0.4
1058 cm−1 79.8 5.0±0.4
1022+1058 cm−1 80.6 5.1±0.4
485 cm−1 76.8 4.9±0.4
294 cm−1 73.8 4.9±0.3
139 cm−1 84.4 5.2±0.4

a Error for the track radius obtained from Raman spectroscopy data is calculated based on 15% inaccuracy of
fluence determination.

b Fit function for crystalline fraction: fcr = exp(-πR2Φ) according to eq. (5.2).
c Fit function for crystalline fraction: fcr = f0·exp(-πR2Φ) according to eq. (5.4).

5.2.4 Broadening and shift of Raman peaks as a function of ion fluence

This section is devoted to the analysis of radiation-induced changes in the shifts and width of

Raman peaks for NdPO4 and HoPO4. On table 5.3 the positions of different Raman peaks are

reported for both NdPO4 and HoPO4 with the measurements performed using a He-Ne laser

with excitation wavelength of 632.82 nm. Results are reported for virgin crystals and samples

irradiated with 2.1 GeV Au ions at the lowest and highest fluences available for both materials,

namely 5×1011 and 1013 ions/cm2. In some cases peaks disappear at high fluences. Broad

amorphous humps that appear due to beam-induced amorphization (figs. 5.8(a) and 5.13(a))

are denoted as “Am.” in table 5.3. We can see that for both materials the position of some of the

Raman bands change with irradiation. The sign of this change, however, is sometimes different

at 5×1011 ions/cm2 compared to 1×1013 ions/cm2. Peaks in the regions of stretching, bending

and lattice modes show slightly different trends.
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(a) (b)

Figure 5.16: AFM image of hillocks in HoPO4 produced by the irradiation with 2.2 GeV Au ions in
regime of: a) Height sensor (height determination of different surface features); b) Deflection error
(better visualization of surface feature shape).

Figure 5.17 represents the shift of various Raman peaks as a function of fluence for NdPO4

single crystal irradiated with 2.1 GeV Au ions. The results are reported for bands in the region

of stretching, bending and lattice modes:

• At the first fluence step of 5×1011 ions/cm2 all peaks in the region of stretching modes

(fig. 5.17(a)) shift by 1.5-2 cm−1 towards lower wavenumbers. For higher fluences the

peaks start to shift consistently to larger wavenumbers, pass the initial Raman peak po-

sition at the fluence of 5×1012 ions/cm2 and shift even further at the last fluence step

of 1013 ions/cm2. Due to limited number of sample crystals it was not possible to per-

form irradiations at fluences below 5×1011 ions/cm2 to test behavior of peak shift at low

fluences.

• Peaks at the region of the bending modes of PO4 tetrahedron do not have any consistent

tendency within the fluence series. The peaks initially slightly shift to lower wavenumbers

(fig. 5.17(b)), reaching minimum at 5×1012 ions/cm2 and then inverse shift direction.

• Peaks in the region of lattice modes (fig. 5.17(c)) possess a similar trend as the symmetric

stretching modes. The peaks (except of peak at 163 cm−1 that holds its position) shift to

the lower wavenumbers at the first fluence step and consistently shift in the other direction

at higher fluences.
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Table 5.3: Raman shift of different bands in NdPO4 and HoPO4 irradiated by 2.1 GeV Au ions (fre-
quency 50 Hz, pulse length 5 ms). Radiation induced broad (Gaussian shape) peaks are labeled as
“Am.”. Raman shift positions are provided for nonirradiated crystals and for the fluences of 5×1011 and
1×1013 ions/cm2. The measurements were done using red laser for NdPO4 and blue laser for HoPO4.

NdPO4

Assignment Virgin 5×1011

ions/cm2
1×1013

ions/cm2

Bg 1079
Ag 1061 1059 1062
Am. 1055
Am. 1034
Bg 1031 1027
Ag 996 994 995
Ag 976 974 976
Am. 960
Ag ,Bg 625 623 622
Bg 593
Ag 574 572 573
Ag 538 537 538
Ag 470 469 469
Ag 420 418 418
Bg 399
Ag 289 287
Ag 263 259
Bg 237
Bg 226 224 225
Bg ,Ag 180 177
Bg ,Ag 163 162 162
Bg 154
Ag ,Bg 133 131 131
Ag 122 121 121
Bg 105 104

HoPO4

Assignment Virgin 5×1011

ions/cm2
1×1013

ions/cm2

B1g 1056 1054 1055
Am. 1040
Eg 1020 1018 1021
A1g 1000 998 1001
Am. 970
B1g 655 653
Eg 577 576
A1g 485 485 486
B2g 330 300
Eg(R) 297 294
B1g(T) 183
Eg(T) 141 139 140
B1g(T) 131 130

Figure 5.18 reports the shift of several Raman bands of HoPO4 single crystal irradiated with

2.1 GeV Au ions. The results are reported for the stretching modes due to difficulties of reliable

peak position determination for the peaks at the lower wavenumbers where they severely inter-

fere with the luminescence. The results show a very similar behavior to NdPO4, but the shift of

peak positions changes the sign at the fluence step of 1012 ions/cm2.

Such a behavior of Raman peak shifts is unusual. Manny cases reported in literature when

Raman peak shift being successfully used for analysis of metamictization (disorder) in naturally

irradiated minerals. In that case the Raman peaks consistently shift to lower wavenumbers and

the experimental data (shifts vs fluence/dose) fits an exponential law. For NdPO4 and HoPO4

the shift to lower values was obtained only at very first fluence step(s) and for subsequent higher
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(a) (b)

(c)

Figure 5.17: Shift of Raman peaks as a function of fluence for virgin and irradiated NdPO4 for: a)
stretching; b) bending; c) lattice modes. The dashed line indicates the band position in the virgin
crystal. A positive (negative) shift denotes a shift to lower (higher) wavenumbers. Irradiation was done
by 2.1 GeV Au ions. Raman spectra were measured using He-Ne laser with λ=632.82 nm.

fluences we clearly see the reverse trend (for the NdPO4 on fig. 5.17 , for HoPO4 on fig. 5.18).

The position of Raman bands corresponds to the average vibration energy of a particular struc-

tural unit (here (PO4)3− tetrahedron) and a band shift reflects changes in the P-O distance. A

shift to lower wavenumbers corresponds to a decrease in energy of a particular vibration and an

increase in distance between the phosphorus and oxygen atoms (reverse argument applies for a

peak shift towards higher wavenumbers). The initial shift of Raman bands at 5×1011 ions/cm2

to lower wavenumbers could be caused by swelling or due to the production of point defects

(e.g. vacancies, increasing the mean distances between the phosphorus and oxygen). Last argu-

ment is often made in the literature and such behavior of Raman peaks is well studied in zircon

[77–79] and reported for Ce-monazite [59]. The shift to higher wavenumbers at larger fluences
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Figure 5.18: Shift of Raman peaks as a function of fluence for virgin and irradiated HoPO4 for (PO4)3−

stretching modes. The dashed line indicates the band position in the virgin crystal. A positive (negative)
shift denotes a shift to lower (higher) wavenumbers. Irradiation was done by 2.1 GeV Au ions. Raman
spectra were measured using Cobalt laser with λ=473.05 nm.

could be an indication that the remaining crystalline fraction of the sample experiences stress

from expanded amorphous material and with the increase of the ion fluence the amorphous

fraction rises affecting remaining crystalline part to a larger extend.

(a) (b)

Figure 5.19: Raman peak width of symmetric and antisymmetric (PO4)3− stretching modes as a function
of 2.1 GeV Au ion fluence for the crystals of: a) NdPO4; b) HoPO4. Error bars are smaller or equal to the
data point size.

The width of different Raman peaks from the stretching modes of virgin and irradiated NdPO4

are shown on fig. 5.19(a). Similar to the case of peak shifts, no consistent trend depending on

the ion fluence could be observed. At the very first irradiation step of 5×1011 ions/cm2, a signifi-
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cant jump in width appears, while at higher fluence the tendency changes direction and is some-

what chaotic. The width of the peak at 996 cm−1 increases after the fluence of 1012 ions/cm2. It

is attributed to the very small intensity of this band and quickly vanishes in the background or

starts to be harder distinguishable from it. For the peaks of 976 cm−1 and 1061 cm−1 (symmetric

and antisymmetric stretching modes of (PO4)3− tetrahedron, respectively) after 1012 ions/cm2

values go down with increasing fluence.

A swing in the trend of fluence dependence for the Raman peak width and shifts could be

explained assuming the existence of defects or a stress halo around the amorphous tracks. A

few examples of the material being affected within a larger area apart of the ion track region

are reported in the literature. Partial or imperfect recrystallization of the region around the

ion track can lead to the appearance of a defect area at the border between the amorphous

ion track and surrounding crystalline matrix. In the Gd2Ti2O7 pyrochlore, a disordered defect-

fluorite shell, is observed around the amorphous ion track [27, 28, 43]. In α-quartz a crystalline

defected halo is shown to be present around the amorphous track core [80]. Furthermore, the

density variations that appear in the ion track region could lead to the creation of significant

stresses in the material. As an example, the core-shell structure with a lower density core and

high density shell regions of the ion tracks has been reported for the swift heavy ion tracks in

the silicon oxynitride films [81]. A similar radial variation of the density and associated stress

distribution was reported for the Al2O3 [82]. The appearance of defected region around the

amorphous ion track in NdPO4 and HoPO4 can be explained by observations of the Raman peak

shift and position dependences reported in this section.

