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Why SHI are interesting ?

l. A new tool for nanostructuring

High resolution transmission electron microscopy

Initial excitation: R, <5A

Structure
transformations: R,~10nm

The energy losses due to elastic collisions are
too small to produce detected damage



Why SHI are interesting ?

Il. Fundamentals

4 O\ 4

Nanometric spatial and

~

Unusual kinetics
pathways of track
> relaxation

Which can not be
described by
Kmacroscopic models /

Femto-picosecond
temporal scales

Extremely high levels of
initial excitations

Models are necessary

which form the basis for controlling the technological processes
based on SHI irradiations



Time Scales
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. ke 1. Initial electronic excitations 10''s

2. Plasmon screening 10-16s

coulomb 575"[0! : = A .  delta electrons

.

3. Thermalization of electrons  10-1%s
4. Cooling down of electrons 10-14s
5. Energy transfer to lattice @ up to 1011s

6. Track cooling down 109%s
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Hgrmdl 1P 7. Stress relaxation >109%s
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Why the Thermal Spike is popular?

Temperature

S~

Easier description of structure and phase
transformations

Macroscopic models Thermo activated
with local equilibrium mechanisms

Heat Diffusion

Diffusion

Phase transformations
\ J




How to produce Two Temperatures Thermal Spike

1. Thermalization of both subsystem of a target (electronic and ionic)
at different temperatures. Local equilibrium

2. A difference between electronic and ionic temperatures forms the
driving force for energy transfer

3. Parabolic equations of heat diffusion
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Electron — phonon coupling
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Electron-lattice interaction in a SHI track

Cooling down time of electrons is much shorter that the
atomic vibration time.

€, = (R4, < 10145 << t,,= 1035

Lattice dynamic can not be ascribed by phonons

Frozen ionic structure with the ideal gas dynamics

(L. van Hove 1952)

Dynamically isolated atoms:  &(k) ~ k?
Phonons e(k) ~ Kk, (k<<m/a)

|

Electron — phonon coupling mechanism can not be
applied before 10-13s in SHI tracks

|




Electron-to-Lattice heat transfer rate
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“Thermometer” and “tool” for defect
kKinetics investigations

Examination of different temperature-based models of
track excitation needs a natural “thermometer” — a system

where :

a) Relaxation of electronic excitations results in well
detected changes
b) Temperature considerably affects to these changes

that also must be easy detected

> Alkali — Halides
> ( LiF, NaCl)

a=0.404 nm



Defects in alkali — halides

4.03 A

fcc lattice, (100) plane

Electro-neutrality. Vacancies
and interstitials must
capture charge carriers

O

New electronic levels due to
localization of carriers
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INITIAL STATE ENERGY E;—=

Exciton mechanism of defect creation

Excitons in LiF

R. T. Poole et al.,, PRB 11 (1975) 5179; J. R. Fields et al. PRL 38 (1977) 430
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@ Anion exciton 13.6 eV
é Cation exciton 62 eV
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In-situ spectroscopy at UNILAC GSI

Prof. Kurt Schwartz

1. LiF and NaCl
2. The ion energies 11 Mev/u (50 - 2600 MeV)

3. lons

a) Light C, Ti, Ni

b) Kr, Sm

c) Heavy Au, Pb, U
A, The electronic energy losses 0.7 - 26 keV/nm
5. Fluences from 108 to 102 ijons/cm?

s 6. Irradiation temperatures 8 K and 300 K h

Detection of defects having low thermal stability
- J




Absorbance

Abosrbance

«Low temperature» defects
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| centers are stable only
before 10 — 25 K

No dependence on the
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Hillocks in LiF
1400 Pb ions at 8 K and 300 K

1. Core damage

2. Threshold dE/dx ~ 6 keV/nm

3. No dependence on T,
8 K 300 K

dnm 1953 18.3%*3

h,nm 09%0.2 0.8+0.2

Athermic process ??



