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Introduction: Structure of DNA |
® B form i1s the most common form.

® Double right handed helix polymer.

- éﬂiﬁiﬁi ® Nucleotides are the building blocks,
= Cirosine which are formed by a base, a sugar
and a phosphate group.
R E
5]\ I\ ® Bases can be Purines (A, 6) or
f 3,.1.3‘\. _ /®\ a) Pyrimidines (T, C).
P 5] /[ ® The sugar is a deoxyribose sugar.
\@;/ L2 ® The phosphate group act as structural
A support

[1] Anirban Ghosh and Manju Bansal. A glossary of dna structures from a to z. Acta Crystallographica Section D: Biological Crystallography,
59(4):620-626, 2003.
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Introduction: Structure of DNA ® Self assembly and self

recognition

® High transfer rates of
charge

® Spin selectivity (CISS Effect)

[2] Nadrian C Seeman and Hanadi F Sleiman. Dna nanotechnology. Nature Reviews Materials, 3(1):1-23, 2017
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Introduction: DNA in the context of molecular spintronics

linear polarized laser radiation
“ « Spintronics study: Inject, manipulate and

RLE irougncniral myer . tletect spin polarization and spin polarized
3 ) ' j" " diameter approx. 2nm currents.
S | oo o Individual molecules.
monolayer of dsDNA 2 p PR . . . . .
y « DNA properties: spin polarization, spin
¥ o o' dependent transport, long distance

inpolarized photoslectrons electron transfer, chiral induced spin

Voo | . - ..
Hf" ”“ (linear polarized radiation) selectlwty

i
gold substrate *

Chiral Induced Spin Selectivity! (CISS Effect)

[3] B Gbhler, V Hamelbeck, TZ Markus, M Kettner, GF Hanne, Z Vager, R Naaman, and H Zacharias. Spin selectivity in electron transmission
through self-assembled monolayers of double-stranded dna. Science, 331(6019):894-897, 2011.
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Introduction: DNA in the context of molecular spintronics

“ Other amazing applications!
linear polarized laser radiation

| -« (Quantum information science, quantum
AR . trough chirallayer . computers

> " diameter approx. 2nm

« Sensors
e of deDNA e « Spin injection through molecules in
monolayer o1 as . ] )
spintronic devices

« Spin selective chemistry

unpolarized photoelectrons
(linear polarized radiation)

it

gold substrate *

Chiral Induced Spin Selectivity! (CISS Effect)

i

[3] B Gohler, V Hamelbeck, TZ Markus, M Kettner, GF Hanne, Z Vager, R Naaman, and H Zacharias. Spin selectivity in electron transmission through
self-assembled monolayers of double-stranded dna. Science, 331(6019):894-897, 2011.
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Introduction: DNA in the context of molecular spintronics

linear polarized laser radiation * Some open qUEStIOHS!

b b eanenmaime o o Better understanding of the electron
gt ot " I .
T VL i transport process (including the spin)
22— « What is the mechanism for the CISS
monolayer of dsDNA . : ; g | eeeinmisim effect?
P Lok o Origin of the high electron and spin

| transfer, even at room temperature
"} H “ unpolarized photoelectrons
'" "‘ ”‘ (linear polarized radiation) . . .
gold substrate * « Electron and spin-phonon coupling role in
modulating and protecting these currents

Chiral Induced Spin Selectivity! (CISS Effect)

Understanding the electron-phonon and spin-phonon interaction is fundamental to
understand this effect!

[3] B Gdhler, V Hamelbeck, TZ Markus, M Kettner, GF Hanne, Z Vager, R Naaman, and H Zacharias. Spin selectivity in electron transmission

through self-assembled monolayers of double-stranded dna. Science, 331(6019):894-897, 2011. [4] D. Aiello et. al., A Quirality-Based Quantum
Leap, https://doi.org/10.1021/acsnano.1c01347, ACS Nano 2022.
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Introduction: DNA in the context of molecular spintronics

The importance of theoretical,
analytical models in this context

Understanding the electron-
phonon and spin-phonon
Interaction is fundamental to
understand this effect!

o DFT. Challenging for the number of atoms
In the unit cell. Expensive in time. The
effect of spin selectivity is underestimated
by these calculations

o Analytical methods (Tight Binding).
Atomistic derivations that can derive in
Hamiltonians with the relevant
Interactions