Figure 5.20: Fit of Raman data for the width of the (PO4)3− stretching modes for HoPO4 irradiated with
2.1 GeV Au ions.
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Assuming that the defected halo causes the increase in the Raman peak width, we can apply

the same logic used for the analysis of the amorphous ion track size. The analysis of Raman

peaks was done only for the sharp intense peaks, and does not take into account the amorphized

material. That means, we can expect the same exponential dependence of the Raman peak

width to the ion fluence that should provide values for track radii larger than the radii of the

amorphous tracks. Figure 5.20 represents the fluence dependence of Raman peak width for

HoPO4 and the fit to the exponential law for the first three experimental points. The equation

used for the fit is:

A= A0 + B(1− exp(−σdef ·Φ)), (5.5)

where A0 represents the value of Raman peak width for nonirradiated material, B is fitting

parameter that indicates the radiation induced increase of the peak width, σdef = π R2
def is

a cross-section for the defect halo formation, Rdef is the track radius of the defect halo. The

resulting fitting equations were: y = 2.16 + 7.69 (1 - exp (-1.228x)) and y = 2.58 + 6.61

(1 - exp (-1.325x)) for symmetric and antisymmetric stretching modes respectively. The values

for Rdef obtained from fit correspond to: 6.5 nm for the peak of symmetric stretching mode at

998 cm−1, and 6.3 nm for the peak of antisymmetric stretching mode at 1056 cm−1. It should

be taken into account that similar considerations could be applied for the stress and defect

halo and explicitly distinguishing between these two could not be done based on the existing

experimental data.

(a) (b)

Figure 5.21: Schematic representation of the defect and stress halo.
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Putting together the values obtained for the amorphous track radii of 2.1 GeV Au in HoPO4

equal to 5.0±0.3 nm (analysis in section 5.2.3) and values for the radius of the defected/stress

halo of 6.4±0.1 nm, the resulting picture of the material response to swift heavy ion impacts

could be illustrated by fig. 5.21.

The electronic energy loss in the rare earth phosphates is known to induce recrystallization at

values of electronic energy loss beyond the critical value required to trigger amorphization [83,

84]. The decrease of the Raman peak width at fluences larger than 1012 ions/cm2 represented

in fig. 5.20 could come from the partial defect annealing in the overlapping halo regions of

different ion tracks. In the stress halo interpretation, the two overlapping tracks can create a

path for the stress relaxation. This would explain the Raman peak width for both established at

the value about 4-5 cm−1 at the higher fluences. Data concerning the stress halo formation and

evaluation of stresses around the ion tracks in rare earth phosphates is absent in literature.

5.2.5 Raman spectroscopy measurements along ion tracks

In section 5.2.1 (fig. 5.4) calculations of the electronic energy deposition of 2.1 GeV 197Au ions

along their path in NdPO4 and HoPO4 crystals is shown. Measurements from the side (see

section 4.2) allow monitoring changes in the Raman spectra along the ion track. This section

presents such measurements along the ion tracks and correlates them to visual changes in the

crystals of both compounds.

Figure 5.22 presents a series of Raman spectra of a NdPO4 single crystal irradiated with

2.1 GeV Au ions up to a fluence of 1013 ions/cm2. The Raman spectra were taken on the

crystal cross-section normal to the irradiated surface i.e. along the ion trajectories. Position “0”

corresponds to the sample surface. The ion range according to the SRIM code is marked by an

arrow. The strongly modified Raman spectra suggest complete sample amorphization up to a

depth that is close to the length of the ion tracks. Close to the end of range few Raman spectra

(measurements between 45 and 60 µm on fig. 5.22) show slightly different band intensities.

It is assumed that this effect is related to cracks in the sample that typically appear close to

the amorphous-crystalline interface (fig. 5.24(a)). Beyond the ion range, the intensities of the

main bands quickly increase up to the values that correspond to the virgin crystalline material.

Beyond the ion penetration depth, the amorphous background also rapidly vanishes and we see

no effect of any structural changes.

The corresponding measurement for single-crystaline HoPO4 irradiated by Au ions up to

1013 ions/cm2 shows the same behavior (fig. 5.23). Within the ion range luminescence is

nearly absent, spectra contain no sharp peaks, but exhibit the amorphous background which

is present in the spectra. Close to the end of the ion range, the intensities of sharp Raman peaks

rapidly increase and the spectra quickly transform to the one that corresponds to the unirra-
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Figure 5.22: Raman spectroscopy measurements along ion tracks of NdPO4 crystal irradiated by 2.1 GeV
Au ion at a fluence of 1×1013 ions/cm2. The arrow along the y-axis represents the ion range as calculated
with the SRIM-2010 code.

diated sample material. Figure 5.24 shows the corresponding micrographs of the HoPO4 and

NdPO4 crystals indicating the line along the Raman spectra were recorded.

When comparing scans along tracks in NdPO4 and HoPO4 the following differences are no-

ticed: the intensity of the Raman signal produced by the amorphous material is higher in NdPO4,

the transition from the “amorphous” to the “crystalline” spectrum is more sudden regarding

depth and, finally, the SRIM range calculation seems to correlate better with Raman measure-

ments in the case of NdPO4. The range seems to be overestimated for HoPO4. This effect,

however, is related to the sample size. In the case of NdPO4, the irradiated sample fractured

from the initially thicker irradiated crystal and thus was significantly thinner than the HoPO4

sample. Therefore, for HoPO4 the intensity of Raman signal arising from the nonirradiated vol-

ume beyond the ion track was much higher compare to the low intensity amorphous signal from

the amorphized sample material. In addition, a slight sample misalignment affects the precision

of depth assignment. In the transition region between 45 and 60 µm a small tilt of the sample

smears out the Raman signal by measuring regions within and beyond the ion range.

In the section 5.1 I have mentioned that change of sample color that could be typically ob-

served for irradiated crystals is below the range calculated with the SRIM code. Figure 5.24

presents the optical micrographs (image obtained before Raman measurements) and corre-

sponding electronic and nuclear energy loss for both materials calculated with the SRIM-2010
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Figure 5.23: Raman spectroscopy measurements along ion tracks of HoPO4 crystal irradiated by 2.1 GeV
Au ion up to a fluence of 1×1013 ions/cm2. The arrow along the y-axis represents the ion range as
calculated with the SRIM-2010 code.

code. The dark sample part extends up to 55-57 µm, while the calculated ion range in both ma-

terials is about 65-67 µm. The sharper color transition in the case of NdPO4 could be related to

the larger sample size. The discrepancy between the SRIM range and depth of optical changes

is either due to an overestimation of the SRIM calculation and/or due to a energy loss required

for the production of optical effects.

NdPO4 is almost completely amorphized at a Au ion fluence of 1013 ions/cm2. The amorphous

fractions based on the relative area of the remaining crystalline peak yield more than 95%.

However, when analyzing the Raman measurement at the larger depth, a decrease of small

crystalline peak between 40 and 50 µm is noticed. The decrease of intensity of sharp Raman

peaks is associated with increasing amorphization. The amorphous fraction as a function of

crystal depth follows the electronic energy loss as shown on fig. 5.25. This change is well

illustrated by few Raman measurements at a depth of 7, 25, 45 and 60 µm.

The possible explanations for the decrease in the intensity of the small sharp crystalline Ra-

man peak could be:

• So-called velocity effect, that consists in the increase of track radius at the same value of

energy loss when the speed of impacting ion deceases;

66



(a) (b)

Figure 5.24: Optical micrograph and SRIM calculation of electronic energy loss as a function of pene-
tration depth of 2.1 GeV Au ions for: a) NdPO4; b) HoPO4. “0” is close to the sample surface, dashed
line indicates end of visible changes in the sample.

Figure 5.25: Remaining intensity of symmetric stretching mode in Raman spectrum of NdPO4 irradiated
with 2.1 GeV Au ion up to the fluence of 1013 ions/cm2 vs SRIM-2010 calculation of electronic energy
loss. Small inserts show Raman spectra at particular depth.
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• In agreement with many other materials ([43]), the track radius scales with the electronic

energy loss, what is reflected in slight variation of track radius (and amorphization cross-

section) at different depth.

Partially this observation is supported by the SAXS measurements (table 5.1 contains results

for NdPO4 track radius variation, so called, polydispersity) that suggested variation of track

radius around 0.5 nm.

The Raman spectra along the ion trajectories of a HoPO4 single crystal irradiated with 2.1 GeV

Au ions up to a fluence of 5×1011 ions/cm2 is shown on fig. 5.26. At this lowest fluence the

decrease in Raman peak intensities is rather modest. Shift of positions for the Raman bands in

irradiated crystal relative to the virgin material (details are reported in the section 5.2.4) could

be observed here as well (fig. 5.26).

Figure 5.26: Raman spectroscopy measurements along ion tracks of HoPO4 crystal irradiated by 2.1 GeV
Au ion up to a fluence of 5×1011 ions/cm2. The arrow along the y-axis represents the ion range as
calculated with the SRIM-2010 code.

Scan along the ion path gives an opportunity to see the shift of Raman peaks as a function of

depth. Figure 5.27 shows the same experimental data reported on fig. 5.26 representing it as a

2-dimensional scan. The X-axis corresponds to the Raman peak positions and Y-axis resembles

position of the measurement point. The Y-axis reflects positions that were used by the Raman

device, so it needs to be stated that value of Y-axis of -35 µm matches sample surface. Intensity

of yellow color reflects the Raman signal intensity, while smearing out of the lines on 2D scan

indicates Raman peak broadening. On the fig. 5.27(b) we can see three peaks that are present
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in the region of PO4 stretching in Raman spectra of HoPO4. Some signal intensity indicating

amorphous background is observed up to the position of about 20 µm (what corresponds to ion

depth of 55 µm). In the region of bending modes small Raman peak is accompanied by large

fluorescent contribution (fig. 5.27(a)). For all the Raman peaks in this region we can observe

similar trend, where broadened Raman peaks of damaged material retain their positions up to

the depth of approximately 45 µm (10 µm on the 2D scan). Between 45 and 55 µm (10-20 µm

on the 2D scan) consecutive shift of all Raman peaks brings them to the positions typical for

virgin HoPO4 crystals.

