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General Introduction

Jun-Ichiro Kishine
(The Open University of Japan)
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Thanks a lot!




What is chirality?
18393

"... 1ts 1mage 1 a plane mirror,
1deally realized, cannot be brought
to coincide with itself."

1986 Laurence Barron

"The hallmark of a chiral system 1s that 1t
cheir = hand can exhibit time-even pseudoscalar
0 observables." Truly chiral
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Structural Chirality Natural optical activity
Si0O, (Quartz)

Licht
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o ¢ o chirale Probe
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Right-handed o-Quartz Left-handed a-Quartz 32 C rySta I I Og ra p h | C pO | nt g ro u pS

Cubic: O, Ty, T, Ty, O,

Tetragonal: Dy, D,y, Cy4,, C4, Sy, Cypy Dy
Orthogonal: D,, C,,, D,

Monoclinic: C,, C, C,,

Hexagonal: Dy, D4, Cq,, Cg, Capy Cghy Degr
Trigonal: Dj, Cy,, Cs, Cgi, Day

Triclinic: C,, C,

11 enantiomorphic point groups




Dynamical chirality: chiral phonon

Example: Te
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Pseudo angular momentum (PAM) from discrete rotational symmetry
|. Bozovic, Phys. Rev. B 84, 6586 (1984).



Phonon Angular Momentum

Example: BN atomic layer @ o (@ vivosen

A z 1 T

FE14(LO) LO3 I point
.
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Azu

— Phonon angular momentum |

Jph — E MmaUjq X illaa

la

finite Jph

o M K r Circular motion .
k # (truly) chiral phonon

[1962] S. V. Vonsovskii and M. S. Svirskii, Phonon Spin, Sov. Phys. Solid State 3, 1568 (1962).

[1962] A. T. Levine, A note concerning the spin of the phonon, Nuovo Cimento 26, 190 (1962).

[1984] Ivan Bozovic, Possible band-structure shapes of quasi-one-dimensional solids, PRB84, 6586 (1984).
[1988] A. G. McLellan, Angular momentum states for phonons, J. Phys. C Solid State Phys.21, 1177(1988).

[2014] L. Zhang and Q. Niu, Angular Momentum of Phonons and the Einstein—de Haas Effect, PRL 112, 085503 (2014).
[2015] L. Zhang and Q. Niu, Chiral Phonons at High-Symmetry Points in Monolayer Hexagonal Lattices, PRL115, 115502 (2015).



Introduction: Motivation

\ | , « Mechanism is unclear.
| Mirror - Spin-orbit (SO) interaction?
Electric field - Chiral Phonons?

' I\ - Spin-rotation coupling
A 3 1 :
e . (Micro Bernett effect)
of A o=k No SO interaction is needed.
i wy- 1 (Applicable to light elements)
-
¢ ¢ ¢4

1. Chiral-phonon/spin conversion
at an interface of quartz (SiO,)

Structural chirality & 2. Electron hopping in DNA




Mamoru Matsuo
S8 @UCAS (db=)

Chiral phonon-spin conversion
at an interface

T. Funato, M. Matsuo, and T. Kato, Phys. Rev. Lett. 132, 236201 (2024).




Phonon-Spin Conversion |
Mirror

a-quartz (SiO,)  Spin injection into W \
atef / (measured via inverse Sio4

spin Hall effect at W)

| ' | ' | ' iy
20 Quartz / W - : ‘

i ) / \"“ﬁ‘,‘.’.
~ 10 f n —ex_ P/ )
T %*'m-,..._ Left-handed | Right-handed
A I v B (8 R)
CER W o .
<-10F a4 L Q4 a-quartz (SiO,) is

20k W R 1 ‘\; band insulator
N IR R R _ I
0 10 20 30 40 g non-magnetic
T (K) no heavy elements

K. Ohe et al., Phys. Rev. Lett. 132, 056302 (2024) | =/ alelalelaliile) i/l s eelphi=iai=lel lall0) spins.



Chiral phonons

a-quartz (S10,) Phonon dispersion : :
(Transvers phonon) No inversion symmetry

10

Chiral crystal
structure

Main question: How chiral phonons are converted into spins?
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Theory of chiral-phonon spin conversion U : displacement

v" Phonon angular momentum: XU XU
Zhang-Niu, PRL 112, 085503 (2014)

v' Pseudo angular momentum
Selectionrule mh (m =0, +1)

v Penetration of chiral modes + spin-orbit interaction
Ohe et al., PRL 132, 056302 (2024), Suzuki et al. PRB 107, 115305 (2023)
Yao-Murakami PRB 111, 134414 (2025)

i AN (S (R
v Gyromagnetic effect (our study) NS |

Q(’l") =V X U(’r') R-Quartz




Gyromagnetic Effect

Surface acoustic wave (SAW) Chiral phonon

S.J. Barnett, PR 6, 239-270 (1915)  D. Kobayashi et al, PRL 119, 077202 (2017) Our study
. V(@) =1u(T)