[4] D. Aiello et. al., A Quirality-Based Quantum Leap, https://doi.org/10.1021/acsnano.1c01347, ACS Nano 2022.
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® |ntroduction

® The Model
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® [NA structure model

O

® The envelope function approximation /“'
® |nclusion of the vibrations
® Electron-phonon interaction in DNA

® Spin-phonon interaction in DNA

® Conclusions
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The model: DNA structure model C%
B-DNA | 12.01

1s*28721"

© Hydrogen
o © Oxygen ] ]
3 @ Nitrogen Unpaired electrons at the pz orbitals
S © Carbon
’g © Phosphorus
=

Major groove

Pyrimidines Purines

[5] L.G.D. Hawke, G. Kalosakas, and C. Simserides, Electronic parameters for charge transfer along DNA. Eur. Phys. J. E 32, 291-305 (2010).
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Top view Y

The model: DNA structure model / F

Agq -
X
* B-form DNA with N sites per helix. K N
B-DNA Side view Z Vectors connecting nearest neighbors
AB . bAg
T = a8 55 | Intra-
bA helix
P = gy~ 0k
(0

T3 = —2az.
Inter-helix
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The model: DNA structure model

* Modes in the double-helix DN A model.

A\

Z ~ Breathing (radial)
| mode
W T /
M)
Stretching | A

(longitudinal) mode A
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The model: The envelope function approximation

Wave function

U(r) ~ uk(r)F(r),

Fast oscillating wave Slowly varying
function envelope function

Wavefunctions used for the nearest neighbors TB model, in the DNA two-sites system:

Vo (Ra) = BERAFK (R ) 4+ K BapK (R ). 7

Z

Ups(Rp) =BT BFE (Rp) + e BFE (Rp).

K = —(0,aA¢, bAf) K =-K.

2R2

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020
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The model: The envelope function
approximation

W40 (Ra) Z tRAaa(RA‘I‘T )U\IJAU Ra+77)

n A
—|—Z RAJ,(RA—l—TlA)O'/\IJAUI(RA—l_Tl )

+ t?ﬁim(RA—i-TB)aquU (RA + 7-3)’

2
e¥po(Rp) = Z QBU,(RBHB)J\DBU(RB i)
=1

B
T Z RBa,(RB-I-TlB)a’\IJBU’ <RB + 7 )

+ t?ﬁ;a,(RB—Tg)a‘I’Aa(RB — T3).
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Hopping

R

<

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020. [7] S. Varela et. al., Physical Review B 93, 155436 (2016)
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.. Breathing (radial)
The model: Inclusion of the T /{ -
| .\TT‘ retching

vibrations / KAQ ¢ %= | (longitudinal

\ y ]'% mode

How to include phonons?

2
™ Z(RA—FTZA)U’\I}AU/ (RA + TlA) *
=1

out
LR, (RA+T3)quBU(RA +73), These hopping parameters depend on the
hybridization between atomic orbitals of
different atoms involved in the process, and

2
_ in B therefore, they depend on the distances
eVpo(Rp) = ’ "R, JRp+rp)o Y Bo(Rp +777) bz/atwsen atoms

" <RB+T Vpo(Rp +777) *

+Ht U4, (Rp — 73). Atomic vibrations modulate the hopping
parameters

2

e fa) = @ Ratr)s Lao(Ra +7)
[=1

ou
RBO'7 —‘T3)O'

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020
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The model: Inclusion of the

vibrations Atomic vibrations modulate the hopping

parameters
2
eVar(Ra) = @ RA+TZA)U\IJA0(RA + 1) Jinout _mout _ gimoutyin-out iy
(=1 R, R+ 0 2 ]
" z2:<RA+T;“)0'\I’Aa’(RA +7) [wr(Rp) —wr(Ry + 7)),
=1

2
€\IJBO'(RB) — tgaLBo' (RB—F‘TB)O'\IJBO-(RB T TlB)

l

c = |7/| Equilibrium distance between atoms
mn B
(RB-I-TLB)J’\IJBU/ <RB + 7 )