(a) (b)

Figure 5.27: 2-dimensional representation of depth scan in HoPO4 irradiated by 2.1 GeV Au ions at
5×1011 ions/cm2: a) region of bending modes; b) region of stretching modes.

The line scan shown on fig. 5.27 suggests a gradual decrease of the amorphous background

and recovery of peak positions close to the end of the ion range. Again we can notice here that

the range of 55 µm for 2.1 GeV ions is shorter than the value suggested by SRIM calculation

(64 µm).

5.2.6 Discussion and conclusions

Previous sections present the analysis of radiation damage in single crystals: monoclinic

neodymium (NdPO4) and tetragonal holmium phosphate (HoPO4). Irradiations were performed

with 2.1 GeV Au ions with fluences varying from 5×1011 ions/cm2 up to 5×1013 ions/cm2 for

HoPO4 and 5×1011 ions/cm2 up to 1013 ions/cm2 in case of NdPO4. The irradiations were

provided perpendicular to the sample surface. Many samples often broke and fractured as a

result of irradiation. Raman spectroscopy measurements were taken at the irradiated surface as

well as in cross section perpendicular to the direction of incoming ions. SEM images illustrated

the radiation induced changes of macroscopic properties in PrPO4. The irradiated specimens
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changed the color and transparency in the irradiated layer. Severe fracturing of the crystals

occurred especially at the region between amorphous and crystalline material close to the end

of ion range. The embrittlement of the samples resulted from the accumulation of stresses in

particular on the crystalline/amorphous interface. The SEM images clearly illustrate the volume

expansion of the irradiated layer (swelling) and cracking within and beyond irradiated layer.

Raman spectroscopy measurements for both irradiated NdPO4 and HoPO4 show severe

changes in the spectra. All sharp intense Raman peaks that were present in the virgin crys-

tals gradually decrease in intensities and vanish with the accumulation of ion fluence. Tiny

remains of symmetric and antisymmetric stretching modes (most intense peaks in the virgin

spectra) were observed for both compounds at a fluence of 1013 ions/cm2. The Raman spec-

trum of the HoPO4 crystal irradiated at 5×1013 ions/cm2 contains no traces of any Raman peak

present in the initial spectrum. The decrease of all Raman peak intensities is accompanied

in both materials by the appearance of broad humps (around 960 cm−1) at the region of the

stretching modes. The appearance of similar broad bands have been repeatedly reported for

various compounds in the literature. The damage production in the materials is due to the accu-

mulation of ion tracks. Ion tracks are extended amorphized cylinders with a diameter of about

5 nanometers formed along the path of each ion. The accumulation of ion tracks gradually

increases the volume of the amorphous material fraction.

The first approach used for the calculation of track radii consisted in the calculation of the

amorphous material fraction based on the relative peak intensities or area. The intensity ratio

of the sharp crystalline peak of symmetric stretching mode and the amorphous hump were

used to characterize a degree of amorphization. This approach to analyze Raman data did

not match predictions from the direct-impact amorphization model and obviously significantly

underestimated values of track radii. An alternative way to analyze Raman data was performed

by renormalization of Raman spectra. All measured data was modified to have the same or very

close increment of Raman signal in the spectral area close to zero. That procedure supposed

that in the end all the spectra will be renormalized to the Raman filter (what is a property of an

equipment). From the rescaled spectra the absolute intensities of Raman peaks assigned to the

crystalline material were deduced and allowed me to calculate degree of amorphization. In this

case, the analysis provided values that match well with the data for similar compounds from

the literature. For both NdPO4 and HoPO4 the track radius was found to be close: 5.0±0.4 nm

for NdPO4, 5.0±0.3 nm for HoPO4. Appearance of ion tracks I have illustrated by additional

experimental techniques: TEM for NdPO4 and AFM for HoPO4.

The analysis of the Raman peak width and shift in the spectra of both compounds showed

an unusual behavior. For NdPO4 at the first fluence step of 5×1011 ions/cm2 all Raman peaks

shift towards lower wavenumber. With further increase of fluence, the peaks start to shift to-

wards lager wavenumbers. For HoPO4 trend changes direction a little bit later at the fluence of

1012 ions/cm2. Peaks that represent the stretching of (PO4)3− tetrahedron surpass the value of
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Raman peak position for the virgin material at a fluence of 5×1012 ions/cm2 for both compounds

and continue to shift further at the following irradiation step. Raman peak width also indicates

change in the trend at the same fluences. At the very first irradiation step for NdPO4 (for the

first two for HoPO4) width of Raman bands increases in comparison to nonirradiated material.

With the subsequent irradiations at the fluences larger than 1012 ions/cm2 and 2×1011 ions/cm2

for HoPO4 I observed decrease of peak width for both symmetric and antisymmetric stretching

modes. Fluence dependence of Raman peak width for HoPO4 allowed to make an assumption

about the existence of defect/stress halo around the amorphous tracks. The exponential law fit

to the experimental data for the Raman peak width suggested defect halo radius of 6.4±0.1 nm

for HoPO4. The decrease of Raman peak width at the higher fluences was interpret by the partial

defect annealing in the overlapping halos of impacting ion tracks.

Measurements of samples with cracked facets allowed Raman spectra recording as a function

of ion penetration depth. Raman spectra were found to correlate with the energy deposition

suggested by the SRIM computational code, however, the range of ion penetration from the

SRIM calculation was found to be on ∼15% larger than the depth of modified sample material.

Same discrepancy was found for the optical observations. Analysis of Raman spectra along the

ion path at a fluence step of 1×1013 ions/cm2, what is close to complete amorphization, showed

slight increase of damage production inside of sample. That tendency of slightly more effective

amorphization along the ion path coincided with calculated depth profile of energy deposition

and is most likely accompanied by the velocity effect. Velocity effect assumes larger contribution

to the material amorphization with the decrease of ion energy due to increased time of ion-solid

interaction. Finally, Raman depth scan of the HoPO4 crystal irradiated with 2.1 GeV Au ions

up to 5×1011 ions/cm2 helped to visualize the transition area between the amorphous and

crystalline material. At the ion range of ∼45 µm all Raman bands start to gradually sharpen

and shift towards the positions typical for nonirradiated sample. Transition takes place for the

next 5-10 µm and accompanied by steady decrease of broad amorphous background.
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5.3 Trends within the LnPO4 series

5.3.1 Radiation damage in the monoclinic group of LnPO4

In this section I will discuss radiation damage in the monazite group of rare earth phosphates.

A detailed analysis of damage produced by swift heavy ions in NdPO4 was provided in sec-

tion 5.2.2. Here I will present an analysis of the amorphization cross-sections in several other

monoclinic compounds, namely PrPO4, SmPO4 and EuPO4.

(a) (b)

Figure 5.28: Raman spectra of PrPO4 irradiated by 2.1 GeV Au ions: a) fluence series measured with
red laser (λ = 632.82 nm); b) peak fit for 5×1012 ions/cm2 sample.

(a) (b)

Figure 5.29: a) Raman spectra (red laser) of irradiated PrPO4 after rescaling; b) absolute values of the
peak area and height of (PO4)3− symmetric stretching mode plotted as a function of fluence. The lines
represent fits to the data using the Poisson law.
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A series of Raman spectra measured using a red laser (632.82 nm) are presented as a function

of ion fluence on the fig. 5.28. The large fluorescence in the PrPO4 doesn’t allow performing

measurements with a blue laser (λ = 473.04 nm) as the luminescence completely overwhelms

the spectrum (details in section 3.1). The intensity of all Raman bands goes down with in-

creasing ion fluence. This trend appears to be similar to the behavior of NdPO4 and HoPO4

as discussed in previous sections. Similar to the case of NdPO4, broad amorphous humps ap-

pear in the Raman spectrum with the irradiaion and progress with the fluence accumulation.

Figure 5.28(b) shows a fit of Raman data in the region of PO4 stretching modes for the PrPO4

crystal irradiated by 2.1 GeV Au ions at a fluence of 5×1012 ions/cm2. The broad amorphous

contribution could be fit using three Gaussian peaks similar to NdPO4 (indicated by the dashed

lines). A lorentzian shape is used for the Raman peaks assigned to the crystalline fraction. We

will later see that such a fit works well for all monazite-type rare earth phosphates unless some

additional luminescent contribution in present in the spectrum.

In the sections 5.2.2 and 5.2.3 I have used a spectra renormalization (rescaling of the spectra

to have an identical increase of the signal in the region between 90 and 120 cm−1). This method

works well if there is a signal intensity in the desired region. In this case luminescence is even

welcomed as it creates a more intense background that is cut by the filter which benefits the

precision of the rescaling procedure. In the ideal case, the spectra should have a significant

luminescent contribution but still contain a good signal to noise ratio.

Raman spectra of the PrPO4, SmPO4 and EuPO4 do not contain a significant luminescent

background when nonirradiated. This background does not increase with the accumulation of

ion fluence. I have still used this method for the analysis of the amorphization cross-section and

track radii, but deduced values do not correlate with the other experimental techniques.