1 v(x)
Hsr = —3 Z S(x;) - Q2(x;)
%SR — _S © W ‘ 7 Spin VOftiCity

spin angul?lr Q(;I:) =V X v(m)
velocity velocity



Model
Hamiltonian: H = Hcep + Hawv + He + ’th + Hgr

Electrons in CI

A Energy

ClI Ek’ %CI — Z Edeﬂ_dkg
energy gap oo

spin current Nonmagnetic
metal

Chiral
insulator

Electrons in NM 4

_ § : T
%NM — Ekckgckn high-T
ko

Temperature gradient
low-T

Interfacial tunneling

Hi = Z nfzkdjr,gﬂkg + h.c
kk'o



Model
Hamiltonian: H = Hc1 + Haxm + He + Hpn + Hsr

Phonons m CI th — Z ﬁ.ﬂdqi}.‘(ﬂgiﬂqﬁ + 1/2)

q A spin current Nonmagnetic
\ metal
Time reversal Chiral V4
insulator 1a."aY &
Wq_l_ — w_q_ g % L /,y g
YV wy
Space inversion |
high-7
W q _I_ # W q _I_ Temperature gradient low.T
Spin-rotation coupling in CI Hgp = D) E S_q Qg

(Gyromagnetic effect) g\ vorticity



Interfacial spin-phonon coupling

(1) Interfacial (2) Spin-microrotation (3) Interfacial
electron tunneling coupling in CI electron tunneling

NM NM NM
| S ey * |
-.lb o q )\gp(}hiral

honons CI CI
v

1 At Az - Ay
Interfacial ~ B Z o B Sp — 5408y
. %e—ph — Jq)p QQAS —I— Q—QA D 1
spin-phonon = ch o0 o Chi
li P4\ [atrix Vorticity ~ Electron spin ? kom
coupling . .
element in NM ar = Slgn T g




Spin current (main result)

(1) o > wia(a- 2)[g - Tm (egy X eq)] | F22 (war) — folwan)|

qX pseudo-scalar (chirality)
Mirror Reflection (MR)
* MR *
q-Im(e;, X eqn) — — q-Im(e,, X egn)

~ Experiment

>Reverse!
20 Quartz / W
Z ] M-& Beny. |
R e sl
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L | L L | L
0 10 20 30 40
T (K)



Spin current (main result)

Iz ph
(I5) E wir(g- 2)[g-Im (e} X egr)] [fqh(qu) —fo(wq,x)]
nonequilibrium distribution of phonons
5 q p
BOltzmann ” vfph L fq)\ o fO spin current Nonmagnetic
equation ~9* g\ — AN el
q TqA Chiral \ 4
1 insulator \Y 4
Velocity of Momentum % \? X ¥\
phonons relaxation CTYVY 4
Parameters high-T |
Relaxation time: t = 10~ 19s Temperature gradient | @7

DOS of NM: vy = 10~ %eV~1 s 5
Interfacial hopping : |T|/A = 1/20 ‘ <IS > ~ 10 HA
s g Observable!




Summary (the first part)

v" Spin current is calculated from microscopic Hamiltonian of chiral phonons via
spin-rotation coupling.

v The estimated spin current is consistent with the experiment.

v" This study provides a comprehensive viewpoint for the CISS effect.

\ | Mirror -
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T. Funato, M. Matsuo, and T. Kato, Phys. Rev. Lett. 132, 236201 (2024).
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Hopping transport
in DNA

R. Sano and T. Kato, arX1v:2404.19000



Chirality-Induced Spin Selectivity (CISS) in DNA

[B. Gohler et al., Science (2011)]
[Z. Xie et al., Nano Lett. (2011)]

» Organic Spintronics
» Enantiomer Separation

» Clues to the homochirality

» Quantifying Chirality
F'Spin aligns with ascending the spiral stairs
* No need of magnets/magnetic field & SOC

e Multiscaleness: from DNA to Solids

* Non-Equilibrium Phenomena




To know the mechanism of unknown phenomena
iz Investigate its Temperature dependence
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[R. Naaman, Waldeck, Annu. Rev. Phys. Chem. (2015)] v S L
K. S. Kumar ef al., Phys. Chem. Chem. Phys. (2013)] ¥ Spin polarization increases

[S. Alwan et al., J. Chem. Phys. (2023)] @ Low temperature



Summary of our study

~ 0.3nm
DNAsequence = _"_ " onm H = —t E (c;

" i S, i random
el otential
_|_§ > y > y Cia(a)ﬁﬂ"cigf §2; : .p
i o0 vorticity
spin-rotation coupling  (phonon)
Hopping transport
0.05} C T=10K
A T =200K
O T =300K
sinh[(z — L/2)/lsa] ¥