: & O Lin.out : c O
Vi (R~ 7). pinont = ——C o it

_ = ysin
tz)n,out Oc noo= V()Zn e 0o >

ur(Rp) —ur(Ry + 7)),

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020. [8] Ishikawa K and Ando T 2006 J. Phys. Soc. Jpn. 75 084713.
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The model: Inclusion of the

. . tln Vln
V|brat|0ns wa(Ra) —ua(Ra+ 1) =~ — (171 V) x Intra-helix
n,out __ jin,out 6in’OUttén,OUt I < out (OéaCU.(r) + aopv(r))’ displacement
tRI’RI+TzI N to B c? Tl/ t :
. R;) —u;(R; + 7)), ua(Ra) —up(Ra + 73) = Inter-helix
r(Re) — R+ 77) 207y (x) - (75 - V)(a*u(¥) — a”v(r)). displacement
in in  0"VG" Optical and acoustical amplitudes
VRI,RI-I—Tl - VO B nc—207-ll / : P
ur(Ry) —ur(Rr +77)), a"u(r) = ua(r) + up(r),
a’P’v(r) = ua(r) —up(r),
¢ = |7/| Equilibrium distance between atoms War(Ra) = 31 rsrtng Vo (Rt 77

2

E : in A
+ VRAG,(RA—i-TzA)a’\IIAU/ (RA + 7 )

=1

+ tgjﬁo,(RA‘f'TS)O'\I/BU (Ra +73),

2

e¥po(Rp) = ZtgLBU,(RBJrTZB)ULPBU(RB +71°)
=1

Bz’n,out _ ¢ Y tin,out n c 0 mn
o in,out Oc 0 no=- in 9.0 >
to Vi™ Oc

2
mn B
+ Z VRBG,(RB+TZB)U/\IJBUI (RB + Tl )
=1
+ t%qféa,(RB—Tg)a\IlAU (RB - 7-3)'

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—-phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020
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Electron-Phonon Interaction in DNA  « The stretching modes are decoupled from

the electron transmission (at 1st order)
. < Breathing modes are predominant
eFa(r)l = —t)"2Rvk, Fs(r)

out

= (a0, (a®uy — aPvy) + aa"pvm))]lFB(r)

(r)1 = —t""2Rvk,Fg(r)

out

> (azax(aacux — a”Pv,) + aaOpvx))ILFA(r)

HF(r) = ¢F(r) F(r) = (F¥(r), F¥ (r)) Nocouplingwith phonons in the

Intra helix elements of the
© A B Hamiltonian!
2 (H 0 ) JKK _ (—t;ﬂQRuky to" )
0 HK toyg  —t"2Rvk,

[6] Mayra Peralta, Steven Feijoo, Solmar Varela, Vladimiro Mujica, and Ernesto Medina. Coherence preservation and electron—phonon interaction in
electron transfer in dna. The Journal of Chemical Physics, 153(16):165102, 2020



_/ Mayra Peralta. YachayTech University,

Urcuqui, Ecuador.
Technical University of Dresden, Germany,

March 25th 2022

Spin-Phonon Interaction in DNA

At A B4 B
_Qtzonfzn(k)V QZ)\'fgnO,yznV tgut fout (k) 0
LK _ | 2oy =24 (k) 0 gt fout (k)
t(o)ut(fout (k))* O _Qtzonfzn (k) 22 "fgno.,yzny
0 t(o)ut(fout (k))* _zi)\zSnO,yznV _Qt%)nfzn (k)l/
oy At this order we can see that the spin
'anl_'_n A¢[2( acy + a°P) ) . .
T= 2 @@ Oyty T Oy Is coupled to the stretching modes,
4 ;_b(aacayuz + a%d,v, + a®d,u, +ad,v,)  While breathing modes are coupled to
s . . .
2 the non-spin-flipping elements of the
+ —2(04“0(92@2 + a°P0,v,)], i i
ﬁég . Hamiltonian
out
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Conclusions

M Intra-helix non spin-flip coupling only includes a second order kinetic term.

M Electron-phonon interaction is only present between helices (In the breading
modes)

M Spin-phonon interaction appears for inter helix elements

M Breathing and stretching modes participating in ET

Future work

® To include the Rashba spin orbit interaction in the model

® Calculate transport properties including the electron and spin phonon
interactions

® This model can be used to describe electron transfer in other organic molecules
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