On fig. 5.29 the series of Raman spectra of irradiated PrPO4 are plot after the rescaling. We

can observe the decrease of the Raman peak intensities. The background in the region below

120 cm−1 is not sufficient to allow the rescaling method described above, so additionally I

normalized the background level at the region 120 - 250 cm−1.

Afterwards I deduced the parameters of sharp Lorentzian Raman peaks taking into considera-

tion only their absolute area and height. Peak height and area were used for the quantification of

remaining crystallinity for each fluence. Obtained data points were fit by the exponential func-

tion (eq. (5.4)) according to the direct-impact amorhpization model (details in section 5.2.2).

The results are shown on fig. 5.29(b). In the case of PrPO4 one sample was cracked (ion fluence

of 1×1012 ions/cm2) which made it impossible to obtain Raman spectra in the same orientation

as for the other fluence steps. I recalculated the intensity of the symmetric stretching bond and

the corresponding results are shown with hollow points on fig. 5.29(b). I have calculated the

damage cross-section twice: first without the 1×1012 ions/cm2 data point, and a second time

including it. In both cases the values of the track radii appear to be very close. The values of

damage cross-section and track radii for 2.1 GeV Au ions in PrPO4 are presented in table 5.4.
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(a) (b)

(c) (d)

Figure 5.30: Raman spectra of SmPO4 irradiated by 2.1 GeV Au ions: a) fluence series measured with a
red laser (λ = 632.82 nm); b) fluence series measured with a red laser (λ = 473.03 nm); c) peak fit for
the sample measured with a red laser; d) peak fit for the sample measured with a blue laser.

On fig. 5.30 we can see a series of Raman spectra for SmPO4 measured with a red

(fig. 5.30(a)) and a blue (fig. 5.30(b)) laser. A weak luminescent contribution could be ob-

served in the Raman spectra for both lasers. A fit of the Raman data is shown on fig. 5.30(c)

for the measurement in SmPO4 crystals irradiated with 2.1 GeV Au ion up to the fluence of

5×1012 ions/cm2. Unfortunately, the sample was destroyed (broke down and crumbled apart),

so further measurements were not possible. That is why for the blue laser, fig. 5.30(d) shows

the Raman data fit for the samples irradiated up to 2×1012 ions/cm2. The main difference ap-

pears to be only in the intensities of the peaks that represent the crystalline and amorphous

fractions. The rescaling of the Raman spectra was done in the way described above. Figure 5.31

shows the result of spectra rescaling and fits to the experimental data. The values of the damage

cross-section and track radii for 2.1 GeV Au ions in SmPO4 are reported in table 5.4.
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(a) (b)

Figure 5.31: a) Raman spectra (blue laser) of irradiated SmPO4 after rescaling; b) absolute values of
peak area and height of (PO4)3− symmetric stretching mode plotted as a function of ion fluence. The
lines are fits to the data using the Poisson law.

For EuPO4 some luminescent contribution could be observed in the Raman spectra obtained

using a red laser. A series of Raman spectra for different fluence steps is reported on figs. 5.32(a)

and 5.32(b). The fit for the spectra obtained using a red laser (fig. 5.32(c)) contains additional

peaks (marked with light blue color) that were assigned to the luminescence and were not

taken into account when calculating the damage cross-section. The rescaling of Raman spectra

for EuPO4 was done in the same way as for SmPO4. I tried to compensate the lack of lumi-

nescence in the far left region of the spectrum by matching the overall background level in

the broader spectral region. All the spectra could be successfully manipulated apart from the

1×1012 ions/cm2 sample, where luminescence seems to be lower in comparison with the other

ion fluences. The values of damage cross-section and track radius for 2.1 GeV Au ions in EuPO4

are reported in table 5.4.

The variation of track radii among studied monoclinic phosphates can be illustrated by the

comparison of Raman spectra in the samples that are close to be completely amorphous. Fig-

ure 5.34 shows the Raman spectra for PrPO4, NdPO4, SmPO4 and EuPO4 irradiated up to

5×1012 ions/cm2. We can see an increase of intensity for the broad amorphous peaks fol-

lowing the increase of the cation’s atomic number. At the same time, the intensity of sharp

crystalline peaks follows an opposite trend, decreasing from praseodymium (Pr) to europium

(Eu). A deviation from this trend is only observed for neodymium (Nd) and samarium (Sm)

phosphates. Based on the existing data, it is difficult to distinguish, whether this is an experi-

mental error, or an actual physical phenomenon.

Small-angle X-ray scattering (SAXS) measurements (details on fig. 5.35) were done on the

same monazite-type phosphates that were previously discussed in this section. Samples were

irradiated up to the fluence of 5×1010 ions/cm2 with 2.2 GeV Au ions and polished down af-
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(a) (b)

(c) (d)

Figure 5.32: Raman spectra of EuPO4 irradiated by 2.1 GeV Au ions: a) fluence series measured with a
red laser (λ = 632.82 nm); b) fluence series measured with a red laser (λ = 473.03 nm); c) peak fit for
the sample measured with a red laser; d) peak fit for the sample measured with a blue laser.

terwards to the thickness of approximately 30 µm. Thus, values of the track radii, that are

suggested by SAXS, correspond to the track radii measured along the whole sample thickness.

On the detector image of XRD reflexes (fig. 5.35) we can observe the appearance of an addi-

tional signal. This extra lines appear due to the scattering of X-rays on the extended objects with

a density different from the surrounding matrix - in other words, on the ion tracks.

Figure 5.35 shows a detector image for a single crystals of (from left to right) PrPO4, EuPO4,

NdPO4, SmPO4. The absence of ion tracks in the SmPO4 crystal is related to a failure during

sample preparation. Figure 5.36 reports the intensity variation along the line resulted from

the scattering on the ion tracks (open circles). The solid lines represent the simulation of the

scattering from cylindrical objects. The track radius is determined from the simulation that best

fits the experimental data. In all cases a very good agreement between SAXS measurements and

the simulation was achieved. The values of track radius for 2.2 GeV Au ion in PrPO4, NdPO4
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(a) (b)

Figure 5.33: a) Raman spectra (red laser) of irradiated EuPO4 after rescaling; b) absolute values of the
peak area and height of (PO4)3− symmetric stretching mode plotted as a function of ion fluence. The
lines represent fits to the data using the Poisson law.

Figure 5.34: Raman spectroscopy measurements of several monazite-type lanthanide phosphates. The
spectra were obtained using a 632.82 nm laser from the samples irradiated by 2.1 GeV Au ions up to
5×1012 ions/cm2.

and EuPO4 are reported in table 5.4. Possible variations of the track radius along the ion track

(or at the different depth in the material) were taken into account as polydispersity.

The summary of track radii determination and corresponding amorphization cross-sections

is reported in table 5.4. The Raman spectroscopy analysis does not allow to draw conclusions

concerning the trend for track radius change depending on the rare earth cation due to a lack of

precision. The SAXS data suggests a trend of slight increase in the track radius with the increase

of Ln atomic number, however, values for the track radius overlap within the error bars. The
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Figure 5.35: Detector image of small-angle X-ray scattering in PrPO4, EuPO4 and NdPO4 irradiated by
2.2 GeV Au ions at 5×1010 ions/cm2. In the case of SmPO4, a nonirradiated sample was measured.

Figure 5.36: SAXS intensity as a function of scattering vector q.

density of LnPO4 compounds also scales with the rare earth atomic number, resulting in an

increase of electronic energy loss, what could be a further argument against this trend.

5.3.2 Radiation damage in the tetragonal group of LnPO4

The Raman spectroscopy measurements performed on the tetragonal lanthanide phosphates

support all previously reported results of radiation-induced changes. All the Raman mea-

surements reported in this section were performed with a blue laser excitation (wavelength
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Table 5.4: Damage cross-sections and track radii for 2.1 (Raman) and 2.2 GeV (SAXS) Au ions in
monoclinic LnPO4. Damage cross-sections are determined from Raman data based on the intensities and
area of (PO4)3− symmetric stretching modes. Raman measurements were performed with: blue laser for
NdPO4 and SmPO4; red laser for PrPO4 and EuPO4.

Sample Raman (peak area) Raman (peak height) SAXS
σa
(×10−14cm2)

R±∆R (nm) σh
(×10−14cm2)

R±∆R (nm) R±∆R (nm)

PrPO4 95.3 5.5±0.5 92.2 5.4±0.4 4.7±0.2
88.4 5.3±0.4 90.9 5.4±0.4

NdPO4 77.7 5.0±0.3 70.3 4.7±0.4 4.9±0.2
SmPO4 104.7 5.8±0.6 96.0 5.5±0.5 -
EuPO4 95.1 5.5±0.4 79.2 5.0±0.4 5.1±0.2

of 473.03 nm) to invoke a larger fluorescence in the spectra. This additional fluorescence does

greatly improve the process of rescaling the Raman spectra. We will see that despite having

a significantly variable background, the quality of the fit to the Raman data for the tetragonal

phosphates is much lower than in the case of the monoclinic samples represent in section 5.3.1.

For LuPO4 and YPO4 a lack of samples limited the irradiation, so that there are no data points

for 2×1012 ions/cm2. For YPO4 the crystal of 1×1013 ions/cm2 was destroyed prior to the

measurement.

The Raman spectroscopy analysis of radiation damage in the TmPO4 is shown on fig. 5.37.

