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Outline

» The goal: design a material for fritium based neutrinos detection for
—> Neutrino mass from [3-decay

—> Detection of relic neutrinos 2m,

“—>

> The needs: [\

# of events

—> High events rate = large concentration of tritium electron energy
- e~ efficient collection = large exposure of tritium

—> Filtering and control of AV = good conductance of the material

—> High resolution = flat tritium potential (loose binding)

» Why tritium @ graphene?
-+ High tritium loading
—> Huge exposed surface
—> Conductive
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Tritium @ graphene

—>High tritium loading

—> Huge exposed surface

—> Conductive

—> Tunable interaction potential

Is graphene the ideal material for the fritium based detector?
Not so fast...

* Limits of loading, depending of the “kind” of graphene and conditions of tritiation
% Limits in conduction, depending on the amount and distribution of loaded tritium

N2

** T potential strongly depending on local/global structure of graphene and magnetization state
—> Ab Initio Calculations to evaluate these issues and optimize the material

**The day (femtosecond) after...
—> Preliminary calculations of the ultra-fast dynamics just after the T— He transformation
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Tritium @ graphene: Loading A

<50meV
(H)T can be either chemisorbed -~=L"\

or physisorbed on graphene @0 >leV
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Chemisorbed tritium Chemisorption occurs in different configurations and loading levels,
depending on the external conditions during tritiation (pressure,
temperature, external fields, pristine state of graphene...)

GraphOne

GraphAne boat

Conductivity, magnetic properties, tritium binding potential:

ALL DEPEND on the level and configuration of loading
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Conductivity and band gap

Graphene: hexagonal 2D lattice of C atoms Fermi
energy * |

= gap-less semiconductor, with linear dispersion for

D, ielelel
carriers 1 (electrons) and m* (holes)

Jr— i p——

= pseudo-relativistic massless 2D Dirac equation for
electrons and holes, at the non relativistic

Fermi velocity v, = ¢/300

Fermi enérgy

—iveo - Vip(r) = Ey(r)

(electrons and holes behave as particle/antiparticle)

conductance o = eu(ny)n(E,(n
v Wide-band flat optical response ung) n( g( d))

v' Exceptional carriers mobility (z x 1000 of Cu) ‘

But: re L

X The carriers density nis null at Fermi Level Tr'hahon. reduces ’rh.e.conduc’rance
X 1 is lowered by scattering with defects by reducing the mobility and

X The gap opens for any kind of defect opening the band gap
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Density Functional Theory calculations

electron

v' Density Functional Theory: maps the e (—_hz) P24 V()
many electron problem onto an - \2m e
independent electron problem within an ,
effective potential dependin on the Vess = V(r) + j p(r )’ i OEx|p(M)]
electron density r=ri @)

v' Outputs T
—> Electron density p(r) and full electronic structure — Bands&gaps, Fermi =
level, optical properties, transport...
—> Electron spin density {(r) — magnetism
—> Forces on nuclei — vibrational properties and molecular dynamics
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Gap vs coverage

Band gap generally decreases with T loading

graphEne graphAne
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But data from calculations (and exp as well) are very
messy mainly because of different hydrogenation
modality

* one or two side

* clusters or random

« geometry of hydrogenation (strips, islands, ...)
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Gap vs coverage focusing on simple geomeftries: Tritiation per stripes

P P

Nanoribbons sculpted in graphane (PRB 2011)

The gap-vs-stripes width
dependence is similar to that of
graphene nanoribbons...
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Tritiation per islands
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Gap vs coverage
In summary, tritiation by stripes or islands:
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% : I A A=3.5 (8) w*=1.1 ]
Explains the messy data - o WOk oA 4
" Q! 4~
S .
v' Suggests ways to combine high coverage 3 . 65
with conductivity i J ;.
—> Double side coverage is better than = 0 o <)
single side — 2 4 w
-> Ordered fritiation leaving connected £ -
tritium-free channels is better than -
disordered e S 5
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Stability and magnetic properties