Different spatial scales of the thermal spike and
damage creation region
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Heating or Athermic ???? <1 nm



Irradiation temperature effects on fluence dependences
of F- center production for light and heavy ions
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Increase of defect production rate at 8 K for heavy ions

Decrease of defect production rate at 8 K for light ions



Formation of stable Frenkel pairs (F and H centers)

Two lengths govern defect separation and recombination

Good separation in a pair:

L. =10 =50 =14 nm

Separation of F and H centers in Frenkel pairs
depends on the local temporal temperature increase




Local heating and the defect production rate

L | T(r,0) | = Ly [ AT(r,0) + T,

irr ]

P 4 Separation at hot stage and recombination
4 P after track cooling down
AT from heavy ions provides good separation
&
and a similar number of stable pairs at 8 K and
| 4 300 K
* Recombination of H and F centers is

suppressed at 8 K

For light ions a local temperature is too week

& for effective separation of defects at 8K
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Estimations of the temperature increase in the
defect halo

Lw | T(r,0) | = Lyp [ AT(r0) + T,

irr ]

Separation due to Diffusion

X - C ~ 2

&9 6Dyexp(- Uy / 1) tf = Fpp
% D,=102cm’/s, Uy=0.05-0.1¢eV t£=10-100 ps

T, = 8K
IL,,=2nm >—> AT= 100 K-250 K

Heavy lons
Good sep.

Light lons ~ s—> AT = 50K-100 K
Weak sep. 'y 1 M



Difficulties of the classical model of heat diffusion
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Extremely fast cooling down at cryogenic temperatures
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Origin : An infinite velocity of heat propagation
assumed by the model



Cattaneo equation

For spatial and temporal scales of track relaxation we have
to take into account the finite velocity of heat propagation.

For the phonon mechanism - the velocity of sound

A finite velocity [—) the wave equation
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MD Investigations of the lattice kinetics

Crystal argon with fcc lattice and L - J pair potential

Kinetic temperatyre

Front of Excitation
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Monte-Carlo simulations of the initial electronic
kinetics

t=10"7"s -10"s

1. Creation of 1St generation of delta-
electrons and holes by SHI

2. Propagation of primarily electrons.
Creation of secondary electrons and holes

3. Auger decays of holes creating free
electrons

Spatial and temporal distributions of ,

- delta-electrons 2
- electronic vacancies at different shells o .%.
- excess energy of electronic subsystem =« "
- excess energy of lattice 40




Experiments which are able to touch the shortest times of
of electronic relaxations in a track (t < 10-14s)

Dr. Olga Rosmej et al.

X-rays spectroscopy. Spatially resolved measurements of the K-
shell projectile and target radiation along the ion trajectory

SiO, Aerogel Targets Ca*'® (E=5-11.4 MeV/u)

lon beam

3-D network: Si Ku-—satellites spectra propagation
3 nm - solid beads
20 - 50 nm - pore

-

Ni(58)

Ca(48)

| Mg(26)

i
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Disadvantage of the first attempt to fit

—m=—Theory (Bethe-Bloch)
ef=CasP 3.1
600 - =)= SRIM 2006
—o-=Presented MC-calculations
400 -
200 -
0

Only lonizations

1. Quantitative agreement

lon energy losses/
deposited dose

2. No success with fitting
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Initial L-shell vacancies
Fig 4. The experimental and theoretical L-shell vacancy distribution
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Decay of holes

L or VB (@) radiative decay

b Auger process
K or L (b) ger p

(c) Due to solid-like density - Inter-atomic Auger
processes

_ _ M.L. Knotek and P.J. Feibelman,
e hO l e e Surface Science 90 (1979) 78-90

L-shell

| |
Si

28



Number of atoms
with different number of vacancies, [a.u.]

Verification of the MC model

X-ray KalL" Si-spectra can be described
for different ion energies by using

only the one (!) free parameter:
the time of the inter-atomic Auger process

which fills holes in L-shells of silicon atoms
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Excess energy
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1. The energy of vacancies can not be neglected (55%)
2. Lattice excitation at times <1014 s (before phonons)



E, [eV/Inm’]

Ballistic propagation of the excess energy
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Delocalized electrons
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Application of the local temperature approach and heat
diffusion model (thermal spike) is questinable



Track parameters

centers, cm'2

l— L~100 um —i

Track overlapping results in
deviation from the linear
growth of the concentration

R,=(@®,)% =10-30 nm

Number of defects produced
per a single track

AN, = dnglines / d@

Average defect concentration
in a track

<Cp> = AN,/ (nR? L)



Diffusion coefficient of valence holes in SHI tracks
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Conclusions
Thermal Spike Model

Electron to ion coupling . No
large heating

Spectroscopy experiments.
AR Low temperatures in the defect halo

MD of lattice excitation. Problems with
thermalization. Excitation front

Monte-Carlo of electronic excitations.
Ballistic front. No thermalization.
Interatomic Auger

Considerable spatial redistributions of
valence holes is necessary before sel-
ftrapping. Diffusion coefficient of holes
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Conceptions of temperature, local

equilibrium, heat diffusion, phonons etc.
are applied hardly for the most important

-

stages of track kinetics

/
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