We can see that the changes of the Raman spectra correspond to the behavior of the monoclinic

samples. Similar to HoPO4, the luminescence present in the Raman spectra of virgin TmPO4

decreases with increasing irradiation and vanishes at a fluence around 1×1013 ions/cm2. De-

spite the Raman spectra having a luminescent contribution in the area below 150 cm−1, the data

yielded after renormalization had significantly larger uncertainties than in the case for the mon-

oclinic samples or HoPO4. The peak intensities and area of the (PO4)3− symmetric stretching

mode deviate from the exponential law (see fig. 5.37(d)).

In the case of LuPO4, the mismatch between Raman spectroscopy data and the Poisson law is

obvious (fig. 5.38). Thus, the calculation of the track radii, which is based on the intensity and

area of the symmetric stretching mode, exhibits large variation. The analysis suggests a track

radius of 4.9 nm based on the peak area, and 6.6 nm based on the peak height. This is related

to a fewer data points and an overall lower quality of the rescaling procedure for this material.

Lastly, the Raman spectra obtained for YPO4 do not allow to calculate the track radius at all.

Having few irradiated samples, the Raman spectra of the YPO4 crystals irradiated at a 5×1011

and 1×1012 ions/cm2 produce nearly identical Raman spectra. This is most likely linked to the

low density of YPO4 and thus a much smaller track radius than in the case of the other reported

compounds. With Raman data having very similar peak intensities, the slight variation of the
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(a) (b)

(c) (d)

Figure 5.37: Raman spectroscopy analysis of radiation damage produced by 2.1 GeV Au ions in TmPO4:
a) a series of Raman spectra measured with a blue laser plotted as a function of ion fluence; b) peak fit for
a sample measured with a blue laser; c) Raman spectra of irradiated TmPO4 after rescaling; d) absolute
values of the peak area and height of the (PO4)3− symmetric stretching mode plotted as a function of ion
fluence. The lines are fits to the data using Poisson law.

data for the sample irradiated at 1×1012 ions/cm2 drastically affects the analysis results. That

makes a quantitative analysis of the track radii for YPO4 completely unfeasible.

Qualitatively we can observe a difference in the radiation damage produced by 2.1 GeV Au

ions in the four tetragonal phosphates (discussed in this chapter) by the comparison of samples

irradiated at 5×1012 ions/cm2. On fig. 5.40 we can clearly observe a much lower intensity

of the amorphous hump and more intense crystalline peaks for the YPO4 sample compared

to the other phosphates. For the other three tetragonal phosphates, the dependency is not

so straightforward. On the one hand, the intensity of the Raman signal between 1000 and

1150 cm−1 increases from HoPO4 to TmPO4 over to LuPO4, but at the same time this requires a

decrease of the main hump close to 970 cm−1 to have a similar overall Raman signal intensity.
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(a) (b)

(c) (d)

Figure 5.38: Raman spectroscopy analysis of radiation damage produced by 2.1 GeV Au ions in LuPO4:
a) A series of Raman spectra measured with a blue laser, plotted as a function of ion fluence; b) peak
fit for a sample measured with a blue laser; c) Raman spectra of irradiated LuPO4 after rescaling; d)
absolute values of the peak area and height of the (PO4)3− symmetric stretching mode plotted as a
function of ion fluence. The lines represent fits to the data using the exponential law.

It is not clear whether the only hump close to 970 cm−1 represents a Raman signal from the

amorphous fraction. In most irradiated samples we can observe one more intense Gaussian

hump at around 1070-1100 cm−1. But this hump at 1070-1100 cm−1 is absent for HoPO4, a

sample with a simple linear background in the region of the stretching modes, where one would

expect a most reliable fit to the experimental data. All of this advocates that an estimation based

only on the hump at 970 cm−1 suggests a degree of amorphization that is decreasing from Ho

to Tm, Lu and Y.

The summary for the calculation of the track radii and the amorphization cross-sections for

2.1 GeV Au ions in tetragonal rare earth phosphates is reported in table 5.5. The larger un-
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(a) (b)

(c)

Figure 5.39: Raman spectroscopy analysis of radiation damage produced by 2.1 GeV Au ions in YPO4:
a) A series of Raman spectra measured with a blue laser plotted as a function of ion fluence; b) peak
fit for a sample measured with a blue laser; c) The calculation of the damage cross-section was not
possible based on the existing data because the Raman spectra of the samples irradiated at 5×1011 and
1×1012 ions/cm2 do not show any significant changes.
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Figure 5.40: Raman spectroscopy measurements of several tetragonal lanthanide phosphates irradiated
by 2.1 GeV Au ions at 5×1012 ions/cm2. Spectra were obtained using a laser with a λ = 473.03 nm.

certainties for track radii compared to the values presented for the monoclinic phosphates are

related to a poor quality of the Raman data fit to the Poisson law.

Table 5.5: Damage cross-sections and track radii for 2.1 GeV Au ions in tetragonal LnPO4. Damage cross-
sections are determined from the Raman data based on intensities and area of the (PO4)3− symmetric
stretching mode. Raman measurements were done with a blue laser for all presented samples.

Samplea Raman (peak area) Raman (peak height)
σa (×10−14cm2) R±∆R (nm) σh (×10−14cm2) R±∆R (nm)

HoPO4 73.9 4.9±0.3 75.2 4.9±0.4
TmPO4 60.9 4.4±0.7 71.4 4.8±0.9
LuPO4 75.3 4.9±1.0 79.2 6.6±1.6

a Existing experimental data did not allow the calculation of track radii for YPO4.

X-Ray diffraction measurements were done to observe the amorhpization and calculate the

damage cross-section using another experimental technique investigating several tetragonal

phosphates (YPO4, TmPO4 and ErPO4). The choice of those particular samples was based

on the crystal size and availability of appropriate sample to perform the experiment within a

reasonable measurement time.

The single-crystal X-Ray diffraction measurements were performed on three tetragonal rare

earth phosphates: YPO4, TmPO4 and ErPO4. Two types of measurements were performed after

each ion fluence step: standard “Two theta” (2θ) and “Chi” scans. The 2θ angle gives a set of

peaks that satisfy the Bragg’s law. The Chi scan is done by a sample rotation with fixed 2θ at the

maximum intensity of a desired reflex. Thus, 2θ measurements give access to understanding

the sample amorphization, whereas a Chi scan was used to observe the relative orientations of
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surface domains in single crystals. The specifications of X-Ray measurements and a scheme of

the experiment are reported in section 4.3.1.

(a) (b)

Figure 5.41: XRD measurements for TmPO4 irradiated with 945 MeV Au ions: a) 2 theta scan; b) Chi
scan.

(a) (b) (c)

Figure 5.42: XRD measurements for TmPO4 irradiated with 945 MeV Au ions (measured at maximum
of Chi): a) [200]; b) [400]; c) [600].

Figure 5.41 reports the results of XRD online measurements of TmPO4 irradiated with

945 MeV Au ions (corresponds to 4.8 MeV/u specific energy). The spectra are presented as

a function of ion fluence. Results of the 2θ scans are shown on fig. 5.41(a). The intensities

of all peaks decreases with accumulation of ion fluence. The expected amorphization of the

sample typically appears as an increase of the background close to XRD reflexes. However, we

can observe a steady decrease of the background intensity in all the measured spectra. This
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pattern can be found as well in the other samples. An explanation could be given, taking into

account the absence of a monochromator in the used XRD system. In addition to the Cu Kα1,

Kα2 and Kβ emission lines, a “white” X-Ray beam (Bremsstrahlung) is provided to the sample.

In the beginning, the samples maintain a crystallinity, so a significant portion of the “white” sig-

nal contributes to the background. With the sample amorphization, a intensity decrease of the

scattered X-Rays can be observed not only for the main emission lines, but also for the “white”

part of X-Ray tube emission, resulting in the described lowering of the background.

In this work I have repeatedly mentioned the weak mechanical stability to the radiation dam-

age in tetragonal phosphates. A series of Chi scans on TmPO4 irradiated by 945 MeV Au ions

shown on fig. 5.41(b) shows a sample fracturing. The nonirradiated single crystal produces a

symmetric Chi reflex. With ongoing irradiation, the Chi reflex starts to split into several peaks,

which suggests the formation of polycrystalline domains with the sample. The Chi scans were

done at the 2θ maximum for the Kα1 emission line of the [200] reflex. The XRD measurement

of the nonirradiated sample was done in the air environment, resulting in a lower absolute

signal than for the subsequent measurements of the irradiated samples, which were performed

in vacuum. With the ion-fluence accumulation, the clear split of the initial Chi peak can be

observed. Decreasing in the intensity, the Chi peaks continue to shift from the initial position.

Additional 2θ measurements were performed for each of the two most intense Chi reflexes:

the main peak that shifts from -1 to -5 and to -7.5 (fig. 5.42); secondary peak that shifts from

-1 to 0 and to 2.5 (fig. 5.43). In both cases all 2θ reflexes showed a similar trend of intensity

decrease with the irradiation. The used XRD system doesn’t provide a possibility to vary the

omega angle, so a determination of the full intensity of a particular peak was not possible.

(a) (b) (c)

Figure 5.43: XRD measurements for TmPO4 irradiated with 945 MeV Au ions (measured at secondary
Chi): a) [200]; b) [400]; c) [600].
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Thus, the analysis of absolute values of peak intensities does not allow a calculation of track

radii.

However, the position of XRD peaks provides support to the phenomena of unusual peak

shifts with increasing ion fluence, that was observed in section 5.2.4. At the first fluence step

of 5×1011 ions/cm2, all reflexes shift towards smaller 2θ angles (to larger d-spacing). The

subsequent irradiation produces a consistent shift of all the peaks towards larger 2θ angles. At

a fluence of 5×1012 ions/cm2, the positions of the reflexes roughly correspond to the values of

the nonirradiated crystal.