Isolated tritium Nearby binding (~ 5A) Dimers (~ 1.4-3 A) @

j Ey~0.7, Eq-12eV v Ep~13, Eq~1.6 eV v The effect is amplified ¢
Local lattice deformation (sp2 — sp3) larger stability because Ep, E4 up to 2.5eV

v' Alternated sub-lattice magnetically the lattice is already ._.._....g-..-.

polarized around the binding site 2 deformed T
1 —

10 [

u(r) (ev)

E (eV)

2
r (R)

E (eV)

v Additionally, in the
para-dimer the 9
same sub-lattice <
sites are occupied

— the magnetization

is amplified, but the

stability is lowered

)
:
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Stability and magnetic properties

L I L A I B L
v GraphOne chair conformation (50%) is completely magnetically / LR A R AR RS
polarized sesbsss 2

5 1 16 2 25 3 |

= Favored (~/zB for each unit cell) in magnetic fields

3
v' The binding is destabilized E, ~ 0.4, E4~0.7 eV -
v' Additional barriers spin flip barriers
vo98e9oy
3. _
Summary table TN R S YT R DY G oeen b
Chair 4.35-438 003 435 T T
E, spans 4 eV range 100 Chair 2 15 1.0 0.5 2 4 . (A)G 8 10
50 chair 16 0.71 0.37 0.34 CH
6 2H trans, d=5.7, 0 1.64 0.33 131
3 Isolated 2 1.18 0.48 0.7
6 Dimer orto trans 0 2.55 0.19 2.36
6 Dimer meta trans 2 0.89 0.29 0.60
6 Dimer para trans 0 1.93 0.36 1.57
6 Dimer orto cis 0 2.5 0.7 1.79
6 Dimer meta cis 2 0.92 0.27 0.65
6 Dimer para cis 0 2.07 0.32 1.75 WW
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° ° ° ° ° ° 10 T T
Exploring 3D Binding potential of T in 100% graphene (chair) |
Steered dynamics o
v Eb~Ed~ 4.4 eV
v" The bound state is non magnetic 6
v spin singlet-triplet transition occurs during detachment S
v If the system is forced in the magnetized state, the binding is P
destabilized, but a barrier of ~1.5eV appears
v' The lateral potential of T was explored steering
it on x y planes at increasing z

e unrestr mag

—> Complete mapping

of the potential
for evaluating solid
state effects on
the resolution
(—A Esposito et al)
—> The lateral
potential stiffness
decreases as the
bond is elongated

E (eV)
E (eV)

El fields could modulate the potential
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and control the “solid state” effects on resolution
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Features of tritiated graphene in a nutshell

— ; GraphOne )
/".‘ Isolated/ Clusters/islands P Stripes

Yy ——t
»

i/
‘ﬁ%’g/ dimers
R Y VA

GraphAne

Loading/T density 10%

meta dimers >
Band gap/ (qualitative) ~4eV
“leV

T binding potential (qualitative)
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Features of tritiated graphene: the realistic case
“Regular" structures... ... but the real one are more like this

—— H total g = 100.0%
159 —— Hsp30,=100.0%

H sp3 - iso 0; = 30.9%

H sp3 - trans oy = 36.5%
1.04 — Hsp3-cis 0p=16.5%
——— H edge sp3 0, =0.0%

e | el be an average of the regular ones,

weighted by their occurrence

0.04

v' Desorption energies were evaluated

s W by Programmed thermal desorption
500 80D 1100 1400 1700 2000 2300 2600 2900 3200 3500 exp‘l‘ and Classical Molecular
Temperature (K)

dynamics simulations

3.0 . ~
[ E E J — e | ¥ In particular, on a “65% double
a=1. e Op=3.
; Y, 2 ey N[ GemiBeV avmsan side loaded sheet: E = 1-2¢eV,
20 R i compatible with a combination of
S === Sum H
Multi-methodological analysis of hydrogen desorption from graphene .“3 1.51 dlmers and Sma“ CIUSferS
i io®, Nina arretero®, Sebastidn Murcia-Lépez®, Juan Ramén =
Fmﬁ;‘?;;fé‘ioh;[acnaieeil&?52;3;1‘::11?;Ilzqtilzzla:la:i:?,l,l I\"}aﬂ) Fral\:;:ico ngi;,svslent?nah';l‘ozzimi‘f‘:)};,uc;JIBeulici"? 101 y edge sp3 ﬂ 4 ln ﬂ — 1]'1 ﬂ
051 sp3 cis kTp kTp ﬂ
Luca Bellucci o= N ’
et al o0 (Simulations on different