) 00—ty At low-T
= > 10%

1 23 45 6 7 8 910111213 141516

spin polarization

Hop into NN sites @ High T
Hop into remote sites @ Low T

CItC I guno-Kato, arXiv:2404.19000



Variable-Range Hopping (VRH)
A transport mechanism specific to strongly disordered systems

(T=0) et (770

. EZ A

.W ® / 4—\ ,. /—%/\
% ol e et .
e ® o & O /\ - -

ks

Localization of
wave functions

> R

*-

Hop into NN sites @ High T
Hop into remote sites @ Low T

“Phase interference effects”

: = Unique 7-dependence in Resistance
in random systems




Variable-Range Hopping (VRH)

Overlap of Wave Functions v.s. Energy Compensation by phonons

o \ R
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Optimzaed Hopping Distance

. 1/(d+1)
Ropt =4 @ (—) (T < T¢) : Variable-Range Hopping (VRH)
L a (T > T.) : Nearest-Neighbor Hopping (NNH)

107°F
[d=1] .
109 VRH | By supplying energy from Phonons,
s NNH‘ Q,.“ T, /Ty Hopping distance changes
. e \1o = Uni 3
810_12 Dol e, Un1gue T-dependence of conductance
® RRN | TN e N AN
N, 9 ’ﬁ/\
10_15 ---- VRH \\ (/\/* - -
T Rk e~ To/T T . - > R
2 4 6 8 0 e h‘;
op into sites (@ Hi
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Charge Current (Conductivity)

 Strongly disordered system (= Anderson .Locali_zation.) |
Base-pair 10’ E\\ T. ~ 200 —280 K

O A-DNA in buffer
< Dry A-DNA

(b)

G
=
70.3nm ..%
O

5 020090909 0 4

ARHEIBAR < -
O
TEA CEG O
0
#J2nm | H #15% (© 2016 DBCLS TogoTV, 10

http://togotv.dbcls.jp)

1D Tight binding model + Random Potential 2 4 6 3/_|_8( ) 10 12 14
10%T (K

_ T R.T ..

H=-t) (cl,jc; +hec)+) J&clc [Z. G. Yu & X. Song, PRL 86, 6018 (2000)]

Temﬁerature dependelice is well described by VRH !
iz VRH is a good starting point to analyze CISS in DNA




Spin-dependent Transition rate

h >
B N+ | | [M. Matsuo et al., JPSJ (2017)]
HS‘JG —5 > , > , Cig(a)ﬂrﬂ"ct{?’ - £ . [T. Funato et al., PRL (2024)]
i o0 vorticity
spin-rotation coupling  (phonon)
. . : 2 -
Linsj = ) i, alHaeld, B)F < Y |oap- (g% €)]

B=1.1 B="1.1
=0

cal@® — (q-€)(q-€))] +(q-0aa)lq - Im(e; X €;)]

Chiral Phonon is important !!
iz Spin Dependences in transition rate




Spin accumulation 1 /eV

Main Result: Spin Accumulation

[ ¥ T=400K]

=~
-
KO

sinh[(x — L/2)/lsq]

=

-

-
A

—0.02}

1 2 3 4 5 6 7 8 910111213 14 15 16
site 7

p=H ‘_/“N « 100 [%)

Formation of Anti-parallel Spin Pair



Main Result: Temperature Dependence

* QOur Theory (VRH + Chiral phonon) e Experiment

I 10 al
§15 VRH \ T = 100K o 16 (D)
—_— 10_9' BN a e o o S -ﬁl \; 14:
o~ & | o = 19 ]
c I 10712 T =291K Ol © .
.8 10 = —e— VRH w/ structural fluctuation N _

= 10
f'\Ul 10—15 L| ==== VRH w/o structural fluctuation (] )
o —-— NNH O 8-
I : : . s s Q. ]
e S 2 1 6 g 10 |
o 5f Lo 103/T [1/K] = o
= e S S o 4
0. o '
7 NNH & 2
O 1 1 1 L 0 v T v T v T v T v T
100 200 300 400 50 100 150 200 250 300
Temperature 7' [K] T (K)

[R. Naamann, Waldeck, Annu. Rev. Phys. Chem. (2015)]
[K. S. Kumar et al., Phys. Chem. Chem. Phys. (2013)]

iz Variable-range hopping governs 7-dependence of CISS in DNA



Summary (the second part)

v DNA double helix + chiral phonon (spin-rotation coupling)

v Spin accumulation is calculated from microscopic Hamiltonian of chiral phonons
via spin-rotation coupling.

v" The estimated spin accumulation is consistent with the experiment.

v" This study may provide a direct explanation of the CISS effect by light elements.
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