Similar to the case of TmPO4, the same XRD measurements were done on a YPO4 crystal.

The measurements of 2θ and Chi as a function of ion fluence are represented on fig. 5.44. This

sample was not measured before the irradiation. Thus, both fig. 5.44(a) and fig. 5.44(b) contain

a series of fluence steps without a measurement of the virgin sample.

(a) (b)

Figure 5.44: XRD measurements for YPO4 irradiated with 945 MeV Au ions: a) 2 theta scan; b) chi scan.

Another crystal of YPO4 was measured offline at a similar system using the same X-Ray wave-

length. The position of the peaks for the CuKα1 emission line for the [200], [400] and [600]

reflexes in the nonirradiated sample are shown as brown line on fig. 5.45. The analysis of the

peak positions suggests, that a change in the direction of peak shift appears at slightly elevated

ion fluences for YPO4 in comparison to the TmPO4. Namely, for the first two irradiation steps

up to the ion fluence of 1012 ions/cm2, all the peaks shift towards smaller 2θ angles. This

trend is inverted at further irradiation. In the previous sections I have shown a direct correla-

tion between the damage production efficiency and the value of electronic energy loss inside

of the material. That is why such a discrepancy between YPO4 and TmPO4 could be related to

the lower density in YPO4 and, as result, smaller values of electronic energy loss for 945 MeV

Au ions in YPO4. The smaller amorphization cross-section simply requires an accumulation of

larger fluence to produce significant influence on the nonirradiated surrounding matrix.
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(a) (b) (c)

Figure 5.45: XRD measurements for YPO4 irradiated with 945 MeV Au ions: a) [200]; b) [400]; c)
[600].

(a) (b)

Figure 5.46: XRD measurements for ErPO4 irradiated with 945 MeV Au ions: a) 2 theta scan; b) Chi
scan.

In ErPO4, XRD measurements have shown trends similar to TmPO4. Figure 5.46 shows the

change of XRD spectra for the various ion fluence steps. A low signal intensity during Chi

measurement for nonirradiated sample appears due to the XRD measurement performed in air.

Similar to the other samples, we can observe a decrease of the intensity of all peaks accompanied

by a decrease of the background (fig. 5.46(a)). The changes in Chi (fig. 5.46(b)) suggest the

fragmentation of the single crystal, similar to what was observed in YPO4 and TmPO4. The XRD

peak shift follows the trend similar to TmPO4: at the very first irradiation step all peaks are

shifted towards lower diffraction angles, and for the subsequent irradiation steps all the peaks

steadily moved towards higher values.
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(a) (b) (c)

Figure 5.47: XRD measurements for ErPO4 irradiated with 945 MeV Au ions: a) [200]; b) [400]; c)
[600].

The shift of XRD reflexes to the lower angles for the first ion fluence step indicates an increase

of the inter-atomic distances in the planes parallel to the irradiated (and measured) surface. This

trend reverses at higher ion fluences where all the XRD peaks shift towards larger angles. This

behavior is quite similar to the change in Raman peak positions discussed in section 5.2.4 and

in fact happens even at the exact same fluence steps. Additionally there is another underlying

phenomena which can explain this behavior. In this case it is more likely, that shifts of XRD

peaks reflect the accumulation of macroscopic stresses in the crystals. Samples being fixed

with the epoxy on the silicon wafer (see section 4.1) have very little room for the release of

accumulated stress and with the discrete fluence steps, the release of stresses coincides with the

fluence where defect halos start to overlap (see section 5.2.4). Mechanical stresses induced by

the irradiation lead to severe sample cracking (shown on fig. 4.2) and a precise detection, when

the samples start to crack, is very difficult with the used experimental setup.

The Raman spectroscopy measurements were performed for ErPO4, TmPO4 and YPO4 sam-

ples offline after the XRD experiments. After the irradiation all crystals had a large amount

of cracks. Small platelets of samples containing both irradiated layer and parts of the virgin

sample material were broken off from each sample and used for the Raman measurements. Fig-

ure 5.48 shows Raman spectra of TmPO4, YPO4 and ErPO4 crystals irradiated by 945 MeV Au

ions at the fluence of 5×1012 ions/cm2. Some parasitic reflexes could be observed in the Raman

spectra of TmPO4 and YPO4 which do not belong to the spectra of sample itself but come from

traces of epoxy used for mounting the sample. The Raman spectra suggest an almost complete

amorhpization for all samples. The remaining traces of the symmetric stretching mode suggest
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(a) (b)

(c)

Figure 5.48: ex-situ Raman spectroscopy measurements of rare earth phosphates irradiated with
945 MeV Au ions up to the fluence of 5×1012 ions/cm2: a) TmPO4, b) YPO4, c) ErPO4. Reflexes
marked with an asterix originate from the glue used for mounting the sample during the online XRD
experiments.

a slightly lower degree of amorphization for the YPO4 crystal. This is associated with the lower

energy deposition for the Au ions in this material compared to the other.

5.3.3 Full series of LnPO4 irradiated at exact same conditions

A series of all lanthanide phosphates was irradiated by 2.1 GeV Au ions up to the fluence of

2×1012 ions/cm2 for the purpose of studying the production of radiation damage depending on

the Ln3+ cation. Irradiation conditions are considered to be exactly the same as the samples

were irradiated on the same holder with the same flux. With the severe deficiency in the sample

quantity it was impossible to perform a full series of irradiations for all the materials. The
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fluence was chosen estimating the track radii for 2.1 GeV Au ions to be around 5 nm, where a

fluence of 2×1012 ions/cm2 would provide severe amorphization with the ratio of the Raman

signal from the amorphous and crystalline parts being roughly 50:50.

The Raman spectroscopy analysis that was used for this series is described in section 5.2.1.

The area of the sharp intense Raman bands was assigned to the amount of remaining crystalline

sample volume, whereas the area of the broad hump represented the amount of amorphous

sample material. In section 5.2.1 it was shown that such a method of Raman analysis yields

worse results compared to the analysis of absolute Raman peak parameters after the Raman

spectra renormalization. With the many various backgrounds and luminescent contributions, a

renormalization of Raman spectra for all the phosphates was not possible. Instead I have chosen

the less reliable approach, hoping that I can at least figure out the trends for radiation hardness

within the monoclinic and tetragonal groups.

(a) (b) (c)

Figure 5.49: Fit of the Raman data of GdPO4 irradiated with 2.1 GeV Au ions up to 2×1012 ions/cm2:
a) background fit: slight cut - dashed line, extensive cut - solid line; b) peak fit for slight cut; c) peak fit
for extensive cut.

With the aim to reduce the dependence of my results on the luminescent contribution and

radiation induced background, I have subtracted the background for each Raman spectra in

two ways. For the first way, denoted as “slight cut” on fig. 5.49(a), I picked the points for the

background fitting relatively far from the spectral region of interest and let the background

function be linear-like. For the other way, that I refer to as “extensive cut” on fig. 5.49(a), I

selected points to cut away as much contribution as possible outside the range of the main broad

hump around 960 cm−1, that is observed as an universal feature in all lanthanide phosphates.

The fits of the Raman data for the slight cut and for the extensive cut are shown on fig. 5.49(b)

and fig. 5.49(c), respectively. A quantification of the amorphous fraction was done taking into
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account only the broad hump around 960 cm−1, and the crystalline fraction was characterized

by the area of the symmetric stretching mode of the PO4 tetrahedron (for GdPO4 on the fig. 5.49

this mode is slightly below 1000 cm−1).

The calculation of the amorphization cross-section and track radii was based on the direct

impact amorphization model. The fraction of crystalline sample volume (C∈[0,1]) at the partic-

ular fluence step (Φ) should follow an exponential decay. In this case at the fluence step Φ the

fraction of remaining crystalline material C could be written as:

C = exp(−πR2Φ), (5.6)

that gives an expression for track radius:

r =

√

√

√ ln 1
C

πΦ
. (5.7)

Now I had to consider values of uncertainty of this determined track radius. A general ex-

pression for error calculation could be written as
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Series of following simple mathematical calculations
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would give the formula for error of track radius determination as:

∆r =
1

2C
q

πΦln 1
C

∆C . (5.10)

The values of track radii for all the phosphates were calculated according to eqs. (5.7)

and (5.10). The calculation of track radius using eqs. (5.7) and (5.10) does not take into

account the uncertainty of the fluence determination. This assumption is valid because the full

series of phosphates was irradiated at the same time with the same ion fluence.
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For the monoclinic group of phosphates, the results of the analysis drastically scatter and a

steady trend could not be observed on fig. 5.50. Track radii have a slight tendency to increase

with the decrease of the ionic radii of the Ln3+ cations. This trend correlates with the analysis

results represented in section 5.3.1. The Raman data for the tetragonal group of lanthanide

phosphates suggests a more pronounced trend of track radius decrease with decreasing Ln3+

ionic radius.

Figure 5.50: Track radii deduced from Raman spectra of LnPO4 irradiated by 2.1 GeV Au ions up to
2×1012 ions/cm2. The Raman spectra were measured using a blue laser (λ = 473.05 nm) for most
materials. EuPO4 and PrPO4 were measured using a red laser light (λ = 623.82 nm). The lines are
guides for the eye.

The analysis of the track radii for 2.1 GeV Au ion in LnPO4 shown on fig. 5.50 does not

take into account the different energy deposition for Au ion in the particular sample. With the

decrease of ionic radius, the density of the samples gradually increases (see table 3.1). The

increase in the material density causes the 2.1 GeV Au ions to release more energy per unit of

its path in LuPO4 than it does in LaPO4. To take into account the difference in the values of

energy loss through the series of lanthanide phosphates, I have normalized the track radii to the

peak value of the electronic stopping power for the 2.1 GeV Au ion for all LnPO4. The results of

this analysis are shown on fig. 5.51.