400 600 800 1000 1200

TuBEAakeT configurations are in the course)
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Loosely bound T for neutrino capture

! ]
v The dependence of the T binding potential on the local roneave
curvature of the sheet is very strong = o i
v' encapsulated T within nanotubes and fullerenes is very =
loosely bound <

v Flat potential along the nano tube axis

Vi (eV)

convex
K E 0 4

2: T T T T T T E E r (A)

£ E ] v The potential in the center of
of e E fullerene is also flat and

E ] = . .
-1F exezesecel B E magnetization dependent (work
_25_ o =ty o=t_ =ty o 1 m" E .
4P S=1 triplet 3 3 ,m progrss)

: S=0 singlet ] 3 "
..., Notrestrained - )2

v' Relatively high densities in compact
forms (fullerite and nantubes bundles)

PHYSICAL REVIEW D 106, 053002 (2022)

PRB 2022 PTOLEMY colaboration possible ma.l.erial For relic

Heisenberg’s uncertainty principle in the PTOLEMY project: A theory update

A. Apponi,'? M. G. Betti,** M. Borghesi,”® A. Boyarsky,” N. Canci,* G. Cavoto,** C. Chang,"-“’ V. Cheianov,’ M M ?
Y. Cheipesh,” W. Chung,"! A.G. Cocco,”? A. P. Colijn,** N. D’ Ambrosio.* N. de Groot,* A, Esposito®,'® n e u r I n OS e e C I O n
M. Faverzani,*® A. Ferella,*' E. Ferri,’ L. Ficcadenti,” T. Frederico,"® S. Gariazzo," F. Gatti, C. Gentile,”' °
A. Giachero,® Y. Hcch}mg.” Y. Kahn,'** M. Lisanti,'’ G. Mangano,'*** L. E. Marcucci,”*® C. Mariani,**

M. Marques,® G. Menichetti,** M. Messina,” O, Mikulenko,” E. Monticone, *** A. Nucciotti,** D. Orlandi, F. Pandolfi,”
S. Parlati,® C. Pepe,'***?’ C. Pérez de los Heros, ™ O. Pisanti,'>** M. Polini,**'*? A. D. Polosa,** A. Puiu,** L. Rago,**
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Dynamics after the T decay or v capture (Very preliminar)

What happens next? Just after the T— He transformation maﬁnuslce" (AE\;Eo-Eﬁn
4 'z e
+1 0

1. Isolated system: after the B release the system is iso-electronic with 1. isolated 2.72

graphane and magnetically neutral but charged due to the He* S s ! 18

Fr— T T T T3 goo

ZHe is released as neutral atom, leaving the system charged
- with 1 missing electron

W 2.7 eV energy gain upon release
| ] There is however a weakly vdW bound state

4| Fermi Level

(A “\—' N T A Charge 1+

0 20 40 60 80
t (fsec)

2. Grounded system: after the {3 release the system draws one electron and becomes neutral, but magnetized. The system
releases He with double energy than in the isolated case, though a very weakly vdW bound state still exist

— 600

In both cases, very specific vibrational

T 1 ‘\_,}\ modes and electric signals are activated
\ ’ X upon He release

=
<L
2]

} | W Could these vibrations and

SR currents be used for detection?
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Conclusions
v We explored by ab initio calculations and

simulations different conformations of T

chemisorbed on graphene
v" Increasing loading generally opens the gap but

there are favorable conformation for

conduction with high loading
v' The system is magnetic in very specific conformation

v The T binding potential depends very much on the configuration and loading
ction

v" Random conformations are easier to obtain, but less favorable for dete

purposes

v' After the T->He transition

v He tends to be released
v' Specific electric and vibrational signals are generated
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