The normalization of the track radii to the corresponding electronic stopping powers dimin-

ishes the trend for the monoclinic phosphates and makes the observed slope steeper for the

tetragonal phosphates.
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Figure 5.51: Track radii for 2.1 GeV Au ion in LnPO4 normalized to energy deposition dE/dx. The lines
are guides for the eye.

5.3.4 Discussion and conclusions

The Raman spectroscopy analysis of the radiation damage in both monoclinic and tetragonal

LnPO4 showed a strong degradation of Raman spectra with the increase of ion fluence for all

rare earth phosphates. The decrease of sharp peaks accompanied by the increase of background

and the appearance of a broad humps at the region around 970 cm−1 suggests that all rare

earth phosphates could be successfully amorphized by the swift heavy ion beam. In the region

of (PO4)3− stretching modes a few broad peaks appear and progress in intensities with the

irradiaion. For the most of compounds in this region a three broad Gaussian shaped peaks could

be fit to the Raman data for the contribution of amorphous sample material. In the case of

HoPO4, only two Gaussian peaks are necessary to fit spectra. This could be linked to a special

luminescent contribution present in the Raman spectra of HoPO4 and the fact that it is the only

material where background subtraction was done by the line with a certain tilt, whereas for the

rest of compounds the horizontal line fit was sufficient.

Calculation of amorphization cross-sections and track radii for the series of samples irradiated

by the Au ion beam up to various fluences showed, that precision of the Raman spectroscopy

analysis is not enough to deduce any reliable trends of track radius variation depending on the

composition. All the values for track radii scatter around 5 nm for all the studied phosphates

except of YPO4, where calculation of track radii was not possible due to the lack of experimental
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data. Measurements performed on three monazite rare earth phosphates using small-angle X-

ray scattering suggested the slight trend of a track radius increase with the increase of atomic

number of rare earth cation. The values, however, overlap within as error bars. We should take

into account, that the increase of electronic energy loss in this compounds also scales with the

cation atomic number. All that suggests slight to no trend for track radius variation depending

on the cation in the monazite group of LnPO4. The Raman analysis of full series of rare earth

phosphates irradiated up to the fluence of 2×1012 ions/cm2 gave a hint for the track radius

decrease with the increase of Ln atomic number. The accurate proof of this dependence requires

additional experimental data, preferably combined with the other experimental techniques i.e.

SAXS and TEM, and could not be done within this research.
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5.4 Radiation damage in LnPO4 depending on beam conditions

5.4.1 Flux effect in YPO4 and TmPO4

This section describes the response of YPO4 and TmPO4 samples to the ion beam in different

flux regimes. The samples were irradiated with the Au ion beam (50 Hz repetition rate, 5 ms

pulse length) using a flux of either 108 or 109 ions/cm2·s up to a fluence of 5×1012 ions/cm2.

For the qualitative comparison of radiation damage, additional samples were irradiated up to

1×1013 ions/cm2 (109 ions/cm2·s flux). The used ion beam provides irradiation with the most

homogeneous time distribution of ion-impact events over the sample volume (details are given

in section 4.1).

Figure 5.52: Flux effect in YPO4 irradiatied by 2.1 GeV Au ions.

Figure 5.52 shows the Raman spectra of YPO4 irradiatied by 2.1 GeV Au ions at different

fluxes. The measurements were performed with a red laser (λ = 632.82 nm). Automatic

background subtraction was used for all three spectra. All the typical radiation-induced changes,

as discussed in the previous sections, can be observed in the Raman spectra: the decrease

of the sharp Raman bands, the increase of the background, and the appearance of a broad

hump around 970 −1. The broad peak at 970 cm−1 is observed in all three spectra, however

depends on the beam parameters. The sharp Raman peaks have the highest intensities for the

sample with a fluence of 5×1012 ions/cm2 irradiated with a flux of 109 ions/cm2·s. Comparing
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the three Raman spectra allows to draw the conclusion, that an increase of ion flux leads to

partial annealing of radiation damage. This becomes evident when comparing the samples

irradiated at a fluence of 5×1012 ions/cm2 using different fluxes: the sample irradiated by a flux

of 109 ions/cm2·s has a less pronounced broad hump (indicating a lower fraction of amorphous

material) and more intense sharp peaks (indicating a larger amount of remaining crystalline

material) than the sample irradiated with a flux of 108 ions/cm2·s. The YPO4 sample irradiated

up to 1×1013 ions/cm2 with the higher flux (109 ions/cm2·s) exhibits a slightly larger material

degradation than sample irradiated up to 5×1012 ions/cm2 with the lower flux (108 ions/cm2·s).

Figure 5.53: Flux effect in TmPO4 irradiatied by 2.1 GeV Au ions.

The effect of a damage decrease with increasing ion flux is also observed for TmPO4 irradiated

by 2.1 GeV Au ions, presented on fig. 5.53. The measurement conditions and analysis of the

Raman data were identical to YPO4. We can observe that the increase of the ion flux leads

to a decrease of the radiation damage in the sample. The Raman spectra of 5×1012 ions/cm2

(108 ions/cm2·s) and 1×1013 ions/cm2 (109 ions/cm2·s) samples in fact look so much alike,

allowing the conclusion, that for the TmPO4 sample an increase of the ion flux from 108 to

109 ions/cm2·s doubles the required amount of impacting ions to produce the same damage in

the material.

This flux effect observed in the YPO4 and TmPO4 samples is presumably linked to a tem-

perature increase and partial defect annealing in the samples during the irradiation. The rare

earth phosphates are known to have a relatively low recrystallization temperatures [84] and a
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low thermal conductivity [85]. The ion beam induced temperature increase in the irradiated

layer may lead to a defect annealing and recrystallization [86–88]. A more detailed analysis

of this flux effect would require more experimental data with larger flux variations as well as

maintaining of a macroscopic sample heating.

5.4.2 Response to the different ion beam pulse intensities

Several samples of rare earth phosphates (monoclinic PrPO4, SmPO4 and tetragonal YPO4,

TmPO4) were irradiated by the Xe ion beams using two different pulse intensities. The total

accumulated ion fluence for all samples reported in this section is the same: 1×1012 ions/cm2.

The high pulse intensity setting of the ion beam uses a flux of 1.8×108 ions/cm2·s with a repeti-

tion rate of 2 Hz and a pulse length of 0.2 ms, leading to a beam intensity of 0.9×108 ions/cm2

per pulse. The low pulse intensity setting of the ion beam uses a flux of 3.2×108 ions/cm2·s
with a repetition rate of 5 Hz and a pulse length of 1 ms, leading to a beam intensity of about

0.6×108 ions/cm2 per pulse. The Xe ions in both cases had a total energy of 1.5 GeV (specific

energy equal to 11.1 MeV/u).

Figure 5.54: YPO4 irradiatied at 1×1012 ions/cm2 by 1.5 GeV Xe ions using a low repetition rate coupled
with a low pulse intensity (5 Hz, 1 ms) and a low repetition rate coupled with a high pulse intensity (2 Hz,
0.2 ms) ion beams.

A detailed description of the irradiation conditions and beam pulse structures is discussed in

section 4.1. For each irradiated sample the Raman spectra were measured in two positions.
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First measurement was performed close to the irradiated surface within the ion range, while

the second one was done far away from the irradiated surface. That made a crystal orientation

being identical for both Raman measurements. It allows a comparison of the Raman spectra for

the damaged and virgin crystalline material. The Raman spectra were taken using a blue laser

(λ = 473.05 nm) for the YPO4, TmPO4 and SmPO4 samples. PrPO4 was measured using a red

laser (λ = 632.82 nm) due to a large fluorescence caused by the blue laser light (see fig. 3.7).

During the discussion of the material response to the ion irradiation in this section I will neglect

the difference in overall flux between beams of 3.2×108 and 1.8×108 ions/cm2·s. The possible

flux effects discussed in the section 5.4.1 are considered to be negligible here due to the small

difference in flux values.

Figure 5.55: TmPO4 irradiatied at 1×1012 ions/cm2 by 1.5 GeV Xe ions using low repetition rate coupled
with a low pulse intensity (5 Hz, 1 ms) and low repetition rate coupled with a high pulse intensity (2 Hz,
0.2 ms) ion beams.

Figure 5.54 shows the results of the Raman spectroscopy measurements of YPO4 samples

irradiated by Xe ion beams of two different beam structures: 2 Hz, 0.2 ms and 5 Hz, 1 ms. The

first feature that could be observed, is the increase in intensity of the broad hump at 970 cm−1

for the high pulse intensity beam (2 Hz, 0.2 ms). This increase is accompanied by the decrease

of all sharp bands attributed to the crystalline material fraction. This indicates an increased

amorphous fraction when irradiating with the high pulse intensity beam in comparison with the

low pulse intensity (5 Hz, 1 ms) Xe beam. The Raman peak positions in the irradiated samples

in comparison with virgin crystals also suggest different values of relative Raman peak shifts for
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particular irradiation conditions. The sample irradiated with the 2 Hz, 0.2 ms beam produces

a Raman peak of the symmetric stretching mode (peak at 1001 cm−1) with lower intensity,

however less shifted to lower values than the sample exposed to the 5 Hz, 1 ms ion beam.

Figure 5.56: PrPO4 irradiatied at 1×1012 ions/cm2 by 1.5 GeV Xe ions using low repetition rate coupled
with a low pulse intensity (5 Hz, 1 ms) and low repetition rate coupled with a high pulse intensity (2 Hz,
0.2 ms) ion beams.

This trend of the broad amorphous hump beeing more pronounced in the Raman spectra of

the samples irradiated by the high pulse intensity beam persists through all irradiated samples

of both tetragonal and monoclinic structures. In addition, for all samples the Raman peak shift

of the symmetric stretching mode to the lower wavelength is always more distinct for the low

pulse intensity beam. For TmPO4 (fig. 5.55) in the Raman spectra the absolute positions of the

symmetric stretching mode seem to be identical for both irradiations, however the shift relative

to the corresponding virgin sample is significantly different (the shift of the absolute Raman

peak positions here is an artifact of the instrument calibration). A very similar behavior could

be observed in the Raman spectra of monoclinic PrPO4 (fig. 5.56) and SmPO4 (fig. 5.57). For

the monoclinic phosphates, the shifts of the Raman peaks are slightly lower, but the increase of

the broad hump intensity and decrease of sharp bands is still obvious.

In section 5.2.4 the shift of the Raman peaks was discussed and related to the formation of a

defect halo around the amorphous track. I have also suggested the possibility of a partial defect

recombination in the overlapping halos of the ion tracks (see fig. 5.21). This understanding of

the damage formation could be extended to explain the difference in the material response to
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Figure 5.57: SmPO4 irradiatied at 1×1012 ions/cm2 by 1.5 GeV Xe ions using low repetition rate coupled
with a low pulse intensity (5 Hz, 1 ms) and low repetition rate coupled with a high pulse intensity (2 Hz,
0.2 ms) ion beams.

the various ion beam pulse intensities. During the low pulse intensity irradiation we assume

that in the particular sample volume a simultaneous overlap of ion tracks formed by several

impacting projectiles never happens. In this case, the succeeding ion provides additional energy

to induce partial damage recovery within the halo left from the previous impact. During the

irradiation with the high pulse intensity we increase the chance of two or more simultaneous

ion hits in adjacent regions (track overlapping during the ion impacts). The aggregated energy

within an overlapping excitation cascades is enough to transform the sample material into an

amorphous state. The decrease of material amount within the defected halos can be observed

in Raman spectra as a smaller shift of the peaks position towards lower wavenumbers, whereas

the larger amorphous volume increases the intensity in the broad hump in the spectra.

We can try to estimate the probability of the event of the material amorphization due to the

simultaneous energy deposition from the impact of two or more ions. We immediately face

the lack of a theoretical description and calculations of the electronic structure of rare earth

phosphates. In the literature there are the estimations of radial electron distribution after the

ionization in LiF [89] and diamond [90]. The radial distribution of the electron excitation

could possibly reach a micrometer scale. However, taking into account that a simultaneous

ionization produced by two or more different ions requires a time difference between impacts
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to be below 10−12 s, it is questionable if this can happen with a sufficient probability, at least in

the straightforward way that was previously suggested.

A flux effect by itself is reported in the literature both in the sense of flux-induced macroscopic

temperature increase, and in the observation of complex defect formation due to an overlap of

damage cascades from different ions [91]. A better understanding of the physical phenomena

that appear during the irradiations with the intense pulsed ion beams requires both the accu-

mulation of more experimental data as well as the development of a theoretical understanding

of ion irradiation-induced damage formation.

5.4.3 Discussion and conclusions

In this section I have shown that detailed consideration of material degradation by shift heavy

ion irradiation should take into account not only a total amount of accumulated ions (fluence),

but also a rate (flux) at which this fluence was accumulated. Raman spectroscopy analysis of

YPO4 and TmPO4 samples irradiated by 2.1 GeV Au ions have shown that increase of ion flux

leads to partial damage annealing, most likely due to the macroscopic temperature increase of

samples during the irradiation. In addition to the beam flux, an ion beam substructure was

found to play crucial role in the amount of produced amorphization. YPO4, TmPO4, PrPO4 and

SmPO4 samples were irradiated by the two kinds of Xe beam. The first provided a 1 ms long

low intensity pulses with the repetition rate of 5 Hz with the total flux of 3.2×108 ions/cm2 · s.
The other beam had high intensity 0.2 ms pulses with the repetition rate of 2 Hz and total flux

of 1.8×108 ions/cm2 · s. For all the samples amount of amorphous material was found to be

greater in the case of high pulse intensity beam. Further analysis of Raman data suggests that

possible explanation or increased amorphous fraction for the pulsed ion beam could be induced

by the mechanism of amorphization in the overlapping excitation cascades of different ions that

were provided simultaneously to the sample.
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6 Conclusions and outlook
Series of single-crystal rare earth phosphates (REEPO4) were exposed to energetic heavy

ion beams. After the irradiation with 2.1 GeV Au ions of fluence between 5×1011 and

5×1013 ions/cm2, all samples experienced significant structural changes. That affected both

macroscopic material properties producing visible specimen transformation, as well as amor-

phization that was observed and quantified by different experimental techniques. Sample frac-

turing, cracking, swelling and coloration lead to the direct observation of radiation-induced

modifications. Stress created at the interface between the irradiated and nonirradiated material

results in severe sample embrittlement. Amorphization of rare earth phosphates was studied

mainly by the Raman spectroscopy. The evolution of the Raman spectra of irradiated mon-

oclinic NdPO4 and tetragonal HoPO4 were analyzed as a function of ion fluence in order to

determine amorphization cross sections for 2.1 GeV Au ions in both samples. The intensity

of all sharp Raman peaks that existed in the virgin spectra were found to gradually decrease

with the irradiation and completely vanish at a fluence of 1×1013 ions/cm2. Luminescence

present in the Raman spectra of virgin crystals also quickly disappeared when increasing the

ion fluence. Amorphous background and broad hump at the region of the (PO4)3− symmetric

stretching modes are the only features in the Raman spectra of completely amorphized rare

earth phosphates. Taking the ratio of a broad hump to the area of the corresponding symmetric

stretching mode was the first approach used for quantification of the amorphous fraction at cer-

tain fluence step. This technique produced data that did not follow theoretical predictions for

the direct impact amorphization process, and the deduced track radii did not match the results

obtained by other experimental techniques (SAXS and TEM). The second approach consisted

of rescaling the Raman spectra and taking into consideration only sharp Raman peaks. This

method yielded significantly better results and predicted track radii close to 5.0 nm for both

compounds. Further Raman investigations of NdPO4 and HoPO4 found an unusual dependence

of a radiation-induced change of the position and width of the Raman bands. The Raman peak

width for NdPO4 tends to increase for the first fluence step of 5×1011 ions/cm2 and then shrinks

at larger fluences. In the case of HoPO4 the Raman peak width increases up to 1×1012 ions/cm2

and shrinks at subsequent irradiation steps. Similar behavior was observed for the Raman peak

position consisting of an initial shift of the Raman peaks to lower wavenumbers followed by a

shift of all peaks to higher values of Raman shift. This behavior is explained by the existence of

a defect halo around the amorphous ion track. Calculation for HoPO4 suggests the halo radius

to be around 6.4 nm. Raman spectra measured along the ion trajectories supported the idea of

electronic stopping power playing a dominant role in the damage production during the swift
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heavy ion irradiation. Raman spectroscopy analysis was performed on a series of monoclinic

and tetragonal phosphates with the purpose to test whether there exists a dependence of the

track radius from the rare earth cation. Both Raman and small-angle X-ray spectroscopy data

suggests little or no dependency of track radii for 2.1 GeV Au ions in monoclinic phosphates

([Nd,Pr,Sm,Eu]PO4) and small increase of track radii from NdPO4 to EuPO4 could be explained

by the density variation. Raman spectroscopy analysis of tetragonal phosphates suggests a slight

trend of decreasing track radius with increasing REE atomic number. However, the precision of

the Raman analysis is not sufficiently high and such possible trend requires further confirmation.

In addition, the influence of ion beam parameters on the produced radiation damage was tested.

The increase of the Au ion flux from 108 to 109 ions/cm2·s was shown to induce partial damage

recovery, most likely due to macroscopic sample heating. The irradiation of several monoclinic

and tetragonal phosphates with Xe ions allowed studying of material degradation depending

on the pulse intensity of the beam. Samples were irradiated with Xe ions of low repetition

rate and high pulse intensity (2 Hz, 0.2 ms, flux 1.8×108 ions/cm2·s), and low repetition rate

and low pulse intensity (5 Hz, 1 ms, flux 3.2×108 ions/cm2·s). For all studied rare earth phos-

phates samples irradiated up to exactly the same fluences, the high pulse intensity has shown

to produce larger amorphization in comparison to low pulse intensity beam. This work opens

a window for more reliable quantitative Raman spectroscopy analysis of radiation damage by

proposing an alternative way of spectra analysis. Nevertheless, the uncertainty in the fluence

determination and variation of sample orientation calls for on-line measurements of radiation

damage with the full control of measurement geometry and stable position of measurement

spot. Interesting extension of the presented work would be the irradiation with different ions to

vary the electronic energy loss and determine the threshold for track formation. The results also

demonstrate that beam parameters such as flux and pulse intensity play a crucial role for the

radiation damage production. That is why the control of these parameters during irradiations

and systematic research with their variation is necessary for the improvement of predictive capa-

bility of material degradation under particular irradiation conditions. The existence of a defect

halo has to be confirmed with additional experimental techniques and ideally quantified in size

or volume. High resolution TEM could help in the direct observation of the defect area around

the amorphous track and halo size estimation.
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